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The cellular pathways of apoptosis have not been fully characterized; however, calpain, a cytosolic calcium-
activated cysteine protease, has been implicated in several forms of programmed cell death. Reoviruses induce
apoptosis both in vitro and in vivo and serve as a model for studying virus-induced cell death. We investigated
the potential role of calpain in reovirus-induced apoptosis in vitro by measuring calpain activity as well as
evaluating the effects of calpain inhibitors. L929 cells were infected with reovirus type 3 Abney (T3A), and
calpain activity, measured as cleavage of the fluorogenic calpain substrate Suc-Leu-Leu-Val-Tyr-AMC, was
monitored. There was a 1.6-fold increase in calpain activity in T3A-infected cells compared to mock-infected
cells; this increase was completely inhibited by preincubation with calpain inhibitor I (N-acetyl-leucyl-leucyl-
norleucinal [aLLN]), an active-site inhibitor. Both aLLN and PD150606, a specific calpain inhibitor that
interacts with the calcium-binding site, inhibited reovirus-induced apoptosis in L1929 cells by 54 to 93%.
Apoptosis induced by UV-inactivated reovirus was also reduced 65 to 69% by aLLN, indicating that inhibition
of apoptosis by calpain inhibitors is independent of effects on viral replication. We conclude that calpain

activation is a component of the regulatory cascade in reovirus-induced apoptosis.

Apoptosis is a distinct mechanism of cell death, character-
ized by DNA fragmentation, condensation of nuclear chroma-
tin, cell shrinkage, and membrane zeiosis (22). It plays a critical
role in many physiologic processes, including normal immune
system cell development and selection (24), neuronal develop-
ment (33, 74), and certain pathologic conditions (71). A variety
of internal and external stimuli are capable of eliciting apo-
ptosis, as exemplified by many viral agents (reviewed in refer-
ence 55).

We have used reovirus-induced apoptosis as an experimen-
tal model system to study the viral and cellular mechanisms
involved in apoptotic cell death (37). Infection of cultured
fibroblasts and epithelial cells with reoviruses induces apopto-
sis, although reovirus strains differ in the efficiency with which
they induce this cellular response (42, 69, 70). Apoptosis also
occurs following reovirus infection in vivo (37, 38). Murine
infection with serotype 3 reoviruses produces a lethal menin-
goencephalitis (68). Viral antigen, evidence of neuropatho-
logic injury, and apoptosis colocalize to the same regions of the
mouse central nervous system (38). Investigation of reovirus-
induced hepatitis (27) and myocarditis (56) also demonstrates
that apoptotic cell death occurs in vivo within these organs.
Taken together, these data suggest that apoptosis is an impor-
tant mechanism of injury in reovirus infection.

The cellular mechanisms effecting and regulating apoptosis
are still incompletely characterized. Protease cascades appear
to play a critical role as effectors of apoptosis (8, 30, 40, 76).
Examples of proteases implicated in apoptosis include gran-
zyme B, caspases, and calpain. Calpain is a calcium-dependent
papain-like neutral cysteine protease that is distributed widely
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throughout the cytosol of many cell types (32). It exists in the
cytosol as an inactive proenzyme in steady state with its en-
dogenous inhibitor, calpastatin. Calpain plays physiologic reg-
ulatory roles in membrane and cytoskeletal remodelling, in-
cluding mitosis (54) and platelet activation (39). Increases in
cytosolic calcium levels occur in many forms of apoptosis (9,
66), an observation that led to investigation of the potential
role of calpain in apoptosis. Calpain activation was demon-
strated in dexamethasone-induced thymocyte apoptosis (62)
and serves as an upstream regulator of apoptosis in thymocytes
induced by a variety of triggers (61). Inhibitors of calpain and
similar proteases reduce apoptosis in human immunodefi-
ciency virus-infected T lymphocytes (52). Calpain is also im-
plicated in neural cell death associated with cerebral ischemia
(28) and other neural insults (19, 44, 45), neurodegenerative
processes such as Alzheimer’s disease (47), myocardial isch-
emia (20), and cataract formation (12).

