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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 cytochrome c, AIF, and Smac/DIABLO.

Although the actions of mitochondrial pro-apoptotic factors are diverse, two important

pathways 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
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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 final report on this research project. Thirty-six (36) papers have been

published or accepted for publication as part of the work funded by this grant (see

Reportable Outcomes). Reprints of all published papers not previously supplied 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. References to publications listed in reportable outcomes are

keyed to the specific aims/statement of work (SOW) as outlined in the original research

application and subsequent expansions. In addition to the papers cited below the work

covered in this grant have been described in a number of reviews (2, 3, 14, 25).

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

References 17 and 18 established that apoptosis is an important feature of human viral

encephalitides including those caused by: (1) herpes simplex virus (HSV), the most

common cause of acute sporadic encephalitis in immunocompetent adults, (2)

cytomegalovirus (CMV), the most important cause of opportunistic viral encephalitis, and

(3) progressive multifocal leukoencephalopathy, the most important opportunistic viral

CNS infection in HIV infected individuals. References19, 6, 19, 23, 28, and 34 include

discussions of diagnosis and pathogenesis of human CNS infections caused by reovirus,

human herpesvirus 6 (HHV6), Epstein- Barr virus (EBV), and HSV that were part of our

initial review of pathological material to establish a pool of cases of defined etiology for

the subsequent pathological studies of apoptosis (refs. 17, 18). Reference 36 describes
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apoptosis in a murine model of HSV encephalitis, and reference 9 describes apoptosis

occurring in a mouse model utilizing a reovirus isolated from an infant with meningitis.

Expanded SOW Aim 1.1: Cellular apoptotic pathways activated in human viral

apoptosis.

References 17 and 18 provide evidence for activation of specific caspases in

encephalitis caused by HSV, CMV, and JCV including caspases 3 and 8.

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

apoptosis in a murine model.

References 1, 5, 10, 11, 20 all characterize aspects of the murine model of apoptosis

induced by reoviruses. Reference 9 describes apoptosis with a novel human reovirus

isolates and reference 36 describes apoptosis in a murine model of HSV encephalitis.

The murine model of encephalitis was subsequently utilized to demonstrate a protective

effect of minocycline (1).

Apoptosis pathways have also been characterized in a murine model of myocarditis (7,

30). Myocardial injury induced by reoviruses is associated with apoptosis and with the

activation of both calpain (30) and caspases including caspase 3 and 8 (7).

Pharmacologic inhibitors of caspase activation inhibit the extent of reovirus-induced

myocardial injury and injury and injury is reduced and survival of infected animals is

enhanced in caspase 3 deficient mice (7).

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.

Oligonucleotide microarrays were utilized to study changes in the expression of genes
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induced by reovirus infection including those involved in apoptosis, DNA damage and

repair, and cell cycle regulation (12, 24).

Original SOW 2.0: Is the ceramidelsphingomyelin pathway involved in reovirus-

induced apoptosis?

Initial studies suggested that this aim should be broadened in scope as reflected in the

expanded SOW items listed below. Progress is listed under these expanded SOW items.

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

NF-icB and JNK/c-JUN in reovirus-infected cells.

We demonstrated that reovirus infection is associated with the activation of the nuclear

transcription factor NF-KB (33). We subsequently provided a more detailed

characterization indicating that apoptosis-inducing reovirus strains were associated with

an initial phase of NF-KB activation followed by a subsequent phase in which Nf-KB was

inhibited (15). Reovirus infection was shown to induce a refractory state during which

infected cells failed to respond to canonical NF-KB inducing stimuli such as etoposide

and tumor necrosis factor (TNF)(15). Finally, we established that it was the late

inhibition of NF-KB activation that was essential for reovirus-induced apoptosis, and that

this was likely due to the prevention of the up-regulation of NF-KB dependent anti-

apoptotic genes including the gene encoding c-FLIP (4).

Reovirus infection also results in activation of the c-Jun N-terminal kinase (JNK) pathway

of mitogen activated protein kinases (MAPK) (6, 26). The MAP3K MEKK1 appears to

play a critical role as an upstream regulator of the JNK pathway during reovirus infection

(13).
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Expanded SOW 2.3: NF-K1B and c-Jun regulated genes involved in apoptosis

As described above the cellular inhibitor of apoptosis protein c-FLIP (cellular

FLICE/caspase 8 inhibitory protein) was identified as a critical NF-KB regulated protein

during reovirus infection (4).

Expanded SOW 2.4: Identify the role of the mitochondrion in reovirus-induced

apoptosis.

Mitochondrial apoptotic pathways activated during reovirus infection have been

extensively characterized (21, 22). Reovirus infection is initiated by death receptor

signaling which results in the activation of caspase 8. Caspase 8 in turn leads to the

proteolytic cleavage of the Bcl-2 family protein Bid to form truncated Bid (tBid). tBid

translocates to the mitochondria where it triggers the release of a variety of

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

Smac/DIABLO in turn binds to cellular inhibitor of apoptosis (lAP) proteins thereby

preventing their capacity to inhibit caspases. There are cell specific differences in the

capacity of reoviruses to induce mitochondrial release of cytochrome c. For example,

cytochrome c release occurs late and at low levels in reovirus infected primary neuronal

cultures and neuroblastoma cell lines as compared to epithelial cells and human cancer

cell lines. Regardless of cell type it appears that Smac/DIABLO rather than cytochrome c

is the critical mitochondrial apoptotic factor following reovirus infection, as inhibition of

caspase 9 activity has only modest effects on reovirus-induced apoptosis.

Expanded SOW 2.5: Identify the mechanism by which reovirus infection sensitizes

cells to killing by TRAIL.
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Reovirus induced apoptosis in epithelial cells and a wide variety of human cancer cell

lines is mediated by the apoptosis inducing ligand TRAIL (TNF-related apoptosis

inducing ligand)(32). Reovirus infection sensitizes epithelial and a variety of human

cancer cell lines to killing by TRAIL through a process that is dependent on caspase 8

(27).

Original SOW 3.0: Is reovirus apoptosis associated with aberrant regulation of cell

cycle progression?

Reovirus infection is associated with inhibition of proliferation resulting from a G2/M cell

cycle arrest in infected cells (24, 29, 31). The process is determined by the viral sigma

ls protein and involves dysregulation of the key G2/M checkpoint kinase p34 cdc2.

Although apoptosis and cell cycle dysregulation appear to be at least partially

independent events (31), the sigma ls protein plays a key role in both processes (5, 8,

29,

Expanded SOW 3.1: Evaluate apoptotic pathways in both primary and continuous

neuronal cell lines.

Reovirus induced apoptosis occurs in both neuroblastoma cell lines and primary

neuronal cultures (10, 20). Apoptosis in both neurons and non-neuronal cells is initiated

by death receptor activation. In epithelial cells and human cancer cell lines death

receptor activation involves TRAIL and death receptors 4 and 5. By contrast, in neurons

death receptor activation involves predominantly Fas and Fas ligand (FasL). Both

neuronal and non-neuronal apoptosis pathways require augmentation of death receptor

initiated signaling by mitochondrial apoptotic pathways. As indicated above, neurons

differ from epithelial cells in having delayed and only low level release of cytochrome c

from mitochondria. In both neuronal and non-neuronal cells Smac/DIABLO appears to
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act as the central mitochondrial pro-apoptotic factor released following reovirus infection.

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

cell cycle dysregulation.

As discussed above it was shown that reovirus-induced G2/M cell cycle arrest was

dependent on the viral sigma is protein (29). It was subsequently shown that this

protein contained a nuclear localization signal (8). Once sigma ls enters the host cell

nucleus, subsequent to either infection or transfection, it induces striking changes in

nuclear morphology ("herniations") associated with disruption of nuclear laminin and

nuclear pore complexes (8).

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 (PM L).

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

3

*Bystander apoptosis occurs with greater frequency in HSV compared to CMV

encephalitis.

*Apoptosis is a major feature of reovirus-induced encephalitis in mice, and is
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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 mice with calpain inhibitor.

*Reovirus-induced myocardial injury is also associated with activation of

caspases and can be inhibited by pan-caspase inhibitors or in mice with a

selective knockout of the caspase 3 gene

* Inhibition of caspase activation by pancaspase inhibitors can inhibit apoptosis,

reduce the extent and severity of CNS histopathological injury and prolong

survival in a murine model of reovirus encephalitis.

*Minocycline, an antibiotic which has been shown to both reduce glial activation

and inhibit mitochondrial pathways of apoptosis, can reduce the extent and

severity of CNS apoptosis and injury in a murine model of viral encephalitis.

*Reovirus infection is associated with altered expression of genes involved in

apoptosis and DNA repair. Down-regulation of DNA repair genes may contribute

to reovirus-induced apoptosis.
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SOW 2

*Reovirus infection is associated with activation of the nuclear transcriptional

activation factor, NFKB. NF-KB is translocated to the nucleus in infected cells,

and is capable of inducing expression of genes containing NF-KB responsive

promoter elements.

*Reovirus-induced apoptosis is inhibited in cells in which reovirus-induced NFKB

activation is inhibited or prevented: (1) by over-expression of dominant negative

forms of its cytoplasmic inhibitor IKB, (2) by treatment of cells with proteosome

inhibitors or, (3) in cells lacking the p50 or p65 NF-KB subunits as a result of

gene knockouts.

*Reovirus-induced NFKB activation results in selective up-regulation of mRNA

levels of the TNF superfamily death receptor DR4 and enhanced expression of

mature DR5 protein.

*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.
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* 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/DIABLO but not apoptosis inducing factor (AIF).

*Activation of mitochondrial apoptotic pathways is associated with the

subsequent down-regulation of cellular lAPs including XIAP, clAP1, and survivin

and this down-regulation is blocked by stable over-expression of Bcl-2 or DN-

FADD.
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*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.

* 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 (lAPs).

*Reovirus infection is associated with two distinct phases of NF-KB regulation

including an early activation phase followed by later inhibition of both virus-

induced and stimulus induced (TNF, etoposide) NF-KB activation.

*MEKK1 is required for calpain-dependent proteolysis.

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

activation, but requires augmentation by mitochondrial apoptotic pathways for its

full expression.

*Mitochondrial pro-apoptotic factors released following reovirus infection in

epithelial and human cancer cell lines include both cytochrome c and
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Smac/DIABLO but not apoptosis inducing factor (AIF).

*Activation of mitochondrial apoptotic pathways is associated with the

subsequent down-regulation of cellular lAPs including XIAP, cIAP1.

*Reovirus-induced apoptosis is specifically inhibited by antibodies directed

against TRAIL, the ligand for death receptors DR4 and DR5, but not by

antibodies against TNF or FasL. Apoptosis is also specifically inhibited by soluble

DR4 or DR5 receptor, but not by soluble TNF-receptor.

*Reovirus infection is associated with activation of caspase cascades in infected

cells. This activation involves both cell death receptor associated and

mitochondrial pathways of cell death. Both caspase-8, the initiator caspase for

death-receptor mediated caspase cascades, and caspase-9, the initiator caspase

for mitochondrially initiated caspase cascades, are activated in reovirus-infected

cells. Inhibition of activation of either caspase-8 or caspase-9 inhibits reovirus-

induced apoptosis. Caspase-3 is also activated in reovirus-infected cells, and

appears to act as a key effector caspase for both the death-receptor and

mitochondrial pathways.

SOW 3

*Reovirus-induced inhibition of cellular proliferation is associated with arrest of

cells in the G2M phase of the cell cycle.
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*The reovirus S1 gene is the primary determinant of differences in the capacity of

reovirus strains to induce G2M arrest.

* The reovirus als protein, which is encoded by the S1 gene, is necessary for

reovirus-induced G2M arrest, and over-expression of this protein in susceptible

cells results in increased accumulation of cells in the G2M phase of the cell

cycle.

*Although the capacity of reovirus strains to induce apoptosis and G2M are

closely associated, apoptosis can be inhibited without preventing the capacity of

reoviruses to induce G2M arrest, indicating that G2M arrest is not simply the

result of apoptosis-associated cellular DNA damage.

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

is mediated by the cals protein and is associated with inhibition of the key G2/M

regulatory kinase p34•c2 .

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

involved in the control and regulation of cell cycle progression.

*Reovirus als protein contains functional nuclear localization and nuclear export

sequences.
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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

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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Virus-induced activation of nuclear factor-kappa B (NF-KB) is required for Type 3 (T3) reovirus-

induced apoptosis. We now show that NF-KB is also activated by the prototypic Type 1 reovirus

strain Lang (T1L), which induces significantly less apoptosis than T3 viruses, indicating that NF-KB

activation alone is not sufficient for apoptosis in reovirus-infected cells. A second phase of virus-

induced NF-KB regulation, where NF-KB activation is inhibited at later times following infection

with T3 Abney (T3A), is absent in TIL-infected cells. This suggests that inhibition of NF-KB

activation at later times post infection also contributes to reovirus-induced apoptosis. Reovirus-

induced inhibition of stimulus-induced activation of NF-KB is significantly associated with apoptosis

following infection of HEK293 cells with reassortant reoviruses and is determined by the T3 S1

gene segment, which is also the primary determinant of reovirus-induced apoptosis. Inhibition of

stimulus-induced activation of NF-KB also occurs following infection of primary cardiac myocytes

with apoptotic (8B) but not non-apoptotic (T1L) reoviruses. Expression levels of the NF-YB-

regulated cellular FLICE inhibitory protein (cFLIP) reflect NF-KB activation in reovirus-infected

cells. Further, inhibition of NF-KB activity and cFLIP expression promote TIL-induced apoptosis.

These results demonstrate that inhibition of stimulus-induced activation of NF-icB and the resulting

decrease in cFLIP expression promote reovirus-induced apoptosis.

Keywords: cFLIP, NF-KB, myocytes, reovirus



Introduction

Reoviruses are non-enveloped viruses comprised of two concentric protein capsids surrounding a genome

of 10 segments of double-stranded RNA. Mammalian reoviruses provide a well-established experimental

system for studying mechanisms of virus-induced pathogenesis. Type 3 (T3) reoviruses can induce

apoptosis in cultured cells in vitro and in target tissues in vivo, including the heart and central nervous

system.' In these key target organs, viral infection, tissue injury and apoptosis co-localize suggesting that

apoptosis is a critical mechanism by which disease is triggered in the host.2
-
5 Further, support for this

view comes from studies indicating that inhibition of apoptosis reduces reovirus-induced tissue injury.'

Reovirus-induced apoptosis is mediated by members of the tumor necrosis factor (TNF) family of

ligands, which attach to cell surface death receptors to induce the activation of initiator (caspase 8) and

effector (caspases 3 and 7) caspases. 3' ,6 Mitochondrial pathways of apoptosis, initiated following the

caspase 8-dependent cleavage of Bid, contribute to effector caspase activation in virus-infected cells?7 8 In

addition reovirus can sensitize cells to death receptor induced apoptosis. 7' 9

The nuclear factor-kappa B (NF-icB) family of transcription factors plays a key role in the

regulation of cell growth and survival. The prototypical form of NF-K1B exists as a heterodimer of proteins

p50 and p65 (ReIA), which is sequestered in the cytoplasm of quiescent cells through its association with

members of the IKB family of inhibitory proteins. 10-13 Site specific phosphorylation, followed by

ubiquitination and proteosomal degradation of IhB, allows NF-icB to translocate to the nucleus and

activate cellular gene expression. 14 17 Infection with T3 reoviruses induces the activation of NF-KB in a

variety of cell types, including human embryonic kidney 293 (HEK293) and HeLa cells.18' 19 This

activation is required for T3 reovirus-induced apoptosis in these cells, which is inhibited by stable over-

expression of an IKB super-repressor or treatment of cells with a proteosome inhibitor (Z-L3VS) that

blocks IKB degradation.' 8' 9 T3 reovirus-induced apoptosis is also inhibited in immortalized mouse

embryo fibroblasts (MEFs) with targeted disruptions in the genes encoding the p50 or p65 subunits of
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NF-icB. 18 Although required for apoptosis, T3 reovirus-induced activation of NF-KB is transient and at

later times post infection (PI) the activation of NF-KB by a wide variety of stimuli is inhibited in infected

cells. 189

In this report we show that the initial NF-KB activation following infection with the Type I

reovirus strain Lang (TIL), which induces apoptosis inefficiently in infected cells (APO-), parallels that

of the strongly apoptotic (APO+) T3 reovirus strain Abney (T3A).2- 22 In contrast, TiL does not inhibit

NF-icB activation at later times PI, whereas T3A does. Our results demonstrate that inhibition of stimulus-

induced activation of NF-KB is associated with apoptosis following infection of both HEK293 cells and

primary cardiac myocytes. We further show that the T3 S I gene segment, which is the primary

determinant of reovirus-induced apoptosis, also determines the ability of reovirus strains to inhibit

stimulus-induced activation of NF-KB. 2°'21,23 In addition, chemical inhibition of NF-icB was found to

significantly enhance apoptosis in primary myocytes following infection TIL (APO-). Taken together

these results demonstrate that inhibition of stimulus-induced activation of NF-icB following T3-reovirus

infection promotes apoptosis in both HEK293 cells and primary myocytes, and therefore contributes to

viral pathogenesis. Virus-induced regulation of the NF-icB dependent gene encoding the cellular inhibitor

of caspase 8 (also known as FLICE inhibitory protein, cFLIP) provides a potential mechanism for these

findings.

Materials and methods

Cells and Virus

HEK293 (ATCC CRLI 573) were cultured in Dulbecco's modified Eagle's medium (DMEM)

supplemented with 100 U/ml each of penicillin and streptomycin and containing 10% fetal bovine serum

(FBS) and were maintained at 37TC with 5% CO2. HEK293 cells expressing a dominant negative (DN)
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form of the Fas Associated Death Domain protein (FADD-DN) or the IKB super-repressor (IKBAN2)

were gifts from Dr. Gary Johnson (University of North Carolina School of Medicine) Neonatal rat cardiac

myocytes were generated in the laboratory of Dr. Carlin Long (University of Colorado Health Sciences

Center). Myocytes were cultured in DMEM with Hanks salts supplemented with 5% FBS, 1 mg/ml

bovine serum albumin, 50 U/ml penicillin, 2 jig/ml vitamin B-12 (Sigma), 10 jig/ml transferrin (Sigma),

10 jLg/ml insulin (Sigma) and 0.1 mM BrdU (Sigma) and were maintained at 370C with 1% CO2 .

Reovirus strains Type 3 Abney (T3A) and Type 1 Lang (TI L) are laboratory stocks that have been plaque

purified and passaged (twice) in L929 (ATCC CCLI) cells to generate working stocks. TIL x T3A

reassortant viruses were grown from stocks originally isolated by Tricia Jandris, Lynda Morrison and

Graeme Wilson in the laboratory of Bernard Fields.24 Virus 8B is a reassortant virus derived from a

mouse infected with TIL and T3D.2 ' EBI21 and E3 are reassortant viruses derived from TIL and T3

Dearing (T3D). All EW reassortants were derived from 8B x EB121, whereas all DW reassortants were

derived from EW60 and E3. Reovirus EW and DW reassortants have been characterized for their

myocarditic potential.2 26 All EW and DW reassortants and 8B were gifts from Dr. Barbara Sherry

(North Carolina State University). Virus infections were performed using a multiplicity of infection

(MOI) of 100.

Apoptosis assays

Apoptotic nuclear morphology and cell viability were determined by staining with acridine orange and

ethidium bromide at a final concentration of I jtg/ml each. Following staining, cells were examined by

epifluorescence microscopy (Nikon Labophot-2: B-2A filter, excitation, 450-490 nm; barrier, 520 nm;

dichroic mirror, 505 nm). The percentage of cells containing condensed nuclei and/or marginated

chromatin in a population of 100 cells was recorded. The specificity of this assay has been previously

established in reovirus-infected cells using DNA laddering techniques and electron microscopy. 9' 20 Cell
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populations were also analyzed by flow cytometry to determine (i) the cell surface exposure of

phosphatidylserine, using Annexin V-FITC (Trevigen), and (ii) intracellular levels of active caspase 3,

using a fluorochrome inhibitor of caspases (FLICA, Immunochemistry Technologies).

Reagents

Etoposide were purchased from Sigma and was used at a concentration of 100 jtM respectively. TNFa

was purchased from Invitrogen and was used at a concentration of 100 ng/ml. The cell permeable,

synthetic, peptide inhibitors of caspase 3 (Ac-DEVD-CHO; Ac-Asp-Glu-Val-Asp-CHO) and caspase 8

(Ac-IETD-CHO; Ac-Ile-Asp-Thr-Glu-CHO) were purchased from Calbiochem and were used at a

concentration of 10 gM, which we have shown to be effective at inhibiting caspase activity in HEK293

cells. 7 The cell permeable inhibitor of NF-icB translocation, SN50, was purchased from Calbiochem and

was used at a concentration of 18 jtM. Staurosporine (Sigma) was used at a concentration of 5 jIM.

Antisense and sense oligonucleotides were prepared by Integrated DNA Technologies (IDT) at a

concentration of I ptM following HPLC purification. Phosphothionate bonds present between nucleotides

were included to enhance cell permeability. Antisense cFLIP:5'-gatttcagcagacatcctac-3' and sense cFLIP:

5'-catcctacagacgacttcag-3' sequences were used. 27,28 Oligonucleotides were added directly to the media

(10 nM) and cells were incubated for 1 8h prior to viral infection. Oligonucleotides were then added back

to the media following infections.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from treated cells (5 x 106) by washing cells in PBS followed by

incubation in hypotonic lysis buffer (10 mM HEPES [pH 7.9], 10 mM KCI, 1.5 mM MgCI2, 0.5 mM

dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride, and a protease inhibitor cocktail [Boehringer

Mannheim]) at 4°C for 15 min. One-twentieth volume 10% NP-40 was added to the cell lysate and the
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sample was vortexed for 10 s and centrifuged at 10,000 x g for 5 min. The nuclear pellet was washed

once in hypotonic buffer, resuspended in high-salt buffer (25% glycerol, 20 mM HEPES [pH 7.9], 0.42 M

NaCl, 1.5 mM MgCI 2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride, and

protease inhibitor cocktail), and incubated at 4'C for 2 to 3 h. Samples were centrifuged at 10,000 x g for

10 min and the supernatant was used as the nuclear extract.

Nuclear extracts were assayed for Nt'-K13 activation by EMSA using a [32p]-labeled

oligonucleotide consisting of the NF-KB consensus binding sequence (Santa Cruz Biotechnology).

Nuclear extracts (5 to 10 lag total protein) were incubated with a binding reaction buffer containing 2 pag

poly-dI-dC (Sigma) in the presence of 20 mM HEPES (pH 7.9), 60 mM KCI, 1 mM EDTA, 1 mM

dithiothreitol, and 5% glycerol at 4°C for 20 min. Radiolabeled NF-KB consensus oligonucleotide (0.1 to

1.0 ng) was added, and the mixture was incubated at room temperature for 20 min. For competition

experiments, ten-fold excess unlabeled consensus oligonucleotide or an oligonucleotide containing the

SP-1 consensus site (Santa Cruz Biotechnology) were added to reaction mixtures. Nucleoprotein

complexes were subjected to electrophoresis on native 5% polyacrylamide gels at 1 80V, dried under

vacuum, and exposed to Biomax MR film (Kodak).

Western Blot Analysis

Following infection with reovirus, cells were pelleted by centrifugation, washed twice with ice-cold

phosphate-buffered saline and lysed by sonication in 200 gil of a buffer containing 15 mM Tris, pH 7.5, 2

mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM P3-mercaptoethanol, 100 Vig/ml leupeptin,

2 ýtg/ml aprotinin, 40 ptM Z-D-DCB, and 1 mM 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 3-mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5 min and

stored at -70'C. Proteins were electrophoresed by SDS-PAGE (10% gels) and probed with antibodies

directed against IKBcX (Santa Cruz # 203) and cFLIP (GeneTex # GTX26144) which recognizes the 55kD
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cFLIPL (FLIP alpha) protein. All lysates were standardized for protein concentration with antibodies

directed against actin (Oncogene #CPO 1). Autoradiographs were quantitated by densitometric analysis

using a Fluor-S MultiImager (BioRad Laboratories).

Immunocytochemistry

Primary cardiac myocytes were grown on 8-well chamber slides coated with rat-tail collagen (Becton

Dickenson 354630). Cells were infected with reovirus 24 -26 h prior to fixation with 3.7% formaldehyde/

phosphate-buffered saline (PBS) for 15 min at room temperature. Cells were subsequently permeablized

and blocked with 5% normal goat serum (Vector S1OOO) in PBS with 0.1% Tween 20 for 2 -4 h at room

temperature. Cells were incubated overnight at 4°C with antibodies directed against NF-KB (Santa Cruz,

sc-8008) at a 1:30 dilution in blocking solution. After washing in PBS/0. 1% Tween 20, cells were

incubated with secondary anti-rabbit IgG conjugated to FITC (Vector Fl 1200) for 1 h at room

temperature before being counterstained with Hoechst 33342 (Molecular Probes H 3570) for 3min at

room temperature. Cells were then washed in PBS/. 1% Tween 20 and mounted with vectashield (Vector

HI 000) and digitally imaged using a Zeiss Axioplan2 epifluorescence microscope.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed using GraphPad InStat software.

Results

Activation of NF-rdB is not sufficient for apoptosis induced by prototype reovirus

strains

The T3 prototype reovirus strain, T3A (APO+) induces significantly more apoptosis in infected HEK293

cells than the TI prototype reovirus strain, TIL, as determined by nuclear morphology (P < 0.001 at 48 h)
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and caspase 3 activation assays (P < 0.001) (Figure 1). We have previously shown that T3A infection

induces the transient activation of NF-KB in infected HEK293 cells. 9 Thus at early times PI with T3A

NF-KB is activated and translocates to the nucleus. However, at later times PI activated NF-KB is no

longer present in the nuclei of T3A-infected cells. The activation of NF-wB following reovirus infection is

required for T3A-induced apoptosis in HEK293 cells.19 In addition, the ability of reovirus to inhibit NF-

KB activation at later times PI may sensitize cells to TRAIL-induced apoptosis and may be required for

apoptosis in TRAIL-resistant cells.19

To determine the importance of NF-KB regulation in reovirus-induced apoptosis we investigated

NF-icB activation following infection with TIL (APO-). EMSA analysis, using nuclear extracts from

TI L-infected HEK293 cells, was used to demonstrate the presence of activated NF-KB in the nucleus of

Ti L (APO-)-infected cells as early as 2 h PI. As expected, activated NF-KB was also present in the

nucleus of T3A (APO+)-infected cells at early times PI (Figure 2). However, at late time PI (24 h) levels

of activated NF-KB were reduced in the nuclei of T3A (APO+)-infected cells whilst remaining high in the

nuclei of l (APO-)-infected cells.

These results demonstrate that TI L (APO-), in addition to T3A (APO+) activates NF-XB

following infection of HEK293 cells, indicating that, although required for reovirus-induced apoptosis,

NF-KB activity is not sufficient for apoptosis in infected cells. Our results also suggest that the inhibition

of NF-KB seen at late times following infection with T3A (APO+), but not TI L (APO-), may be an

additional requirement for reovirus-induced apoptosis.

T3A (APO+), but not TIL (APO-), inhibits stimulus-induced activation of NF-KB

at later times post infection

The ability of T3A (APO+) to inhibit NF-KB activity at later times PI accounts for both the transient

nature of NF-KB activation in reovirus-infected cells and the inhibition of stimulus-induced activation of
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NF-KB. 19 Since reovirus-induced apoptosis is mediated by death ligands and since death ligand-induced

apoptosis is enhanced in cells where NF-cB activity is blocked, the ability of reovirus to inhibit stimulus-

induced activation likely promotes reovirus-induced apoptosis.19 Having shown that TI L (APO-)-induced

activation of NF-KB is not followed by a later inhibition phase, we next investigated whether TI L (APO-)

infection inhibited stimulus-induced activation of NF-KB. Both TNF and the topoisomerase-Il inhibitor,

etoposide, which are strong inducers of NF-KB, were used as stimuli for our experiments. HEK293 cells

were infected with TI L (APO-) for 12 h before being treated with TNF and were harvested for EMSA

analysis after a further I h (Figure 3A). TI L (APO-) did not inhibit the ability of TNF to activate NF-KB

compared to mock-infected cells. In comparison T3A (APO+) completely inhibited TNF-induced

activation of NF-KB (Figure 3A). Similar results were obtained using etoposide as the stimulus for NF-KB

activation (not shown).

The degradation of IKB is required for NF-KB activation. We therefore also investigated the

ability of reovirus to inhibit stimulus-induced degradation of IKB. HEK293 cells were infected with

reovirus for 12 h prior to treatment with etoposide and were harvested for western blot analysis after a

further 3 h. T3A (APO+), but not TI L (APO-), was found to inhibit etoposide-induced degradation of IKB

(Figure 3B). Similar results were obtained using TNF as the stimulus for IKB degradation (not shown).

Activation of NF-KB by two different stimuli is thus inhibited at later times PI in T3A (APO+),

but not Ti L (APO-)-infected HEK293 cells, again suggesting that the inhibition of NF-KB seen at late

times following infection with T3A (APO+) may be required for reovirus-induced apoptosis.

Inhibition of stimulus-induced activation of NF-icB is determined by the T3A SI

gene segment and correlates with apoptosis in reovirus-infected cells
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Having shown that T3A inhibits stimulus-induced activation of NF-wB, whereas TI L does not, we

next wished to identify whether a specific viral gene determined this difference. HEK293 cells were

infected with a panel ofTIL x T3A reassortant reoviruses. Twelve h PI cells were treated with etoposide.

Cells were then harvested after a further 3 h for western blot analysis using antibodies directed against

lKB. The ability of different reassortant viruses to inhibit the etoposide-induced degradation of IKB seen

in mock-intected cells and the derivation of the various genome segments of each virus is shown in Table

1. The S I gene segment alone was identified as being significantly associated with strain-specific

differences in virus-induced inhibition of etoposide-induced IKB degradation (t test, P = 0.0008; M-W

test, P = 0.0159). Although statistical analysis identified the T3A SI gene segment as an important

determining factor in the ability of reoviruses to inhibit stimulus-induced degradation of 1KB it is

important to note that reassortant viruses containing the T3A SI gene segment in the presence of other

gene segments derived from TI L show reduced apoptosis. This indicates that it is likely that other T3A

gene segments also play a role in apoptosis following viral infections.

Since the T3 SI gene segment has previously been shown to be the primary determinant of

reovirus-induced apoptosis we next investigated the correlation between inhibition of etoposide-induced

degradation of IKB and apoptosis following infection of HEK293 cells with the T3A X TIL reassortant

viruses (Table 1, Figure 4A).'2 21 Using linear regression analysis we obtained an R2 value of 0.89 (P =

0.0001) indicating a significant correlation between apoptosis induction and inhibition of etoposide-

induced degradation of IcB.

Infection of neonatal mice with the reassortant reovirus 8B 25 induces myocarditis. 29, 30 We have

shown that apoptosis is a key mechanism by which 8B induces myocarditic cell death and tissue injury in

infected animals. 4,31 A second panel of reovirus reassortants that differ in myocarditic potential were

therefore investigated for their ability to induce apoptosis and to inhibit stimulus-induced activation of

NF-icB in HEK293 cells. 24 These viruses again revealed a significant correlation (R2 = 0.91, P = 0.0004)

between the ability to induce apoptosis and inhibition of stimulus-induced degradation of IKB (Table 2,
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Figure 4B). Among the reassortants tested a high level of apoptosis and a high degree of inhibition of

stimulus-induced activation of NF-icB were required for the myocarditic phenotype (Figure 4B).

These results demonstrate that inhibition of stimulus-induced activation of NF-icB is strongly

correlated with apoptosis induction following reovirus-infection of HEK293 cells.

Reovirus-induced inhibition of stimulus-induced activation of NF-KB is associated

with apoptosis in a pathogenic model of reovirus infection

Infection of primary cardiac myocytes has been used to investigate the mechanisms of cell death that

result in viral-induced myocarditis.4' 3235 We used this model to explore the association of viral-induced

inhibition of stimulus-induced activation of NF-KB and apoptosis during viral pathogenesis. Myocytes

were mock-infected or were infected with either the strongly myocarditic reovirus reassortant 8B or the

weakly myocarditic virus TI L. Twenty four h PI cells were then treated with staurosporine (NF-KB

activating stimulus) and after a further 2 h the number of cells containing nuclear (active) NF-KB was

determined by immunocytochemistry (Figure 5A). Following mock-infection staurosporine induced the

nuclear translocation (activation) of NF-KB, as expected. Infection with 8B, but not TI L, inhibited

staurosporine-induced activation of NF-KB. Consistent with our results in HEK293 cells, 8B, but not TI L,

also induced apoptosis in primary cardiac myocytes (Figure 5B).

These results demonstrate that reovirus-induced inhibition of stimulus-induced activation of NF-

KB is associated with apoptosis in primary cardiac myocytes.

Inhibition of NF-i43 promotes apoptosis in reovirus-infected cells
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Our results suggest that, in addition to the initial activation of NF-icB,"' '9 reovirus-induced apoptosis also

requires a later phase of NF-icB regulation where stimulus-induced activation of NF-KB is inhibited in

infected cells. To confirm the contribution of this later, inhibitory, phase to reovirus-induced apoptosis we

investigated the effect of a cell permeable inhibitor of NF-KB (SN50), which functions to inhibit nuclear

translocation of NF-icB, on reovirus-induced apoptosis. Primary cardiac myocytes were infected with 8B

(APO+) or TI L (APO-) in the presence or absence of SN50 and were assayed for apoptosis after 48 h by

nuclear morphology assays. As expected, 8B (APO+) induced high levels of apoptosis in infected primary

cardiac myocytes at 48 h PI. This apoptosis was not inhibited following treatment of cells with SN50

(Figure 6A), suggesting that reovirus-induced apoptosis in primary cardiac myocytes does not require NF-

icB activation. In fact, SN50-treatment resulted in a small increase in 8B-induced apoptosis. Also as

expected, TI L did not induce apoptosis in infected primary cardiac myocytes (Figure 6A). However, in

SN50-treated cells the ability of TI L-induced apoptosis increased significantly (P < 0.05) from II to

42%. These results demonstrate that NF-KB inhibition promotes apoptosis following reovirus infection of

primary cardiac myocytes and suggest that the ability of reoviruses to inhibit stimulus-induced activation

of NF-icB is a pro-apoptotic event.

In contrast, apoptosis is not required for inhibition of stimulus-induced activation of NF-KB

following T3 reovirus infection (Figure 6B). HEK293 cells were infected with reovirus for 12 h prior to

treatment with etoposide. After a further 3 h cells were then harvested for western blot analysis using

antibody directed against IKB. Inhibition of apoptosis by expression of FADD-DN or treatment with

inhibitors of caspase 3 (Ac-DEVD-CHO) or caspase 8 (Ac-IETD-CHO) did not block inhibition of

stimulus-induced degradation of IKB following reovirus infection.

T3 reoviruses inhibit cFLIP expression
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NF-KB regulates the expression of several cellular genes that function to inhibit apoptosis, including

cFLIP, the cellular inhibitor of caspase 8.36 To determine whether the inhibition of NF-KB-regulated

genes following reovirus-infection contributed to an apoptotic phenotype we investigated cFLIP

expression in reovirus-infected cells. HEK293 cells were infected with reovirus and were harvested at

various times post infection for western blot analysis using antibodies directed against cFLIP. Following

infection with both TIL (APO-) and T3A (APO+)-infection cFLIP levels increased, as would be expected

consequent to the early activation of NF-KB in reovirus-infected cells (Figure 7A). This increase in cFLIP

activation was not seen following T3A-infection of cells expressing the NF-KB super-repressor, IcBAN2.

Since the expression of IhBAN2 prevents NF-KB activation, this indicated that activation of NF-icB was

required for reovirus induced increases in cFLIP. The requirement of NF-KB for reovirus-induced

activation of cFLIP was confirmed using the NF-KcB inhibitor, SN50, which also inhibited up-regulation

of cFLIP in T3A-infected cells (Figure 7B). At later times PI cFLIP levels dropped in T3A-infected cells,

consistent with the shut-off of NF-KB activation in these cells (Figure 7A). In contrast, following TIL

(APO-) infection levels of cFLIP increased and then remained stable. These results suggest that falling

levels of cFLIP are associated with enhanced apoptosis in reovirus-infected cells (Figure 7A).

We next used antisense oligonucleotides directed against cFLIP 28 to determine the effect of

reduced cFLIP expression on reovirus-induced apoptosis. At a concentration of 10 ýiM antisense cFLIP

oligonucleotides decreased TIL-induced up-regulation of cFLIP (Figure 7C) and significantly (P< 0.001)

increased TIL induced-apoptosis from 21% to 41% (Figure 7D). In contrast sense cFLIP oligonucleotides

did not decrease TI L-induced up-regulation of cFLIP and did not increase TI L-induced apoptosis.

Neither sense nor antisense cFLIP oligonucleotides changed apoptosis induced by T3A (Figure 7D).

Discussion

The NF-icB pathway provides an attractive target to viral pathogens for modulating host cell events.

Activation of NF-KB is a rapid immediate early response that occurs within minutes after exposure to a
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relevant inducer, which does not require de novo protein synthesis and which can promote the expression

of over 100 cellular genes, including genes that participate in the host immune response, oncogenesis and

regulation of apoptosis. NF-KB is activated by many viruses, including human immunodeficiency virus-a

(HIV-1),37 human T cell leukemia virus-I, 38 hepatitis B virus, 39 hepatitis C virus (HCV),4'04 1 Epstein Barr

Virus,42 rotavirus 43 and influenza virus 44to promote viral replication, prevent virus-induced apoptosis,

and mediate the immune response to the invading pathogen.45 In contrast, activation of NF-KB by Sindbis

46,47 and Dengue virus 48 is associated with the induction of apoptosis, which may increase viral spread. In

still other cases, proteins encoded by adenovirus,4 9 HCV 50 and African swine fever virus 51 inhibit NF-KB

activity to enhance replication or contribute to viral pathogenicity.

T3 strains of reovirus (APO+) induce the activation of NF-KB in epithelial cell lines and this

activation is required for apoptosis in infected cells.t18 19 However, we now demonstrate that TI L, which

induces significantly less apoptosis than T3A, activates NF-KB to a similar degree (Figure 2). This

suggests that although required for apoptosis, reovirus-induced activation of NF-KB is not sufficient for

apoptosis in infected cells.

Reovirus strain T3A (APO+) induces a second phase of NF-KB regulation in infected cells where

the activation of NF-KB is inhibited at later times PI.19 This inhibition results in both the transient nature

of NF-xB activation following infection with T3A (APO+) and in the inhibition of NF-icB activation

following treatment of cells with external stimuli, such as TNF or etoposide.' 9 TI L (APO-) does not

induce this second phase of NF-KB regulation. Thus TIL (APO-)-induced activation of NF-KB is

sustained and activated NF-KB is present in the nucleus of infected cells at late times post infection

(Figure 2). Further, TI L (APO-) does not inhibit stimulus-induced activation of NF--KB (Figure 3). These

results suggest that reovirus-induced inhibition of NF-KB at later times PI is also required for apoptosis in

infected cells and is supported by our demonstration that inhibition of stimulus-induced degradation of

•KB is determined by the T3A SI gene segment, which also determines reovirus-induced apoptosis.20 2' 1In
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addition, the ability of reoviruses to inhibit stimulus-induced degradation of 1KB correlates with apoptosis

following infection with two independent panels of reovirus reassortants (Figure 4).

The reovirus SI gene segment encodes 2 viral proteins, the viral attachment protein ol1 and the

non-structural protein cyls both of which may contribute to the apoptosis in reovirus-infected cells. als is

the determinant of reovirus-induced G2/M cell cycle arrest, an effect that results from inhibition of the

G2/M regulatory kinase p3 4 Cdc22.52,53 (1ls contains a nuclear localization sequence and causes dramatic

changes in nuclear architecture in infected cells.54 Although it is not required for reovirus-induced

apoptosis of L929 or HEK293 cells, 52 col s enhances both the kinetics and extent of reovirus-induced

apoptosis in vivo by as yet undefined mechanism.55

In virions, the reovirus al protein is a homotrimer comprised of an elongated fibrous tail, which

inserts into the virion, and an externally facing globular head. 56 The heads of both reovirus TI and T3 ol

proteins contain a binding domain for junctional adhesion molecule (JAM), which serves as the primary

reovirus receptor. 7 In addition, the fibrous tail of the T3 reovirus al protein contains a domain that binds

ce-linked sialic acid.5 Type 3 reovirus binding to both JAM and sialic acid are required for reovirus-

induced activation of NF-KB and apoptosis. 23 The SI gene segment of T3, but not T I L, reoviruses, is

also associated with the ability to induce the activation of the c-Jun N-terminal kinase (JNK), which is

also required for reovirus-induced apoptosis.5 9' 60 Together, these results suggest that reovirus-induced

apoptosis is induced by the activation of cellular signaling pathways early in viral infection. We therefore

predict that signaling pathways induced by reovirus binding will bring about the inhibition of NF-KB seen

following T3 infection.

Reovirus-induced apoptosis is mediated in epithelial cells by TNF related death-inducing ligand

(TRAIL) and is blocked by reagents that inhibit TRAIL binding to its apoptosis-associated receptors,

death receptors (DRs) 4 and 5.6 Reovirus-induced apoptosis is also blocked by reagents that inhibit

signaling events downstream of TRAIL-receptor binding.6 NF--KB has the ability to influence TRAIL-

signaling pathways in two ways. Firstly, NF-KB can act in a pro-apoptotic manner by up-regulating the
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expression of both TRAIL and its receptors.61"6' The increase in levels of DR5 protein expression seen

following reovirus infection of HEK293 cells and the release of TRAIL from infected cells may thus

reflect virus-induced activation of NF-icB6

Death receptor signaling pathways are commonly used by viruses to induce apoptosis. For

example, HIV infection increases the expression of TRAIL and sensitizes T-cells to TRAIL-mediated

apoptosis.65 In addition, alteration of the cell surface expression of Fas may be involved in virus-induced,

or viral regulation of, apoptosis in cells infected with influenza virus,66'67 herpes simplex virus type 2,68

bovine herpesvirus 4 (BHV 4),69 adenovirus 70 and HIV-1.7I, 72 Similarly, apoptosis induced by Hepatitis

B virus, 73 HIV-1, 74 BHV 4 69 and parvovirus H-I '5 may involve the TNF receptor signaling pathway. NF-

KB regulation is thus likely to have implications for death ligand-mediated apoptosis and disease resulting

from a variety of viral infections.

NF-KB also regulates many genes encoding proteins with anti-apoptotic properties, including

cFLIP, 36 which can inhibit DR-induced apoptosis. Our results show that cFLIP is regulated by NF-KB

following reovirus infection and that inhibition of cFLIP can promote apoptosis in TIL-reovirus infected

cells. We thus propose that following infection of HEK293 cells TRAIL-mediated apoptosis is first

initiated by the activation of NF-icB and then enhanced by the later inhibition phase which results in the

down-regulation of cFLIP. Inhibition of cFLIP in TI L infected cells does not increase apoptosis to levels

seen following infection with T3A suggesting that additional pro-apoptotic mechanisms, are present in

T3A, but not TI L-infected cells. These could include the down-regulation of additional NF-KB-dependent

anti-apoptotic genes. Alternatively, it is possible that the sustained activation of NF-KB in TI L-infected

cells, may prevent apoptosis through the up-regulation of as yet unidentified genes.

Reovirus infection of primary cardiac myocytes has been used to investigate the mechanisms of

cell death that result in tissue injury.' 32- We have previously shown that apoptosis is a key mechanism

by which reovirus induces myocarditic cell death and tissue injury in infected animals. 4
, 31 We now show

that in contrast to results in HEK293 cells, activation of NF-KB is not required for reovirus-induced
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apoptosis in primary cardiac myocytes (Figure 6). In addition, 8B induces apoptosis in the hearts of

infected p50 -/- mice to a similar degree to that seen in wild type controls (not shown). The requirement

of NF-KB activation for reovirus-induced apoptosis may therefore be cell-type specific. However, our

demonstration that 8B (myocarditic), but not TIL (non-myocarditic), induces both the inhibition of

stimulus-induced activation of NF-KB and apoptosis in infected primary cardiac myocytes (Figure 5)

suggests that reovirus-induced inhibition of stimulus-induced activation of NF-icB contributes to viral-

induced myocarditis. We further show that chemical inhibition of NF-KB enhances TI L-induced

apoptosis in these cells (Figure 6).
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Figure Legends

Figure 1. T3A induces significantly riore apuptosis in inrecded HFK293 cells than TIT. 4FK?93 cels

were infected with reovirus strains T3A (black bars) and TIL (gray bars). Cells were harvested 24 and 48

h Pl. The graphs show the mean percentage of cells (above the percentage seen following mock-infection)

containing apoptotic nuclei (A) and active caspase 3 (B) from three independent experiments. Error bars

represent standard errors of the mean.

Figure 2. Activation of NF-icB following reovirus infection. HEK293 cells were infected with reovirus

strains T3A or TI L for the indicated times. Nuclear extracts were then prepared and EMSA analysis was

performed using a radiolabeled oligonucleotide probe comprising NF-KB binding sequences. Shifted

bands, corresponding to activated NF-KB: DNA complexes are indicated. The specificity of the probe

sequences was confirmed by including a 10-fold excess of cold oligonucleotides comprising NF-KB (KB)

or SP6 (SP) binding sequences in reactions using nuclear extracts from T3A-infected cells (4 h PI).

Figure 3. Inhibition of stimulus-induced activation of NF-KB following reovirus infection. HEK293 cells

were infected with T3A and TI L strains of reovirus or were mock-infected. (A) Twelve h PI cells were

treated with TNF or were left untreated. After a further 1 h cells were harvested for EMSA analysis using

a radiolabelled oligonucleotide probe comprising NF-KB binding sequences. Shifted bands, corresponding

to activated NF-icB: DNA complexes are indicated. (B) Twelve h PI cells were treated with etoposide or

were left untreated. After a further 3 h cells were harvested for western blot analysis using antibodies

directed against IKB. Antibodies directed against actin were used to control for protein loading.

Figure 4. Inhibition of stimulus-induced degradation of IKB is correlated with apoptosis in reovirus-

infected cells. The ability of T3A x TIL (A) and 8B x TIL (B) reassortant reoviruses and the parental
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strains to inhibit etoposide-induced degradation of IKB was plotted against their ability to induce

apoptosis. Values were obtained from Tables I and 2. Each point represents a single virus strain or

reassortant. Diamond shaped points indicate viruses with myocarditic potential.

Figure 5. The myocarditic reassortant 8B inhibits stimulus-induced activation of NF-KB and induces

apoptosis in primary cardiac myocytes whereas the TI L (non-myocarditic) does not. Primary cardiac

myocytes were mock-infected (clear bars) or were infected with either the myocarditic reovirus (Reo)

reassortant 8B (black bars) or the non-myocarditic reovirus (Reo) TI L (gray bars). (A) Twenty four h PI

cells were then treated with staurosporine (NF-KB activating stimulus) and after a further 2 h the number

of cells containing nuclear (active) NF-icB was determined by immunocytochemistry. The graph shows

the mean percentage of cells containing nuclear NF-KB for 3 different fields of view. Error bars represent

standard deviations. (B) Forty eight h PI cells were assayed for apoptosis by annexin assays. The graph

shows the mean percentage of annexin-positive cells (% apoptosis) for 3 individual populations of cells.

Error bars represent standard deviations. Both graphs are representative of three independent experiments.

Figure 6. Inhibition of NF-KB promotes apoptosis following reovirus (Reo) infection. (A) Primary

cardiac myocytes were either mock-infected (white bars) or were infected with TIL (gray bars) or 8B

(black bars) with or without the NF-KB inhibitor SN50. Forty eight h PI cells were harvested and the

percentage of cells with apoptotic nuclear morphology was determined. The graph shows the mean

percentage of cells with apoptotic nuclear morphology (% apoptosis) for 3 individual populations of cells.

Error bars represent standard deviations. The graph is representative of three independent experiments.

(B) Untreated HEK293 cells, HEK293 cells expressing FADD-DN and HEK293 cells treated with

inhibitors of caspase 3 (Ac-DEVD-CHO) or caspase 8 (Ac-IETD-CHO) were infected with T3A or were

mock-infected. Twelve h PI cells were treated with etoposide and were harvested after a further 3 h for

western blot analysis using antibodies directed against IKB. Antibodies directed against actin were used to

control for protein loading.
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Figure 7. Expression of cFLIP following reovirus infection. (A) HEK293 cells or HEK293 cells

expressing IKBAN2 were either mock-infected or were infected with reovirus strains TI L or T3A. At

various times PI cells were harvested for western blot analysis using antibodies directed against cFLIP.

Antibodies directed against actin were used to control for protein loading (not shown). (B) HEK293 cells

were mock-infected or were infected with T3A in the presence of the NF-KcB inhibitor SN50. At 14 h PI

cells were harvested for western blot analysis using antibodies directed against cFLIP and actin. HEK293

cells were also mock (M)-infected or were infected with T3A (A) or TI L (L) in the presence of antisense

(AS) or sense (s) cFLIP oligonucleotides (cFLIP oligo). At 14 h PI cells were harvested for western blot

analysis using antibodies directed against cFLIP and actin (C) and at 48 h PI cells for apoptosis assays

(D). The graph shows the mean percentage of cells containing apoptotic nuclei from three independent

experiments. Error bars represent standard errors of the mean.
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Table 1. Ability of reassortant reoviruses (TI L x T3A) to induce apoptosis and to inhibit stimulus-

induced degradation of IKB

Virus Gene Segment % Inhibition of % Apoptosis

-- L -- -- M --* - S - etoposide-induced

1 2 3 1 2 3 1 2 3 4 lKBdegradation

T3A 3 33 3 3 3 3 3 3 3 93 56

GW7 1I1 1 3 3 3 1 3 3 88 49

GW49 I 1 1 3 33 3 3 3 3 86 55

GW12 3 1 3 3 1 3 3 3 3 1 74 47

GW16 3 33 3 3 3 1 3 3 1 54 34

GWIO 1 1 3 1 1 3 13 1 1 47 38
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GW15 3 33 3 3 1 1 1 3 1 43 31

GW26 1 1 3 3 1 1 1 1 1 1 42 23

TIL 11 1 1 1 1 1 1 1 17 24

IIEK293 cells were infected with reovirug (MOI 100). Twelvc h following infection cells were theated

with etoposide (100uM). Cells were harvested after a further 3 h for western blot analysis. Results shown

represent % inhibition of etoposide-induced IKB degradation in virus-infected cells compared to the

amount of etoposide-induced degradation of IKB seen in mock-infected cells (column 3). This data is

graphed against virus-induced apoptosis in Figure 4. Also shown is the mean % apoptosis for two

independent experiments. Apoptosis was determined 48 h PI (MOI 100) by annexin assays.

Table 2. Ability of reassortant reoviruses (myocarditic and non-myocarditic) to induce apoptosis and to

inhibit stimulus-induced degradation of 1KB

% Apoptosis % Apoptosis % Inhibition of

Virus Annexin assay Nucl. Morph Assay etoposide-induced

40 h PI 48 h PI IKB degradation

T3A 49 ± 2.0 ***c 81 ± 3.7 * 72 ± 4.8 ***

8B 57 ± 3.2*** 92 ± 3.2*** 78 ± 4.4***

EW60 59 ± 2.7 *** 87 ± 1.6 *** 90 ± 7.5 *

DB88 63 ± 2.1 *** 84 ± 2.4 *** 77 ± 8.7 ***

DB181 55±3.1 *** 93 ±1.9** 89±4.7***

DB188 52 ±1.5*** 88±3.2*** 57+±3.7**
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EW93A 48 ± 1.7*** 65 ± 1.7*** 60 ± 6.4**

EW29B 28 ± 2.0 32 ± 1.9 33 ± 6.0

TIL 20± 0.9 30± 1.4 22 ± 2.5

Mock 17 ± 1.2 7 ± 0.6 0

HEK293 cells were infected with reovirus (MOI 100). Twelve h following infection cells were treated

with etoposide (1 00.M). Cells were harvested after a further 3 h for western blot analysis. Results shown

represent % inhibition of etoposide-induced IKB degradation in virus-infected cells compared to the

amount of etoposide-induced degradation of IKB seen in mock-infected cells ± the standard error of the

mean (column 4). Means were calculated from three independent experiments. Also shown is the mean %

apoptosis for three independent experiments. Apoptosis values obtained by nuclear morphology assays

are graphed against ability to inhibit stimulus-induced degradation of IKB (Figure 4B). Results showing

statistical deviation from those seen in mock-infected cells are indicated (*** represents P < 0.001, **

represents P < 0.01)
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Mechanisms of Reovirus-Induced Cell Death and Tissue
Injury: Role of Apoptosis and Virus-Induced Perturbation of

Host-Cell Signaling and Transcription Factor Activation

P. CLARKE,1 R.L. DEBIASI,1 's R. GOODY, C.C. HOYT, 1'4,4
S. RICHARDSON-BURNS,1, 6 and K.L. TYLER1',6,7

ABSTRACT

Reoviruses have provided insight into the roles played by specific viral genes and the proteins they
encode in virus-induced cell death and tissue injury. Apoptosis is a major mechanism of cell death
induced by reoviruses. Reovirus-induced apoptosis involves bl3th death-receptor and mitochondrial
cell death pathways. Reovirus infection is associated with selective activation of mitogen activated
protein kinase (MAPK) cascades including JNK/SAPK. Infection also perturbs' transcription factor
signaling resulting in the activation of c-Jun and initial activation followed by strain-specific inhi-
bition of NF-KB. Infection results in changes in the expression of genes encoding proteins involved
in cell cycle regulation, apoptosis, and DNA damage and repair processes. Apoptosis is a major
mechanism of reovirus-induced injury to key target organs including the CNS and heart. Inhibition
of apoptosis through the use of caspase or calpain inhibitors, minocycline, or in caspase 3 t-/3gmice Q"Q(U 1)
all reduce virus-associated tissue injury and enhance survival of infected animals. Reoviruses in- ',pet
duce apoptotic cell death (oncolysis) in a wide variety of cancer cells and tumors. The capacity of
reoviruses to grow efficiently in transformed cells is enhanced by the presence of an activated Ras
signaling pathway likely through mechanisms involving inhibition of antiviral PKR signaling and
activation of Ras/RalGEF/p38 pathways. The potential of reovirus-induced oncolysis in therapy of
human cancers is currently being investigated in phase VII clinical trials.

INTRODUCTION blebbing of the plasma membrane. Among the biochem-
ical hallmarks of apoptosis are fragmentation of DNA

A POPTOSIS IS A PARTICULAR FORM of cell death distin- into oligonucleosomal ladders, exteriorization (flipping)
guished from necrosis by the presence of character- of phosphatidyl serine groups from the inner to the outer

istic morphological changes in host cell chromatin and surface of the plasma membrane, and the activation of
the plasma membrane. Apoptotic cells show condensed specific sets of cysteinyl aspartate proteases (caspases).
nuclei, reduced cytoplasmic volume, and ruffling and/or Viruses belonging to many different viral families are

Departments of 'Neurology, 2Medicine, 3 Microbiology, 4 Immunology, and VPediatrics, and the 6Program in Neuroscience,
University of Colorado Health Sciences Center, and 7Denver Veterans Affairs Medical Center, Denver, Colorado.
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known to either induce or inhibit apoptosis (4,12,62,75). REOVIRUS STRUCTURE AND
In the setting of viral infection apoptosis may either rep- REPLICATION
resent a part of the host's innate antiviral defense system,
or a mechanism utilized by viruses to enhance patho- Reoviruses are non-enveloped viruses with a genome
genesis by facilitating release from cells and dissemina- comprised often discrete segments of double-stranded RNA
tion in the host. For viruses that induce apoptosis, it is (dsRNA) contained within two icosahedrally symmetric
likely that there are cell-type and organ-specific differ- concentric protein shells (56). The virion outer shell (cap-
ences in the pathways involved. Understanding the role sid) is composed of -600 heterodimeric complexes of the
of apoptosis in viral pathogenesis and cytopathicity is o-3 and Al proteins. Sixty copies of the A 2 "core spike" pro-
grcatly facilitated by the availability of an experimental tein form twelve pentons located at each of the outer cap-
system with both in vivo models of disease involving a sid's icosahedral vertices. The inner capsid (core) is com-
variety of organ systems, and cell culture models to fa- posed predominantly of two additional structural proteins,
cilitate detailed investigation of apoptosis-related cell A I and o02, and small numbers of the minor core proteins
signaling pathways. Experimental reovirus infection has g2 and A3 (68). Trimers of the viral attachment protein o-1
these characteristics, and has become one of the most sit in a channel in the outer face of the A2 pentons (18).
thoroughly investigated viral models of apoptosis Reovirus replication is purely cytoplasmic (56), although
(8,23,25,37,64,94). recent studies indicate that virally encoded proteins are

4,W.

41P j

FIG. 1. Electron microscopic appearance of uninfected (A) and apoptotic T3D-infected L929 fibroblasts (B-D). Note the
progressive margination and compaction of the nuclear chromatin (B,C) and the eventual complete consensation of the nucleus
(D). Despite profound changes in nuclear chromatin the cell membrane remains intact. From Tyler et al. (92) with permission.
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transported to the nucleus during infection (42). Viral en- duce apoptosis in a variety of continuous and primary
try occurs following receptor-mediated endocytosis after cell lines. This has been most thoroughly investigated in
virions bind to cell surface molecules including junctional murine L929 fibroblasts, in these cells the T3 prototype
adhesion molecule I (JAMI) and sialic acids (9,10,37). strain Dearing (T3D) induces apoptosis much more effi-
Current models suggest that for serotype 3 MT3) reovirus ciently than the serotype 1 prototype strain Lang (TIL)
strains capable of binding to both JAMI and sialic acid, (92). Following infection with T3D, cells exhibit all the
cell attachment is mediated by an initial low affinity bind- ultrastructural hallmarks of apoptosis including chro-
ing to sialic acid followed by high-affinity binding to JAMI matin condensation and margination, and fragmentation
in a multi-step adhesion strengthening process (9,37). into oligonucleosomal ladders (73,92) (Figs. I and 2). In "F,

Oiicc iiisidc cidosoziics, virions arc progressively un- L929 cells viral replication has nearly ieached a plateau
coated through an acid-pH and cysteine-protease depen- by 24 h post-infection. The completion of the one-step
dent process. Conversion to infectious subvirion particles growth curve precedes the onset of apoptotic changes in
(ISVPs) involves removal of the major outer capsid pro- nuclear chromatin morphology as identified by staining
tein o-3, cleavage of the major outer capsid protein ucl cells with a DNA intercalating dye (acridine orange) or
into smaller fragments, several of which (5, 'p) remain measuring fragmentation of [3H] thymidine-labeled
virion-associated, and changes in the conformation of the DNA, which indicate that apoptosis increases progres-
cell attachment protein o-1 (56). sively at 24-48 h post-infection (92).

ISVPs are infectious and can be formed either intra- Reassortant viruses containing different combinations
cellularly within endosomes of infected cells or extra- of genes derived from the apoptosis inducing (APO')
cellularly through the action of proteolytic enzymes such T3D strain and the minimally apoptogenic (APO-) TIL
as those present in the intestinal lumen. In the intestinal strain were used to identify the S1 viral gene as a deter-
tract extracellularly produced ISVPs, rather than virions, minant of strain-specific differences in apoptosis in L929
are the major form of infectious particles. When ISVPs (92), MDCK (73) and HeLa cells (28). The M2 gene, en-
infect cells, they no longer require endosomal acidifica- coding the major outer capsid proteinA jI, was also iden-
tion for processing. Regardless of their site of initial gen- tified as a determinant of apoptosis in L929 and MDCK
eration, ISVPs are processed further within endosomes
to form the non-infectious but transcriptionally active
core particle. This conversion involves removal of 0.1 and TIL T3D
of the virion-associated Al fragments and is associated *

with penetration of the core particle through the endoso- -

mal membrane into the host cell cytoplasm. A key event
in this process is the exposure of residues on Al that fa-
cilitate fusion of the ISVP with the endosomal membrane
to facilitate delivery of the core particle into the cyto-
plasm (15,63). Transcription occurs within cores, and in-
volves extrusion of distinct (+)-sense capped primary
transcripts corresponding to each of the ten genomic 12216 -
dsRNA (+) strands from the core into the cytoplasm
through channels in the A2 core spike pentons (90). Pro- 1635 -

tein self-assembly is likely to play a critical role in for- 018 -

mation of viral capsids and cores, although the exact as-
sembly steps are still not completely resolved. Similarly,
the mechanisms that insure that each virion has exactly 51 6 -

one copy of each of the ten dsRNA genome segments are
not well understood. Following assembly of virus parti- 298 -

cles, release of mature virions accompanies cell death and
disruption of the plasma membrane.

FIG. 2. Oligonucleosomal DNA ladders characteristic of
apoptosis in reovirus-infected MDCK cells. Oligonucleosomal

ROLE OF VIRAL GENES AND ladders of fragmented DNA are visible following elec-
PROTEINS IN APOPTOSIS trophoresis of extracted total cellular DNA from infected cell

lysates through 1.8% TBE/agarose gels stained with ethidium
Genetics of strain-specific differences in apoptosis bromide and illuminated with ultraviolet light. From Rodgers

induction. Reovirus strains differ in their capacity to in- et al. (73) with permission.
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cells, but not HeLa cells. Studies using reassortants gen- with plasmids encoding the a-C protein undergo apopto-
erated between another apoptosis-inducing prototypic sis as demonstrated by the appearance of oligonucleoso-
strain T3 Abney (T3A) and the APO- TIL strain also mal DNA laddering and histone-associated DNA frag-
identified the SI and M2 genes as determinants of strain- ments detectable by ELISA (83). Deletion experiments
specific differences in apoptosis (93). The S I gene is bi- suggest that the carboxy-terminus of oaC is important for
cistronic and encodes the viral cell attachment protein oaI induction of apoptosis (83). Interestingly, some C-termi-
and a small non-structural protein, a-Is from over-lapping nal deletion mutants of a-C that lack the capacity to
but out of sequence reading frames. The M2 gene en- oligomerize into the trimeric form contained in virion
codes the major outer capsid protein j1l. particles can still induce apoptosis (83). The finding that

Role of (lie SI encode1•url and o-Is proteins ill apop- Liauisfected pluteill, which plesuiiiably acts at all ifitra-
tosis. Both of the two S I encoded proteins appear to play cellular site rather than through a cell surface receptor,
a role in regulation of apoptosis. A reovirus T3D mutant, still induces apoptosis suggests that this is triggered by
variant K, with a single amino acid substitution (lysine intracellular protein-protein interactions and not by
for glutamine) at position 419 within the globular head events triggered by cell surface receptor binding.
of the o-1 protein (11) has reduced ability to grow and in- Reovirus replication and apoptosis. Replication-in-
duce apoptosis compared to wild-type virus in both cul- competent UV-irradiated T3D virions can induce apopto-
tured primary hippocampal cortical neurons and in the sis, but do so inefficiently compared to non-UV irradiated
hippocampus of infected neonatal mice (70). Augmenta- counterparts (92). Inhibition of viral binding also effi-
tion of virus-induced apoptosis in variant K infected hip- ciently inhibits apoptosis (92). These results suggest that
pocampal neurons by treatment with Fas-activating anti- an early event occurring between viral receptor engage-
body partially rescues the defect in viral growth (70). ment and onset of transcriptional activation is required for
Variant K does not show defective growth or apoptosis apoptosis induction-a result which has been subsequently
induction in mouse cortical neurons, suggesting that cell- confirmed by studies of the relationship between stages in
type specific factors influence a-l-mediated effects on viral disassembly and apoptosis in reovirus-infected HeLa
apoptosis (70). cells (29). In these studies, inhibition of viral processing

A T3 reovirus mutant (clone 84-MA) has been isolated into ISVPs in infected HeLa cells by the endosomal acid-
which contains a full-length a-l protein but fails to ex- ification inhibitor ammonium chloride or the protease in-
press arls in infected cells due to the presence of a pre- hibitor E64, blocked apoptosis induction. ISVPs remained
mature stop codon in the o-Is ORF (74). This mutant can able to induce apoptosis in the presence of these inhibitors
still induce apoptosis in L929 cells in culture, indicating (29). These results are also consistent with a model sug-
that a-is is dispensable for this process (74). al-s is a non- gesting that apoptosis may be triggered by intracellular
structural protein which first appears in infected cells at events during the reovirus replication cycle and not sim-
approximately 8 h post-infection and requires viral tran- ply by association with cell surface receptors.
scription. The failure of ribavirin to inhibit reovirus-in- Treatment of t cells with ribavirin, a guanosine

duced apoptosis in L929 cells and the ability of UV-in- nucleoside analog which inhibits the reovirus encoded
activated replication-incompetent T3D to still induce dsRNA-dependent RNA polymerase and inhibits forma-
apoptosis in these cells is consistent with the lack of a tion of both single-stranded (ss)-RNA and ds-RNA (66),
requirement for a-ls in apoptosis induction, does not inhibit apoptosis. Temperature sensitive (ts) mu-

Despite the apparent lack of a requirement for arls in tants of T3D (30) with blocks in entry (tsA201), core as-
apoptosis induction in vitro, this protein does appear to sembly (tsC447) outer capsid assembly (tsB352, tsG453),
play a role in regulating apoptosis in vivo (43). Neonatal and dsRNA synthesis (tsD357, tsE320) and reovirus par-
mice infected with o-Is null virus (clone 84-MA) still de- ticles devoid of dsRNA genome ("top component"), are
velop apoptosis in the heart and central nervous system all capable of inducing apoptosis in both HeLa and L929 ,

(CNS), however the magnitude and onset of this is greatly cells at non-permissive temperatures (29). These studies
delayed compared to that seen with a-ls+ wild-type clearly indicate that reovirus-induced apoptosis does not
viruses, indicating that o-ls is a regulator of apoptosis in require viral replication and is triggered at a stage in the
vivo (43). replication cycle prior to viral transcription. Interestingly,

Avian reovirus proteins and apoptosis. For avian re- almost identical results have been found in studies of
oviruses the S I gene encoded a-C protein is the cell at- apoptosis induced by the avian reovirus strain 1133 in
tachment protein, and is functionally analogous to the S1 chicken embryo fibroblasts (52). Similar to its main-
gene encoded a-I protein in mammalian reoviruses. De- malian counterpart, LV-inactivated avian S1133 retains
spite this functional similarity, the avian and mammalian the ability to induce apoptosis, and apoptosis induced by
proteins do not have significant amino acid or nucleotide wild-type virus is inhibited by be* lysosomotropic/
sequence homology. BHK-21 cells transiently transfected agents a.i-treatment of cells with ribavirin (52). !agents~~~~~~~~ af'ramn 104 cel ihrbaii 5)
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Role of reovirus binding to receptors and apopto- CELLULAR PATHWAYS OF
sis induction. The reovirus orl protein serves as the vi- REOVIRUS-INDUCED APOPTOSIS
ral cell attachment protein. In virions, the protein forms
homotrimers with an externally facing globular head Death receptor initiated apoptosis signaling path-
domain and an interior long fibrous tail (18). Most T3 ways. An increasingly more comprehensive picture of the
reoviruses, including the apoptosis-inducing prototype cellular apoptotic pathways activated following reovirus
strains T3A and T3D, have the capacity to bind to both infection has emerged from studies of continuous cell
junctional adhesion molecule-1 (JAM1) (10) and sialic lines, cancer cell lines, and primary neuronal and cardiac
acid (SA) residues on the surface of host cells. Some myocyte cultures (8,23,25,64) (Fig. 3). Although the ba- *.F3)
T3 field isulates (e.g., T3C43, T3C44, and T3C84), al- sic features of reovirus-induced apoptotic signaling are
though still able to bind to JAMI, fail to bind sialic strikingly similar regardless of cell type, there are varia-
acids. Serotype I (TI) reovirus strains, including the tions in the specific details. In all cell lines examined to
prototype strain type 1 Lang (TIL), also bind to JAM] date the initiating event appears to be activation of cell
and to other as yet uncharacterized cell surface carbo- surface death receptors belonging to the tumor necrosis
hydrate moieties, but not to sialic acid (17). The JAM1 factor receptor (TNFR) superfamily. In HEK293, L929,
binding region of a-l involves a cluster of highly con- and a variety of human cervical (HeLa), lung (H157,
served amino acid residues in a loop-like structure in A549), and breast (MDA231, ZR75-1) cancer cell lines,
the globular head domain (10), while sialic acid bind- apoptosis is initiated by the interaction of TRAIL (TNF-
ing is mediated by a discrete region in the fibrous tail related apoptosis-inducing ligand) with death receptors 4
of a-I (16,17). and 5 (DR4, DR5) (19,20). The supematant derived from

Despite the importance of intracellular events early in T3 reovirus-infected cells can induce apoptosis in
the reovirus replication cycle for apoptosis induction, it TRAIL-sensitive indicator cells (HeLa), and this apopto-
is important to recognize that initial virion binding to both sis-inducing activity can be inhibited by treatment of the
JAMI and sialic acid (SA) is essential for optimal ex- supernatant with soluble Fc-coupled DR5, but not by anti-
pression of apoptosis in infected cells. In both HeLa and reovirus antibody (19). Apoptosis-inducing activity is de-
L929 cells, non-SA binding T3 strains (clones T3C43, tectable in the supernatant within 24 h post-infection and
T3C44, T3C84) are still able to induce apoptosis, but do increases through 48 h post-infection (19). This suggests
so at a much lower level than their SA+ revertant coun- that TRAIL is released from infected cells through a yet
terparts (T3C43-MA, T3C44-MA, T3C84-MA) (28). undefined mechanism, and presumably acts to initiate
Substitution of a leucine for a proline at amino acid 204 apoptosis in both virus-infected cells (autocrine pathway)
of the a-l protein in a reovirus monoreassortant with a and uninfected neighboring bystander cells (paracrine
T3D SI gene on a TIL genetic background abrogates SA pathway). Consistent with this model, treatment of in-
binding and dramatically inhibits apoptosis induction in fected cells with either antibodies against TRAIL or sol-
L929 and HeLa cells (28). These results indicate that the uble DR4 or DR5 inhibits T3 reovirus-induced apopto-
addition of SA binding to JAMI binding is required for sis (19) (Fig. 4). This activity appears to be specific for *,F4)
the full induction of apoptosis. This result is supported TRAIL; as antibodies against TNF or against Fas Ligand
by studies showing that pre-treatment of HeLa or L929 and soluble forms of non-TRAIL related death receptors
cells with Arthrobacter ureafaciens neuraminidase, which (e.g. TNFR) all fail to inhibit T3 reovirus-induced apop-
removes cell surface sialic acids, dramatically reduces tosis in HEK293 cells (19). Consistent with the key role
apoptosis induced by SA+ T3 strains (28). Apoptosis is for TRAIL, stable over-expression of a non-functional
also inhibited by pre-incubation of SA' T3 strains with decoy receptor for TRAIL (DcR-1) in MDA231 breast
a-sialyllactose, a trisaccharide containing a-linked ter- cancer cells, inhibits T3 reovirus-induced apoptosis (20).
minal sialic acid residues which competitively inhibits Intriguingly, TRAIL has also been implicated in apopto-
binding of T3 viruses to SA, but not to JAMI (28). The sis mediated by a diverse group of viruses including
effects of SA binding on apoptosis are not simply due to measles (95), hepatitis (55), influenza (99), respiratory
enhanced viral growth, as in L929 cells both T3SA- and syncytial virus (50), cytomegalovirus (79), lyssavirus
T3SA+ strains grow equivalently (although SA+ strains (45), Theiler's virus (44,76), HIV (54), and HTLV (72).
grow better than their SA- counterparts in HeLa cells) Death-receptor initiated pathways also play a key role
(28). Despite its importance, SA binding in and of itself in T3 reovirus-induced apoptosis in primary mouse cor-
is insufficient for apoptosis-induction by SA+ T3 strains, tical neuronal cultures (69,70). However, in these cells
In L929 cells, monoclonal antibodies that inhibit viral soluble forms of Fas-receptor and to a lesser extent of
binding to JAMI completely block apoptosis by SA' soluble forms of TNFR were more effective in inhibiting
strains, and have only a modest impact on viral growth apoptosis than soluble DR5 (69). Interestingly, the neu-
(10). roblastoma cell line NB41 A3 shows an intermediate phe-
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FIG. 3. A general outline of caspase pathways activated during reovirus T3 infection of epithelial and human cancer cell
lines. Infection results in release of the death inducing ligand TRAIL which binds to cell death receptors DR4 and DR5 which
are members of the TNFR superfamily of cell death receptors. Binding of TRAIL to DR4/DR5 activates caspase 8 through the
death-inducing signaling complex (DISC). Cleavage of the Bcl-2 family protein Bid plays a key intermediary role in death-
receptor initiated activation of mitochondrial apoptosis pathways. Pro-apoptotic factors released from mitochondria following re-
ovirus infection include cytochrome c and Smac/Diablo. Smac/Diablo augments apoptosis by inhibiting the action of cellular in-
hibitor of apoptosis proteins (IAPs). From Kominsky et al. (49) with permission.

notype when compared to epithelial and cancer lines (see (DISC) and leads to the cleavage and activation of cas-
above) and primary neurons, with apoptosis inhibited by pase 8 (6). Consistent with a model of death receptor-ini-
soluble DR5 and TNFR but not by soluble Fas-receptor tiated apoptosis, T3 reovirus infection activates caspase
(69). 8 in infected epithelial and human cancer cells as well as

Binding of apoptosis-inducing ligands such as TRAIL in primary neuronal cultures (48,69) (Figs. 5 and 6). In 5
to their cognate cell surface death receptors results in re- addition, T3 reovirus-induced apoptosis is inhibited in
ceptor oligomerization and the apposition of the recep- HEK293 cells by stable over-expression of a dominant-
tors' cytoplasmic death effector domains (DEDs). Death negative form of FADD (19,49). Treatment with a solu-
receptor oligomnerization and DED apposition results in ble form of the caspase 8 inhibitory peptide IETD also
the recruitment of adapter molecules such as FADD (Fas- inhibits T3 reovirus-induced apoptosis in HEK293 and
a.ssociated death domain), which also contain DEDs, to neuronal cells (19,49,69).
the receptor complex. The addition of procaspase 8, the Mitochondrial apoptosis signaling pathways. Over-
death-receptor associated initiator caspase, completes the expression of Bc1-2 in MDCK cells markedly reduces
components of a "death-inducing signaling complex" T3 reovirus-induced apoptosis (73) (Fig. 7). Over-ex- "( F7
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FIG. 4. Inhibition of TRAIL binding to reovirus-infected cells with either anti-TRAIL antibodies (it) or soluble Fc-coupled *AU6
death receptors (13)4f5 inhibit T3 induced apoptosis in HEK293 and L929 cells. TRAILa and TRAILb are two different poly- '.
clonal anti-TRAIL #ntibodies, TNF and FASL are antibodies against these death ligands, DR4, DR5, and TNFR are Fc-coupled
forms of these deat receptors. From Clarke et al. (19) with permission.

b vq -( b.5
pression of Bcl-2 also dramatically inhibits effector cas- Direct evidence for involvement of mitochondrial
pase activation in reovirus-infected HEK293 cells (48). pathways in reovirus-induced apoptosis comes from stud-
Although the anti-apoptotic actions of Bcl-2 are hetero- ies in HEK293 cells indicating that mitochondrial pro-
geneous, the capacity of Bcl-2 to inhibit apoptosis is gen- apoptotic factors including cytochrome c (24,48,49) and
erally considered a strong indicator that mitochondrial Smac/DIABLO (24,49) are released from mitochondria
apoptotic pathways are involved (67). This is consistent
with results showing that Bcl-2 over-expression blocks
reovirus-induced release of a variety of mitochondrial
pro-apoptotic factors including cytochrome c, and Smac/
DIABLO (49).

4f. Let . I l

FIG. 5. Caspase 8 is activated in T3A-infected HEK293 U Nuclear Dye q Acirva CarPaim It
cells. The immunoblot shows progressive activation-associated
disappearance of pro-caspase 8 with an initial phase beginning FIG. 6. Caspase 8 activation detected using an antibody
at -8 h post-infection followed by sustained activation after specific for the activated form of caspase-8 (green staining) in
20 h. From Kominsky et al. (48) with permission. mouse primary cortical neurons at 20 h post-infection with T3D.
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70- and caspase 3 (DEVD) inhibitors effectively inhibit apop-

60 tosis (69,70).
The recognition that reovirus infection results in the

S50- 024 h release of the mitochondrial pro-apoptotic factor
*440- hSmac/DIABLO (24,49) provides an alternative candidate

~ 30]for the key mitochondrial signaling pathway in reovirus-
"CL induced apoptosis. Smac/DIABLO facilitates the activa-4 20.6z 2ion of caspases by preventing the inhibitory interaction

10 between caspases and IAPs. Selective degradation of spe-

0 ........... . cific IAPs, including XIAP, survivin, and c.IAPI (hut not
MDCKneo MDCKbc/2 MDCKneo MDCKbcI2 cIAP2), occurs in reovirus-infected cells (49) (Fig. 9),* F9
Control Control T3D T30 and is blocked by over-expression of Bcl-2, which also

FIG. 7. Stable over-expression of Bcl-2 inhibits apoptosis blocks mitochondrial release of Smac/DIABLO (49). In-
induced by T3D in MDCK cells. MDCKneo is a control plas- terestingly, gene expression studies using microarrays
mid lacking Bcl-2. From Rodgers et at. (73) with permission. suggest that at least one IAP (SMN/NAIP) is up-regu-

lated in T3A infected HEK293 cells by 2.5-fold, a result
which is confirmed by RT-PCR and by immunocyto-

F8 into the cytoplasm of infected cells (Fig. 8). This release chemical studies showing increased expression of SMN
"is selective, as AIF (apoptosis inducing factor) is not de- protein in the hearts of reovirus 8B-infected mice (34).
tected in either the cytoplasm or nucleus of infected cells The pathways linking death-receptor initiated apop-
(49). In distinction to the result seen in HEK293 cells, totic signaling to activation of mitochondrial apoptotic
there appears to be only limited and late release of cy- pathways in reovirus-infected cells have become in-
tochrome c in primary neuronal cultures or NB41 A3 cells creasingly well understood. In reovirus T3-infected cells,
(69). caspase 8 activation leads to the cleavage of the Bcl-2

In some settings, release of mitochondrial apoptotic family protein Bid, producing a truncated form of the pro-
factors may be associated with profound changes in mi- tein (tBid) (48) which translocates to the mitochondria
tochondrial transmembrane potential (AqPm), likely re- and facilitate the release of pro-apoptotic mitochondrial
flecting the creation of pores in the outer mitochondrial factors. The generation of tBid is dependent on death-re-
membrane. Reovirus infection is not associated with al- ceptor activation as it can be effectively inhibited by sta-
terations in mitochondrial A'ifn, in either HEK293 cells ble over-expression of DN-FADD (48).
(49) or monkey kidney CV- I cells (80), suggesting that The JNK MAPK pathway also plays a key role in ac-
significant disruption of mitochondrial integrity is not oc- tivation of mitochondrial apoptotic signaling in reovirus-
curring. infected cells (24). HEK293 cells pre-treated with JNK

Two prominent pathways by which mitochondrial pro- inhibitor I show significantly delayed release of both
apoptotic factors facilitate or augment apoptosis are Smac/DIABLO and cytochrome c from mitochondria
through their activation of caspase 9, and their effects on into the cytosol (24). Although the mechanism of action
inhibitor of apoptosis proteins (IAPs). Released cy- of JNK in facilitating reovirus-induced activation of the
tochrome c forms a complex known as the apoptosome mitochondrial pathway remains unknown, it may be re-
with cytosolic factors including Apaf-1 and procaspase 9 lated to the phosphorylation and associated subcellular
and results in ATP-dependent activation of caspase 9. redistribution of Bcl-2 family proteins.
Caspase 9 activation can be detected in reovirus infected Effector caspases. The ultimate effect of the activa-
HEK293 cells (48,49). In NB41 A3 cells, caspase 9 acti- tion of death receptor and mitochondrial apoptotic path-
vation is a late event (>24 h pi) and may occur conse- ways in T3 reovirus-infected cells and tissues is the ac-
quent to activation of caspase 3 rather than as a result of tivation of effector caspases. Caspase 3 activation is
cytochrome c release (69). Even in HEK293 cells, where detectable in HEK293 cells and in both primary neuronal
caspase 9 activation is robust and detectable within 12 h and cardiac myocyte cultures utilizing immunoblots, flu-
pi, inhibition of this activation by expression of a domi- orescent substrate activity assays, immunohistochemical
nant negative form of caspase 9 (caspase 9b) has no ef- staining for activated caspase 3, and cleavage of the cas-
fect on reovirus-induced apoptosis, suggesting that it is pase 3 substrate PARP (35,48,69) (Fig. 10). Caspase 7 *('Fl 0
not caspase 9 activation, but rather other mitochondrial- activation has also been detected in infected HEK293
dependent events that are critical in reovirus-induced cells by immunoblotting (48), although caspase 6, an-
apoptosis (49). Cell permeable caspase 9 inhibitors other effector caspase, does not appear to be activated
(LEHD) fail to inhibit reovirus-induced apoptosis in pri- (48). Caspase 3 activation precedes that of caspase 7 and
mary neuronal cultures, although both caspase 8 (IETD) appears at higher levels, suggesting that caspase 3, rather
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FIG. 8. Smac/DIABLO and cytochrome c are released from mitochondria into the cytosol of T3A-infected cells. HEK 293
cells. c, cytosolic fraction; m, mitochondrial fraction of cell lysates; h.p.i., hours post-infection. Both Smac (A) and cytochrome
c (B) are released from the mitochondria into the cytosol of reovirus infected cells, and this release is almost completely pre-
vented in cells stably expressing Bcl-2 (bottom immunoblot in each series). From Kominsky et al. (49) with permission.

than caspase 7, is the critical effector caspase following initial activation at 4-12 h post-infection followed by
T3 reovirus infection (48). In addition to being activated, a more robust and sustained secondary activation after
expression levels of both caspase 3 and 7 are substan- 24 h post-infection (48). A dual-phase activation pat-
tially increased (2.6-3.2-fold) in T3A-infected HEK293 tern is also detectable in fluorogenic substrate assays
cells by 24 h post-infection (34), suggesting that regula- of caspase 3 activity (48). In these assays, DN-FADD
tion occurs both at the level of gene transcription and pro- inhibits all caspase 3 activation, whereas Bcl-2 inhibits
tein activation. predominantly the late phase activation. This dual

Caspase 3 activation is detectable in immunoblots phase activation of caspase 3 would be consistent with
from T3 reovirus-infected cells as early as 4 h post-in- an initial transient death-receptor mediated caspase 3
fection, and has a biphasic activation pattern with early activation phase, followed by a mitochondrially aug-
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FIG. 9. Cellular levels of the inhibitor of apoptosis (iAP) protein survivin are reduced in T3A-infected HEK293 cells. Degra-
dation first appears at 8-12 h post-infection and is inhibited in cells over-expressing Bcl-2 (not shown). From Kominsky et al.
(49) with permission.

mented sustained activation phase. As would be pre- in many models of apoptotic and non-apoptotic cell death
dicted from these studies, cell permeable inhibitors of (39). Calpains are ubiquitously expressed in the cytosol
caspase 3 (DEVD) dramatically inhibit T3 reovirus in- of many cells, with mu-calpain activated by calcium con-
duced apoptosis (48,69). centrations in the micromolar range and m-calpain by

Calpain. In addition to caspases, the calcium-depen- millimolar concentrations. Both enzymes are specifically
dent neutral cysteine protease calpain has been implicated inhibited by calpastatin as well as a variety of less spe-
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FIG, 10. Caspase 3 activation in T3A-infected HEK293 cells detected by immunoblotting using a monoclonal antibody spe-
cific for the active form of caspase 3. Note the appearance of an early activation phase at 8-12 h post-infection followed by more
sustained activation after 20 h post-infection. From Kominsky et al. (48) with permission.
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cific protease inhibitors. Calpains cleave a variety of pro- volving c-Jun and NF-KB. Increased levels of active,
teins at a conformation-dependent rather than sequence phosphorylated c-Jun are detected in L929 cells infected
specific site. Cellular targets of potential interest in apop- by the prototypic reovirus strains TIL, T3A, and T3D
tosis signaling include specific cytoskeletal proteins, ki- (21) (Fig. 11). T3A also induces c-Jun phosphorylation * Fl 1
nases and phosphatases, caspases, and I-KB the cytoso- in both HEK293 and HeLa cells (24). In L929 cells, phos-
lic inhibitor of NF-KB (39). phorylated c-Jun is first detected at 6-12 h post-infection

T3A infection of L929 cells is associated with increase (pi) and reaches a peak of 30-40-fold over baseline at
in calpain activity (1.6-fold) measured by fluorogenic about 18 h before declining to basal levels by 48 h post-
substrate assay in live cells (32). At supra-physiologic infection (21). The kinetics of c-Jun activation are simi-
multiplicities of infection (MOI 10,000), calpain activa- laf foi T3A and T3D. However, TIL shows a slower and
tion could be detected as early as 30 min post-infection less robust activation of c-Jun in comparison to T3 strains
and increased steadily through 2 h post-infection (the last (21).
time-point assayed). Calpain activation can also be de- In L929 cells, a strong correlation exists between the
tected in reovirus 8B infected mouse primary cardiac capacity of the reovirus prototype strains to activate c-
myocytes as determined by the appearance of calpain- Jun and to induce apoptosis (R2 = 0.93 - 0.96 at 12 and
specific 150- and 145-kDa spectrin cleavage products 18 h pi), while a similar, but less robust correlation is ob-
(33). Peak activation (fourfold) occurred at 48 h after in- served using TIL X T3D reassortant viruses (R2 = 0.3,
fection of cells at MOI 20. Interestingly, gene expression p = 0.035) (21). This suggests that the effects of c-Jun
studies using microarrays suggest that calpain gene (Gen- activation are pro-apoptotic. However, later studies, us-
Bank X04366) expression is decreased by 2.6-fold in ing an adenovirus vector (TAM67) expressing a domi-
T3A-infected HEK293 cells at 24 h post-infection, (34) nant-negative form of c-Jun (DN-C-Jun) suggest that it
suggesting that activation may be associated with a neg- is not c-Jun activation per se but likely an upstream event
ative feedback loop that reduces gene expression in in- in the mitogen activated protein kinase (MAPK) pathway
fected cells. leading to c-Jun activation that is the key pro-apoptotic

Inhibition of calpain activation by pre-treatment of event (24).
L929 cells with either calpain inhibitor I (aLLN), which JNK and ERK but not p38 MAPK are activated in
blocks the active site, or by PD150606, an a-mercap- reovirus infected cells by T3A and T3D but not by T1L,
toacrylic acid derivative which blocks the Ca2+ binding and contribute to reovirus-induced c-Jun activation (21).
site; inhibited apoptosis induced by TIL, T3D, and T3A In HEK293 cells, inhibition of either JNK or ERK ac-
(32). In 8B infected primary cardiac myocytes a similar tivity partially reduces T3A-induced c-Jun phosphoryla-
effect was seen with CX295, a dipeptide a-ketoamide tion and the combination of both inhibitors completely
compound that inhibits calpain at the active site (33). blocks c-Jun phosphorylation (24). Inhibition of p38 and
Apoptosis was also inhibited in L929 cells treated with ERK activation with pharmacologic inhibitors does not
calpain inhibitors and infected with replication-incompe- effect reovirus-induced apoptosis (21,24), in contrast to
tent UV-inactivated virus, indicating that the anti-apop- the results seen with JNK inhibition (24), suggesting that

oiit- i ffects of calpain inhibition werredue to inhibition JNK but not p38 or ERK, contribute to reovirus-induced
of viral replication (32). apoptosis (see below). The kinetics of JNK activation par-

The therapeutic efficacy of calpain inhibition was also allels that of activation of c-Jun (21). Following infec-
examined in neonatal mice infected with the myocardi- tion with T3D, JNK activation is detectable as early as
tis-inducing reovirus 8B strain (33). Treatment of mice 10 hrs pi and increases steadily through 24 h (Fig. 12). *•F12
with six daily intraperitoneal injections of CTX 295 (70 T1L does not significantly induce JNK activity in these
mg/kg) beginning 30 min before challenge with 8B (1000 cells. Studies using reassortant TIL X T3D viruses indi-
pfu IM) resulted in substantial reduction in the degree of cate that the same reovirus genes that determine strain-
myocardial injury as determined both by a blinded specific differences in apoptosis (S 1, M2) also determine
histopathological scoring system and reduction in serum differences in the capacity of reoviruses to activate JNK
creatine phosphokinase (CPK). (21). There is a stronger correlation between the capac-

ity of TIL X T3D reassortants to activate JNK and to in-
duce apoptosis (R2 = 0.61, p = 0.003), than for c-Jun

REOVIRUS-INDUCED MODULATION OF activation (R 2 = 0.3, p = 0.035), suggesting that it is
TRANSCRIPTION FACTOR ACTIVATION JNK rather than c-Jun activation that may be the key fac-

tor in modulating reovirus induced apoptosis.
c-JUN and mitogen-activated protein kinase Additional evidence suggesting that JNK activation

(MAPK) cascades. Reovirus infection induces changes rather than c-Jun activation was the key factor in reovirus-
in several transcription factor systems, notably those in- induced apoptosis comes from studies with MAPK in-
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FIG. 11. Phosphorylated c-Jun is increased in reovirus-infected L929 cells as detected in immunoblots of infected cell lysates
using a phospho-c-Jun specific antibody. Both T3A and T31) induce more robust activation of c-Jun than TIL. B is a graphical
representation of the data shown in the immunoblots in A. From Clarke et al. (21) with permission.
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> eom quence of JNK inhibitory protein I (JIP-I/BIB) and in-
n. oo hibits downstream signaling events by inhibiting the

.• 8o ........ interaction between JNK and its substrates. JNK inhibitorS5 0
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FIG. 12. Reovirus infection activates JNK in infected L929 plicity of infection (MOI = 100) at the late (48 h)
cells. JNK activity was determined using an in vitro kinase as- time-point (24). Similar results were seen when caspase
say measuring c-Jun phosphorylation. T31) infection results in 3 activity was examined in T3A-infected HeLa cells. In
significantly higher JNK activity in infected cells than TJ L in. HEK293 cells, inhibitors of MAPK p38 (SB203580) and
fection. From Clarke et al. (21) with permission. ERK (PD98059) had no effect on apoptosis, while JNK
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inhibitors decreased both caspase-3 induction and apop- the Ras-GTP signaling pathway. Transfection of NIH-
tosis. In contrast to the specificity of JNK inhibition on 3T3 cells with either Sos or Ras also enhances suscepti-
apoptosis in HEK293 cells, in HeLa cells the p38 in- bility to reovirus infection (89). Activated Ras-GTP is in-
hibitor did inhibit apoptosis, suggesting that cell-type volved in a wide variety of kinase signaling pathways
specific variations exist in MAPKs involved in reovirus- including those involving P13 kinase and Raf kinase, and
induced apoptosis. The effects of MAP kinase inhibitors may inhibit virus-induced PKR responses perhaps
on apoptosis and viral growth are distinct. Although JNK through a Ras-inducible PKR kinase inhibitor (RIKI). In
inhibition blocks apoptosis it does not affect viral yield NIH-3T3 cells reovirus replication appears to be nor-
in HEK293 cells (24) nor viral protein synthesis in Ras- mally restricted by reovirus-induced activation of PKR
transformed NIH 3T3 cells (59). Conversely, p38 inhibi- (89), suggcsting that this may be a key antiviitl pathway
tion does inhibit viral protein synthesis, at least in Ras- that is inactivated by activated Ras.
transformed NIH 3T3 cells (59). Recent studies suggest that the RaIGEF signaling path-

The exact pathways by which JNK is activated in reo- way may also play an important role in the enhanced
virus-infected cells have not been elucidated. JNK is replication efficiency of reovirus in Ras-transformed cells
phosphorylated by JNK kinase (JNKK), which in turn (59). Ras and RaIGEFs have been associated with acti-
can be activated by the MAP kinase kinase kinase vation of NF-KB, cyclin D, and activation of both JNK
(MAP3K) MEKKI. MEKKI preferentially activates the and p38 MAP kinases. Although JNK activation has been
JNK pathway and also influences the activity of ERK but associated with reovirus-induced apoptosis (21,24), inhi-
does not affect the p38-MAPK pathway. Embryonal stro- bition of JNK with SB600125 did not inhibit reovirus
mal (ES) cells lacking MEKKI show reduced T3A-in- protein synthesis in NIH 3T3 cells with activated Ras
duced JNK activation (103). MEKK1-'- mouse embryo (59), nor does JNK inhibition reduce viral yield in
fibroblasts show almost complete inhibition of T3A-in- HEK293 cells (24). Interestingly, inhibition of p38 with
duced apoptosis and caspase 3 activation (24), as do SB203580 did inhibit reovirus protein synthesis in NIH
HEK293 cells expressing a kinase-dead mutant MEKKI 3T3 cells (59) despite the absence of effects of this in-
(24). These results suggest that MEKK I-dependent JNK hibitor on reovirus-induced apoptosis in HEK293 cells
activation may play a key role in reovirus-induced apop- (24). These data suggest that cell signaling pathways in-
tosis. volved in apoptosis and enhanced viral growth may be

The mechanism by which reovirus infection could po- dissociable, consistent with results suggesting a lack of
tentially activate MEKKI remains unknown. It has been correlation between viral growth and apoptosis induction.
shown that viral engagement of the JAM1 receptor and Oncolysis. Reovirus-induced killing of tumor cells, a
sialic acid co-receptor are critical for T3D-induced acti- property often referred to as "oncolysis," is due to in-
vation of NF-KB (28,29), but it is unknown if receptor duction of apoptosis in target cells (20). Tumors and
engagement or early disassembly events are also critical tumor cells with an activated Ras pathway appear par-
for activation of MAPK pathways. MEKK1 can also be ticularly susceptible to reovirus-induced cell death
activated through pathways downstream of death recep- (26,59,89). Reovirus-induced oncolysis has been demon-
tors (see below). However inhibition of reovirus-induced strated in an extensive variety of tumor types both in vitro
TRAIL-mediated engagement of death receptors 4 and 5 and in vivo, including gliomas (98), breast cancers
(DR4, DR5) in L929 cells with soluble DR4/DR5 re- (20,58,101), lung cancers (20), ovarian cancers (41),
ceptors (19,21), although dramatically inhibiting apopto- colon cancers (41), lymphoid malignancies (2), medul-
sis, does not inhibit reovirus-induced phosphorylation of loblastoma (100), and bladder cancer (47). Based on these
c-Jun, suggesting that activation of the DR-pathway is animal studies, a proprietary reovirus preparation ("reo-
not the critical event in JNK activation (21). lysin," Oncolytics Biotech Inc., Calgary, Canada) has re-

Ras signaling pathways. The presence of an active cently been tested in Phase I human clinical trials in-
Epidermal Growth Factor Receptor (EGF-R) on mouse volving direct inoculation of virus into subcutaneous
fibroblasts enhances the efficiency of reovirus infection tumors, prostate cancers, and recurrent malignant
(87). This activity appears dependent on functional EGF- gliomas. A trial of intravenous administration of reolysin
R tyrosine kinase activity. Studies in NIH-3T3 fibrob- in patients with advanced stage primary or metastatic
lasts indicates that a similar enhanced efficiency of in- solid tumors that have failed other chemotherapies has
fection occurs in cells transfected with v-erbB oncogene also recently been instituted (see www.oncolytics-
constructs with active tyrosine kinase (TK) activity (88). biotech.com).
Activation of EGF-R by ligand binding results in recep- NF-KB. Reoviruses share with many other viruses the
tor autophosphorylation and subsequent recruitment of capacity to perturb regulation of the transcription factor
adapter molecules including Grb2 and the guanine nu- NF-KB (14). All reovirus strains tested to date induce an
cleotide-exchange factor Sos. Grb2/Sos in turn activates initial early phase of NF-KB activation (22,27), with T3A
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50 ever, receptor binding alone is apparently insufficient to
0 induce NF-KB activation, as it is inhibited in cells treated

;7 40 with lysosomotropic agents (ammonium chloride, E64)

that prevent virion disassembly (29). These results indi-
0 30 cate that it is a step in the disassembly process rather than
E 0just receptor engagement that triggers NF-KB activation.

The initial phase of NF-KB activation is followed by
S20 a later second phase of reovirus-induced inhibition of NF-

KB activation (22). In HEK293 cells, both etoposide and
TNFa are potent inducers of NF-KB activatiuo. Cells iII-
fected with T3A and then stimulated with either etopo-
side or TNFa show markedly reduced levels of NF-KB -activation compared to uninfected cells (Fig. 14). This F14

6 12 18 24 36 48 inhibitory effect is associated with failure to degrade the - -

Time after infection (h) cytoplasmic inhibitor of NF-KB, IKB. This effect is de-
tectable as earlier as 4 h pi, and reaches a maximum byFIG. 13. T3D-induced expression of an NF-KB-dependent 12 hrs pi, by which time IKB levels are comparable to

luciferase reporter gene in HeLa cells. From Connolly et al. those seen in unstimulated control cells.
(27) with permission. Reovirus-induced NF-KB inhibition in HEK293 cells

requires viral replication. Following treatment with
and T3D strains having the capacity to subsequently in- etoposide, cells infected with T3A and the reovirus repli-
hibit NF-KB activation (22). Under resting conditions, cation inhibitor ribavirin show a normal pattern of NF-
NF-KB is complexed with its inhibitor, IKB, and retained KB activation and associated degradation of the inhibitor,
in the cytoplasm. The canonical pathway of NF-KB acti- IKB (22). This suggests a model in which an early step
vation involves the phosphorylation, ubiquitination, and (ribavirin insensitive) in viral replication results in NF-
proteosomal degradation of 1KB, which exposes a nuclear KB activation, whereas a later step (ribavirin sensitive) is
localization signal on NF-KB, allowing it to translocate required for the subsequent inhibition of NF-KB activa-
to the nucleus where it activates expression of genes con- tion. Ribavirin treatment also inhibits the ability of reo-
taining promoters with NF-KB consensus binding se- virus to induce apoptosis in HEK293 cells (22), sug-
quences. gesting that in these cells the second inhibitory phase may

T3-induced NF-KB activation can be detected as early be more critical to apoptosis induction than the initial NF-
as 2-4 h post-infection, peaking at 4 h in HEK293 cells KB activation. This phenomenon may be cell type spe-
and at 8-10 h post-infection in HeLa cells as determined
by electrophoretic mobility shift assays (EMSAs)
(22,27). Nuclear extracts from T3-infected HeLa cells
contain both the p50 and p65 subunits of the NF-KB ReIA Tg EDrp. TNF Elcop,
heterodimer (27). In T3D-infected HeLa, NF-KB-depen- 1 1 4 1 4 1 4
dent expression of a luciferase reporter gene is detected

N by 12 h pi, reaches a maximum at 18 h pi, and has de- NF-•i .
(F13,)*clined to baseline by 48 h pi (27) (Fig. 13). Results are xn"pl"..

essentially similar in T3A-infected HEK293 cells with
luciferase activity detected at 6 h, peaking at 12 h, and
returning to baseline by 24 h pi (22). In HeLa cells, this. _ _

initial phase of T3-induced NF-KB activation requires vi- MD,;k Regirus
ral binding to sialic acid residues, as a T3Sa- strain failed
to activate NE-KcB when compared • itsTsogenic SA+ FIG. 14. T3A prevents TNF and etoposide-induced activa-
counterpart. Furthermore, pre-treatment of cells with neu- tion of NF-KB in HEK293 cells. Cells were infected with T3A
raminidase, to remove cell surface sialic acid, abrogates and then 12 h later treated with TNF (100 ng/mL) or etoposideNF-KB activation by SAc virus (28). The pathways by (100 /iM). Nuclear extracts were prepared 1 or 4 h post-stimu-NE-KB acstivations, byh a vis (he prototye acthways b- ]us treatment as indicated in the figure. NF-KB activation was
which T1 strains, such as the prototype T1L activate NE- measured by electrophoretic mobility shift assay (EMSA) using
KB (22) differ from those utilized by T3 strains as TI an oligonucleotide probe with NF-KB binding sequences. Note
strains fail to bind sialic acid. the marked reduction in the size of the shifted (activated) NF-

NF-KB activation in HeLa cells does not require viral KB complex in the reovirus infected lanes compared to mock-
replication, as it is not inhibited by ribavirin (29). How- infected controls. From Clarke et al. (22) with permission.
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cific, as if contrast to the results seen in HEK293 cells, both up- and down-regulated genes (34). Categorization
(fribavirin Aie apoptosis in HeLa cells (22,29). of these gyenes into functional groupings indicates that

Reovirus infection sensitizes many epithelial cells and a significant number of affected genes encode proteins
human cancer cell lines, to killing by the apoptosis in- involved in apoptotic signaling including mitochondr-
ducing ligand TRAIL (19,20). Cell lines vary in their sen- ial, endoplasmic reticulum, and death receptor signal-
sitivity to TRAIL, and reovirus infection can make some ing as well as proteases including calpain and caspases
previously TRAIL-resistant lines sensitive to killing by (Tables I and 2). An additional group of affected genes *(T1.2
TRAIL (19,20). The capacity of reovirus to sensitize encode proteins involved in DNA damage repair path-
HEK293 cells to TRAIL killing was blocked by ribavirin ways (34). Of 24 genes involved in apoptotic signaling
treatment, suggesting that the TRAIL sensitization phc- pathways whose expression was altered following in-
nomenon required the late phase of NF-KB inhibition. fection with the APO' T3A strain, only five were also
Further evidence in support of this concept came from found to be altered following infection with the APO-
studies in HEK293 cells stably expressing a dominant TIL strain (34). Similarly, of 14 identified genes in-
negative IKB-AN2 that acts to inhibit activation of NF- volved in DNA damage and repair pathways whose ex-
KB. These cells show enhanced sensitivity to apoptotic pression was altered by APO' T3A, none were altered
killing by TRAIL, similar to that seen in wild-type cells following infection with APO- T1L. Interestingly, the
in which NF-KB inhibition occurred as a consequence of majority of T3A induced changes in expression in-
reovirus infection. volved up-regulation of apoptotic signaling genes (19

Although reovirus-induced regulation of NF-KB is still of 24 at 24 h pi) and down-regulation of DNA repair
a subject of active investigation, a unitary hypothesis genes (11 of 14 at 12 or 24 h) (34). Taken together the
would suggest that at an early stage following viral in- patterns of gene expression suggest that infection of
fection (prior to onset of viral RNA synthesis and there- cells with APO' reovirus strains enhances expression
fore insensitive to ribavirin inhibition) virus induces the of genes involved in ER stress and both death receptor
activation of NF-KB. This activation exerts a pro-apop- and mitochondrial apoptotic signaling, and shifts the
totic influence, presumably through NF-KB mediated reg- balance toward pro-apoptotic Bcl-2 family proteins
ulation of expression of as yet unidentified pro-apoptotic (34). This was combined with a down-regulation by the
genes. At a later step in replication, following RNA syn- APO' virus of genes encoding proteins involved in cel-
thesis and therefore sensitive to inhibition by ribavirin, lular DNA repair, which would be predicted to impair
infection induces an inhibitory state that may be designed the cell's ability to repair DNA damage and thereby pro-
to prevent expression of NF-KB-dependent apoptosis-in- mote apoptosis induction.
hibitory genes (51).

REOVIRUS APOPTOSIS IN VIVO
REOVIRUS-INDUCED CHANGES IN

EXPRESSION OF APOPTOSIS-RELATED Central nervous system (CNS). In addition to induc-
HOST CELL GENES ing apoptosis in a variety of continuous cell lines, re-

ovirus-induced apoptosis also occurs in vivo in both the
Reovirus-induced alterations in activation of tran- central nervous system (CNS) (60,61,69,70,71) and heart

scription factors, including c-Jun and NF-KB, suggests (33,35), in addition to both primary neuronal cultures
that virus-induced changes in host cell gene expression (69,70) and primary cardiac myocytes (33,35). Follow-
are likely to play an important role during viral patho- ing intracerebral (ic) inoculation of reovirus T3D into I-genesis in general and in apoptosis in particular. Re- day-old Swiss Webster (Tac:(SW)fBR)mice neurons un-

ovirus TIL and T3A-induced changes in gene expres- dergo morphological changes characteristic of apoptosis
sion following infection of HEK293 cells have been including cytoplasmic shrinkage, chromatin condensa-
examined using oligonucleotide microarrays (34,65). tion, and nuclear pyknosis and fragmentation. Cells stain-
Using microarrays (Affymetrix HU95A) containing ing positive by TUNEL (terminal deoxynucleotidyl trans-
probes for over 12,000 human genes, T3A was found ferase (TdT)-mediated dUTP nick end-labeling) can be
to induce altered expression (twofold or greater change) detected as early as 3 days pi and progressively increas-
compared to mock infection of 18 genes at 6 h pi, 86 ing in both number and extent until the death of animals
at 12 h pi, and 309 at 24 h pi (34). T1L produced more at -day 8-10 (60,61). DNA extracted from whole brains
modest changes, inducing alteration in expression com- at 8-9 days pi showed a characteristic laddering pattern
pared to mock of only 59 genes at 24 h pi. All of the consistent with oligonucleosomal DNA fragmentation
changes induced by T3A at 6 h pi involved up-regula- pathognomonic of apoptosis (60,61). Staining for the ac-
tion of expression, although at 12 and 24 h there were tivated form of the effector caspase, caspase 3, co-local-
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TABLE 1. REOVIRUS-INDUCED ALTERATION IN EXPRESSION OF GENES ENCODING PROTEINS

KNOWN TO REGULATE APOPTOTIC SIGNALING

Change in expression (n-foMd)b
at the indicated time

(h) after infection with:

GenBank T3A
accession TIL

Gene no. 6 12 24 24

$ OU4 ,* ijdji iI•lI$

""-- Pim-2 proto-oncogene homologue U77735 -2.2
±+0.1

MCLI L08246 2.0- 2.2-t

0.0 0.0
BAC 15E 1 -cytochrome C AL021 546 2.1-

oxidase polypeptide 0.0
Par-4 U63809 2.1 -

0.0
HSP-70 (heat shock protein D85730 2.2±

70 testis variant) 0.1
BNIP-I (BCL-2 interacting U15172 2.3±

protein) 0.2
SMN/Btfp44/NAIP (survival U80017 2.5 -

motor neuron/neuronal 0.1
apoptosis inhibitor protein)

DRAK-2 AB011421 2.8-

0.2
SIP-1 AF027150 3.0-

0.2
DP5 D83699 5.5-

I11

ER stress-induced signaling
ORP150 U65785 -2.4

±-0.2
GADD 34 U83981 6.8± 3.7± 2.9±

0.2 0.2 0.2
GADD45 M60974 3.3± 4.9± 4.4±

0.2 0.1 0.1
Death receptor sienaling

Bcl- 10 AJ006288 5.6±
1.I

PML-2 M79463 3.4 ±

0.3
Ceramide glucosyltransferase D50840 4.0±

1.2
SplOO M60618 6.5±

0.3

5.8-±

0.6
Proteases

Calpain (calcium-activated X04366 -2.6
neutral protease) -+0.1

Beta-4 adducin U43959 -2.1
__0.1
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TABLE 1. REOVIRUS-INDUCED ALTERATION IN EXPRESSION OF GENES ENCODING PROTEINS

KNOWN TO REGULATE Apopironc SIGNALING (CONTINUED)

Change in expression (n-fold.)b
at the indicated time

(h) after infection with:

GenBank T3A
accession TIL

Gene no.' 6 12 24 24

Caspase '/ (ce-2 beta UJ673 19 2.6±
cysteine protease 0.2

Caspase 3 (CPP32) U13737 3.2± 2.8±

0.2 0.1
Undefined

Frizzled related protein AF056087 -2.5 -3.3±
±0.1 0.5

TCBP (T cluster binding D64015 3.3±
protein) 0.2

Cug-BP/hNAb50 RNA U63289 6.6±
binding protein 1.1

'GenBank accession number corresponds to sequence from which the Affymetrix U95A probe set was designed
bData are means ± standard errors of the means.

TABLE 2. REOVIRUS-INDUCED ALTERATION IN EXPRESSION OF GENES ENCODING PROTEINS KNOWN

TO BE INVOLVED IN DNA REPAIR

Change in expression (n-fold)b
at the indicated time

(h) after infection with:

GenBank T3A
accession TIL

Gene no.a 6 12 24 24

"QU4 1*DNA ligase I M36067 -8.2 ± 1.1
PARPL AF057160 -6.3 ± 0.7
XP-C repair complementing D21089 -3.4 ± 0.1

protein (p 125)
DNA polymerase gamma U60325 -1.9 ± 0.1 -2.9 ± 0.1
ERCC5 L20046 -2.7 ± 0.1
DNA polymerase alpha L24559 -2.5 ± 0.2
HLP (helicase-like protein) U09877 -2.4 ± 0.1
GTBP U28946 -2.0 ± 0.1 -2.1 ± 0.0
DDB2 (p48 subunit) U18300 -2.0 ± 0.0
RAD 54 homologue X97795 -2.0 = 0.1
Mi2 autoantigen X86691 -1.3 ± 0,1 -2.0 ± 0.1
MMS2 AF049140 2.1 -0.0
Rad-51 -interacting protein AF006259 2.6 ± 0.2
Rec-I AF084513 2.4 ± 0.4

'GenBank accession number corresponds to sequence from which the Affymetrix U95A probe set was designed.
bData are means _ standard errors of the means.
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izes with TUNEL staining and is widespread in areas of (70,85). Variant K infected mice can survive infection
virus injury by day 7 pi (69,70). and clear virus, although focal hippocampal lesions are

Within the CNS, the most significantly involved areas still detectable in mice sacrificed >80 days pi (70).
include the cingulate gyrus (notably layer V), thalamus, Following IC inoculation, variant K and T3D show
and hippocampus (CAI -CA3). The involved cells appear similar patterns of regional growth, apoptosis, and cas-
to be predominantly neurons as determined by their mor- pase 3 activation in the hippocampus (70). By contrast,
phology (60,61), consistent with results in primary neu- the growth of variant K is markedly reduced in other brain
ronal cultures derived from E20-PO Swiss Webster mice regions, and apoptosis is not detectable. These results
in which cell-type specific markers confirm that it is neu- have been replicated in primary neuronal cultures derived
rons (neuron nuclear protein, NeuN-positive cells) rather from hippocampus and cortex. Variant K and T3D grow
than glial cells (GFAP positive) than are infected by T3D to identical titers hippocampal cultures and produce
and that undergo apoptosis (70). equivalent amounts of apoptosis. By contrast, in cortical

In the CNS, there is an excellent correlation between cultures T3D grows significantly better and produces sig-
the areas of viral injury detected histopathologically, the nificantly more apoptosis and higher levels of caspase 3
sites of viral infection detected by immunocytochemistry activation than variant K (70).
for viral antigen, and regions of apoptosis detected by ei- Studies in non-neuronal cells indicate that the capac-

S......" ther TUNEL staining or staining for activated caspase 3 ity of reovirus strains to grow in these cells does not cor-
Fl 5)-. (60,61,69,70) (Fig. 15). Double staining of tissue sections relate with its capacity to induce apoptosis. For example,

for both viral antigen and apoptosis suggests that apop- both T3D and TIL grow to equivalent titers in L929 cells,
tosis occurs both in productively infected cells (direct yet T3D induces significantly more apoptosis than TIL
apoptosis) and in uninfected cells in close proximity to (92). In MDCK cells, TIL grows significantly better than
infected cells (bystander apoptosis) (60,61). A similar T3D, yet T3D induces significantly higher levels of apop-
phenomenon can be observed in primary neuronal cul- tosis (73). This suggests that it might be the reduced ca-
tures. In T3D-infected mouse cortical neuronal cultures pacity of variant K to induce apoptosis in cortical neu-
at 48 h pi, 38% of cells are both antigen and TUNEL rons that results in its impaired growth in these cells,
positive, and 12% TUNEL positive but antigen negative, rather than the impaired growth inhibiting apoptosis. Sup-
suggesting that direct apoptosis accounts for three-fourths port for this hypothesis comes from studies in which in-
of the apoptotic neurons, and bystander apoptosis for the hibiting apoptosis reduced the growth of T3D in primary
remainder. Essentially similar results were seen in the cortical neurons and augmenting apoptosis enhanced
NB4IA3 neuroblastoma cell line (69). growth of variant K (70). T3D-infected cortical neurons

The co-localization of viral antigen, apoptosis, and tis- were treated with the cell-permeable pancaspase inhibitor
sue injury strongly suggests that apoptosis is an impor- ZVAD-fmk, which reduces apoptosis and decreases vi-
tant mechanism of reovirus-induced CNA injury. Addi- ral titer in addition to viral yield to levels at or below
tional support for this idea comes from studies of an those seen in variant K infected cultures. Similar results
attenuated reovirus T3D variant, variant K (84). Variant are seen with the caspase 3 inhibitor DEVD-fmk, but not
K was selected from T3D stocks based on its capacity to with an irrelevant caspase inhibitor used as a negative
resist neutralization by a monoclonal antibody (9BG5) control (YVAD-fmk an inhibitor of caspase 1, a caspase
directed against the viral o-l protein (84). Nucleotide se- not involved in reovirus-induced apoptosis). These re-
quence analysis indicates that variant K differs from its suits clearly indicate that inhibition of apoptosis could in-
T3D parent by a single amino acid substitution at amino hibit viral growth in neuronal cultures. Conversely, treat-
acid position 419 (K419L) within the globular head do- ment of variant K infected cortical neurons at 18 h pi
main of the S I gene encoded sigma 1 (11). Variant K is with an antibody that augments apoptosis by binding to
of particular interest, as the SI gene is a determinant of and activating the death receptor FAS, enhances apopto-
strain-specific differences in the ability of reovirus strains sis to levels similar to those seen following T3D infec-
to induce apoptosis in a variety of cell lines. After in- tion and significantly augments viral titer and yield, al-
tracerebral inoculation variant K has attenuated neu- though not to levels seen with T3D. Treatment of variant
rovirulence associated with reduced growth and a re- K infected cortical neuronal cultures with caspase in-
stricted pattern of tissue injury compared to T3D (84,85). hibitors does not further reduce either apoptosis or viral
Studies with a reassortant virus containing the Variant K yield, nor does treatment of T3D-infected cultures with
SI gene on a TIL ("IHAK") background confirm that it FAS activating antibody further increase apoptosis or vi-
is the SI gene mutation that accounts for these proper- ral yield in T3D-infected cultures.
ties (46). Both variant K and T3D produce injury in the The variant K studies provide support for the impor-
hippocampus, but only T3D produces significant injury tance of oa1 as a mediator of apoptosis, as at least in cor-
in the thalamus, frontoparietal cortex and cingulate gyrus tical neurons, variant K has attenuated apoptosis induc-
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FIG. 15. Correlation between viral injury, viral antigen, apoptosis, and caspase-3 activation in the brains of neonatal mice 7
days after intracerebral inoculation with T3D. From Richardson-Bums et al. (69) with permission.

ing capacity. However, variant K remained fully capable ulate the efficiency with which T3 reoviruses induce CNS
of inducing apoptosis and activating caspase 3 in hip- apoptosis, with the oals null virus showing less severe
pocampal neurons, indicating that apoptotic signaling and less extensive apoptosis than its a-ls' counterparts.
pathways and requirements for induction differ within The fact that mice infected with a-ls null virus eventu-
distinct populations of neurons. These studies also pro- ally developed significant apoptosis indicated that lack
vide evidence that inhibiting apoptosis may decrease vi- of this protein only delayed but did not prevent apopto-
ral yield and augmenting apoptosis may increase viral sis induction in the CNS. In als null virus infected mice,
yield in the CNS. the extent of CNS tissue injury and apoptosis were both

a-l is not the only reovirus protein that can influence delayed and paralleled each other in extent and severity,
CNS apoptosis in vivo. The reovirus S1 gene is bi- providing additional evidence that apoptosis is the major
cistronic, encoding the viral attachment protein a-I and a mechanism of tissue injury following T3 infection of the
small non-structural protein, a-ls, from overlapping but CNS.
out-of-sequence reading frames. The reovirus T3 o-Is null Given the importance of apoptosis in the development
mutant virus clone 84MA (C84MA) has attenuated neu- of reovirus-induced CNS tissue injury, it is of great in-
rovirulence after intracerebral inoculation (43). The a-ls terest to determine whether inhibition of apoptosis could
null virus grows to equivalent titer in the brain as a-ls' provide a novel strategy for antiviral therapy by influ-
control viruses, indicating that its attenuated neuroviru- encing the pathogenesis of reovirus-induced CNS disease
lence is not simply the result of reduced viral growth. By (71). The antibiotic minocycline, a synthetic tetracycline
contrast, mice infected with a-Is null virus show signifi- derivative, is known to be neuroprotective in several
cantly delayed onset of caspase 3 activation and apopto- models of neurodegenerative disease, traumatic CNS in-
sis compared to mice injected with control serotype 3 jury, and CNS hypoxic-ischemic injury (5,38,97,104).
orls+ viruses (43). This suggests that al-s serves to mod- The mechanisms by which minocycline exerts its neuro-
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protective effects have not been definitively established, assortant virus, 8B, which was initially isolated follow-
but can include inhibition of mitochondrially mediated ing simultaneous inoculation of mice with reovirus
apoptosis pathways through decreasing the release of mi- strains TlL and T3D. When injected intramuscularly (im)
tochondrial pro-apoptotic factors including cytochrome c into neonatal mice, 8B is efficiently myocarditic even at
and Smac/DIABLO (78,104), and through up-regulation low doses, producing extensive cardiac tissue injury, that
of Bcl-2 and IAPs (78,96). In addition, minocycline may is the result of direct viral injury to myocardiocytes rather
inhibit microglial-mediated excitotoxic pathways that than immune-mediated mechanisms (81).
contribute to neuronal cell death (91). Minocyclirle de- The myocardial injury induced by 8B is the result of
lays but does not prevent CNS injury nor th•p .e:t of apoptosis. At 7 days pi (im) sections from infected mice
death in a reovirus model of encephalitis, consistent with show cxtcnsive areas of TUNEL-positive nuclei which
its effects in other models of neurodegeneration. In the co-localize with regions of viral injury seen histologi-
reovirus studies, neonatal mice were injected intracere- cally, and viral infection as identified by antigen stain- -
brally with 3000 pfu of T3D (-300 x LD5o) and then ing (33) (Fig. 16). DNA extracted from infected hearts F16
treated beginning at 48 hrs post infection with minocy- shows characteristic oligonucleosomal DNA laddering
cline (35 mg/kg ip daily). Minocycline treated mice sur- (33). The kinetics of development of apoptosis and myo-
vived an average of three days longer than untreated con- cardial injury in the heart has been examined in detail
trols (mean day of death 11.6 ± 0.9 vs. 8.6 ± 0.7, p < (35). Apoptosis, as determined by TUNEL and staining
0.01) (71). A survival effect wa ,everp,oted when the for activated caspase 3, viral growth, and evidence of his-

•0•i¢ challenge dose was increased to pfu (30,000 X tologic injury develop in parallel. Injury and apoptosis
LDso). The prolonged survival in treated mice was asso- are typically detectable as early as 4 days pi, and increase;"
ciated with reduction and delay in onset of the extent of steadily in severity and extent thereafter. By day 7, the
CNS viral injury in thalamus, hippocampus, and cingu- degree of involvement is extensive, involving 18%
late gyms. Reduction in injury correlated with a decrease (TUNEL) to 23% (activated caspase 3) of the cross-sec-
in the number of apoptotic neurons in each of these brain tional myocardial area.
regions (71 ). This effect is likely due to an anti-apoptotic Apoptosis is also clearly demonstrable using TUNEL,
action of minocycline, as microglial activation and as- Annexin PI and activated caspase 3 staining in SB-in-
trogliosis is not prominent at times when tissue injury has fected primary cardiac myocyte cultures derived from
been dramatically reduced by minocycline (71). Consis- neonatal mice (35). The "flipping" of phosphatidylserine
tent with earlier results with other apoptosis inhibitors, residues from the inner to the outer surface of the cell
minocycline slowed the kinetics of viral replication in the membrane, a marker of apoptosis-related changes in cell
CNS, although peak titers eventually reached those membranes, can be detected by binding of Annexin V.
achieved in untreated animals (71). A similar beneficial Using flow cytometric analysis of annexin V positivity,
effect of minocycline treatment has recently been de- nearly 50% of virus-infected cells are positive at 48 h pi,
scribed in a Sindbis-virus model of spinal motor neuron increasing to >90% by 72 h. Although the absolute num-
death (31). bers are lower (35-30% positive cells), there is also a sig-

The identification of mammalian Toll-like receptors nificant increase at 48 h pi in the percentage of both
(TLRs) was followed by the recognition that binding of TUNEL and activated caspase 3-positive cells in virus
microbial ligands to these receptors could trigger the ac- compared to mock infected cultures at 48 h pi (35).
tivation of NF-KB, and the subsequent up-regulation of The reovirus myocarditis model is a valuable system
specific cytokines and related co-stimulatory molecules for testing the effects of apoptosis inhibition on viral
(1,13). TLR3 is of potential interest in the context of pathogenesis (33,35). A variety of apoptosis inhibitors
reovirus infection, as it is the only TLR that binds dou- have been shown to reduce reovirus-induced cell death
ble-stranded RNA, and this leads to NF-KB activation in vitro. This suggests that apoptosis inhibitors might
and enhanced production of type 1 interferons (a/,) also reduce the extent of virus-induced tissue injury in
(3,53). TLR3 F7LD mice have been utilized to study the vivo, providing a potentially novel strategy for antiviral
potential role of this TLR in viral pathogenesis (36). The therapy. Proof of this principle came initially from stud-
extent and distribution of reoviral injury, antigen, apop- ies of calpain inhibitor treatment of 8B-induced my-
tosis, and total brain titer are identical in wild-type (TLR ocarditis. Calpain was initially shown to be activated

3C_ and TLR @ mice, suggesting that this TLR following reovirus infection of L929 cells in vitro, and
does not play a critical role in either reovirus-induced inhibition of this activation inhibits reovirus induced
CNS apoptosis or pathogenesis (36). apoptosis (32). Calpain was subsequently shown to be

Heart. Reoviruses provide an important experimental activated in 8B-infected primary cardiac myocytes as
model system for studying viral myocarditis (81). The detected by the appearance of calpain-specific spectrin
most extensively characterized myocarditic strain is a re- cleavage products in infected cells (33). To test the ef-



REOVIRUS-INDUCED CELL DEATH AND TISSUE INJURY 109

S~4Cj

FIG. 16. Apoptosis in the hearts of neonatal mice 7 days after infection with the myocarditic reovirus strain 8B. (A) TUNEL
staining (left) and staining for active caspase 3 (right). (B) Positive staining for active caspase 3 in cardiac myocytes (white ar-
rows). A negative fibroblast is also shown (black arrow). From DeBiasi et al. (35) with permission.

fects of calpain inhibition on 8B-induced myocardial ity and extent of cardiac lesions using a standardized le-
apoptosis in vivo, neonatal mice were treated with six sion scoring scale (3.0 ± 0.1 to 0.6 ± 0.1, p < 0.0001)
daily intraperitoneal (ip) inoculations of the calpain in- (33). A significant reduction in serum CPK levels was
hibitor CX295 (Cortex Pharmaceuticals) beginning at also seen in treated compared to control mice. CPK is
30 min prior to infection with 8B. CX295 is a specific an intracellular enzyme found in cardiac myocytes that
inhibitor of calpain, and does not inhibit caspase 2 or 3 is released into serum in response to tissue injury. Stain-
at doses tested (100 AtM) and was shown to inhibit re- ing of cardiac tissue sections from treated mice showed
ovirus-induced calpain activation in 8B-infected mouse marked reduction in apoptosis as determined both by
primary cardiac myocytes (33). 8B-infected CX295- morphology of cardiac myocytes and almost complete
treated mice showed a significant reduction in the sever- absence of TUNEL staining (33).
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Further evidence for the significance of apoptosis in by both inducing higher levels of IFN-/3 and by increased
the pathogenesis of 8B-induced reovirus myocarditis sensitivity to its action (82). IFN-/3 induction in infected
comes from studies using peptide caspase inhibitors (35). cardiac myocytes appears to require activation of the tran-
8B-infected mice were treated at days 3-6 pi with daily scription factor interferon regulatory factor 3 (IRF3), as
ip inoculations of the irreversible broad spectrum peptide over-expression of a dominant negative IRF-3 in these
pancaspase inhibitors Q-VD-OPH or Z-VAD(OMe)- cells blocks virus-induced IFN-3 (57). Although the ac-
FMK (Enzyme Systems). Compared to controls, Q-VD- tions of IFN-f3 are pleiotropic, a major candidate for me-

S.. .. OPH reduced myocardial lesion score by 60% and cross- diating its antiviral activity during reovirus infection is
F1 7 !,-sectional lesion area by 89% (Fig. 17). The effects with the ds-RNA activated protein kinase, PKR. After bind-

-' Z-VAD(OMc)-FMK wcrc similar but more modest (39% ing to dsRNA, PKR becomes activated and phosphory-
reduction in lesion score, 55% in cross-sectional lesion lates the eukaryotic initiation factor eIF2a, which inhibits
area). In Q-VD-OPH-treated mice, histological sections host cell protein translation. Activated PKR may also act
were also examined for apoptosis, and treated mice as an I-KB kinase, with phosphorylated I-KB undergoing
showed a significant decrease in both TUNEL and stain- ubiquitination and degradation allowing cytosolic NF-KB
ing for activated caspase 3 compared to controls. to translocate to the nucleus and activate genes with KB-

The studies with both calpain and caspase inhibitors responsive promoter elements, a group that includes the
indicated that apoptosis was a major mechanism of WFN-f3 gene. As might be expected from this model, loss
myocardial injury in 8B-infected mice. This result was of PKR enhances the virulence of both myocarditic and
confirmed in studies using transgenic C57B6 caspase- non-myocarditic reovirus strains (86). Perhaps not sur-
3-deficient mice (gift of Richard Flavell, Yale Univer- prisingly, both avian and mammalian strains of reovirus
sity) (35). 8B-infected caspase 3-1- deficient mice encode proteins that inhibit the activation of PKR
showed reduced cardiac lesion scores compared to both (40,102). Reovirus infection of cardiac myocytes also in-
syngeneic caspase 3+/- heterozygotes and wild-type cas- duces IRF- 1, likely through an indirect mechanism that
pase 3+"+ homozygotes. The caspase 3-1- mice had a requires prior induction of the IFN-a/13 response, and
58% reduction in lesion score and a 56% reduction in mice lacking IRF- I show more extensive cardiac lesions
cross-sectional lesion area compared to infected wild- than wild-type mice (7).
type caspase 3+"+ mice (35). Heterozygous caspase 3+/-
mice showed an intermediate phenotype. As expected,
staining for activated caspase 3 was not detectable in cas- CONCLUSION
pase-3-1- mice (although present in hearts of infected
wild-type caspase 3+"+ mice). Apoptosis was reduced in Reovirus infection has served as an experimental
the hearts of infected caspase 3-1- mice as assayed by model system to understand how specific viral genes and
TUNEL (35). Long-term survival is not seen in 8B in- the proteins they encode induce cell death in vitro and

., fected caspase 3/'+ mice (100% mortality within 9 days tissue injury in vivo. Recent studies indicate that apopto-
It pi after im inoculation of 2 day-old mice with 104 PFU sis is a major mechanism by which reovirus T3 strains

of 8B). By contrast, 50% of caspase 3(i/-survived at kill target cells. Apoptosis is triggered by early events in
F1 8 •* least 21 days pi, and 37.5% >50 days (Fig. 18). These the viral replication cycle consequent to viral binding to

long-term survivors did not show cardiac lesions when JAM1 and sialic acid receptors, and not dependent on vi-
sacrificed (day 54 pi) (35). ral RNA synthesis. In a wide variety of continuous and

Studies in the CNS of an attenuated T3 mutant virus primary cell lines reovirus-induced apoptosis is initiated
had suggested that defects in apoptosis were associated by death-receptor activation. Activation of death-recep-
with decreased viral yield and peak titer (70). Hearts of tor signaling pathways results in activation of the death
mice treated with calpain or pancaspase inhibitors receptor associated initiator caspase 8, which is followed
showed modest (2-5-fold, 0.3-0.7 logw) reductions in by cleavage of the Bcl-2 family protein Bid. Cleaved Bid
viral titer compared to controls. Significantly more dra- translocates to the mitochondria where it is involved with
matic effects were sign in caspase 3 - mice in which other Bcl-2 family proteins in the activation of intrinsic

a 80-fold (1.9 log i) reduction in heart titer was seen com- mitochondrial-associated apoptotic signaling pathways.
t pared to caspase 3( mice (35). Activation of pro-apoptotic mitochondrial signaling path-

An additional signaling pathway of paramount impor- ways are also influenced by reovirus-induced activation
tance in reovirus-induced myocarditis is the IFN-f3 sig- of JNK which acts to phosphorylate specific Bcl-2 fain-
naling pathway (77,81,82). Myocarditis can be induced ily proteins and may influence their redistribution from
by a normally non-myocarditic reovirus strain in mice cytosol to mitochondria. Pro-apoptotic factors released
depleted of IFN-a/113 In addition, non-myocarditic re- from mitochondria following reovirus infection include
ovirus strains differ from their myocarditic counterparts cytochrome c and Smac/DIABLO. The mitochondrial-as-
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FIG. 17. Treatment of neonatal mice with the pancaspase inhibitor Q-VD-OPH inhibits reovirus 8B-induced apoptosis and
myocardial injury. Day 7 post-infection. From DeBiasi et al. (35). with permission.
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FIG. 18. Survival of caspase 3-1- (deficient) mice and their t 60
syngeneic caspase 3÷f÷ (wild-type) counterparts following infec- ,
tion with the myocarditic reovirus strain 8B. The caspase 3-defi- 3 40
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lesions after infection. From DeBiasi et al. (35) with permission. 20
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sociated initiator caspase 9 is activated following reovirus ations in gene expression. These studies reveal signifi-infection in some but not all cells. Recent studies sug- cant alterations in genes encoding proteins involved ingest that Smac/DIABLO-associated degradation of cel- cell cycle regulation, apoptosis, and DNA damage andlular inhibitor of apoptosis proteins plays a critical role repair processes.
in the augmentation of apoptosis signaling pathways in
many reovirus-infected cells. Activation of extrinsic and
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Abstract

Minocycline is neuroprotective in many experimental models of neurodegenerative diseases and central nervous system (CNS) injury but
has not previously been tested in a model of viral encephalitis. Experimental infection of neonatal mice with neurotropic reoviruses is a
classic model for studying the pathogenesis of viral encephalitis. Intracerebral inoculation of serotype 3 reovirus strain Dearing (T3D) in
neonatal mice results in lethal encephalitis caused by neuronal apoptosis throughout the CNS. Minocycline significantly delayed death in
mice to 11.6 ± 0.9 days post-infection vs. 8.6 ± 0.7 days post-infection in controls (P < 0.01). Virus-induced CNS injury, apoptosis, viral
titer and antigen expression were significantly decreased in the brains of minocycline-treated mice on 6 and 8 days post-infection compared
to controls. Virus-induced injury and viral titer in minocycline-treated infected mice at II days post-infection were similar to those seen in
untreated T3D-infected mice at 8 days post-infection. Little microglial or astrocytic invasion of brain regions with viral injury was found at
any time-point in untreated or minocycline-treated mice, suggesting that in this model system the neuroprotective effectr exerted by
minocycline is more likely due to its anti-apoptotic properties rather than its capacity to inhibit microglial activation and limit gliosis. These
findings, similar to those reported for neurodegenerative diseases, indicate that minocycline does not prevent development of fatal reovirus
encephalitis but delays disease onset and progression, suggesting that minocycline treatment may provide a useful adjunctive therapy in viral
CNS infections.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Apoptosis; Central nervous system; Microglia; Neurons; Mouse

Introduction CNS infection. Current studies suggest that minocycline
may exert its neuroprotective effect by inhibiting apopto-

The antibiotic minocycline, a synthetic tetracycline sis, a type of cell death common to these diverse CNS
derivative, is neuroprotective in a variety of experimental diseases. Apoptosis is mediated by complex cellular
models of neurodegenerative diseases (Denovan-Wright et signaling processes resulting in new protein synthesis,
al., 2002: Erickson and Bernard, 2002; Friedlander, 2003; altered gene expression, and activation of apoptosis-
Kriz et al., 2002; Thomas et al., 2003), traumatic CNS specific proteases called caspases (Hengartner, 2000).
injury (Wells et al., 2003), and cerebral hypoxia-ischemia Although the mechanisms of minocycline's anti-apoptotic
(Arvin et al.. 2002: Wang et al., 2003a: Yrjanheikki et al., effects have not been unequivocally defined, several
1999). However, the neuroprotective effects of minocy- studies suggest that minocycline interferes with mitochon-
cline have not yet been tested in experimental models of dria-initiated death signaling preventing caspase activation

(Friedlander, 2003; Scarabelli et al., 2004, Wang et al.,
2004). Minocycline may also act to inhibit neuronal*Corresponding author. Departmnent of Neurology (B-1 82), University apoptosis by reducing microglial-mediated excitotoxic

of Colorado Health Sciences Center, 4200 E. 9th Avenue, Denver, CO
80262. USA. Fax: + 1 303 393 4686. pathways (Shaw, 2002, Tikka et al., 2001a; Yrjanheikki

E-mail address: ken.tyler@uchsc.edu (K.L. Tyler). et al., 1998).
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Experimental infection of neonatal mice with neurotropic All animal experiments received institutional approval and
reoviruses is a classic model for studying the pathogenesis were conducted in accordance with the United States Public
of viral encephalitis. Serotype 3 (T3) reovirus infection Health Service Policy on Humane Care and Use of
causes widespread CNS injury highlighted by apoptosis in Laboratory Animals.
the hippocampus, cingulate gyrus, frontoparietal cortex, and
thalamic nuclei with minimal inflammation (Oberhaus et al., Histology
1997; Raine and Fields, 1973; Richardson-Bums and Tyler,
2004; Tyler, 2001). Reovirus infection of neurons activates For histopathologic and immunohistochemical staining,
death receptors leading to robust caspase activation that can brains were removed and immediately fixed by immer-
be inhibited with specific tetrapeptide caspase inhibitors sion in 10% buffered formalin for 24-30 h at room
(Richardson-Burns et al., 2002b). Inhibiting virus-induced temperature (RT), then coronally sectioned. Whole brains
apoptosis by disrupting key molecules in pro-apoptotic were transferred to 70% ethanol, paraffin-embedded, and
signaling may protect neurons in the mouse CNS from sectioned at 4-pim thickness. For histopathological anal-
virus-induced apoptosis and represents a novel strategy for ysis, coronal sections were stained with hematoxylin and
anti-viral therapy. Since inhibition of apoptosis is a eosin (H&E) then scored for severity of virus-induced
proposed mechanism by which minocycline exerts its CNS damage according to the Histopathology Score
protective effect in CNS disease, we investigated whether Chart shown in Fig. 1C. The scale is from 0 to 6 with
reovirus encephalitis could be ameliorated or prevented by higher numbers representing more severe viral injury. For
treating infected mice with minocycline. analysis, brains were divided into five distinct brain

regions that are susceptible to reovirus-induced injury;
thalamic nuclei (THA), hippocampal regions Cal-3 (Ca2/

Materials and methods 3 and Cal), and cortical regions, cingulate gyrus (CG)
and frontoparietal cortex (FPX).

Mouse viral infection and drug administration
Viral titer assays

Neonatal mice (2 days postnatal) were randomly
separated into three treatment groups prior to infection; Whole brains were removed, immediately placed in 2 ml
uninfected, phosphate-buffered saline (PBS; vehicle) + ice-cold gel saline and frozen at -70°C for at least 24 h.
T3D, and minocycline + T3D. Average mouse weight at Tissues were lysed by three freeze (-70'C)-thaw (3T'C)
time of infection was 1.7 g. Minocycline (Sigma-Aldrich, cycles followed by homogenization by microtip sonication
St. Louis MO) was prepared fresh each day in PBS. Mice (Ultrasound Sonicator XL2020 Heat Systems-Misonix,
were intracerebrally (ic) inoculated with 3 x 10' or 3 x 10' Farmingdale, NY) for 4 s. Homogenates were then serially
plaque forming units (PFU) of serotype 3 reovirus strain diluted and viral titer was determined by plaque assay using
Dearing (T3D) in 10 ýtl with a 29-gauge needle. Mice were monolayers of L929 mouse fibroblasts, as previously
intraperitoneally (ip) injected each day starting 2 days post- described (Tyler et al.. 1985).
infection with 35 mg/kg minocycline in 20 jgl with a 29-
gauge needle. Mice were sacrificed either 6, 8, 11 days post- Immunohistochemistry and staining
infection, or when incapacitated by disease. In untreated
mice inoculated with 3 x 103 or 3 x 10; PFU, T3D lmmunohistochemistry for activated caspase 3 was
encephalitis is 100% fatal by 9 days post-infection, performed using the Ventana Automated Staining System

Data shown in Fig. I is representative of six studies, in as previously described (Richardson-Bums et al., 2002a).
Figs. 2 and 4 of three studies, and in Fig. 3 of one study. For TdT dUTP Nick-End Labeling (TUNEL), an anti-BrdU
Each of these studies used 5 uninfected mice, 7 vehicle + based kit was used (TACS-XL; Trevigen). Deparaffinized
T3D mice, and 9 minocycline + T3D mice for each study. brain tissue sections were permeabilized with Neuropore

Fig. I. Minocycline delays disease onset and progression and mortality of reovirus encephalitis. (A) Survival curves for mice intracerebrally tic) inoculated
with either 3 / 10- plaque-forming units (PFU) or 3 x 105 PFU of reovirus serotype 3 strain Dearing (T3D) treated with either vehicle (PBS) or minocycline
(35 mg/kg in PBS) intraperitoneally (ip). Mean day of death was significantly different between vehicle + T31 and minocycline + T3D for both 3 -, 10' PFU
and 3 x 105 PFU inoculations of T3D (data are mean ± SEM; P < 0.01 between T3D and T3D + minocycline for both doses of virus; Student's t test). (B)
T3D-infected (3 x 103 PFU ic inoculation) mice do not gain weight normally. This failure to thrive is partially ameliorated by minocycline treatment. (C) The
mean histopathological score for virus-induced injury in THA was significantly reduced in minocycline + T3D (white bars) on 6 days P1 compared to vehicle
T3D (black bars) but by I I days, PI thalamic injury in minocycline + T3D was similar to that seen in vehicle + T3D on 8 days PI (*P < 0.01; Student's I test).
(D) Virus-induced injury in the Ca2/3 and Cal regions of the hippocampus was also significantly reduced by minocycline treatment at 6 and 8 days PI but like
results in THA by I I days P1 hippocampal injury in minocycline + T3D was similar to that seen in vehicle i T3D on 8 days P1 (*P < 0.05; Student's t test). (E)
Minocycline significantly decreased viral injury in the CG and the FPX at 6 and 8 days PI, respectively (*P < 0.01; Student's r test). (F) The mean
histopathological score for each brain region in parts C-F (rounded to nearest whole number) is represented by a corresponding color on the histopathology-
scoring chart and is indicated on each representative brain section.
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(Trevigen) then the remainder of the procedure was incubated I h at 37°C with anti-T3D polyclonal antisera at
performed according to manufacturer's instructions. For 1:100 in 3% BSAIPBSX. Anti-T3D was detected by anti-
viral antigen staining, deparaffinized, permeabilized (Neuro- rabbit Alexa Fluor594 (1:100) and counterstained with
pore. Trevigen, Gaithesburg, MD) brain tissue sections were Hoechst 33342 (both from Molecular Probes, Eugene OR).
blocked (5% BSA/PBS 0.1% triton X) I h at RT, then For double labeling of astrocyte and microglia, deparaffi-
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nized, permeabilized (I h PBSX) sections were incubated Interestingly, minocycline + T3D animals are still alive on
ON at 4°C with rabbit anti-GFAP (1:100; Chemicon, 11 days post-infection, however, they show virus-induced
Temecula, CA) and FITC-labeled Griflbnia simplicifolia I CNS injury equivalent to that seen in vehicle + T3D at 8
isolectin B4 (Sigma, St. Louis MO) in 3% BSA/PBSX + 5 days post-infection (see Fig. IF).
IiM Ca 2+. The GFAP was detected with anti-rabbit Alexa Minocycline treatment of T3D-infected mice signifi-
Fluor 594 (Molecular Probes) and the sections were counter- cantly decreased the total number of apoptotic cells in the
stained with Hoechst. Fluorescently labeled sections were five brain regions assessed on 6 days post-infection as
aqueous mounted with Vectashield (Vectorlabs, Burlingame, detected by TUNEL assay (P < 0.01; Fig. 2A). The total
CA). All sections were digitally imaged using a Zeiss number of TUNEL positive cells in each brain region
AxioPlan microscope with a Cooke Sensicam QE camera. assessed was also decreased in minocycline + T3D mice as

compared to vehicle + T3D mice (Figs. 2B-D). Similar
results were obtained using immunohistocheinical staining

Results for activated caspase 3. An example of this stain is shown in
Figs. 2E,F. The dorsal thalamic nuclei of brain tissue

T3D infection in neonatal mice produces massive virus- sections from vehicle + T3D mice (Fig. 2E) show numerous
induced neuronal apoptosis throughout the CNS resulting in cells staining positive for activated caspase 3 (brown cells).
fatal encephalitis by 7-9 days post-infection (Oberhaus et In contrast, the dorsal thalamus from minocycline + T3D
al., 1997; Richardson-Bums and Tyler, 2004; Richardson- mice (Fig. 2F) has comparably fewer apoptotic cells
Bums et al., 2002b). We tested the capacity of minocycline (compare Figs. 2E-F).
to protect neurons from reovirus-induced apoptosis and to We next analyzed whether microglial and/or astrocytes
prevent the development of fatal encephalitis in mice. Mice invade viral injury foci and whether minocycline-associated
were intracerebrally (ic) infected with 3 x 103 PFU (300 inhibition of microglial/glial activation may play a role in
times LD5o) of virus then treated daily with minocycline delaying T3D encephalitis. Using FITC-labeled G. simplici-
beginning 48 h post-infection. Minocycline significantly folia I isolectin B4 (isolectin B4) as a marker for microglia
delayed but did not prevent death of infected mice. Mean and immunohistochemical labeling of GFAP to detect
day of death was 11.6 ± 0.9 days post-infection for astrocytes, we found few GFAP or isolectin B4 positive
minocycline + T3D mice, which was significantly greater cells throughout the brains of the neonatal mice (Fig. 3).
than that for vehicle + T3D mice (8.6 ± 0.7 days post- However, in regions with viral injury on 8 days post-
infection; P < 0.01; Fig. IA). Even with a higher dose infection in vehicle + T3D mice and 11 days post-infection in
(30,000 times LD 50 ) of virus, minocycline treatment minocycline + T3D mice, cells with GFAP-positive pro-
significantly delayed death (mean day of death 7.4 ± 0.5 cesses were detected near the lateral ventricles and migrating
days post-infection vehicle + T3D vs. 9.8 ± 0.7 days post- toward clusters of apoptotic cells. Rare isolectin B4-labeled
infection minocycline + T3D; P < 0.01; Fig. IA). In cells were also found in the vicinity of viral injury (Figs. 3C).
addition to delaying mortality, minocycline treatment These phenomena were detected in a subset of brain regions
ameliorated virus-induced "failure to thrive" in infected injured by the virus, specifically the dorsal thalamus (shown
mice. Failure to gain weight is a sensitive indication of the in Fig. 3), subiculum, and cingulate gyrus.
severity of T3D-induced disease. Minocycline-treated mice Lastly, we investigated whether T3D growth in the CNS
grow better than untreated infected mice, although not as is affected by minocycline treatment. Viral antigen was
well as uninfected control animals (Fig. IB). detected by immunohistochemical staining for reovirus

Having shown that minocycline treatment delays pro- proteins in brains from vehicle + T3D at 6 and 8 days
gression of T3D encephalitis, we next investigated whether post-infection and minocycline + T3D at 6, 8, and II days
this is associated with a reduction in virus-induced CNS post-infection. Viral antigen was found in all brain tissue
injury. In T3D-infected mice the earliest pathological signs sections from both vehicle + T3D mice and minocycline +
of CNS injury are detectable at 5-6 days post-infection and T3D mice; however, the intensity and extent of antigen

by 8 days post-infection massive cell death, neuronal loss, expression was decreased in the minocycline + T3D group
and disruption of CNS cytoarchitecture is evident (Oberhaus as compared to vehicle + T3D group on both 6 and 8 days
et al., 1997; Richardson-Burns ct al., 2002b). T3D post-infection (compare Figs. 4A-D). By 11 days post-
encephalitis is fatal by 8-9 days post-infection. At 6 days infection in minocycline + T3D mice, viral antigen intensity
post-infection, minocycline treatment of infected mice and expression pattern looked similar to that seen in
significantly reduces viral injury in thalamic nuclei vehicle + T3D mice at 8 days post-infection (compare Figs.
(THA), Ca2/3 regions of the hippocampus, and in the 4D-F). CNS viral titers were determined at 8 days post-
cingulate gyrus (CG) compared to that seen in vehicle + infection for both vehicle + T3D mice and minocycline +
T3D mice (P < 0.01; Figs. I C-F). At 8 days post-infection, T3D mice and at II days post-infection for minocycline +
there is a significant difference between minocycline + T3D T3D. We found that minocycline treatment significantly
and vehicle + T3D in both the Cal and Ca2/3 hippocampal reduces T3D CNS titer at 8 days post-infection, but by II
regions and in the frontoparietal cortex (FPX) (Figs. IC-F). days post-infection CNS titers are similar to those seen in
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Fig. 2. Minocycline reduces virus-induced apoptosis in the CNS. (A) The total number of TdT-mediated dUTP Nick-End Label (TUNEL)-positive cells is
significantly reduced in the brains of minocycline + T3D mice as compared to vehicle + T3D mice (*P < 0.01; Student's t test. These data are the combined
total from five brain regions assessed on 6 days post-infection). (B) Total number of TUNEL-positive cells in the (B) THA, (C) Ca2/3 and Cal, (D) CO and
FPX (*P < 0.01 for B-D; Student's I test). (E) Numerous cells positive (brown staining) for activated caspase 3 can be seen in the dorsal thalamus of vehicle +
T3D mice (100/. magnification). Similar results to that seen with TUNEL assay were found by staining for activated caspase 3. (F) Fewer activated caspase-3-
positive cells are seen in tissue from minocycline + T3D mice (compare to part E).

vehicle + T3D mice at 8 days post-infection (Fig. 4E). Thus, from Neuroadapted Sindbis virus-induced spinal motor
minocycline treatment is associated with delayed viral neuron death. Similarly, here we show that treatment of
growth paralleling the delay in injury and mortality. reovirus-infected neonatal mice with minocycline signifi-

cantly delays the mortality of the resulting encephalitis with
mean day of death extended from roughly 8 days post-

Discussion infection to about 12 days post-infection. This is associated
with a delay in onset and progression of reovinrs-induced

The antibiotic minocycline has been shown to have CNS injury and apoptosis.
neuroprotective properties in diverse models of neuro- Assessment of CNS injury by H&E analysis of brain

degeneration and CNS injury (Arvin et al., 2002; Chen et tissue sections and whole brain viral titer assays from
al., 2000; Du et al., 2001; Kriz et al., 2002; Thomas et al., T3D-infected mice treated with either minocycline or
2003; Tikka and Koistinaho, 2001; Tikka et al., 2001 b; Van vehicle revealed significant decreases in virus-induced
Den et al., 2002; Wells et al., 2003; Yrjanheikki et al., 1998, CNS injury and CNS viral titer in minocycline-treated
1999). However, until recently, this drug had not been tested mice as compared to untreated mice. Brains from
in experimental models of CNS infection. Darman et al. minocycline-treated mice at 11 days post-infection showed
(2004) reported that minocycline protects infected mice severity of viral injury and viral titer levels similar to that
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EI

Fig. 3. There is no difference between untreated or ininocycline-treated mice in microglial or astrocyte invasion of viral injury sites. The brain region

represented in each panel is 400x magnification of dorsal thalamus; location is indicated in panel E. L indicates Ihe location of the lateral ventrcle, white
arrowheads indicate isolectin B4-1abeled vascular endothelial cells, white arrows indicate isolectin B4-1abeled microglia, * indicate cells with GFAP-positivc
processes, and # indicate representative apoptotic cells. tA) The brains of untreated or (B) minocycline-treated T3D-infected mice at 6 days PI. (C) Untreated
mice at 8 days PI show some isolectin B4-1abled microglia and GFAP-positive cells at the site of viral injury, near apoptotic cells. (D) Minocycline-treated mice
at 8 days P1. (F) Minocycline-treated infected mice at 11 days P1.

seen in untreated mice on 8 days post-infection, indicating be related to either its capacity to inhibit neuronal
that minocycline is delaying the onset and progression of apoptosis (Chen et al.. 2000; Sanchez Mejia et al.,
disease but not preventing it. Consistent with this result, 2001; Wang et al., 2003b; Zhu et al., 2002) or its anti-
the intensity and extent of viral antigen expression in the inflammatory and microglial-inhibiting activity (He et al,,
CNS of minocycline-treated T3D-infected mice was lower 2001; Tikka and Koistinaho, 2001; Tikka ct al., 2001a;
than that seen in untreated T3D-infected mice at 8 days Yrjanhcikki et al., 1998). Studies on reovirus encephalitis
post-infection, yet by 11 days post-infection viral antigen indicate that CNS injury in infected mice results from
expression was similar to that seein o untreated T3D- neuronal apoptosis and that inflammation is minor;
infected mice at 8 days post-infection. Similar to its effects however, no studies have investigated whether microglial
on disease progression, this suggests that minocycline may activity at viral injury foci contributes to the disease

be hampering but not preventing viral growth. Further (Oberhaus et al., 1997; Richardson-Burns et al.. 2002b).
studies need to be performed to determine if this We found significantly fewer apoptotic cells in brain

minocycline-associated inhibition of viral replication is regions that are highly susceptible to reovirus-induced
due to direct interference in the replication cycle by injury in minocycline-treated T3D-infected mice as
minocycline or whether minocycline-mediated apoptosis compared to vehicle-treated T3D-infected mice as n di-
inhibition results in reduced viral titers. The latter idea is cated by two markers for apoptosis, TUNEL staining, and
supported by our previous research indicating that inhib- immunohistochemical detection of activated caspase 3.
ition of reovirus-induced apoptosis results in reduced viral These data suggested that minocycline is anti-apoptotic
titers (Richardson-Burs and Tyler, 2004; Richardson- in this model; however, we also analyzed whether minocy-
Bumns et al., 2002b). cline's microglial/astrocyte-inhibiting activity may play a

The mechanisms by which minocycline exerts its role in delaying T3D encephalitis. In many models of CNS
neuroprotective effects in CNS disease are thought to injury, microglial activation and invasion of the damaged
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Fig. 4. Minocycline treatment of infected mice resulted inhibition of viral growth as indicated by a decrease in viral titer and viral antigen expression.

lmmunohistochemical staining for reovirus antigen was used to detect viral proteins in brain tissue (25x magnification) sections from T30-infected vehicle-
treated mice at 6 days P1 (A) and 8 days P1 (C) and T3D-infected minocycline-treated mice at 6 days P1 (B), 8 days PI (D), and (F) II days Pl. (E) Viral titer
determined by plaque assay indicated that minocycline significantly reduced CNS viral titer at 8 days PI as compared to untreated T3D-infected mice (*P <
0.01; Student's t test).

tissue is an early response to injury followed by sustained encephalitis in neonatal mice and that minocycline treatment
local astrogliosis or scar formation. In mounting of the does not inhibit the minor microglial/glial activation seen in

immune response, activated microglia release numerous this model system.

agents that are toxic to CNS cells, including inflammatory This study indicates that minocycline delays but does not

cytokines and glutamate. This can aggravate tissue injury prevent development of fatal viral encephalitis and asso-

and attract astrocytes resulting in gliosis (Chao et al., 1996; ciated CNS injury. Similar results have been found in mouse

Lee et al., 1995, 2000; Srebro and Dziobek, 2001). More models of neurodegenerative disease including amyotrophic
microglia were detected in the brains of T3D-infected mice lateral sclerosis (ALS) and Huntington's disease (Chen et

on 8 days post-infection compared to 6 days post-infection; al.. 2000; Van Den et al., 2002; Zhu et al., 2002) and virus-

however, there was no significant difference between associated neurodegeneration (Darman et al., 2004). Numer-

untreated and minocycline-treated animals. We found few ous studies suggest that the minocycline-mediated neuro-

microglia and astrocytes at viral injury sites at all times protective effects may be due to its capacity to inhibit

assayed following infection. This is supported by studies on apoptotic signaling (Chen et al., 2000; Sanchez Mejia et al.,

CNS immune responses reporting that the severity of 2001; Wang et al., 2003b; Zhu et al., 2002). Given that

microglial and astrocyte activation is age dependent, apoptosis is a major mechanism of virus-induced injury in

occurring to a greater extent in adult compared to develop- reovirus encephalitis, minocycline-mediated inhibition of
ing animals (Kyrkanides et al.. 2001; Milligan et al., 1991). virus-induced apoptosis may be resulting in the delayed

Our data show that microglial and astrocytic invasion of the onset, progression, and mortality of the disease. In

regions of viral injury is not a major feature of T3D conclusion, our findings suggest that minocycline treatment
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is an effective strategy for protecting the CNS from viral specific CNS inflammation-related molecules in aged versus young rats

injury and may represent a novel and possibly adjunctive following cortical stab injury. J. Neuroimmunol. 119, 269 277,

antiviral therapy. Lee, S.C., Dickson, D.W., Brosnan, C.F., 1995. Interleukin-I, nitric oxide
and reactive astrocytes. Brain Behav. Immun. 9, 345-354.

Lee, J.M., Grabb, MC., Zipfel, G.J., Choi. D.W., 2000. Brain tissue
responses to ischemia. J. Clin. Invest. 106, 723 -. 731.
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The mechanisms by which viruses kill susceptible cells in target organs and ultimately produce disease in
the infected host remain poorly understood. Dependent upon the site of inoculation and strain of virus,
experimental infection of neonatal mice with reoviruses can induce fatal encephalitis or myocarditis. Reovirus-
induced apoptosis is a major mechanism of tissue injury, leading to disease development in both the brain and
heart. In cultured cells, differences in the capacity of reovirus strains to induce apoptosis are determined by
the Si gene segment, which also plays a major role as a determinant of viral pathogenesis in both the heart
and the central nervous system (CNS) in vivo. The S1 gene is bicistronic, encoding both the viral attachment
protein sigma-1 and the nonstructural protein sigma-i-small (o-ls). Although trls is dispensable for viral
replication in vitro, we wished to investigate the expression of orls in the infected heart and brain and its
potential role in reovirus pathogenesis in vivo. Two-day-old mice were inoculated intramuscularly or intrace-
rebrally with either otis- or als+ reovirus strains. While viral replication in target organs did not differ
between urls- and orls' viral strains, virus-induced caspase-3 activation and resultant histological tissue
injury in both the heart and brain were significantly reduced in orls- reovirus-infected animals. These results
demonstrate that orls is a determinant of the magnitude and extent of reovirus-induced apoptosis in both the
heart and CNS and thereby contributes to reovirus pathogenesis and virulence.

Experimental infection of neonatal mice with reovirus has The Si double-stranded RNA gene segment is bicistronic,
provided important new insights into the mechanisms of viral encoding both the viral attachment protein sigma-I (cr1) and
entry, spread, tissue tropism, and disease pathogenesis in the the nonstructural protein sigma-l-small (arls) from overlap-
infected host. Reoviruses infect and produce tissue injury in ping but out-of-sequence open reading frames (11, 15, 27). (r1

multiple organ systems, including the heart and central ner- is a structural protein located at the icosahedral vertices of the
vous system (CNS) (28, 31). Reovirus-induced apoptosis is a viral outer capsid and functions as the viral cell attachment
major mechanism of cell death, tissue injury, and ensuing dis- protein (17). cr1 may influence virulence through its role in
ease in infected neonatal mice (8, 9, 19, 24, 25). In both the host cell receptor binding to mediate viral entry or through
infected heart and brain, reovirus antigen, areas of histological receptor-triggered intracellular signaling pathways (6, 20, 32).
injury, and apoptosis all colocalize (8, 19, 25). In the brain, type The second Sl-encoded protein, crIs, is a nonstructural protein
3 (T3) reoviruses cause fatal encephalitis associated with neu- and is a key determinant of the capacity of reoviruses to induce
ronal injury and virus-induced apoptosis in neurons of the
cortex, thalamus, and hippocampus (19, 24, 25). The viral SI a G2/M cell cycle arrest in infected cells (22, 23). We have re-
gene is a key determinant of the pattern of viral injury in the cently shown that u rgs contains a functional nuclear localization
CNS (37, 38), although other viral genes play contributory signal and undergoes active signal-mediated nuclear import in
roles as well (14). In the heart, reovirus-induced apoptosis both transfected and infected cells, resulting in profound dis-
appears to be the major mechanism for virus-induced myocar- ruption of nuclear architecture (13). Although a arls-null mu-

dial injury and consequential death (8, 9). Reovirus genetics tant replicates as well as wild-type T3 reovirus in cultured L929

has identified multiple viral genes, including MI, LI, L2, and and MDCK cells (26), the fact that crls is conserved in all

Si, as determinants of reovirus-induced acute myocarditis (28). known reovirus field isolates (5, 10) suggests that it plays an
SI has been implicated as a major determinant of cytopathic important role during viral pathogenesis in vivo. In order to
effects in cardiomyocytes (3). The S1 gene is also a major evaluate the potential role of crls during pathogenesis, we
determinant of differences in the capacity of reovirus strains to compared heart and CNS disease following infection of neo-
induce apoptosis in a variety of cultured cells (33, 34). natal mice with a oris-null reovirus mutant (C84-MA) to that

following infection with cris-positive control strains.
We show that a crIs deficiency does not affect viral growth in

Corresponding author. Mailing address: Department of Neurology target tissues but profoundly reduces the capacity of reovirus
(B-182), University of Colorado Health Sciences Center, 4200 E. 9th
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. to induce apoptosis and tissue injury in both the heart and the
E-mail: Ken.TylerC•uchsc.edu. CNS. These studies indicate that although crIs may not be
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FIG. 1. als and orls' T3 reoviruses used in this study. Shown are representations of the 120-amino-acid orls protein sequence (stippled bars)
and the 455-amino-acid -rl protein sequence (white bars) for each viral strain used. C84-MA does not express CrIs duc to an SI gene mutation
(black square). C84-MA, C93, and T3A bind SA (black triangles). C84 does not bind SA due to a mutation in (rl (open triangle). C93 and T3A
contain differences in the rl protein sequence compared to C84-MA (dotted boxes). Noted to the right is the rls expression status and SA binding
ability of each strain.

required for viral replication in cultured cells, it plays a major Histological analysis. Mice were sacrificed at the indicated times postinfec-

role in viral virulence and disease outcome in vivo. tion, and individual organs were immediately immersed in 10% buffered forma-
in solution for 24 h and then transferred to 70% ethanol for histological prep-
aration. For the brain, paraffin-embedded tissues were cut to 4-p•m coronal

MATERIALS AND METHODS sections. showing cingulate cortex, frontoparietal cortex, hippoc.ampus, and thal-
amus. Sections were stained with hematoxylin and cosin (It&E) for analysis of

Mice. Swiss-Webster mouse litters were housed in individual filter-topped tissue pathology and quantitative scoring. Scoring of the extent of neuropatho-
cages in an American Association for ILaboratory Animal Care-accredited animal logic damage was based on a previously validated blinded grading system in
facility. All animal procedures were performed under protocols approved by the which the extent of morphological changes and the area affected within specific
appropriate institutional animal care and use committees, brain regions were graded on a scale of 0 to 4 (30)) (Table 1). For the heart,

Mouse inoculations. Two-day-old Swiss-Webster mice (Harlan Sprague-Daw- paraffin-embedded tissues were transversely cut to 4-p.m sections. Quantitative
Icy, Indianapolis, Ind.) were inoculated either intramuscularly (hind limb) or scoring of histological injury in the heart was based on a previously validated
intracranially (right cerebral hemisphere) with lW or 10' PFU (as specified) of blinded grading system in which the number and size of specific heart lesions
the indicated reovirus strain in a 20-ild (intramuscular inoculation) or 10-Pl were evaluated on a scale of 0 to 4 (8. 29) (Table 1). Htistological injury in both
(intracranial inoculation) volume of gel saline (137 mM NaCI, 0.2 mM CaCl, 0.8 the heart and brain was evaluated and scored from either a single coronal
mM MgCI2 , 19 mM H3BO0, 0.1 mM Na,B 40 7, 0.3% gelatin). - tarnd brain per moused a si ore I eitransverse coronal

Viruses. The (its and it protein sequences of the viruses used are dia- H&E-stained section per mouse or a single It&F-stained transverse heart see-
grammed in Fig. 1. All viruses utilized were from laboratory stocks. T3C84 and
T3C84-MA were originally provided by T. Dermody (Vanderbilt University, 4-pLm paraffin-embedded tissue sections were retrieved in a decloaker (BioCare.
Nashville. Tenn,). T3 C'84-MA is a a-Is-null mutant that was originally isolated Vista. Calif.) in citrate buffer, followed by staining with rabbit anti-mouse poly-Nashilll antinody T3ece against aiivte aaps- a(-ell Signalin thaewschninlliol-e
following serial passage of the T3C84 (C84) strain through murine erythroleu- clonal antibody directed against activated caspase-3 (Cell Signaling echnolo-

kemia cells (26). C84-MA contains a tryptophan (W)-to-arginine (R) mutation at gies, Beverly. Mass.) at a 1:25 dilution, followed by detection by using an auto-

position 202 which enables it to bind terminal sialic acid (SA) on glycosylated mated staining system with the Ventana (Tucson Ariz.) detection system.

cellular proteins (SA'), whereas CM cannot (SA ) (Fig. 1). C84-MA also Quantitative scoring of caspase-3-stained tissue sections was based on a blinded

contains an SI gene mutation which results in a lysine (K)-to-isoleucine (I) grading system in which the number of caspase-3-positive cells and the size of

substitution at amino acid 26 in url (Fig. 1). This mutation also introduces a caspase-3-positive areas were graded on a scale of 0 to 3 (Table 1). For (rls

premature stop codon in r Is. Since SA binding plays a significant role in reovirus immunohistochemistry in the brain, 4-pLm paraffin-embedded coronal tissue sec-

pathogenesis (1. 2, 7). we used reovirus T3 clone 93 (C93) and the prototype T3 tions were deparaffinized and retrieved in antigen-unmasking solution (Vector

reovirus strain Abney (T3A), both of which bind SA. as additional controls for Laboratories, Burlingame, Calif.) according to the high-temperature unmasking

C84-MA. C93 expresses Tis, binds SA coreceptors, and is the most closely technique provided by the manufacturer. After an overnight permeabilization

related SA' field isolate to C84-MA in terms of its irl amino acid sequence. T3A with Neuropore at 4°C (Trevigen, Gaithersburg, Md.). goat anti-mouse mono-
expresses iris and binds to SA residues on target cells (Fig. 1). clonal antibody directed against uls (3E2) was used at 200 p.g/ml diluted into 3c/,

Viral titer. Mice were sacrificed at the indicated times postinfection, andwhole bovine serum albumin (BSA)-Tris-buffered saline (TBS) plus 0.1% Tween
hearts or brains were placed in gel saline and immediately frozen at -70

0
C. After (TBST) overnight at 4°C. As a secondary antibody, biotinylated goat ant i-mouse

three freeze (-70UC)-thaw (37°C) cycles, tissues were sonicated for 30 s with a antibody (Vector Laboratories) was used at 1:100 in 3% BSA-TBST for 2 h at
microtip probe (Heat Systems model XL2020) until a homogenate solution was 25°C. Detection was monitored by a diaminobenzidine tetrahydrochloride-based
formed. Viral suspensions were serially diluted in gel saline in 10-fold steps. immunohistochemistry protocol according to the suggestions of the manufac-
Monolayers of L929 cells were infected with diluted virus in duplicate for plaque turer (Vector Laboratories). Dehydration was carried out in a series of graded
assay as previously described (36). ethanol solutions, followed by clarification in xylene. Slides were mounted with
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TABLE 1. Tissue section grading systems for apoptosis and histopathological damage in orls and orls+ reovirus-infected animals

Criteria for score of:
Condition scored

0 1 2 3 4

Apoptosis (CNS and No caspase-3- Scattered caspase-3- Groups of caspase-3- Groups of caspase-3-
heart) positive cells positive cells in positive cells occupying positive cells found in

in tissue tissue area up to 30% of affected >30% of affected
area tissue area tissue area

CNS histopathology" No lesions Affected area Affected area Affected area Affected area > 7 5 %
-s10% of total approximately 10-40% approximately 40- of total section

section with of total section with 75% of total section with total
morphological partly confluent areas with large confluent disintegration of
changes of of tissue destruction areas of tissue cortical tissue,
individual dead destruction large complete
neurons and areas of tissue
small patchy destruction in the
areas of tissue thalamus, and
destruction neuronal death in

the hippocampus

Cardiac histopathology" No lesions One or a few small Many small or a few large Multiple small and large Massive lesions
lesions lesions lesions

"As described in reference 30.
"As described in references 8 and 29.

Vectamount (Vector Laboratories) and stored at 25°C. A similar procedure was determinant of virulence following peripheral intramuscular
used to evaluate orls expression in cardiac tissue sections, with the following inoculation. The intermediate phenotype of the SA strain
exceptions: monoclonal antibody 2F4 was used as the primary antibody at a C84 indicated that in addition to the presence or absence of
concentration of 1tW l~g/ml, diluted into 3% BSA-TBST, overnight at 4°C. The
hybridoma cell lines synthesizing the anti-rls antibodies. 2F4 and 3E2, were ouls, SA binding is likely to be an important determinant of
generous gifts (26). Anti-otys antibodies were purified on protein A columns reovirus virulence following intramuscular inoculation.
based on the recommended protocol described by the manufacturer (Pierce, oIls is not required for viral replication in the heart. Fol-
Rockford, Ill.). For reovirus antigen detection (reovirus structural proteins), lowing intramuscular inoculation of either c-ts ortyls' reo-
deparaffinized tissue sections were retrieved in antigen-unmasking solution (Vec-
tor Laboratories) according to the high-temperature unmasking technique pro- virus strains, the viral titer in the hearts of infected animals was
vided by the manufacturer and permeabilized in Neuropore (Trevigen) at 4°C determined at 8 days postinfection. There were no significant
overnight. Rabbit polyclonal reovirus antiserum was used at 1:200 in 5% normal differences in titer observed between virus strains in the heart
goat serum-TBST at 25°C for 1 h. Extensive washing in TBST was followed by (P > 0.05 for all interstrain comparisons) (Fig. 3). orls was
incubation in fluorescein isothiocyanate-conjugated goat anti-rabbit immuno-
globulin G (Vector Laboratories) diluted at 1:100 in 3% BSA-TBST. After therefore not required for either efficient spread to or growth
extensive washing in TBST and TBS, nuclei were visualized with Hoechst 33342 within the heart. Similarly, no significant differences in titer
(Molecular Probes. Eugene. Oreg.). Stained sections were mounted with were observed between SA and SA viruses (Fig. 3), suggest-
Vectashield (Vector Laboratories) and stored at 4°C. ing that SA binding was also not a significant determinant of

Statistics. All statistical analyses were performed with In Stat version 3.0
(Graph Pad, San Diego, Calif.).

RESULTS
100"-too -....,---- Als-/SA+ (C84-MA)

orls enhances reovirus virulence following intramuscular 90 - cIs+/SA+ (C93)
inoculation. In order to evaluate the role of urls in the induc- 80 - a.ls+/SA+ (T3A)

tion of reovirus-induced myocarditis, 2-day-old neonatal mice 70 -i 1 _ Is+/SA- (C84)

were inoculated intramuscularly with 10s PFU of reovirus 60. 6

strain C84-MA (orls- SA+), C93 (QTls+ SA'), T3A (ouls+ " 5
SA+), or C84 (o'ls' SA ). Infected animals were examined Z

rA 40
daily to assess health and progression of disease (Fig. 2). All 30 4
C84-MA (orls SAN)-infected mice survived virus challenge,
whereas all mice infected with the control T3A (o'ls' SA') or 20..

C93 (otis' SA') strain appeared to be sick at approximately 6 10

days postinfection and died within 14 days of infection (mean 1 5 9 .13 17 7Y50'
day of death -_ standard error of the mean, 9.9 - 1.2 days or Days Post-Infection
10.4 t 0.5, respectively) (Fig. 2). The u1s+ SA- strain C84 FIG. 2. als confers enhanced virulence following intramuscular re-

showed an intermediate phenotype, with 30% mortality (Fig. ovirus inoculation. Neonatal mice (n = 7 to 16) were inoculated in-
2). The observed differences in patterns of lethality between tramuscularly with C84-MA (trls SA'), C93 (o-ls' SA'), T3A (arls'
urls and a-ls' strains indicated that uIs was an important SA'), or (84 (arls' SA-).
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7 fected hearts. Dark brown staining indicates active caspasc-3
16 apoptotic lesions within the myocardium (Fig. 5B and C). Mice

t 6- infected with the rls strain C84-MA showed a significant
L 5'decrease in both the number and size of apoptotic lesions in

the heart compared to each of the Trls' control viruses at 8

zi 4- days postinfection (Fig. 5A). In contrast, all rls' reoviruses
S3- produced severe myocardial injury with extensive areas of apo-

F ptosis analogous to those we have previously described for the
ta: 2' prototypic myocarditis-inducing strain, 8B (8). The rare apo-" 1ptotic lesions that were observed in n-Is - virus-infected hearts

appeared similar in cellular composition and caspase-3 staining
0 cls- als+ l-S+ als+ to heart lesions seen in GIs' virus-infected hearts (data not

SA+ SA+ SA+ SA- shown).
(C84-MA) (C93) (T3A) (C(4) Animals which survived C84-MA (otis SA') virus chal-

FIG. 3. (Tts does not influence viral growth in the heart. Viral titers lenge were sacrificed at 50 days postinfection and evaluated for
in infected hearts were not significantly different (P > 0.05) between myocardial injury. H&E-stained heart sections did not show
uls- and all urls viral strains. Each bar represents the average viral any myocarditic damage, and no infectious virus was detectable
titer from 5 to 10 mice at 8 days post-intramuscular inoculation. Error by plaque assay in the heart or other organs (data not shown).bars indicate standard errors ot the means. ypau sa ntehatorohrogn dt o hw)

Taken together, these studies indicate that nrIs was a deter-
minant of the extent and severity of myocardial injury and
apoptosis but not of viral growth in the hearts of infected mice.

spread to or growth within the heart in infected animals fol- We next wished to determine whether these same features
lowing intramuscular peripheral inoculation, occurred in CNS infection.

arls is a determinant of apoptosis and pathogenesis in the orls is a determinant of T3 reovirus virulence following
heart. Having shown that -rls is a determinant of lethality intracranial inoculation. In order to study the role of n-Is in
following intramuscular reovirus inoculation, we next deter- pathogenesis of reovirus-induced CNS disease, 2-day-old mice
mined the effect of nrIs on viral pathogenesis in hearts of were intracerebrally inoculated with 10' PFU of reovirus strain
reovirus-infected animals. To evaluate overall myocardial tis- C84-MA (arls SA'), C93 (aris' SA'), T3A (als' SA'), or
sue injury, H&E-stained transverse cardiac sections were eval- C84 (rls' SA ). Mortality was monitored for 30 days follow-
uated via light microscopy, and the degree of injury was quan- ing inoculation (Fig. 6). One hundred percent of mice infected
tifled by using a previously validated scoring system (8, 29) with either C93 or T3A died (mean day of death ± standard
(Table 1 and Fig. 4). At 8 days postinfection, prominent myo- error of the mean, 9.1 ± 0.8 and 8.9 ± 0.3, respectively),
cardial disruption, numerous apoptotic bodies, and evidence of compared to only 67% of C84-MA-infected mice (mean day of
pyknotic nuclei were observed in hearts of rls' virus-infected death t standard error of the mean, 14.3 ± 1.2) (P < 0.001).
mice regardless of SA binding ability, while very minor myo- The SA strain C84 also showed enhanced survival compared
cardial injury was noted in Grs reovirus-infected animals (Fig. to T3A and C93 (Fig. 6).
4). In an effort to see whether the attenuated phenotype of

Immunohistochemical detection of the activated form of C84-MA (orls- SA*) would persist after massive viral chal-
caspase-3 was used as a marker of apoptosis in reovirus-in- lenge, mice were injected intracranially with tO5 PFlU (approx-

imately 10,000 times the intracranial 50% lethal dose) of the
test viruses per mouse. All mice died at this high challenge

4 dose, although the mean day of death for n-ls virus (C84-
MA)-infected mice was significantly (P < 0.001) prolonged

*-k (11.2 ± 0.3 days) compared to that for either (rIs' T3A (8.3 ±

0 3 0.3 days)- or GIs' C93 (9 _- 0 days)-infected animals.
These results indicate that nrIs is a determinant of neuro-

.2 virulence following intracerebral inoculation of reovirus. The
22 enhanced survival in mice infected with the SA strain C84

* compared to the SA' strains T3A and C93 also indicate that
SA binding plays a role in neurovirulence.

orls is not required for viral replication in the brain. Having
shown that nrIs influenced neurovirulence after intracranial

ji inoculation, we next wished to determine whether this was due
Gls- oIs+ CTls+ Cals+ to an effect on viral growth in the CNS. Neonatal mice were
SA+ SA+ SA+ SA- intracerebrally infected with 10- PFU of the various reovirus

(C84-MA) (C93) (T3A) (C84) strains. At 8 days postinfection brain tissue was removed from

FIG. 4. n-ls is required for maximal myocardial tissue injury. The euthanatized animals, and the viral titer was determined by
degree of injury in the myocardium, as measured by quantifying H&E-
stained heart sections, was significantly reduced in utls- (C84-MA) plaque assay of brain homogenates (Fig. 7). As seen in the
virus-infected mice. Each bar represents the average score from 10 to heart model, the presence or absence of GIs did not signifi-
13 mice. Error bars indicate standard errors of the means. *, P < 0.05. cantly affect viral growth in the brain (P > 0.05 for all inter-
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A

-o

als- als+ als+ als+
SA+ SA+ SA+ SA-

(C84-MA) (C93) (T3A) (C84)

B ls- C Tls+
(C84-MA) (C93)

FIG. 5. crls is required for maximal apoptosis induction in the heart. Immunohistochemical staining of activated caspase-3 in whole hearts (B
and C) (original magnification, X25) demonstrates that loss of rls expression significantly reduces reovirus-induced apoptosis (A). In panel A,
each bar represents the average score from four to eight mice. Error bars indicate standard errors of the means. *, P < 0.05.

strain comparisons except that between the SA- virus C84 and orls delayed but did not prevent the appearance of CNS injury
the SA' virus T3A, for which P < 0.01). These results indicate following high-dose virus challenge. The SA virus (C84) also
that orls does not influence viral growth in the brain, showed markedly reduced tissue injury (Fig. 8G to J) com-

, Is is a determinant of apoptosis and pathogenesis in the pared to SA' rls' virus C93 (Fig. 8D to F) or T3A (data not
brain. We next wished to determine whether arls influenced shown). When moribund, C84-infected mice displayed delayed
the extent of viral injury in the CNS. At 8 days following CNS injury (data not shown).
infection, mice were sacrificed and neuropathologic injury was Immunohistochemical detection of the activated form of
evaluated. The orls strain C84-MA (Fig. 8A to C and J) caspase-3 was used as a marker for reovirus-induced apoptosis
induced significantly less tissue injury in the cortex, thalamus, in the brain. Mice infected with orls- virus (C84-MA) had no
and hippocampus than its arls SA' counterparts (Fig. 8D to detectable apoptosis in the cortex, thalamus, or hippocampus
I and J). By contrast, large areas in the thalamus and cortex of at 8 days postinfection (Fig. 9B). Conversely, crls+ control
rls' SA' (C93 and T3A) virus-infected animals were de- strains C93 (Fig. 9D) and T3A (data not shown) displayed high
stroyed and contained numerous apoptotic bodies (Fig. 8D levels of caspase-3 activation in all three areas. The SA virus
and E). Extensive neuronal death was also evident in the hip- C84 also displayed substantially reduced apoptosis in the cor-
pocampi of these animals (Fig. 8F). crls (C84-MA) virus- tex, thalamus, and hippocampus (Fig. 9C). As was the case for
infected mice, examined when moribund (day 11), did show histological injury, C84-MA-infected mice examined when
substantial CNS injury (data not shown), indicating that loss of moribund (day 11) showed substantial caspase-3 activation
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90 - aTls-/SA+ (C84-MA)
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FIG. 6. crIs confers enhanced virulence following intracranial inoculation. Neonatal mice (n = 7 to 11) were inoculated intracerebrally with 10W
PFU of C84-MA (crls SA'), C93 (uls' S•'), T3A (,rs' SA'), or C84 (urls' SA ) per mouse.

(data not shown), indicating that loss of otls served to delay but virus-infected animals with monoclonal antibodies directed
not prevent apoptosis following high-dose viral challenge. against T3 arls. Expression of reovirus structural proteins was

By contrast to the results seen following high-dose viral evaluated by using polyclonal antisera in adjacent sections.
challenge, long-term survivors of low-dose intracerebral chal- As expected, both heart and brain tissues from C84-MA
lenge with orls- reovirus (Fig. 6) sacrificed at 30 days postin- (crls- SA+)-infected mice did not show positive uTIs staining
fection did not show any histopathological indication of viral (Fig. IOC and I) despite detectable expression of reovirus
damage, and no infectious virus was detectable by plaque assay structural proteins (Fig. IOF and L). These data indicate that
in the brain or other organs (data not shown). Similar results reovirus was present in both the infected hearts and brains of
were obtained with survivors of SA- (C84) infection as well C84-MA mice but was not expressing (rls.
(data not shown). In contrast, coronal sections from urIs+ SA' (T3A) virus-

Expression of als in vivo by reovirus strains. We next infected mice displayed prominent expression of orls (Fig.
wished to evaluate rls expression by C84-MA (urls- SA ) and 10G) and structural proteins (Fig. 10J) within the cortex, as
the crls' strains T3A, C93, and C84 following both intramus- well as the thalamus and hippocampus (data not shown). In the
cular (Fig. 10A to F) and intracranial (Fig. lOG to L) inocu- heart, the crls' strain T3A displayed high levels of Tls staining
lation of neonatal mice. In vivo orls expression was evaluated (Fig. 10A) and structural proteins (Fig. 10D) within areas of
by staining cardiac and coronal sections from orls- and orls' cardiac lesions. The arls' SA' strain C93 displayed staining

patterns similar to those of T3A in both the heart and brain
to. (data not shown). In contrast to the exclusively cytoplasmic

10' localization of reovirus structural proteins in infected cardio-
9-** myocyte neurons, arls was observed in both the cytoplasm and
8. nuclei of infected cells, thus corroborating in vivo our previous

40 7. in vitro data indicating that crls localizes to both the cytoplasm
S6. and nuclei of infected cells (13).

5. The rls' SA strain C84 expressed (rls in both the heart
4- *and CNS (Fig. 10B and H). In the brain, reovirus structuralca 4.

proteins were observed throughout the cortex (Fig. 10K), thai-
amus (data not shown), and hippocampus (data not shown).
The relative amount of als expression compared to structural
protein expression appeared to be lower in C84-infected mice

0 als- ots+ als+ als+ than in T3A- or C93-infected mice, particularly in the CNS
SA+ SA+ CSA+ SA- (Fig. 10G, J, H, and K). In the heart, the ratio of (lbs expres-

SA+ SA+ SA+ SA- sion to expression of reovirus structural proteins seemed to
(C84-MA) (C93) (T3A) (C84) approximate that for T3A (Fig. 10 A, D, B, and E). Although

FIG. 7. (ls does not influence viral growth in the brain. Viral titers these data are not quantitative, the reduced level of orls ex-
were not significantly different between arls- and all a]s' viral strains pression compared to that of reovirus structural protein ex-
(P > 0.05). T3A and C84 viral titers were significantly different (**, P
< 0.01). Each bar represents the average viral titer from three to six
mice 8 days post-intracranial inoculation. Error bars indicate standard may express orls at reduced levels compared to (ris' SA'
errors of the means. strains, a result also noted in vitro (26).
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FIG. 8. crls determines the extent and severity of reovirus-induced CNS injury. Representative H&E-stained coronal sections of the cortex,
thalamus, and hippocampus are shown for C84-MA (A to C), C93 (D to F), and C84 (G to 1) (original magnification, X400). Tissue injury was
quantified by using a previously validated neuropathology grading system (J). Each bar represents the average score from four to nine mice. Error
bars indicate standard errors of the means. Statistical comparisons are shown in below the corresponding areas of the graph. NS, not significant.
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A B als-/SA+ (C84-MA)
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FIG. 9. als determines the extent and severity of reovirus-induced apoptosis in the brain. The cortex, hippocampus, and thalamus were
examined at 8 days post-intracranial inoculation (A). Active, cleaved caspase-3 was quantified by the number and size of caspase-3-positive
apoptotic areas (E). C84-MA (ols - SA-)-infected mice displayed reduced caspase-3 activation in the brain compared to lrs' control viruses (B
to E) (original magnification, X25). In panel E, each bar represents the average score from four to seven mice. Error bars indicate standard errors
of the means. Statistical comparisons are shown in below the corresponding areas of the graph. NS, not significant.
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a I s+/SA+
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FIG. 10. rls is expressed in vivo following both intramuscular and intracranial inoculation with lW PFU of T3A (arls' SA+) (A and G) and
C84 (rls' SA-) (B and H), but not C84-MA (crls- SA') (C and I), per mouse. In vivo crls expression in both the hearts and brains of infected
animals was evaluated by diaminobenzidine tetrahydrochloride immunohistochemistry with monoclonal antibodies specific for T3 rils. Cardiac
sections from intramuscularly inoculated mice (T3A, C84, and C84-MA) were stained with monoclonal antibody 2F4 directed against (rls (A to
C) (original magnification, X2tX0) and polyclonal antisera directed against reovirus structural proteins (D to F) (original magnification, X100).
Coronal sections from intracranially inoculated mice (T3A, C84, and C84-MA) were stained with monoclonal antibody 3E2 directed against orls
(G to I) (original magnification, X200) and polyclonal antisera directed against reovirus structural proteins (J to L) (original magnification, X400).
Polyclonal antiserum directed against T3 reovirus structural proteins was used as a control for the presence of reovirus in both cardiac (D to F)
and brain (J to L) tissues.

DISCUSSION virus field isolates provides further support for the conclusion

We now show that the reovirus nonstructural u~s protein is that rls plays an important role during viral pathogenesis in
vivo.

a determinant of viral injury in the hearts and brains of in- Wetiz

fected neonatal mice. Although viral growth in the brain and n e in iected s an ces severe disr to in

heart was not affected by the presence or absence of uls, the

extent of reovirus-induced apoptosis induction and severity of nuclear architecture, including perturbation of the A-type nu-

ensuing tissue damage in both organs was significantly influ- clear lamina network (LaAIC) and induction of nuclear her-

enced by u~s expression. In addition, uls- SA' (C84-MA) niations (13). The relationship, if any, between ols-induced

virus-infected animals displayed enhanced survival following nuclear architecture changes observed in vitro and the de-

either intramuscular or intracranial challenge compared to scribed effects on pathogenesis in vivo are unknown. However,
mice injected with o~s' SA' viral strains. These studies pro- recent studies report that disruption of LaA/C in myocardio-
vide the first demonstration that orls is expressed following cytes weakens nuclear structural mechanics and renders cells
intramuscular or intracranial inoculation and plays a significant more sensitive to apoptosis following mechanical stress, such
role in reovirus pathogenesis in vivo. as that generated by the beating myocardium (16). This sug-

Our results demonstrate that rls expression does not influ- gests the possibility that ols-induced LaA/C defects may also
ence viral growth in the heart or brain and supports previous in function in vivo to render infected myocardiocytes more sus-
vitro data indicating that rls is not required for reovirus rep- ceptible to apoptosis induction by reovirus.
lication in either L929 or MDCK cells (26). We further dem- The apoptosis-enhancing effects of LaA/C disruption are
onstrate that crls influences the rate and extent of apoptosis less likely the potential mechanism of action for orls in the
induction in vivo, a phenomenon not obvious in vitro (26). This CNS due to the lack of mechanical strain in brain tissue. Other
is not surprising, as there are many host factors that may cytopathic effects of ols may possibly influence the extent and
operate in concert with oTls or other reovirus proteins to affect severity of apoptosis induction in the brain. A growing body of
reovirus-induced disease in vivo (35). For example, orls elicits evidence suggests that aberrant reentry into the cell cycle or
a strong and specific cytotoxic-T-lymphocyte response (12) abnormal expression of key cell cycle regulatory proteins rep-
which may contribute to the ability of orls to modulate the resents a common mechanism of neuronal apoptosis (4). rls
extent and severity of apoptosis induction that we observed in modulates induction of reovirus-induced G2/M cell cycle arrest
vivo. The conservation of ols open reading frames in all reo- in infected cells and inhibits p34 (cdc2) kinase activity (22). In
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Viral myocarditis is a disease with a high morbidity and mortality. The pathogenesis of this disease remains
poorly characterized, with components of both direct virus-mediated and secondary inflammatory and immune
responses contributing to disease. Apoptosis has increasingly been viewed as an important mechanism of
myocardial injury in noninfectious models of cardiac disease, including ischemia and failure. Using a reovirus
murine model of viral myocarditis, we characterized and targeted apoptosis as a key mechanism of virus-
associated myocardial injury in vitro and in vivo. We demonstrated caspase-3 activation, in conjunction with
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling and annexin binding, in cardiac
myocytes after myocarditic viral infection in vitro. We also demonstrated a tight temporal and geographical
correlation between caspase-3 activation, histologic injury, and viral load in cardiac tissue after myocarditic
viral infection in vivo. Two pharmacologic agents that broadly inhibit caspase activity, Q-VD-OPH and
Z-VAD(OMe)-FMK, effectively inhibited virus-induced cellular death in vitro. The inhibition of caspase
activity in vivo by the use of pharmacologic agents as well as genetic manipulation reduced virus-induced
myocardial injury by 40 to 60% and dramatically improved survival in infected caspase-3-deficient animals.
This study indicates that apoptosis plays a critical role in mediating cardiac injury in the setting of viral
myocarditis and is the first demonstration that caspase inhibition may serve as a novel therapeutic strategy for
this devastating disease.

Viral myocarditis remains a disease without a reliable or mice (57). These findings indicate that myocardial damage is a
effective treatment, resulting in chronic dilated cardiomyopa- direct effect of viral infection of cardiac myocytes and that
thy or death in up to 20% of affected children and 50% of immune mechanisms contribute to amelioration rather than an
affected adults (18). Unfortunately, the events following viral induction of reovirus-induced viral injury. Reoviral myocarditis
attachment and replication that produce the cytopathic effect therefore allows dissection of the events leading to direct myo-
and lead to myocarditis are not clearly understood. Several cardial injury.
mechanisms have been suggested (32), including direct viral Apoptosis is an important mechanism of active cellular
injury and persistence (10, 40, 58), autoimmune phenomena death that is distinct from necrosis and has been implicated in
(6, 17, 25, 38, 52). cytokine fluxes (20, 28, 39), and T-cell- the pathogenesis of a variety of degenerative, ischemic, toxin-
mediated inflammatory responses (27, 33, 53). Direct damage induced, and infectious human diseases (34, 41, 64). Increasing
to cardiac myocytes plays a key role in the pathogenesis of evidence indicates that apoptosis plays a central role in micro-
nearly all models of viral myocarditis. A clearer understanding bial pathogenesis, particularly in viral infections (54), and it is
of the pathogenic mechanisms of virus-induced cardiac myo- now recognized as an important mechanism of virus-induced
cyte death is crucial for the development of effective therapeu- tissue injury (14, 15, 47). Apoptosis has been increasingly im-
tic strategies since currently employed antiviral agents do not plicated in multiple forms of cardiac pathology (reviewed in
result in a significantly improved clinical outcome. references 4, 30, and 46), including in vivo models of hyper-

Murine models of viral infection utilizing coxsackievirus, trophic and dilated failure (5, 16, 49, 59), myocardial infarction
murine encephalomyocarditis virus, and reovirus have been (3), ischemia-reperfusion (23, 43), and beta-adrenergic stimu-
utilized to define key events in the pathogenesis of viral myo- lation (59). Apoptosis of cardiac myocytes in vitro has also
carditis. Reovirus strain 8B produces lethal myocarditis in in- been demonstrated in response to serum and glucose depriva-
fected neonatal mice (55, 56, 58). SCID mice still develop tion (components of ischemia in vivo) (3) as well as during
myocarditis, and the passive transfer of reovirus-specific im- cardiac myocyte differentiation (37). Although there have been
mune cells is protective, rather than harmful, to 8B-infected sporadic reports suggesting the importance of apoptosis in the

pathogenesis of viral myocarditis (1, 11, 13, 14, 61, 63), this
mechanism of cellular death has not previously been exten-
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(Sigma)/ml, 10 pg of transferrin (Sigma)/ml, 10 Rxg of insulin (Sigma)/ml, and 0.1
mM bromodeoxyuridine (Sigma) and were maintained at 37°C with 1% CO2 (50,
51).

Mice and inoculations. For inhibitor experiments, Swiss-Webster mice were

purchased from Transduction Laboratories. Caspase-3 knockout mice and
C57B6 wild-type mice were a generous gift from Richard Flavell, Yale Univer-
sity. Two-day-old mice were infected intramuscularly (in the left hind limb) with
10" PFU of virus administered in 20 p.1 of gel saline (137 mM NaCI, 0.2 mM

CaCl2, 0.8 mM MgC12, 19 mM H113O 1, 0.1 mM Na 2B4O,, 0.3% gelatin).
Histologic analysis. Hearts were immersed in 10% buffered formalin for 12 h,

embedded in paraffin, and sectioned transversely into 4-pum-thick sections. He-
matoxylin and cosin (H&E)-stained mid-cardiac sections were examined by light
microscopy, photographed at a magnification of X2.5, and scored in a blinded
fashion by two independent scorers, using a previously validated myocardial

injury scoring system (58). Injury was also quantified by determining the area of
injured myocardial tissue and expressing it as a percentage of the total myocar-
dial tissue area (Adobe Photoshop Magnetic Lasso tool).

Immunohistoehemistry. (I) Viral antigen detection. After antigen retrieval and
a blockade of nonspecific binding, tissues were incubated with a rabbit polyclonal
anti-T3D reovirus antiserum (1:100 dilution overnight at 4*C). After washes in

fbTris-buffered saline-0.1% Tween 20, the tissues were incubated with fluorescein

isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Vector) (1:100
dilution for I h at room temperature [RT]) and were subsequently counter-
stained for nuclear detection with Hoechst 33342 (Molecular Probes) (5 min at
RT). Sections were mounted with Vectashield (Vector) and then analyzed by
fluorescence microscopy.

(ii) Activation of easpase-3. Antigen unmasking was performed as described

above, and the endogenous peroxidase activity of the tissues was blocked. Sec-
tions were incubated with a rabbit polyclonal antibody detecting cleaved (active)

FIG. 1. Markers of apoptosis in virus-injured myocardium. Consec- caspase-3 (Cell Signaling) (1:10)0 dilution overnight at 41C) and then with goat
utive 4-ptm-thick sections of hearts from reovirus-infected mice were anti-rabbit immunoglobulin-biotin (Vector) (1:100 dilution for I hI at RT) and
analyzed at 7 days postinfcction by two independent assays for evi- were subsequently probed with avidin-horseradish peroxidase. Cleaved caspase-3
dence of apoptosis. (a) TUNEL (left, blue staining) and active was detected with a diaminobenzadine peroxidase substrate (Trevigen). A blue
caspase-3 staining (right, brown staining) of 4-p.m-thick sections of a counterstain ('revigen) was used to visualize the tissue architecture.
representative infected animal. It was calculated that 17.8% of the Immunocytochemistry. Cells were fixed with 3.7% paraformaldchyde (20 min
myocardial tissue was TUNEL positive and 23.3% was active caspase-3 at RT) and then stored in a mild cell permeabilizer, Cytonin (Trevigen), at 4'C
positive. (b) Higher-magnification view of active caspase-3-positive for up to I week. The cells were probed for reovirus antigens and cleaved
area of myocardium. The black arrow indicates an example of a neg- caspase-3 (Cell Signaling), as described above. Fluorescence microscopy was
atively stained cardiac fibroblast. White arrows indicate examples of used to visualize staining at a magnification of x20.
positively stained cardiac myocytes. Bar = 2.5 mm. Apoptoasis assays and reagents. Cardiac myocytes were harvested by using a

50-50 mixture of trypsin-EDTA (BioSource) and Accutase (innovative Cell
Technologies).

that study, the in vivo inhibition of calpain, a cysteine protease Acridine orange and ethidium bromide stains. Cells were stained with acridine
t d in io wasn o apr civ a ginst viruts- orange for determinations of nuclear morphology and with ethidium bromide to

implicated in apoptotic signaling, was protective against virus- distinguish cell viability, at ai final concentration of I pLg/ml for each, as previously

induced myocardial injury. Taken together, these results indi- described (14)
cated that apoptosis is potentially an important mechanism of Flow cytometry. Cells were analyzed by flow cytometry for the binding of

virus-induced tissue damage, as has been suggested for at least annexin V-fluorescein isothiocyanate to phosphatidylserine and were simulta-
ranimal model of viral myocarditis (61). In the neously analyzed for propidium iodide incorporation. Data were collected for

one other a mpopulations of 10,000 cells.

present study, we demonstrate the importance of apoptosis, TUNEL Tissues and cells were analyzed for evidence of DNA fragmentation

and specifically caspase activation, as a critical determinant in by in situ terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end

the pathogenesis of virus-induced myocarditis and show that labeling (TUNEL) (TACS XL-Blue label: Trevigcn). Terminal deoxynucleoti-

caspase inhibition is protective in an animal model of viral dyltransferase was utilized to incorporate biotinylated nucleotides at the sites of
DNA breaks. TUNEL in the tissues was detected with the TACS blue label, and

myocarditis, These results shed light on the basic pathogenesis the cells were counterstained with nuclear fast red for visualization of the back-

of viral myocarditis and may have direct therapeutic implica- ground cellular architecture.

tions for the treatment of this and other diseases involving Caspase inhibition. The pan-caspase inhibitors Q-VD-OPH [quinoline-Val-

apoptotic tissue damage. Asp(OMe)-CHz-PI1; Enzyme Systems] and Z-VAD(OMe)-FMK IZ-Val-Ala-
Asp(Ome)-FMK; Enzyme Systems] were utilized to determine the effect of
caspase inhibition on cardiac myocyte death in vitro and on myocardial injury in

MATERIALS AND METHODS vivo following viral infection. Both drugs are potent irreversible broad-spectrum

Virus and cells. The reovirus 813 strain was passaged twice in L929 cells prior caspase inhibitors (7.42). Neonatal mice received daily intraperitoneal injections

to use. 8B infectious subvirion particles (ISVPs) were generated by treating of Q-VD-OPH or Z-VAD(OMe)-FMK (50 mg/kg of body weight in a 10-p.l

purified 8B virions with alpha-chymotrypsin at a final concentration of 150( pg/ml volume) or of the corresponding diluent (70 or 15% dimethyl sulfoxide, respec-

(from a 2-mg/mil stock solution in 150 mM NaC1 and 15 mM sodium citrate tively, in phosphate-buffered saline) on days 3 to 6 postinfection and were

diluted to 300 pg/ml in dialysis buffer) for 35 min at 37'C. Digestion was stopped sacrificed on day 7. For in vitro experiments, inhibitors (50 lpM) were added to

by the addition of 2 p.M (final concentration) phenylmethylsulfonyl fluoride on primary cardiac myocytes I h prior to infection with virus.
ice. ISVP preparations were verified by Western blot analysis of viral proteins. Viral titer determination. Viral titers of the tissue homogenates were deter-

Neonatal murine cardiac myocyres were cultured in Dulbecco's modified Eagle's mined as previously described (14) and are reported as mean titers of two or
medium with Hanks salts supplemented with 5% fetal bovine serum, I mg of three independently infected tissues or cell lysates t standard errors of the
bovine serum albumin/ml, 50 U of penicillin G (Sigma)/ml, 2 pg of vitamin B1, means.
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FIG. 2. Time course of injury, apoptosis, and viral load in virus-infected myocardium. Consecutive 4-1 .m-thick sections of hearts from

reovirus-infected mice were analyzed on days 3 to 7 postinfection (PI) for evidence of apoptosis (active caspase-3, brown staining) in conjunction
with histological injury (H&E stain) and viral load (green fluorescent staining). (a) Day 4; (b) day 6; (c) day 7. Sections are from single
representative animals from each day (nt = 26; two to six mice were studied from each day postinfection). See Tables I and 2 for quantitation and

correlation coefficients. Bar = 625 pKm.

RESULTS ers of apoptosis in the analyzed sections, as determined by the

Apoptosis is an important mechanism in the pathogenesis quantification of positive staining as a percentage of the total

of myocardial injury after viral infection. (i) Apoptosis and myocardial tissue from 4-gm-thick consecutive sections of in-

caspase-3 activation in myocardial tissue in vivo. We wished to fected hearts (Fig. 1a; 17.8% of the myocardium was TUNEL
the temporal relationship of apoptosis to tissue injury in positive, and 23.3% was positive for active caspase-3).

define to c orm that apopto st s injury in Caspase-3 activity was only noted within areas of injured myo-
order to confirm that apoptotic injury is an integral component cardium and was completely absent from uninfected animals.

of this damage. We analyzed 4-gm-thick consecutive sections Usin an ification aging of myo c te with
fromreoiru 8Binfcte herts n sria das pstifecion Using high -magnification imaging of myocardial tissue with

from reovirus 8B-infected hearts on serial days postinfection active caspase-3 positivity, we observed that the cell population
(days 1 to 7 postinfection) for evidence of apoptosis (active undergoing apoptosis was composed of cardiac myocytes
caspase-3 immunohistochemistry and TUNEL), in conjunction rather than fibroblasts (Fig. 1b). Using a previously validated
with H&E staining for determinations of tissue injury and scoring system, we determined average scores for injury and
immunohistochemistry for viral antigens. TUNEL and active aps3aciton(yumralycrngndaegnge-

caspase-3 staining colocalized and were equally sensitive mark- caspase-3 activation (by numercally scoring and averaging rep-

licate sections from each day postinfection) and compared
them. Myocardial tissue viral titers were also determined in
parallel experiments on days 3 to 6 postinfection. On days 1 to

TABLE 1. Quantitation of histologic injury, caspase-3 activation, 3 postinfection, the myocardial architecture appeared normal,
and viral load in virus-infected myocardium over time postinfection' viral antigen was undetectable, and neither the TUNEL nor

Day Myocardial Caspase-3 Viral titer in Tissue active caspase-3 apoptotic marker was positive. Beginning on
postinfection injury score activation score (log10 PFU/ml)

3 0.0 ± 0.0 0.0 ± 0.0 4.4 ± 0.1
4 0,8 ± 0.5 0.5 ± 0.0 5.6 ± 0.4 TABLE 2. Correlation coefficients for histologic injury, caspase-3

5 1.0 ± 0.5 1.0 ± 0.0 7.5 ± 0.1 activation, and viral load in virus-infected myocardium over
6 2.6 ± 0.3 2.2 ± 0.2 7.6 ± 0.5 time postinfection
7 3.3 ± 0.3 3.2 ± 0.2 ND

R (P value)

"Consecutive 4-i.m-thick sections of hearts from reoviruw-infected mice on Variable Myocardial injury Caspase-3 Viral titer in tissue
days 3 to 7 postinfection (n = 26) were scored quantitatively for histologic injury sore injary score (l eiue
(0 to 4) and caspase-3 activation (0 to 4). Myocardial viral titers were also
determined on days 3 to 6 postinfection. Mean scores (t standard errors of the Myocardial injury score 0.99 (<0.001) 0.79 (<0.02)
means) for histologic injury, caspase-3 activation, and viral titers are reported for Caspase-3 activation score 0.99 (<0.001) 0.85 (<0.01)
each day (derived from 2 to 6 mice per day). ND, not done.
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FIG. 3. Apoptosis in virus-infected primary cardiac myocytes in vitro, as measured by annexin binding. Primary cardiac myocytes were analyzed
by flow cytometry for evidence of annexin binding (representing phosphatidylserine inversion) and propidium iodide incorporation (representing
cellular viability) at 48 and 72 h postinfection (PI) with reovirus and were compared to mock-infected cells. (a) Mock-infected cells; (b) 48 h after
virus infection; (c) 72 h after virus infection. (d) Quantitation of replicate flow cytometry experiments, including 5 R.M staurosporine treatment as
a positive control. ", P < 0.05; **, P < 0.001.

day 4 and continuing through day 7 postinfection, we detected (ii) Apoptosis and caspase-3 activation in infected cardiac
a gradually increasing and highly correlated degree of histo- myocytes in vitro. To confirm that the representative cell pop-
logic injury, apoptosis, and viral load on each day postinfection ulation undergoing apoptosis in response to viral infection in
(R = 0.79 to 0.99) (Fig. 2 and Tables 1 and 2). Importantly, vivo was cardiac myocytes, we infected primary cardiac myo-
there was no observed discrepancy or time lag between detect- cytes with the 8B virus and analyzed them for evidence of
able histologic injury and the presence of apoptosis (caspase-3 apoptosis at several time points postinfection. In a flow cyto-
activity). Taken together, these results indicate that apoptosis metric analysis of annexin V positivity, cardiac myocytes
is an integral part of the pathological response to viral infec- showed a 3.8-fold increase over basal levels of apoptosis at 48 h
tion. postinfection (48.8% ± 12.6% [8B infection] versus 13.0% ±

1.0% [mock infection]; P < 0.05), which increased to 7.1-fold
at 72 h postinfection (92.3% ± 0.3%; P < 0.001) (Fig. 3). This
level of apoptosis was similar to that induced by exposure to a
well-characterized apoptotic stimulus, 5 I.LM staurosporine
(94.6%). Using a TUNEL assay, we demonstrated a nearly
twofold increase in apoptotic myocytes 48 h after 8B infection
(28% ± 2.1% versus 15% = 0%; P < 0.05) (Fig. 4). Similar

S... results were obtained by analyses of nuclear morphology and
( cell viability by ethidium bromide and acridine orange staining
M (data not shown). Virus-infected cells also demonstrated a

10.3-fold increase in active caspase-3 activity compared to
Jmock-infected cells at 48 h postinfection (25.7% - 0.3% versus

S__2.5% ± 0.3%; P < 0.001) (Fig. 5a and b).
30• Taken together, both the in vivo and in vitro data suggest

2 that cardiac myocytes undergo significant levels of apoptosisIo associated with caspase-3 activation in response to infection
Mock with myocarditic virus. As such, the apoptotic response in this
Mock 89 cell population is likely to be an integral component of the

FIG. 4. Apoptosis in virus-infected primary cardiac myocytes, as myocardial damage observed after viral infection.
determined by TUNEL. Primary cardiac myocytes were analyzed by Caspase inhibition protects cardiac myocytes from virus-
TUNEL at 48 h postinfection. Blue-stained nuclei indicate TUNEL
positivity. (a) Mock-infected myocytes; (b) 8B-infected myocytes. (c) induced apoptosis in vitro. Having demonstrated significant
Quantitation of staining. *. P < 0.05. Bar = 160 p.m. caspase-3 activation in virus-infected cardiac myocytes, we next
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results suggest that caspase inhibition protects infected cardiac
myocytes against virus-induced apoptotic death by a mecha-
nism other than the inhibition of viral uncoating.

Caspase inhibition is protective against virus-induced myo-
cardial injury in vivo. (i) Pharmacologic inhibitors. Since
pharmacologic caspase inhibition was protective against virus-

25] induced apoptosis in cardiac myocytes in vitro, we next inves-
20 tigated whether administering these same inhibitors to infected
1i mice in vivo would be effective at preventing myocardial tissue

injury. Two-day-old Swiss-Webster mice were infected with 10'
PFU of myocarditic virus, followed by the administration of

_us m Q-VD-OPH, Z-VAD(OMe)-FMK, or their diluent controls on
LJ . .. days 3 to 6 postinfection. Mice receiving caspase inhibitors

S....showed statistically significant reductions in myocardial injury
fla scores compared to controls, as measured by two independent

myocardial injury scoring systems. Treatment with Q-VD-
OPH resulted in a 60% reduction in the myocardial lesion

+ . + score (from 2.9 ± 0.3 to 1.2 - 0.2; P < 0.0001; n = 22)
C -ON + + . + compared to untreated infected mice (Fig. 6a, d, and g), cor-

24 hous P1 48 hows P1 responding to a reduction in the injured myocardial area from
12.8% ± 2.0% to 1.4% ± 0.9% (P < 0.0001). Z-VAD(OMe)-
FMK treatment also offered protection from virus-induced
myocardial injury, resulting in a 39% reduction in the myocar-
dial lesion score, from 3.1 ± 0.3 to 1.9 ± 0.6, compared to that
for untreated mice, which corresponded to a reduction in theI injured myocardial area from 16.4% ± 1.2% to 7.4% ± 3.3%

P,- (P < 0.05; n = 16).
An analysis of 4-I.m-thick consecutive sections from Q-VD-

OPH-treated mice revealed a significant decrease in apoptosis,
FIG. 5. Caspase-3 activation in virus-infected primary cardiac myo-

cytes in vitro and effect of caspase inhibition on virus- and ISVP- as measured by active caspase-3 staining (Fig. 6b and e) and
induced apoptosis. Infected and mock-infected primary cardiac myo- TUNEL (data not shown), as well as a reduction in tissue viral
cytes were doubly labeled to allow the simultaneous detection of antigen staining (Fig. 6c and f) compared to that in untreated
caspase-3 activity (red) and nuclear morphology (Hoechst staining: animals. Since the viral load appeared to be reduced, as ob-
blue) by immunocytochemistry at 48 h postinfection. (a) Mock-in- served by immunohistochemical techniques, a further analysis
fected and 813-infected myocytes. (b) Quantitation of replicate exper-
iments. *. P < 0.001. (c) Effect of Q-VD-OPH treatment (50 p.M) on of tissue viral titers was undertaken in order to determine if the
apoptosis (assessed by acridine orange and ethidium bromide staining) protection conferred by Q-VD-OPH caspase inhibition was
of mock-infected and 8B virus-infected cardiac myocytes at 24 and 48 h explained by a significant inhibition of viral replication within
postinfection. *, P < 0.01. (d) Effect of Q-VD-OPH treatment (50 l.M) the primary site of inoculation (limb) or the target tissue (myo-
on apoptosis of mock- and 8B ISVP-infected cardiac myocytes at 48 hpostinfection. *, P < 0.01. Bar = 160 l.m. cardium). Viral titers in tissue homogenates of limbs and

hearts, as well as of brains and livers, were compared for

treated and untreated animals. Small but insignificant reduc-
tions in the viral titer were observed at the primary site of

determined the effect of caspase inhibition on virus-induced inoculation (0.7-log reduction, from 8.4 ± 0.1 to 7.7 ± 0.3 log,,
cardiac myocyte death. Using ethidium bromide and acridine PFU/ml; P > 0.05) and in the heart (0.5-log reduction, from 8.4
orange staining, we quantified apoptosis after viral infection in ± 0.3 to 7.9 ± 0.1 log11 PFU/ml; P > 0.05) after treatment with
the presence and absence of two broadly acting caspase inhib- Q-VD-OPH (Fig. 6h). Notably, these reduced titers still rep-
itors, Q-VD-OPH and Z-VAD(OMe)-FMK. Q-VD-OPH sig- resented a 3- to 4-log increase over the input viral titer at the
nificantly protected cardiac myocytes from virus-induced apo- time of infection. We also assessed the effect of both Q-VD-
ptosis at 48 h postinfection, with a 50% (P < 0.01) reduction in OPH and Z-VAD(OMe)-FMK on the growth of the virus in
the levels of apoptosis compared to untreated infected cells infected cardiac myocytes in vitro. No reduction in viral titer
(Fig. 5c). Z-VAD(OMe)-FMK also provided protection, with a was observed in Z-VAD(OMe)-FMK-treated infected myo-
33% reduction in the levels of apoptosis. To address the pos- cytes compared to untreated myocytes (from 8.2 ± 0.1 to 7.9 ±
sibility that caspase inhibitors confer protection by interfering 0.1 log1 o PFU/ml at 48 h postinfection; P > 0.05). A modest
with viral uncoating (by nonspecifically inhibiting lysosomal reduction was observed following Q-VD-OPH treatment (1.2-
cathepsins), we also performed identical experiments with 8B log reduction, to 7.0 ± 0.1 log1 o PFU/ml; P = 0.01) (Fig. 6i).
ISVP infections of cardiac myocytes in the presence and ab- Taken together, these results suggest that pharmacologic
sence of Q-VD-OPH. Q-VD-OPH significantly protected car- caspase inhibition provides protection from virus-induced
diac myocytes from ISVP-induced apoptosis at 48 h postinfec- myocardial injury, with a significant reduction in caspase-3
tion, with a 50% (P < 0.01) reduction in the levels of apoptosis activity within the infected myocardium in conjunction with
compared to untreated, ISVP-infected cells (Fig. 5d). These minimal to modest reductions in the myocardial viral burden.
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(ii) Transgenic (caspase-3-deficient) mice. Since pharmaco- 100 - - -

logic caspase inhibition was protective against virus-induced 0.,pmin 3 4.
myocardial injury, we performed identical experiments with so

transgenic mice who were deficient in caspase-3 as well as with 60
matched wild-type controls (littermates). Infected transgenic
mice exhibited statistically significant reductions in myocardial 40
injury after viral infection compared to wild-type and heterozy-
gous controls, as measured by both scoring systems. Hearts 20 .

from caspase-3-deficient mice showed a 58% reduction in the . .
cardiac lesion score (from 3.1 ± 0.4 to 1.3 ± 0.4; P < 0.05; n 1 3 5 7 9 11 13 15 17 19 21 23
= 32) compared to untreated infected mice (Fig. 7a, d, and h), ow Poshd*C"

corresponding to a reduction in the injured myocardial area FIG. 8. Survival in infected caspase-3-deficient transgenic animals.
from 13.3% ± 4.6% to 5.8% ± 2.5% (P < 0.05). Heterozygous The survival of wild-type and caspase-3-deficient transgenic animals
mice demonstrated an intermediate injury phenotype, with a was assessed daily after 8B infection (n = 8).

trend toward less injury than wild-type mice (lesion score, 2.5
± 0.4; not significant) but more injury than homozygous mice
(P < 0.05). Caspase-3 activation (Fig. 7b and e) and TUNEL nipulating this process in vitro and in vivo. Our study is the first
staining (Fig. 7g) were both absent and the degree of viral to demonstrate that caspase inhibition by pharmacologic in-
antigen staining was reduced (Fig. 7c and f) in infected ho- hibitors or genetic alteration protects cardiac myocytes from
mozygous caspase-3-deficient mice compared to wild-type con- virus-induced apoptotic death and infected mice from virus-
trol animals. In contrast to the case in pharmacologic inhibi- induced myocardial injury.
tion experiments, tissue viral titers were significantly reduced In contrast to the paucity of data available regarding the role
in caspase-3-deficient mice compared to wild-type and het- of apoptosis in infectious myocarditis, there is substantial evi-
erozygous controls, particularly in cardiac tissues. A nearly dence suggesting that apoptosis plays an important role in the
2-log reduction was noted in the hearts of infected caspase-3- settings of myocardial ischemia-infarction and heart failure. In
deficient mice compared to those of wild-type and heterozy- the case of ischemia, myocardial apoptosis has been docu-
gous controls (from 7.1 ± 0.3 to 5.2 ± 0.3 logi0 PFU/ml; P < mented by many groups, utilizing a variety of animal models
0.01) (Fig. 7i). A reduction in titer at the primary site of (murine, porcine, canine, and lagomorph) and experimental
inoculation (limb) was also noted, although it was of a lesser paradigms in vitro and in vivo (reviewed extensively in refer-
magnitude (1.2-log reduction, from 7.8 ± 0.7 to 6.6 . 0.5 loglo ence 46). In vivo models utilizing coronary ligation and reper-
PFU/ml). Notably, these reduced titers still represented 1- to fusion have suggested that both the initial ischemic insult and
2-log increases over the input viral titer at the time of inocu- the reperfusion phase may independently contribute to the
lation. initiation and execution of apoptosis (3, 19, 21, 31, 35). The

In addition to exhibiting reduced levels of injury at 7 days relative contributions of apoptosis and necrosis, the role of
postinfection, caspase-3-deficient animals were also noted to reactive oxygen species, specific depleted energy substrates,
have substantially prolonged survival times after viral infection and molecular chaperones, and the delineation of specific ap-
(Fig. 8). Although wild-type animals exhibited 100% mortality optotic signaling pathways are areas of active research in this
by 9 days postinfection, 100% of the caspase-3-deficient mice setting. The manipulation of caspases (the effector proteases of
were alive and well at that time. Fifty percent of the caspase- apoptosis) has been investigated previously with ischemic mod-

3-deficient mice were still alive at 21 days postinfection, and els of cardiac disease in vitro (2) and in vivo (12, 26, 44, 48, 62).
37.5% of them survived indefinitely. Cardiac tissues from long- Numerous groups have investigated the contribution of apo-
term survivors appeared normal (at 54 days postinfection). ptosis to the pathogenesis of heart failure in various animal

models (including transgenic constructs) as well as in human

DISCUSSION tissues from patients undergoing transplantation (9, 22, 36, 45;
reviewed extensively in reference 31). Although the results

Apoptosis has been increasingly appreciated as an important vary depending on the model employed, the bulk of the evi-
mechanism of cardiac injury in noninfectious models of cardiac dence suggests an association of cardiac myocyte apoptosis
disease. We now have demonstrated the importance of apo- with heart failure. Recent studies provided evidence that myo-
ptosis, and specifically caspase activation, as a critical determi- cyte apoptosis may be a causal mechanism of heart failure and
nant in the pathogenesis of virus-induced myocarditis by ma- that the inhibition of cardiac apoptosis by the manipulation of

FIG. 7. Myocardial injury, apoptosis, and viral load in 8B-infected caspase-3-deficient transgenic animals. Two-day-old homozygous and
heterozygous caspase-3-deficient transgenic mice and wild-type controls were infected with myocarditic reovirus. The animals were sacrificed on
day 7 postinfection, and consecutive 4-p.m-thick sections were analyzed for histologic injury (H&E staining), activated caspase-3 (brown staining),
and the presence of virus (fluorescent green staining). (a to c) Consecutive sections from a representative wild-type control animal. (d to f)
Consecutive sections from a representative homozygous caspase-3-deficient transgenic animal. (g) TUNEL staining (brown) in representative
wild-type and caspase-3-deficient infected animals. (h) Quantitation of myocardial injury in infected wild-type, homozygous, and heterozygous
transgenic animals (n = 32). *, P < 0.05. (i) Tissue viral titers in infected wild-type. homozygous, and heterozygous transgenic animals at 7 days
postinfection (n = HI). P < 0.01. Bar = 2.5 mm.
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caspases largely prevents the development of cardiac dilation ited substantially prolonged survival after infection with myo-
and contractile dysfunction (24, 60). Evidence has accumulated carditic virus but subsequently died. It is not clear if the mice
to indicate an important role for the activation of the adren- with delayed death succumbed to delayed cardiac injury or to
ergic system in the regulation of cardiomyocyte apoptosis (8, an alternate cause such as virus-induced hepatic injury, which
29, 65). The extent to which apoptosis occurs and its contribu- may be unaffected by caspase-3 manipulation. Further study is
tion as a determinant of the severity and progression of heart required to identify the organ-specific signaling processes by
failure, such as in the transition from compensated hypertro- which these diseases occur. In the case of caspase-3-deficient
phy, warrant further study. mice, it is possible that virus-induced apoptotic myocardial

It was previously demonstrated that apoptosis is present injury still occurred but was significantly delayed or blunted
within cardiac lesions after reovirus infection (14). We have pending compensation by potential substitute effector
now shown that caspase-3 activation is detected in tight tem- caspases. From a therapeutic standpoint, such a delay in the
poral and spatial association with the development of tissue tempo of tissue destruction would be advantageous to the host,
injury, indicating that apoptosis is an integral mechanism of the allowing a broader window of opportunity for the development
pathological injury itself rather than a delayed effect after of immune responses and viral clearance.
virus-induced tissue injury. We did not detect caspase activa- In summary, these experiments shed light on the basic
tion preceding the time points at which histological injury was pathogenesis of viral myocarditis and have direct therapeutic
evident, suggesting that caspase activation coincided with or implications for the treatment of this and other diseases in-
occurred less than 24 h preceding injury. The demonstration volving apoptotic tissue damage. Studies are in progress to
that cardiac myocytes underwent significant increases in base- identify the intermediary signaling pathways leading to apo-
line levels of apoptosis and caspase-3 activity after viral infec- ptosis after viral infection in cardiac cells and tissues. The
tion in vitro was consistent with the degree of apoptotic dam- inhibition of apoptotic signaling may provide a novel therapeu-
age observed in the myocardium after viral infection in vivo. tic strategy to prevent or limit cell death and to minimize tissue

Caspase inhibition may be achieved by means of pharmaco- damage in the infected host. The development of new treat-
logic inhibitors or genetic manipulation. Both interventional ment approaches is urgently needed for serious viral infections,
approaches resulted in significant reductions in virus-induced such as myocarditis, which result in irreversible cell damage
myocardial injury, with more efficacy observed in genetically and loss, since effective specific antiviral therapies are currently
altered animals. Caspase inhibition could potentially interfere unavailable.
with virus-induced tissue damage on several fronts. One pos-
sibility is that protection is conferred by inhibition of the apo-
ptotic program itself, independent of the effects on viral rep- ACKNOWLEDGMENTS
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Abstract

The Toll-like receptor (TLR) family functions to recognize conserved microbial and viral structures with the purpose of activating signal
pathways to instigate immune responses against infections by these organisms. For example, in vitro studies reveal that the TLR3 ligand is a
double-stranded RNA (dsRNA). a product of viral infections. From this observation, it has been proposed that TLR3 is likely an important first
signal for virus infections. We approached this issue by investigating the role of TLR3 in four different infectious viral models (lymphocytic
choriomeningitis virus (LCMV), vesicular stomatitis virus (VSV), murine cytomegalovirus (MCMV), and reovirus) and in TLR3 genetically
deficient (-/-) mice. Our results indicate that TLR3 is not universally required for the generation of effective antiviral responses because the
absence of TLR3 does not alter either viral pathogenesis or impair host's generation of adaptive antiviral responses to these viruses.
© 2004 Elsevier Inc. All rights reserved.

Keywortds: Toll-like receptor 3; Virus; Mice

Introduction where the loss of TLR2 has resulted in increased suscepti-
bility to Staphylococcus aureus infections (Takeuchi et al.,

Ten distinct mammalian Toll-like receptors (TLRs) have 2000), loss of TLR9 resulted in ablation of the immuno-
been described, most of which have been shown to function stimulatory properties of bacterial DNA (Hemmi et al.,
as receptors for pathogen-associated molecular patterns 2000), and loss of TL4 resulted in increased susceptibility
(Akira and Hemmi, 2003; Takeda et al., 2003). These to respiratory syncytial virts (Kurt-Jones et al., 2000). These
receptors aid the host to combat infection as microbial results led to the proposal that TLR3, a receptor demonstrat-
ligands upon binding to various TLRs on antigen-presenting ed to be reactive to double-stranded (ds) RNA (Alcxopoulou
cells (APCs) trigger NF-KB leading to the upregulation of et al., 2001; Matsumoto et al., 2002), a frequent byproduct of
cytokines and co-stimulatory molecules with the presumed virus replication, functions as a universal virus receptor for
purpose of initially enhancing innate immune attack against priming the innate immune system to viral infections.
the pathogen from which that ligand is derived (Aderem and Of the TLRs studied, only TLR3 has been identified to
Ulevitch, 2000, Anderson, 2000; Hallman et al., 2001; Kopp respond to dsRNA (Alexopoulou et al., 2001) by specifically
and Medzhitov, 1999). It has been hypothesized that loss of recognizing poly (I:C) and purified Lang reovirus genomic
function of particular TLRs causes the host to become more dsRNA, both of which resulted in the induction of IFN-fi,,
susceptible to infections with TLR-reactive pathogens. Ev- IL-12, IL-6, and TNFet from macrophages obtained from
idence supporting this concept comes from observations TLR3-sufficient mice. The ability of TLR3 to induce IFN-l'

has been attributed to at least two factors: its MyD88-

* Corresponding author. Division of Virology, Department of Neuro- independent activation of IRF3 and to its induction of the

pharmacology, The Scripps Research Institute, 10550 N. Torrey Pines traditional dsRNA-dependent protein kinase (PKR) pathway

Road. IMM-6, La Jolla. CA 92037-1092. Fax: +1-858-784-9981. (Doyle et al., 2002; Horng et al., 2001; Oshiumi et al., 2003).
E-mail address: mbaobo@scripps.edu (M.B.A. Oldstone). Recognition of dsRNA ligand has been demonstrated to
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occur extracellularly by TLR3-blocking antibodies that pre- (Hudrisier et al., 1997; Murali-Krishna et al., 1998; Whitmire
vented TLR3-mediated responses to poly (I:C) in vitro et al., 1998). TLR3-1- mice showed no difference compared
(Matsumoto et al., 2002). In vivo studies using TLR3- to controls in their ability to generate both a robust CD8÷ and
deficient (--) mice showed protection of such mice from CD4÷ IFN-y response to LCMV (Fig. IA). Furthermore,
shock induced by poly (I:C) treatment, suggesting this LCMV-specific CD8÷ T cells from TLR3-/- mice also
receptor contributed to the in vivo recognition of and displayed normal lysis of GP33 peptide-coated H-2b-MC57
responses to extracellular dsRNA (Alexopoulou et al., targets cells (Fig. I B).
2001 ). Furthermore, it was shown that the effector responses Hosts usually encounter pathogens during natural infec-
elicited by TLR3- poly (I:C) interaction can inhibit murine 'y tions at significantly lower concentrations than utilized in
herpesvirus 68 replication in bone marrow-derived macro- many laboratory infectious models. To investigate a role for
phage cultures (Doyle et al., 2002). Based on the above TLR3 during a low-level infection, we conducted experi-
findings, it has been repeatedly assumed that TLR3 likely ments in which both the dose and route of inoculation of
played an important role in host defense against virus LCMV were varied. A series of ip and foot pad inoculations
infections (Akira and Hemmi, 2003; Alexopoulou ct al., with doses of LCMV ranging from as little as I X 102 to 5 x
2001; Doyle et al., 2002; Harte et al., 2003: Matsumoto et al., l01 pfu LCMV were carried out and CD8' T cell IFN-y
2002; Renshaw et al., 2002). However, it has not yet been responses from both the draining lymph nodes and spleen
determined if the physiologic amounts of dsRNA naturally were analyzed (Fig. I C). Intravenous injection of a very high
made during viral infections per se were sufficient to trigger dose of LCMV (2 x 106 pfu) was also analyzed (data not
through TLR3 a biologically meaningful response to alter the shown); however, irrespective of the route and dose of virus
outcome of disease. We set out to experimentally determine inoculation, the absence of TLR3 did not affect the generation
if TLR3 is essential for antiviral immunity or if TLR3 of the primary cellular response to LCMV.
represents an expendable level of redundancy built into the We next assayed the primary T cell responses to a RNA
dsRNA recognition system. Here we report our work that virus, VSV, and a DNA virus, MCMV, in TLR3-Y- mice.
directly tests this hypothesis by studying both host immune VSV, a member of the Rhabdovirus family, contains a single-
responses and control of infection by a dsRNA virus, stranded negative-sense RNA genome, and control of VSV in
reovirus; two ssRNA viruses that make dsRNA intermedi- mice is dependent on the generation of virus-specific anti-
ates, lymphocytic choriomeningitis virus (LCMV) and ve- bodies and complement (Lefrancois, 1984; Steinhoff et al.,
sicular stomatitis virus (VSV); and a DNA virus, murine 1995). Furthermore, VSV infection leads to induction of
cytomegalovirus (MCMV), in TLR3 gene-disrupted mice. Type-I IFNs triggered, in part, by the prevalence of structured
Our results indicate that TLR3 does not play a critical role in dsRNA-defective interfering particles found during VSV
the host antiviral adaptive immune response to reovirus, infection (Holland, 1987). We found that TLR3-1- mice
LCMV, VSV, or MCMV as susceptibility to infection and handle VSV infection as well as B6 x 129 control mice.
generation of CD4 and CD8 T cell immune responses to Mice infected with VSV generated both CD4' and CD8•
these viruses are equivalent in TLR3-deficient and -sufficient VSV-specific T cell responses to peptides NP415 and NP52,
mice. respectively (Fig. 2A), and were able to clear the virus (data

not shown). MCMV is a dsDNA herpes virus that, like
LCMV, is a natural pathogen of mice. MCMV infection of

Results and discussion susceptible strains of mice results in lifelong latent infection
punctuated by spontaneous reactivation from the latent state.

Our initial experiments studied the primary adaptive im- Protection of the host from lethal MCMV infection is com-
mune responses to LCMV infection in TLR3-1- mice. plex requiring contributions from both the innate and adap-
LCMV is an arenavirus containing a genome consisting of tive immune response (Koszinowski et al., 1990). The effect
two negative-stranded RNAs and like the other viruses of the loss of TLR3 on the T cell response to MCMV in
investigated in this report is able to trigger Type-I IFNs. TLR3-/- mice was analyzed day 9 postinfection with I x 104

Control of acute LCMV infection is totally mediated by virus- pfu ip. T cell IFN-y responses were measured after 5-h culture
specific CD8+ T cells through a perforin-mediated pathway in aCD3-coated wells because there are no currently defined
(Anderson ct al., 1985; Kagi et al., 1995). To test if TLR3 H-2b T cell peptide epitopes for MCMV. These analyses did
plays a role in the immune response to LCMV, TLR3 -- mice not identify differences between control and TLR3-/- mice
and control C57BI/6 (B6) x 129 mixed background mice in the primary T cell response to MCMV (Fig. 213). Further-
bred at TSRI vivarium were inoculated intraperitoneally with more, the spleens from these mice were free of virus,
I x 10 pfu LCMVARM53b. IFNy responses from LCMV- indicating that the absence of TLR3 did not increase the
specific T cells were assessed 8 days postinfection via susceptibility to MCMV (data not shown).
intracellular cytokine staining and flow cytometry following Next we determined the role TLR3 played in functional
a 5-h culture of splenocytes with brefeldin A, rIL2, and CD8 T cell memory responses. Intravenous inoculation of naive
and CD4 LCMV-specific H-2b-specific peptide epitopes, or immunosuppressed mice with LCMV variant Cl 13 (2 x
GP61 (aa GP61-80) and GP33 (aa GP33-41), respectively 106 pfu) leads to establishment of persistent infection
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Fig. I. Absence of TLR3 does not affect primary CD4- or CD8÷ T cell responses to LCMV. TLR3-- mice and control mice (n 3 mice per group) were

infected with LCMVARM53b (I x 105 
pfu ip), infection with TLR3`-- and control splenocytes was obtained 8 days later. (A) Cells were stimulated in vitro

with either LCMV-specific CD4' or CD8+ T cell peptide epitopes in the presence of brefeldin A. IFN-y responses were measured by intracellular cytokine

staining in combination with CD8' and CD4' surface staining. Results are represented as percentage of IFN-y-positive cells within respective CD4* or CD8X
populations. (B) Measurement of CD8' T cell lytic function was assessed via standard chromium release assay against GP33 peptide-coated syngeneic and

allogeneic cells. MC57 and BALB 17 cells respectively. (C) TLR3 -'-- mice respond efficiently to LCMV irrespective of route and dose of inoculation. TLR3 `
and control mice (n = 3 -4 mice per group per condition) were inoculated with LCMV ARM 53b using either foot pad or ip injection and varying doses as
indicted. IFN-y responses from GP-33-specific T cells were analyzed 8 days postinfection from draining lymph nodes in foot pad-injected mice and splenocytes

from ip-injected mice. Results are represented as percent IFN-y CD8+ T cells of total CD8- T cell population. Data represented in A and B are derived from
individual experiments while those for C are compiled from several experiments.

(Ahmed et al., 1984). In contrast, mice previously immu- The last series of studies employed a double-stranded

nized with LCMV ARM53b develop T cell memory RNA virus infection of neonatal TLR3-- and control mice

responses that are able to prevent establishment of persistent using Type 3 reovirus strain Dearing (T3D). Intracerebral

infection by subsequent LCVM CI 13 challenge (Arbour et inoculation of neonatal mice is the classic experimental

al., 2002). TLR3-Y- mice were tested for the ability to model for evaluating virulence of neurotropic viruses such

generate a lasting functional memory response to LCMV as reovirus. We therefore compared mortality, viral titer, an-

infection. LCMV immune TLR3-/- and control mice (1 x tigen distribution, and neuropathology in newborn TLR3-1-

101 pfu LCMV ARM53b ip) were inoculated 3 months after and control TLR3+' injected intracerebrally with T3D. There

primary challenge with 2 x 106 pfu LCMV Cl 13 via iv was no difference between T3D-infected TLR3' control

injection. The CD4÷ and CD8÷ T cell responses of these mice and T3D-infected TLR3-'- mice in virus-induced CNS

mice were analyzed 3 days after inoculation. All mice injury. The localization and the severity of viral CNS pathol-

showed levels of IFN--y" LCMV-specific T cells that were ogy were similar in both strains of mice, with the brunt of

not statistically different, indicating normal induction of the virus-induced injury present in the CA2-3 region of the

T cell memory response (Fig. 2C). hippocampus, cingulate gyrus, fronto-parietal cortex, and
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Fig. 2. (A-B) Primary T cell responses to VSV and MCMV are normal in TLR3-'- mice. Splenocytes were isolated from TLR3-/- and control mice 8 days

postinfection with VSV (2 x l0(' pfu iv) or 9 days postinfection with MCMV (I X 104 pft ip). Cells from VSV-infected mice were stimulated for 5 h with either

CD8-specific peptide epitope NP52 or CD4-specific peptide epitope NP415. while cells from MCMV-intlected mice were stimulated with ci-CD3. Groups

consisted of 3 4 mice. All data represent averages of results from individual mice derived from three experiments and are represented as percent IFN-y,* T cells of
respective CD8' or CD4+ T cell populations. (C) TLR3-'- mice have functional T cell memory responses. TLR3-/- and control mice (n -< 2 per group) were
immunized with LCMVArm 53b (I x 10s pfu ip). These mice were challenged with LCMV Cl 13 (2 x 106 pfu iv) 3 months after immunization. Splenocytes
were isolated 3 days post-secondary challenge, and responses to CD4 peptide epitope GP61 and CD8 peptide epitopes GP33 and NP396 were measured. Results
are presented as percent IFN'-y cells of either CD4' or CD8* cell populations.

dorsal thalamus as previously reported (Figs. 3B-C) (Ober- In summary, our data indicate that the TLR3 signaling
haus et al., 1997; Raine and Fields, 1973; Richardson-Bums pathway does not appear to influence the generation of

ct al., 2002). CNS injury is evidenced by the presence of effective antiviral responses for a range of virus infections,
numerous pyknotic and apoptotic cells, some infiltrating thereby calling into question whether it represents a uni-
inflammatory cells, disruption of cytoarchitecture, and loss versal element in antiviral immunity. Although we did not
of tissue integrity (see Fig. 3). The viral antigen co-localized observe enhanced susceptibility with our strain and dose of
with areas of CNS injury with anti-T3D immunohistochem- MCMV, others (Hoebe et al., 2003) using mice deficient in
ical staining present in the hippocampus, cortex, and thala- Ips2, a downstream component of the TLR3 signaling
mus. Fig. 4 shows viral antigen staining in the dorsal pathway, noted increased susceptibility to MCMV at higher
thalamus and CA3 region of the hippocampus from T3D- doses of virus. So it appears that there may be some

infected TLR3+'/ and TLR3-/- mice (Fig. 4). There was no conditions where TLR3 does enhance immunity, and that
difference in survival between T3D-infected TLR3+/+ and it may be restricted to the early control of an overwhelming
control mice. Mortality was 40% by day 7 in TLR3-- mice, viral infection requiring a fast and strong IFN type-I innate
with all six survivors appearing moribund. Mortality was response to prevent host death. One question that arises

37.5% in control TLR3÷'" mice, with all five survivors from the current studies is whether TLR3 can in fact
appearing moribund. Mean weight of mice on day of sacrifice recognize any component of these viruses. Using an in

(d7) was 3.53 g for TLR3-/- mice and 3.90 g for TLR3÷'4  vitro assay where the various TLR genes are transfected and

control mice. Viral titer in the brain at time of sacrifice was the expressed in HeLa and H EK cells, UV-inactivated LCMV

same in the two groups of mice (8.94 ± 0.06 log1 o pfu/ml in Arm 53b and other arenaviruses were unable to activate
TLR3-'- mice compared to 9.00 ± 0.13 in control TLR÷/÷ cells expressing TLR3 while control poly L:C did, again

mice). indicating that TLR3 is unlikely to play a role in the



K.t. Edelmann el al. / Virology 322 (2004) 231-238 235

pathogenesis of arenaviruses. However, several of these 7
arenaviruses did activate other TLR receptors (de Silva
and Kunz, unpublished observations). It is also possible
that TLR3 is not capable of recognizing the viral RNA
intermediates of LCMV, VSV, and MCMV. This is not true
for reovirus where Alexopoulou et al. (2001) identified
TLR3 recognition of purified reovirus genomic dsRNA.
Hence, it is possible that during these viral infections, TLR3

Fig. 4. There is no difference between TLR3-deficient mice and wild-type
control mice in T3 reovirus-induced injury in the CNS. (A) lmmunohisto-
chemistry (IHC) forT3 reovirus antigen shows numerous T3D-positive cells
(dark brown) in brains of T3D-infected TLR3+1' wild-type control mice.
Antigen staining is evident in the same brain regions in which T3 reovirus
injury is present (compare to Fig. 3). (B) IHC for T3 reovirus antigen in brain
ofT3D-infected TLR3- mouse shows similar antigen levels to that seen in
the T3D-infected TLR3/" wild-type control mouse brains.

never comes in contact with unsequestered or exposed viral
RNAs. Alternatively and a more likely scenario is that the
concentrations of dsRNA made during natural infection are
not sufficient to bind to and significantly influence TLR3
signaling when compared to the high concentrations used
for in vitro studies.

Materials and methods

Mice

TLR3-/- mice on C57BL/6 x B129 mixed background
Fig. 3. There is no difference between TLR3-deficient mice and wild-type and matched control mice were derived at Yale University
mice in T3 reovirus-induced injury or T3 reovirus antigen expression in the and bred at The Scripps Research Institute. Mice were bred
CNS. (A) Uninfected control mouse brain stained with hematoxylin and and maintained under specific pathogen-free conditions.
cosin (H&E) shows normal CNS cytoarchitecture and normal appearing
nuclei of viable cells. (B) H&E-stained brain from T3D-infected TLR3"'+
wild-type mouse shows characteristic T3 reovirus-associated injury VrlUs strains

throughout the brain evidenced by cell death, loss of normal cytoarchitecture,
and loss of tissue integrity in the cingulate gyrus (CG), fronto-parietal cortex Stocks of both LCMVARM 53b and variant LCMV Cl 13
(FPC). hippocampus (HQ), and thalamus (THA). (C) H&E-stained brain were grown up via single passage in baby hamster kidney
from T3D-infected TLR3-deficient (TLR3--) mouse shows T3 reovirus- (BHK) cells from stocks that had been previously triple
induced CNS injury comparable to that seen in T3D-infected TLR÷' wild-
type mice. * =brain region with viral injury, cell loss, apoptotic cells, and loss plaque purified in Vero cells (Ahmed et al., 1984; Dutko and
of cytoarchitecture; arrow = brain region with cell loss. Oldstone, 1983). VSV stocks were generated by collection of
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supernatants from 100% CPE VSV-infected BHK-21 cells and BALB17 mouse fibroblasts coated with LCMV peptide
(Lyles et al., 1992). Stocks of the Smith strain of MCMVof GP33-41 (1-h incubation with 1 gtg/ml peptide followed by
virus derived from in vivo propagation in salivary glands of three washes).
Balb/c mice were obtained from Dr. Raymond Welsh at the
University of Massachusetts Medical School, Worcester, MHC H-2b restricted peptides
MA (Bukowski et al., 1984). Reovirus strain type 3 Dearing
(T3D) was identified, passaged, and quantitated as previous- Peptides were obtained from PeptidoGenic Research.
ly reported (Tyler et al., 1985, 1989). Peptides used were LCMV MHC Class-I: GP33-41,

NP396-404; LCMV MHC Class-Il: GP61-80; VSV
LCMV VSV and MCMV methods MHC Class-I: NP52-59; VSV MHC Class-Il GP 415-433.

LCMV ARM 53b was inoculated into mice intraperito- Histology
neally with either 5 x 10 3, 1 x 105, or 5 x 105 pfu where
noted. Footpad injection experiments with LCMV ARM 53b For histopathologic and immunohistochemical staining,
were conducted with I x 102 or 5 x 102 pfu virus, five or six whole mouse brains per treatment group were
Secondary challenges with LCMV Cl 13 were performed fixed by immersion in 10% buffered formalin for 24-30 h at
intravenously with a dose of virus previously demonstrated room temperature (RT), then cut in half along the mid-
to result in persistent infection in naive mice (2 x 106 pfu). In coronal line for sectioning. Fixed tissues were transferred
experiments using VSV, the virus was injected intravenously to 70% ethanol, paraffin embedded, and sectioned at 4-jtm
at a dose of 2 x 106 pfu. Mice infected with MCMV were thickness. For each animal, two coronal sections were
inoculated intraperitoneally with I x 104 pfu virus, stained with hematoxylin and cosin (H&E) for studies of

the extent of virus-induced pathology. Paraffin-embedded

Reovirus methods sections were baked at 57 'C for 5 min to enhance antigen
retrieval, then de-paraffinized by immersion in mixed

Two-day-old neonatal mice (weight: 1.5-2 g) were used xylenes followed by rehydration in a series of descending
in reovirus T3D studies. Eight control (C57BL/6 x 129) and ethanol concentrations followed by PBS.
10 TLR3 -- mice on the same background were infected
with 10' pfu ofT3D intracerebrally in a 10-gtl volume using a Immunohistochemistry
29-gauge needle connected to a Hamilton microsyringe.

Animals were sacrificed for tissue collection at day 7 Brain tissue sections were de-paraffinized by baking for
postinfection, by which time all animals were moribund. 5 min at 57 'C, immersion in mixed xylenes, then rehy-
Tissue was collected for histology, immunocytochemistry, dration in graded alcohols. For viral antigen staining, de-
and determination of viral titer by plaque assay. T3D infected paraffinized tissues were permeabilized in PBS/0. 1% Triton
and 5 were not virally infected (uninfected control). Nine X (PBSX) for I h at room temperature (RT), then non-
TLR3-/- mice were T3D infected. Mice were inoculated specific binding was blocked in 3% BSA/PBS for I h at RT.
with T3D (1 x 105 PFU) via intracerebral or intracranial (ic) Tissue was incubated with primary antibody anti-T3D
injection with each mouse pup weighing about 1.7 g. polyclonal (laboratory stock) diluted (1:200) in 3% BSA/
Injections were made using a 29-gauge needle in a 10- PBSX for I h at 37 °C, then washed in PBSX. Secondary
til volume. Animals were sacrificed by decapitation 7 days antibody anti-rabbit-Alexafluor594 (Molecular Probes,
after infection. Eugene OR) diluted 1:100 in 1.5% BSA/PBSX was incu-

bated with tissue for I h at RT in the dark. Tissues were
Analysis of Tcell responses washed in PBSX, exposed to Hoechst 33342 (Molecular

Probes), diluted in PBS for 5 min at RT, washed in PBSX,

All data represent averages of results from individual then aqueous mounted with Vectashield (Vector Laborato-
mice with 3-5 per group. Splenocytes from LCMV- or VSV- ries Inc, Burlingame, CA). All images were captured by
infected mice were cultured for 5 h in RPMI 7% FCS with 50 digital bright-field or fluorescence microscopy at x 25-100

U/ml rIL2 and I ptg/ml MHC class-I or class-Il restricted magnification using a Zeiss Axioplan 2 Digital Microscope
peptides. T cells from MCMV mice were cultured for 5 h in with Cooke SensiCam 32 bit Camera.
cx-CD3-coated wells in RPMI 7% FCS + 50 U/ml rlL2.
Brefeldin A (1 tig/ml) was added to all cultures at least 3 Determination of viral titer
h before staining. Surface and intracellular staining proce-
dures were performed as previously described using CD4- Reovirus T3 titer in brain tissue was determined by
FITC, CD8-PE, and IFN-y-APC antibodies (Homann et al., standard plaque assay techniques on confluent inonolayers
1998). Antibodies used in these experiments were obtained of L929 fibroblasts. Specimens were frozen (-70 'C) and
from Pharmingen. CD8÷ T cell cytolytic function was thawed (RT) three times, briefly sonicated, and then diluted

measured by standard 5 h 51Cr release assay using MC57 into gelatinized saline. Duplicate aliquots were serially di-
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luted in 10-fold steps and samples from at least three Hemmi, H., Takeuchi, 0., Kawai, T., Kaisho, T., Sato, S., Sanjo, H.,

consecutive dilutions were inoculated onto L929 cell mono- Matsumoto, M., Hoshino, K., Wagner, H.. Takeda, K., Akira, S.,

layers. Monolayers were stained with neutral red dye at day 6 2000. A Toll-like receptor recognizes bacterial DNA. Nature 408,
740-745.

postinfection and plaques counted. Viral titer was deter- Hoebe, K., Du, X., Georgel, P., Janssen, E., Tabeta, K., Kim, S.O., Goode, J.,

mined by averaging the number of plaques seen at the most Lin, P., Mann, N., Mudd, S., Crozat, K., Sovath, S., Han, J., Beutler, B.,

informative dilution and correcting for inoculum size and 2003, Identification of Lps2 as a key transducer of MyD88-independent

dilution factor. Results are presented as logto plaque forming TIR signalling. Nature 424, 743-748.

units (pfu)/ml ± SEM. Holland, J., 1987. Defective-interfering rhabdoviruses. In: Wagner, R.
(Ed.), The Rhabdoviruses. Plenum, New York, pp. 297-360.
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T-cell defect in B-cell-deficient mice: failure to clear persistent virus
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Reovirus-induced apoptosis is associated with activation of the proapoptotic mitogen-activated protein ki-
nase c-Jun N-terminal kinase (JNK) and the JNK-associated transcription factor c-Jun. Here we show that
reovirus-induced apoptosis and activation of caspase 3 are inhibited in cells deficient in MEK kinase 1, an up-
stream activator of JNK in reovirus-infected cells. Inhibition of JNK activity following reovirus infection delays
the release of proapoptotic mitochondrial factors and the subsequent onset of apoptosis. In contrast, reovirus-
induced apoptosis is not blocked by infection with adenovirus expressing dominant-negative c-Jun, and c-Jun
activation does not correlate with apoptosis in reovirus-infected cells. This is the first report demonstrating
that JNK is associated with regulation of mitochondrial pathways of apoptosis following viral infection.

The c-Jun N-terminal kinases (JNKs) (also called stress- human epithelial cell lines and in primary neuronal cultures,
activated protein kinases) are mitogen-activated protein ki- reovirus-induced apoptosis is mediated by death ligands, in-
nases (MAPKs) that are activated by stress stimuli, such as cluding tumor necrosis factor, tumor necrosis factor-related
growth factor withdrawal and UV irradiation, and which func- apoptosis-inducing ligand, and Fas ligand (3, 4, 32). Ligand
tion to communicate growth-inhibitory and apoptotic signals binding induces the activation of the initiator caspase, caspase
within cells (11, 14, 23). Members of the JNK family phosphor- 8, and the subsequent activation of the effector caspases (3,
ylate and activate members of the AP-1 group of transcription 20). Mitochondrial apoptotic pathways are also activated fol-
factors (c-Jun, JunB, and JunD) and the AP-1-related tran- lowing reovirus infection by the caspase 8-dependent cleavage
scription factor ATF2, events which are likely to mediate, at of Bid (20, 21). Consequently, reovirus-induced apoptosis is
least in part, the effects of JNK signaling pathways (9). inhibited by overexpression of Bcl-2 (33), which blocks the

Gene disruption studies have shown that JNK is required for release of proapoptotic mitochondrial factors, including cyto-
the release of proapoptotic molecules from the mitochondria chrome c and Smac, and the activation of caspase 3 in reovirus-
in response to UV irradiation, indicating a role for JNK in infected cells (21). Although both Smac and cytochrome c
mitochondrial pathways of apoptosis, although the exact mech- function to promote caspase 3 activity, it is the release of Smac
anisms by which JNK facilitates this process remain incom- and the subsequent inhibition of cellular inhibitors of apopto-
pletely understood (39). Mitochondrial apoptotic pathways are sis that play the most significant role during reovirus-induced
regulated by the Bcl-2 family of proteins. During mitochondri- apoptosis (21).
on-dependent apoptosis, the proapoptotic multidomain aptoi(2)Bc-depfamily members (Bx and Boak)undergoa conforma-n We have shown that JNK and its associated transcriptionBcl-2 family members (Bax and Bak) undergo a conforma- factor, c-Jun, are activated following reovirus infection and
tional change and redistribute from the cytoplasm to the mi- fat Jn a activ ated fo reo infecI and
tochondria, where they are thought to mediate the release of that Activation is med iated by Me i(MKI
proapoptotic molecules, including cytochrome c and Smac (43). Activation of JNK and c-Jun are associated with reovirus-
(15). The finding that Bax and Bak are essential for JNK thinduced apoptosis (5). Thus, apoptotic viral strains induce
stimulated release of cytochrome c and apoptosis suggests that thaivation of In andic-Jn, whrasnnaptic vir
JNK influences mitochondrial apoptotic pathways through strains do not (5). In addition, strain-specific differences in
Bcl-2 family proteins (26). JNK activation are determined by the reovirus S1 and M2 gene

Reovirus is a double-stranded RNA virus that induces apo- segments, which encode viral outer capsid proteins (uYl and
ptosis both in cultured cells and in target tissues (6). In the pilc) involved in receptor binding and host cell membrane
central nervous system and heart, virus-induced apoptosis cor- penetration (5). These same gene segments also determine
relates with pathology and is a critical mechanism by which differences in the capacity of reovirus strains to induce apo-
disease is triggered in the host (10, 27, 32). In a variety of ptosis (40, 41). We now show that inhibition of JNK activity

inhibits apoptosis in reovirus-infected cells. In contrast, inhi-
bition of c-Jun does not affect reovirus-induced apoptosis, and
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182), University of Colorado Health Sciences Center, 4200 East 9th . phosphorylation does not correlate with apoptosis in
Ave., Denver, CO 80262. Phone: (303) 393-3684. Fax: (303) 393-4686. reovirus-infected cells. We further show that JNK inhibition
E-mail: penny.clarke@uchsc.edu. delays the release of the proapoptotic mitochondrial factors
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Smac and cytochrome c from the mitochondria of infected against actin (catalog no. CP-01; 1:10,00W in 1% nonfat dry milk-TBS: Calbio-

cells. This report represents the first demonstration of JNK- chem).
nmmunocytochemistry. Cells were plated in eight-well chamber slides. Afler

induced regulation of mitochondrial apoptotic pathways in vi- infection, cells were fixed (3.7% formaldehyde-PBS) for 30 min at room tern-
rus-infected cells. perature (RT). Cells were then washed with PBS and made permeable with

PBS-0.1% Triton X-100 (PBSX) for I h at RT, blocked in 5% bovine serum

MATERIALS AND METHODS albumin-PBSX for 2 h at RT. and then incubated overnight (4°C) with primary

Cells and virus. HEK293 cells (ATCC CRL1573) were grown in Dulbecco's antibody (1:1(X)) in 3% bovine serum albumin-PBSX. Primary antibodies used

modified Eagle's medium supplemented with 100 U each of penicillin and strep- were directed against cleaved (active) caspase 3 (catalog no. 9661L; Cell Signal-

tomycin/ml and containing 10% fetal bovine serum. HeLa cells (ATCC CCL2) ing). Following incubation, cells were washed three times (3 min each wash) with

were grown in Eagle's minimal essential medium supplemented with 2.4 mM PBSX before being incubated with antirabbit or antirat immunoglobulin G

t-glutamine, nonessential amino acids, and 60 U each of penicillin and strepto- conjugated with fluorescein isothiocyanate (1:100) for I h at RT. Fluorescent

mycin/ml and containing 10% fetal bovine serum (Gibco BRL). MEKKI / and immunoglobulin Gs were obtained from Vector Laboratories. Incubation with

wild-type (WT) embryonic stem (ES) cells and HEK293 cells expressing kinase- secondary antibody and all subsequent steps were performed in the dark. Cells

inactive MEK kinase 1, MEKKIKM (13), have previously been described. Re- were then washed with PBSX (three times. 3 min each wash), incubate,! fLr a

ovirus strain type 3 Abney was used for all experiments. Reovirus strain type 3 further 5 min with Hoechst-PBS (1:1000; Molecular Probes), washed again with

Abney is a laboratory stock that has been plaque purified and passaged (twice) PBSX (three times, 3 min each wash), and mounted with Vectashield (Vector

in L929 (ATCC CCLI) cells to generate working stocks. Virus infections and Laboratories). After mounting, slides were sealed with clear nail polish and

growth assays were performed as previously described (3, 41). Adenovirus ex- stored at 4°C. Labeling of mitochondria was performed using Cy3-labeled

pressing dominant-negative (DN) c-Jun (28) was provided by K. Heidenreich streptavidin (ImmunoResearch Laboratories) for 15 to 20 rain prior to Hoechst

(University of Colorado). staining.

Reagents. JNK inhibitor I (JNKI1) was obtained from Alexis, and JNK inhib-

itor 11 (420119), PD98059 (MEK inhibitor), and SB203580 (p38 inhibitor) were RESULTS
purchased from Calbiochem. Each inhibitor was used at a concentration of 10
ILM. Cells were pretreated with inhibitors for 2 h before viral infection and were MEKKI is required for reovirus-induced apoptosis. Reovi-
added back to media following infection. rus-induced activation of JNK and c-Jun is associated with

Apoptosis assays. Cells were assayed for apoptosis by staining them with
acridine orange, for determination of nuclear morphology, and ethidium bro- apoptosis in infected cells (5). We have shown that MEKKI
mide, to distinguish cell viability, at a final concentration of I pig/ml each. acts as an upstream activator of JNK signaling (43). We thus
Following staining, cells were examined by epifluorescence microscopy (Labo- investigated the role of MEKK1 in reovirus-induced apoptosis.
phot-2: B-2A filter, excitation, 450 to 490 nm; barrier, 520 nm: dichroic mirror, MEKK1 / mouse embryo fibroblasts were infected with
505 ni; Nikon). The percentage of cells containing condensed nuclei and/or

marginated chromatin in a population of 101 cells was recorded. The specificity reovirus (multiplicity of infection[MOlJ, 10). At 48 h postin-

of this assay has been previously established with reovirus-infected cells by using fection (p.i.), 48% of reovirus-infected wild-type (WT) cells
DNA laddering techniques and electron microscopy (4, 41). contained apoptotic nuclei (Fig. IA). This number was signif-

Caspase 3 activity assays. Caspase 3 activation assays were performed by using icantly reduced (P < 0.05) to 11% in MEKKI ' cells (Fig.
a kit obtained from Clontech. Cells (10') were centrifuged at 2(X) X g for 10 min, 1A). We next looked at reovirus-induced activation of caspase
supernatants were removed, and cell pellets were frozen at -70'C until collec-
tions were made for all time points. Assays were performed with 96-well plates, 3 in MEKKI- /- cells, using fluorogenic substrate assays. In
and analysis was done by using a fluorescence plate reader (CytoFluor 4000; WT cells, increases in caspase 3 activity were seen as early as
PerSeptive Biosystems). Cleavage of DEVD-AFC, a synthetic caspase-3 sub- 18 h p.i. and peaked at 30 h p.i., after which times levels re-
strate, was used to measure caspase 3 activation in reovirus-infected cells. Cleav- mained high (Fig. IB). In contrast, there was no increase in cas-
age after the second Asp residue produces free AFC that can be detected using
a fluorescence plate reader. The amount of fluorescence detected is directly pase 3 activity in MEKKI -'- cells following reovirus infection.

proportional to the amount of caspase 3 activity. Reovirus-induced apoptosis was also investigated in
Western blot analysis. Following infection with reovirus, cells were pelleted by HEK293 cells expressing a kinase-inactive form of MEKKI

centrifugation and washed twice with ice-cold phosphate-buffered saline (PBS). (MEKKIKM). Cells were infected with reovirus (MOI of 100).
For whole-cell extracts, the cell pellet was lysed by sonication in 150 pR1 

of a buffer Forty-eight hours p.i., reovirus induced 65% apoptosis in cells
containing 1% Triton X-100, 10 mM triethanolamine-HCI, 150 mM NaCI, 5 mM
EDTA (pH = 8.0), 1 mM phenylmethylsulfonyl fluoride, and 2.5 pxl of 25x expressing vector alone. This was significantly (P < 0.05) re-

complete protease inhibitor cocktail mix (catalog no. 1-697-498; Roche)/ml. The duced to 20% in cells expressing MEKKI KM (Fig. IC). These
lysates were then cleared by centrifugation at 14,000 x g for 3 min, mixed 1:1 with results indicate that reovirus-induced apoptosis is inhibited in
2x Laemmli buffer (catalog no. S-3401; Sigma), boiled for 5 min, and stored at MEKKI-/- cells and in cells expressing MEKKIKM, com-
-70°C. For mitochondrial extracts, the cell pellet was resuspended in 3(1) p11 of
a buffer containing 220 mM mannitol, 68 mM sucrose, 50 mM piperazine-N,N'- pared to the case with controls expressing WT MEKKI.

bis(2-ethanesulfonic acid)-KOH (pH = 7.4), 50 mM KCI, 5 mM EGTA, 2 mM JNK is required for efficient apoptosis in reovirus-infected
MgCI2, and 1 mM dithiothreitol. The resuspended pellet was incubated on ice for cells. Having shown that reovirus-induced apoptosis requires
30 min and then homogenized with a B-pestle in a 2-ml dounce homogenizer for 40 MEKKI and is inhibited in MEKKI / cells, which show re-
strokes. The lysates were then cleared by centrifugation at 14,000 X g for 15 min. duced reovirus-induced NK activation (43), we next investi-
The supernatant, the mitochondrium-free fraction, was mixed 1:1 with 2X Lae-
mmli Buffer (Sigma catalog no. S-3401), boiled for 5 nin, and stored at -70'C. gated the effects of specific JNK inhibitors on reovirus-induced
The pellet, the cytoplasmic fraction, was then lysed by sonication in 101) p.1 of apoptosis. Two different inhibitors were used. The first, JNKI 1,
whole-cell lysis buffer (above), mixed 1:1 with 2x Laemmli buffer, boiled for 5 is a peptide inhibitor that blocks JNK binding to its substrate,
min, and stored at -70'C. and the second, JNK inhibitor II, inhibits JNK kinase activity.

Proteins were electrophoresed by sodium dodecyl sulfate-polyacrylamide gel
clectrophoresis, either through 10% Tris-tricine gels (phospho-c-Jun and c-Jun) Since both HEK293 cells and HeLa cells have been used ex-

or through 15% Tris-tricine gels (Smac and cytochrome c), and probed with tensively in the analysis of reovirus-induced apoptosis, we used
antibodies directed against phospho-c-Jun (catalog no. 9261: 1:1,0W) in 1% both of these cell lines in our experiments. Cells were treated
nonfat dry milk-Tris-buffered saline [TBS]; Cell Signaling), c-Jun (catalog no. with JNK inhibitors for 2 h before being infected with reovirus
9162; 1:1,0X) in 1% nonfat dry milk-TBS; Cell Signaling), Smac (catalog no. at a MOI of 10 or 100. Cells were harvested 24 and 48 h p.i.,
567365; 1:1,000 in 1% nonfat dry niilk-TBS; Calbiochem), and cytochrome c
(catalog no. 556433: 1:1,0(K) in 1% nonfat dry milk-TBS; BD Pharmingen). All and the percentage of cells with apoptotic nuclear morphology
lysates were standardized for protein concentration with antibodies directed was determined (Fig. 2A and B). In HEK293 cells, an inhibitor
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A activity. In contrast, inhibitors of the proapoptotic MAPK P38
60- (16, 24, 34) and the antiapoptotic extracellular signal-related

50- kinases (ERK) (7) had no effect on reovirus-induced apoptosis
VO (Fig. 2A and B), as previously shown (5). These results indicate

40. that JNK, but not P38 or ERK, is required for efficient apo-
S20 ptosis in reovirus-infected HEK293 cells. Apoptosis in mock-

< 20 infected cells, with or without inhibitor, was less than 5%. A
S10 similar effect on apoptosis was seen after treatment of HeLa

0 cells with JNK and ERK inhibitors (data not shown). However,
Reo: +an inhibitor of P38 was able to reduce reovirus-induced apo-

MEKKI: + + _ ptosis in these cells at 24 h p.i. (data not shown).
The effect of JNK inhibition on apoptosis was also investi-

B gated by immunocytochemistry, using antibody directed against

8000 the cleaved (active) form of caspase 3. HeLa cells were incu-

S6000 --- __--------bated with JNKI1 for 2 h before being infected with reovirus.

D 0Cells were then incubated for a further 18 h before immuno-

M4 0 00  cytochemistry was performed (Fig. 2C). Active caspase 3 stain-j i ing was seen in 39% of cells infected with reovirus, compared
U)M 2000 --- to 3% of mock-infected controls. Activation of caspase 3 was

0 01 significantly (P < 0.001) reduced in the presence of JNKI1.

HPI: 0 6 12 18 24 30 36 0 6 12 18 24 30 36 These experiments suggest that JNK activity is required for
4 0 - efficient apoptosis and activation of caspase 3 in reovirus-in-

WT MEKKI-/- fected cells.

C The observed differences in the ability of reovirus to induce
80 apoptosis were not caused by differences in viral growth, since

.Q. one-step growth curves indicated that reovirus grows efficiently
0" 60 and equivalently in HEK293 cells in the presence or absence of
L 40JNKII (Fig. 2D).

240 c-Jun activation is not required for reovirus-induced apo-
< 20 ptosis. JNK activates members of the AP-1 group of transcrip-
._ _ _ 0 tion factors, including c-Jun, JunB, and JunD (9). We have

previously shown that c-Jun is activated after reovirus infec-
tion, and this activation has been associated with reovirus-

MEKK1: WT KM WT KM induced apoptosis. In other systems, JNK has been shown to

FIG. 1. Reovirus-induced apoptosis is inhibited in MEKK1 cells influence apoptosis by its ability to activate the AP-1 transcrip-
and in cells expressing MEKKIKM. MEKK1-/- cells were infected tion factor. We therefore investigated the role of AP-1 in
with reovirus (MOI of 10; black bars) or were mock infected (gray reovirus-induced apoptosis. First, the role of MAPKs, includ-
bars), and the percentage of cells containing apoptotic nuclei at 48 h ing JNK, in c-Jun phosphorylation was determined in reovirus-
p.i. was determined (A). The graph shows the mean percentage of infected cells. c-Jun is activated by 12 h p.i. in reovirus-infected
apoptotic cells from three independent experiments. Error bars rep-
resent standard errors of the mean. Reovirus-induced activation of HEK293 cells, and activation peaks around 18 h p.i. (5). We
caspase 3 was also determined for MEKKI-'- cells and controls (WT) therefore investigated c-Jun phosphorylation in reovirus-in-
at various times p.i. by fluorogenic substrate assay (B). The graph fected HEK293 cells at 18 h p.i. in the presence or absence of
shows the mean fluorescence (arbitrary units) from three wells of an inhibitors of JNK binding and P38 and ERK activity. Cells
individual experiment, which represents caspase 3 activity, and is rep-
resentative of three separate experiments. Cells expressing MEKK1KM were pretreated with inhibitor for 2 h prior to infection (MOI
and controls were infected with reovirus (MOI of 100; black bars) or of 100). Eighteen hours p.i., cells were harvested and screened
were mock infected (gray bars), and the percentage of cells containing by Western blot analysis for the presence of both the phos-
apoptotic nuclei at 48 h p.i. was determined (C). The graph shows the phorylated (active) and nonphosphorylated form of c-Jun. Re-
mean percentage of apoptotic cells from three independent experi- ovirus infection resulted in the phosphorylation of c-Jun (Fig.
ments. Error bars represent standard errors of the mean. 3A), as has previously been shown (5). The detection of mul-

tiple bands by the c-Jun antibodies indicates the multiple phos-
of JNK binding (JNKI1) inhibited reovirus (MOI of 10)-in- phorylation sites present on the c-Jun protein. Reovirus-in-
duced apoptosis at both 24 (a 67% reduction) and 48 (a 47% duced activation of c-Jun was partially blocked by inhibition of
reduction; P < 0.001) h p.i. At a MOI of 100, inhibition of JNK JNK or ERK and was completely blocked when both JNK and
binding delayed reovirus-induced apoptosis in HEK293 cells. ERK inhibitors were used together. In contrast, an inhibitor of
Thus, at 24 h p.i., a 57% (P < 0.001) reduction in reovirus P38 appeared to increase c-Jun phosphorylation after reovirus
(MOI of 100)-induced apoptosis was observed. However, at infection (Fig. 3A). Levels of total c-Jun indicated that reovirus
48 h p.i., JNKI1 was not able to protect HEK293 cells from also induced an increase in levels of total c-Jun in HEK293
reovirus (MOI of 100)-induced apoptosis, and high (>70%) cells (Fig. 3A). The presence of multiple bands again indicated
levels of apoptosis were seen in both treated and untreated that c-Jun was phosphorylated at multiple sites following reo-
cells. Similar results were obtained by inhibition of JNK kinase virus infection. Increased c-Jun levels were not affected by
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MOl10 MO1 100 B

B Inhibitor Effect on reo- Effect on reo-
10048 h PI induced c-Jun induced

.D 80 .apoptosis

60 JNK ,.A.L

40 P38 No change or.L

o20 ERK A No change

0 FIG. 3. c-Jun is activated by JNK and ERK following reovirus in-
Inhibitor: - z- - 0fection. Cells were pretreated for 2 h with inhibitor of JNK binding

0) (JNK) or p38 (p38) or ERK (ERK) activity. In addition, a combination
___ _ _ of JNK and ERK inhibitors was used. Cells were then infected with

MOI 10 MOI 100 reovirus (MOI of 100). Eighteen hours after infection, cells were
harvested for Western blot analysis, using antibodies directed against

Cphosphorylated c-Jun (P c-Jun), c-Jun, and actin (A). The effects of
50 inhibitors of JNK, p38, and ERK on reovirus-induced activation and

M_____40_______-_ apoptosis were compared (B).

(D

W inhibition of MAPK activity. Similar results were seen in HeLat•10
U cells (results not shown).

0 These results indicate that JNK and ERK, but not P38,

JNKI1: - + + contribute to c-Jun activation following reovirus infection.

Reo: - + + They also suggest that c-Jun activation does not correlate with
apoptosis in reovirus-infected cells, since JNK inhibition re-

D duces c-Jun phosphorylation and decreases apoptosis, ERK
10 inhibition reduces c-Jun phosphorylation and has no effect on

- __apoptosis, and P38 inhibition increases c-Jun phosphorylation
8 yet has no effect on apoptosis in HEK293 cells and decreases

apoptosis in HeLa cells (Fig. 3B).
To conclusively determine the role of c-Jun/AP-I in reovi-

>o 4 rus-induced apoptosis, we used adenovirus expressing domi-
2 ..... ....... .....

0
4 1 4 three independent experiments. Error bars represent standard errors

of the mean. Cells harvested at 18 h p.i. were fixed and stained with
JNKI1: + - + - + Hoechst 33342 (blue) to identify nuclei and with fluorescein isothio-

H PI 0 24 48 cyanate-labeled antibodies directed against active caspase 3 (green) to
detect active caspase 3. The percentages of mock-infected (gray bars)

FIG. 2. Reovirus-induced apoptosis requires JNK. HEK293 cells and reovirus (Reo)-infected (black bars) cells with active caspase 3
were treated with inhibitors of JNK (JNK, JNKa), P38 (P38), or ERK staining were determined (C). The graph shows the mean percentages
(ERK) for 2 h before being infected with reovirus (MOI of 10 [grey of apoptotic cells of three independent fields. Error bars represent
bars] or MOI of 100) ([black bars]). Specifically, JNKI1 (JNK) blocks standard errors of the means. One-step growth curves of reovirus in
JNK binding to its substrate, and JNK inhibitor II (JNKa) inhibits JNK the presence or absence of JNKII are also presented (D). HEK293
kinase activity. Cells were harvested 24 (A) or 48 (B) h p.i., and the cells were infected with reovirus (MOI of 1) and were harvested and
percentage of cells with apoptotic nuclear morphology was deter- assayed for growth at 24 and 48 h p.i. The graph shows the log, virus
mined. The graphs show the mean percentages of apoptotic cells from yield over time.
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A bated with JNKI1 for 2 h before being infected with reovirus.
Cells were then harvested at 8 and 24 h p.i. Mitochondrial

80 pellet and mitochondrion-free fractions were prepared and
"Z 60 analyzed by Western blot analysis, using antibodies directed0 against Smac and cytochrome c. Reovirus induced the release

L 4miof both Smac and cytochrome c from the mitochondria of
< 20 infected cells (Fig. 5A), as previously described (20, 21 ). Levels

• 0of Smac and cytochrome c thus dropped in mitochondrial
Reo: 0 10 100 0 10 100 0 10 100 pellet fractions and rose in mitochondrion-free fractions.

JNKI1 delayed the release of both mitochondrial Smac andMOI 4 10 4 1 O cytochrome c following reovirus infection.

Adeno: - GFP DN c-Jun

DISCUSSION
B We have previously shown that reovirus-induced activation

T lof JNK and its associated transcription factor, c-Jun, is asso-30 ciated with reovirus-induced apoptosis (5). We now show that
reovirus-induced apoptosis is blocked in MEKKI ' cells, inS20 -which reovirus-induced JNK activation is inhibited (43), and in

< 10 cells in which MEKK1 kinase activity is blocked. In addition,
specific inhibitors of JNK that block JNK-substrate binding or

0+ + + kinase activity block reovirus-induced apoptosis at a low MOIAniso: -and significantly delay reovirus-induced apoptosis at a high

MOI. These results indicate that JNK is required for efficientapoptosis in reovirus-infected cells (Fig. 6). The more-effective
FIG. 4. c-Jun is not required for reovirus-induced apoptosis. Cells reduction in apoptosis seen in MEKK1-'- cells and cells ex-

were infected with adenovirus (Adeno) expressing GFP or DN c-lun pressing MEKK1KM compared to that in cells treated with an
(MOI of 50) for 36 h. Cells were then infected with reovirus (MOI of
10 or 100) and were assayed for apoptosis after a further 48 h (A). inhibitor of JNK suggests that MEKK1 may influence reovirus-
Alternatively, cells were treated with anisomycin (1 jLM) and were induced apoptosis by JNK-independent, as well as JNK-depen-
assayed for apoptosis after a further 24 h (B). The graphs show the dent, pathways. Inhibition of P38 had no effect on reovirus-
mean percentages of apoptotic cells from three independent experi- induced apoptosis in HEK293 cells, as has been previously
ments. Error bars represent standard errors of the mean, shown (5). However, in HeLa cells, P38 inhibition decreased

reovirus-induced apoptosis, suggesting cell type differences in
nant-negative (DN) c-Jun, which blocks AP-1 activity (28). MAPK involvement in reovirus-induced apoptosis. In contrast,
HEK293 cells were infected with adenovirus (MOI of 50) ex-
pressing either DN c-Jun or green fluorescent protein (GFP)
under the control of the cytomegalovirus promoter and were 8 h PI 24h PI
incubated for 36 h to allow expression of the DN c-Jun phe-
notype. Cells were then infected with reovirus (MOI of 10 and Mock Reo Mock Reo
100) for 48 h before being harvested. Reovirus infection at 4- 4- 1. - -

both a MOI of 10 and a MOI of 100 resulted in apoptosis (42 JNKI1 - + - + - + - +
and 67%, respectively) in HEK293 cells that had not been
previously treated with adenovirus (Fig. 4A). Reovirus induced cyt C N---
apoptosis was not affected by treatment with adenovirus
expressing either GFP or DN c-Jun (Fig. 4A). In contrast, smac 4,4 W,", Mito
anisomycin-induced apoptosis, which requires c-Jun, was re- 1-duced in HEK293 cells infected with adenovirus expressing actin -
DN c-Jun (Fig. 413), indicating that c-Jun expression is not cyt C -

required for reovirus-induced apoptosis and suggesting that
JNK exerts its proapoptotic effects in reovirus-infected cells smac - Cyto
through an alternate mechanism.

JNK is required for efficient release of Smac and cyto- actin ,
chrome c after reovirus infection. JNK is required for the re- FIG. 5. INK is required for the release of Smac and cytoehrome c
lease of proapoptotic molecules from the mitochondria in from the mitochondria of reovirus (Reo)-infected cells. Cells were
response to UV irradiation (39). Reovirus also activates mito- pretreated with an inhibitor of JNK activity (JNKII) for 2 h before
chondrial apoptotic pathways following infection, resulting in being infected with reovirus (MOI of 100). Eight and twenty-four
the release of the proapoptotic mitochondrial factors cyto- hours p.i., cells were harvested. Mitochondrial (Mito) and mitochon-

drium-free (Cyto) fractions were then prepared and used as lysates forchrome c and Smac (21). We thus investigated the role of JNK Western blot analysis. Lysates were probed with antibodies directed
in the release of Smac and cytochrome c from the mitochon- against Smac and cytochrome c. Levels of actin were used to control
dria during reovirus-induced apoptosis. HeLa cells were incu- for protein loading.
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naling (5), caspase 8-dependent cleavage of Bid and the sub-
REOVIRUS sequent redistribution of Bcl-2 family proteins in theA TRAI

DR4I/ TAIL mitochondrial membrane provide a mechanism for Smac and

DR5 cytochrome c release in the presence of JNKII (Fig. 6).
DNR5 Apoptosis is a mechanism used by the host as part of the

antiviral response, and deregulation of this host-pathogen in-

MEKKI teraction can alter the course of viral replication and explain

"-I aspects of viral disease. It is not surprising that many viruses

JNK have evolved to manipulate cellular apoptotic pathways. In
CASPASE 8 many cases, inhibition of apoptosis by viruses serves to prevent

"premature death of the host cell. Inhibitors of apoptosis also
may enhance virus production, enable efficient emergence

CASPASE 3 from latency, facilitate persistent infection, and contribute to

the avoidance of immune surveillance (8). Since mitochondrial

Iy AN apoptotic pathways are activated following infection with a

APOPTOSIS Apaf-1 Smac wide variety of viruses, including human immunodeficiency

I /virus (12, 18, 19), influenza A virus (2), herpes simplex virus I

CASPASE 9 (44), human herpesvirus 8 (35), hepatitis B virus (38), and
i West Nile virus (29), and since many forms of virus-induced

lAPs apoptosis are inhibited by antiapoptotic members of the Bcl-2

FIG. 6. Model of apoptotic signaling pathways triggered by reovi- family (1, 31, 36, 37), a common method of viral inhibition of

rus infection. Following reovirus infection, MEKKI activates JNK. apoptosis is the expression of viral homologs of Bcl-2 (8) or the

which promotes the release of the proapoptotic factors Smac and induction of antiapoptotic members of the Bcl-2 family (22).
cytochrome c (Cyt c) from the mitochondria. Smac influences apopto- In addition to contributing to the host's antiviral response,
sis by inhibiting cellular inhibitors of apoptosis (lAPs), whereas cyto- apoptosis can also influence viral pathogenesis and may fa-
chrome c influences apoptosis by activating caspase 9 in conjunction
with Apaf-l. Tumor necrosis factor-related apoptosis-inducing ligand cilitate rapid virus release and cell-to cell spread. Reovirus-

(TRAIL) receptor signaling is also induced following reovirus infec- induced apoptosis requires both death receptor and mito-
tion, and the reovirus-induced caspase 8-dependent cleavage of Bid chondrial apoptotic pathways (6). Here we show that efficient
also promotes the mitochondrial release of Smac and cytochrome c activation of mitochondrial apoptotic pathways in reovirus-
(20, 21). infected cells requires JNK. This is the first report linking JNK

to the activation of mitochondrial apoptotic pathways in virus-
infected cells. Since the proapoptotic Bcl-2 proteins Bax and

inhibition of ERK had no effect on reovirus-induced apoptosis Bak are essential for JNK-stimulated release of cytochrome c

in either cell line, indicating specificity in the role of MAPKs in and apoptosis (26), further investigation of reovirus-induced

reovirus-induced apoptosis. mitochondrial apoptotic pathways may provide valuable in-

It is possible that JNK regulation of the AP-1 transcription sight into the pathogenesis of viruses that utilize Bcl-2 family

factor mediates, in part, the effects of JNK signaling pathways proteins to promote apoptosis (22) or that are blocked by the

(9). JNK-mediated regulation of AP-1 has been reported to overexpression of Bcl-2 (1, 31, 36, 37).
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A common consequence of viral infection is perturbation of host cell nuclear functions. For cytoplasmically
replicating viruses, this process may require regulated transport of specific viral proteins into the nucleus.
Here, we describe a novel form of virus-induced perturbation of host cell nuclear structures. Active signal-
mediated nuclear import of the reovirus ols protein results in redistribution of nuclear pore complexes and
nuclear lamins and formation of nuclear herniations. These herniations represent a previously undescribed
mechanism by which cytoplasmic viral infection can perturb nuclear architecture and induce cytopathic effects,
which ultimately lead to disease pathogenesis in the infected host.

Mammalian reoviruses provide an important experimental inner nuclear membranes, nuclear pore complexes (NPCs),

model for understanding viral pathogenesis and virus-host in- and the underlying nuclear lamina. The nuclear lamina orga-

teractions at a cellular level (40). Although reovirus replication nizes the distribution of NPCs (20), provides shape to the

occurs in the cytoplasm, infection disrupts a variety of host cell nucleus (39), and plays a role in chromatin organization (16).

nuclear functions, resulting in a virus-induced cytopathic effect Embedded within the NE are large multiprotein NPC struc-

in infected cells and tissue injury in the infected host. For tures that regulate bidirectional macromolecular traffic be-

example, reovirus infection results in activation of specific cel- tween the nucleus and cytoplasm in eukaryotic cells. One

lular signaling pathways and their associated transcription fac- mechanism by which viral proteins can traverse the NE is

tors (4-6), alteration of host cell gene expression (9, 30), per- through active nucleocytoplasmic transport. This process can

turbation of cell cycle regulation (31, 32), and induction of be mediated by the binding of cellular nuclear transport re-

apoptosis (40, 41). ceptors (importins) to specific nuclear localization signals

The mechanisms responsible for reovirus-induced alteration (NLS) in viral proteins. The viral protein complex docks at the

of nuclear function and the viral genes and proteins involved cytoplasmic face of the NPC, following which the viral cargo is

are only beginning to be characterized. For example, reovirus- imported through the NPC and into the nucleus. Once inside

induced inhibition of host cellular proliferation results from a the nucleus, viral proteins can interact with specific nuclear

cell cycle arrest at the G2/M checkpoint (32). Studies using a structures (15, 28, 44), nuclear proteins (19, 45), or chromatin

mutant reovirus and protein expression studies indicate that (22, 35) to alter nuclear function.

crls, a nonstructural protein encoded by the reovirus S1 gene, Early immunocytochemical studies suggested that urls could

is necessary and sufficient for reovirus-induced G2/M cell cycle be detected in the nucleus during reovirus infection (1, 34);

arrest (32). ctls-mediated changes in cell cycle regulation are however, definitive evidence of arls nuclear localization, the

associated with changes in the activities and phosphorylation mechanism by which this occurs, and its potential effects on

states of key G2/M-regulatory kinases, including p34 (cdc2) nuclear function have been lacking. We now show that reovirus

(31). crls is actively localized to the nucleus, utilizing a previously

Like reoviruses, many other viruses perturb cell cycle regu- unrecognized NLS. Nuclear localization of crls induces pro-

lation and other host cell nuclear functions, presumably in found structural defects in chromatin, disrupts nuclear lamina,

order to promote an optimal environment for viral replication, and induces clustering of NPCs and the formation of nuclear

These viral effects on host cell nuclear functions can be medi- herniations. These effects represent a novel type of virus-in-

ated through a variety of mechanisms, including alteration of duced damage to host cell nuclear architecture, which provides

nuclear architecture (17, 18, 26, 37), disruption of nucleocyto- a previously undescribed mechanism by which a cytoplasmi-

plasmic transport pathways (12, 14, 27, 28), and induction of cally replicating virus can perturb nuclear function.

nuclear herniations (10). For cytoplasmically replicating vi-
ruses, the nuclear envelope (NE) acts as a protective boundary MATERILUS AND METHODS

preventing indiscriminate interaction between cytoplasmic vi- Cells and viruses. Mouse L929 cells were grown in minimal essential medium

ral proteins and the nucleus. The NE consists of the outer and (Gibco/Invitrogen, Carlsbad, Calif.) supplemented to contain 5% heat-inacti-

vated fetal bovine serum (Gibco/lnvitrogen), 1 mM nonessential amino acids

(Gibco/Invitrogen), and 2 mM L-glutamine (Gibco/Invitrogen). Human HeLa

Corresponding author. Mailing address: Department of Neurology cells were grown in minimal essential medium (Gibco/tnvitrogen) supplemented

(B-182), University of Colorado Health Sciences Center, 4200 E. 9th to contain 10% fetal bovine serum (Gibco/Invitrogen), 1 mM nonessential amino
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. acids (Gibco/Invitrogen), and 2 mM L-glutamine (Gibco/invitrogen). Cell mono-

E-mail: Ken.Tyler@uchsc.edu. layers were grown on eight-well glass chamber slides. Type 3 Abney (T3A)
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reovirus was used as wild-type reovirus and is a laboratory stock. Type 3 reovirus cytoplasm and within nuclear boundaries as evidenced by the x
clone 84-MA (T3C84-MA) was used as aIts null mutant reovirus and was originally and y plane cross-section images (Fig. IA and D). a-ls occupies
isolated via serial passage of T3C84 through murine erythroleukemia cells (34). discrete nuclear subareas as evidenced by the appearance of sep-

Plasmids. A eDNA of reovirus T3A sits was generated by reverse transcriptase
PCR amplification from purified T3A double-stranded RNA by using primers arate zones of crls interlaced with distinct areas of chromatin in

specific for the sils ORF. Chicken pyruvate kinase fused to green fluorescent the x and y cross-sections (Fig. 1A and D). In infected L929 cells
protein (pEGFP-PK) was a generous gift (38). T3A srls eDNA was cloned the distributions of a-ls in the nucleus and cytoplasm are approx-
between green fluorescent protein (GFP) and chicken pyruvate kinase by using imately equivalent (Fig. 1B). However, in HeLa cells crls appears
HindlIl and BgllI restriction sites to generate the GFP-sils-PK vector. Mutation
constructs GFP-No NLS srls-PK and als NLS-GFP-PK were derived from to preferentially localize to the nucleus (Fig. IE). The aris local-

GFP-sils-PK by introducing specific amino acid changes via site-directed mu- ization patterns shown persist through 48 h postinfection.
tagenesis. Active signal-mediated nuclear import of arls. We expressed

Transfection. L929 and HeLa cells were grown on glass chamber slides to 80% the 14-kDa a-ls protein as a fusion with the cytoplasmic re-
confluency. L929 cell DNA transfections were carried out with the Lipofect- porter protein, GFP-PK (38) (GFP-rls-PK) (Fig. 2E). The
amine 2000 reagent by a method based on the recommended protocol described
by the manufacturer (Gibco/lnvitrogen). HeLa cell DNA transfections were large size of the GFP-arls-PK fusion protein ensured that nu-

carried out with the CalPhos mammalian transfection kit (BD Biosciences Clon- clear localization was dependent upon active crls signal-medi-
tech, Palo Alto, Calif.) by a method based on the recommended protocol de- ated nuclear import and was not a result of passive diffusion.
scribed by the manufacturer. L929 cells were transiently transfected with either GFP-PK

Immunocytochemistry. Posttransfection, cells were washed in phosphate-buff- L929 to D) tr G rl s Fi2ted at

ered saline and fixed in fresh 3.7% paraformaldehyde in phosphate-buffered (Fig. 2B to D) or GFP-o-ls-PK (Fig. 2F to H) and analyzed at

saline for 15 min (Fischer). Nuclei were visualized with Hoechst 33342 double- 24 h posttransfection via digital fluorescence microscopy. Con-
stranded DNA (dsDNA) stain (Molecular Probes, Eugene, Oreg.). GFP fusion structs lacking a-ls were restricted to the cytoplasm (Fig. 2B).
proteins were visualized directly by digital fluorescence microscopy. For indirect Insertion of crIs resulted in significant redistribution of
immunofluorescence analysis, L929 or HeLa cells plated on glass chamber slides GFP-PK to the nucleus (Fig. 2F). arls also imparted nuclear
were fixed in 3.7% paraformaldehyde for 15 min, permeabilized with 0.1%
Triton X-100-3 to 5% bovine serum albumin overnight at 4°C, blocked in 3 to localization to GFP-PK in HeLa cells (data not shown). The

5% bovine serum albumin at 25°C for I h, and incubated with primary antibody percentage of cells exhibiting nuclear localization of the re-
overnight at 4°C. The antibodies used were as follows: mouse monoclonal anti- porter construct compared to exclusively cytoplasmic localiza-
C23 antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, Calif.), mouse tion is shown in Fig. 21.
monoclonal anti-nuclear transport factor p97/importin It antibody (1:1,000;
Affinity BioReagents, Golden, Colo.), mAb414 (antinucleoporin antibody) Examination of the crls nuclear localization pattern in both

(1:1,000; Covance/BabCo, Richmond, Calif.), and mouse monoclonal anti-lamin reovirus-infected and a-ls-transfected cells suggested that the

A and C (anti-LaAiC) (1:500; CovanceiBabCo). The hybridoma cell line synthe- protein was not uniformly distributed throughout the nucleus
sizing the anti-sils antibody, 2F4, was a generous gift (34). Anti-sits was purified (Fig. 2H). We used an antibody against nucleolin to define
on a protein A column by a method based on the recommended protocol nucleolar boundaries during GFP-a-ls-PK transfection of L929
described by the manufacturer (Pierce, Rockford, Ill.). After being washed, cells
were incubated with secondary horse anti-mouse immunoglobulin G conjugated cells. The nuclear expression pattern of GFP-r Is-PK was dis-

to Texas red (1:100; Vector Laboratories, Inc., Burlingame, Calif.) for I h at tinctly segregated from nucleolar regions (Fig. 2J to L). Using
25°C. Cells were washed, and nuclei were visualized with Hoechst 33342 dsDNA deconvolution microscopy to image multiple sections through
stain and examined via deconvolution microscopy. Cellular expression patterns L929 cells expressing GFP-a-ls-PK in the x, y, and z planes, we
were quantified by examining approximately 100 cells/field. Three independent
cell counts from different fields were normalized for graphing and statistically found that GFP- arls-PKwas located both in the cytoplasm and

analyzed with In Stat version 3.0 (GraphPad, San Diego, Calif.). within nuclear boundaries but was excluded from nucleolar
Microscopy. Cells for transmission electron microscopy were fixed in 2.5% regions of cell nuclei (Fig. 2 M, top and side panels). These

glutaraldehyde, postfixed in 2% osmium tetroxide, dehydrated in a graded series studies indicate that both transfected crls and virion-encoded a-ls
of alcohol solutions, and embedded in epoxy resin. Sections, approximately 80 synthesized in cells during natural infection can translocate to the
nm in thickness, were stained with uranyl acetate and lead citrate prior to
examination at 60 kV with a transmission electron microscope (Zeiss EM-10). nucleus and that the crls protein contains an NLS that can me-

Cells for digital fluorescence microscopy were imaged under oil immersion with diate nuclear localization of a cytoplasmic reporter protein.
a 63X Plan-Apochromate objective (Zeiss Axioplan 2 digital microscope with A novel orls NLS. Sequence analysis of a-ls suggested the
Cooke sensiCam 12-bit camera). Cells for digital deconvolution microscopy were presence of a putative 2-ls NLS, ISRSRRRLK 2t within a con-
imaged under oil immersion with a 63X Plan-Apochromate objective, and by serve arin e u Ii n ear the N te in of

using nearest neighbor (Slidebook software; Intelligent Imaging Innovations, served arginine-rich region (11) near the N terminus of the

Denver, CA)lo.), multiple 0.5-p.m planes were deconvolved into an image in which protein. In order to ascertain whether this putative als NLS

blur and artifact had been digitally removed. Three-view images (x and y cross- was functional, site-directed mutagenesis was performed to
sections) are expansions of deconvolved images in which orthogonal planes can remove residues "5RSRRRLK2I from arls in the context of the
be seen simultaneously. GFP-(rls-PK construct (Fig. 3C, schematic) (GFP-No NLS

Nucleotide sequence accession numbers. The NCBI accession number for
T3A (sils' reovirus) is L37677, and the NCBI accession number for T3 C84-MA crls-PK). L929 cells were transiently transfected with GFP-PK

(srls reovirus) is U74291. (Fig. 3A), GFP-cals-PK (Fig. 3B), or GFP-No NLS a-ls-PK
(Fig. 3C) and analyzed at 24 posttransfection via digital flores-

RESULTS cence microscopy. Removal of the putative a-ls NLS signifi-
cantly disrupted a-is-mediated nuclear localization of GFP-

orls localization during reovirus infection. The subcellular a-ls-PK (Fig. 3C and E). Similar results were found for GFP-

localization of T3A a-ls was determined by immunocytochem- arls-PK-transfected HeLa cells (data not shown). arls amino

istry and deconvolution microscopy with the a-Is-specific acids 1 5RSRRRLK21 were then added to the cytoplasmic

monoclonal antibody 2F4. Deconvolution of multiple planes GFP-PK protein to determine whether the a-ls NLS alone was

through x,y, and z axes of reovirus-infected L929 cells (Fig. IA sufficient to mediate nuclear localization of the reporter pro-

to C) and reovirus-infected HeLa cells (Fig. 1D to F) at 24 h tein (Fig. 3D) (a-ls NLS-GFP-PK). Transfection of L929 cells

postinfection clearly demonstrates the presence of arls in the with a-ls NLS-GFP-PK resulted in significant nuclear localiza-
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FIG. 1. arls localizes to the nucleus and cytoplasm during natural virus infection. L929 cells (A to C) and HeLa cells (D to F) were infected
with reovirus for 24 h and stained with a monoclonal antibody directed against arls. (B and E) Monoclonal antibody staining was followed by a
fluorescein isothiocyanate-conjugated secondary antibody. (C and F) Hoechst 33342 dsDNA stain was used to define the misshapen nuclei of
als-expressing cells. (A and D) Deconvolution microscopy was used to analyze irIs subcellular and subnuclear localization in multiple x, y, and z
planes in the merged images. o-ls localizes to the nucleus in infected cells but does not colocalize with chromatin (A and D).

tion of GFP-PK compared to cells transfected with reporter Consistent with the observed irregularities in chromatin or-
protein alone (Fig. 3F). These results indicate that irls residues ganization, examination of arls÷ virus-infected cell nuclei by
"5 RSRRRLK2 1 comprise a novel irls NLS which is both nec- differential interference contrast (DIC) microscopy revealed
essary and sufficient for nuclear localization, structural alterations in nuclear shape, which were not seen

crls-induced nuclear herniations and infection. In our stud- during crls- virus infection (Fig. 4, B and E). In als- virus-
ies of irls localization we observed that infection of cells with infected cells, nuclei were generally round or ovoid with
wild-type reovirus was associated with dramatic alterations in smooth nuclear contours (Fig. 4E), whereas cells infected with
the shape and distribution of nuclear chromatin (Fig. IC and crIs÷ virus contained nuclei of irregular shape with marked
F). In order to determine whether irls was required for these nuclear herniations containing DNA (Fig. 4A and B),
effects, we tested a arls null mutant reovirus (cls- virus) for Thin-section electron microscopy was used to further exam-
the presence of similar chromatin abnormalities during viral ine the relationship between irls and the nuclear morphology
infection. The a ls null mutant reovirus is unable to express als of reovirus-infected cells. Consistent with DIC microscopy,
due to a mutation in the SI gene segment which introduces a nuclei of als÷ virus-infected HeLa cells were highly lobulated
premature stop codon at amino acid 6 in the trls sequence and misshapen, with prominent nuclear herniations evident
(34). In cell culture irls-deficient reovirus grows as well as its (Fig. 5A). The cytoplasm of both uls' virus-infected and crls-
crls' parent virus and induces equivalent levels of apoptosis virus-infected cells showed no changes other then the presence
(34) but does not induce G2/M cell cycle arrest due to the loss of replicating reovirus (Fig. 5). The chromatin of both crls'
of iris expression (32). virus-infected and rls- virus-infected HeLa cells was sur-

Following infection of HeLa cells with wild-type reovirus rounded by an intact NE and did not appear to be undergoing
(arls+ virus), chromatin appeared to be misshapen and decom- margination or compaction as is characteristic of later stages of
pacted as indicated by heterogeneity in Hoechst 33442 staining reovirus-induced apoptosis (41).
(Fig. 4A). These changes were not seen following arls- virus Since disruption of the NE affects nuclear shape (20), we
infection, during which Hoechst 33442 staining remained ho- used an antibody against importin-P3 to examine the consis-
mogenous and with an undistorted shape (Fig. 4D). These data tency of the NE framework. The nuclear import receptor im-
suggested that the presence of irls in the nucleus was the cause portin-P3 defines both the contoured boundaries of the nuclear
of the observed changes in nuclear architecture and chromatin envelope and the integrity of specific nuclear import compo-
organization. nents within the NE by its ability to form an import complex
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FIG. 2. ols imparts nuclear localization to a cytoplasmic reporter protein and does not localize to the nucleolus. (A) Schematic of GFP-PK
fusion protein. (E) Schematic of GFP-als-PK fusion protein. (B to D and F to H) L929 cells were transiently transfected with GFP-PK (B to D)
or GFP-crls-PK (F to H). Hoechst 33342 dsDNA stain was used to define nuclei (C and G). Arrowheads indicate localization of fusion proteins.
GFP-orls-PK significantly (*) (P < 0.001) localized to the nucleus (I) and did not colocalize with misshapen chromatin (G and H). (J to M)
GFP-als-PK-transfected L929 cells were stained with a monoclonal antibody directed against nucleolin followed by a Texas-red conjugated
secondary antibody to demonstrate that GFP-arls-PK does not localize to nucleolar regions. Deconvolution microscopy was used to analyze
subcellular and subnuclear localization in multiple x, y, and z planes (top and side bars in panel M).
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FIG. 3. -rls contains a novel NLS ('5 RSRRRLK 2) that is necessary and sufficient for nuclear import. L929 cells were transiently transfected

with GFP-PK (A), GFP-crls-PK (B), GFP-No NLS uIs-PK (C), or n-Is NLS-GFP-PK (D) and analyzed via digital florescence microscopy. Removal
of the nls NLS from GFP-n-ls-PK resulted in significant (*) (P < 0.001) loss of nuclear localization (E) while addition of the (rls NLS resulted
in significant translocation to the nucleus (F). n-is amino acids '5RSRRRLK2

1 comprise a previously undiscovered NLS.
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FIG. 4. als nuclear localization induces nuclear herniations during natural virus infection and als transfection. HeLa cells were infected with
wild-type reovirus (als÷ virus) (A to C) or als null reovirus (rls- virus) (D to F) for 24 h. Hoechst 33342 dsDNA stain was used to define nuclei
(A, D, G, and J). o'ls* virus-infected cells induced localized disruption in nuclear morphology (arrowheads in panel B) and chromatin staining
(arrowheads in panel A) compared to cells infected with the mutant reovirus that does not produce uls (D and E). The nuclear envelope remained
intact in ols' virus-infected cells and displayed areas of importin-p clustering, suggestive of NPC clustering (arrowheads in panel C) while orls-
virus-infected cells retained typical nuclear morphology, chromatin, and importin-03 staining (D to F). GFP-als-PK-transfected HeLa cells
displayed identical alterations in nuclear morphology, chromatin staining, and importin-3 clustering (arrowheads in panels G to I) compared to
cells expressing rls only in the cytoplasm (J to L). als induces disruption in nuclear morphology (arrowheads in panel H), chromatin staining
(arrowheads in panel G), and importin-0 (arrowheads in panel I) only when localized in the nucleus.

containing NLS-containing protein cargo, dock the import fected cells and the chromatin remained of a uniform and

complex at the cytoplasmic face of the NPC, and release it at undistorted shape (Fig. 4J and K). By contrast, nuclear expres-

the nucleoplasmic face of the NE (7). In c'ls' virus-infected sion of crls grossly altered the nuclear contour and chromatin

cells, importin-P staining showed that the NE remained intact staining intensity and shape (Fig. 4G and H). Despite the

and encompassed the altered nuclear contour (Fig. 4C). Con- presence of an altered nuclear shape seen in the DIC image

sistent with spacing of NPCs throughout the NE, importin-13 induced by otls nuclear localization (Fig. 4H), the NEs of

staining maintained a punctate pattern throughout the NEs of GFP-o'ls-PK-expressing cell nuclei remained intact and en-

o>ls- virus-infected cells (Fig. 4F). In contrast, in aTls÷ virus- compassed the altered nuclear contour (Fig. 41). Similarly to

infected cells, importin-13 staining showed a pattern of areas of crls+ virus-infected cells, GFP-orls-PK-expressing cells exhib-

dense positive staining localized to the cytoplasmic face of ited cytoplasmic clustering of importin-P3 in areas of nuclear

nuclear herniations, which is suggestive of clustered NPCs at herniations (Fig. 41), again suggesting that although NPCs are

nuclear herniation sites (Fig. 4C). positioned throughout the NE, they appear to be clustered

ols nuclear import and nuclear herniations. The conclusion within areas of nuclear herniations. In summary, both orls

that virally encoded crls expressed during infection induces transfection and arls expression during natural virus infection

nuclear herniations is further strengthened by the finding that induced nuclear herniations distinguished by misshapen chro-

identical alterations in NE morphology were seen when orls matin, abnormal nuclear morphology, and importin-P cluster-
was expressed alone. As seen with viral infection, GFP-oals-PK ing. These data indicate that crIs is both necessary and sufli-

transfection of L929 cells (Fig. 2G) and HeLa cells (Fig. 4G) cient for herniation development and that the appearance of

induces chromatin abnormalities. When crls was inhibited nuclear herniations required the presence of crls in the nuclei

from entering the nucleus due to removal of the crls NLS of cells.
(GFP-No NLS uls-PK) the nucleus maintained the smooth NPC clustering and nuclear lamina disruption. As sug-

contour and unaltered symmetric morphology of nontrans- gested by the pattern of importin-13 staining, antibodies to NPC
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FIG. 5. urls induces nuclear herniations during natural virus infection. HeLa cells were infected with wild-type reovirus (als' virus) (A) or ols
null reovirus (als- virus) (B) for 24 h. Thin-section electron microscopy was used to image nuclear architecture changes induced by uls expression.
ols induces nuclear herniations (arrowheads in panel A). Both wild-type and uls null reovirus are present in the cytoplasm (arrows).

proteins (nucleoporins) confirmed clustering of NPCs in areas major components of the nuclear lamina and polymerize in
of otls-induced nuclear herniations. Nucleoporin labeling of various ratios to form a filamentous scaffold which maintains
cells lacking al s in the nucleus (GFP-No NLS uls-PK) showed nuclear shape and integrity (24, 39). The observed ols-medi-
uninterrupted punctate NE rim and NE surface staining char- ated abnormalities in nuclear shape and atis-induced clustering
acteristic of the regular distribution of NPC (2) throughout the of NPC and herniation development could result from pertur-
NE (Fig. 6D to F and J to L). Conversely, cells in which irls bation of the nuclear lamina organization. A monoclonal an-
was expressed in the nucleus (GFP-orls-PK) exhibited cluster- tibody against A-type nuclear LaA/C was used to stain HeLa
ing of NPC in areas of oirs-induced nuclear herniations seen at cells transfected with GFP-crls-PK (Fig. 7A to C) or GFP-No
both the rim and the surface of the NE (Fig. 6B and H). NLS crls-PK (Fig. 7D to F) constructs. In contrast to the round
Although some rim-like NPC staining was apparent in nuclei
of these cells (Fig. 6B), the remainder of the NE was usually ovoid nuclei of nontransfected cells (data not shown) or to
barren of NPC (Fig. 6B). This can be seen more directly by co NLS n u ls-PK-transfected cells, which display normal
looking at the surface of the nucleus in which the NE was continuous nuclear rim LaAiC staining (Fig. 7F), GFP-rls-
depleted of NPCs in specific areas (Fig. 6H) balanced by others PK-expressing cell nuclei displayed marked abnormalities in
areas with clustered NPCs near herniation sites (Fig. 6H), the A-type lamina network (Fig. 7C). Within the nucleus, crls
while minor regions of the NE appeared to have NPCs in a induced highly localized defects in the nuclear lamina at sites
regular distribution. of herniations, which appeared as LaA/C gaps (Fig. 7C). In

An intact nuclear lamina helps govern correct spacing of addition, LaA/C accumulated at other points throughout the
NPCs and helps maintain normal nuclear shape (13, 21, 23). nucleus, sometimes at the base of herniations, as seen by in-
The type V intermediate filament proteins lamins A and C are creased intensity of LaAiC staining (Fig. 7C). Thus, both the
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FIG. 6. Nuclear localization of uls induces NPC clustering. HeLa cells were transfected with GFP-als-PK (A to C and G to I) or GFP-No NLS
uls-PK (D to F and J to L). Digital microscopy of NPC nucleoporin-labeled cells expressing GFP-als-PK (A and G) showed clustering of NPCs
at the surface of the nucleus (arrowheads in panel H) and at the nuclear rim (arrowheads in panel B), while some areas of the NE were depleted
of NPC (arrows in panels B and H). Cells in which als is expressed but is not able to translocate to the nucleus (D and J) showed conventional
NPC staining (E and K). Hoechst 33342 dsDNA stain was used to define nuclei (C, F, I, and L).

A-type lamina network and NPCs are perturbed by the trans- herniation containing both als and cellular DNA (Fig. 6A and

location of uls into the host cell nucleus. G and 7A). Both NPCs and the A-type lamina network lose
their normal homogenous distribution and become irregularly

DISCUSSION clustered in specific areas of the NE and subsequently absent
from others. It is unclear which of these two disturbances is

Cytoplasmic reovirus infection profoundly affects the host primary. Although the primary means of herniation develop-
cell nucleus and its functions (9, 30-32, 41). Recently, we have ment has yet to be determined, yls-induced nuclear hernia-
shown that urls plays a key role in determining host cell nu-

clear function by its capacity to modulate virus-induced G2/M nuclear structure.
cell cycle arrest in infected cells (31, 32). We now show that nuclear structure.
the crls protein localizes to the nucleus in both infected Perturbation of the nuclear lamina can grossly alter nuclear
and transfected cells. Nuclear import of crls occurs by an shape, induce nuclear herniations and NPC clustering, and
active, NLS-mediated mechanism involving a novel crls NLS, alter chromatin organization (10, 13, 21, 23, 36, 42). Vigouroux

'"RSRRRLK 21, that is both necessary and sufficient for als et al. reported that skin fibroblasts from patients bearing mu-

nuclear localization, tations in LaAiC possess nuclei with prominent NE herniations

Upon entering the nucleus, uls induces disruptions in chro- deficient in NPCs and exhibit aberrant chromatin staining (42).

matin organization, NPC distribution, and nuclear lamina or- Loss of lamin expression in Caenorhabditis elegans or Drosoph-

ganization, which result in profound distortion of nuclear mor- ila mutants results in spatial disorganization of NPCs, nuclear

phology and in the appearance of a novel type of nuclear herniations, chromatin disorganization, and cell cycle inhibi-



6368 HOYT ET AL. J. VIROL.

Chromatin Nuclear Lamins A/C

C

9o

FIG. 7. Nuclear localization of crls induces disorganization of the A-type nuclear lamina network. HeLa cells were transfected with GFP-
uls-PK (A to C) or GFP-No NLS als-PK (D to F). Digital microscopy of LaA/C-labeled cells expressing GFP-ols-PK showed delamination of
the A-type nuclear lamina network (arrowheads in panel C). Cells in which cris is expressed but is not able to translocate to the nucleus showed
conventional LaA/C staining (F). Hoechst 33342 dsDNA stain was used to define nuclei (B and E).

tion (21, 23). Like these lamin-based nuclear herniations, als- leads to a GM,/ cell cycle arrest in infected cells and is asso-
induced nuclear herniations display similar patterns of lamina ciated with alteration of the activity and phosphorylation status
disorganization, chromatin staining, and NE shape abnormal- of key G2/M regulatory proteins (31). The phosphorylation
ities. However, NPC clustering is a prominent feature of o'ls- state and consequent enzymatic activity of many G2/M proteins
induced herniations, and although NPC clustering is a result of are in part dependent upon their subcellular compartmental-
lamin-based nuclear architecture abnormalities in the C. el- ization (29). Interestingly, even though reoviruses (which un-
egans and Drosophila systems (21, 23), this has not yet been dergo cytoplasmic viral replication) and retroviruses (which
described for mammalian cells, undergo nuclear viral replication) differ dramatically in their

An alternative explanation for our findings is that altered replicative strategies and structural organizations, the human
NPC structure and distribution may trigger disorganization of immunodeficiency virus type 1 Vpr protein has many func-
the nuclear lamina and its attached chromatin, resulting in the tional parallels with reovirus crls, including the capacity to
development of nucleoporin-based nuclear herniations. NPCs induce both G2/M cell cycle arrest and nuclear herniations in
form an immobile network within the NE and are tethered by infected and transfected cells (10, 31-33). It has recently been
the nuclear lamina (8, 21, 23, 39). Wente and Blobel suggested suggested that Vpr-induced nuclear herniations may serve to
a model in which perturbation of the N terminus of nucleo- sregulate the compartmentalization of G2!M cell cycle pro-
porin 145p (nupl45p) resulted in an irregular NPC distribu- teins (10). Perhaps crls plays an analogous role in reovirus-
tion, NPC clustering, and multilobulated nuclei with irregular infected cells. Both Vpr (10)- and als-induced nuclear hernia-
chromatin organization (43). They suggested that loss of the N tions are characterized by the disorganization of the nuclear
terminus of nup145p left the NPC unanchored and allowed it lamina and chromatin architecture, yet cris-induced nuclear
to diffuse into the NE, resulting in NPC clustering and nuclear herniations consistently display clustering of NPCs at or near
shape abnormalities (43). In yeast two-hybrid experiments, we herniation sites, establishing them as a of type of virus-found that crls interacted with mammalian nucleoporin p54 henainsteetbihigte saunique tp fvrs
foup4(un pubhat lishe obser vatedwion) Thmmaisn suggest possibi induced nuclear alteration. It is possible that this disorganiza-(n u p 5 4 ) (u n p u b lish e d o b se rv a tio n ). T h is su g g e sts th e p o ssib il- t o t e f p a s a r l n d s u t n e l c c e r g l t o . C
ity that orls may interact with nup54 and destabilize the NPC tion itself plays a role in disrupting cell cycle regulation. C.
structure within the NE, allowing the unanchored NPC to elegans lamin mutants have both abnormal nuclear morphol-
migrate and cluster with other destabilized NPCs within the ogy and the inability to complete the cell cycle (23), and
NE. One consequence of the abnormal migration of NPCs is Xenopus extracts with disrupted nuclear lamin organization
that the attached lamina could become strained and disorga- undergo DNA synthesis arrest, in turn prohibiting mitotic pro-
nized, in turn altering nuclear morphology and chromatin or- gression (25). Taken together, these findings suggest that crls
ganization. This model is supported by our data, which show may alter nuclear architecture to affect G 2/M arrest by either
that, similar to the case for nup145pAN herniations, crls ex- herniating the nucleus or disrupting nuclear lamina organiza-
pression induces misshapen lobulated nuclei with prominent tion.
nuclear herniations, clustered NPCs, and aberrant chromatin Mechanisms of virus-induced cytopathic effects in infected
staining, host cells are complex and only partially defined. Our work

Regardless of whether cris-induced nuclear herniations arise presented here identifies a new type of virus-mediated alter-
from a primary lamina disorganization event or from a primary ation of nuclear architecture and a novel form of virus-induced
disturbance in NPC structure, it is interesting to speculate cytopathic effect. Virus-induced nuclear herniations may well
about their potential biological significance. Reovirus infection influence regulation of cellular behavior and gene expression
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from the nucleus and ultimately disease pathogenesis in the 20. Hutchison, C. J. 2002. Lamins: building blocks or regulators of gene expres-
infected host. sion? Nat. Rev. Mol. Cell Biol. 3:848-858.

21. Lenz-Bohme, B, J. Wismar, S. Fuchs, R. Reifegerste, E. Buchner, H. Betz,
and B. Schmitt. 1997. Insertional mutation of the Drosophila nuclear lamin

ACKNOWLEDGMENTS Dm0 gene results in defective nuclear envelopes, clustering of nuclear pore
complexes, and accumulation of annulate lamellae. J. Cell Biol. 137:1001-

We thank Gary W. Mierau for electron microscopy collaboration. 1016.
We also thank Warner C. Greene for the generous gift of the pEGFP- 22. inm, C, D. Lee, T. Seo, C. Choi, and J. Choe. 2003. Latency-associated
PK vector, which was invaluable in our studies, and Terry Dermody for nuclear antigen of Kaposi's sarcoma-associated herpesvirus functionally in-
the 2F4 hybridoma cell line. teracts with heterochromatin protein 1. 1. Biol. Chem. 278:7397-7405.

This work was supported by Public Health Service grant 23. Iu, J., T. K. Ben Shahar, D. Riemer, M. Treinin, P. Spann, K. Weber, A.
1RO1AG14071 from the National Institutes of Health (to K.L.T.), Fire, and Y. Gruenbaum. 2000. Essential roles for Caenorhabditis elegans

lamin gene in nuclear organization, cell cycle progression, and spatial orga-Merit and REAP grants from the Department of Veterans Affairs (to nization of nuclear pore complexes. Mol. Biol. Cell. 11:3937-3947.
K.L.T.), U.S. Army Medical Research and Material Command grant 24. Moir, K. D., and T. P. Spann. 2001. The structure and function of nuclear
DAMD17-98-1-8614 (to K.L.T.), and the Reuler-Lewin Family Pro- lamins: implications for disease. Cell Mol. Life Sci. 58:1748-1757.
fessorship of Neurology (to KL.T.). 25. Moir, K. D., T. P. Spann, H. Herrmann, and K. D. Goldman. 2000. Disrup-

tion of nuclear lamin organization blocks the elongation phase of DNA
REFERENCES replication. J. Cell Biol. 149-.1179-1192.

1. Belli, B. A., and C. E. Samuel. 1991. Biosynthesis of reovirus-specified 26. Muranyi, W., J. Haas, M. Wagner, G. Krohne, and U. H. Koszinowski. 2002.polypeptides: expression of reovirus St-encoded sigma INS protein in trans- Cytomegalovirus recruitment of cellular kinases to dissolve the nuclear lam-fected and infected cells as measured with serotype specific polyclonal anti- ina. Science 297:854-857.
body. Virology 185:698-709. 27. Petersen, J. M., L S. Her, and J. E. Dahlberg. 2001. Multiple vesiculoviral
2bodyoo K., 5:69a-709. S.D.al . . matrix proteins inhibit both nuclear export and import. Proc. Natil. Acad. Sci.2. Bodoor, K., 5. Shalkh, P. Enarson, S. Chowdhury, D. Salina, W. H. Raharjo, US9859-9.
and B. Burke. 1999. Function and assembly of nuclear pore complex pro- USA 98:8590-8595.
teins. Biochem. Cell Biol. 77:321-329. 28. Petersen, J. M, L S. Her, V. Varvel, E. Lund, and J. E. Dahlberg. 2000. The

3. Bogerd, A. M., J. A. Hoffman, D. C. Amberg, G. R. Fink, and L L Davis. matrix protein of vesicular stomatitis virus inhibits nucleocytoplasmic trans-
1994. nupl mutants exhibit pleiotropic defects in nuclear pore complex port when it is in the nucleus and associated with nuclear pore complexes.
function. J. Cell Biol. 127:319-332. Mol. Cell. Biol. 20:8590-8601.

4. Clarke, P., S. M. Melntzer, L Moffitt, and K. L. Tyler. 2003. Two distinct 29. Pines, J. 1999. Four-dimensional control of the cell cycle. Nat. Cell Biol.
phases of virus-induced NF-kappaB-regulation enhance TRAIL-mediated I:E73-E79.
apoptosis in virus-infected cells. J. Biol. Chem. 278:18092-18100. 30. Poggioli, G. J., R. L DeBiasi, K. Bickel, K. Jotte, A. Spalding, G. L Johnson,

5. Clarke, P., S. M. Meintzer, C. Widmann, G. L Johnson, and K. L Tyler. and K. L Tyler. 2002. Reovirus-induced alterations in gene expression re-
2001. Reovirus infection activates JNK and the JNK-dependent transcription lated to cell cycle regulation. J. Virol. 76:2585-2594.
factor c-Jun. J. Virol. 75:11275-11283. 31. Poggioli, G. J., T. S. Dermody, and K. L Tyler. 2001. Reovirus-induced

6. Connolly, J. L, S. E. Rodgers, P. Clarke, D. W. Ballard, L. D. Kerr, K. L a]ls-dependent G( 2)/M phase cell cycle arrest is associated with inhibition of
Tyler, and T. S. Dermody. 2000. Reovirus-induced apoptosis requires acti- p34 (cdc2). J. Virol. 75:7429-7434.
vation of transcription factor NF-KB. J. Virol. 74:2981-2989. 32. Poggioli, G. J., C. Keefer, J. L Connolly, T. S. Dermody, and K. L Tyler.

7. Conti, E. 2002. Structures of importins, p. 93-113. In K. Weis (ed.), Nuclear 2000. Reovirus-induced G(,)/M cell cycle arrest requires o<ls and occurs in
transport. Springer-Verlag, Heidelberg, Germany. the absence of apoptosis. J. Virol. 74:9562-9570.

8. Daigle, N., J. Beaudouin, L. Hartnell, G. Imreh, E. Hallberg, J. Lippincott- 33. Poon, B., K. Grovit-Ferbas, S. A. Stewart, and 1. S. Chen. 1998. Cell cycle
Schwartz, and J. Ellenberg. 2001. Nuclear pore complexes form immobile arrest by Vpr in HIV-1 virions and insensitivity to antiretroviral agents.
networks and have a very low turnover in live mammalian cells. J. Cell Biol. Science 281:266-269.
154:71-84. 34. Rodgers, S. E., J. L Connolly, J. D. Chappell, and T. S. Dermody. 1998.

9. DeBiasi, R. L, P. Clarke, S. Meintzer, K. Jotte, B. K. Kleinschmnidt-Demas- Reovirus growth in cell culture does not require the full complement of viral
ters, G. L Johnson, and K. L Tyler. 2003. Reovirus-induced alteration in proteins: identification of a als-null mutant. J. Virol. 72:8597-8604.
expression of apoptosis and DNA repair genes with potential roles in viral 35. Rohr, 0., D. Lecestre, S. Chasserot-Golaz, C. Marban, D. Avram, D. Aunis,
pathogenesis. J. Virol. 77:8934-8947. M. Leid, and E. Schaeffer. 2003. Recruitment of Tat to heterochromatin

10. de Noronha, C. M., M. P. Sherman, H. W. Lin, M. V. Cavrois, K. D. Moir, protein HP1 via interaction with CTIP2 inhibits human immunodeficiency
K. D. Goldman, and W. C. Greene. 2001. Dynamic disruptions in nuclear virus type 1 replication in microglial cells. J. Virol. 77:5415-5427.
envelope architecture and integrity induced by HIV-1 Vpr. Science 94:1105- 36. Schirmer, E. C., T. Guan, and L Gerace. 2001. Involvement of the lamin rod
1108. domain in heterotypic lamin interactions important for nuclear organization.

11. Dermody, T. S., M. L Nibert, K. Bassel-Duby, and B. N. Fields. 1990. J. Cell Biol. 153:479-489.
Sequence diversity in St genes and S1 translation products of 1I serotype 3 37. Scott, E. S., and P. O'Hare. 2001. Fate of the inner nuclear membrane
reovirus strains. J. Virol. 64:4842-4850. protein lamin B receptor and nuclear lamins in herpes simplex virus type 1

12. Enninga, J., D. K. Levy, G. Blobel, and B. M. Fontoura. 2002. Role of infection. J. Virol. 75:8818-8830.
nucleoporin induction in releasing an mRNA nuclear export block. Science 38. Sherman, M. P., C. M. de Noronha, M. L Heusch, S. Greene, and W. C.
295:1523-1525. Greene. 2001. Nucleocytoplasmic shuttling by human immunodeficiency vi-

13. Favreau, C., E. Dubosclard, C. Ostlund, C. Vigouroux, J. Capean, M. Weh- rus type I Vpr. J. Virol. 75:1522-1532.
nert, D. Higuet, H. J. Worman, J. C. Courvalin, and B. Buendla. 2003. 39. Stuurman, N., S. Heins, and U. Aebi. 1998. Nuclear lamins: their structure,
Expression of lamin A mutated in the carboxyl-terminal tail generates an assembly, and interactions. J. Struct. Biol. 122:42-66.
aberrant nuclear phenotype similar to that observed in cells from patients 40. Tyler, K. L, P. Clarke, K L DeBiasi, D. Kominsky, and G. J. Poggioli. 2001.
with Dunnigan-type partial lipodystrophy and Emery-Dreifuss muscular dys- Reoviruses and the host cell. Trends Microbiol. 9:560-564.
trophy. Exp. Cell Res. 282:14-23. 41. Tyler, K. L, M. K. Squier, S. E. Rodgers, B. E. Schneider, S. M. Oberhaus,

14. Fortes, P., A. Beloso, and J. Ortin. 1994. Influenza virus NS1 protein inhibits T. A. Grdina, J. J. Cohen, and T. S. Dermody. 1995. Differences in the
pre-mRNA splicing and blocks mRNA nucleocytoplasmic transport. EMBO capacity of reovirus strains to induce apoptosis are determined by the viral
J. 13:704-712. attachment protein sigma 1. J. Virol. 69:6972-6979.

15. Fouchier, K. A., B. E. Meyer, J. H. Simon, U. Fischer, A. V. Albright, F. 42. Vigouroux, C., M. Auclair, E. Duboasdard, M. Pouchelet, J. Capeau, J. C.
Gonzalez-Scarano, and M. H. Malim. 1998. Interaction of the human im- Courvalin, and B. Buendia. 2001. Nuclear envelope disorganization in fibro-
munodeficiency virus type 1 Vpr protein with the nuclear pore complex. blasts from lipodystrophic patients with heterozygous R482Q/W mutations
J. Virol. 72:6004-6013. in the lamin A/C gene. J. Cell Sci. 114:4459-4468.

16. Glass, J. K., and L Gerace. 1990. Lamins A and C bind and assemble at the 43. Wente, S. R., and G. Blobel. 1994. NUP145 encodes a novel yeast glycine-
surface of mitotic chromosomes. J. Cell Biol. 111:1047-1057. leucine-phenylalanine-glycine (GLFG) nucleoporin required for nuclear en-

17. Gustin, K. E., and P. Sarnow. 2001. Effects of poliovirus infection on nucleo- velope structure. J. Cell Biol. 125:955-969.
cytoplasmic trafficking and nuclear pore complex composition. EMBO J. 44. Wurm, T., H. Chen, T. Hodgson, P. Britton, G. Brooks, and J. A. Hiscox.
20:240-249. 2001. Localization to the nucleolus is a common feature of coronavirus

18. Gusth, K. E., and P. Sarnow. 2002. Inhibition of nuclear import and alteration nucleoproteins, and the protein may disrupt host cell division. J. Virol.
of nuclear pore complex composition by rhinovirus. J. Virol. 76:8787-8796. 75:9345-9356.

19. Hirano, M., S. Kaneko, T. Yamashita, H. Luo, W. Qin, Y. Shirota, T. 45. Zolotukhin, A. S., and B. K. Felber. 1999. Nucleoporins nup98 and nup214
Nomura, K. Kobayashi, and S. Murakami. 2003. Direct interaction between participate in nuclear export of human immunodeficiency virus type I Rev.
nucleolin and hepatitis C virus NS5B. J. Biol. Chem. 278:5109-5115. J. Virol. 73:120-127.



JOURNAL OF VIROLOGY, May 2004, p. 5466-5475 Vol. 78, No. 10
0022-538X/04/$08.00+0 DOI: 10.1128/JVI.78.10.5466-5475.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Regional Differences in Viral Growth and Central Nervous System
Injury Correlate with Apoptosis

Sarah M. Richardson-Burns1 ' 2 and Kenneth L. Tyler1, 2
,
3 '4 *

Neuroscience Program' and Departments of Neurology, Medicine, Immunology, and Microbiology,3 University of
Colorado Health Sciences Center,2 and Denver Veteran's Affairs Medical Center,4 Denver, Colorado 80262

Received 2 October 2003/Accepted 8 January 2004

Infection of neonatal mice with reovirus 1T3 Dearing (T3D), the prototypic neurotropic reovirus, causes fatal
encephalitis associated with neuronal injury and virus-induced apoptosis throughout the brain. T3D variant
K (VarK) is an antigenic variant that has a nearly 1 million-fold reduction in neurovirulence following
intracerebral (i.c.) inoculation compared to T3D and a restricted pattern of central nervous system injury with
damage limited to the hippocampus, sparing other brain regions. We wished to determine whether the
restricted pattern of VarK-induced injury was due to a reduced capacity to replicate in or injure cortical, as
opposed to hippocampal, tissue. We found that following i.c. inoculation, VarK grew to similar titers as T3D
in the hippocampus but had significantly lower titers in the cortex. Both viruses grew to identical titers and
infected the same percentage of cells in mouse primary hippocampal cultures (MHC). In mouse primary
cortical cultures (MCC) both the number of infected cells and the viral yield per infected cell were significantly
lower for VarK than T3D. VarK-induced apoptosis was limited to the hippocampus in vivo, and in vitro both
viruses induced apoptosis equally in MHC but VarK induced significantly less apoptosis than T3D in MCC.
Growth of T3D in MCC was reduced to levels comparable to those of VarK following treatment of MCC with
caspase inhibitors. Conversely, induction of apoptosis in VarK-infected MCC with fatty acid synthase-activat-
ing antibody significantly enhanced viral yield. These results suggest that the decreased neurovirulence of
VarK may be due to its failure to efficiently induce apoptosis in cortical neurons.

Experimental reovirus infection is used as a model for study- spread within the CNS through neural pathways, another prop-
ing the roles of viral genes and the proteins they encode in erty linked to the S1 gene (10). The mutation in VarK is not
virus-cell interactions in vitro and during pathogenesis in vivo. associated with either the sialic acid or JAMI receptor binding

Type 3 (T3) reoviruses are highly neurovirulent, causing fatal domains of sigma 1 (5). The basis for the restricted pattern of
encephalitis in neonatal mice that is associated with massive CNS injury by VarK and its attenuated growth within the CNS
central nervous system (CNS) apoptosis (13, 16). Differences were unknown. We now show that VarK has a selectively

in the capacity of reovirus strains to infect discrete populations reduced capacity to induce apoptosis in the mouse cortex and
of cells within the CNS and to induce apoptosis are determined diencephalon in vivo and in cortical neuronal cultures in vitro.

by the viral S1 gene (22, 23, 25). Antigenic variants of T3 strain This results in reduced viral growth of VarK in the cortex and

Dearing (T3D) have been generated by incubating T3D with diencephalon in vivo and in cortical neurons in vitro compared
anti-sigma 1 neutralizing monoclonal antibodies (19). Follow- to that of the wild-type parent strain T3D. Together, these data

ing intracerebral (i.c.) inoculation into newborn mice, the pro- help explain the restricted pattern of CNS injury and reduced
totypic reovirus antigenic variant K (VarK) has markedly re- CNS viral growth of VarK.
duced neurovirulence and decreased CNS growth and induces
a restricted pattern of CNS injury when compared to the pa- MATELAMS AND METHODS

rental virus from which it was derived, T3D (10, 18). These Viral infection of mice. Postnatal day 2 neonatal Swiss-Webster mice were

dramatic phenotypic differences are reproduced by a reassor- infected with either T3D or variant K via i.e. injection with a 29-gauge needle in

tant virus containing the VarK S1 gene, indicating that muta- a 10-ld volume. Animals were sacrificed 7 days after infection. Control mice were

tions in this gene alone account for the variant phenotype (10). not injected.

Nucleotide sequence analysis of the S1 gene indicate that Primary neuronal cultures. Primary cortical and hippocampal cultures were

VarK and T3D differ by a single nucleotide change which prepared from embryonic day 20 or postnatal day 0 Swiss-Webster mice. Mouse

Varesults indT dieb a single aminonac s ub u tion i hane whinh pups were decapitated, brains were removed, and the cingulate frontal cortex
results in a single amino acid substitution in VarK (K419L) in and hippocampus were dissected, immediately submerged in ice-cold sterile

the globular head domain of sigma 1 (3). Hanks buffer (without calcium chloride, magnesium chloride, magnesium sulfate,

Prior studies indicate that VarK was not restricted for and phenol red; GibcoBRL, Invitrogen, Carlsbad, Calif.), and then manually

growth in mouse L929 fibroblasts in vitro and that it was able dissociated with a 1-ml pipette tip. The percentage of viable cells was quantified
by trypan blue staining with a hemocytometer. Celis were plated at densities of

to grow to equivalent titers as T3D in a wide variety of non- 101 cells per ml in poly-D-lysine (PDL)-coated 12-well polystyrene plates or on

neural organs in vivo (18, 19). VarK also retains the capacity to PDL-laminin 12-mam glass coverslips placed in 6-well plates (BioCoat; BD Bio-
sciences, San Jose, Calif.). Mouse cortical cultures (MCC) were maintained in

neurobasal A media (2% B27 [GibcoBRL], 10% fetal bovine serum, 0.5 mM

* Corresponding author. Mailing address: Department of Neurology L-glutamine) at 37*C in 5% CO 2, and mouse hippocampal cultures (MHC) were
(B-182), University of Colorado Health Sciences Center, 4200 E. 9th maintained in the same media with the addition of 100 pRM glutamic acid (Sigma)

Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. for the first 4 days in culture. Four days after plating, a 50% medium change was

E-mail: ken.tyler@uchsc.edu. performed, adding fresh media. Cells were allowed to mature for 7 to 10 days
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before use in experiments. The neuronal and astroglial contents of MCC and injury seen in the cingulate gyrus, frontoparietal cortex, subic-
MHC were assessed by immunocytochemistry for cell type-specific markers ulum, CAI to CA4 regions of the hippocampus, and several
(other CNS cells are present at negligible levels in the cortex and hippocampus thalamic nuclei (20). In contrast, previous studies found that
of day 0 newborn or day 20 embryonic mice).

Viral growth assays. Viral growth in mouse brains, MCC, and MHC was VarK-induced injury is almost exclusively restricted to the hip-

assayed by determining virus titers at various times postinfection (p.i.) with a pocampus (Fig. 1A to C) (18). VarK is much less neurovirulent
multiplicity of infection (MOI) of 10 by plaque assay on a monolayer of L929 than T3D, which causes fatal encephalitis in 100% of infected
mouse fibroblasts as previously described (10, 14, 21). For some experiments with neonatal mice at doses as low as 10 PFU by 14 days p.i. by i.c.
MCC and MHC, the pancaspase inhibitor ZVAD-FMK (15 p.M; Calbiochem,
San Diego, Calif.) was added to the cultures immediately following viral infection inoculation. In contrast, 90% of mice i.c. infected with the

and was maintained in the media throughout the infection. For some experi- highest possible dose of VarK (greater than 3 X 10' PFU)
ments, the apoptosis-inducing activating antibody anti-fatty acid synthase (FAS) never develop encephalitis and survive beyond 14 days p.i.
(0.5 etg/ml; Upstate Biotech, Waltham, Mass.) was added to the cultures imme- (19). We now report that VarK-infected neonatal mice survive
diately following viral infection and was maintained in the media throughout the into adulthood with no observable neurologic deficits and no
infection.

Histology. For histologic analysis, mouse brains were fixed by immersion in detectable virus in the brain at 6 or 12 weeks after infection,

10% buffered formalin for 18 to 30 h at room temperature (RT), transferred to indicated by the absence of reovirus antigen as detected by
70% ethanol, paraffin embedded, and sectioned at a 4-tim thickness. For each immunohistochemistry (data not shown). Histologic analysis of
animal, a coronal section that showed cingulate gyrus, hippocampus, and thala- brains from these mice revealed prominent lesions in the CA2
mus was stained with hematoxylin and eosin for studies to determine the extent
of virus-induced pathology, to CA4 regions of the hippocampus associated with cellular

Apoptosts assays. Cell monolayers were virus infected with an MOI of 100. debris and evidence of some infiltrating immune cells but no
Apoptotic cells were identified by evaluating nuclear morphology at various gliosis (identified by morphology) (Fig. 1E). This indicates that
times following reovirus infection by staining fixed cells with the fluorescent VarK-induced injury remains restricted to the hippocampus
nuclear DNA intercalating dye Hoechst 33342 (Molecular Probes, Eugene, throughout the course of the infection and that virus has been
Oreg.) as previously described (16). A biotin-streptavidin-based terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) kit cleared from the brain by 6 weeks p.i.

optimized for neuronal tissues and cells was used (NeuroTACS It; Trevigen, VarK grows as well as T3D in the hippocampus but does not
Gaithersburg, Md.). At 48 h following reovirus infection, cells were fixed with grow in other brain regions that support robust growth of
3.7% formaldehyde-phosphate-buffered saline (PBS) for 10 min, postfixed in T3D. The hippocampal restriction of VarK-induced CNS in-
methanol for 20 min, and then permeabilized in Neuropore (Trevigen) for 30
min at RT under hydrophobic coverslips. For each condition, the percentage of jury could result either from an enhanced susceptibility of

TUNEL-positive cells was determined by counting 300 cells in at least three hippocampal compared to cortical neurons to VarK-induced
individual samples. Caspase 3 activity in reovirus-infected (MOI, 100) and mock- injury or by the reduced capacity of VarK to grow in the cortex
infected primary cortical and hippocampal cultures was detected via the APO- compared to the hippocampus. Therefore, to better under-
Alert caspase 3 activity fluorometric assay (Clontech, Palo Alto, Calif.) as pre- stand the altered pattern of CNS pathogenesis of VarK, we
viously described (11). Samples were transferred to 96-well enzyme-linked
immunosorbent assay plates for detection of fluorescent activity with a fluorim- evaluated VarK growth in various brain regions and expression

eter (Cytofluor series 40011; PerSeptive Biosystems) set with a 400-nm excitation of VarK antigen throughout the brain. VarK has attenuated
filter and a 505-nm emission filter, growth in whole-brain lysates compared to T3D (10, 18); how-

Immunocytochemtstry and immunohistochemistry. For viral antigen detec- ever, differences in the capacity of VarK and T3D to grow in
tion, T3D- and VarK-infected (MOI, 100) MCC and MHC were grown on
PDL-coated glass coverslips, fixed at various times following virus infection with individual brain regions have not been previously assessed. We

3.7% formaldehyde-PBS for 30 min at RT, and permeabilized with PBS-0.1% therefore compared growth of T3D and VarK in tissue micro-
Triton X-100 (PBSX). Primary antibody (diluted 1:100 in 3% bovine serum dissected from the hippocampus and cortex (frontoparietal
albumin [BSA]-PBSX) was incubated at 4"C overnight, washed in PBSX, and cortex and cingulate gyrus combined) at 7 days following i.c.
then incubated with secondary antibody for 1 h at RT in the dark. After immu- inoculation of viruses into newborn mice. T3D grew well in all
nocytochemistry, nuclei of cells were labeled with Hoechst 33342-PBS, aqueous
mounted with Vectashield, sealed with nail polish, and stored at 4°C until in- brain regions, reaching viral titers of 109 PFU/ml in the cortex

aging as described for TUNEL. Double labeling of cultures was as previously and >108 PFU/ml in the hippocampus and cerebellum (Fig.
described (16). 2A). VarK grew to nearly the same titter as T3D in the hip-

For immunohistochemistry, mouse brains were fixed in 10% buffered formalin, pocampus but reached a peak titer of <106 PFU/ml in the
paraffin embedded, processed, and sectioned (4-tim thickness), and then sections
were deparaffinized by baking at 57'C for 5 min followed by immersion in mixed cortex, >1,000-fold less than that achieved by T3D.

xylenes and rehydration in a series of descending ethanol concentrations fol- We next compared the distribution of viral antigen in the
lowed by PBS. For viral antigen staining, brain tissue sections were permeabil- brain by immunocytochemistry. In VarK-infected brains, viral
ized with Neuropore (Trevigen) for 30 min at RT, blocked for 1 h in 5% antigen was found exclusively in the CA2-CA4 region of the
BSA-PBSX (PBS with 0.1% Triton X-100), and then incubated for I h at 37'C in striking contrast to T3D infection,
with anti-T3D polyclonal antisera at a 1:1001 dilution in 3% BSA-PBSX (21).
Sections were washed twice in PBSX, incubated for 30 min in the dark with following which antigen was detected throughout the cortex,

secondary antibody anti-rabbit Alexa Fluor 594 (1:100; Molecular Probes) and CA2-CA4 region of the hippocampus, thalamus (Fig. 2C), and
Neurotrace Alexa Fluor 430 Nissl (1:50; Molecular Probes) in 1.5% BSA-PBSX. cerebellum (data not shown). Taken together, these data indi-
Sections were washed three times in PBSX, aqueous mounted with Vectashield cate that although both T3D and VarK grow almost equally
(Vectorlabs, Burlingame, Calif.), sealed with nail polish, and stored at 4°C until
imaging. Immunohistochemistry for activated caspase 3 was as previously de- well in the hippocampus, by contrast, growth of VarK is mark-

scribed (15, 16). edly attenuated in other brain regions that are readily infected
by T3D.

RESULTS VarK induces apoptosis in the hippocampus but not in

other regions of the CNS in infected mice. It has previously

VarK injures only a subset of neurons that are susceptible been shown that apoptosis is the major mechanism by which T3

to T3D-induced injury. T3D causes neuronal injury and death reoviruses induce injury in the CNS (13, 16). We therefore

throughout the neonatal mouse CNS, with particularly severe wished to determine whether VarK and T3D differed in their
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FIG. 1. VarK injures only a subset of neurons that are susceptible to T3D-induced injury, resulting in long-term loss of hippocampal cells after
clearance of the virus. (A) Coronal brain section from an uninfected mouse 9 days (d) postnatal shows normal cytoarchitecture with hematoxylin
and eosin histologic stain. (B) Brain section from VarK-infected mouse 7 days p.i. and 9 days postnatal shows normal cytoarchitecture and no
evidence of neuronal loss in the cortical and thalamic areas but shows viral injury in the CA2 to CA3 region of the hippocampus, indicated by
neuronal death and minor inflammation. (C) Brain section from a T3D-infected mouse 7 days p.i. and 9 days postnatal shows abnormal
cytoarchitecture, massive cell loss, and minor inflammation throughout the cortical, hippocampal, and thalamic regions. T3D-infected mice die 7
to 9 days p.i. (D) Brain section from an uninfected mouse at 12 weeks (84 days) postnatal shows normal brain cytoarchitecture. (E) Brain section
from a VarK-infected mouse 82 days p.i. and 84 days postnatal. CG, cingulate gyrus; FPX, frontoparietal cortex; S, subiculum; DG, dentate gyrus;
THA, thalamic nuclei. Arrows point to areas of severe viral injury. These tissue sections are representative of data from the results of 4 studies
with at least 8 mice per treatment group in each study.

capacity to induce apoptosis in vivo and whether this corre- striking regional restriction in apoptosis induction, failing to
lated with differences in their patterns of replication. At 7 days induce apoptosis in the cortex, thalamus, or cerebellum.
following i.c. inoculation of neonatal mice with T3D or VarK, The capacity of VarK to induce apoptosis and grow in pri-
we analyzed the brains of infected mice for evidence of apo- mary hippocampal and cortical neuronal cultures parallels its
ptosis by TUNEL staining and staining for the activated form in vivo phenotype. Our results in vivo indicated that there was
of the key apoptotic effector caspase, caspase 3. In VarK- an almost perfect correlation between the growth of VarK and
infected brains, apoptosis was limited to the CA2-CA4 region its capacity to induce apoptosis but did not indicate which was
of the hippocampus, the identical anatomic site in which the the key causal factor. Thus, this correlation may have resulted
largest amount of viral antigen was detected by immunocyto- from the fact that apoptosis is required for optimal viral growth
chemistry (compare Fig. 2B to 3B). By contrast, as previously and that a reduced capacity of VarK to induce apoptosis in the
reported (13, 16), T3D produced apoptosis throughout the cortex and other regions may have resulted in impaired repli-
cortex, thalamus, and hippocampus, again corresponding to cation, thus limiting viral growth and virus-induced injury to
regions of peak viral antigen detection (Fig. 3C). Since VarK that brain region. Conversely, optimal viral growth may be
was clearly able to induce apoptosis in the hippocampus, it did required for apoptosis induction, with VarK's impaired repli-
not have a global defect in its capacity to induce neuronal cation in the cortex and other regions resulting in an attenu-
apoptosis. However, in comparison to T3D, VarK showed a ated capacity to induce apoptosis and produce histopatholog-
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FIG. 2. VarK grows as well as T3D in the hippocampus but does not grow in other brain regions that support robust growth of T3D. (A) VarK

did not grow as well as wild-type T3D in the cortex (cingulate gyrus [CG] combined with frontoparietal cortex [FPX]) or cerebellum (CRB),

however VarK and T3D grew to similar titers in the hippocampus (HPC). These data are brain region viral titers from day 7 p.i. *, P < 0.01 for

T3D compared to VarK titer by Tukey-Kramer. These tissue sections are representative of data from the results from 2 studies with 3 mice per

treatment group in each study. (B) The coronal section of the brain from a mouse i.c. inoculated with VarK 7 days p.i. immunohistochemically
stained for reovirus antigen shows that viral antigen is restricted to the CA2 to CA4 regions of the hippocampus (red staining is positive). (C) A

brain section from a mouse i.c. inoculated with T3D 7 days p.i. stained for reovirus antigen shows strong positive staining (red cells) throughout

the cortical, hippocampal, and thalamic regions of the brain. All neurons in brain tissue sections were counterstained with fluorescent Nissl stain
(green cells). These tissue sections are representative of data from the results from 4 studies with at least 8 mice per treatment group in each study.

ical injury. To investigate this issue further, we examined the MOI of 10. Both MCC and MHC have 75 to 95% neuronal

capacity of VarK and T3D to grow and induce apoptosis in content as quantified by dual immunocytochemical staining for

primary neuronal cultures derived from the hippocampus and microtubule-associated protein 2 (MAP2), a neuronal marker,
cortex. and glial fibrillary acidic protein (GFAP), an astroglial marker

Primary neuronal cultures derived from the hippocampus (Fig. 4A to H). Other CNS cells such as oligodendrocytes and
(MHC) and cortex (MCC) of postnatal day 0 mice were pre- microglia (identified morphologically) are not present in these
pared as described (see Materials and Methods) and infected cultures; furthermore, neuronal cultures are maintained in se-
at 7 to 10 days postisolation with either T3D or VarK at an rum-free media to inhibit the growth of nonneuronal cells.
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FIG. 3. VarK induces apoptosis in the hippocampus but not in other regions of the CNS in infected mice. (A) A coronal section from an
uninfected mouse at 9 days postnatal shows few apoptotic cells as detected by immunohistochemistry for activated caspase 3. (B) A brain section
from a VarK-infected mouse 7 days p.i. shows apoptotic neurons positive for activated caspase 3 (brown cells) in the CA2 to CA4 regions of the
hippocampus with very few apoptotic cells present in the cortical or thalamic regions. (C) A brain section from a T3D-infected mouse 7 days p.i.
shows massive apoptosis throughout the brain regions displayed, as indicated, by cells positive for activated caspase 3 staining in the cortical,
hippocampal, and thalamic areas. In both T3D- and VarK-infected mice, regions of apoptotic cells correspond to the regions of viral injury and
those positive for viral antigen as seen in Fig. 1 and 2, respectively. All brain sections were counterstained with a blue stain. Arrows point to areas
of strong activated caspase 3 staining. These tissue sections are representative of data from the results from 3 studies with at least 8 mice per
treatment group in each study.

Both T3D and VarK infected only neurons in both MCC and fector caspase, in infected cell lysates (Fig. 6B). We found that
MHC, as seen previously in MCC prepared for studies by VarK induced significantly less caspase 3 activation than did
Richardson-Burns et al. (16). Here we show dual label immu- T3D in MCC but not MHC. Thus, our results in primary
nocytochemistry for the neuronal nuclei marker (NeuN) and neuronal cultures replicated our findings in vivo. VarK and
reovirus antigen (Fig. 41 to L) (16). Both T3D and VarK grew T3D grow to identical titers and induce similar amounts of
with identical kinetics and reached identical peak titers in apoptosis in MHC, but VarK has both reduced growth and
MHC (Fig. 5A). Conversely, in MCC, VarK grew to signifi- decreased apoptosis in MCC.
cantly lower titers (>10-fold less) than T3D (Fig. 5B). We Inhibiting apoptosis reduces growth of T3D and augmenting
found similar viral titers at 0 h p.i. (cells were exposed to virus apoptosis enhances growth of VarK in cortical neurons. Hay-
for 1 h and washed three times, and then viral titer was mea- ing shown that VarK is associated with reduced growth and
sured) in MCC infected with either VarK or T3D, suggesting decreased apoptosis induction both in vitro and in vivo, it was
that VarK is not deficient in its capacity to attach to cellular still not clear whether this was due to an impaired capacity of
receptors on MCC compared to MHC. VarK to induce apoptosis, resulting in reduced viral growth, or

To determine whether differences in virus titer were the vice versa. Therefore, we wished to determine whether inhib-
result of fewer infected cells per culture or lower viral yield per iting the apoptosis-inducing capacity of T3D would attenuate
infected cell, we performed immunocytochemistry on infected its growth and, conversely, whether augmenting the apoptosis-
cultures. Both T3D and VarK infected a similar percentage of inducing capacity of VarK would enhance its growth. Previous
cells in MHC; however, in MCC, VarK infected approximately studies on T3D-induced neuronal apoptosis indicated that
50% fewer cells than T3D (Fig. 5C). This represents a signif- peptide caspase inhibitors are potent blockers of T3D-induced
icantly different percentage of infected MCC for T3D versus apoptosis in neurons; hence, ZVAD-FMK, a pancaspase in-
VarK, yet this does not completely account for the >10-fold (1 hibitor, was used to inhibit apoptosis in this experiment. Since
log) difference in virus titer seen between the two viruses in it had previously been shown that the death receptor FAS-FAS
MCC (Fig. 5B). These results suggest that the yield of VarK ligand system was important in mediating reovirus-induced
per infected cell was identical to that of T3D in the hippocam- apoptosis in primary neuronal cultures (1 6), we tested whether
pal cultures but lower than that of T3D in the cortical cultures, an antibody which binds and activates the death receptor FAS

We next wished to compare the capacity of VarK and T3D (anti-FASactiv), inducing apoptosis in MCC, can function as a
to induce apoptosis in MCC and MHC by TUNEL. We found possible reagent for augmenting virus-induced apoptosis.
that VarK and T3D induced almost identical levels of apopto- As previously reported (16), T3D-induced apoptosis in
sis in MHC; however, VarK induced significantly less apoptosis MCC is significantly inhibited by the pancaspase inhibitor
than T3D in MCC (Fig. 6A). To confirm these results, we ZVAD-FMK (P < 0.001) (Fig. 6C). ZVAD treatment de-
measured levels of activated caspase 3, the key apoptosis ef- creases percentage of apoptosis in T3D-infected MCC to levels
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FIG. 4. MCC and MHC are 75 to 95% neuronal, and only neurons are infected by T3D or VarK. (A) Nuclei in MCC prepared from E20-P0

stained with the fluorescent nuclear dye Hoechst 33342. Magnification, X 100. (B) Neurons in MCC immunocytochemically detected with
anti-MAP2 (Alexa Fluor 594; red staining) show both pyramidal neurons (larger with long processes) and intemeurons (smaller with little or no
processes). (C) Astroglia in MCC stained with anti-GFAP (green staining) show a few positive cells. (D) The merged image shows that most cells
in the culture are neurons. (E) Nuclei in MHC prepared from E20-PO stained with the fluorescent nuclear dye Hoechst 33342. (F) Neurons in
MHC immunocytochemically detected with anti-MAP2 (Alexa Fluor 594; red staining) show both pyramidal neurons (larger with long processes)
and interneurons (smaller with little or no processes). (G) Astroglia in MHC stained with anti-GFAP (green staining) show a few positive cells.
(H) The merged image shows that most cells in the culture are neurons. (I) T3D-infected MCC dual labeled for reovirus antigen (anti-T3D
polyclonal, green staining) and the neuronal nucleus marker NeuN (Cy3; red staining) shows that infected cells (antigen in cytoplasm) are neurons.
Magnification, X400. (J) T3D-infected MHC dual labeled for reovirus antigen (green) and the neuronal nucleus marker NeuN (red). (K) VarK-
infected MCC dual labeled for reovirus antigen (green) and the neuronal nucleus marker NeuN (red). (L) VarK-infected MHC dual labeled for
reovirus antigen (green) and the neuronal nucleus marker NeuN (red).
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A 7.6 /a caspase 1-specific inhibitor (Fig. 7E), This is consistent with
z7/ previous studies indicating that T3 reovirus-induced apoptosis

is not associated with caspase 1 activation, further supporting
the idea that reovirus-induced apoptosis is mediated by specific

SVH W C virus-activated cellular signaling (11). These results clearly in-
dicate that inhibition of apoptosis can inhibit growth and yield
of T3D in neurons (Fig. 7E). No caspase inhibitor changed the

4.5_ VarK titer in MCC (Fig. 7A and E).
0.$ 24 4 72 Having shown that inhibition of apoptosis could decrease

7.5. viral growth and yield in cortical cultures, we next wished to see
7. whether augmentation of apoptosis would enhance the repli-

It - cation of VarK in MCC. Infected MCC were exposed to the
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FIG. 5. Capacity of VarK to infect and grow in primary hippocam- 2

pal and cortical neuronal cultures parallels its in vivo phenotype. t00
(A) T3D and VarK grow to similar titers in MHC; (B) in MCC, T3D 0
grows significantly better than VarK. *, P < 0.05 by Tukey-Kramer. C MHC
(C) MCC and MHC were infected with either T3D or VarK, and
immunocytochemistry was performed to detect the percentage of vi- moc
rus-infected cells at 48 h p.i. The percentage of cells positive for viral A
antigen was quantified in each culture. *, P < 0.01 by Tukey-Kramer. 40

These data are representative of viral growth assays performed for at "
least three individual samples of primary cultures from three to four
different culture preparations.

closer to that seen in VarK-infected MCC; however, treatment 0 D TIC. r. Var vUKt V.,C+

of VarK-infected MCC with ZVAD does not further reduce ZVAD FASStv ZVA FAS&,v

the level of virus-induced apoptosis. Anti-FASactiv induces FIG. 6. VarK induced significantly less apoptosis than T3D in
apoptosis in MCC similarly to levels seen with T3D infection MCC, but in MHC, VarK and T3D kill an equal percentage of cells.
(data not shown) and significantly increases the level of apo- (A) TUNEL, a marker for apoptosis-associated DNA fragmentation,

was performed on MCC, and MHC were infected with either T3D or
ptosis in both T3D- and VarK-infected MCC compared to VarK at 48 h p.i. Significantly fewer MCC were TUNEL positive after
either virus alone (P < 0.05) (Fig. 6C) or virus-plus-control VarK infection than after T3D infection, whereas T3D- and VarK-
nonactivating FAS antibody (anti-FASneg) (data not shown). infected MHC had similar percentages of TUNEL-positive cells. (B)
Therefore, we used anti-FASactiv as an apoptosis-inducing Another assay for apoptosis which detects the total level of activated
reagent in VarK-infected MCC to determine whether increas- caspase 3, an apoptosis-specific protease in cell lysate, by fluorogenic

substrate cleavage. Increases in raw fluorescence of the cell lysate
ing the capacity of VarK to induce apoptosis in MCC could correspond to increases in levels of activated caspase 3 present in the
increase VarK titer. lysate. By 24 h p.i., there was significantly more activated caspase 3 in

We found that treatment with ZVAD (25 AiM) significantly T3D-infected MCC than in VarK-infected MCC. At the same time,
reduced T3D virus titer and viral yield in MCC but had no activated caspase 3 levels in MHC infected with T3D or VarK were the

same. *, P < 0.01 by Tukey-Kramer. These data are representative ofeffect on viral growth in VarK-infected MCC (Fig. 7A and C). apoptosis assays performed with at least three individual samples of
The virus titer in ZVAD-treated T3D-infected MCC was vir- primary cultures from three to four different culture preparations.
tually identical to that seen following VarK infection, and viral (C) Apoptosis morphology assay (percent apoptosis in mock-infected
yield per cell was actually lower than that seen following VarK control MCC subtracted from all treatments) at 48 h p.i. in MCC
infection (Fig. 7C). The T3D titer in infected MCC was also infected with either T3D or VarK (MOI of 100) and treated with

caspase inhibitor ZVAD (25 AM in dimethyl sulfoxide), anti-FASactiv
significantly reduced by DEVD-FMK (15 A±M), a caspase (0.25 Ag/ml), or dimethyl sulfoxide (vehicle control). *, P < 0.01 by
3-specific peptide inhibitor, but not by YVAD-FMK (15 p.M), Tukey-Kramer.
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FIG. 7. Inhibiting apoptosis reduces growth of T3D, and augmenting apoptosis enhances growth of VarK in cortical neurons. (A) ZVAD
treatment of T3D-infected MCC but not VarK-infected MCC results in a significant reduction in viral titer by 48 h p.i. Viral titer and the growth
kinetics of ZVAD-treated T3D-infected MCC resembled those of VarK-infected MCC. *, P < 0.01 for T3D versus T3D plus ZVAD by Tukey-
Kramer). (B) Anti-FASactiv (0.25 Rg/ml) added at 18 h p.i. to T3D- or VarK-infected MCC significantly increased VarK viral titer in MCC but
did not increase titer to levels seen in T3D-infected MCC. *, P < 0.05 for T3D versus VarK plus FASactiv and VarK plus FASactiv versus VarK
by Tukey-Kramer). (C) ZVAD treatment of T3D-infected MCC reduces viral yield in MCC compared to untreated T3D-infected cells. Viral yield
was calculated by dividing the total viral titer at one time point by the viral titer at time 0 h p.i. (D) Anti-FASactiv treatment increased VarK viral
yield compared to untreated VarK-infected MCC at all times p.i. after addition to the cultures. (E) Viral titer at 48 h p.i. for T3D- and
VarK-infected MCC treated with either vehicle (2 Rl of dimethyl sulfoxide), caspase 3 inhibitor DEVD (15 ItM in dimethyl sulfoxide), or caspase
1 inhibitor YVAD (15 p.M in dimethyl sulfoxide). As previously seen, T3D and VarK have significantly different titers at 48 h p.i. in MCC. **, P <
0.01. DEVD but not YVAD treatment significantly reduced T3D viral titer at 48 h p.i., bringing the T3D titer to the same level as the VarK titer.
*, P < 0.05. Neither treatment has an effect on VarK titer. (F) Viral titers of T3D and VarK at 48 h p.i. in MCC treated with either vehicle (2 RI1

of PBS), anti-FASactiv or anti-FASnegative antibody (control antibody, 0.25 pRg in 2 ILI of PBS). Anti-FASactiv but not FASneg antibody
significantly increased VarK viral titer in MCC at 48 h p.i. *, P < 0.05 for VarK plus FASactiv versus VarK. Neither antibody had an effect on the
T3D viral titer. These data are representative of viral growth assays performed with primary cultures from at least four different culture
preparations and apoptosis assays performed with two MCC preparations.

FAS-activating antibody, anti-FASactiv (0.25 pRg/ml), at 18 h or T3D virus titer in MCC, indicating that the increased VarK
p.i., a time p.i. at which previous studies indicate that virus- titer seen in MCC treated with FAS activator is not nonspe-

induced neuronal apoptosis is under way in T3D-infected cifically associated with treatment of MCC with a FAS anti-
MCC (16). Treatment of VarK-infected cells with anti-FAS- body (Fig. 7F). Taken together, these results suggest that dif-
activ significantly increased both titer and viral yield of VarK ferences in the capacity of T3D and VarK to induce apoptosis
(Fig. 7B and D). Despite an increasing percentage of apoptosis may be responsible for differences in their patterns of growth
in T3D-infected MCC (Fig. 6C), anti-FASactiv did not further in specific neuronal populations. This idea is further supported
increase T3D titer, suggesting that T3D is already growing by our data showing that a higher percentage of virus-induced
maximally in MCC (Fig. 7B and F). A FAS-negative control apoptosis in MCC corresponds with increased viral yields (Fig.
antibody which binds the FAS receptor but does not activate 8A and B). Treatments that reduce virus-induced apoptosis,
associated apoptotic signaling cascades did not increase VarK such as exposure to caspase inhibitors, reduce viral yield, and
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A inability to grow in or injure cortical as opposed to hippocam-
pal neurons. We found in both infected mouse brain and in
primary neuronal cultures that VarK was as competent as T3D
to grow in and injure hippocampal neurons. By contrast, bothjI in vivo and in vitro VarK had a markedly reduced capacity to

1* grow in and injure cortical neurons compared to T3D. It was

M Tpreviously shown that CNS injury induced by T3 reoviruses
2.$ results from apoptosis and that apoptotic injury was limited to[ regions of viral growth, as determined by immunocytochemical

.5 detection of viral antigen (13, 16), and a similar correlation in< l i i VarK-infected brains was found. These results clearly indicate
that the restricted CNS injury induced by VarK is associated

• with both decreased viral replication and impaired apoptosis.
TWfl T3D.OW V" VoK.FA3.& Since VarK showed both impaired growth and decreased

FIG. 8. Higher percentage of apoptosis in MCC corresponds to capacity to induce apoptosis, it is not possible to definitively
higher viral yield. (A) The percentage of apoptosis was quantified at determine which of these two phenomena is the key causal
48 h p.i. in T3D, T3D plus DEVD, VarK, or VarK plus FASactivating
antibody-treated MCC. T3D induced significantly greater levels of event. Decreased growth may have resulted in decreased ca-
apoptosis than T3D plus DEVD or VarK alone. *, P < 0.01. T3D pacity to induce apoptosis, or conversely, decreased capacity to
alone was not different than VarK plus FASactiv. T3D plus DEVD was induce apoptosis may have inhibited viral growth and spread. It
not different than VarK alone. The percentage of apoptosis in control was previously shown that apoptosis induction does not require
mock-infected MCC was subtracted from each treatment prior to
graphing. Apoptosis was measured by staining fixed cells with Hoechst viral growth (17), and in fact, there is little correlation in
3342 and counting cells with condensed and/or fragmented nuclei, continuous nonneuronal cell lines between the efficiency of
(B) The viral yield in MCC at 48 h p.i. was quantified for each treat- reovirus replication and the capacity of viruses to induce apo-
ment: T3D, T3D plus DEVD, VarK, or VarK plus FASactiv. DEVD ptosis. For example, both T1L and T3D grow to approximately
treatment significantly inhibited T3D growth, making T3D plus DEVD equivalent titers in L929 fibroblasts, yet T3D induces apoptosis
titers similar to that of VarK alone. *, P < 0.01. VarK grew signifi-
cantly better in the presence of FASactiv, growing to titers similar to far more efficiently in these cells than TI L (23). Similarly, TI L
those with T3D. **, P < 0.05. grows better than T3D in MDCK cells, yet T3D induces sig-

nificantly more apoptosis (17). However, in several systems,
inhibition of apoptosis has led to a modest but reproducible

on the other hand, the attenuated virus VarK that normally decrease in virus titer in reovirus T3-infected cells, suggesting
produces low viral yields grows significantly better in the pres- that apoptosis may be required for maximal replication effi-
ence of an apoptosis inducer, ciency of T3 reoviruses both in vitro and in vivo.

We found that inhibiting apoptosis in primary cortical cul-
DISCUSSION tures by treatment of cells with a pancaspase inhibitor or a

caspase 3 inhibitor significantly reduced T3D viral growth,
In this study, we investigated whether the neurovirulence of making the T3D growth curve resemble that of VarK. These

T3 reoviruses is linked to the capacity to induce apoptosis by results provide the clearest evidence to date, suggesting that
examining two reovirus strains that differ greatly in neuroviru- apoptosis is required for maximal replication of T3 reoviruses.
lence. VarK, a reovirus antigenic variant, differs from its parent Interestingly, treatment of T3D-infected cortical cultures with
strain T3D by only a single amino acid change in the viral cell a caspase 1 inhibitor did not significantly reduce virus titer.
attachment protein, sigma 1. Several key differences in the Previous studies in our laboratory indicate that caspase 3, but
pathogenesis of reovirus strains have been linked to the sigma not caspase, plays a key role in T3 reovirus-induced apoptotic
1 protein, including differences in the patterns of tropism signaling; thus, our findings here further support the idea that
within and spread to the CNS (24, 26), the capacity to induce virus-activated apoptotic signaling has a role in viral growth
apoptosis (1, 2, 4, 8), and differences in the capacity to bind to (11, 16). In contrast to that seen with apoptosis inhibitors in
cell surface receptors, including sialic acid. Prior studies of T3D-infected cortical cultures, treating VarK-infected cortical
VarK indicate that the striking differences in neuropathogen- cultures with an apoptosis-inducing agent significantly en-
esis between this virus and T3D are not likely due to the hanced the VarK titer in the cells, although this treatment did
inability of this virus to spread to or within the CNS (10) or to not restore the yield of VarK to wild-type (T3D) levels. These
bind to either sialic acid-containing or JAMI reovirus recep- data support the idea that VarK has a defect in its capacity to
tors, despite proximity of the VarK mutation to the JAM re- induce apoptosis which is associated with reduced growth in
ceptor binding site (5). certain types of neurons and support the idea that induction of

T3D administered by either intraperitoneal or i.c. injection apoptosis is an important mechanism of viral neuropathogen-
causes severe neuronal injury and death throughout the neo- esis. A similar phenomenon has been seen following Sindbis
natal mouse CNS, whereas VarK induces CNS injury only after virusinfection, inwhichcoincident overexpressionofthe antiapo-
i.c. injection and the injury is restricted to the CA2 to CA4 ptotic protein Bcl-2 inhibits viral growth and reduces neuro-
regions of the hippocampus (10, 18, 19, 25). Since VarK is not virulence (12).
deficient in its capacity to spread within the CNS or in its The explanation for the cell type specificity of VarK's effects
potential to bind cellular receptors, we asked whether the remains to be established, as the defects in replication and
restricted pattern of tissue injury by VarK was due to either its apoptosis do not occur in hippocampal neurons but are clearly
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manifested in cortical neurons. The sigma I protein plays a key 2001. Reovirus infection activates JNK and the JNK-dependent transcriptionSrole in the activation of cellular signaling pathways, leading to factor c-Jun. J. Virol. 75:11275-11283." rolein the activation ofspecific cellular sinan tiong p a cth s, ldinc 8. Connolly, J. L, E. S. Barton, and T. S. Dermody. 2001. Reovirus binding tothe activation of specific cellular transcription factors, includ- cell surface sialic acid potentiates virus-induced apoptosis. J. Virol. 75:4029-
ing NF-KB (6, 9) and c-Jun (7), and to the selective activation 4039.
of mitogen-activated protein kinase cascades that play a critical 9. Connolly, J. L, S. E. Rodgers, P. Clarke, D. W. Ballard, L D. Kerr, K. LTyler, and T. S. Dermody. 2000. Reovirus-induced apoptosis requires acti-role in apoptosis induction (27). It remains to be seen whether vation of transcription factor NF-KB. J. Virol. 74:2981-2989.
the mutant sigma 1 protein is only capable of inducing these 10. Kaye, K. M, D. R. Spriggs, R. Bassel-Duby, B. N. Fields, and K. L Tyler.events in hippocampal acortical cultures. Perhaps 1986. Genetic basis for altered pathogenesis of an immune-selected antigenicnas opposed to cvariant of reovirus type 3 (Dearing). J. Virol. 59:90-97.
the mutant protein is defective in its capacity to interact with 11. Komlnsky, D. J., R. J. Biekel, and K. L Tyler. 2002. Reovirus-induced
key host signaling proteins that either differ or are only re- apoptosis requires both death receptor- and mitochondrial-mediated cas-

pase-dependent pathways of cell death. Cell Death Differ. 9:926-933.quired in one type of cells but not another. 12. Lewis, J., S. L Wesselingh, D. E. Grifin, and J. M. Hardwick. 1996. Alpha-
In conclusion, we show that the altered neurovirulence of virus-induced apoptosis in mouse brains correlates with neurovirulence.

VarK is associated with a reduced capacity to induce apoptosis J. Virol. 70:1828-1835.
13. Oberhaus, S. M., R. L Smith, G. H. Clayton, T. S. Dermody, and K. L Tyler.and grow in selected populations of neurons compared with 1997. Reovirus infection and tissue injury in the mouse central nervous

the wild-type parent strain T3D. Our findings suggest that the system are associated with apoptosis. J. Virol. 71:2100-2106.
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the efficiency of viral replication. Induction of apoptosis is 15. Richardson-Burns, S. M., B. K. Kleinschmidt-DeMasters, R. L DeBiasi,
likely to be an important mechanism for efficient production of and K. L Tyler. 2002. Progressive multifocal leukoencephalopathy and apo-

ptosis of infected oligodendrocytes in the central nervous system of patientsviral progeny following T3D infection in the CNS. Further with and without AIDS. Arch. Neurol. 59:1930-1936.
elucidation of the basis for the selective vulnerability of specific 16. Richardson-Burns, S. M., D. J. Kominsky, and K. L Tyler. 2002. Reovirus-
neuronal populations to reovirus-induced apoptosis may help induced neuronal apoptosis is mediated by caspase 3 and is associated withthe activation of death receptors. J. Neurovirol. 8:365-380.shed light on the key cellular proteins and signaling pathways 17. Rodgers, S. E., E. S. Barton, S. M. Oberhaus, B. Pike, C. A. Gibson, K. L
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Isolation and Molecular Characterization of a Novel
Type 3 Reovirus from a Child with Meningitis
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Mammalian reoviruses are nonenveloped viruses that contain a segmented, double-stranded RNA genome.
Reoviruses infect most mammalian species, although infection with these viruses in humans is usually asymp-
tomatic. We report the isolation of a novel reovirus strain from a 6.5-week-old child with meningitis. Hem-
agglutination and neutralization assays indicated that the isolate is a serotype 3 strain, leading to the designation
T3/Human/Colorado/1996 (T3C/96). Sequence analysis of the T3C/96 S1 gene segment, which encodes the
viral attachment protein, ul, confirmed the serotype assignment for this strain and indicated that T3C/96 is
a novel reovirus isolate. T3C/96 is capable of systemic spread in newborn mice after peroral inoculation and
produces lethal encephalitis. These results suggest that serotype 3 reoviruses can cause meningitis in humans.

Mammalian reoviruses are nonenveloped viruses that respiratory and enteric tracts of children with asymp-
contain a genome of 10 discrete segments of double- tomatic illness [2]. Only mild respiratory or gastro-
stranded RNA (dsRNA) [ 1 ]. There are 3 major reovirus intestinal symptoms are observed when infection is
serotypes, which are differentiated by the capacity of symptomatic [4-7]. There are few studies of human
antisera to neutralize viral infectivity and inhibit hem- reovirus-associated neurological disease [8]. These stud-
agglutination [2, 3]. Reoviruses have a wide geographic ies generally relied on serological analysis or isolation
distribution and can infect virtually all mammals, in- of reovirus from stool samples for diagnosis, which is
cluding humans [4]. diagnostically inconclusive, because of the frequency of

Reoviruses were originally called respiratory enteric asymptomatic reovirus infections. Three studies have

orphans on the basis of their repeated isolation from described the isolation of reovirus directly from cere-

brospinal fluid (CSF) or neural tissue samples obtained
from individuals with meningitis or encephalitis, as de-
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Table 1. Reovirus strains used for T3C/96 S1 gene sequence analysis.

Virus strain8 Abbreviation GenBank accession no. Reference(s)

T1/Human/Ohio/Lang/1953 T1 L/53 M35963 12, 661

T2/Human/Ohio/Jones/1 955 T2J/55 M35964 12, 671

T3/Human/Ohio/Dearing/l 955 T3D/55 NC_004277 [2, 671

T3/HumanANashington, DC/clone 93/1955 T3C93/55 L37675 1681

T3/Human/Washington, DC/Abney/1957 T3A/57 L37677 1691

T3/Human/Washington, DC/clone 84/1957 T3C84/57 L37678 1441
T3/Bovine/Maryland/clone 31/1959 T3C31/59 L37683 [681

T3/Bovine/Maryland/clone 43/1960 T3C43/60 L37682 [681
T3/Bovine/Maryland/clone 44/1960 T3C44/60 L37681 [441

T3/Bovine/Maryland/clone 45/1960 T3C45/60 L37680 [44]

T3/HumaniTahiti/clone 8/1960 T3C8/60 L37679 [681
T3/Bovine/Maryland/clone 18/1961 T3C18/61 L37684 [681
T3/Murine/France/clone 9/1961 T3C9/61 L37676 [68]
T3/Human/Colorado/1996 T3C/96 AY 302467 Present study

' Strains are named according to the following scheme: serotype/species of origin/place of origin/strain designation/
year of isolation [70).

of neurotropism [14, 18] segregate with the viral S I gene, which of a 6.5-week-old child with meningitis. The T3C/96 Si gene

encodes the viral attachment protein [19, 20]. The al protein sequence was determined and compared to all previously re-
which determines the CNS cell types that serve as targets for ported T3 reovirus SI gene sequences. The capacity of T3C/96

reovirus infection, presumably by its capacity to bind receptors to bind sialic acid and JAMI and to cause encephalitis in mice

expressed on specific CNS cells. was assessed. The results indicate that T3C/96 is a novel T3
The u1 protein is a fibrous trimer with an elongated tail reovirus capable of systemic spread to the CNS after peroral

domain that inserts into the virion and a globular head domain inoculation of newborn mice and provide direct evidence that
that projects away from the virion surface [21-231. TI and T3 T3 reovirus can be neurovirulent in humans.

al contain receptor-binding domains in both the tail and head

regions. A domain in the T3 oil tail binds ae-linked sialic acid MATERIALS AND METHODS
[24, 251, and another domain in the head of both TI and T3

orl binds junctional adhesion molecule 1 (JAM1) [26]. The TI Cells, viruses, and antibodies. Spinner-adapted murine L929
al tail also binds cell-surface carbohydrate [25]. As a conse- (L) cells grown in suspension or on monolayer cultures and
quence of a sequence polymorphism in the tail of T3D/55 al, HeLa cell monolayers were maintained as described elsewhere

the sialic acid- and JAMI-binding domains are dissociable by [30, 32]. Prototype reovirus strains TIL/53 and T3D/55 and

treatment of virions with intestinal proteases, such as trypsin reovirus field isolate strains (table 1) are laboratory stocks. Virus

or chymotrypsin [27, 28], which may determine the attenuated titers were determined by use of plaque assay [38], and purified

virulence of T3D/55 after oral inoculation [29]. virus and particle concentrations were determined, as described

Engagement of reovirus receptors also induces postbinding elsewhere [21, 39]. Antibodies used included murine cit-specific

signaling events that influence disease pathogenesis. Reovirus monoclonal antibody (MAb) 5C6 (TI al) [40], MAb 9BG5
induces apoptosis in cultured cells [30-33], including neurons (T3 al) [41], and JAMl-specific MAb J10.4 [42].

[34], and in vivo [35, 36]. Neurovirulent strains induces ap- Electron microscopy. Supernatant of infected rhesus mon-

optosis to a greater extent than nonneurovirulent strains [30, key kidney (RMK) cells was clarified by centrifugation at 1000

31, 34, 37]. Analysis of T1L/53 X T3D/55 reassortant viruses g for 10 min at 22°C. Clarified supernatant was placed in an
indicates that differences in apoptosis efficiency are determined Airfuge EM-90 rotor (Beckman Coulter) containing a Formvar-

primarily by the cl-encoding S1 gene [30, 31, 37], which sug- coated grid (Electron Microscopy Sciences) and was centrifuged

gests that receptor engagement influences the magnitude of the at 100,000 g for 30 min at 22°C. The grid was stained with 2%

apoptotic response. In concordance with this idea, the most phosphotungstic acid (1 min) and was examined by use of a

apoptogenic reovirus strains bind to both sialic acid [37] and Zeiss EM1O electron microscope.
JAMI [26]. Hemagglutination (HA) assays. Purified reovirus virions

In the present study, we report the isolation of a T3 reovirus (10l particles) were serially diluted in 50 gL of PBS in 96-weU

designated T3/Human/Colorado/1996 (T3C/96) from the CSF round-bottom microtiter plates (Corning-Costar). Calf eryth-
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rocytes (Colorado Serum) were washed twice with PBS and were cytoplasmic fluorescence that was excluded from the nucleus. No

resuspended at a concentration of 1% (vol/vol) in PBS. Eryth- background staining of uninfected control monolayers was de-
rocytes (50 AL) were added to wells containing virus and in- tected. Reovirus antigen-positive cells were quantitated bycounting

cubated for 2 h at 4-C. fluorescent cells in 3 random fields of view/well in triplicate at a

Neutralization assays. TI and T3 al-specific MAbs were 20X magnification.

serially diluted 2-fold in gelatin saline and were incubated with Mice and inoculations. ND4 Swiss Webster mice aged 2-

10' pfu/mL of T3C/96 virions for I h at 37'C. Samples were 3 days with an average weight of 2 g (Harlan) were inoculated

titrated in duplicate on L-cell monolayers by use of plaque either intracranially or perorally with purified virus. Before in-
assay 138]. Data are presented as the percentage of control oculation, all mice from simultaneously delivered litters were

plaque-forming units (virions untreated by antibody). pooled and randomly subdivided into litters of 8-11 mice/dam.
Sequence analysis of the S1 gene. The SI gene segment For intracranial inoculations, 5 AL of purified virus diluted in

of T3C/96 was amplified by use of reverse-transcriptase poly- gelatin saline was delivered into the right cerebral hemisphere

merase chain reaction (RT-PCR), using primers complemen- by use of a Hamilton syringe and a 30-gauge needle 1481. For

tary to the 5' and 3' nontranslated regions (NTRs) [43], and peroral inoculations, 50 IL of purified virus diluted in gelatin
then was cloned into the pCR 2.1 vector (Invitrogen) and se- saline was delivered into the stomach by passage of a polyeth-

quenced by use of T4 DNA polymerase (Sequenase 2.0; United ylene catheter 0.61 mm in diameter (BD Biosciences) through
States Biochemical). Sequences of the NTRs were determined the esophagus [49]. At various times after inoculation, mice were

by use of direct dsRNA sequencing, using purified viral genomic killed, and brains were harvested into 2 mL of gelatin saline.

RNA [441. The S1 gene nucleotide sequences of independent Brains were homogenized by freezing (-70'C) and thawing
isolates of T3C/96 were determined in independent laboratories (37*C), which was then followed by sonication. Virus titer in

and were found to be identical. brain homogenates was determined by plaque assay [38].

Phylogenetic analysis of SI gene nucleotide sequences. The LD, of reovirus was determined by use of ND4 Swiss
Phylogenetic trees were constructed from variation in the al- Webster mice aged 2-3 days. Litters of mice were inoculated

encoding SI gene nucleotide sequences by use of the neighbor- either intracranially or perorally with a single dose of reovirus

joining algorithm (phylogenetic analysis program; MacVector and were checked daily for survival. Moribund mice were killed.

2001, version 7.1.1; Accelrys). Branching orders of the phylo- The LDs, of reovirus was calculated by use of the method of
grams were verified statistically by resampling the data 1000 Reed and Muench [50]. All animal experiments were performed

times in a bootstrap analysis, using the branch and bound al- under institutionally approved protocols in Association for As-
gorithm (MacVector). sessment and Accreditation of Laboratory Animal Care-ap-

Fluorescent-focus assays of viral infectivity. HeLa cell proved facilities.

monolayers (2 X I0W cells/well) were pretreated with PBS, cox- Histological and immunohistochemical staining for reovi-

sackie and adenovirus receptor (CAR)-specific MAb RmcB (20 rus antigen. At various times after intracranial inoculation
Ag/mL) [45, 46], Arthrobacter ureafaciens neuraminidase (40 of neonatal mice, mice were killed. Brains were fixed in 10%

mU/mL; ICN Biomedicals), or JAMI-specific MAb J 10.4 (20 buffered formaldehyde for 24-48 h at 4oC, paraffin embedded,
gg/mL) [42] before adsorption of virus for 1 h at room tem- and thin sectioned. Deparaffinized tissue samples were stained

perature. Inoculum was removed, and cells were washed with with hematoxylin-eosin.
PBS and were incubated for 20 h at 37°C, to permit completion For immunohistochemical staining, deparaffinized tissue

of a single round of viral replication. Cells were fixed with I samples were rehydrated by incubation in PBS for 20 min at

mL of methanol for 30 min at - 20'C. Fixed monolayers were room temperature. Endogenous peroxidase was quenched by
washed twice with PBS, blocked with 5% immunoglobulin-free incubation in 0.3% peroxide in methanol for 30 min. Tissue

bovine serum albumin (Sigma-Aldrich) in PBS, and incubated samples were blocked by incubation in PBS containing 1.5%
for 30 min at 37°C with protein-A-affinity-purified polyclonal normal goat serum for 20 min. After the blocking solution was
rabbit antireovirus serum [471 at a 1:800 dilution in PBS/0.5% removed, tissue samples were incubated for 30 min in rabbit

Triton X-100. Monolayers were washed twice with PBS/0.5% antireovirus serum (1:800 in blocking solution) that was first
Triton X-100 and were incubated with a 1: 1000 dilution of goat purified by protein-A affinity chromatography and was pread-
anti-rabbit immunoglobulin serum conjugated with Alexa Fluor sorbed against methanol-fixed L-cell monolayers. Antigen-pos-

546 fluorophore (Molecular Probes). Monolayers were washed itive cells were visualized by use of avidin-biotin-conjugated
twice with PBS/0.5% Triton X-100, and infected cells were vi- horseradish peroxidase (Vectastain ABC) and 3,3-diamino-

sualized by indirect immunofluorescence by use of a Zeiss Pho- benzadine (DAB) substrate, according to the manufacturer's
tomicroscope III microscope modified for fluorescence micros- instructions (Vector Laboratories). After DAB staining, tissue

copy. Infected cells were identified by the presence of intense samples were rinsed in deionized water and were counterstained

1666 * lID 2004:189 (1 May) - Tyler et at.



for 45 s with hematoxylin, dehydrated in 95% ethanol, air dried, A
and mounted under coverslips by use of Accu-Mount 60 re-

agent (Baxter Healthcare).

RESULTS

Case report. A 6.5-week-old female infant who was delivered

vaginally at 35 weeks gestation had a 3-day history of irritability,

decreased appetite, vomiting, and high-pitched cry. After vital

signs were notable for temperature of 38.8°C (pr), heart rate

of 166 beats/min, respiratory rate of 36 breaths/min, and blood BO

pressure of 72/30 mmHg. The child was in mild respiratory B
distress, with grunting while breathing room air. Her neck was

supple, chest and cardiac examinations were normal, and her

abdomen was soft and nontender. Neurological examination

was remarkable for lethargy, normal cranial nerves, muscle

tone, and reflexes. An episode consistent with a generalized

seizure was noted in the emergency department.

Her hematocrit was 27.7%, white blood cell (WBC) count

was 9500 cells/mm', and platelet count was 412,000 platelets/

mm'. CSF contained a WBC count of 22 cells/mm3 (77% neu-

trophils, 9% bands, and 14% lymphocytes), a protein level of _/T3C/96 S1 gene

67 mg/dL, and a glucose level of 44 mg/dL. The serum glu- -%T3D/55 S1 gene

tamate oxaloacetate transaminase level was 64 IU/L (normal, T11 53

<60 lU/L), and the conjugated bilirubin level was 0.5 mg/dL

(normal, <0.3 mg/dL). Alkaline phosphatase, serum glutamate

pyruvate transaminase, and gamma glutamyltransferase levels

were normal. Bacterial cultures of blood and CSF were sterile.

CSF PCR assay was negative for enteroviruses and herpes sim- C

plex virus. During her 5 days of hospitalization, the patient 5951"I5C6

developed transient abdominal distension and watery diarrhea. 100-

No erythrocytes or leukocytes were observed after microscopy 0 80
of stool samples, and stool cultures were negative for enteric 0

~60-pathogens, as were tests for rotavirus antigen and electron mi- o

croscopy for rotavirus particles. She gradually recovered and
.940-

was discharged from the hospital without obvious neurological 2

sequelae. .20

Isolation and virological characterization of a novel T3 re-

ovirus strain. CSF was inoculated onto primary human dip- 0.0005 0.005 0.05 0.5 5 50 500

loid fibroblast (MRC-5), human epithelial carcinoma (Hep-2), Antibody concentration, jiglmL

and primary RMK cell monolayers. The RMK cell cultures

developed a granular, nonsloughing pattern of cytopathic effect Figure 1. Strain characterization of T3C/96. A, Electron micrograph

(CPE). Supernatant of these cells was used to infect MRC-5 of T3C/96 after growth in primary rhesus monkey kidney cells. B, Elec-
trophoretic analysis of reovirus strains T1L/53, T3C/96, and T3D/55. Ap-

cells, which developed similar CPE. Electron microscopy of proximately equal numbers of reovirus particles were resolved by acryl-

infected cells demonstrated icosahedral nonenveloped viral par- amide gel electrophoresis. Viral double-strand RNA (dsRNA) gene

ticles characteristic of mammalian reovirus (figure IA). segments were visualized after staining of the gel with ethidium bromide.

The original RMK cell lysate was used to inoculate flasks of Position of the serotype-determining S1 gene segment is indicated for

murine L cells, which developed a characteristic reovirus CPE. each strain. C, Neutralization of T3C/96 with al-specific monoclonal an-
tibodies (MAbs). T3C/96 virions were incubated for 1 h at 370C with

Plaque assay of lysates demonstrated round 1-2 mm plaques. either the Tlal-specific MAb 5C6 or the T3 al-specific MAb 9BG5 at

Electrophoretic analysis of infected L-cell lysates demonstrated the concentrations shown. Viral titer was determined by plaque assay,

the presence of 10 viral gene segments (figure IB). The largest using L cells. Data are the mean of 2 experiments.
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Figure 2. Phylogenetic tree based on Si gene nucleotide sequences of 14 reovirus strains. Phylogenetic tree for 1416 nt of the S1 gene (nt 12-
1370) of the strains shown in table 1 was constructed by use of the neighbor-joining algorithm of MacVector (version 7,1,1; Accelrys). Bootstrap
values >50% (indicated as a percentage of 1000 repetitions) for major branches are shown at the nodes. The tree is unrooted.

of the S-class gene segments (Si) migrated slowly in the ac- phylogenetic tree is that the SI gene sequence of T3C/96 is
rylamide gel, a characteristic of T3 reovirus strains (figure 1 B). substantially divergent from all other T3 strains analyzed. How-
Virus produced after infection of L cells agglutinated bovine ever, the T3C/96 S1 gene is more closely related to the SI genes
erythrocytes (HA observed at virus concentrations --6.25 X 10' of the other T3 strains than to those of either TI or T2 strains.
pfu/well), which is characteristic of HA produced by T3 reo- A phylogenetic tree generated by use of the maximum likeli-
virus (data not shown) [51, 52]. The CSF isolate was efficiently hood method (Phylogeny Inference Package) [53] had a to-

neutralized by T3 al-specific MAb 9BG5 (>50% plaque re- pology identical to the tree generated by using the neighbor-
duction at 5 ng/mL), but not by TI al-specific MAb 5C6 (no joining algorithm (data not shown). Therefore, T3C/96 is the
plaque reduction at --500 Ag/mL) (figure IC). The new reovirus first member of a highly divergent clade of T3 reovirus.
isolate was designated T3C/96. Comparison of the deduced amino acid sequences of the

Sequence analysis of the T30/96 SI gene. The reovirus T3D/55 and T3C/96 al proteins confirms their evolutionary
S1 gene, encoding viral attachment protein al [19, 201, is the relationship, with the sequences sharing 74.3% positional iden-
major genetic determinant of neurovirulence in infected mice tity (figure 3A). Secondary structure predictions for the 2 pro-
[14, 151. Therefore, we determined the sequence of the T3C/ teins are strikingly similar (data not shown). Notably, both
96 S1 gene (GenBank accession no. AY302467). The 5' and 3' T3D/55 and T3C/96 al possess amino-terminal regions with
NTRs of all T3 reovirus S1 genes sequenced to date are highly high a-helical predictions and contain regions of sequence be-

conserved [44]. RT-PCR primers complementary to the NTRs tween amino-terminal residues 200-300 with high 0-sheet
were designed to permit amplification of the entire T3C096 St predictions.

gene from infected L-cell lysates. A PCR product of the expected The deduced aa sequence of T3C/96 al protein was com-
size (-1.4 kb) was obtained. The S1 gene cDNA was cloned pared with that of T3D/55 across known functional domains
and sequenced. NTRs of the T3C/96 S1 gene were directly (figure 3B). The region between aa residues 198 and 204 has
sequenced by use of dsRNA as template. Nucleotide sequences been linked genetically [24, 52, 54] and biochemically [25] to
of the prototype T3D/55 and the novel T3C/96 S1 genes shared the capacity of T3D/55 to bind sialic acid. The sequence of
69% positional identity, which provided sequence confirmation T3C/96 al was identical to that of T3D/55 across this region,
of the assignment of this new isolate as a T3 strain, which is consistent with the capacity of T3C/96 to produce HA

To define the evolutionary relationship of the T3C/96 SI and suggests that T3C/96 uses a-linked sialic acid as a corecep-
gene with the St genes of other reovirus strains sequenced to tor. Sequence polymorphism at aa 249 influenced the suscep-

date, we constructed phylogenetic trees by use of variation in tibility of T3 al protein to cleavage by intestinal proteases [281.
the St gene nucleotide sequences and the neighbor-joining al- T3C/96 encoded a hydrophobic isoleucine at aa 249, which is
gorithm (figure 2). The most noteworthy feature of the St a characteristic of all T3 strains that possess protease-resistant
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A T3C/96 receptor utilization. To determine whether T3C/
1 96 is capable of using sialic acid and JAMI as functional re-

T3D/55 MDPRLREEVVRL IIALTSDNAS LSKGLESRVSALEKTSQ IHSDTILRIT
T3C/96 ---- T ---- I-IVL--G---TrK--.F---IQ---Q--K---TSL--L- ceptors, HeLa cells were treated with neuraminidase, JAMI-

51 specific MAb J10.4, or both neuraminidase and MAb J10.4
T30/55 ----- R ------- 9DL---------DAS. SSITAD--ST before adsorption with T3C/96. Infected cells were quantitated
T3C/9 6 -Q-...R------S------------VASVKNTTDP- -SI

101 by use of indirect immunofluorescence, using an antireovirus
T3D/55 S'VTQLGARVGQLETGLADVRVIDHML VARV~rIrAERM GSLIELSTLTM serum (figure 4). Compared to either untreated cells or cells
T3 C/96 6---- E-- -GV---FBGL -H-Y-A- IT-- -A- -- KVDA-A ----- treated with CAR-specific MAb RmcB as a control, treatment

151
T3D/55 VTSIQADFESRI-STLERTAVTSAGAPSIRNRiULNDGLTLSG'NLA of cells with neuraminidase to remove cell-surface sialic acid
T3C/96 -- TMETGI---L ---------- TS ---------- ......-----..... -resulted in a 61% reduction in the number of infected cells.

201 Treatment of cells with JAM1-specific MAb 110.4 resulted in aT3D/SS IRLPGN•GL NIQNGGLQFR FNTD QFQ IVNCNNLT LKTTVFD) SINS RIGA&

T3C/96 - -S ------------ ID-T ------------- S--L-PLI--LD-I- 47% reduction in the number of infected cells. However, when

251 cells were treated with both neuraminidase and MAb JI0.4,
T3D/55 QSYVASAVTPIRLNSSTKVLUML IDSSSPLEINS.SGQLTVR SSPNLRYPI infection by T3C/96 was virtually abolished. Therefore, T3C/
T3C/96 H--...VAA-...PT-R- -- L-T--AA--V -------- K-LT-A-K---

301 96 is capable of using both sialic acid and JAM1 as receptors,
T3D/55 ADVSGGIGSPSNYRFRQOMWIGIVSYSGSGLNWRVQVNI• V0DDYIHI which confirms predictions made by analysis of its al protein
T3C/96 -- I--S S- A- -V-L----------- --- -----------

sequence.

P30/55 351 Pathogenesis of T3C/96 in mice. To test the capacity of
T3C/96 ----- N--T --------- S ---------------------- P -T - -R--- T3C/96 to infect CNS tissue, newborn mice were inoculated

401 intracranially with either T3C/96 or T3D/55 and were killed at
T3D/55 IGLSSGGAP QYM • W•QD GVL RLRVEOGGS IT H S PAMTVSY
T3C/96 ---- A ----- VC--- -I---L -------------------- A -L-- various times after inoculation. Infectious virus present in ho-

451 mogenized brain tissue samples was quantitated by use of plaque
T3D/55 PRSFT assay (figure 5). Similar to T3D/55, T3C/96 replicated efficiently
T3C/96-... in CNS tissues, producing yields 10,000-fold greater than input

B 4 days after inoculation and sustaining high titers in the brain
Protease up to 12 days after infection. These data indicate that T3C/96

Susceptibility can infect and grow to high titer in the murine CNS.
To assess the neurovirulence of T3C/96, litters of newborn

S mice were inoculated intracranially with increasing doses (10'-
" 10 pfu/mouse) of either T3D/55 or T3C/96, and mortality was
monitored daily for 21 days after inoculation (figure 6A). ''3I)/
55 is neurovirulent after intracranial infection, displaying an

-LD•,, of -100 pfu, which is consistent with previously studies,
Sialic acid JAM1 as described elsewhere [38, 57, 581. Infection with T3C/96 also

resulted in lethality, although with somewhat reduced virulence,
Figure 3. Sequence analysis of the T3C/96 al protein. A, Alignment compared with T3D/55 (LD,,, - 3000 pfu). These results in-
of deduced amino acid sequences of the a1 proteins of T3D/55 and T3C/ dct htTC9 svrln fe ietiouaino h

96. T3D/55 al protein aa residues 1-455 are shown by use of the single- dicate that T3096 is virulent after direct inoculation of the
letter aa code. aa Residues in T3C/96 al that are identical to the T3D/ virus into the brain.
55 sequence are indicated by dashes. aa Positions are numbered above To determine whether T3C/96 is virulent after a natural route
the sequences. aa Residues in the predicted sialic acid-binding domain of infection, newborn mice were inoculated perorally with I0',
[24, 25, 52, 54] are underlined. A sequence that confers sensitivity to 10', or 107 pfuimouse of either T3D/55 or T3C/96 and were
cleavage by intestinal proteases [281 is circled. aa Residues identified to
be important for neuronal tropism [55, 56] are boxed, B, Functional do-
mains of al protein. JAM1, junctional adhesion molecule 1. obtained after intracranial inoculation, we found that only T3C/

96 was virulent after peroral inoculation. At the highest dose
al proteins [28]. Two aa residues in the crl head domain (aa of virus used, no mice survived infection with T3C/96, whereas
340 and 419) have been genetically implicated in reovirus neu- 90% of T3D-infected mice survived. Thus, T3C/96 can dissem-
rotropism [55, 56]. These aa residues are identical in the T3D/ inate from the murine intestine to the CNS and produce a
55 and T3C/96 or1 proteins, and aa residues in the immediate lethal infection.
vicinity of these 2 sites are highly conserved. Thus, the divergent To assess pathologic changes associated with T3C/96 infec-
strain T3C/96 conserves several domains of al known to be tion in the CNS, brain section samples derived from mice killed
important for reovirus neurovirulence. 2, 4, and 6 days after intracranial inoculation with either 10'
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Figure 4. Effect of neuraminidase and junctional adhesion molecule 1 (JAMi)-specific monoclonal antibody (MAb) on growth of T3C/96. HeLa

cells (2 x 10' cells) were pretreated with PBS, coxsackie and adenovirus receptor (CAR)-specific MAb RmcB (20 gg/mL) [45, 46], neuraminidase (40

mU/m), JAMI-specific MAb J10.4 (20 I~g/mL) [42], or neuraminidase and MAb J10.4 before adsorption with T3C/96 at an MOI of 1 fluorescent focus
unit (ffu)/cell. After incubation for 20 h, cells were fixed and permeabilized with methanol. Newly synthesized viral proteins were detected by incubating

cells with polyclonal rabbit antireovirus serum, followed by incubation with anti-rabbit immunoglobulin Alexa-546 serum for visualization of infected
cells by indirect immunofluorescence. A, Representative fields of view are shown. B, Reovirus antigen-positive cells were quantitated by enumerating
fluorescent cells in 3 random fields of view/well in triplicate. Data are mean fluorescent focus units for 3 wells. Error bars indicate SDs. ffu, Fluorescent-
forming units.



T in newborn mice. Therefore, T3C/96 is capable of neurovirulent
lT3CI96 infection.

..j E T311/55
EZ -

"4-. DISCUSSION

The present study is the first molecular characterization of a
0 4 reovirus strain isolated directly from the CSF of an infant with
0: symptoms and signs consistent with meningitis. The strain iso-

lated, T3C/96, is a novel T3 reovirus, as determined by its HA
1 2 capacity, neutralization profile, and Si gene sequence. Molec-

> ular analysis of the T30/96 Si gene indicates that this strain is
the most divergent T3 reovirus isolated to date. Despite this

4 8 12 divergence, key functional domains of ol are conserved in this

Time after inoculation, days strain. T3C/96 encodes an isoleucine at position 249 in al, a
polymorphism that has been linked to the capacity of T3 re-

Figure 5. Growth of T3C/96 in mice after intracranial inoculation. ND4 ovirus strains to infect the murine intestine and to spread from
Swiss Webster mice (aged 2-3 days) were inoculated intracranially with the intestine to the CNS [28]. In addition, key aa residues in
100 plaque-forming units (pfu) of either T3C/96 or T3D/55. At the indicated the al head domain implicated in T3 neural tropism and neu-
days after inoculation, mice were killed, and brains were collected. Brain
tissue samples were homogenized by sonication, and titers of virus present
in homogenates were determined by use of plaque assay. Each data point A
represents the average virus titer of 2-4 brains. Error bars indicate SD. A 100

IET3055I
pfu of T3C096 or gelatin saline were examined after staining 80
with hematoxylin-eosin (figure 7A, 7C, 7E, and 7G; data not

shown). Brain section samples derived from mice infected with 60

T3C/96 demonstrated evidence of meningoencephalitis (figure
7A and 7E; data not shown). Inflammatory infiltrates were

detected primarily in the cerebral cortex, hippocampus, dien-
cephalon, and brain stem. Morphologically, inflammatory cells 20
were mostly lymphocytes and macrophages/microglia, with 0 101

some plasma cells and neutrophils. The extent of inflammation 101 102 103 104

increased with time after virus inoculation, with the most ex- Dose, pfu
tensive inflammation observed 6 days after inoculation (data B
not shown). 100

To define the extent and location of reovirus antigen in the [.DJ
CNS of T3C/96-infected mice, section samples derived from s0"

mice killed 2, 4, and 6 days after inoculation with either 10' iO
pfu of T3C/96 or gelatin saline were examined after staining
with a reovirus-specific antiserum (figure 7B, 7D,7F, and 7H; 40

data not shown). Immunohistochemical staining for reovirus
protein demonstrated immunoreactive neurons in brain section 20

samples derived from T3C/96-infected, but not mock-infected,
mice. Antigen-positive neurons were detected primarily in the 0 ... 0 .
cerebral cortex, hippocampus, diencephalon, and brain stem.
Similar to the observed inflammatory changes, the number of Dose, pfu
antigen-positive cells increased with time after virus inoculation(data not shown). Most cells demonstrating immunohisto- Figure 6. Lethality of T3D/55 and T3C/96 after either intracranial

(A) or peroral inoculation (B). ND4 Swiss Webster mice (2-3 days) were
chemical evidence of reovirus protein were detected in inflamed inoculated with various doses of either T3D/55 or T3C/96. Each dose was
foci. These observations indicate that intracranial inoculation inoculated into single litters of mice. Survival was monitored daily for 21
of T3C096 leads to encephalitis and reovirus protein expression days, pfu, Plaque-forming units.
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Figure 7. Inflammation and reovirus protein expression in the brain of newborn mice infected with T3C/96. ND4 Swiss Webster mice (2-3 days) were
inoculated intracranially with either 1O4 pfu of T3C/96 (A, B, E, and F)or gelatin saline (C, D, G, and H). At 6 days after inoculation, brain tissue samples
were harvested, paraffin embedded, sectioned, and stained with hematoxylin-eosin (A4, C, E, and G) or stained for reovirus antigen by use of a polyclonal
antireovirus serum (B, 0, F, and H). Sections are from the upper brain stem (A-D) and the cortex (E-H). Brown staining indicates reovirus antigen.



rovirulence [55, 56] are conserved. The conservation of aa res- the Coltivirus genus of the Reoviridae [65]. The patient reported
idues involved in sialic acid binding [24, 25, 52, 541 in T3C/96 in the present study provides evidence that reovirus also can
al suggests that binding to this carbohydrate may be important cause human CNS disease.
in neurovirulence, a hypothesis supported by the finding that
the capacity to bind sialic acid enhances reovirus spread from
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MEKK1 regulates calpain-dependent proteolysis of
focal adhesion proteins for rear-end detachment of
migrating fibroblasts

Bruce D.Cuevas1,2, Amy N.Abeill, been suspected to regulate cell adhesion due to their ability

James A.Witowskyl, Toshiaki Yujiri3 , to cleave several focal adhesion and cytoskeletal proteins

Nancy Lassignal Johnson', (Pfaff et al., 1999; Wang and Yuen, 1999). Further,
Kamala Kesavan', Marti Ware', calpain has been shown to be associated with cell adhesion

Peter L.Jones 4,5 , Scott A.Weed5 ,6, complexes (Beckerle et al., 1987), and calpain-deficient

Roberta L.DeBiasi 4,7,8, Yoshitomo Oka 3, fibroblasts display inhibited migration (Arthur et at., 2000;
7 Dourdin et al., 2001). Overexpression of the calpain

Kenneth L.Tyler7,sA9 and Gary L.Johnson1,2,9 inhibitor calpastatin also impairs cell detachment and

Departments of 1Pharmacology, 4 Pediatrics, 'Neurology, 9Medicine, migration (Potter et al., 1998). Calpain has been proposed
5
Cell & Structural Biology, Craniofacial Biology, University of to regulate cell detachment through proteolytic cleavage of

Colorado Health Sciences Center. Denver, CO 80262, 7 Denver adhesion complex proteins in the trailing edge of migrat-
Veterans Affairs Medical Center, Denver, CO 80220, USA and 3Third
Department of Internal Medicine, Yamaguchi University of Medicine, ing cells (Palecek et al., 1998). An understanding of
Yamaguchi, Japan calpain regulation during migration has remained elusive.
2Corresponding authors Recently, the MEK/ERKI/2 signaling pathway has been
e-mail: bruce.cuevas@uchsc.edu or glj@med.unc.edu linked to calpain activation as the pharmacological MEK

inhibitor PD98059 was shown to inhibit EGF-induced
Herein, we define how MEKKI, a MAPK kinase calpain activation (Glading et al., 2000). Subsequent
kinase, regulates cell migration. MEKK1 is associated studies revealed that membrane-proximal ERKI/2 activity

with actin fibers and focal adhesions, localizing is required for EGF-induced m-calpain activation and cell
MEKK1 to sites critical in the control of cell adhesion migration (Glading et al., 2001).

and migration. EGF-induced ERK1/2 activation and MEKK1 is a MAPK kinase kinase that is activated in
chemotaxis are inhibited in MEKK1-/- fibroblasts. response to changes in cell shape and the microtubule
MEKKI deficiency causes loss of vinculin in focal cytoskeleton (Yujiri et al., 1999). Dual regulation of JNK

adhesions of migrating cells, increased cell adhesion and ERKI/2 pathways by low concentrations of growth

and impeded rear-end detachment. MEKK1 is factors like EGF and by microtubule-disrupting agents like

required for activation of the cysteine protease calpain nocodazole is mediated by MEKK1 (Yujiri et al., 1998).

and cleavage of spectrin and talin, proteins linking Targeted gene disruption of MEKKI demonstrated that it

focal adhesions to the cytoskeleton. Inhibition of functionally regulates cell migration both in vivo and

ERKI/2 or calpain, but not of JNK, mimics MEKK1 in vitro (Yujiri et al., 2000). Our results reveal an

deficiency. Therefore, MEKK1 regulates calpain- association of MEKK1 with focal adhesions and actin

mediated substratum release of migrating fibroblasts. fibers entering the focal adhesions. MEKKI regulates the

Keywords: calpain/MEKK1/rear-end detachment limited proteolysis of the focal adhesion proteins talin and
spectrin. Characterization of MEKKI-null mouse embryo
fibroblasts demonstrates that MEKK1 regulates the ERKI/
2 pathway for control of calpain-catalyzed rear-end

Introduction detachment.
Cell migration involves at least four basic components:
extension of the leading edge, adherence to the substratum, Results
release of adherence at the trailing edge and retraction of
the trailing uropod. While adherence is necessary to exert MEKKW regulates cell adhesion
force on a surface and produce forward movement, release Comparison of wild-type and MEKKI-/- fibroblasts
of adherence at the uropod must occur for cell migration to readily defines a function for MEKK1 in regulating cell
continue. Control of adherence, and release thereof, is thus adhesion and migration. We found that MEKKI-/-
a critical regulatory function for migrating cells. Whereas fibroblasts have a marked increase in adherence to the
extension and adherence have been studied extensively, culture substratum relative to wild-type fibroblasts
few proteins have been characterized as regulators of the (Figure IA). Using wild-type and MEKKI-/- cells that
adhesion-release process during cell migration. Recently, had been serum starved and then challenged with or
the cysteine proteinase calpain has emerged as an import- without serum, the culture plates were inverted and
ant regulator of cell adhesion (Huttenlocher et al., 1997; centrifuged. The remaining attached cells were counted
Bialkowska et al., 2000). Originally referred to as Ca2*- as a measure of adherence, with greater number of cells
dependent neutral protease (Beckerle et al., 1987), the after centrifugation being indicative of increased adher-
calpain family includes two ubiquitously expressed iso- ence (Lotz et al., 1989). This simple assay clearly
forms, gt- and m-calpain (murine calpains 1 and 2, demonstrates the increased adherence of MEKKI-/-
respectively) (Huang and Wang, 2001). Calpains have cells relative to wild-type fibroblasts. Even though
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MEKK1-/- cells show an increased adherence in the A
centrifugation assay, their rate of attachment on fibronec- 300.
tin or tissue culture plastic alone is similar to the rate of "K I.
attachment of wild-type cells (Figure 1B). The increased j 2M0
adherence in the centrifugation assay, but similar attach-
ment rate of MEKKI-/- compared with wild-type 2 1oo
fibroblasts, suggested MEKK1 regulates release of cell I

adhesion. We used live cell microscopy to show that MEKK1+I+ ME"KI4-
MEKKI-/- fibroblasts are, indeed, inhibited in random B
migration and rear-end detachment (see Supplementary
data available at The EMBO Journal Online). Both wild- 'e SOl UKe_

type and MEKK1-/- fibroblasts are capable of extending X EKI N
lamellipodia necessary for forward movement, and both IMM2IXv :
cell types develop tails or uropods at the trailing edge as . 1
the cell moves in the direction of the leading edge.
However, as wild-type fibroblasts have the ability to 25 so 7s to6
detach and retract their trailing edge, MEKKI-/- cell Minutes
forward progress is impeded by an inability of the uropod Fig. 1. MEKK1-deficient fibroblasts show increased adherence charac-
to detach from the substrate, thereby giving the appearance teristic of a defect in rear-end detachment. (A) Wild-type or

that MEKKI-/- cells are tethered at their trailing end. MEKKI-/- MEFs were serum starved for 8 h, then treated with media
Thus, the increased adherence of MEKKI-/- cells is, at with or without 10% fetal bovine serum (FBS). The plates were then
least in part, a result of defective detachment from the inverted and centrifuged at 2300 g for 5 min. Adherent cells remaining
substratum. attached to the well surface were stained with Wright's stain and quan-

titated. Cell adherence is represented as the percent of the total serum-
treated cells compared with the non-treated cells; 100% was taken as

MEKKI regulates directed cell migration the number of wild-type cells in the dish before serum challenge, inver-
Inhibited movement of MEKK1-/- fibroblasts was readily sion and centrifugation. MEKKI-/- cells with serum challenge is
demonstrated using both transwell migration and in vitro >100% because more cells are retained after centrifugation than for the
wound response assays. Chemotaxis toward serum is non-serum-stimulated wild-type cells, indicative of the increased adher-

ence of MEKKI-/- cells. Results shown are the mean ± SEM of at
inhibited in MEKKI-/- compared with wild-type fibro- least three independent experiments, and the statistical significance was
blasts (Figure 2A), consistent with a defect in cell determined by Student's t-test. (B) Fibroblasts were resuspended in
movement that would be observed with a loss of rear- complete media and allowed to attach to either untreated or fibronectin-
end detachment. Further, when soluble fibronectin is used coated tissue culture plates. Cells were monitored for 2 h and the num-

ber of attached cells determined by phase microscopy. A digital movieas a chemotactic agent, migration is reduced by 50% in of migrating MEKKI+/+ and MEKKI-/- fibroblasts is available as
MEKKI-/- versus wild-type cells (Figure 2B). Although Supplementary data.
EGF by itself is a weak chemotactic agent, EGF combined
with fibronectin produces a synergistic effect relative to matrix protein. To determine whether the migration defect
fibronectin alone to induce chemotaxis (Maheshwari et al., in MEKK1-x - cells was due to loss of a secreted factor,
1999) (Figure 2B). This synergistic effect is completely MEKKI-/- and wildue toblass were factor,
absent in MEKK I-deficient cells, thus demonstrating that MEKK 2I-E- and wild-type fibroblasts were co-cultured
MEKK1 is required for the EGF/fibronectin-induced (Figure 2E) and their respective migration analyzed by the
fibroblast migration. in vitro wound healing assay. MEKK / v-i and wild-type

When a confluent contact-inhibited fibroblast culture is fibroblasts were stained with different vital fluorescent
'wounded' using a razor swipe, the cells along the edge of dyes so they could be readily distinguished when co-the wound are contact inhibited on all sides save one, and cultured. Strikingly, after 5 h post-wounding, wild-type
will migrate into the wound opening. Wild-type fibroblasts but not MEKKl-/- fibroblasts have extensively moved
will migrate into the wound space within 5 h after into the wound space. Virtually no MEKKI-/- fibroblasts

in co-culture with MEKKI+/+ fibroblasts have migrated
initiation of the wound (Figure 2C). In contrast, into the wound space, demonstrating that co-culture with
MEKKI-/- fibroblast migration into the open area of the wild-type cells can not restore migration to MEKKl-/--
wound is markedly inhibited. Indeed, the time required by fibroblasts. Thus, the migration defect of MEKK1-/-
MEKKI-/- fibroblasts to completely close a standardized fibroblasts is the mig reted fact o m wild-
wound (24.5 h) is significantly (P < 0.05) prolonged fibroblasts is not rescued by secreted factors from wild-
compared with the MEKKI+/+ cells (11 h) (Figure 2D). type cells. This result strongly suggests that the defective
By 12 h post-wounding, some MEKKI-/- fibroblasts have migration of MEKKI-/- fibroblasts is not due to an
migrated into the wound site but do not reach numbers or inability to secrete a required protein.
distances achieved by MEKKI+/+ fibroblasts. This indi-
cates that MEKKI-/- fibroblasts are markedly defective, Vinculin content in focal adhesions is diminished
but not completely inhibited in directed migration. The in migrating MEKK1-/- fibroblasts
loss of migration is a direct consequence of MEKKI The MEKK1-/- phenotype is characterized by increased
deficiency because MEKK1 add-back by transfection of adherence, defective rear-end detachment and inhibited
MEKKI-/- cells restores migration into the wound migration, suggesting a defect in the regulation of focal
(Figure 2C and D). It is possible that the migration defect adhesions. To address the consequence of MEKK1
of MEKKI-/- cells was due to the loss of expression of a deficiency in the regulation of focal adhesions of migrating
secreted factor such as a cytokine, protease or extracellular cells, we used quantitative immunofluorescence analysis
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to measure vinculin content in focal adhesions of migrat- organized vinculin staining is indicative of focal adhe-
ing wild-type (Figure 3A) and MEKK1-/- (Figure 3C) sions, loss of vinculin staining indicates that the increased
fibroblasts. The experiment required a 12 h incubation adherence of MEKK1-deficient cells is not due to an
after inflicting the razor swipe to allow migration of increased number or size of focal adhesions as has been
MEKKI-/- cells into the wound site, and a larger wound observed in FAK-/- fibroblasts. This indicates that the
than that of Figure 2D. Analysis of 58 wild-type and 97 change in adherence and focal adhesion composition
MEKKI-/- fibroblasts migrating into the scrape wound of resulting from MEKK1 deficiency is different from that
confluent monolayers indicated 2.8-fold (P < 0.0001) less observed with loss of FAK expression. Importantly, the
vinculin in focal adhesions of MEKKI-/- versus wild- add-back of MEKK1 expression restores vinculin content
type fibroblasts (Figure 3D). This result is consistent with to focal adhesions in migrating fibroblasts (Figure 3B and
the inability of migrating MEKK1-/- fibroblasts to D). Stationary MEKK1-/- and wild-type fibroblasts in

properly organize the complex of proteins in focal confluent monolayers have similar vinculin staining (data

adhesions. While vinculin may also be organized at cell- not shown), consistent with MEKK1 signaling being

to-cell contacts, we have found that vinculin consistently important for regulation of the turnover of focal adhesions

co-localizes with the focal adhesion protein talin in mouse during migration and not in the ability to form focal

embryo fibroblasts (data not shown) and as such serves as a adhesions. The partial restoration of vinculin to focal

surrogate assay for focal adhesion formation. Further, as adhesions is likely due to the level of MEKK1 expressed in
the add-back clone, which is only 20% of MEKK1 protein

A in wild-type fibroblasts. Stable expression of MEKK1 by
add-back to MEKKI-/- cells is extremely difficult. This is

x 400 predictably due to the regulation of MEKK1 expression
S300] during the cell cycle that is not mimicked by using other

-0 promoters or viral LTRs to express MEKKI, and the0 200

-C P<0.05 toxicity of MEKK1 overexpression (Yujiri et al., 1999).
100 Despite intensive effort, we have not been able to achieve

o1 stable add-back clones that express >20% of wild-type
MEKKI+/+ MEKK14- MEKK1 protein. Interestingly, our preliminary findings

suggest that the level of talin and FAK, unlike vinculin,
may be similar in MEKKI-/- and wild-type fibroblasts

:2 400] - K i (data not shown). To determine whether MEKK1 does

300MKK.- indeed differentially regulate protein composition in focal
( 2 adhesions, it will be necessary to perform quantitative

S1001 jimmunofluorescence analysis of several focal adhesion
In- 1proteins in stationary and migrating wild-type, MEKKI-/-

EGF FN Eand add-back fibroblasts.
EGF FN EGF + FN

EGF stimulates the formation of MEKK1-FAK

C complexes

Figure 4A shows that when serum-starved fibroblasts are
stimulated with EGF, MEKK1 is co-immunoprecipitated
with FAK. Co-expression of MEKK1 and FAK in

MEKKI÷+1 MEKKI4- Add-back Fig. 2. MEKKI expression is necessary for fibroblast migration.
(A) Fibroblasts were seeded into the upper chamber of a Transwell

D migration plate with 5% FBS in the lower chamber. Cells traversed
after 5 h to the lower surface of the membrane were quantitated. The

"*r results shown are the mean ± SEM of at least three independent
experiments. (B) Fibroblasts were treated as in (A) except that the bot-

20- tom well of the Transwell contained either I nM EGF, 100 pg/ml fibro-
nectin or the combination of EGF and fibronectin. (C and E) Wild-typeor MEKKI-4- fibroblasts were seeded onto coverslips and allowed to

10- grow overnight. In addition, MEKKI-4- fibroblasts stably transfected
with full-length MEKKI (Add-back) were analyzed. Each confluent
culture was 'wounded' with a razor and observed over the course of 5 h
for migration into the wound space (in vitro wound healing assay). (C)

0 A bis a DIC image of migrating cells. (D) The time required for confluent
fibroblasts in a tissue culture plate to close a standardized wound

E (200 g~m) is represented by the graph. Results shown are themmm mean-± SEM of at least three independent experiments, and the statis-

tical significance was determined by Student's t-test (*P < 0.05).
(E) Cells were first stained with the fluorescent vital dyes PKH26 (red;
MEKKI+/+) or PKH67 (green; MEKKI-/-) and then mixed in equal
numbers before seeding onto coverslips, and treated as described
above. The fluorescence image depicts the migration of MEKKI+/+
(wild type) and MEKKI--/- cells in co-culture. The data are representa-

MEKKI+t+ MEKKI-1- Mixed tive samples from at least three independent experiments.
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Fig. 4. MEKKI and FAK form a complex in EGF-stimulated fibro-
blasts. (A) Wild-type mouse embryo fibroblasts were treated with
100 ng/ml EGF for the indicated times. After cell lysis, endogenous
FAK was immunoprecipitated with anti-FAK antibody, and associated
MEKKI detected by MEKKI immunoblotting. Total immunoprecipi-
tated FAK was measured by anti-FAK immunoblotting using the same
blots as that for MEKKI analysis. (B) Wild-type (MEKKI+/+) and
MEKKI-/- fibroblasts stably expressing papilloma virus E6/E7
proteins were immunoblotted for FAK protein expression using an anti-

body recognizing the N- or C-terminal domain of FAK. FAK is a
125 kDa protein with N- and C-terminal cleavage fragments of 68 and

D57 kDa, respectively. (C) Serum-starved MEKKI+I+ or MEKKI-/-
MEFs were allowed to adhere to fibronectin-coated bacterial plates for
30 min, and then lysed. Endogenous FAK was immunoprecipitated
with anti-FAK antibodies, and the level of tyrosine-phosphorylated

-** FAK determined by phosphotyrosine immunoblotting. The membrane
S10000 was then stripped and total FAK was assessed by FAK immunoblotting.

* (D) MEKKI+/+ and MEKKI-/- fibroblasts ± E61E7 protein expres-
sion were analyzed for migration in Transwell assays using 5% FBS as
described for Figure 2A. *Inhibition of MEKKI--/- E6 cell migra-
tion is statistically significant relative to FAK-/- cells (P < 0.05) and

WT MEKK14- Addt MEKKI-/- cells (P < 0000a).

Fig. 3. Vinculin content in focal adhesions is diminished in migrating induces the stable association of MEKKl with FAK,
MEKKI-/- fibroblasts. A 0.4 gtm deconvolved image section of the altering the protein composition of focal adhesions.
cell having the brightest focal adhesion staining was used for the meas- Focal adhesion turnover, and therefore cell adhesion, is
urement of integrated intensity of vinculin content for MEKKI+/+ (A),
add-back (B) and MEKKI-I- (C) fibroblasts. The intensity of vinculin proposed to be modulated not only by signaling pathways
staining was measured per cell area of the section. The add-back clone involving protein phosphorylation, but by proteolysis of
stably expresses full-length MEKKI and was derived from the focal adhesion components as well. Interestingly, FAK
MEKKI-/- fibroblasts. The bar graph in (D) shows the analysis from and MEKK1 are regulated both by phosphorylation and
three experiments where 58 wild-type, 97 MEKKI-/- and 96 add-back
cells were analyzed for integrated vinculin staining intensity per cell proteolytic cleavage (Cooray et al., 1996; Schlesinger
area. Vinculin content in the MEKKI-/- clone is diminished at a statis- et al., 1998; Cary et al., 2002). The discovery that MEKK1
tically significant level from wild-type MEKKI+/+ cells (*P < 0.0001) becomes stably associated with FAK suggested that
and add-back cells (**P < 0.001). Bar = 50 gkm. MEKK1 functions in focal adhesion signaling. The

increased adherence and inhibition of migration resulting
from MEKK1 deficiency also demonstrates that MEKK1

HEK293 cells by transient transfection demonstrated that has an important role in the function of focal adhesions.
they could be reciprocally co-immunoprecipitated (Yujiri
et al., 2003). These findings demonstrate the interaction of MEKK1 localizes with focal adhesions
MEKK1 with FAK-associated protein complexes and that Expression of EGFP-MEKKI in MEKKI-/- MEFs
endogenous MEKK1 recruitment into FAK complexes is demonstrates its association with focal adhesions and
regulated by a growth factor that stimulates both FAK and actin fibers entering the focal adhesions (Figure 5). The
MEKKI kinase activities (Fanger et al., 1997). Thus, EGF localization of EGFP-MEKK1 with focal adhesions is
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A localizes, in part, to focal adhesions and actin filaments
entering focal adhesions for the control of cell adherence.

E6/E7 papilloma virus proteins induce FAK
proteolysis In MEKK1-/- fibroblasts
E6/E7 expression immortalizes primary fibroblasts by
inducing the degradation of p53. We had used E6/E7 for
immortalization of both wild-type and MEKK1-/- mouse
embryo fibroblasts. We quickly realized that there was a
significant difference in the phenotype of MEKKI-/-

B MEKK1- fibroblasts but not wild-type fibroblasts that had been
GFP MEKK1- immortalized with papillomavirus E6/E7 proteins versus

Merge Actin GFP Actin FAK immortalization by serial passage. In addition to stimulat-
ing p53 degradation, the E6 oncoprotein binds to the focal
adhesion protein paxillin (Turner, 2000). One outcome of
E6 expression is the disruption of paxillin association with
vinculin and FAK (Tong et al., 1997; Turner, 2000).
Relative to primary MEKKI-/- fibroblasts, or MEKK1-/-
fibroblasts immortalized by serial passage, MEKK1-/-
fibroblasts expressing E6/E7 were extremely flat and
highly adherent to the substratum, reminiscent of FAK-/-
cells (Ilic et al., 1995). In contrast, E6/E7-expressing wild-
type fibroblasts were more rounded and less adherent to
substratum. Figure 4B shows that E6/E7 expression in
MEKK1-/- fibroblasts causes a near quantitative cleavage
of FAK. This contrasts with E6/E7-expressing MEKKI+/
+ fibroblasts where FAK remains intact. This result is
consistent with MEKKI being associated with FAK-
paxillin-vinculin complexes and playing a protective role
against E6/E7-induced FAK degradation. This suggests
that EGF-induced MEKK1 association with focal adhe-
sions alters the organization and interaction of focal
adhesion proteins.

Functionally, MEKK1 protects FAK from E6/E7-
mediated degradation, but MEKK1 expression is not
required for fibronectin binding-induced stimulation of
FAK tyrosine phosphorylation (Figure 4C). With
MEKK1-/- fibroblasts immortalized by serial passage,

Fig. 5. MEKKI localizes to focal adhesions. MEKKI-/- fibroblasts fibro blatimmortalize byoserylassage,

were transfected with EGFP-MEKKI, incubated in serum-free media fibronectin stimulation of FAK tyrosine phosphorylation is
for 12 h, then processed as described in Materials and methods and similar to that observed with MEKKI+/+ fibroblasts. This
subjected to immunofluorescence analysis. (A) An MEKKI-/- MEF result indicates that FAK tyrosine phosphorylation is
transfected with EGFP-MEKKI and treated with anti-FAK antibodies largely independent of the role MEKKI plays in organ-
(FAK displayed as red fluorescence). Bar = 10 gim. (B) Displayed are ization, signaling and proteolytic susceptibility of focal
two representative examples of co-localization of EGFP-MEKKI with
endogenous FAK (purple) and actin (red). Bar = I gtm. adhesinducedass

E6/E7-induced FAK cleavage in MEKKI-/- fibroblasts

causes a migration defect more severe than that observed
with FAK-/- or MEKKI-/- fibroblasts not expressing the

consistent with its co-immunoprecipitation with FAK E6/E7 oncoproteins (Figure 4D). FAK-/- fibroblasts, like
(Figure 4). We did not observe a measurable increase of MEKKI-/- fibroblasts, exhibit a marked reduction in
EGFP-MEKK1 in focal adhesions of EGF-stimulated migration in transwell assays (Figure 4D). Unlike E6/E7
cells despite an increased stable association of MEKKI in wild-type fibroblasts that readily migrate toward serum,
FAK immunoprecipitates. This suggests that the EGF E6/E7 MEKKI-/- fibroblasts display a migration defect
stimulation of MEKK1-FAK co-immunoprecipitation more severe than either MEKKI-/- or FAK-/- fibroblasts
may be related to increased stabilization of the complex, that do not express the E6/E7 proteins (Figure 4D). Thus,
possibly due to phosphorylation-related responses, rather MEKKI is important in maintaining the integrity and
than a re-localization of MEKK1 to focal adhesions. It protein composition of focal adhesion complexes and is
should also be noted that caspase-mediated cleavage of functionally required for fibroblast migration. The com-
MEKK 1 compelled us to use a mutant MEKKI protein for bined loss of MEKK 1 and FAK exacerbates the migration
these studies. The caspase-cleavage site residues had been defect resulting from the loss of either kinase alone.
mutated to alanines (Widmann et al., 1998). The caspase-
cleaved fragments do not appear to localize to focal MEKK1 regulates calpain activation
adhesions. Cumulatively, the co-immunoprecipitation and Previous studies have suggested that the intracellular
immunofluorescence studies demonstrate that MEKKI cysteine protease calpain is involved in the regulation of
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A to calpain and does not significantly inhibit either
cathepsins or caspases (Wang et al., 1996), confirming

40M 0 MEKKI .1. that the assay is specifically measuring calpain activity
A3000 & MEKK1 4- (Figure 6A). Just as add-back of MEKKI protein by

2000. MEMI Addback transfection of MEKK1-/- fibroblasts rescued adherence

l 4 MEKKI +1+ +PO15060 and migration, add-back of MEKK1 also restored calpain
0 regulation (Figure 6A). Even though the add-back clone

.1000, expresses MEKK1 protein at only 20% of the MEKKI
0 10 20 30 40 60 60 expression of wild-type fibroblasts, it is sufficient to at

B M1.nute. least partially restore calpain activation, and rescue both
M50 migration and adherence. As we had demonstrated that

a FAK ','t MEKK1 is associated with focal adhesions (Figures 4 and• A FAK 4-M am-( 5), we asked whether FAK was necessary for calpain

activation. Since FAK-deficient fibroblasts have been
found to have severe migration defects (Ilic et al., 1995),

A A A A we wanted to determine whether loss of FAK from the
signaling complex affected calpain activity. Strikingly,

Minutes calpain activity in serum-treated FAK-deficient fibroblasts
was dramatically reduced compared with that of FAK-

C expressing cells (Figure 6B). Taken together, our data

support the existence of a complex containing FAK and
MEKKI that is required for calpain control of cell

p1451150 adherence and migration.
* ( a 20 2 spectrin (fodrin) is a structural protein linking the

1B talin cytoskeleton to membranes and is a defined calpain113 m-calpain

MEKKI +f 4- substrate (Wang and Yuen, 1999; Wang, 2000). Calpain

D cleavage of spectrin produces a specific pattern of
proteolytic peptide fragments of 145-150 kDa (Wang
and Yuen, 1999; Wang, 2000) that are unique to calpain
and are different in size from those generated by caspases
(Wang and Yuen, 1999; Wang, 2000). We found that
calpain-specific spectrin fragments generated in wild-type
fibroblasts were nearly undetectable in MEKK1-/-

PtOIOM G0M6o0 fibroblasts (Figure 6C). This finding demonstrates the
loss of cleavage of an endogenous calpain substrate in

Fig. 6. MEKKI-deficient fibroblasts show reduced calpain activity, and MEKKI-/- fibroblasts. Cleavage of another calpain
calpain inhibition mimics MEKKI deficiency. In vivo calpain activity substrate, talin, was similarly reduced in the MEKK1-
was assessed in fibroblasts using the cell-permeable, fluorescent calpain
substrate SLLVY-AMC (A and B) and by anti-spectrin or anti-talin deficient cells (Figure 6C). While calpain activity was
immunoblotting (C). (A) MEKKI+/+ cells in the presence and absence diminished in MEKKI-/- fibroblasts, immunoblotting
of the calpain inhibitor PD150606 (50 pM), MEKKI-/- and MEKKI indicated that total calpain protein expression was similar
add-back cells were used for measurement of calpain activity, in wild-type and MEKK1-/- fibroblasts (Figure 6C). This
(B) FAK+/+ and FAK-/- cells were used to measure calpain activity as
in (A). (C) The anti-spectrin and anti-talin immunoblots were stripped result is consistent with the existence of a MEKKl-
and reprobed with anti-m-calpain antibodies to verify protein levels, dependent signaling complex that regulates calpain activ-
The immunoblots are representative of at least three independent ity but not calpain expression. Together, the loss of both
experiments. (D) Wild-type fibroblasts grown to confluency on cover- spectrin and talin cleavage, coupled with reduced hydro-
slips were pre-treated for I h with 50 IgM PD150606 (left panel) or lysis of the fluorogenic calpain-specific substrate, clearly
2 pM GM6001, a matrix metalloproteinase inhibitor (right panel), and
then analyzed for migration using the in vitro wound healing assay fol- demonstrates a loss of calpain activation in MEKKI-/-
lowing a razor swipe in the continuous presence of inhibitor. Results cells. Importantly, PD150606, the calpain-specific inhi-
are representative of at least three independent experiments for each set bitor, blocks the migration of wild-type fibroblasts in the
of experiments in (A-D). in vitro wound assay (Figure 6D). However, GM6001, an

inhibitor of metalloproteinases that function to remodel
the extracellular matrix, did not inhibit fibroblast migra-

rear-end detachment of migrating cells (Huttenlocher et al., tion into the wound space, thereby demonstrating the
1997; Frame et al., 2002; Glading et al., 2002), the specific requirement of calpain inhibition for disrupted
migration defect of MEKKI-/- fibroblasts. Using a cell- migration in this assay. The findings demonstrate that the
permeable fluorogenic calpain substrate, we discovered MEKKI-dependent regulation of calpain activity is
that MEKKI-/- cells have significantly less calpain required for cell migration.
proteinase activity than wild-type fibroblasts (Figure 6A).
Similarly, in culture conditions identical to the in vitro MEKK1 regulates ERK1/2 activity
wound assay, MEKKI-/- fibroblasts have significantly The MEK inhibitor PD98059 blocks ERKI/2 activation,
less calpain activity than wild-type fibroblasts. Cleavage inhibits calpain activation and cell motility (Glading et al.,
of the fluorogenic substrate is blocked using a calpain- 2000). However, as PD98059 may influence Ca2+ influx
specific inhibitor, PD 150606, which prevents Ca 2+ binding independently of MEK activity (Pereira et al., 2002), and
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A pathways, calpain activation and consequent cell migra-
tion may be attributed specifically to MEKK 1 regulation
of ERKI/2 signaling.

Given that numerous studies have identified Raf as the
•p. MAPK kinase kinase responsible for growth factor-

2- mediated ERKI/2 activation, what role might MEKKI
0_ _ __ _ _ _ play in EGF-induced ERKI/2 activation? We asked
BolOf,5 PD1SO" U012 GMMI whether a portion of EGF-induced ERK1/2 activation

00 might actually be attributable to MEKK1. By treating the
400- - No teatnmnt cells with low (0.1-5 ng/ml) concentrations of EGF or

MOM" S12 FGF-2, we found that induced ERKl/2 phosphorylation3OO •UO126
30200 and consequent activation by low levels of growth factors
Io• •. in mouse embryo fibroblasts is significantly dependent on

0 . - MEKKl expression (Figure 7D), while at higher levels of
-10 0 2 growth factor (100 ng/ml or higher), ERK1/2 phosphoryl-

Minot ation levels of MEKKI+/+ and MEKKI-/- MEFs were
similar (data not shown). Thus, MEKKI control of ERKI/
2 activation is readily apparent at low growth factor
concentrations and verified by comparison of wild-type
and MEKKI-/- fibroblasts. Further, densitometric analy-
sis of Figure 7D reveals that MEKKI+/+ cells stimulated
with the level of EGF used in our migration experiments
(5 ng/ml) (Figure 2B) display a 2.5-fold greater level of
pERK than the MEKK1-/- MEFs. Our data show that the
loss of MEKK1 regulation of ERKI/2 signaling in

00126 SP600125 MEKKI-/- fibroblasts contributes significantly to inhib-
D ition of calpain activation required for regulation of

adherence and rear-end detachment of migrating cells.
SpERK Importantly, the add-back of MEKK1 completely restores

ERKI/2 activation by low doses of growth factor.

Ns6 1 6 D a N 0.16 0 1 5 his 0 .1 6 0 1 6 ngA MD i s u s i o
EGF FGF-2 NS IF FGF-2 EOF FGF-2 Discussion

MEKK1+e+ MEKK14- Add4b** Cell adhesion to the extracellular matrix is mediated by
integrins, which, in turn, are linked to the cytoskeleton

Fig. 7. Fibroblast migration and calpain activity are dependent on through proteins in focal adhesion complexes (Yamada
MEK, but not JNK activity. (A) Wild-type fibroblasts were loaded into and Miyamoto, 1995). The strength of cell adherence to
Transwell migration chambers (10s cells/well) and allowed to migrate
for 5 h, using 5% serum as a chemotactic agent. Calpain inhibitor the extracellular matrix is modulated by signal transduc-
PD150606 (50 g.M), MEK inhibitor U0126 (10 ILM) or matrix metallo- tion pathways involving proteins within focal adhesions
proteinase inhibitor GM6001 (2 ýUM) were added to both the upper and (Yamada and Miyamoto, 1995). One such pathway of
lower chambers of the designated wells. (B) Wild-type fibroblasts were particular importance to adhesion-mediated signaling is
pre-incubated for I h with JNK inhibitor SP600125 (10 ILM) or MEK
inhibitor U0126 (10 IiM), and calpain activity was assessed by the ERKI/2 pathway. v-Src, a potent activator of ERKl/2
SLLVY-AMC cleavage, and compared with that of non-treated cells, signaling, has been shown to drive MEK-dependent ERK
The results of both (A) and (B) are the mean ± SEM of at least three activation and localization to focal adhesions in chicken
independent experiments. (C) Wild-type fibroblasts were pre-incubated embryo fibroblasts (Fincham et al., 2000). One explan-
with 10 IgM SP600125 or 10 IgM U0126 for I h and then analyzed for ation for the importance of membrane-localized ERK
migration using the in vitro wound healing assay in the continuous pres-
ence of inhibitor. (D) Serum-starved wild-type, MEKKI-/- or MEKKI activity in cell adhesion, and by extension cell migration,
add-back fibroblasts were treated with EGF or FGF-2 for 10 min and is that ERKI/2 signaling is required for efficient release of
then lysed. ERKI/2 activation was then assessed by phospho-ERK cellular adhesion to the matrix substratum (Glading et al.,
immunoblotting. The membrane was then stripped and the total ERK2 2000). We have previously reported that MEKK1 regu-
level determined by ERK2 immunoblotting. The data are representative lates ERKl/2 activation, and that MEKK1-deficient cells
of at least three independent experiments. NS, no stimulus. la y e duced moti lition, and that M0K)l-deti sdisplay reduced motility (Yujiri et al., 1998, 2000). In this

paper, our findings demonstrate that MEKKI-/- fibro-
blasts have an increased adherence but display normal

thereby possibly alter calpain activity, we tested the effect extension of the leading edge during migration. Thus, the
of UO126, an unrelated MEK inhibitor that does not non- loss of migration in MEKKI-/- fibroblasts is due to the
specifically alter Ca2÷ levels (Pereira et al., 2002) increased adherence and a diminished ability to detach the
(Figure 7). U0126 inhibits calpain activation (Figure 7B) trailing end of the cell, rather than decreased forward
and dramatically reduces fibroblast chemotaxis towards extension. We have demonstrated by co-immunoprecipi-
serum (Figure 7A). In contrast, SP600125, a JNK tation that MEKKI is associated with FAK-associated
inhibitor, does not diminish fibroblast migration or calpain protein complexes, and that these complexes were
activity (Figure 7B and C). Thus, while MEKK1 has been localized in adhesion complexes. MEKKI has also been
shown to regulate both the ERKI/2 and JNK signaling proposed to co-localize with ax-actinin and actin stress
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Fig. 8. Model depicting the FAK-MEKKI-MEKI/2-ERK2 pathway controlling calpain activation and the disruption of focal adhesion-actin cyto-
skeletal complexes. MEKKI-/- cells are defective in focal adhesion composition and regulation of the ERK2-calpain activation pathway (see text for
details).

fibers (Christerson et al., 1999), and our immunofluores- fibroblasts are the structural proteins spectrin and talin
cence studies support that contention. Thus, our findings (Glading et al., 2002). Through vinculin, both spectrin and
reveal that the cellular location of MEKK1 is well suited to talin are linked to a-actinin and the actin cytoskeleton
regulate signal transduction in response to cell adhesion or (Petit and Thiery, 2000). Calpain-dependent cleavage of
cytoskeletal changes. Indeed, we have previously shown these two proteins thus alters the tethering of the
MEKK1 to regulate signaling in response to cytoskeletal cytoskeleton to focal adhesion complexes and the plasma
alteration (Yujiri et al., 1999, 2000). Activation of the membrane. Regulation of limited calpain cleavage of these
MEK-ERKI/2 pathway initiated by changes in integrin proteins requires MEKKI regulation of the ERKI/2
interactions with focal adhesion proteins is well char- pathway. The requirement of MEKK1 expression for the
acterized (Howe et al., 2002), and our findings with control of adhesion probably explains, at least in part, the
MEKK1 knockout fibroblasts demonstrate this response is, defective eyelid closure of MEKKl-deficient mice due to
in part, dependent on the expression of MEKKl. impaired epithelial cell migration. Furthermore, other

The protease calpain has recently been implicated in the MEKKI-/- cell types including neutrophils and macro-
control of cell migration through regulation of de-adhesion phages appear to have compromised migration (our
from matrix substratum. We have demonstrated that unpublished observations), indicating that MEKK1 con-
MEKK1 expression is critical for calpain activity regula- tributes to the regulation of migration of mutiple cell
tion. Glading et al. (2001) have recently shown that types.
membrane-proximal ERKI/2 activity is required for EGF- The significance of our work is that a focal adhesion-
induced m-calpain activity, and we demonstrate that regulated pathway controlling cell adherence and migra-
MEKK1 is required for regulation of calpain activation. tion has now been genetically defined. Targeted disruption
While our studies did not rule out that MEKKl-dependent of FAK (Ilic et al., 1995), MEKKI (Yujiri et al., 2000),
MEK activity might phosphorylate proteins other than MEK1 (Giroux et al., 1999), ERK2 (Saba EI-Leil, 2002)
ERK1/2 that are required for calpain activity, recent and calpain (Dourdin et al., 2001) demonstrates defects in
studies (Glading et al., 2001) indicate that appropriate cell migration (Figure 8). Pharmacological inhibitors of
localization of ERK activity is the key MEK-dependent MEKI and calpain mimic the loss of expression of
factor in calpain activation. It is possible that MEKK1 component members of this pathway by blocking migra-
might also influence calpain cellular location, but we were tion and influencing adherence. Interestingly, only the loss
unable to detect any MEKKl-dependent calpain localiza- of MEKK1 expression yields viable animals, the other
tion (data not shown). Importantly, reconstitution of the knockouts are embryonic lethal. This result is most likely
wild-type phenotype by expression of MEKK1 confirms related to the requirement of FAK to initiate multiple
that the defects we have measured in MEKKI-/- signals from focal adhesions, and the involvement of
fibroblasts are a direct consequence of MEKKI deficiency MEK1 and ERK2 in many diverse functions regulated by
and not an epigenetic difference between cell lines, members of the Raf family (A-Raf, B-Raf and c-Rafl),

Calpain has been shown to be associated with focal Mos, Tpl-2 and MEKK 1, all MAPK kinase kinases defined
adhesions, and two primary substrates for calpain in genetically to regulate the ERKI/2 pathway (Schlesinger
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et al., 1998). At low growth factor levels, which are most (ECL). Where indicated, blots were stripped by treatment with 2% SDS

likely physiologically relevant, it is apparent that MEKK1 and 100 mM 2-mercaptoethanol in TBS, and then reprobed with desired

is critical for normal ERKI/2 activation. At higher growth antibodies and detected by ECL.

factor concentrations, the activation of Raf proteins In vitro wound healing assessment
probably rescues the MEKK1 deficiency by activating Fibroblasts were grown on coverslips (106 cells) until confluent. The

the ERKI/2 pathway. Thus, pharmacological inhibition of culture was 'wounded' with a razor blade by swiping the coverslip to

MAPK kinase kinases such as MEKK1 would predictably generate an open area with no cells. The coverslips were rinsed and cells
allowed to migrate into the wound site in complete media with or without

have greater specificity in selectively inhibiting migration inhibitors for 5 h unless noted otherwise. Fibroblast migration was

in pathological states such as cancer metastasis than assessed by live cell microscopy. For the mixed cell experiments, the

inhibition of MEK1, ERK1/2 or calpain. fibroblasts were stained with either PKH26 or PKH67 fluorescent vital
dyes (Sigma), mixed and allowed to grow together overnight before
wounding and assessment by fluorescence microscopy. To measure
healing time, cells were grown in tissue culture dishes until confluent,

Materials and methods wounded with an 18g needle and then periodically examined until the
wound was completely sealed. The data were analyzed by Student's i-test.

Antibodies and reagents
Anti-phospho ERK, ERK2 and FAK (C-terminal) antibodies used for Transwell chemotaxis assay
immunoblotting were from Santa Cruz Biotechnology, Inc. (Santa Cruz. Fibroblasts were typsinized, washed and suspended in IMDM with 5%
CA). Anti-phosphotyrosine and anti-FAK (N-terminal) antibodies were BSA. A total of 105 cells were then loaded into the upper chamber of a
from Upstate Biotechnology (Lake Placid. NY). Fibronectin-coated tissue Transwell (Coming, Coming, NY) migration plate (8 p.m pore) and
culture plates were from BD Biosciences (Bedford, MA). Anti-vinculin allowed to migrate toward IMDM ± 5% fetal bovine serum for 5 h at
(V-4505) and FITC-conjugated donkey anti-mouse antibodies were from 37

0
C. After migration, the upper surface of the membrane was thoroughly

Sigma (St Louis, MO). HRP-sheep anti-mouse lgG was from Amersham cleaned with a cotton swab, stained with Wright stain (Sigma) and the
(Piscataway, NJ). Protein A-HRP conjugate was from Zymed cells that migrated to the lower surface counted (five random 20X fields/
Laboratories (San Francisco, CA). PKH67 and PKH26 vital dyes were well).
from Sigma. PD150606 and SP600125 were from Calbiochem (San
Diego, CA). U0126 was from Promega (Madison, WI). SLLVY-AMC Calpain fluorescence assay
was from Peptides International (Louisville, KY). The MEKKI sequence Fibroblasts were seeded into 96-well plates (104 cells/well) and allowed
DTVD (amino acids 871-874) was substituted with alanines by a PCR to attach overnight. The cells were then serum starved for 8 h before
strategy, and then subcloned into pEGFP-Cl (BD Biosciences Clontech, treatment with 10% FBS in IMDM for 30 min. The medium was removed
Palo Alto, CA). and 200 ltl of 62.5 mM SLLVY-AMC, a cell-permeable calpain substrate,

in reaction buffer (115 mM NaC1, I mM KH2 PO 4, 5 mM KCI, 2 mM
Fibroblasts CaCI2 1.2 mM MgSO 4 and 25 mM HEPES pH 7.25) were added and
The development of MEKKI-4- mice has been described previously fluorescence assessed using a Perkin Elmer 7000 BioAssay Reader (360/
(Yujiri et al., 2000). Mouse embryo fibroblasts were isolated from E14.5 465 nm). When inhibitors were used, the cells were incubated with the
embryos. Immortalized fibroblasts were isolated after continuous passage inhibitor for I h prior to addition of the substrate, and the assay conducted
for 3 months or by expression of papilloma E6/E7 oncoproteins. All in the presence of the inhibitor.
results comparing wild-type fibroblasts and MEKK 1-4- fibroblasts were
characterized with similar results in primary and immortalized Centrifugation adherence assay
fibroblasts. The MEKKI add-back fibroblasts were made by stable Cells were seeded into a 96-well plate (2000 cells/well) and allowed to
transfection of immortalized MEKKI-/- fibroblasts using a full-length attach overnight. Cells were serum starved for 8 h before treatment with
mouse MEKKI cDNA in pLHCX. MEKKI expression as determined by or without 10% FBS in IMDM for 30 min. The plate was then sealed,
immunoblotting was -20% of the MEKKI expression of wild-type inverted and centrifuged at 2300 g for 5 min at 37°C. After rinsing, the
fibroblasts. The FAK-/- fibroblasts were a generous gift from Dr Dusko remaining attached cells were stained with Wright stain (Sigma) and
Ilic, University of California at San Francisco. counted. Cell adherence is represented as the percent of the total

remaining serum-treated cells compared with the non-treated cells.
Cell culture
Fibroblasts were cultured in IMDM medium (Gibco, Grand Island, NY) Fibroblast attachment rate
containing penicillin/streptomycin (1%; Gibco), L-glutamine (2 mM; MEKKI+/+ (wild-type) or MEKKl-deficient fibroblasts were resus-
Gibco), monothioglycerol (0.0012%; Sigma) and 10% (v/v) fetal calf pended in complete media and allowed to attach in either untreated or
serum (Gemini Bioproducts, Woodland, CA) at 37°C in a humidified fibronectin-coated tissue culture plates (Becton Dickinson, Bedford,
atmosphere. Human FGF-2 was purchased from Upstate Biotechnology MA). The number of attached cells was determined over the course of 2 h
(Lake Placid, NY) and murine EGF from Sigma. by phase microscopy of a defined plate area.

Immunoprecipitation Immunofluorescence
After stimulation, fibroblasts were washed twice with cold PBS and lysed Cells were transfected with lipofectamine and grown on glass coverslips.
in 20 mM Tris-HCI pH 7.6, 0.5% NP-40, 250 mM NaCI, 3 mM EDTA, Two days after transfection, the cells were treated with 50 ng/ml EGF or
3 mM EGTA, 1 mM PMSF, 2 mM sodium orthovanadate, 20 pg/ml serum-free medium alone for 30 min, then the medium was removed and
aprotinin, I mM DTT and 5 g±g/ml leupeptin. Lysates were cleared by the cells fixed in 3% paraformaldehyde/3% sucrose in phosphate-buffered
centrifugation at 14 000 g for 10 min at 4"C, incubated with the saline (PBS) for 10 min, Following three PBS washes, the cells were
appropriate antibody for 16 h at 4"C, and then with protein G-Sepharose permeabilized for 10 min with 0.1%Triton X-100 in PBS. After washing.
for 1 h. The beads were washed three times, then resuspended in sample the cells were blocked in 10% donkey serum in PBS for I h at room
buffer (125 mM Tris-HCI pH 6.8, 20% glycerol, 4.6% SDS, 0.1% temperature. The coverslips were then incubated with anti-FAK (BD
bromophenol blue and 10% 2-mercaptoethanol) for SDS-PAGE. Transduction Laboratories) in 3% BSA/PBS for I h. After three washes,

the coverslips were incubated with Cy5-conjugated anti-mouse antibodies
Immunoblotting (Jackson Immunoresearch) and rhodamine-phalloidin (Molecular
After stimulation, cells were lysed in 0.5 ml of sample buffer and Probes) in 3% BSA/PBS for I h. Following washing, cells were mounted
incubated at room temperature for 20 min. After centrifugation at in 75% glycerol/25% PBS/Tris pH 7.5.
14 000 g for 5 min, post-nuclear detergent cell lysates were collected.
Proteins were separated by SDS-PAGE and transferred to nitrocellulose Ouantitation of vinculin in focal adhesions
(Scleicher & Schuell, Keene, NH). Membranes were blocked in 5% milk Cells migrating into the wound area resulting from the razor swipe of a
(diluted in Tris-buffered saline and 0.1% Tween-20) and incubated with confluent monolayer of fibroblasts were paraformaldehyde fixed at 12 h
the appropriate antibody at 4VC overnight. HRP-protein A or HRP-sheep post-wounding. Cells were stained with the mouse anti-vinculin antibody
anti-mouse lgG was used as secondary reagent. After extensive washing, followed by FITC-conjugated donkey anti-mouse antibody. Images were
the targeted proteins were detected by enhanced chemiluminescence taken every 0.4 Ltm along the Z-axis and deconvolved using the nearest-

3354



MEKK1 regulates calpain-dependent migration

neighbors algorithm Slidebook program from Intelligent Imaging, Inc. initial binding and subsequent strengthening response. J. Cell Biol.,
(Denver, CO). The section at the substratum interface with the best in- 109, 1795-1805.
focus vinculin staining was selected for measurement of the integrated MaheshwariG., Wells,A., Griffith,L.G. and Lauffenburger,D.A. (1999)
fluorescence intensity in focal adhesions. The cell area for the section was Biophysical integration of effects of epidermal growth factor and
also determined using Slidebook. The fluorescence intensity of vinculin fibronectin on fibroblast migration. Biophys. J., 76, 2814-2823.
per cell area was calculated for MEKKI+/+, MEKKI-/- and add-back Palecek,S.P., HutsenlocherA., HorwitzA.F. and Lauffenburger,D.A.
clones from three independent experiments. The data were pooled and (1998) Physical and biochemical regulation of integrin release during
analyzed statistically using Student's t-test. rear detachment of migrating cells. J. Cell Sci., 111, 929-940.

PereiraD.B., CarvalhoA.P. and Duarte,C.B. (2002) Non-specific effects
Supplementary data of the MEK inhibitors PD098,059 and U0126 on glutamate release
Supplementary data are available at The EMBO Journal Online. from hippocampal synaptosomes. Neuropharmacology, 42, 9-19.

PetitV. and Thiery,J.P. (2000) Focal adhesions: structure and dynamics.
Biol. Cell, 92, 477-494.
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Reoviruses are a leading model for understanding cellular mechanisms of virus-induced apoptosis. Reovi-
ruses induce apoptosis in multiple cell lines in vitro, and apoptosis plays a key role in virus-induced tissue
injury of the heart and brain in vivo. The activation of transcription factors NF-KB and c-Jun are key events
in reovirus-induced apoptosis, indicating that new gene expression is critical to this process. We used high-
density oligonucleotide microarrays to analyze cellular transcriptional alterations in HEK293 cells after
infection with reovirus strain T3A (i.e., apoptosis inducing) compared to infection with reovirus strain TIL
(i.e., minimally apoptosis inducing) and uninfected cells. These strains also differ dramatically in their
potential to induce apoptotic injury in hearts of infected mice in vivo-T3A is myocarditic, whereas T1L is not.
Using high-throughput microarray analysis of over 12,000 genes, we identified differential expression of a
defined subset of genes involved in apoptosis and DNA repair after reovirus infection. This provides the first
comparative analysis of altered gene expression after infection with viruses of differing apoptotic phenotypes
and provides insight into pathogenic mechanisms of virus-induced disease.

The mechanisms by which viruses cause cytopathic effects in ways act to augment death receptor-initiated apoptosis, and
infected host cells are complex and only partially defined. Apo- apoptosis can be inhibited by stable overexpression of Bcl-2
ptosis is a direct mechanism of cellular injury and death, which (43, 44, 69). Blockade of cysteine protease activity using selec-
can occur in the course of normal tissue development or as a tive caspase inhibitors in vitro (11, 43) and calpain inhibitors in
pathological response to a variety of noxious stimuli. Mamma- vivo (18) results in decreased apoptosis in target cells and
lian reoviruses have served as useful models for studies of the tissues.
viral and cellular mechanisms that are operative in host cell Reovirus infection results in activation of cellular transcrip-
damage and death (14, 57, 80, 81). Reoviruses induce apopto- tion factors, including NF-KB (16) and c-Jun (13), and this
sis in a multiple cell lines in vitro and in murine models of activation plays a critical role in apoptosis. In the case of c-Jun,

encephalitis and myocarditis in vivo (18, 58, 68). Prototype there is an excellent correlation between the capacity of viral
strains serotype 3 Abney (T3A) and serotype 3 Dearing (T3D) strains to activate the JNK/c-Jun pathway and their ability to
induce apoptosis more efficiently than strain serotype 1 Lang induce apoptosis (13). Inhibition of the activation of NF-KB by
(T1L). Differences in the capacity of reoviruses to induce apo- stable expression of the NF-KB inhibitor IKB, whether by the
ptosis map to the viral S1 gene, which encodes the viral attach- use of proteosome inhibitors or by targeted disruption of the
ment protein crl (15, 69, 82). genes encoding the p65 or p55 subunits of NF-KB, results in

The signaling pathways by which reoviruses induce apoptosis inhibition of reovirus-induced apoptosis (16). The close corre-
in target cells are complex. Involvement of death receptor- and lation between transcription factor activation and reovirus-
mitochondrion-mediated pathways of apoptosis as well as cys- induced apoptosis strongly suggests that new gene expression is
teine protease activation have been demonstrated (11, 43). critical for this process; therefore, we investigated the cellular

Binding of tumor necrosis factor (TNF)-related apoptosis-in- response to reovirus infection at the transcriptional level. This
ducing ligand (TRAIL) to its cell surface death receptors- was achieved by comparing transcriptional alterations after
DR4 and DR5-plays a central role in reovirus-induced apo- infection with a reovirus strain that efficiently induces apopto-
ptosis in HEK293 cells and in several cancer cell lines (11, 12), sis (i.e., T3A) with alterations after infection with a strain that
and other death-inducing ligands such as FasL are equally induces minimal apoptosis (i.e., TIL). These strains also differ
important in neurons (68). Activation of death receptor-re- in their potential for inducing apoptotic myocardial injury in a
lated apoptotic pathways results in a coordinated pattern of murine model of viral myocarditis; T3A infection causes myo-

caspase activation (43, 44, 68). Mitochondrial apoptotic path- carditis and apoptotic myocardial injury, whereas TIL does

not.
Using high-throughput screening of over 12,000 genes by

Corresponding author. Mailing address: Department of Neurology using high-density oligonucleotide microarrays, we have iden-
(B-182), University of Colorado Health Sciences Center, 4200 East 9th
Ave., Denver, CO 80262. Phone: (303) 393-4684. Fax: (303) 393-4686. tified transcriptional alterations in a defined subset of genes.

E-mail: Ken.Tyler@uchsc.edu. When grouped into functional categories, a significant propor-
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tion of altered transcripts include genes involved in apoptosis University of Colorado Health Sciences Center Cancer Center Microarray Core

and DNA repair, and it is this subset that forms the focus of Facility.
Data analysis. Each gene on the U95A array was represented by a group of 20

this paper. The findings described herein are the first large- different 25-base eDNA oligomers that were complementary to a cRNA target

scale description of virus-induced alterations in apoptotic sig- transcript (i.e., perfect-match probes). As a hybridization specificity control, each

naling at the transcriptional level, including kinetics of these perfect match oligomer was accompanied by an oligomer differing from the

changes after infection with strains that differ in apoptosis- perfect match sequence by a single base pair substitution (ie., mismatch probes).

inducing phenotype. These findings lend important insight into The combination of perfect-match and -mismatch eDNA oligomers for each
gene is termed a probe set. Affymetrix-defined mathematical analyses (metrics)

specific mechanisms of viral pathogenesis, since apoptosis has were performed to assess specific versus nonspecific hybridization of experimen-

previously been demonstrated to be a critical mechanism for tal cRNA targets to each probe set. Data files were analyzed by using GeneChip

reovirus-induced damage in vitro and in vivo. Microarray Suite software (version 4.0).
Initially, hybridization of cRNA targets derived from each of the 16 experi-

mental samples was analyzed independently. By using Affymetrix-defined abso-

MATERIALS AND METHODS lute mathematical algorithms describing perfect-match and -mismatch hybrid-
ization, each gene was defined as absent or present and was assigned a raw

Cells, virus, and infection. Human embryonic kidney 293 (HEK293) cells numerical value. Next, comparisons were made between virus-infected and
(ATCC CRL 1573) were plated in T75 flasks at a density of 5 X 10t' cells per flask mock-infected chips at each of the three time points postinfection. Raw numer-
in a volume of 12 ml of Dulbecco's modified Eagle's medium supplemented with ical values were scaled to allow comparison between arrays. Genes considered
10% heat-inactivated fetal bovine serum, 2 mM L.-glutamine (Gibco-BRL), I mM absent (excess of mismatch hybridization or no hybridization) were not excluded
sodium pyruvate (Gibco-BRL), and 100 U of streptomycin (Gibco-BRL) per ml. from analysis, since genes changing from present to absent, absent to present, or
Monolayers were infected 24 h after plating, when cells were 60 to 70% conflu- present to present (but which increased in magnitude) were all important subsets
ent. Reovirus strains T3Abney (T3A) and T1Lang (TIL) (P2 stock) were used to of transcriptional alteration following viral infection compared to mock infec-
infect monolayers at a multiplicity of infection (MOI) of 100 PFU per cell. A high tion. By using Affymetrix-defined comparison mathematical algorithms, differ-
MOI was used to ensure that all susceptible cells were infected and because pilot ential hybridization (between chips) to each eDNA probe was analyzed and
studies in our laboratory indicated that high-multiplicity infection enhanced the designated as not changed, increased, marginally increased, decreased, or mar-
reproducibility of gene expression studies. Virus was adsorbed for I h at 37

0
C in ginally decreased, and a change in expression (n-fold) was calculated. Finally, a

a volume of 2 ml, during which time flasks were rocked every 15 min. Following four-way comparison of both virus-infected replicates to both mock-infected
adsorption, flasks were incubated at 37C after the addition of 10 ml of fresh replicates at a given time point was assessed, and the mean change (n-fold) was
medium. T3A-infected cells were harvested at 6, 12, and 24 h after viral infection, calculated and reported along with standard error of the mean.
TIL-infected cells were harvested at 24 h postinfection. For control infections, A gene was considered upregulated following virus infection if it was present
HEK293 monolayers were inoculated with a cell lysate suspension, which was in both virus-infected samples and if its expression increased by greater than or
prepared identically to viral stocks but which lacked infectious virus, equal to twofold in each virus-infected sample compared to both mock-infected

Cell harvests and RNA extraction. Cells were harvested by gently pipetting samples. Conversely, a gene was considered downregulated if it was present in
adherent and nonadherent cells from the flasks into 50-ml centrifuge tubes. After both mock-infected samples and if its expression was decreased by greater than
centrifugation (DuPont Sorvall 6000) at 1,200 rpm for 5 min, cell pellets were or equal to twofold in each virus-infected sample compared to both mock-
resuspended in phosphate-buffered saline (PBS) and transferred to Eppendorf infected samples. Genes whose expression changed by less than twofold were not
tubes for total RNA extraction (RNeasy Mini Total RNA isolation kit; QIA- considered up- or downregulated. Similarly, in order to ensure the reproducibil-
GEN). Total RNA was extracted from each flask independently, resulting in ity of the data presented, genes whose expression differed from mock-infected
duplicate RNA samples for each infection condition at 6, 12 (mock, T3A), and samples in only one of the two paired viral chips were not considered up- or
24 (mock, T3A and TIL) h postinfection. A total of 16 RNA samples were downregulated.
prepared, and the yield and purity of extracted RNA were determined by spec- To assess the reproducibility of hybridization results, the degree of variability
trophotometry. in transcriptional expression among mock- and virus-infected replicate condi-

Target preparation. Biotinylated cRNA targets were prepared from a 10-jtg tions was analyzed. For 99.6% of represented genes, expression was unchanged
aliquot of each total RNA sample by following Affymetrix instructions and between mock-mock or virus-virus replicates. Transcriptional differences were
protocols. Briefly, total RNA was reverse transcribed to double-stranded eDNA noted in an average of 0.401 t 0.1% of the total pool of transcripts between
(Superscript Choice; Gibco-BRL) by using high-pressure liquid chromatography- replicate conditions, but the genes involved represent a distinct population from
purified T7-(dT)24 oligomer for first-strand eDNA synthesis. Second-strand syn- the genes found to be up- or downregulated compared to virus-infected to
thesis was performed by using T4 DNA polymerase, and double-stranded eDNA mock-infected cells. The degree of variability in transcriptional expression as a
was isolated by using phenol-chloroform extraction with phase-lock gels. Isolated function of time was also assessed by comparing differences in gene expression
eDNA was in vitro transcribed and labeled (by using biotin-UTP and biotin- between mock infections following 6, 12, and 24 h of culture. A small proportion
CTP) to produce biotin-labeled cRNA (BioArray High-Yield RNA transcript of transcripts were altered in response to duration of cell culture alone (I.2% ±
labeling kit; ENZO). Labeled cRNA was isolated by using RNeasy Mini Kit spin 0.2% of the total pool). These genes were excluded from subsequent analysis.
columns (QIAGEN). Yield and purity were quantified by using spectrophotom- RT-PCR. Reverse transcriptase PCR (RT-PCR) was utilized to confirm
etry. Labeled cRNAs were fragmented in 100 mM potassium acetate, 30 mM changes in expression of selected genes as identified by analysis of oligonucleo-
magnesium acetate, and 30 mM Tris-acetate (pH 8.1) for 35 min at 94°C to tide microarrays. For RT-PCR, RNA was extracted from infected and control
produce labeled cRNA fragments of 60- to 300-bp length. For hybridization, HEK293 cells by using infection and extraction procedures identical to those
cRNA target integrity was analyzed with Affymetrix control (Test 2) arrays to described above. RNA was converted to eDNA by using the SuperScript pre-
assess degradation and hybridization performance prior to hybridization to Af- amplification system (Gibco-BRL) with the supplied oligo d(T)t 2.15 primer.
fymetrix Human U95A high-density oligonucleotide microarrays. The U95A Reverse transcription was performed at 42°C for I h. Semiquantitative PCR was
microarray contains eDNA oligomer that is complementary to 12,000 human performed by using primers generated for human DR4 (forward, 5'-CTG AGC
genes with known function (no expressed sequence tags), which currently rep- AAC GCA GAC TCG CTG TCC AC-3'; reverse, 5'-TCC AAG GAC ACG
resents the most comprehensive coverage of the human genome represented on GCA GAG CCT GTG CCA T-3'), human DR5 (forward, 5'-GCC TCA TGG
a single microarray. Each of the 16 prepared target eRNAs was independently ACA ATG AGA TAA AGG TGG CT-3'; reverse, 5'-CCA AAT CTC AAA
hybridized to a U95A array. Eukaryotic hybridization controls bioB, bioC, bioD, GTA CGC ACA AAC GG-3'), human DCRI (forward, 5'-GAA GAA TUT
and ere were also included in the hybridization cocktail. Hybridization was GGT GCC AAT GCC ACT G-3'; reverse, 5'-CTC TlG GAC TTG GCT GGG
carried out for 16 h at 45°C with rotation at 60 rpm. Microarrays were washed AGA TGT G-3), GADD 34 (U83981) (forward, 5'-ACA CGG AGG AGG
and stained with streptavidin-phycoerythrin conjugate by using the Affymetrix AGG AAG AT-3'; reverse, 5'-ACA GAG GAG GAA GGC AAG GT-3),
GeneChip Fluidics Station 400, following standard Affymetrix protocols. Staining Bcl-10 (AJ006288) (forward, 5'-TCC ACA CTT CTC AGG ITG CT'1-3'; re-
intensity was antibody amplified by using a biotinylated antistreptavidin antibody verse, 5'-AAT GGG GAA GAA GGA GAG GA-3'), caspase 3 (forward,
at a concentration of 3 jig per ml which was followed by a second streptavidin- 5'-GGT TCA TCC AGT CGC iTT GT-3'; reverse, 5'-AAC CAC CAA CCA
phycoerythrin conjugate stain, and hybridization intensity was analyzed by scan- ACC AT" C-3'; 207-bp product), Par-4 (forward, 5'-CTG AA CAT TUG CAT
ning at 570 nM. All hybridization and scanning steps were performed at the CCC TGT-3'; reverse, 5'ATG AAG CAG GGC AGA AAG AG-3'; 239-bp
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product), SMN (U8(X)i7) (forward, 5'-CCA GAG CGA TGA TGA CA-3'; mock-infected arrays. The subset of genes that were transcrip-
reverse, 5'-TGG GTA AAT GCA ACC GTC TI-3'; 246-bp product), DNA tionally altered following T3A (APO+) infection compared to
polymerase a ([.24559) (forward, 5'-TGC TTG ACC TGA iTG CTG TC-3'; mock infection was determined. This subset of genes was also
reverse, 5'-ATG ACG GGA CAA AGA CAA GG-3'; 197-bp product), ParpL m
(AF057160) (forward, 5'-CGC AAG GTC CAG AGA GAA AC-3'; reverse, compared to those genes that were differentially expressed
5'-TCC CAG GTT CAC TTC T GG-3'; 244-bp product), SRP40 (U30826) following TIL (APO-) infection compared to mock infection.
(forward, 5'-AGA CGA AAT GC- CCA CCT GT-3'; reverse, 5'-CGA GAC At 6 h post-T3A (APO+) infection, expression of 18 genes
CTG CT'F CTT GAC CT-3'; 281-bp product), XP-C p125 (D21089) (forward, (0.2% of the total genes present on the array) was altered
5'-AGA GCA GGC GAA GAC AAG AG-3'; reverse, 5'-GAT GGA CAG GCC
AAT AGC AT-3'; 199-bp product), and P3-actin (forward, 5'-GAA ACT ACC (all with increased expression) by twofold or greater in T3A
TTC AAC TTC AAC TCC ATC-3'; reverse, 5'-CGA GGC CAG GAT GGA (APO+)-infected cells compared to mock-infected cells. By
GCC GCC-3' (24). PCRs were performed by using serial dilutions of each cDNA 12 h post-T3A (APO+) infection, expression of 86 genes
(1:5, 1:10, and 1:20) to estimate the linear range for each primer pair by inter- (0.7%) was altered (29 genes with increased expression and 57
pretation of band intensity. To avoid saturation of the PCR and maximize the genes with decreased expression) in virus-infected compared
ability to detect relative quantitative differences between experimental samples,
the highest-input cDNA dilution that produced visible PCR products was utilized to mock-infected cells. By 24 h post-T3A (APO+) infection,
for comparisons of transcript abundance, and PCR cycles were limited to 25. expression of 309 genes (2.6%) was altered (215 with increased
RT-PCR for actin was performed in parallel with each PCR of interest for each expression and 94 with decreased expression) in virus-infected
experimental sample (as a control to ensure equal input load of eDNA in each compared to mock-infected cells. In contrast, at 24 h post-Tl L
reaction). PCR cycle conditions were 94°C for 30 seconds, 55°C for 30 seconds,
and 72°C for 1 min for 25 cycles. PCR products were resolved on a 2% agarose- (APO-) infection, expression of only 59 genes (0.4%) was
ethidium bromide gel run at 100 V for I h. Products were visualized by UV altered (45 with increased expression and 14 with decreased
illumination with Fluor-S (Bio-Rad) software imaging. Each reaction was per- expression) in virus-infected compared to mock-infected cells.
formed at least twice in independent experiments to confirm reproducibility. A complete listing of all genes with twofold or greater changes

Animal infections and immunohistochemistry. Reovirus strain 8B is an effi- expression following T3A and TI L infection is available
ciently myocarditic reovirus that has been previously characterized (74) and has in e
been shown to induce apoptotic myocardial injury in neonatal mice (18). Two- online at http://www.uchsc.edu/sm/neuro/tylerlab/personnel
day-old Swiss-Webster (Taconic) mice were intramuscularly inoculated with /completelisting.pdf. When categorized into functionally re-
1,000 PFU of 8B reovirus (20-pI volume) in the left hind limb. Mock-infected lated families, a large number of differentially expressed genes
mice received gel saline vehicle inoculation (20-til volume; 137 mM NaCI, following T3A (APO+) infection were noted to encode pro-
0.2 mM CaCI2, 0.8 mM MgCI2 , 19 mM H 3B0 3, 0.1 mM Na 2B40 7, 0.3% gelatin).
At I to 7 days postinfection, mice were sacrificed and hearts were immediately tems involved in apoptosis (Table 1) and DNA repair (Table
immersed in 10% buffered formalin solution. After mounting as transverse 2). These genes were not differentially expressed following TI L
sections, hearts were embedded in paraffin and sectioned to 6-tsm thickness. For (APO-) infection [with the exception of five genes in common
quantification of the degree of myocardial injury, hematoxylin- and eosin-stained between T3A (APO+) and TIL (APO-)], indicating that
mideardiac sections (at least two per heart) were examined at X t25 magnifica- these changes in gene expression likely correlate with differ-
tion by light microscopy and evaluated for histologic evidence of myocarditis.

Immunohistochemical analysis of survivin (SMN) expression was carried out ences in virus-induced pathogenicity rather than resulting from
on identical sections to assess expression over the 7 days following reovirus nonspecific cellular responses to viral infection.
infection. SMN antiserum was produced in New Zealand White rabbits by Reovirus-induced alteration in expression of genes involved
immunization with the amino terminus of the surviving amino peptide sequence in apoptosis. Expression of 24 genes related to the regulation
(PTLPPAWQPFLKDHRI) linked to keyhole limpet hemocyanin by the method
of Ambrosisni. Immunoglobulins from the rabbit before immunization were of apoptosis was altered in T3A (APO+) reovirus-infected
purified by affinity chromatography with protein A (Pierce, Rockford, ill.). West- cells. These genes encode proteins that participate in apo-
ern blot analysis against total protein extract from HeLa cells showed reactivity ptotic signaling involving death receptors, endoplasmic re-
with a single band of protein of approximately 16.5 kDa--consistent with the ticulum (ER) stress, mitochondrial signaling, and cysteine
expected molecular mass. Western blotting with preimmune serum showed no proteases (Table 1). For 22 of these 24 genes, significant al-
immunoreactivity. Slides were deparaffinized through xylene and rehydrated p e ( le) Fore22iof ths 24 g ene s nt al-

through a graded alcohol series. Endogenous peroxidase was blocked with 3% teration (>2-fold) in expression was not apparent until 24 h
hydrogen peroxide for 15 min. Antigen retrieval was performed with a 0.1 M postinfection. Only five of these genes were also differentially
citrate buffer for 10 min at 120'C. Primary antibody was diluted to 1.8 ngiAl in expressed following TIL (APO-) infection.
PBS (pH 7.4) with 1% bovine serum albumin applied to sections and incubated Altered expression of genes involved in death receptor sig-
in a humidity chamber overnight at 4°C. Following three washes in PBS for 5 min
each, incubation in secondary antibody labeled with polymer-linked horseradish naling pathways. We have previously shown that members of
peroxidase (Envision +; Dako, Carpinteria, Calif.) was carried out for 30 min the TNF receptor superfamily of cell surface death receptors,
at room temperature in a humidity chamber. Following three washes in PBS, including DR4, DR5, and their apoptosis-inducing ligand,
sections were developed with 3'-diaminobenzidine (Dako) and counterstained TRAIL, play a critical role in reovirus-induced apoptosis (11,
with hematoxylin. Negative controls were performed by substitution with the
preimmune immunoglobulin from the same rabbit. Positive control consisted of 12). We wished to determine whether alterations in expression

a colon carcinoma section that has been extensively studied in our laboratory and levels of genes encoding these proteins were altered following
which shows strong staining that is consistently reproducible in this tissue. reoviral infection. Using oligonucleotide microarrays, we did

not detect significant changes in gene expression of TRAIL or
RESULTS the death receptors DR5, decoy receptor 1 (DcR-1), or DcR-2

at 6, 12, and 24 h postinfection in reovirus-infected cells com-
Global analysis of gene expression following reovirus infec- pared to mock-infected controls (Table 3). DR4 was not rep-

tion. At 6, 12, and 24 h postinfection, transcriptional expres- resented on the U95A microarray. Expression of genes encod-
sion of each of 12,000 genes present on the HU95A microarray ing other important members of the TNF receptor superfamily

was compared for each pair of T3A (strongly apoptosis induc- and their ligands was also unchanged in reovirus-infected cells
ing [APO+I) virus-infected and mock-infected arrays. Similar including Fas, Fas ligand, TNF-a, TNF-03, and TNF receptor

analysis was carried out at 24 h postinfection for each pair of and TNF receptor-related protein (Table 3).
TIL (weakly apoptosis-inducing [APO-]) virus-infected and We performed additional analysis of death receptor-related
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TABLE 1. Reovirus-induced alteration in expression of genes encoding proteins known to regulate apoptotic signaling

Change in expression (n-fold)" at the indicated time (h)
GenBank after infection with:

Gene accession T3A TIL
no."

6 12 24 24

Mitochondrial signaling
Pim-2 proto-oncogene homologue U77735 -2.2 -- 0,1
MCLI L08246 2.0 - 0.0 2.2 - 0.0
BAC 15El-cytochrome C oxidase polypeptide AL021546 2.1 0 (.0
Par-4 U63809 2.1 _ 0.0
HSP-70 (heat shock protein 70 testis variant) D85730 2.2 t 0.1
BNIP-1 (BCL-2 interacting protein) U15172 2.3 _ 0.2
SMN/Btfp44/NAIP (survival motor neuron/neuronal U80017 2.5 _ (0.1

apoptosis inhibitor protein)
DRAK-2 AB01 1421 2.8 ± (1.2
SIP-1 AF027150 3.0 _ 0.2
DP5 D83699 5.5 - 1.1

ER stress-induced signaling
ORP150 U65785 -2.4 0 (.2
GADD 34 U83981 6.8 - 0.2 3.7 0 0.2 2.9 0 (.2
GADD 45 M60974 3.3 - 0.2 4.9 _ 0.1 4.4 _ 0.1

Death receptor signaling
Bcl-10 AJ006288 5.6 ± 1.1
PML-2 M79463 3.4 ± 0.3
Ceramide glucosyltransferase D50840 4.0 ± 1.2
SplOO M60618 6.5 ± 0.3

5.8 ± 0.6

Proteases
Calpain (calcium-activated neutral protease) X04366 -2.6 - 0.1
Beta-4 adducin U43959 -2.1 ± 0.1
Caspase 7 (lice-2 beta cysteinc protease) U67319 2.6 - (1.2
Caspase 3 (CPP32) U13737 3.2 _ 0.2 2.8 ± 0.1

Undefined
Frizzled related protein AF056087 -2.5 0 (.1 -3.3 ± (1.5
TCBP (T cluster binding protein) D64015 3.3 - 0.2
Cug-BP/hNAb50 RNA binding protein U63289 6.6 _ 1.1

"GenBank accession number corresponds to sequence from which the Affymetrix U95A probe set was designed."b Data are means ± standard errors of the means.

TABLE 2. Reovirus-induced alteration in expression of genes

gene expression, including DR4, DR5, DcR-1, and DcR-2 fol- encoding proteins known to be involved in DNA repair

lowing T3A (APO+) infection by RT-PCR (Fig. 1). DR4 ex- Change in expression (n-fold)' at
the indicated time (h) after

pression was increased at 12 and 24 h post-T3A infection GenBank infection with:

compared to mock infection. In contrast, expression of DR5 Gene accession
no." T3A TILwas unchanged following T3A infection, thus confirming re- -o__ T3ATIL

sults obtained from microarray analysis. DcR-1 transcripts 6 12 24 24

were not detectable in either mock- or T3A-infected cells. DNA ligase I M36067 -8.2 ± 1.1
DcR-2 expression appeared to be decreased at 24 h post-T3A PARPL AF057160 -6.3 ± 0.7
infection compared to mock-infected cells in this RT-PCR XP-C repair complement- D21089 -3.4 ± 0.1

analysis. However, consistent with the microarray results, this ing protein (p125)
DNA polymerase gamma U60325 -1.9 +- 0.1 -2.9 ±_ 0.1

decrease was not seen in RNase protection assays (data not ERCC5 L20046 -2.7 -0.1
shown). DNA polymerase alpha L24559 -2.5 ± 1.2

Microarray analysis also revealed differential expression of HLP (helicase-like protein) U09877 -2.4 ± 0.1
GTBP U28946 -2.1 ± 0.1 -2.1 ± 0.0

four genes that encode proteins that may be involved in mod- DDB2 (p48 subunit) U18300 -2.0 ± 0.0
ulation of death receptor-associated signaling cascades in T3A RAD 54 homologue X97795 -2.01 0.1

(APO +)-infected cells at 24 h postinfection: PML-2, ceramide Mi2 autoantigen X86691 -1.3 0.1I -2.0 - 0.1
MM2AF049140 2.1 +- 0(t1

glucosyltransferase, Bcl-10, and Spl00 were increased 3.4 -+ MMS2
Rad-51-interacting protein AF006259 2.6 ± (1.2

0.3-, 4.0 ± 1.2-, 5.6 ± 1.1-, and 6.1 ± 0.5-fold, respectively. We Rec-l AF084513 2.4 _ 0.4
used RT-PCR to confirm the upregulated expression of
usedR-l at 24 nfirm hhe TpO iection (Fig.ssion of T GenBank accession number corresponds to sequence from which the Affy-
BCL-10 at 24 h post-T3A (APO+) infection (Fig. 1). Taken metrix U95A probe set was designed.
together, these results suggest that, with the exception of DR4 " Data are means ± standard errors of the means.
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TABLE 3. Genes encoding proteins known to be involved in tion (Table 1). With the exception of MCL- 1, expression of these
apoptotic signaling which were not differentially expressed genes was unaltered following T1L (APO-) infection. Bcl-2 itself

following reovirus T_3A or T1L infection was not differentially expressed in virus-infected cells, nor was the
Gene GenBank accession no.' proapoptotic Bcl-2 family member BAX (Table 3).

Death receptor signaling We used RT-PCR to confirm changes in the expression of
TRAIL U37518 selected genes involved in mitochondrial signaling and inter-
DR5 (TRAIL-R2) AF014794 action with Bcl-2 (Fig. 2). We found that the expression of
Decoy receptor I (TRAIL-R3) AF014794 SMN was increased at 24 h post-T3A (APO+) infection but
Decoy receptor 2 AF029761
TNF M16441 not at earlier time points. Expression of Par-4 was increased at
TNF-a X02910 12 and 24 h post-T3A (APO+) infection, thus confirming re-
TNF-03 D12614 sults obtained with oligonucleotide arrays.
TNF receptor M58286 These results add to previous data demonstrating that Bcl-2
TNF receptor 2-related protein U)4270
Fas (Apo-I/CD95) X83490, X83492, Z70519, plays an important regulatory role in reovirus-induced apopto-

X82279, X63717 sis by revealing a complex interplay of Bcl-2 regulatory factors
Fas ligand (FasL) U 11821, D38122 at the transcriptional level in T3A (APO+)-infected cells.

Mitochondrial signaling
Bcl-2 M13994, M14745", M13995" Altered expression of genes involved in ER stress pathways.
BAX alpha L22473 In addition to death receptor and mitochondrial pathways of
BAX beta L22474 apoptosis, stress signals originating in the Golgi apparatus and
BAX gamma L22475" ER can also trigger apoptosis (79, 86). Viral proteins are po-
BAX delta U19599

Proteases tent inducers of ER stress responses (7, 22, 64). Three genes
Caspase 2 (Ich-I) U13021,6 U13022"
Caspase 9 (Mch-6) U60521"
Caspase 4 (ICErel-II) U28014
Caspase 5 (ICErel-III) U28015 6 12 24
Caspase 6 (Mch2)-isoform alpha U20536
Caspase 8 (MACH-alpha 1. X98172, X98176, X98175 T3A - + - + - +

MACH-beta 1, MACH-beta 2)
Caspase 10 (Mch4) U60519

"GenBank accession number corresponds to sequence from which the A4f- DR5
metrix U95A probe set was designed. Multiple accession numbers are noted for
multiple representations of a particular gene (unique probe sets) on the U95A
microarray. DR4

" Indicates multiple representations of a particular gene derived from the same
GenBank sequence.

and DcR-2, changes in death receptor and ligand gene expres- DcR-1
sion are unlikely to play a critical role in reovirus-induced
apoptosis. However, transcriptional alterations in genes encod-
ing proteins that modulate death receptor signaling may play a DcR-2
role in reovirus-induced apoptosis.

Altered expression of genes involved in mitochondrial sig-
naling pathways. Mitochondrial pathways play an important
role in reovirus-induced apoptosis in HEK293 cells (43, 44).
Following reovirus infection, both cytochrome c and Smac/ Actin
DIABLO are released from mitochondria and trigger the ac-
tivation of caspase 9 as well as the degradation of inhibitors of
apoptosis (43, 44). Reovirus-induced apoptosis in MDCK and
HEK293 cells is inhibited by stable overexpression of Bcl-2 (43,
44, 69), which is consistent with a significant role for the mi- 12 24
tochondrial apoptosis pathway during reovirus infection.

Among genes whose expression was altered in T3A (APO+)- T3A + . +
infected cells were 10 genes encoding proteins involved in mito-

chondrial signaling. This group included genes encoding a num- BCL 10
ber of proteins known to interact with Bcl-2, including SMN,
whose expression was increased 2.5 ± 0.1-fold, and SMN-inter- Actin
acting protein I (SIP-i), whose expression was increased 3.0 ±
0.2-fold. Expression of genes encoding several other Bcl-2-inter- FIG. 1. Expression of genes related to death receptor-mediated
acting proteins included the Bcl-2 family member MCL-1, pros- apoptotic signaling is altered following reovirus T3A infection. HEK293
tate apoptosis response 4 (Par-4), DAP kinase-related apoptosis- cells were either mock (-) or T3A (+) infected at an MOI of 100 PFU
inducing protein kinase 2 (DRAK-2), neuronal death protein 5 per cell. mRNA was collected at 6, 12, and 24 h postinfection and

analyzed by semiquantitative RT-PCR for expression of selected tran-(DP-5), and Bcl-2-interacting protein 1 (BNIP-1), each of which scripts encoding proteins involved in death receptor-mediated apopto-
were upregulated two- to sixfold following T3A (APO+) infec- tic signaling.
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* 6 12 24 12 24T3A T3A- - + +- + ±

SSMN GADD 34

Actin Actin

T3A 6 12 24 T3A 6 12 24

Par 4 Caspase 3

Actin L ME____________ _ Actin

FIG. 2. Expression of genes related to mitochondrion-, ER stress-, and protease-mediated apoptotic signaling is altered following reovirus T3A
infection. HEK293 cells were either mock (-) or T3A (+) infected at an MOI of 100 PFU per cell. mRNA was collected at 6, 12, and 24 h
postinfection and analyzed by semiquantitative RT-PCR for expression of selected transcripts encoding proteins involved in mitochondrial (SMN
and Par-4) and ER stress (GADD 34)-mediated apoptotic signaling as well as for caspase 3, a cysteine protease involved in apoptosis.

encoding proteins that are potentially involved in ER stress- induced apoptotic injury and rather are activated as a nonspe-
related responses were differentially expressed following both cific cellular response to reoviral infection.
T3A (APO+) and T1L (APO-) infection (Table 1). Two of Altered expression of genes encoding cysteine proteases.
these genes encode growth arrest and DNA damage (GADD)- Initiation of apoptosis through death receptor, mitochondrial,
inducible proteins GADD 34 and GADD 45. Alterations in the or ER and Golgi pathways results in the activation of specific
expression of these genes were among the earliest changes in initiator caspases. These caspases in turn activate additional
gene expression detected in T3A (APO+)-infected cells. The caspases, culminating in the activation of effector caspases.
increased expression of GADD 45 following reovirus infection Effector caspases, exemplified by caspases 3 and 7, act on
has been discussed previously in terms of its role in reovirus- substrates, including laminins and the caspase-activated DNase
induced cell cycle regulation (65). Expression of GADD 34 was responsible for inducing the morphological features of apopto-
increased 6.8 + 0.2-fold as early as 6 h post-T3A (APO+) sis in target cells (28). Caspases 3, 8, and 9 are activated in
infection. This was the largest increase in expression found for reovirus-infected cells, and inhibition of caspase activation in-
any apoptosis-related gene at any time following infection. hibits apoptosis (43).
Expression remained increased at 24 h postinfection, although Expression of genes encoding the effector caspases 3 and 7
the magnitude of the increase declined (3.7 ± 0.2-fold). Ex- were increased at 24 h following T3A (APO+) reovirus infec-
pression of GADD 34 and GADD 45 was also upregulated at tion but not at earlier time points, consistent with their role as
24 h post-T1 L (APO-) infection-by 2.9 ± 0.2-fold and 4.4 + downstream effector caspases that are activated at the termi-
0.1-fold, respectively. In order to confirm the increased expres- nus of caspase cascades. Caspase 7 expression was increased
sion of GADD 34 detected by using oligonucleotide arrays, we 2.6 ± 0.2-fold, and that of caspase 3 was increased 3.2 ± 0.2-
performed RT-PCR on reovirus-infected HEK293 cells by us- fold (Table 1). Caspase 3 expression was also increased at 24 h
ing GADD 34-specific primers. GADD 34 transcripts were post-T1L (APO-) infection at lower levels (2.8 + 0.1-fold).
increased at 12 and 24 h post-T3A (APO+) infection com- Expression of genes encoding other caspases was not signifi-
pared to mock infection (Fig. 2), thus confirming microarray cantly altered following reovirus infection, including that of
results. In addition to transcriptional upregulation of genes caspases 2, 4, 5, 6, 8, 9, and 10 (Table 3). Caspases 11, 12, 13,
encoding GADD proteins, transcripts for ORP150-an ER and 14 were not represented on the U95A microarray.
resident protein involved in the misfolded protein rescue re- Because of the importance and central role of caspase 3 as
sponse-were downregulated by 2.4 ± 0.2-fold following T3A a common effector in death receptor, mitochondrial, and ER
(APO+)-not TIL (APO-)-infection. and Golgi apoptotic signaling pathways, we wished to confirm

These results suggest that ER stress-induced apoptotic sig- the increased expression of this gene by using RT-PCR. Cas-
naling may play a role in reovirus infection. However, the fact pase 3 expression was increased over expression levels in

that altered expression in GADD genes occurred following mock-infected cells at 24 h post-T3A (APO+) infection (Fig.
both T1L (APO-) and T3A (APO+) infection (although at 2), thus confirming results obtained via oligonucleotide micro-
lower levels in TIL [APO-] infection) suggests that these arrays. Although not detected by microarray analysis, caspase
pathways may play a less-critical role in determining virus- 3 expression was noted to be decreased at 12 h post-T3A
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(APO+) infection, preceding the increase seen at 24 h postin- 6 12 24
fection.

These results suggest that although caspase activity is clearly T3A - + - + - + TML
modulated at the protein level following reovirus infection,
transcriptional upregulation of genes encoding effector cas- PARP-L
pases may also play a role in effecting reovirus-induced apo-
ptotic injury. The fact that caspase 3 transcripts were noted to
initially decrease at 12 h postinfection and then increase at 24 h Actin
postinfection indicates that transcriptional regulation is likely a
complex and dynamic process that is tightly linked to rapid
changes in caspase protein levels and states within infected 6 12 24
cells.

Reovirus-induced alteration in expression of genes related T3A - + + + T M
to DNA repair. DNA damage is one of the basic stimuli that
induces apoptosis. Cells have evolved complex mechanisms for XPC
sensing both single-strand and double-strand DNA breaks and
initiating their repair (67). Expression of 14 genes encoding

multiple classes of DNA repair enzymes was altered in T3A Actin
(APO+)-infected cells (Table 2). For 9 of these 14 genes,
significant alteration (>2-fold) in expression was not apparent
until 24 h postinfection, and 11 of these 14 alterations repre- 12 24
sented downregulation of expression. Transcription of DNA
repair genes was not altered following TIL (APO-) infection. T3A - + + TM
This global transcriptional downregulation of multiple classes
of DNA repair enzymes following T3A (APO+) infection, DNA Pol a
which ranged from two- to eightfold, has not previously been
appreciated.

Among downregulated DNA repair enzymes, expression of Actin
poly(ADP-ribosyl)-transferase (PARPL) was decreased 6.3 ±
0.7-fold, XP-C repair complementing protein 125 was de- FIG. 3. Genes encoding DNA repair proteins are differentially ex-
creased 3.4 ± 0.1-fold, and DNA polymerase o was decreased pressed following reovirus infection. HEK293 cells were either mock
2.5 + 0.2-fold compared to expression levels in mock- or T1L- (-) or T3A (+) infected at an MOI of 100 PFU per cell, and mRNA
infected cells. We used RT-PCR to confirm transcriptional was collected at 6, 12, and 24 h postinfection. HEK293 cells were also
alterations following T3A (APO+) infection compared to infected with TIL at an MOI of 100 PFU per cell, with mRNA col-

lected at 24 h postinfection. Samples were analyzed by semiquantita-mock and TIL (APO-) infection in these three DNA-repair tive RT-PCR for expression of selected transcripts encoding proteins
enzymes (Fig. 3). Transcripts for XP-C and DNA polymerase important for DNA repair.
a were decreased at 12 and 24 h post-T3A (APO+) infection,
and PARPL was downregulated at 24 h post-T3A (APO+)
infection, thus confirming the decreases in expression detected this end, we analyzed murine myocardial tissue following reo-
by microarray analysis. In contrast, in TIL (APO-)-infected virus strain 8B infection, since 8B is efficiently myocarditic in
cells, transcripts for PARPL were unchanged, transcripts for neonatal mice (74), and we have previously shown that apo-
XPC were only minimally decreased (much less so than the ptosis is an important component of myocardial tissue injury
dramatic reductions seen in T3A [APO+]-infected cells), and following 8B infection (18).
transcripts for DNA polymerase a were increased. Altered expression of genes encoding Bcl-2 regulatory pro-

These results suggest that, as well as directly stimulating teins (which have an impact on mitochondrial apoptotic sig-
proapoptotic signaling pathways, T3A (APO+) reovirus infec- naling) were among the most abundant changes detected by
tion may also facilitate apoptosis by downregulating the host microarray analysis. We selected one of these Bcl-2 regulatory
cell's transcription of genes encoding proteins that have the proteins, SMN, for analysis in vivo, since transcripts for SMN
capacity to repair DNA damage. were noted to be selectively increased at 24 h following infec-

Translation of microarray data into the in vivo model of tion with the apoptosis-inducing strain in the microarray ex-
reovirus-induced myocarditis. Although changes in mRNA periment, and this result was confirmed by RT-PCR. We there-
levels do not necessarily represent changes in protein expres- fore analyzed myocardial tissues from reovirus 8B-infected
sion, we next investigated whether previously unrecognized mice by immunohistochemistry on days 1 to 7 postinfection for
changes in gene expression identified by microarray analysis of expression of SMN in relation to histologic evidence of virus-
reovirus-infected cells in vitro could be directly translated into induced apoptotic tissue damage. SMN was maximally ex-
delineation of pathogenic mechanisms of reovirus-induced apo- pressed within myocardial lesions in temporal and spatial con-
ptosis in vivo. Specifically, we wished to determine if an ob- cordance with histologically detectable apoptotic myocardial
served alteration in gene expression would be predictive of injury on days 7 and 8 postinfection (Fig. 4). SMN was not
changes in expression of the relevant protein in a model of detected in myocardial tissue without evidence of apoptotic
reovirus-induced tissue injury characterized by apoptosis. To myocardial injury on days 1, 3, and 5 postinfection, nor was
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Swiss-Webster mice were intramuscularly infected with 1,000 PFU of 813 virus. Myocardial tissues were analyzed on days I to 7 postinfection for
histologic evidence of myocarditis as well as for expression of SMN by immunohistochemnistry, since we have previously shown that apoptotic
myocardial injury is detected at 7 days postinfection in this model. SMN protein was detected (brown stain) in infected myocardial tissue beginning
on day 7 postinfection (at the time that histologic evidence of myocarditis was detected, within discrete myocardial lesions). Neither SMN nor
evidence of myocardial injury was detected at earlier time points postinfection, as demonstrated on days 3 and 5 postinfection. Original
magnification, X40.

it detected in tissues from mock-infected animals. The signif- the first large-scale description of virus-induced alterations in

icance of SMN upregulation within injured myocardial tissue is apoptotic signaling at the transcriptional level, including the

being investigated further. However, these results illustrate kinetics of these changes following infection with viral strains
that microarray analysis of transcriptional changes following that differ in apoptosis-inducing phenotype. The fact that the

reovirus infection may provide a useful springboard toward the majority of these alterations occurred preferentially in T3A

delineation of critical virus-induced pathogenic signaling path- (APO+)- and not T1L (APO-)-infected cells suggests that

ways that are operative at the protein level. interpretation of these alterations may provide important in-

sight into critical mechanisms of reovirus-induced pathogene-

DISCUSIONsis.DISCUSIONMicroarray analysis has been increasingly utilized to inves-

Transcriptional changes related to apoptosis. Using high- tigate global transcriptional alterations following viral infec-

throughput microarray analysis, we now demonstrate that re- tion of many types, including human immunodeficiency virus

ovirus infection is associated with differential expression of (20, 83), herpesviruses (i.e., herpes simplex virus, varicella-

genes encoding proteins that participate in apoptotic signaling, zoster virus, Epstein-Barr virus, cytomegalovirus, and Kaposi's

including death receptor-, mitochondrion-, and ER stress-me- sarcoma-associated herpesvirus) (10, 29, 36, 39, 90, 93), rota-

diated pathways as well as DNA repair. These results represent virus (17), Sindbis virus (38), hepatitis B (32) and C (5) viruses,



8942 DEBIASI ET AL. J. VIROL.

DP5 tional alterations are discussed in further detail below. Sche-SDP5 [Death DR4 matics that summarize the apoptosis-related transcriptional

Mitochondria T Receptors changes identified following reovirus infection are depicted in
BN• V B-1 Fig. 5 (mitochondrial and death receptor signaling) and Fig. 6

BCL-2 Par-4 BCLI0 (ER stress and death receptor signaling) for reference in this

HSP-70 -- i MCL-1 /dSSMN/SIP * PML-2 Death receptor pathways. Members of the TNF receptorSCytochrome c Pimi-2 DRAK-2 SPlI0 superfamily of cell surface death receptors--specifically DR4,
DR5 and their apoptosis-inducing ligand, TRAIL-play a crit-
ical role in reovirus-induced apoptosis in HEK293 cells (11).

APAF-I Caspase9 We did not detect significant alteration in the expression of any
Caspase 8 TNF receptor superfamily members or their ligands by mi-

BCL10 8croarray analysis, but we did detect upregulation of transcripts
I for DR4 and downregulation of the decoy receptor DcR-2 by

Caspase 3 RT-PCR. This suggests, with the possible exception of DR4
Caspase 7 and DcR-2, that reovirus activation of death receptor pathways

does not involve changes in gene expression but rather occurs
SApoptosis predominantly at the protein level. However, microarray anal-

ysis did detect alteration in the expression of genes encoding
FIG. 5. Schematic of mitochondrion- and death receptor-related BCL-10, PML-2, and ceramide glucosyltransferase. The pro-

transcriptional alterations detected by microarray analysis following teins encoded by these genes can modulate death receptor
reovirus infection. Transcripts that were differentially expressed in
HEK293 cells following reovirus infection compared to mock infection signaling, suggesting that reovirus-induced alterations in ex-
are indicated in boldface type. Please see Discussion for details of each pression of these genes might influence death receptor signal-
indicated transcript. ing cascades.

Bcl-10 (derived from B-cell malt lymphomas) binds to
TRAF2, a key accessory mediator of TNF-R signaling (78, 91).

measles virus (8), influenza virus (23), enterovirus (63), and This binding can perturb TRAF-related activation of mitogen-
papillomavirus (55). Although several groups have reported activated protein kinases (MAPK), including JNK, and can
isolated alterations in transcription of genes related to apopto- induce the activation of the transcription factor NF-KB (25, 76,
tic signaling following viral infection, none of these studies was 78, 87, 91, 92). Bcl-10 contains a caspase activation and re-
specifically designed to understand the specific pathogenic cruitment domain and can bind to procaspase-9, thereby pro-
mechanisms by which apoptosis-inducing viruses inflict dam- moting its autoproteolytic activation (45, 76, 92). Overexpres-
age on infected cells. In a comparison of two strains of Sindbis sion of Bcl-10 induces apoptosis in a variety of cells, including
virus that differed in neurovirulence, differential transcrip- HEK293 cells (92), and it may provide a potential link between
tional alteration of several genes related to mitochondrial apo- the capacity of reoviruses to activate JNK cascades, activate
ptotic signaling was noted, including Bcl-2 family members the transcription factor NF-KB, and induce apoptosis. PML-2
mcl-1, bfl-1, and PBR (38). Transcriptional alteration of genes (encoded by the acute promyelocytic leukemia gene) has been
related to mitochondrial apoptotic signaling, including cyto-
chrome c and inhibitors of apoptosis was also reported follow-
ing rotavirus infection of caco-2 cells (17). Altered transcripts
for several members of death receptor-mediated signaling
pathways were reported following hepatitis C infection of
hepatocytes (5), including TRAIL, TNF-R, and Fas. Likewise, ER GADD 153 (CHOP) Calcium efflux
TRAIL and Fas transcripts were altered in a study of papillo- residents GADD 34
mavirus infection of cervical keratinocytes (55). Altered tran- ORP78 GADD 45
scripts for caspase 8 and TRAF4, known to be involved in ORP150 Calpain
death receptor signaling, have also been reported following I,
varicella-zoster virus infection of skin fibroblasts (39). In ad- Rescue/Protein Refolding Caspase 12
dition to these alterations, several groups have noted transcrip- Caspase 2
tional alteration in genes encoding serpins, which are known to
inhibit caspases (17, 39). Transcripts for NF-KB and c-Jun-
which have been linked to apoptotic signaling pathways-have Cupase 3
also been altered following several types of viral infection.

Our study is the first that was specifically designed to dissect
virus-induced alteration in apoptosis-related transcription and
the first to report alteration in coordinated groups of genes
with relevance to several major apoptotic signaling pathways, FIG. 6. Schematic of ER stress-related transcriptional alterations
as well as being the first to mention global (or even isolated) detected by microarray analysis following reovirus infection. Tran-

scripts that were differentially expressed in HEK293 cells followingdownregulation of DNA repair gene transcripts following viral reovirus infection compared to mock infection are indicated in bold-
infection. The potential implications of identified transcrip- face type. Please see Discussion for details of each indicated transcript.
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shown to enhance activation of death receptor-mediated path- MCL-I T
ways involving Fas-Fas ligand and TNF and TNF-R (84, 85), SMN/SIP T"
suggesting the possibility that it could also potentiate signaling PIM 2 HOMOLOGUE .1I
through DR4 and DR5. The mechanism of action of PML is
unclear but appears to involve the activation of effector cas- BNIP T
pases, including caspase 3 (85). Ceramide has been implicated Net Action:
as an important signaling intermediary involved in both Fas- Pro-BCL-2 DRAK-2 T
Fas ligand-mediated apoptosis and activation of MAPK cas- Antiapoptotic -CL-I T

cades (27, 56, 62) Although expression of genes encoding cer-
amide synthesis were not altered in infected cells, the gene Net Action:
encoding ceramide glucosyltransferase was upregulated. This Anti-BCL-2
enzyme catalyzes the initial glycosylation step in glycosphingo-
lipid synthesis to produce glucosylceramide, and its upregula- Proapoptotic

tion could potentially enhance ceramide signaling. FIG. 7. Transcriptional regulation of Bcl-2 modulatory proteins is a

Bcl-2 and mitochondrial signaling pathways. Pro- and anti- central theme in reovirus-induced apoptosis. Expression of eight tran-

apoptotic members of the Bcl-2 family interact at the surface of scripts encoding proteins known to influence Bcl-2 activity was altered
following reovirus infection. The predicted result of the observed tran-

the mitochondria, where complex homo- and heterodimeric scriptional alterations would be net inhibition of Bcl-2, and thus pro-
interactions regulate release of proapoptotic molecules includ- motion of apoptosis, in reovirus-infected cells. Please see Discussion

ing cytochrome c, Smac/DIABLO, and apoptosis-inducing fac- for details of each indicated transcript.

tor (28). Reovirus infection is associated with release of cyto-
chrome c from the mitochondria into the cytoplasm and with
activation of caspase 9 (43). Stable overexpression of the anti- Bcl-2 expression, its downregulation might reduce levels of
apoptotic molecule Bcl-2 inhibits reovirus-induced apoptosis Bcl-2 in infected cells and thereby enhance apoptosis.
in both MDCK (69) and HEK293 cells (43, 44). These results In parallel with these transcriptional alterations with ex-
suggest that, in order to induce apoptosis, reovirus must over- pected anti-Bcl-2 implications, alterations were also noted in

come the antiapoptotic effects of Bcl-2 and related family expression of transcripts encoding proteins expected to pro-memb rs n o der to a tiv te ito hon rial ap o tot c p th - m ote the action of Bcl-2 and block apoptosis. G enes encoding
members in order to activate mitochondrial apoptotic path- two proteins that may act as positive modulators of Bcl-2-
ways. SMN and SIP-were found to be upregulated following reo-

Genes encoding several proteins that inhibit the activity of virus infection. SMN interacts with Bcl-2 to enhance its anti-
Bcl-2 and therefore facilitate apoptosis were found to be up- apoptotic activity (35). SIP-1 interacts with SMN to form a
regulated in reovirus-infected cells. These included Par-4, heterodimeric complex (22a). Coexpression of SMN and Bcl-2
DRAK-2, DP5, and BNIP-1. Par-4 was initially identified in provides a synergistic protective effect against Bax-induced or
prostate tumor cells undergoing apoptosis but is widely ex- Fas-mediated apoptosis (35, 73). Expression of the gene en-
pressed in human tissues (50). Although the exact mechanism coding the Bcl-2 family member MCL-1 was also upregulated
of action of Par-4 is not known, it can facilitate apoptosis by following reovirus infection. MCL-1 may exert either pro- or
suppression of Bcl-2 expression, inhibition of NF-KB activa- antiapoptotic activity by modulation of the activity of Bcl-2 or
tion, and activation of caspase 8 (2, 9, 21). DRAK-2 is a by acting independently (6).
member of a novel family of nuclear serine-threonine kinases Taken together, these results suggest a model in which reo-
that can induce apoptosis (72). These kinases are known to virus infection is associated with the altered expression of mul-
associate with Par-4, and coexpression of Par-4 and the Zip tiple modulators of Bcl-2 in infected host cells, with the bal-
kinase (42) (related to DRAK-2) enhances apoptosis (60). ance tipped toward genes encoding proteins that would be
DP-5 (a death-promoting gene) contains a BH3 domain that predicted to inhibit Bcl-2 activity and thereby promote apo-
allows it to interact with Bcl-2 family proteins. Overexpression ptosis (Fig. 7). Although changes in mRNA levels do not nec-
of DP5 induces apoptosis in a variety of cells (33, 34). DP5 essarily predict changes in protein expression, we demon-
activation is linked with calcium release from ER stores, sug- strated that at least one of these proteins, SMN, is altered in
gesting that DP-5 may play a role as a link between ER stress- vivo in a biologically relevant model of reovirus infection, in
induced and mitochondrial apoptotic pathways (33). BNIP-I is close temporal and spatial association with evidence of virus-
a member of a novel BH3 domain-containing protein family induced apoptotic myocardial tissue injury.
that interacts with both Bcl-2 and Bcl-xL to inhibit their anti- In addition to the modulatory struggle at the Bcl-2 level,
apoptotic actions, thereby enhancing apoptosis induction (49). alteration of a transcript encoding a protein with a separate

In addition to the upregulation of transcripts encoding Bcl- role in mitochondrial apoptotic signaling was detected. HSP-70
2-inhibitory proteins, downregulation of transcripts encoding homologue expression was increased following reovirus infec-
proteins that promote Bcl-2 activity could contribute to pro- tion. HSP-70 is an antiapoptotic chaperone protein (52) that
motion of apoptosis following reovirus infection. Pim 2 proto- inhibits mitochondrial release of cytochrome c and blocks the
oncogene homologue is a serine-threonine kinase that is highly recruitment of procaspase 9 to the apoptosome complex (4,47,
expressed in a variety of tissues that may play an antiapoptotic 71). Although the cellular actions of HSP-70 are predomi-
role by enhancing Bcl-2 expression (3, 75). It is one of the few nantly antiapoptotic, the protein also plays a role during reo-
apoptosis regulatory genes that was downregulated following virus replication in facilitating the trimerization of the reovirus
reovirus infection. Since the Pim 2 gene product enhances ul protein (46). Since this protein is a critical determinant of
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reovirus apoptosis and reovirus-induced activation of specific of the gene encoding calpain was downregulated in reovirus-
MAPK signaling cascades (13), HSP-70 homologue may also infected cells. This downregulation was apparent only at 24 h
facilitate apoptosis through its actions during virion assembly. postinfection and could potentially represent a negative feed-

ER stress pathways. The accumulation of abnormal quanti- back response to calpain activation at the protein level: initial
ties of protein or of malfolded proteins in the Golgi apparatus increases in calpain activity in infected cells could potentially
or ER may trigger kinase cascades that result in the activation be countered by downregulation of calpain expression at the
of caspase 12 (7, 53, 54). This initiator caspase triggers activa- transcriptional level at later time points.
tion of effector caspases, such as caspase 3. One of the cellular Transcriptional changes related to DNA repair. Expression
markers of Golgi and ER stress is an increase in the quantities of transcripts encoding multiple classes of DNA repair en-
of specific GADD proteins such as GADD 135/CHOP (41, zymes was decreased following T3A (APO+)-but not TIL
94). Expression of genes encoding two of the five currently (APO-)-reovirus infection. Most DNA repair mechanisms
described members of the GADD family, GADD 34 and involve a recognition step in which single- or double-stranded
GADD 45, were increased following reoviral infection. These DNA breaks are identified, followed by the sequential action
genes were the earliest ones found to be significantly upregu- of helices that unwind damaged segments, nucleases that incise
lated following reovirus infection. The upregulation of ER the damaged region, polymerase that resynthesizes DNA, and
stress apoptosis-inducing transcripts was complemented by ligases that repair DNA strand breaks. Failure of any of these
downregulated expression of the gene for ORP 150, which steps can result in accumulation of DNA damage and the
encodes a protein involved in refolding malfolded protein tran- subsequent induction of apoptosis (67).
scripts within the ER (32a). In addition to a potential role for DNA nucleotide mismatches or mutations are recognized by
GADD 34 for ER stress-mediated pathways, GADD 34 induc- a mismatch-binding factor that consists of two distinct pro-
tion parallels that of BAX in other models of apoptosis (30), teins-hMSH2 and G/T mismatch binding protein (GTBP)-
thus suggesting a possible link to mitochondrion-regulated apo- both of which are required for mismatch-specific binding (61).
ptosis signaling pathways, which are known to play an impor- The gene encoding GTBP was downregulated >2-fold at both
tant role in reoviral infection. These results suggests that ER 12 and 24 h post-T3A (APO+) infection. Downregulation of
stress pathways may be activated as an early event following GTBP would be expected to impede recognition of single-
reoviral infection and that ER stress-induced apoptotic signal- strand DNA breaks or mutations that distort the structure of
ing may contribute to reovirus-induced apoptosis. However, the DNA helix.
the fact that altered gene expression occurred following both Once damage has been sensed, helicases unwind damaged
TIL (APO-) and T3A (APO+) infection [although at lower DNA as a precursor to excision of the damaged segments.
levels in TIL (APO-) infection] suggests the possibility that RAD54 homologue, Mi2 autoantigen, and helicase-like pro-
this pathway may play a less-critical role in determining virus- tein are three helicases (26) whose transcripts were down-
induced apoptotic injury and rather is activated as a nonspe- regulated following reovirus infection. Genes encoding two
cific cellular response to reoviral infection. nucleotide excision repair enzymes, ERCC5 and XP-C repair-

Cysteine proteases. Death receptor, mitochondrial, and complementing protein p125, were both downregulated follow-
Golgi and ER pathways of apoptosis all initiate the activation ing T3A (APO+) reovirus infection. These enzymes are in-
of specific initiator caspases, which in turn trigger the activa- volved in repairing single-strand DNA breaks or in repairing
tion of a limited set of downstream effector caspases, including nucleotide mutations that distort the structure of the DNA
caspase 3. Caspases 3, 8, and 9 are all activated during reovirus helix (67). Damaged DNA binding protein 2 (DDB2) may also
infection (43), and inhibition of this activation inhibits reovi- play a role in nucleotide excision repair (95)-and like ERCC5
rus-induced apoptosis. Expression of the genes encoding cas- and XP-C repair-complementing protein p125, expression
pases 3 and 7 were increased following reovirus infection. This of genes encoding DDB2 was also downregulated in T3A
suggests that, as well as inducing the activation of specific (APO+)-infected cells.
caspases at the posttranslational level, reovirus infection also Once damage is recognized, the helix is unwound, the dam-
results in upregulation of caspase gene expression that would aged area is excised, and new DNA synthesis is required to
be predicted to increase the levels of key effector caspases in replace the damaged nucleotides. At least nine DNA poly-
infected cells. merases involved in various aspects of DNA replication and

We have previously shown that the cysteine protease calpain repair have been identified in eukaryotes (31). DNA polymer-
is also activated in reovirus-infected fibroblasts and myocard- ase a and DNA polymerase - transcripts were both downregu-
iocytes in vitro (19) and in the heart in vivo (18). This activa- lated following T3A (APO+) reovirus infection. DNA poly-
tion appears to be an extremely early event that can be de- merase a is primarily required for DNA replication but also
tected as early as 30 min following infection of cells with interacts with and coordinates other DNA polymerases and
purified virus. Inhibition of calpain activation inhibits apopto- cellular factors required for DNA repair. DNA polymerase -y is
sis and reduces reovirus-induced cytopathic effects in vitro and the sole polymerase required for mitochondrial replication and
prevents reovirus-induced apoptotic myocardial injury in vivo plays an important role in the efficient repair of mismatched
(18). The mechanism for the proapoptotic actions of calpains is DNA in vitro as well as in the repair of damaged DNA (31, 89).
not fully understood but may involve activation of and activa- Following DNA synthesis, the repaired segment must be
tion by several caspases (40, 51,53, 66, 70, 88). Calpain can also religated with the rest of the helix. DNA ligases promote the
facilitate activation of NF-KB by degrading its cytoplasmic in- rejoining of both double- and single-stranded DNA breaks (37,
hibitor, IKB (1). 77). Expression of the gene encoding DNA ligase 1 showed the

Surprisingly, rather than being upregulated, the expression most change in expression of any DNA repair-related gene
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Human Herpesvirus 6 and Multiple Sclerosis:
The Continuing Conundrum

Human herpesvirus 6 (HHV-6) is one of to that of other herpesviruses and includes and 170 kb long. Eighteen open-reading

the latest in a long list of infectious agents a double-stranded DNA genome enclosed frames are unique to either HHV-6A or

postulated to play a role in the etiopatho- in an icosahedral protein capsid sur- HHV-6B. The genome encodes a number

genesis of multiple sclerosis (MS). It is es- rounded by a tegument. This entire struc- of potential immunomodulatory mole-

sential in critically evaluating the still ture is in turn contained within a host- cules, including a CCR2 chemokine ago-

exceedingly controversial association be- cell-derived lipid envelope into which nist (pU83), 2 functional 03-chemokine

tween MS and HHV-6 to understand the viral proteins are inserted. Infection is in- receptors (pU12 and pU51), and a ho-

basic biology of the virus. HHV-6 was first itiated when virus binds to CD46 [4], a mologue ofOX-2/CDIOO (pU85) [10, 11].

isolated in 1986 from human peripher- 57-67-kDa type I transmembrane glyco- HHV-6 also contains a gene encoding a

al blood mononuclear cells (PBMCs) of protein expressed on the surface of all nu- protein (pU24) with a sequence of 7 aa

patients with lymphoproliferative disor- cleated human cells. CD46 is 1 of at least (4PRTPPPS'0 ) that are identical to aa

ders [1]. Two "variants," HHV-6A and 6 glycoproteins belonging to the regulator 96-102 of human myelin basic protein

HHV-6B, that differ enough in their ep- of complement activation (RCA) protein (MBP), and recent studies suggest that T

idemiology, pathogenesis, and genomic se- family, several of which can serve as viral cells recognizing this peptide sequence oc-

quence to essentially be considered sepa- receptors. Interestingly, both HHV-6 and cur with significantly higher frequency in

rate viral species have been identified, al- measles can use CD46 as a receptor, al- patients with MS than among healthy con-

though not yet taxonomically recognized though they bind to distinct domains [5]. trol subjects [12]. T cells that react with

as such. In 1988, HHV-6B was etiologi- Increased levels of soluble CD46 can be this peptide after priming with MBP also

cally associated with a human disease, ex- detected in serum and cerebrospinal fluid were more frequent in patients with MS

anthema subitum (ES) [2]. HHV-6A is (CSF) of patients with MS and other in- than among healthy control subjects, but

still essentially an orphan virus, although flammatory diseases, compared with that the difference was not significant [ 121. The

it is likely to induce disease similar to in control subjects, although the patho- molecular mimicry between pU24 and

HHV-6B [3]. HHV-6A and HHV-6B, genetic significance of this remains un- MBP raises the intriguing possibility that

along with HHV-7, are members of the certain [6]. HHV-6 infection could contribute to the

Roseolovirus genus of the 03-herpesvirus The cell attachment protein of HHV-6 pathogenesis of MS by altering host im-

subfamily. These viruses share the cor- has not been definitely identified, although mune responses to MBP. However, these

mon properties of ubiquitous prevalence mapping of neutralization epitopes by results need to be interpreted with caution,

in human populations, a propensity to

cause illnesses characterized by fever and monoclonal antibodies indicate that mul- because another study of T cell lines de-

astiple envelope glycoproteins, including rived from patients with MS and control
cells, gp82-gp105 and the gH-gL complex, are subjects did not show any significant dif-

The basic structure of HHV-6 is similar likely candidates. Entry occurs through re- ferences in the ability of H HV-6 to activate

ceptor-mediated endocytosis after which MBP-reactive T cells [13].

the virus envelope is removed, and the In addition to the ability to cause lytic
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nize that not all cells harboring "latent" goencephalitis [ 16, 18-20]. Asymptomatic subjects by nested PCR, with all amplicons
HHV-6 DNA may be able to support re- CNS infection is probably the most com- typed as HHV-6B. Although the preva-
activation of infectious virus. Potential mon scenario, and HHV-6 DNA can be lence of amplifiable DNA was similar be-
sites of HHV-6 latency include lymphoid detected by polymerase chain reaction tween brain specimens from patients with
cells, bone marrow, salivary glands, kid- (PCR) in the CSF of -25% of patients with MS and control subjects, staining for
ney, lung, and the central nervous system ES, even in the absence of seizures or as- HHV-6 antigen was found in oligoden-
(CNS). During pregnancy, immunosup- sociated neurological manifestations. The drocyte nuclei of 12 (80%) of 15 brain
pression, hypersensitivity syndromes, and next most common presentation is with specimens from patients with MS, pre-
acute infection with some other viruses febrile seizures, which occur in up to one- dominantly in cells associated with MS
(e.g., dengue, measles, and possibly influ- third of children with primary HHV-6 in- plaques rather than normal white matter,
enza), HHV-6 can reactivate, an event that fection. HHV-6 infection probably ac- and in none of 45 brain specimens from
can also occur even in critically ill im- counts for one-third of all cases of febrile control subjects, suggesting that virus was
munocompetent patients [141. convulsions. In rare instances, primary actively replicating and not merely latent

Understanding of the pathogenesis of infection is associated with more-severe in brain specimens from patients with MS.
HHV-6 infection has been hampered by CNS manifestations, including focal or A variety of other cell types, including
the lack of a suitable animal model, al- diffuse meningoencephalitis with or with- neurons, astrocytes, macrophages, epen-
though the virus does infect primates out associated demyelination. dymal cells, choroid plexus epithelial cells,
other than humans. Seroepidemiological Both HHV-6A and HHV-6B are found and endothelial cells, also showed positive
studies indicate that primary infection is more often in CSF specimens than in blood staining, although this was essentially sim-
acquired during the first 6 months of life, specimens, but the difference in frequency ilar in brain specimens from both patients
with <10% of infants seropositive at age is much greater for HHV-6A, which has led with MS and control subjects. Staining
1 month, >66% by age 1 year, and -95% to the suggestion that HHV-6A is more also was particularly striking in cases with
by adult life [ 15, 16]. Primary HHV-6 in- neurotropic and more likely than HHV-6B inflammatory CNS disease, with antigen-
fection occurs predominantly postnatally, to persist in the CNS [21]. HHV-6A is also positive cells usually being macrophages
with the likely source of infection virus the variant most commonly isolated from rather than lymphocytes. This finding and
shed in saliva and, possibly, in the female brain tissues of patients with MS [22]. the known affinity with which HHV-6
genital tract. However, HHV-6B has been linked to en- replicates in many immune cells indicate

Primary HHV-6 infection most com- cephalitis in adult bone marrow transplant the importance of considering the possi-
monly produces an acute nonspecific fe- recipients [23], indicating that both HHV- bility that any association between HHV-
brile illness and may account for up to 6 variants are extremely neurotropic. Not 6 and MS might simply reflect the pres-
20% of emergency department visits for only does CNS involvement occur during ence of infiltrating inflammatory cells har-
febrile illness in children aged 6-8 months primary infection but several cases of fa- boring HHV-6.
[16]. Primary HHV-6 infection also fre- tal encephalitis have been reported in im- Subsequent attempts to confirm the as-
quently presents as ES (roseola infantum), munocompromised individuals, predomi- sociation between MS and HHV-6 have
an illness characterized by several days of nantly bone marrow transplant recipients, taken several forms. Many of the available
high fever followed by the appearance of although the source of viral reactivation studies have recently been subjected to a
a maculopapular rash starting on the (i.e., CNS or peripheral sites) has not been systematic review [25]. One strategy has
trunk and spreading centrifugally to the definitely established [23]. been to examine the relative prevalence or
face and limbs. Primary HHV-6 infection Interest in the association between intensity of HHV-6-specific antibody re-
in adult life is unusual and, when docu- HHV-6 infection and MS was triggered in sponses in serum and CSF from patients
mented, has typically presented as a mon- 1995, when Challoner et al. [24] reported with MS compared with control subjects.
onudeosis-like syndrome rather than as that they had detected a nucleotide frag- Not surprisingly, this approach has been
ES [ 17]. CNS infection appears to be an ment that was >99% identical to the ma- of rather limited utility, given the almost
integral feature of primary HHV-6 infec- jor DNA-binding protein gene (MDBP) universal prevalence of HHV-6 antibodies.
tion, with virus likely reaching the CNS of HHV-6B (U41) by using representa- The best-designed studies have not pro-
through the bloodstream in association tional difference analysis to search for po- vided convincing evidence of differences
with infected lymphocytes and monocytes. tential pathogens in brain specimens from between patients with MS and control
The consequences of HHV-6 CNS infec- patients with MS. HHV-6 MDBP gene subjects [25]. A second strategy, searching
tion are extremely variable, ranging from DNA was detected in 25 (78%) of 32 brain for differences in the prevalence of ampli-
asymptomatic infection through febrile specimens from patients with MS and 40 fiable HHV-6 DNA in serum or purified
convulsions to rarer cases of severe menin- (74%) of 54 brain specimens from control PBMCs from patients with MS and con-
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trol subjects, has produced variable results impossible. Two articles in this issue of The well as independent corroboration of the

but no conclusive evidence of significant Journal of Infectious Diseases address both presence of HHV-6 infection. The pres-

differences in most carefully designed of these problems. The first article [30] ence of both genome and viral proteins is

studies. One intriguing study suggested uses a refinement of PCR technique, in characteristic of lytic viral infection; how-

that PCR-amplifiable HHV-6 DNA was situ-PCR (ISPCR), which can be per- ever, during the latent state, in which virus

detected more frequently in the urine of formed directly on formalin-fixed tissue is not replicating, only the genome and

patients with MS than in that of control sections and therefore allows individual not the antigen would be detectable, and

subjects, but this has not yet been inde- cells containing the HHV-6 genome to be the results reported are certainly consis-

pendently confirmed [22]. Attempts to identified. This group previously used this tent with this interpretation.

compare differences in HHV-6 DNA de- technique on autopsy brain tissue speci- In the second study in this issue [32],

tectability in patients with MS during re- mens from patients with established MS laser microdissection was used to specif-

missions and relapses also have yielded and found ISPCR-positive cells in 11 of ically isolate tissue from plaque-contain-

conflicting results [26, 27]. PCR also has 13 sections from 8 brain specimens, pre- ing and normal-appearing white matter

been used to search for HHV-6 DNA in dominantly in oligodendrocytes [31]. By from 13 patients with MS. The isolated

CSF. In one well-designed study, no DNA contrast, HHV-6 antigen was not detect- material was then subjected to nested PCR

was found in CSF from 32 patients with able in oligodendrocytes, despite the use to amplify the HHV-6 major capsid pro-

MS [28], and, in another study, the preva- of antisera recognizing 3 different HHV- tein gene. The number of samples in

lence was reported to be 0% in control 6 proteins (p41, p101, and gpl16). Their which the HHV genome was detected

subjects with other neurological disease current article [30] is essentially a repeat (160/6-27%) did not differ among healthy

(OND), 7% in human immunodeficiency of the original study but now performed brain specimens, normal-appearing white

virus (HIV)-infected patients with neuro- on surgical biopsy specimens from a sub- matter in brain specimens from patients

logical disease, and 11% in patients with set of patients with MS presenting with with MS, and brain tissue samples from

MS [29]. Interestingly, when cellular, as new onset acute disease and therefore free patients with non-MS neurological dis-

opposed to cell-free, CSF was analyzed, the from the potential confounding issues of ease. However, the HHV-6 genome was

frequencies increased substantially, to 29% drug therapy and the effects of chronic detected in 57% of samples from plaque-

in control subjects with OND, 41% in disease. Both studies [30, 31] suffer from associated white matter in brain samples

HIV-infected patients, and 39% in pa- the same potential methodological issues, from patients with MS, a difference that

tients with MS [29], which suggests that including the lack of blinding, the use of was highly significant when compared

inflammatory cells present in CSF are the historical controls with no definition of with the other groups. The assays were

ones harboring the HHV-6 genome. how they were selected, and the depen- done in a blinded fashion, although the

Because MS is a disease of brain tissue, dence on morphological criteria (rather mechanism for selection of "control" cases

solving the conundrum of the association than immunostaining for specific mark- was not defined. There also was a striking

between HHV-6 and MS is likely to de- ers) to identify oligodendrocytes as the and unexplained amount of variation be-

pend on direct analysis of brain material, predominant cell infected. In this new tween the results obtained from different

The simplest approach has been to at- study [30], 9 of 9 sections from the 5 brain plaques from the same brain and from

tempt to amplify HHV-6 DNA from brain specimens from patients with MS exam- different samples of the same plaque. If

tissue by PCR. The design of several stud- ined showed cells positive for the HHV-6 this sample variation is excluded by simply

ies of this type has been suboptimal [25], genome by ISPCR. As noted, the major- counting any patient with a positive sam-

but the general results have supported the ity of positive cells were considered to be ple as positive, the differences between

original findings of Challoner et al. [24] oligodendrocytes on the basis of their ap- groups are less impressive; 12 (92%) of 13

in indicating that HHV-6 DNA can be am- pearance and lack of staining for an im- MS plaques had at least 1 positive sam-

plified with high frequency from brain mune cell marker (CD45). Some microgli- ple, compared to 9 (75%) of 12 healthy

specimens from both patients with MS al (CD68÷) cells also were positive. In brain specimens, 8 (62%) of 13 brain spec-

and control subjects. contrast to the ISPCR result, no evidence imens from patients with non-MS dis-

PCR amplification of brain samples has of the HHV-6 antigen was found in any ease, and 5 (50%) of 10 normal-appearing

two significant disadvantages. First, it is of the MS tissue specimens. The failure to white matter brain samples from patients

not possible to identify individual cells detect both genome and antigen is unfor- with MS. These differences are not statis-

containing the viral genome, and, second, tunate, because their concomitant pres- tically significant.

precise sampling of specific brain micro- ence would have provided strong support Where do these new studies leave us?

regions (e.g., plaque-containing vs. nor- for the validity of both detection assays They provide evidence that the HHV-

mal-appearing white matter) is essentially (immunocytochemistry and ISPCR), as 6 genome is present in cells, including ol-
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igodendrocytes, from brain specimens in MS [351 would not be unexpected, even herpesvirus 6 variant A. Clin Infect Dis 1997;24:1022-3.

from patients with MS and may be more if HHV-6 had a role in the etiopatho- 4. Santoro F, Kennedy PE. locatelli G, et al.

frequently detectable in areas with MS genesis of MS. CD46 is a cellular receptor for human her-
plaques than in normal-appearing white Uncontrolled trials of treatment of pesvirus 6. Cell 1999;99:817-22.

matter. The failure to detect viral antigen, HHV-6 CNS infection in hematopoietic 5. Greenstone HL Santoro F, Lusso P, Berger EA.
Human herpesvirus 6 and measles virus em-

especially in oligodendrocytes, in con- stem cell recipients indicate that both gan- ploy distinct CD46 domains for receptor func-
trast to findings in some previous studies ciclovir and foscamet therapy are associ- tion. I Biol Chem 2002;277:39112-8.
[24, 331, suggests that brains of patients ated with reduction in virus load in CSF 6. Soldan SS, Fogdell-Hahn A, Brennan MB, et

al. Elevated serum and cerebrospinal fluid 1ev-
with MS, like those of their unaffected and plasma, although the response was not els of soluble human herpesvirus type 6 cel-
counterparts, harbor latent, rather than universal and not always statistically sig- lular receptor, membrane cofactor protein, in
actively replicating, virus and argues nificant [23, 36]. Ganciclovir also has been patients with multiple sclerosis. Ann Neurol2001; 50:486-93.

strongly against a model in which direct reported to be of benefit in prophylaxis 7. Clark DA. Human herpesvirus 6. Rev Med

virus-induced oligodendrocyte injury against HHV-6 reactivation in patients re- Virol 2000•, 10:155-73.

contributes to the pathogenesis of MS. ceiving stem cell transplantation [36], 8. Pellett PE, Dominguez G. Human herpesvi-

H which suggests that this drug would be a ruses 6A, 6B, and 7 and their replication. In:
The high frequency with which the HHV- wKnipe DM, Howley PM, eds. Fields virology.
6 genome is detected in brain tissue spec- far better choice than acyclovir derivatives 4th ed. Philadelphia: Lippincott William &
imens from patients with non-MS neu- to target active HHV-6 infection. Inter- Wilkins, 2001:2769-84.

rological disease suggests that the virus estingly, interferon (IFN)-A, which is fre- 9. Dominguez G, Dambaugh TR, Stamey FR, et
al. Human herpesvirus 6B genome sequence:

should be considered part of "normal quently used for the treatment of MS, sig- coding content and comparison with human
brain flora," and the current studies do nificantly reduces HHV-6 replication in T herpesvirus 6A. I Virol 1999, 73:8040-52.

not explain how this ubiquitous virus cell lines in vitro. Patients with MS being 10. Hoek RM, Ruuls SR, Murphy CA, et al.
Down-regulation of the macrophage lineage

might be involved in the etiopathogenesis treated with IFN-13 also have decreased through interaction with OX2 (CDD100). Sci-
of MS in some individuals while seem- levels of serum HHV-6 DNA, compared ence 2000; 290:1768-71.

ingly having no effect in others. The di- with that in untreated control subjects, or 11. Luttichau HR, Lewis IC, Jensen PO, Moser C,
Gerstoft J, Schwartz TW. A highly selective

verse immunomodulatory effects of their own pretreatment serum, which sug- CCR2 chemokine agonist encoded by human
HHV-6, including the potential for mo- gests a possible antiviral effect in vivo [37]. herpesvirus 6. l Biol Chem 2003; 278:10928-33.

lecular mimicry, raise the possibility that It is important to recognize that any an- 12. Tejada-Simon MV, Zang YC, Hong J, Rivera
it is not viral infection itself but rather tiviral treatment strategy would only be VM, Zhang I7. Cross-reactivity with myelin ba-

sic protein and human herpesvirus-6 in mul-
unique aspects of the host response to useful if reactivation and active replication tiple sclerosis. Ann Neurol 2003; 53:189-97.

this infection that may be key. of HHV-6 were key events in the patho- 13. Cirone M, Cuomo L, Zompetta C, et al. Hu-
If HHV-6 does play a role in MS, the genesis of MS. If virus is only present in man herpesvirus 6 and multiple sclerosis: a

study ofT cell cross-reactivity to viral and my-
potential to alter the course of disease with a latent state, as suggested by the failure elin basic protein antigens. I Med Virol 2002;
antiviral therapy for HHV-6 would be of of some [30,311, but not all [24,33], stud- 68:268-72.

ies to detect viral antigen, then no cur- 14. Razonable RR, Fanning C, Brown RA, et al.
great interest. Most HHV-6 infections are Selective reactivation of human herpesvims 6

benign self-limited illnesses and do not re- renty available antiviral agent would be variant A occurs in critically ill immunocom-
quire specific antiviral therapy. Unfortu- expected to be of benefit in MS treatment. petent hosts. I Infect Dis 2002; 185:110-3.

15. Caserta MT, Mock DL, Dewhurst S. Human
nately, there are no controlled clinical trials herpesvirus 6. Clin Infect Dis 2001; 33:829-33.
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Cellular transcription factors are often utilized by in- independent mechanism that involves cellular proteases,
fecting viruses to promote viral growth and influence including calpains (3, 6) and caspases (5, 7, 8).
cell fate. We have previously shown that nuclear factor We have previously shown that in a variety of human epi-
KB (NF-KB) is activated after reovirus infection and that thelial cell lines (7, 9) reovirus-induced apoptosis is mediated
this activation is required for virus-induced apoptosis. by tumor necrosis factor (TNF)l-related apoptosis-inducing li-
In this report we identify a second phase of reovirus- gand (TRAIL) (for review, see Ref. 10). However, reovirus in-
induced NF-KB regulation. We show that at later times fection triggers apoptosis in both TRAIL-sensitive (7, 9) and
post-infection NF-KB activation is blocked in reovirus- TRAIL-resistant cells (7). The question as to how reovirus
infected cells. This results in the termination of virus- induces apoptosis in TRAIL-resistant lines has been answered
induced NF-KB activity and the inhibition of tumor ne- in part by the observation that reovirus can sensitize previ-crosis factor a and etoposide-induced NP-KB activation inprbyteosvaonhtroiuscnestzerv-in infected cells. Reovirus-induced inhibition of NF-KB ously resistant cells to killing by TRAIL (7, 9). Reovirus-in-aivaionfectd occurs. byamecha inism habitiprent of icBa duced sensitization of cells to TRAIL requires caspase 8 activ-degradation and that is blocked in the presence of the ity and is associated with an increase in the cleavage of pro-

viral RNA synthesis inhibitor, ribavirin. Reovirus-in- caspase 8 in cells treated with TRAIL and reovirus compared
duced apoptosis is mediated by tumor necrosis factor- with cells treated with TRAIL alone (9). The mechanism by
related apoptosis inducing ligand (TRAIL) in a variety which reovirus induces increased caspase 8 activation in
of epithelial cell lines. Herein we show that ribavirin TRAIL-treated cells is, however, unknown.
inhibits reovirus-induced apoptosis in TRAIL-resistant The NF-KB family of cellular transcription factors promotes
HEK293 cells and prevents the ability of reovirus infec- the expression of a variety of cellular genes, including genes
tion to sensitize TRAIL-resistant cells to TRAIL-induced that have either pro- or anti-apoptotic effects, and it is thought
apoptosis. Furthermore, TRAIL-induced apoptosis is en- that the balance of expression of NF-KB-regulated genes may
hanced in HEK293 cells expressing IB.BAN2, which determine cell fate (12). The prototypical form of NF-KB exists
blocks NF-KB activation. These results indicate that the as a heterodimer of proteins p50 and p 6 5 (ReIA) (13, 14). NF-KB
ability of reovirus to inhibit NF-KB activation sensitizes is normally sequestered in the cytoplasm by its binding to a
HEK293 cells to TRAIL and facilitates virus-induced family of inhibitor proteins, collectively known as IKB (15, 16).
apoptosis in TRAIL-resistant cells. Our findings demon- In response to a variety of stimuli, IKB is phosphorylated,
strate that two distinct phases of virus-induced NF-KB resulting in its ubiquitination and subsequent degradation
regulation are required to efficiently activate host cell (17-20). This allows the release of NF-KB, which translocates to
apoptotic responses to reovirus infection, the nucleus (21), where it stimulates cellular gene transcrip-

tion (for review, see Refs. 22 and 23). In a variety of cell types,
the binding of reovirus to the cell surface receptors junctional

Experimental infection with mammalian reoviruses has pro- adhesion molecule and sialic acid induces the activation of
vided a classic model of viral pathogenesis (for review, see Ref. NF-KB (24, 25). In TRAIL-sensitive HeLa cells this activation is
1). Reovirus induces apoptosis both in cultured cells and in detected 2-12 h post-infection (pi), involves both the p65 and
target tissues (for review, see Ref. 2). In the central nervous p50 subunits of NF-KB, and is required for reovirus-induced
system and heart, virus-induced apoptosis correlates with pa- apoptosis (26). In HeLa cells reovirus-induced NF-KB activa-
thology and is a critical mechanism by which disease is trig- tion and apoptosis require viral disassembly but not subse-
gered in the host (3-5). Reovirus induces apoptosis by a p 5 3 - quent events of reovirus replication and are not inhibited by

the viral RNA synthesis inhibitor ribavirin or by replication
* This work was supported by National Institute of Health Public incompetent viruses (27).
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these cells. This is followed by a later phase of virus-induced sequence (Santa Cruz Biotechnology). Nuclear extracts (5-10 jg of total

NF-KB inhibition. Reovirus-induced inhibition of NF-KB acti- protein) were incubated with a binding reaction buffer containing 2 Ag

vation is associated with impaired degradation of IKB and is of poly(dI-dC) (Sigma) in the presence of 20 mm HEPES (pH 7.9), 60 mM
KC1, 1 mm EDTA, 1 mM dithiothreitol, and 5% glycerol at 4 °C for 20

inhibited by the viral RNA synthesis inhibitor, ribavirin. In min. Radiolabeled NF-KB consensus oligonucleotide (0.1-1.0 ng) was

contrast to findings in TRAIL-sensitive HeLa cells, in which added, and the mixture was incubated at room temperature for 20 min.

ribavirin blocks reovirus replication but not apoptosis, both For competition experiments, a 10-fold excess of unlabeled consensus

these events are blocked by ribavirin in TRAIL-resistant oligonucleotide or an oligonucleotide containing the SP-1 consensus site

HEK293 cells. Ribavirin also inhibits reovirus-induced sen- (Santa Cruz Biotechnology) were added to reaction mixtures. Nucleo-

oTRAIL-induced apoptosis. We protein complexes were subjected to electrophoresis on native 5% poly-
sitization of HEK293 cells to Tacrylamide gels at 180 V, dried under vacuum, and exposed to Biomax
further show that HEK293 cells are sensitized to TRAIL- MR film (Eastman Kodak Co.).

induced apoptosis by the expression of IKBAN2, which blocks Luciferase Gene Reporter Assays-The NF-KB-dependent luciferase

the activation of NF-KB. This suggests that the ability of reporter construct was a gift from Dr. B. Sugden. The construct contains

reovirus to block NF-KB activation at later times post- four NF-KB binding sites upstream of the luciferase gene. HEK293 cells

infection sensitizes HEK293 cells to TRAIL-induced apo- (1.5 x 10') in 6-well tissue culture plates (Costar) were incubated for

ptosis and is critical for apoptosis in TRAIL-resistant cells. 24 h before being transfected with 1 Mg of the luciferase reporter

pTosi aendstcritico r apoptosltine TRAelsoviL-res-istnt d construct and 1 Mg of a cytomegalovirus-o-galactosidase reporter con-
The demonstration that multiple levels of virus-induced struct (Clontech) using LipofectAMINE (Invitrogen). After an addi-

NF-KB regulation are required to efficiently activate host cell tional 24-h incubation, cells were either mock-infected or infected with

apoptotic responses to reovirus infection represents a novel T3A at an m.o.i. of 100 plaque-forming units per cell and incubated at

mechanism of viral-induced apoptosis. 37 'C for various intervals. Cells were then harvested and resuspended
in 1 ml of sonication buffer (91 mM dithiothreitol, 0.91 M K 2HPO 4 (pH

EXPERIMENTAL PROCEDURES 7.8), centrifuged at 2000 x g for 10 min, and resuspended in 100 Al of

Cells, Viruses, and Reagents-HEK293 (ATCC CRL1573) were sonication buffer. Cells were vortexed, frozen (-20 °C) and thawed

grown in Dulbecco's modified Eagle's medium supplemented with 100 three times, and centrifuged at 14,000 x g for 10 min. Samples (10 Ml)
units/ml each penicillin and streptomycin and containing 10% fetal were assessed for luciferase activity after the addition of 350 gl of

bovine serum. HeLa cells (ATCC CCL2) were grown in Eagle's minimal luciferase assay buffer (85 mm dithiothreitol, 0.85 M K 2HPO4 (pH 7.8),
essential medium supplemented with 2.4 mM L-glutamine, nonessential 50 mM ATP, 15 mm MgSO4 ) by determining optical density in a lumi-

amino acids, 60 units/ml each penicillin and streptomycin and contain- nometer (Monolight 2010, Analytical Luminescence Laboratory). Sam-

ing 10% fetal bovine serum (Invitrogen). HEK293 cells expressing ples were assayed for p3-galactosidase activity using standard proce-

IKBAN2, a strong dominant negative IKB mutant lacking the NH2 - dures (32) to normalize for transfection efficiency.

terminal phosphorylation sites that regulate IKB degradation and the Western Blot Analysis-After infection with reovirus, cells were pel-

consequent activation of NF-KB, were a kind gift from Dr. G. Johnson). leted by centrifugation, washed twice with ice-cold phosphate-buffered

Reovirus strain Type 3 Abney (T3A) was used for all experiments. T3A saline, and lysed by sonication in 200 Ml of a buffer containing 15 mM

is a laboratory stock that has been plaque-purified and passaged (twice) Tris, pH 7.5, 2 mM EDTA, 10 mm EGTA, 20% glycerol, 0.1% Nonidet

in L929 (ATCC CCL1) cells to generate working stocks (28). TRAIL was P-40, 50 mM P-mercaptoethanol, 100 Mg/ml leupeptin, 2 gg/ml apro-

obtained from Upstate Biotechnology and Sigma, TNFa was obtained tinin, 40 AM Z-Asp-2,6-dichlorobenzoyloxime, and 1 mm phenylmeth-

from Invitrogen, and etoposide and ribavirin were obtained from Sigma. ylsulfonyl fluoride. The lysates were then cleared by centrifugation at

Ribavirin was used at a concentration of 200 Mm. 16,000 × g for 5 min, normalized for the protein amount, mixed 1:1
Apoptosis Assays-Cells were assayed for apoptosis by staining with with SDS sample buffer (100 mm Tris, pH 6.8, 2% SDS, 300 mM

acridine orange for determination of nuclear morphology and ethidium P3-mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5

bromide to distinguish cell viability at a final concentration of 1 Mg/ml min, and stored at -70 *C. Proteins were electrophoresed by SDS-
each (29). After staining, cells were examined by epifluorescence mi- PAGE (10% gels) and probed with antibodies directed against IKBa

croscopy (Nikon Labophot-2, B-2A filter; excitation, 450-490 nm; bar- (Santa Cruz No. 203). All lysates were standardized for protein con-

rier, 520 nm; dichreic mirror, 505 nm). The percentage of cells contain- centration with antibodies directed against actin (Oncogene No.
ing condensed nuclei and/or marginated chromatin in a population of CP01). Autoradiographs were quantitated by densitometric analysis
100 cells was recorded. The specificity of this assay has been previously using a Fluor-S MultiImager (Bio-Rad).

established in reovirus-infected cells using DNA laddering techniques
and electron microscopy (9, 30). RESULTS

Caspase 3 Activity Assays-Caspase 3 activation assays were per- Reovirus Induces the Activation of NF- KB in TRAIL-resistant
formed using a kit obtained from Clontech. Cells (1 x 10') were centri- HEK293 Cells-Reovirus-induced apoptosis in a variety of ep-
fuged at 200 x g for 10 min, supernatants were removed, and cell ithelial cell lines, including HEK293 cells and HeLa cells, is
pellets were frozen at -70 °C until all time points were collected.
Assays were performed in 96-well plates and analyzed using a fluores- mediated by TRAIL (7, 9). However, whereas reovirus induces

cent plate reader (CytoFluor 4000, PerSeptive Biosystems). Cleavage of similar levels of apoptosis 48 h pi in HeLa and HEK293 cells

DEVD-aminofluoromethylcoumarin, a synthetic caspase-3 substrate, (Fig. 1A), these cell types differ substantially in their sensitiv-
was used to measure caspase 3 activation in reovirus-infected cells. ity to TRAIL-induced apoptosis (Fig. 1B).
Cleavage after the second Asp residue produces free aminofluorometh- We have previously shown that reovirus activates NF-KB in
ylcoumarin that can be detected using a fluorescent plate reader. The TRAIL-sensitive (HeLa) cells and that this activation is re-
amount of fluorescence detected is directly proportional to the amount quired for reovirus-induced apoptosis in these cells (15). To

of caspase 3 activity.

Electrophoretic Mobility Shift Assay (EMSA)-Nuclear extracts were determine the role of NF-KB in reovirus-induced apoptosis in

prepared from treated cells (5 X 10') by washing cells in phosphate- TRAIL-resistant cells we first investigated whether NF-KB is

buffered saline followed by incubation in hypotonic lysis buffer (10 mm activated after reovirus infection of these cells. HEK293 cells
HEPES (pH 7.9), 10 mM KCI, 1.5 mm MgCl 2 , 0.5 mm dithiothreitol, 0.5 were infected with reovirus (m.o.i. 100), and at various times
mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture pi nuclear extracts were prepared and incubated with a
(Roche Applied Science)) at 4 °C for 15 min. One-twentieth volume 10% pi nuclea extr s e preae andiincubated withia
Nonidet P-40 was added to the cell lysate, and the sample was vortexed 

3 2
p-labeled oligonucleotide probe comprising NF-KB binding

for 10 s and centrifuged at 10,000 x g for 5 min. The nuclear pellet was sequences. After incubation with nuclear extracts from reovi-

washed once in hypotonic buffer, resuspended in high salt buffer (25% rus-infected cells the mobility of the oligonucleotide probe dur-
glycerol, 20 mm HEPES (pH 7.9), 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM ing electrophoresis was retarded, indicating the binding of
EDTA, 0.5 mm dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, activated NF-KB to the probe sequences (Fig. 2A). Activated
and protease inhibitor mixture), and incubated at 4 'C for 2-3 h. Sam- NF-KB-probe complexes in reovirus-infected cells were present
ples were centrifuged at 10,000 x g for 10 min, and the supernatant was
used as the nuclear extract. 2-4 h pi and were undetectable at later times pi. Binding

Nuclear extracts were assayed for NF-KB activation by EMSA using specificity was demonstrated by the fact that an excess of cold

a "
2
P-labeled oligonucleotide consisting of the NF-KB consensus binding NF-KB, but not SP-1, sequences prevented the appearance of
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FIG. 1. Reovirus and TRAIL-induced apoptosis in HeLa and WT IKBAN2

HEK293 cells. HEK293 and HeLa cells were treated with reovirus FIG. 2. Activation of NF-icB after reovirus infection of HEK293
(m.o.i. 0, 10, 100) for 48 h (A) or TRAIL (0-200 ng/ml) for 24 h (B). The cells. A, EMSA of reovirus-infected HEK293 cells. Nuclear extracts
graph shows the mean percentage apoptosis obtained from three inde- were prepared at various times after infection with reovirus (m.o.i. 100)
pendent experiments. Error bars represent S.E. and were incubated with a 32P-labeled oligonucleotide consisting of the

NF-KB consensus binding sequence. Incubation mixtures were resolved

both the reovirus-induced (Fig. 2, upper band) and non-stimu- by acrylamide gel electrophoresis, dried, and exposed to film. Reovirus-
induced NF-KB-DNA complexes are indicated. B, specificity of reovirus-

lus-induced (Fig. 2, lower band) NF-KB-probe complexes induced NF-KB.DNA complexes. HEK293 cells were infected with reo-
(Fig. 2B). virus or were mock-infected. Nuclear extracts were prepared 4 h after

Luciferase reporter gene assays were also used to show that infection, and EMSA analysis was performed using a "P-labeled oligo-

NF-KB is activated after infection of HEK293 cells with reovi- nucleotide consisting of the NF-KB consensus binding sequence. The gel
shows NF-KB.DNA complexes present in nuclear extracts prepared

rus infection. Cells were transfected with a construct contain- from mock (lane 1) and reovirus (lane 2)-infected cells. Also shown are
ing the luciferase gene under the control of NF-KB binding reactions from reovirus-infected cells incubated with an excess of cold

sequences. After transfection, cells were infected with reovirus oligonucleotide sequences comprising SP1 (lane 3) and NF-KB (lane 4)

(m.o.i. 100), and at various times pi cells were harvested and consensus binding sequences. C, NF-KB-dependent luciferase expres-
sion in reovirus-infected HEK293 cells. HEK293 cells (1.5 x 10 ') ex-

assayed for luciferase activity. Fig. 2C shows that luciferase pressing wild type (WT) IKB or IKBAN2 were transfected with 1 Aig of a
gene expression is increased after infection with reovirus. A luciferase reporter construct containing NF-KB binding sites. After
3-fold increase in reporter gene activity was detected as early 24 h, cells were infected with T3A (m.o.i. 100) and incubated at 37 'C for

as 6 h pi, peaked at 12 h pi (5-fold increase), and then declined the times shown. Cell extracts were then prepared, and luciferase
activity was determined. The results are expressed as the mean lucif-

(Fig. 20). Luciferase reporter gene activity was not detected erase units for three independent experiments. Error bars indicate S.E.
12 h after reovirus infection of cells expressing a dominant

negative form of IKBAN2, which lacks the sites necessary for
IKB phosphorylation. The subsequent ubiquitination and deg- activation is required for reovirus-induced activation of caspase
radation of IKB, which is necessary for NF-KB activation, is 3 and apoptosis.
thus blocked in these cells. These results indicate that NF-KB is Reovirus Prevents the Activation of NF-.B by TNFa and
activated in a transient manner after reovirus-infection of Etoposide-Although reovirus induces NF-KB after infection of
HEK293 cells. HEK293 cells, this activation is transient in nature. We next

NF-dB Activation Is Required for Reovirus-induced Apo- investigated whether the transient nature of reovirus-induced

ptosis-After having shown that NF-KB is activated after reo- NF-KB activation resulted from a block in NF-KB activation at
virus infection of TRAIL-resistant cells we next wished to de- later times pi. Both TNFa (100 ng/ml) and etoposide (100 AM)
termine whether NF-KB is required for reovirus-induced apo- are classic inducers of NF-KB and cause a rapid and robust
ptosis in these cells. HEK293 were infected with reovirus, and activation of NF-KB in HEK293 cells as determined by the
at various times post-infection were harvested and assayed for appearance of a shifted probe band after EMSA in treated, but
apoptosis. Compared with mock-infected cells, reovirus infec- not untreated cells (Fig. 4A). NF-KB binding was seen as early
tion resulted in a significant increase in the number of apo- as 1 h after treatment with TNFa and etoposide and was
ptotic cells at both 24 and 48 h pi. However, reovirus-induced persistent. Prior infection of cells with reovirus blocked the
apoptosis was blocked in cells expressing IKBAN2 (Fig. 3A). appearance of the TNFa and etoposide-induced-shifted probe

Reovirus-induced apoptosis was also assayed by measuring band compared with that seen in mock-infected cells (Fig. 4B).
caspase 3-activity using a fluorogenic substrate assay. In- In contrast, there was no difference in the intensity of the lower
creased caspase 3 activity, compared with mock-infected cells, NF-KB-probe complex after etoposide or TNFa treatment in
was detected at 18 h (3-fold) and 24 h (7.5-fold) pi. Again, either mock or reovirus-infected cells. These results indicate
reovirus-induced caspase 3-activity was blocked in cells ex- that reovirus infection blocks the activation of NF-KB after
pressing IKBAN2 (Fig. 3B). These results indicate that NF-KB treatment of HEK293 cells with TNFa or etoposide, indicating
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FIG. 3. NF-mB activation is required for reovirus-induced tion of NF-KB. A, time course ofNF-KB activation after treatment with

apoptosis and caspase 3 activity. HEK293 cells expressing wild type TNFa and etoposide. HEK293 cells were treated with TNFa (100 ng/ml)
(WT) IKB or IKBAN2 were infected with reovirus (m.o.i. 100) and as- or etoposide (100 jiM) for the indicated times. Nuclear extracts were
sayed for apoptosis (A) and caspase 3 activity (B) at various times pi. then prepared, and EMSA analysis was performed using an oligonu-
The results are expressed as the mean percentage apoptosis or fold- cleotide probe comprising NF-KB binding sequences. Shifted hands,
activation obtained from three independent experiments. Error bars corresponding to activated NF-KB-DNA complexes, are indicated. B,
indicate S.E. prior infection with reovirus prevents TNFa- and etoposide-induced

NF-KB activation. HEK293 cells were infected with reovirus or were
mock-infected. 12 h pi cells were treated with TNFa (100 ng/ml) or

that reovirus infection both induces and then inhibits the ac- etoposide (100 /aM) (Etop.). Nuclear extracts were prepared after treat-
ment at the times indicated, and EMSA was performed using an olige-

tivation of NF-KB. nucleotide probe comprising NF-KB binding sequences. Stimulus-in-
Reovirus Blocks the Degradation of IKB after Treatment of duced NF-KB.DNA complexes are indicated.

Cells with Etoposide and TNF-Activation of NF-KB results
from the stimulus-induced degradation of the inhibitor family ceptor binding, viral entry, and disassembly, and is more con-
of proteins, collectively known as IKB. Treatment of HEK293 current with the time at which viral proteins are produced in
cells with the NF-KB-inducing stimuli etoposide (100 jM) and reovirus-infected HEK293 cells (not shown). Therefore we next
TNF (100 ng/ml) thus causes the degradation of 1KB as detected investigated whether viral replication was required for reovi-
by Western blot analysis using an antibody directed against rus-induced inhibition of IKB degradation. Ribavirin is a viral
IKBa (Fig. 5A). Degradation of IKBa is detectable around 1 h RNA synthesis inhibitor that inhibits reovirus replication (27).
after treatment with both TNF and etoposide, and levels grad- Cells were infected with reovirus (m.o.i. 100) in the presence or
ually decline over a 24-h period. In contrast, no changes in absence of ribavirin. 12 h after infection cells were treated with
levels of IKBa were detected after reovirus infection (Fig. 5B). etoposide (100 gM) for 3 h. They were then harvested and
We next determined whether reovirus blocked etoposide- and analyzed by Western blot analysis using an IKB antibody. Fig.
TNF-induced activation of NF-KB by inhibiting IKBa degra- 6A shows that etoposide treatment of mock-infected cells in the
dation. Cells were infected with reovirus (m.o.i. 100). Then, presence or absence of ribavirin, results in the degradation of
at various times pi cells were treated with etoposide (100 uM) IKB. As expected, in reovirus-infected cells the ability of etopo-
or TNF (100 ng/ml). After a further 3 h, to allow etoposide side to induce the degradation of IKB is blocked. However,
and TNF-induced IKBa degradation, cells were harvested and etoposide does induce IKB degradation in cells treated with
assayed for the presence of IKBa by Western blot analysis. both reovirus and ribavirin, indicating that viral RNA synthe-
When etoposide was added 2 h after reovirus infection etopo- sis is required for reovirus-induced inhibition of stimulus-in-
side induced the degradation of IKBa as expected. However, duced IKB degradation.
by 4 h pi the ability of etoposide to induce the degradation of Reovirus-induced Apoptosis in HEK293 Cells Requires Viral
IKBa was inhibited, and at 12 h pi there was no degradation RNA Synthesis-Having shown that reovirus-induced inhibi-
of IKBa after etoposide treatment (Fig. 5B). Similar results tion of IKB degradation requires viral replication and is blocked
were obtained after TNF treatment of reovirus-infected cells in the presence of ribavirin, we investigated the effect of riba-
(Fig. 5B). These results indicate that the mechanism by virin on reovirus-induced apoptosis. HEK293 cells were in-
which reovirus inhibits NF-KB activation at later times pi fected with reovirus in the presence or absence of ribavirin.
involves inhibition of IKB degradation in reovirus-infected After 48 h cells were harvested and assayed for apoptosis.
cells. Ribavirin significantly inhibited reovirus (m.o.i. 100)-induced

Reovirus-induced Inhibition of Stimulus-induced IKBa Deg- apoptosis in HEK293 cells (Fig. 6B), indicating that reovirus-
radation Requires Viral RNA Synthesis-The ability of reovi- induced inhibition of apoptosis of HEK293 cells requires viral
rus to inhibit stimulus-induced IKBa degradation and subse- RNA replication. In contrast, ribavirin did not inhibit reovirus-
quent NF-KB activation occurs somewhat later than would be induced apoptosis in TRAIL-sensitive HeLa cells, as has pre-
expected for the initial events of viral infection, including re- viously been shown (27).
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FIG. 5. Reovirus prevents etoposide-induced degradation of TRAIL + + - + - +
IocBa. A, time course of etoposide- and TNF-induced IKBa degradation.
HEK293 cells were treated with etoposide (Etop., 100 gM) or TNF (100 Reo + + - + +
ng/ml). After the indicated times cells were harvested for Western blot FIG. 6. In HEK293 cells reovirus replication is required for
analysis. After SDS-PAGE, blots were probed with an anti-IKBa anti- reovirus-induced inhibition of NF-KB activation by etoposide,
body. B, time course of levels of IKBa in reovirus-infected cells. HEK293 reovirus-induced apoptosis, and reovirus-induced sensitization
cells were infected with reovirus (m.o.i. 100). After the indicated times of cells to TRAIL. A, ribavirin blocks the ability of reovirus to inhibit
cells were harvested for Western blot analysis. After SDS-PAGE, blots etoposide-induced IKBa degradation. Cells were infected with reovirus
were probed with an anti-IKBa antibody. C, reovirus prevents etopo- or were mock-infected in the presence or absence of ribavirin. 12 h after
side- and TNF-induced degradation of IKBa. HEK293 cells were in- infection, cells were treated with etoposide or were left untreated for 3 h
fected with reovirus (m.o.i. 100). At the times indicated pi cells were before cells were harvested for Western blot analysis using an anti-IKBa
treated with etoposide (100 gM) or TNF (100 ng/ml). After a further 3 h, antibody. B, ribavirin blocks reovirus-induced apoptosis in HEK293
to allow these reagents to induce IKBa degradation, cells were har- cells. HEK293 cells and HeLa cells were infected with reovirus (m.o.i.
vested for Western blot analysis. After SDS-PAGE, blots were probed 100) or were mock-infected (m.o.i. 0) in the absence (black bars) or
with an anti-IKBa antibody. Also shown are the results from densito- presence (shaded bars) of ribavirin. After 48 h cells were harvested and
metric analysis. assayed for apoptosis. The graph shows the mean percentage apoptosis

obtained from three independent experiments. Error bars represent
S.E. C, ribavirin blocks reovirns-induced sensitization of cells to TRAIL.

Viral RNA Synthesis Is Required for Reovirus-induced Sen- HEK293 cells were infected with reovirus (m.o.i. 10) or were mock-
sitization of Cells to TRAIL-We have previously shown that infected in the absence (black bars) or presence (shaded bars) of riba-
reovirus sensitizes cells to TRAIL-induced apoptosis (7, 9). The virin. 24 h after infection, cells were treated with TRAIL (20 ng/ml).

After a further 24 h cells were harvested and assayed for apeptosis. The
fact that ribavirin blocks reovirus-induced apoptosis in TRAIL- graph shows the mean percentage apoptosis obtained from three inde-
resistant but not TRAIL-sensitive cells suggests the mecha- pendent experiments. REO, reovirus. Error bars represent S.E.
nism by which reovirus sensitizes cells to TRAIL requires viral
RNA synthesis. HEK293 cells were thus infected with reovirus various concentrations of TRAIL. At 24 h after treatment cells
with or without ribavirin. 24 h post-infection cells were then were harvested and assayed for apoptosis. High concentrations
treated with TRAIL, and apoptosis was assayed after a further of TRAIL (200 ng/ml) did not induce significant levels of apo-
24 h. Fig. 6C shows that reovirus-induced sensitization of cells ptosis in HEK293 cells expressing vector alone compared
to TRAIL is inhibited in the presence of ribavirin, indicating with untreated cells. In contrast, both 20 and 200 ng/ml
that reovirus-induced sensitization of cells to TRAIL is depend- TRAIL induced significant apoptosis in HEK293 cells ex-
ent on viral RNA synthesis. pressing IKBAN2 (Fig. 7A). Apoptosis was also determined

Inhibition of NF-KB Activation Sensitizes Cells to Apoptosis using caspase 3 activity assays. Cells were treated with sim-
Induced by TRAIL and TNFa-Our results indicate that riba- ilar concentrations of TRAIL and were harvested 4 h after
virin blocks both reovirus-induced apoptosis in TRAIL-resis- treatment for caspase 3 activity assays. At 4 h pi TRAIL (20
tant cells and reovirus-induced sensitization of TRAIL-resis- and 200 ng/ml) induced caspase 3 activity in HEK293 cells
tant cells to TRAIL-induced apoptosis. Because ribavirin also expressing IKBAN2 but not in cells expressing vector alone
blocks the ability of reovirus to inhibit NF-KB activation in (Fig. 7A). An 8-fold increase in caspase 3 activity was seen in
infected cells at later times pi we wished to determine whether TRAIL (20 ng/ml)-treated cells expressing IKBAN2 compared
inhibition of NF-KB activation was the mechanism by which with cells expressing vector alone, and at 200 ng/ml TRAIL
reovirus sensitizes TRAIL-resistant cells to TRAIL-induced induced a 20-fold increase. The expression of IKBAN2, thus,
apoptosis. HEK293 cells expressing IKBAN2 were treated with sensitizes HEK293 cells to TRAIL-induced apoptosis, sug-
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TRAIL 0 2 20 200 0 2 20 200 iments. Error bars represent S.E. Reo, reovirus.

IcBAN2 gesting that reovirus-induced inhibition of NF-KB activation

B is the mechanism by which reovirus sensitizes of cells to
TRAIL.

100 Fig. 4 shows that TNFa and etoposide induce the activation
of NF-KB in HEK293 cells. TRAIL also induces NF-KB activa-

.- 0 tion in these cells (31). Having shown that the expression of

t 60 IKBAN2 sensitizes cells to TRAIL-induced apoptosis, we next
0.
0o 40 determined whether the expression of IKBAN2 would also sen-

20 sitize HEK293 cells to TNF and etoposide-induced apoptosis.
0 K Neither TNFa (200 ng/ml) nor etoposide (100 )M) induced

TNF 0 2 20 200 0 2 20 200 apoptosis in HEK293 cells. However, whereas levels of TNFa

as low as 2 ng/ml induced significant apoptosis in cells express-
IKBAN2 ing IKBAN2 (Fig. 7B), the expression of IKBAN2 did not sensi-

tize cells to etoposide (100 ttM)-induced apoptosis (Fig. 7C).S14

S12 Similarly a 12-fold increase in caspase 3 activation was seen
10 24 h after TNFa (20 and 200 ng/ml) treatment of cells express-

2 8 ing IKBAN2 but not after TNFa treatment of cells expressing
0_ 6 vector alone (Fig. 7B). Again, caspase-3 activation was not

S0.a enhanced in etoposide-treated cells expressing IKBAN2 com-
-2 pared with cells expressing vector alone (Fig. 7C. These results

TNF 0 2 20 200 0 2 20 200 indicate that the expression of IKBAN2 sensitizes HEK293 cells
to TRAIL and TNFa but not etoposide-induced apoptosis.

IKBAN2 Virus Infection Sensitizes HEK293 Cells to Apoptosis In-

C 20 duced by TNFa and TRAIL-We have previously shown that
reovirus infection sensitizes HEK293 cells to TRAIL-induced
"apoptosis. Results described above show that blocking NF-KB

S10 activation sensitizes cells to both TRAIL- and TNFa-induced
apoptosis. Because reovirus-induced inhibition of NF-KB acti-

0l i vation is the mechanism by which reovirus sensitizes cells to
TRAIL-induced apoptosis, we wanted to determine whether the

Etop. 0 1 100 0 1 100 inhibition of NF-KB activation after reovirus infection would

IKBAN2 also sensitize these cells to TNFa-induced apoptosis. Cells were
incubated with reovirus (m.o.i. 10). 24 h post-infection cells
were then treated with TRAIL (20 ng/ml) or TNFa (20 ng/ml).

_ __ _Apoptosis was then determined after a further 24 h. Fig. 8

S2 2,5 shows that TRAIL and TNFet alone do not induce apoptosis in

2 HEK293 cells, as previously shown (Fig. 7). Infection of

C 1.s HEK293 cells with reovirus (m.o.i. 10) also induces only low
-0 W• h Ilevels (22%) of apoptosis in HEK293 cells (see Fig. 1). However,

05M treatment of cells with TRAIL or TNFa in the presence of

Etop. 0 1 100 0 1 100

IKBAN2 TNFa (B), and etoposide (Etop., C). After treatment cells were har-
vested and assayed for apoptosis or caspase 3 activity. The graph shows

Fia. 7. Expression of IKBAN2 sensitizes cells to TRAIL and the mean percentage apoptosis and fold-increase in caspase 3 activity
T'NFa-induced apoptosis. HEK293 cells expressing WT IKB or obtained from three independent experiments. Error bars represent
IKBAN2 were treated with the indicated concentrations of TRAIL (A), S.E.
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reovirus produces high levels (70 and 63%) of apoptosis in proteins are produced in reovirus-infected HEK293 cells (not
HEK293 cells. These values are significantly greater than the shown), we next investigated whether viral RNA synthesis was
sum of apoptosis induced by TRAIL and reovirus or TNFa and required. In the presence of the viral RNA synthesis inhibitor
reovirus when these agents are used alone, indicating that ribavirin the ability of etoposide to induce the degradation of
reovirus infection acts synergistically with TRAIL and TNFa to IKB was completely blocked, indicating that viral RNA synthe-
induce apoptosis. In contrast, reovirus did not sensitize cells to sis is required for this process.
etoposide-induced apoptosis, in agreement with the observa- NF-KB regulates genes with both pro- and anti-apoptotic
tion that the expression of IKBAN2 also does not sensitize these effects. The ability of reovirus to block NF-KB activation at
cells to etoposide. later times post-infection enhances virus-induced apoptosis in

DISCUSSION TRAIL-resistant cells, as demonstrated by three lines of inves-
tigation. First, TRAIL-induced apoptosis is enhanced inReovirus-induced apoptosis in human epithelial HEK293 HEK293 cells expressing IKBAN2. This indicates that blocking

cells and in several human cancer cell lines is mediated by NF-KB activation sensitizes cells to TRAIL-induced apoptosis.
TRAIL and is blocked by the presence of soluble TRAIL recep- Second, ribavirin, which blocks the ability of reovirus to inhibit
tors and by anti-TRAIL antibodies (7, 9). However, reovirus can stimulus-induced IKB degradation, blocks reovirus-induced
induce apoptosis in both TRAIL-sensitive and TRAIL-resistant apoptosis in TRAIL-resistant, but not TRAIL-sensitive cells.
cells. Reovirus, therefore, has the ability to sensitize TRAIL- Finally, ribavirin also blocks the ability of reovirus to sensitize
resistant cells to TRAIL-induced apoptosis (7, 9). We have cells to TRAIL-induced apoptosis.
previously shown that in TRAIL-sensitive HeLa cells reovirus In neurons TNFa may be more important in mediating
infection results in the activation of NF-KB and that this acti- reovirus-induced apoptosis than TRAIL (5). The results pre-
vation is required for reovirus-induced apoptosis (26). The re- sented here indicate that reovirus can also sensitize cells to
suits presented in this report describe the role of NF-KB in TNFa-induced apoptosis by inhibiting NF-KB activation at
reovirus-induced apoptosis in TRAIL-resistant (HEK293) cells. later times pi, which may have important consequences for
We show that reovirus-induced NF-KB activation is highly reg- th a
ulated in these cells. At early times pi (2-4 h) reovirus acti- the ability of reovirus to induce apoptosis in these cells and toyates NF-KB, as demonstrated by the presence of NF-KB in the cause disease of the central nervous system in infected ani-
nucleus of reovirus-infected cells and by the ability of this mals. The expression of IKBAN2 was not found to sensitize

nuclus f rovius-nfetedcell an bytheabiityof his cells to etoposide-induced apoptosis. This suggests that eto-NF-KB to bind to radiolabeled oligonucleotide probe sequences poside-induces apoptosis . Thism that et
comprising NF-KB binding sites. Activation of NF-KB-respon- poside induces apoptosis by a mechanism that is different
sive genes after reovirus infection of HEK293 cells is also from that induced by TRAIL and TNFa. Previous studies
demonstrated by luciferase reporter gene assays. NF-KB acti- show that NF-KB activation is required for etoposide-induced
vation is required for reovirus-induced apoptosis since reovi- apoptosis (32), supporting our observation that the expres-
rus-infection does not result in caspase 3 activity or apoptosis- sion of IKBAN2 does not sensitize HEK293 cells to etoposide-
associated changes in nuclear morphology in HEK293 cells induced apoptosis.
expressing IKBAN2. These results are similar to those observed Reovirus-induced apoptosis is mediated by TRAIL and in-
for TRAIL-sensitive HeLa cells and suggest that reovirus-in- volves the release of TRAIL from infected cells (7). Thus, the
duced apoptosis in TRAIL resistant cells also requires the supernatant from reovirus-infected cells contains TRAIL and
expression of pro-apoptotic NF-KB-regulated genes. can induce apoptosis in TRAIL-sensitive cells (7). This apopto-

Although required for virus-induced apoptosis, NF-KB acti- sis is blocked in the presence of soluble TRAIL receptors, indi-
vation is transient in both reovirus-infected TRAIL-sensitive cating that it is specific to TRAIL and is not blocked in the
and TRAIL-resistant cells. The transient nature of NF-KB ac- presence of a neutralizing reovirus antibody, indicating that it
tivation in HEK293 cells results from the inhibition of NF-KB is not due to residual virus in the supernatant. TRAIL released
activation at later times pi since reovirus can block the ability from reovirus-infected cells, thus, induces apoptosis by induc-
of both etoposide and TNFa to induce NF-KB activation. This ing receptor-mediated activation of caspase 8 (10). These re-
inhibition of NF-KB activation results from the inhibition of sults show that reovirus regulation of NF-KB is also critical for
stimulus-induced IKB degradation and is time-dependent. virus-induced apoptosis. NF-KB is first activated at early times
Thus, at early times post-infection (2, 4 h) etoposide or TNF are after reovirus infection, an event that is required for apoptosis
still able to induce the degradation of IKBa. However, at later in both TRAIL-sensitive and TRAIL-resistant cells and which
times post-infection (8-12 h) neither reagent induces IKBa presumably acts to up-regulate the expression of pro-apoptotic
degradation. These results are consistent with the fact that NF-KB-regulated genes. Both TRAIL and its receptors are reg-
reovirus only activates NF-KB at early times pi. ulated by NF-KB (32-34). It is, thus, likely that the pro-apo-

Although the inhibition of NF-KB activation in reovirus- ptotic effects of NF-KB activation that are required for reovirus-
infected cells might be expected to induce a concordant increase induced apoptosis include the up-regulation of these genes.
in levels of IKBa at later times pi, we were unable to detect such TRAIL, DR4, and DR5 are up-regulated after reovirus-infec-
a change. We predict that this is because of the low levels of tion (7), although the involvement of NF-KB in this process has
NF-KB that are activated in reovirus-infected cells and the yet to be established. At later times pi, reovirus inhibits the
relative insensitivity of Western blotting compared with activation of NF-KB in infected cells. This has the effect of
EMSA. blocking stimulus-induced NF-KB activation. In uninfected

Reovirus-induced activation of NF-KB is not dependent on HEK293 cells TRAIL induces the activation of NF-KB (31). Our
viral replication and occurs in the presence of ribavirin in both results suggest that TRAIL-induced NF-KB activation has an
HeLa (27) and HEK293 cells. 2 Because the ability of reovirus to inhibitory effect on TRAIL-induced apoptosis in these cells.
inhibit stimulus-induced NF-KB activation occurs somewhat Thus, the ability of reovirus to block TRAIL-induced NF-KB
later than the initial infection events (receptor binding, viral activation will sensitize cells to TRAIL-induced apoptosis,
entry, and disassembly) and occurs around the time that viral therefore allowing both TRAIL and reovirus-induced apoptosis

in TRAIL-resistant cells. The timing of reovirus-induced inhi-
2 p. Clarke, S. M. Meintzer, L. Moffitt, and K. L. Tyler, unpublished bition of stimulus-induced NF-KB activation is in accordance

data. with TRAIL release from reovirus-infected cells, which occurs
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at later times pi (7). Thus, it appears that NF-KB activation is virol. 8, 365-380
6. DeBiasi, R. L., Squier, M. K. T., Pike, B., Wynes, W. M., Dermody, T. S., Cohen,

turned off in reovirus-infected cells before TRAIL is released to J. J., and Tyler, K. L. (1999) J. Viral. 73, 695-701

facilitate reovirus-induced apoptosis in TRAIL-resistant cells. 7. Clarke, P., Meintzer, S. M., Gibson, S. B., Widmann, C., Garrington, T. P.,
Johnson, G. L., and Tyler, K. L. (2000) J. Virol. 74, 8135-8139The ability of TRAIL to induce apoptosis in a variety of 8. Kominsky, D. J., Bickel, R. J., and Tyler, K. L. (2002) Cell Death Differ. 9,

human cancer cells but not in normal cells has triggered the 926-933

investigation of this reagent as a potential therapeutic agent 9. Clarke, P., Meintzer, S. M., Spalding, A. C., Johnson, G. L., and Tyler. K. L.
(2001) Oncogene 20, 6910-6919

for human cancers. However, many cancer cells are resistant to 10. Ashkenazi, A., and Dixit, V. M. (1998) Science 281, 1305-1308

TRAIL-induced apoptosis. We have previously shown that re- 11. Deleted in proof

ovirus can sensitize TRAIL-resistant human cancer cell lines to 12. Karin, M., and Lin, A. (2002) Nat. Immunol. 3, 221-227
13. Baeuerle, P., and Baltimore, D. (1989) Genes Dev. 3, 1689-1698

TRAIL-induced apoptosis. The results presented here suggest 14. Ghosh, S., Gifford, A., Riviere, L., Tempst, P., Nolan, G., and Baltimore, D.

that the mechanism for this sensitization results from the (1990) Cell 62, 1019-1029
15. Baeuerle, P., and Baltimore, D. (1988) Science 242, 540-546

ability of reovirus to block NF-KB activation. Other studies also 16. Verma, I. M., Stevenson, J. K., Schwarz, E. M., van Antwerp, D., and

indicate that blocking NF-KB activation can sensitize human Miyamoto, S. (1995) Genes Die,. 9, 2723-2735

cancer cells to TRAIL-induced apoptosis (35-37). Together 17. Brockman, J. A., Scherer, D.C., McKinsey, T. A., Hall, S. M., Qi, X., Lee, W. Y.,
and Ballard, D. W. (1995) Mol. Cell. Biol. 15, 2809-2818

these findings could have an important impact on the use of 18. Brown, K., Gerstberger, S., Carlson, L., Franzoso, G., and Siebenlist, U. (1995)

TRAIL as a potential cancer therapeutic in combination with Science 267, 1485-1488
other agents that inhibit NF-KB. 19. Chen, Z., Hagler, J., Palombella, V. J., Melandri, F., Scherer, D., Ballard, D.,

and Maniatis, T. (1995) Genes Dew. 9, 1585-1597
The NF-KB pathway provides an attractive target to viral 20. Traencker, E. B., Pahl, H. L., Henkel, T., Schmidt, K. N., Wilk, S., and

pathogens for modulating host cell events. NF-KB promotes the Baeuerle, P. A. (1995) EMBO J. 14, 2876-2883
21. Beg, A. A., Ruben, S. M., Scheinman, R. I., Haskill, S., Rosen, C. A., and

expression of more than 100 genes that participate in the host Baldwin, A. J. (1992) Genes Dev. 6, 1899-1913

immune response, oncogenesis, and regulation of apoptosis. In 22. May, M. J., and Ghosh, S. (1997) Semin. Cancer Biol. 8, 63-73
23. Teodoro, J. G., and Branton, P. . (1997) J. Viral. 71, 1739-1746

addition, activation of NF-KB is a rapid immediate early re- 24. Connolly, J. L., Barton, E. S., and Dermody, T. S. (2001) ,J. Virol. 75,

sponse that occurs within minutes after exposure to a relevant 4029-4039

inducer, does not require de novo protein synthesis, and results 25. Barton, E. S., Forrest, J. C., Connolly, J. L., Chappell, J. D., Liu, Y., Schnell,
F. J., Nusrat, A., Parkos, C. A., and Dermody, T. S. (2001) Cell 104,

in a strong transcriptional stimulation of several early viral as 441-451
well as cellular genes. NF-KB is, thus, activated by multiple 26. Connolly, J. L., Rodgers, S. E., Clarke, P., Ballard, D. W., Kerr. L. D., Tyler,

K. L., and Dermody, T. &. (2000) J. Viral. 74, 2981-2989families of viruses, including human immunodeficiency virus 27, Connolly, J. L., and Dermody, T. S. (2002) J. Virol. 76, 1632-1641
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ate t6972-6979
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34. Spalding, A. C., Jotte, R. M., Scheinman, R. I., Geraci, M. W., Clarke, P., Tyler,

activity to enhance replication or contribute to viral K. L., and Johnson, G. L. (2002) Oncogene 21, 260-271

pathogenicity. 35. Thomas, R. P., Farrow, B. J., Kim, S., May, M. J., Hellmich, M. R., and Evers,
B M. (2002) Surgery 132, 127-134
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Reovirus-induced apoptosis: A minireview*
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Reoviruses infect a variety of mammalian hosts and serve which is bicistronic. Reoviruses are ubiquitous viruses
as an important experimental system for studying the that have been isolated from a wide variety of mam-
mechanisms of virus-induced injury. Reovirus infection malian species including humans. In humans, the viruses
induces apoptosis in cultured cells in vitro and in tar-
get tissues in vivo, including the heart and central ner-
vous system (CNS). In epithelial cells, reovirus-induced definitively linked to disease, although they have been
apoptosis involves the release of tumor necrosis factor associated with diarrheal illnesses, upper respiratory in-
(TNF)-related apoptosis-inducing ligand (TRAIL) from in- fections, hepatobiliary diseases, including biliary atresia,
fected cells and the activation of TRAIL-associated death and rare cases of central nervous system (CNS) infection. 2
receptors (DRs) DR4 and DR5. DR activation is followed
by activation of caspase 8, cleavage of Bid, and the sub- By contrast, natural and experimental infection of ani-
sequent release of pro-apoptotic mitochondrial factors. mals produces a wide variety of diseases. The most exten-
By contrast, in neurons, reovirus-induced apoptosis in- sively studied experimental system involves infection of
volves a wider array of DRs, including TNFR and Fas, and neonatal mice, where, depending on the viral strain and
the mitochondria appear to play a less critical role. These route of inoculation, reovirus infection in mice can pro-
results show that reoviruses induce apoptotic pathways duce disease in a variety of organs including the CNS and
in a cell and tissue specific manner. In vivo there is an ex-
cellent correlation between the location of viral infection, heart.'
the presence of tissue injury and apoptosis, indicating
that apoptosis is a critical mechanism by which disease
is triggered in the host. These studies suggest that inhibi-
tion of apoptosis may provide a novel strategy for limiting Reovirus-induced apoptosis is
virus-induced tissue damage following infection, determined by the reovirus S1 and M2

Keywords: apoptosis; caspases; death receptors; mitochon- gene segments
dria; reovirus. One of the most useful properties of reoviruses is the ca-

pacity to generate reassortant viruses when cells or animals
are simultaneously coinfected with two different strains

Introduction: Mammalian reoviruses of virus. Reassortants are progeny viruses that contain dif-
ferent combinations of gene segments derived from two

Reoviruses are non-enveloped, cytoplasmically replicat- infecting parental strains. By comparing the phenotype
ing viruses comprised of two concentric protein capsids of these reassortant viruses to that of the parental viruses
surrounding a genome consisting of 10 segments of the role of specific virus genes in the determination of
double-stranded (ds) RNA.' Each dsRNA segment en- viral-induced phenotypes can be determined. This strat-
codes a single protein, except for the SI gene segment, egy has been employed to identify viral determinants of

apoptosis in a variety of cultured cells. For example, the

*This work was supported by Public Health Service grant prototype reovirus strains, Type 1 Lang (TIL), Type 3
1RO1AG14071 from the National Institute of Health (KLT), Dearing (T3D) and Type 3 Abney (T3A) differ in their
Merit and REAP grants from the Department of Veterans Affairs ability to induce apoptosis in infected L929 fibroblasts,
(KLT), a U.S. Army Medical Research and Material Command
grant #DAMD17-98-1-8614 (KLT), the Reuler-Lewin Family Pro- with T3D and T3A being significantly more apoptogenic
fessorship of Neurology (KLT) and the Ovarian Cancer Research than TIL. Analysis of two independent sets of reassortant
Fund (PC). viruses generated from TiL x T3D and TIL x T3A both

identified a significant association between the capacity ofCorrespondence to: Dr. K. L. Tyler, Department of Neurology viral reassortants to induce apoptosis and the presence of

(B 182), University of Colorado, Health Sciences Center, 4200

East 9th Ave., Denver, CO 80262, USA. Tel: (+ 1) 303 393 2874; the T3 S I and M2 gene segments. ". These same two gene
Fax: (+1) 303 393 4686; e-mail: Ken.Tyler@uchsc.edu segments were also identified as important determinants
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ofapoptosis in Madin-Darby canine kidney (MDCK) cells replication cycle and pharmacological inhibitors of re-
and the SI gene segment alone as a determinant of apop- ovirus uncoating.10

tosis in HeLa cells.5.
6

In addition to determining the ability of reoviruses to
induce apoptosis in infected cells the SI gene segment
is also a key determinant of reovirus-induced G2/M cell The reovirus attachment protein oa
cycle arrest, an effect that results from inhibition of the
G,/M regulatory kinase p34`1c2 and the resulting inhibi- In virions, tile reovirus aT I protein is a homotrimer com-
tion of cellular DNA synthesis.', 8 G 2/M cell cycle arrest prised of an elongated fibrous tail, which inserts into the
has recently been shown to be the result of the activity virion, and an externally facing globular head. 12 ThIle head
of the non-structural SI -encoded protein a Is. Infection of both the T1 L and T3D (7 1 proteins contain an inde-
of cells with a reovirus a Is null-mutant virus (clone 84 pendent receptor-binding domain that binds junction ad-
MA) results in apoptosis without associated cell cycle ar- hesion molecule (JAM).' ý The fibrous tail of the reovirus
rest indicating that apoptosis and cell cycle dysregulation (T I protein also contains receptor-binding domains., ' In
can be dissociatedi7 ( In addition, treatment of infected T3a 1 this additional region binds o-linked sialic acid,
cells with caspase inhibitors, calpain inhibitors, or inhibi- whereas a separate region of the TI ar I mediates the bind-
tion of NF-KB activation, all of which prevent apoptosis ing of TiL to an as yet unidentified cell surface carbo-
(see below), have no effect on reovirus-intLticed cell cycle hydrate.3 15i

arrest. To investigate the contribution of the JAM and sialic
In distinction to the key role played by the a7 Is pro- acid binding domains during T3 reovirus infection mono-

tein in reovirus-induced cell cycle arrest, several lines of reassortant viruses were constructed containing the Sl
evidence suggest that it is tile SI-encoded a I protein gene from either the non-sialic-acid-binding strain T3(;C'
that is tile major determinant of reovirus-induced apop- (strain T3SA- ) or from tile sialic-acid-binding strain
tosis. First, apoptosis can be induced by UV-inactivated T3C44-MA (strain T3SA-) on a TI Ibackground."6 18

replication-incompetent virions, which lack aY Is.) Sec- As expected, experiments using these reassortant viruses
ond, apoptosis can also be induced at non-permissive tern- show that T3SA- binds JAM while T3SA+ binds both
peratures by a variety of reovirus temperature-sensitive JAM and sialic acid. 1 In addition, it was found that MAbs
(ts)-mutants, which are arrested at defined steps in viral directed against hJAM (J 10.4) completely block the abil-
replication and fail to synthesize o Is in infected cells.W ityofT3SA- tobind tolhtiman neuronall rect, rsor(NT2)
Finally, the reovirus aT I s-null mutant clone 81MA fails cells, indicating the requirement of JAM for T3 reovirus
to induce G2/M arrest in infected cells, but retains the binding in the absence of sialic acid. Antibodies di-
capacity to induce apoptosis, indicating that a" Is is not rected against IiJAM also significantly block the ability
required for this process. of T3SA+ to bind to NT2 cells and -cLa ctlls, alhough

In both L929 cells and MDCK cells, but not HeLa residual binding activityabove background remained.1 'ls
cells, the reovirts M2 gene is associated with the SI gene The fact that growth of T3SA± in HeLa cells in the pres-
as a determinant of apoptosis. The M2 gene encodes the ence of mAb J I1OA is only minimally reduced (less than
major viral outer capsid protein p li/t Ic.3 6 Linear re- 2-fold at 48 hr) suggests that this residual binding activ-
gression analysis indicates that both the Sl and M2 genes ity is sufficient to act as a ftnctional receptor when hJtAM
contribute to the apoptotic phenotype and that the M2 is absent or inaccessible."2 T3SA- and T3SA+ grow
effects are not simply the result ofS1 and M2 being linked equally well in L929 cells, however in HeLa cells T3SA
or co-segregating in the reassortant pools.3-5 Incubation growth is reduced compared to that of T3SA+-."( The
of infected cells with monoclonal antibodies (MAbs) di- binding of sialic acid in addition to JAM at early times
rected against either the r I (viral attachment), a 3 or post attachment is thus proposed to enhance both
t I proteins (outer capsid) can inhibit apoptosis.' In the reovirus-attachment and growth in some cell

case of the ar I MAbs this almost certainly reflects their types.i Is

capacity to inhibit viral cell attachment. However, both Whereas there seems to be some flexibility on the bind-
anti-pt 1 and anti-a 3 MAbs, which do not inhibit viral ing ofsialic acid andJAM for reovirusgrowth both of these
cell attachment, but which do prevent virion-uncoating, receptors are required for tile ability of'reovirus to induced
can inhibit apoptosis. These MAb studies and the deter- apoptosis in infected cells. Thus, T3SA+ induces high
mination of the M2 gene as a determinant of apoptosis, levels of apoptosis in both HeLa and L929 cells, whereas
suggest that early events during viral entry, but subse- T3SA- induces little or no apoptosis in these cell types."
quent to virus engagement of cellular receptors, are re- In addition, the removal of cell strface sialic acid with
quired for apoptosis. This interpretation has subsequently neuraminidase or the incubation of virus with sialyllac-
been supported by experiments using temperature sensi- tose, a trisaccharide comprised of lactose and sialic acid
tive (ts)-mutants blocked at different stages in the reovirus abolishes the capacity of T3SA+ to induce apoptosis."

142 Alpoptosis . Vol 8. No 2. 2003



Reomira-ind-a,1, apoptiosis

Reovirus-induced apoptosis requires apoptosis in reovirus-infected cells, typically has either no

viral disassembly but not viral effect on viral titer or results in modest titer reduction on
replication the order of 0.5 log.' 9-21

Although the induction of apoptosis in reovirus-infected
cells is dependent on viral binding to both the JAM re- Reovirus induced apoptosis requires
ceptor and sialic acid co-receptors, engagement of these activation of the transcription factor
receptors alone is not sufficient to elicit apoptosis and NF-KB
early steps in the viral replication cycle are also required.
Following viral cell attachment and subsequent receptor- Nuclear factor kappa B (NF-KB) is a transcription factor
mediated endocytosis, reovirions are proteolytically dis- that is normally prevented form migrating to the nucleus
assembled to form infectious sub-virion particles (ISVPs); and binding to DNA by its association in the cytoplasm
a process characterized by the removal of the outer cap- with members of the IKB family of inhibitory proteins.
sid protein or 3, proteolytic cleavage of I 1// IC and con- Site specific phosphorylation, followed by ubiquitination
formational changes in o7 1. Blocking proteolysis of re- and proteosomal degradation of IKB, allow for NF-KB
ovirus virions with ammonium chloride, which inhibits activation. Reovirus-infection transiently activates NF-
endosomal acidification, or E64, which inhibits cysteine- KB in a variety of cell types, including L929, MDCK
containing endocytic proteases, blocks reovirus-induced and HeLa cells.2 () This activation can be detected by dec-
apoptosis, indicating that viral disassembly is required trophoretic mobility shift assays (EMSA) as early as 4 h
for apoptosis in infected cells.") In vitro generated ISVPs post infection (pi) and peaks at I0 h pi.-' Similarly, ex-
are capable of inducing apoptosis, however like virions pression of an NF-K B-dependent luciferase reporter gene
their ability to induce apoptosis is blocked by ammonium is transient in reovirus-infected cells where expression is
chloride suggesting that endosomal events are critical in detectable at 12 h pi and peaks at 18 h pi.2i Inhibi-
inducing apoptosis and that this is not simply a result tion of NF-KB by stable over-expression ofan IKB super-
of the role endosomes play in mediating conversion of repressor or treatment of cells with a proteasome inhibitor
virions to ISVPs.' 0) that blocks 1KB degradation (Z-LVS) inhibits reovirus-

Treatment of infected cells with the viral RNA syn- induced apoptosis. A Apoptosis is also inhibited in im-
thesis inhibitor ribavirin does not prevent apoptosis. 1 In mortalized mouse embryo fibroblasts (MEFs) with tar-
addition, particles lacking genomic dsRNA are capable geted disruptions in the genes encoding the pSO or p6 5
of inducing apoptosis, indicating that the key apoptosis- subunits ofNF-KB.2

() These results suggest, in contradis-
initiating event precedes and does not require viral RNA tinction to many other models of apoptosis, that at early
synthesis.") Further, ts reovirus mutants with mutations himes following reovirus infection NF-KB exerts a pro-
resulting in defects in outer capsid assembly (tsB352/L2 rather than anti-apoptotic influence.
gene), antI in dsRNA synthesis (tsD357/LI gene, tsE320/ Similar to reovirus-induced apoptosis, NF-KB activa-
S3 gene) are capable of inducing similar levels of apopto- tion in reovirus-infected cells requires the engagement of
sis at both non-permissive (39°C) and permissive (32°C) both the sialic acid and JAM receptors by the reovirus vi-
temperatures. Temperature sensitive mutants with defects ral attachment protein, u 1.- 1 This observation, suggests
in viral core (tsC447/S2 gene) and outer capsid assembly that only sialic acid-binding reovirus strains, including
(tsG453/S4 gene) also still induce apoptosis at 39°C, but most T3 strains, but no TI strains, would activate NF-
only about half as efficiently as they do at 32°C.") Since KB, a prediction that has not yet been tested. Again, sim-
all these ts mutants undergo endosomal processing, their ilarly to reovirus-induced apoptosis, NF-KB activation in
ability to induce apoptosis is consistent with a key role reovirus-infected cells requires viral disassembly but not
for endosomal vesicle-related events in apoptosis induc- viral replication.") The exact mechanism by which re-
tion. However, the fact that assembly defects can influence ceptor engagement and viral disassembly activate NF-KB
the efficiency of this process suggests that non-endosomal remains unknown although numerous potential mecha-
factors also modulate this process. nisms have been discussed." 15 .23 It has been suggested

The observation that UV-inactivated reovirions can in- that the conformational change in (T I that occurs dur-
duce apoptosis also indicates that replication is not ab- ing disassembly may enhance the affinity of or for sialic
solutely required for induction of apoptosis, provided the acid,JAM, or both receptors, leading to receptor aggrega-
inoculum size is sufficient. Further support for the lack of tion and stimulation ofintracellular signaling. Proteolytic
a reqtairement for replication comes from studies in L929 processing of p1/it IC during virion disassembly may also
and MDCK cells, which indicate that there is little corre- influence virus-receptor interactions and would provide a
lation between the efficiency with which reovirus strains mechanistic explanation for the contribution of the M2
replicate in particular cells, and their capacity to induce gene to the efficiency ofapoptosis.3 s Finally, JAM exists
apoptosis. '5 Consistent with these results, inhibition of in a complex of tight junction proteins that includes the
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ras-interacting protein AF-6. Since ras-mediated path- tion of this technology to identify changes in expression

ways have been implicated in the activation of NF-KB of apoptosis-related-genes and their transcription factor
this may also constitute a mechanism whereby NF-KB is dependence is underway.)2

activated in reovirus-infected cells.

Reovirus-induced apoptosis is
Reovirus-induced apoptosis is initiated by activation of death
associated with the activation of JNK receptors
and the JNK-dependent transcription Many types of apoptosis triggered by extrinsic stimuli are
factor c-Jun

initiated by activation of members of the tumor necrosis
Reovirtis infection results in viral strain-specific patterns factor receptor (TNFR) supertamily of cell surface death
of selective activation of the c-Jun N-terminal kinase receptors. In a wide variety of non-neuronal cells includ-
(QNK), extracellular-related kinase (ERK), and p38 ing L929 cells, human embryonic kidney (tIEK293) cells
mitogen-activated protein kinase (MAPK) signaling and several human cervical (HeLa), breast, and lung cancer

pathways in infected cells. 2 Activation of JNK can be derived cell lines, TNF-related apoptosis-inducing ligand
detected within 10 h of T3- , but not TiL-, reovirus (TRAIL) and its receptors play a key role in reovirus-

infection in L929 cells and increases steadily for the first induced apoptosis. 21 '' TRAIL is a widely expressed type-
24 h. ERK shows a bimodal pattern of activation with 2 membrane protein that was identified by its homology
an early phase resolving within 30 min of infection fol- to Fas ligand (FasL) and TNFa. Following its release
lowed by a second activation phase detectable at 2 h pi. from cells TRAIL can induce apoptosis by binding to spe-
In distinction to JNK activation, the late phase of ERK cific cell surface death receptors (DRs), DR4 (also called
activation appears equally robust in cells infected with TRAIL-R 1) and DR5 (also called Apo2, TRAIL-R2,
TIL, T3A, and T3D.22 In contrast to their activation of TRACK2 or KILLER). TRAIL can also bind to the re-
ERK and JNK, reovirus strains do not appear to activate ceptors DcR-I (for Decoy Receptor 1) and DcR-2. These
p38 MAPKs. 2 i decoy receptors do not transduce apoptotic signals and

Pharmacologic inhibition of ERK activation does not can prevent the induction of apoptosis in TRAIL-treated
either augment or inhibit reovirus-induced apoptosis in- cells. TRAIL-mediated activation of I)R4 andt DR5 trig-

dicating that the activation of this kinase is not required gers the onset of DR induced apoptosis, which involves
for reovirus-induced apoptosis.2' By contrast, the capac- DR oligomerization and the close association of their cyto-
ity of reovirus strains to activate JNK correlates closely plasmic death domains (DDs). This is followed by a ))D-
with their capacity to induce apoptosis. 2 In addition, ex- associated interaction with the cytosolic adapter mnolecule
periments using TIL x T3D reassortants indicate that FADD (for Fas associated death domain), and the recruit-

the same viral gene segments that determine apoptosis ment of pro-caspase 8 to form a death inducing signal-
induction (Si and M2) are also key determinants ofJNK ing complex (DISC), where the cleavage of pro-caspase 8
activation. 2 Preliminary studies also suggest that inhi- results in the generation of the active initiator caspase,
bition of JNK activation with pharmacologic inhibitors caspase 8. Caspase 8 then activates the ef fector caspases
inhibits reovirus-induced apoptosis (unpublished). (caspases 3, 6 and 7), which are the proteolytic engines of

Reovirus-induced JNK activation is associated with cell death.2"
the subsequent activation-related phosphorylation of the In IIEK293 cells, L929 cells and a variety of different

JNK-dependent transcription factor c-Jun.-'2 Increased cell lines derived from human cancers, reovirus-induced
activation of c-Jun is detectable by 12 h pi, peaks at 12- apoptosis is inhibited by the presence of anti-TRAIL anti-
24 h pi and then gradually declines to baseline by 48 hrs bodies or soluble TRAIL receptors (Fc:l)RI and Fc:l)R5)

pi. 2' Although the specific receptor requirement forJNK and by the over-expression of the non-apoptosis-inducing
and c-Jun activation has not been identified, the results TRAIL receptor DcR- I.2U5 In contrast, antibodies di-
described above suggest that, like apoptosis, engagement rected against Fas and soluble TNF receptors appeared to
of both JAM and sialic acid will be necessary for JNK have no effect on reovirus-induced apoptosis in these cells.
activation. Events downstream of TRAIL-receptor binding are also

The requirement for and association of transcription activated following reovirus infection. For example, pro-

factor activation with reovirus-induced apoptosis sug- caspase 8 is cleaved to form the active initiator caspase, cas-
gests that de nove expression of cellular genes and/or the pase 8.25.27 In HEK293 cells the activation of caspase 8 oc-
consequences of activation of cellular MAPK signaling curs in two phases. An initial phase occurs between 8 and
pathways mediate this process. Oligonucleotide micro- 14 h pi and a later phase occurs between 24 and 34 h pi, by
arrays have been utilized to analyze reovirus-induced which time all pro-caspase 8 has been cleaved.27 Caspase-

changes in gene expression in infected cells and applica- 8-activity is required for reovirus-induced apoptosis in
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HEK293 cells. Hence the expression of DN-FADD, and a in reovirus-infected cells is not merely a consequence of
peptide inhibitor ofcaspase 8-activity (IETD-FMK) block TRAIL/receptor binding and that other mechanisms of
reovirus-induced apoptosis .2.27 Caspase-8 activation fol- activation must be present.
lowing reovirus-infection is required for the activation of
caspase 3, as demonstrated by the inhibition of reovirus-
induced activation ofcaspase 3, in cells expressing FADD- Reovirus-induced activation of
I)N. 27 Again reovirus-induced activation of caspase 3 is mitochondrial apoptosis pathway
biphasic, with the first phase beginning around 8 hours

pi and a second activation beginning at 21 h pi. 2' The In addition to activating the effector caspases, caspase
kinetics of caspase 8 and caspase 3 activation suggest that 8 can also cleave the pro-apoptotic Bcl-2 family mem-
these two events occur in rapid succession in reovirus- ber, Bid. '"- Cleaved Bid translocates to the mitochon-
infected cells. Reovirus-induced caspase 3-activity corre- dria where, in conjunction with other pro-apoptotic Bcl-2
sponds closely to the cleavage of the cellular substrate family proteins (e.g. Bak and Bax), it contributes to the
PARP, indicating that caspase 3 has biological activity in opening, or modification, of channels in the mitochon-
infected cells and can participate in the cleavage of cel- drial membrane, allowing the release of pro-apoptotic fac-
lular substrates to induce the morphological hallmarks of tors, including cytochrome c and a second mitochondrial
apoptosis. 10,25.27 activator of apoptosis (Smac, also called DIABLO). Cy-

Reovirus-infected cells release soluble TRAIL into the tochrome c assists with the formation ofa macromolecular
supernate, providing a potential mechanism for initiat- complex (the apoptosome), which utilizes the apoptotic
ing both autocrine and exocrine (bystander) apoptosis. protease activating factor (APAF)- I to mediate activation
TRAIL release from infected cells can be detected us- of the initiator caspase, caspase 9.35 Smac/DIABLO binds
ing supernatant transfer experiments. 2 t1 25 In these exper- to cellular inhibitor ofapoptosis proteins (OAPs), prevent-
iments cells are infected with reovirus and then, at vari- ing their inhibitory actions on caspase activity.' 6 In addi-
ous times following infection, the culture supernatant is tion to activating the effector caspases, caspase 9 can also
removed and used to inoculate a TRAIL-sensitive indi- cleave pro-caspase 8, through the activation of caspase 3,
cator cell line (HeLa cells). Apoptosis is then determined which may act to amplify the apoptotic response.' It is
24 h following media-transfer. Apoptosis is induced in thought that in addition to releasing cytochrome t and
TRAIL-sensitive indicator cells following treatment with Smac/DIABLO the mitochondria may also contribute to
media taken from virus-infected HEK293 cells at 24, 38 apoptosis by releasing stores of pro-caspase 8, which then
and 48 h post-infection (18, 30 and 68; respectively). 21  become available for activation. 's In some cell types acti-
This apoptosis is inhibited by soluble TRAIL receptors vation of the mitochondrial pathway, through the caspase
(Fc:I)R5 or Fc:I)R4) indicating it is TRAIL-specific. In 8-dependent cleavage of Bid may be required for ligand-
contrast, apoptosis in the indicator cells is not blocked induced apoptosis, whereas other cells undergo ligand-
with a neutralizing polyclonal antireovirus antiserum that mediated apoptosis without the involvement of the mi-
neutralizes both reovirus infection and apoptosis, indicat- tochondria. At the molecular level these cell types differ
ing that apoptosis in the indicator line is not mediated by principally in the amount of caspase 8 recruited to the
virus present in the transferred supernatant. ligand-activated receptor.

It has recently been shown that regulation of TRAIL The first indication that mitochondrial events were in-
and DR-expression is mediated by NF-KB in a variety of volved in reovirus-induced apoptosis came from the ob-
systems and that NF-KB activation is required for the up- servation that reovirus-induced apoptosis is inhibited in
regulation of TRAIL and DR-expression in cells undergo- MDCK cells that over-express Bcl-2, which inhibits the
ing apoptosis induced by HTLV- I Tax and the chemother- formation of pores in the mitochondrial membrane by
apeutic agents etoposide and doxorubicin.28- 3 1 Studies binding to pro-apoptotic "pore-forming" Bcl-2 family
are now underway to determine the role of NF-KB in members. 5 It was subsequently found that Bid is cleaved
mediating TRAIL and DR-expression during reovirus- in HEK293 cells following infection with reovirus. 2

1 Sim-
induced apoptosis. ilar to the activation of caspase 8, Bid cleavage is bipha-

Binding of TRAIL to DR4/DR5 can induce activation sic. The release of cytochrome c from the mitochondria of
of JNK and c-Jun through a TRAF 1/2-dependent pro- reovirus-infected cells at 10 hours pi and the associated
cess, providing a potential link between reovirus-induced activation of caspase 9 at approximately the same time,
death receptor activation and MAPK induction.32 How- suggest that cleaved Bid is able to induce the activation
ever, inhibition of TRAIL binding, using soluble Fc:DR5, of mitochondrial apoptotic pathways in reovirus-infected
inhibited reovirus-induced apoptosis but had no effect on cells. 2' Both Bid cleavage and the release of cytochrome c
reovirus-induced c-Jun activation. 23 In addition JNK ac- are blocked in cells expressing DN-FADD, indicating that
tivity in reovirus-infected cells precedes detectable TRAIL caspase 8 activity is required for activation of the mito-
release. 21 "2 <25 These results indicate that JNK activation chondrial apoptotic pathway in reovirus-infected cells. 2

-
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Smac/DIABLO is also released from the mitochondria gether these results are consistent with a model in which
of reovirus-infected cells with similar kinetics to the re- death-receptor activation initiates reovirus apoptosis, and
lease of cytochrome c and, like cytochrome c, Smac/ results in early low level activation of effector caspases.
DIABLO release is blocked by the over-expression of Mitochondrial-events, likely initiated by Bid transloca-
Bcl-2.2  Although reovirus-infection results in both tion and involving release ofSmac/DIABLO, then amplify
cytochrome c-mediated caspase 9 activation and Smac! the initial death receptor-initiated signal and dramatically
DIABLO release, recent studies suggest that it is likely augment effector caspase activation.
that Smac/DIABLO release, rather than caspase 9 acti- In addition to caspase 3, the effector caspase, caspase 7 is
vation, plays a critical role in the mitochondrial-related also activated following reoviruis infection."2 This activa-

augmentation of death-receptor initiated apoptotic tion occurs later than the first phase ofcaspase 3-activity
pathways.' 9 Thus, stable transfection of H1EK293 cells and is less robust suggesting that caspase 7 activation
with DN-caspase 9 (caspase 9b) only inhibits caspase 9- may play a less critical role in reovirus-induced apoptosis
activation, unlike Bcl-2 over-expression, which blocks all than caspase 3. In addition, the observations that caspase

mitochondrially-mediated events. 9 Similarly, caspase 9b 7 activation parallels that of caspase 9 and is not biphasic
expression prevents the activation ofcaspase 9 in reovirus- suggest that it may resullt from the activation of(caspase 9.
infected cells but does not affect reovirus-induced acti-
vation of caspase 3 or reovirus-induced PARP cleavage,

suggesting that although caspase 9 is activated in reovirus- Reovirus sensitizes cells to
infected cells, other pathways are necessary for effector TRAIL-Induced apoptosis
caspase activation.3Tc

As noted, Smac/DIABLO acts as a pro-apoptotic fac- Inaaddition to inducing the releaseofTRAIL from infected
tor by inhibiting lAP-mediated caspase inhibition.36 This cells, reovirus-infection also sensitizes cells to TrRAIL-
may be mediated through direct binding of Smac! induced apoptosis. 21'' 5 This sensitization is detectable
DIABLO with target IAPs."6 '042 Alternatively, LAP around t2 h pi and increases until 48 h pi when the
degradation has also been shown to represent an impor- majority of cells are apoptotic. 2 Reovirus infection and
rant apoptotic event in both mammalian cells and in TRAIL treatment have synergistic rather than merely ad-
drosophila where proteins with regions homologous to ditive effects on apoptosis, and infection can confer TRAIL
Smac/DIABLO (Grim and REAPER) promote ubiquitin- sensitivity to previously TRAIL-resistant cells as well
mediated DIAP1 degradation.'! -46 The fact that in as increasing the TRAIL sensitivity of partially resistant
reovircis-infectedcellssomecelLilar lAPs(scirvivin,clAPI lines.2 1' 25 For example, reovirus infection increases apop-
and XIAP) undergo proteolytic cleavage and degradation tosis in TRAIL-treated HEK293 cells from 30'./( to 907,
following reovirus-infection, and that this can be pre- in a TRAIL-treated human breast cancer cell line (ZR75-
vented in cells over-expressing Bcl-2, is consistent with a 1) from < 107(, to 80%, in a TRAIL-treated human lung
key role for Smac/DIABLO in mediating mitochondrial- cancercell line (HE 57)from 10/ to 7(W4 and in a TRAIL-
related reovirus-induced apoptotic pathways.(• treated human ovarian cancer cell line (OVCAR- i) from

In addition to cytochrome cand Smac/DIABLO, a va- 10% to 80% (unpublished). 2 1
.
2" This finding may in-

riety of other mitochondrial apoptotic factors have been crease the potential utility of TRAIL as an agent for can-
identified, including apoptosis inducing factor (AIF). Re- cer therapy, which is currently limited by the fact that
ovirus infection is not associated with release of AIF in cancer cells of all types differ in sensitivity to TRAIL-
HEK293 cells. "9 Neither does it result in disruption of induced apoptosis. Although TRAIL receptor expression
mitochondrial transmembrane potential, indicating that may be up-regulated in HEK293 cells the ability of re-
the release ofpro-apoptotic factors from the mitochondria ovirus to sensitize cells to TRAlL does not appear to reflect
following reovirus infection is selective. 9 This is consis- an increase in the expression of TRAIL receptors in sev-
tent with ultrastructural studies in reovirus-infected cells eral human cancer cell lines.,' In the human Ilng cancer
that suggest that disruption of mitochondrial architecture cell line, H 157, reovirus-induced sensitization of cells to
is not a typical feature of reovircis infection. TRAIL is associated with an increase in the activation of

As previously described, activation of both caspase-8 caspase 8 and caspase 3 and is blocked by the caspase 8
and Bid show a biphasic pattern with an early-activation inhibitor IETD-FMK."'
phase at 8-10 h pi followed by a later activation phase. 27

In contrast, reovirus-induced release of Smac/DIABLO is
not biphasic and occurs just after the early phase and before Reovirus-induced apoptosis
the late phase of caspase 8-activation and Bid cleavage.-2 requires calpain
Over-expression of Bcl-2 inhibits the late phase of caspase
8 activation without affecting the early phase, suggesting Although the caspase family of Cellular proteases are cen-
that the late phase is mitochondrial-dependent. Taken to- tral to reovirus-induced apoptosis, the calcium dependent
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papain-like neutral cysteine protease, calpain, also plays a have been stained with TUNEL and antibodies specific
role in this process. Calpain is distributed widely through- for activated caspase 3 to detect apoptosis, and with poly-
out the cytosol of many cell types and exists as an inactive clonal anti-reovirus antisera to detect viral antigen. At a
pro-enzyme in steady state with its endogenous inhibitor macroscopic level there is an excellent correlation between
calpastatin. Calpains have been demonstrated to mediate areas of tissue injury, the presence of apoptotic cells, and
differentiation and necrosis and to participate in caspase- the localization of viral infection.51. 52 At a microscopic
dependent and caspase-independent apoptosis. level, individual cells can also be analyzed for the pIres-

Reovirus-induced apoptosis in L929 cells and in my- ence of viral antigen and apoptosis. In brain, most cells in
ocardiocytes is associated with an increase in cellular cal- infected regions are both TUNEL-positive and reovirus
pain activity.l9 .7 Increased calpain activity is seen in antigen-positive, however there are cells in these regions
reovirus-infected cells, compared to mock-infected cells, that are apoptotic but antigen negative. 51,52 This sug-
as early as 2 h pi and this activation is suppressed by gests that apoptosis occurs both as a result of direct viral
the addition of the calpain active-site inhibitor, N-acetyl- infection, and in uninfected 'bystander' cells adjacent to
leucyl-leucyl-norleucinal (aLLN, calpain inhibitor 1) and productively infected cells.
by a second calpain inhibitor, PDI 50606, an c-mercapto- Studies of reovirus-infection in a mouse neuroblastoma-
acrylic acid derivative that selectively blocks calpain's derived cell line (NB41a3) and in primary mouse cortical
calcium-binding site inhibitor. 19 Calpain inhibitors also cultures (MCC) derived from embryonic (E20) mice in-
block apoptosis induced by T3A, TIL and UV-inactivated dicate that reovirus-induced apoptosis of neurons is sim-
reovirus indicating the role ofcalpain in this process. Cal- ilar to reovirus-induced apoptosis of non-neuronal cells
pain activation has also been shown to occur in reovirus- in that it is associated with increased levels of caspase
infected primary cardiac myocytes and again treatment of 3-activity and is blocked with the caspase 3-inhibitor
these cells with a calpain inhibitor (Z-leu-aminobutyric DEVD-FMK. 1

acid-CONH(CH 2 )3"morpholine, CX295) protects them Again, similar to the mechanism of reovirus-induced
from reovirus-induced apoptosis. Further, CX295 also apoptosis in epithelial cells reovirus infection induces in-
dramatically reduces the extent of apoptotic myocardial creased caspase 8 activation in infected neurons, indicat-
injury in reovirus-infected mice (see below). 4' The precise ing that neuronal apoptosis, like that in its epithelial cell
step in reovirus-induced apoptosis at which calpains act counterparts, involves death-receptor activation.512 How-
is unclear. In most models of apoptosis calpains act up- ever, the ligand-receptor trigger for this activation ap-
stream of caspases and the early onset of calpain activity pears to be less specific than that observed in epithe-
in reovirus-infected cells suggests that this may is also be lial cells. Thus, whereas reovirus-induced apoptosis in
true for reovirus-induced apoptosis. Experiments show- HEK293 cells is selectively inhibited by blocking TRAIL
ing the effect of calpain inhibitors on caspase-activation ligand/receptor interaction, reovirus-induced apoptosis in
would be useful to confirm this possibility. Calpain has NB4 cells is inhibited by treating cells with both soluble
also been implicated in the regulation of a variety of cel- TRAIL receptors (Fc:DR5) and soluble TNFR (FcTNFR-
lular transcription factors, including NF-KB and c-Jun 1), and reovirus-induced apoptosis in MCCs is inhibited
activation, which may both play a role in reovirus-induced by Fc:TNFR- I and Fc:Fas. 52

apoptosis. i850 Another distinction between reovirus-induced apop-
tosis in neuronal and epithelial cells may be the extent

of involvement of the mitochondrial pathway. In con-

Reovirus-induced apoptosis in the trast to HEK cells, in which reovirus infection is asso-

mouse CNS ciated with robust release of cytochrome c and the sub-
sequent activation of caspase 9, in neuronal cultures cy-

It has long been known that T3 reovirus strains infect tochrome c release appears to occur only at low levels
neurons within specific regions of neonatal mouse brain and at later times following infection. 2 As would be
producing a lethal meningoencephalitis. Viral replication predicted from this result, there is only low level acti-
and pathology co-localize in the brain and have a predilec- vation of caspase 9 in these cells.52 Consistent with these
tion for the cortex hippocampus and thalamus. It has now findings, the caspase 9 inhibitor Z-LEHD-FMK has lit-
been shown that reovirus induces apoptosis in the brain tie effect on reovirus-induced neuronal apoptosis, which is
following intracerebral inoculation of newborn mice with significantly inhibited by either caspase 8 (Z-IETD-
T3D and fragmentation of DNA into oligonucleosomal FMK), caspase 3 (Z-DEVD-FMK) or pan-caspase inhi-
length ladders can be detected in tissue samples prepared bitors. 5 2 Studies are currently underway to determine if
from T3D- but not mock-infected brain (8-9 days pi), Smac/DIABLO or other pro-apoptotic factors are released
coinciding with maximal viral growth. during reovirus-induced neuronal apoptosis.

In an effort to determine the relationship between Studies of reovirus-infection in neuronal cultures also
pathology, apoptosis, and viral infection, brain sections provide further evidence of bystander apoptosis seen
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following reovirus infection and in both MCC and NB4 reovirus-infected brain tissue, areas of TUNEL positive

cells dual labeling with imunocytochemistry and TUNEL cells in 8B infected hearts correlate with areas of histo-

showed that although a great majority of infected cells logic damage and reovirus antigen. 'i Injury to the heart

were undergoing apoptosis there was also a subset ofapop- following reovirus-infection occurred in the absence of

totic cells that were uninfected but located in proximity an inflammatory response, also suggesting that it results

to virus-infected cells, 2 Bystander apoptosis could result from apoptotic cell death.',

from the release of TRAIL, or other death ligands, from Treatment of mice with the calpain inhibitor CX295

reovirus-infected cells. If this is the case the amount of (dipeptide alpha-ketoamide calapin inhibitor z-Leu-

bystander apoptosis would reflect the sensitivity of the aminobutyric acid-CONII(CtH1)3-morpol ie) is protec-

surrounding cells to the released ligand. Live against reovirus induced-myocarditis and produces
a dramatic reduction in histopathologic evidence of my-
ocardial injury, a reduction in serum creatine phospho-

Reovirus-induced apoptosis kinase (an intracellular enzyme whose release into the

is responsible for tissue injury serum is a quantitative marker of skeletal and cardiac

muscle damage) and improved weight gain.J' Preven-

Although studies in the mouse CNS show that apoptotic tion of myocardial injury is accompanied by a virtually

cells are restricted to the same regions of the brain in which complete inhibition of apoptotic myocardial cell death,
infected cells and tissue damage occur, the actual demon- strongly suggesting that virus-induced apoptosis is a key

stration that reovirus-induced disease results from apop- mechanism of cell death, tissue injury and mortality in

tosis came from studies using reovirus strain 8B, a virus reovirus-infected mice.

that efficiently produces myocarditis in infected neonatal Although treatment of reovirus-infected animals re-

mice, J In this model, reovirus infection results in apop- suits in a marked decrease in apoptosis in infected tis-

tosis in the heart. Similar to results seen in the mouse sues, the impact on viral titer is less dramatic, and only

brain, DNA extracted from the hearts of reovirus-infected a 0.5 log,( PFU/ml reduction is observed at the site of

mice is fragmented into oligonucleosomal-length ladders, primary replication primary (hind limb) and only a 0.7

indicative of apoptosis.ij Also similar to results seen in logl,( PFU/ml reduction is observed in the heart.'! These

Figure 1. TRAIL mediated apoptosis in reovirus-infected epithelial cells. Reovirus induces the release of TRAIL from infected cells.
TRAIL binds to DR4 and DR5 initiating their association with FADD and pro-caspase 8. Cleavage of pro-caspase 8 results in the
activation of caspase 8, which then activates caspase 3 to induce apoptosis. Caspase 8 also cleaves Bid to activate the mitochondrial
apoptotic pathway resulting in the release of cyctochrome c and Smac/DIABLO into the cytosol. Cytochrome c assists with the formation
of the apoptosome, which utilizes APAF-1 to mediate activation of caspase 9. The release of Smac/DIABLO from the mitochondria
results in the release of lAP inhibition of caspase 3-activity and leads to the onset of apoptosis. The broad arrows indicate events that are
thought to be critical for reovirus-induced apoptosis in HEK cells, whereas the thin arrows represent events that may be less important.
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