In this study, we investigated whether calpain is involved in
reovirus-induced apoptosis. The results indicate that calpain
activity is increased in reovirus-infected cells and that inhibi-
tion of calpain activation by two distinct classes of calpain
inhibitors reduces reovirus-induced apoptosis. This study pro-
vides the first evidence calpain activity is directly linked to
virus-induced cell death.

MATERIALS AND METHODS

Cells. Murine 1.929 fibroblasts (L cells) (ATCC CCL 1) were passaged in
spinner culture by adjusting the cell concentration daily to 5 X 10° cells/ml by
dilution with Joklik’s modified Eagle’s minimum essential medium supplemented
to contain 5% heat-inactivated fetal bovine serum and 2 mM L-glutamine
(Gibco/BRL).

Virus. (i) P2 stocks. Reovirus strains type 1 Lang (T1L), type 3 Dearing (T3D),
and type 3 Abney (T3A) are laboratory stocks which were plaque purified and
passaged (twice) in L cells to generate working stocks as previously described
(67).

(ii) Purified stocks. Purified T3A virion preparations were made by sonication
and Freon extraction from P2 stock-infected L cells followed by cesium chloride
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gradient (density, 1.25 to 1.45 g/cm®) centrifugation and dialysis against viral
dialysis buffer (VDB) (150 mM NaCl, 15 mM MgCl,, 10 mM Tris [pH 7.4]), as
previously described (16). The concentrations of virions in purified preparations
were determined from the equivalence 1 optical density at 260 nm unit = 2.1 X
10'2 virion particles/ml (58), followed by titer determination by plaque assay.

(iii) UV-inactivated virus. T1L and T3A were diluted to 10'° PFU/ml in VDB
and exposed for 15 min to short-wave UV light (254 nm) to generate an intensity
of 600 wW/cm?. Following UV irradiation, virus stocks were devoid of infectious
virus as determined by plaque assay (viral titer < 10 PFU/ml).

Inhibitors. Calpain inhibitor I (N-acetyl-leucyl-leucyl-norleucinal [aLLN]; Cal-
biochem, La Jolla, Calif.) is a modified peptide which competes for the active site
of calpain (71). It was prepared as a 5 mM stock in dimethyl sulfoxide.
PD150606, an a-mercaptoacrylic acid derivative, is a selective Ca>*-binding site
blocker with high specificity for calpains (72). It was prepared immediately prior
to use as a 5 mM stock in H,O-dimethylformamide (DMF) (1:1). PD145305 is an
inactive analogue of PD150606. It was prepared immediately before use as a 5
mM stock in H,O-dimethyl sulfoxide (1:1). (PD150606 and PD145305 were
provided by Kevin Wang, Parke-Davis Pharmaceutical Research, Ann Arbor,
Mich.)

Measurement of calpain activity by fluorogenic-substrate assays. Fluorogenic-
substrate assays were performed with Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY),
a membrane-permeable calpain-specific fluorogenic substrate, as previously de-
scribed (53). Proteolytic hydrolysis of the peptidyl-7-amino bond liberates the
highly fluorescent 7-amino-4-methylcoumarin (AMC) moiety. Cellular fluores-
cence was quantified with a Cytofluor Series 4000 fluorometer with 360-nm
excitation and 460-nm emission filters. Standard curves were generated with free
AMC for each experiment.

For measurements of calpain activity, .929 cells were plated at 10° cells in 200
wl per well in 96-well plates (Costar, Cambridge, Mass.) and incubated for 24 h
at 37°C. Medium was removed from the adherent cell layer, and the cells were
then infected with 20 pl of purified T3A virus (multiplicity of infection [MOI] =
11,000) or viral dialysis buffer (mock infection). After a 1-h incubation at 37°C,
200 pl of assay buffer (115 mM NaCl, 1 mM KH,PO,, 5 mM KCI, 2 mM CaCl,,
1.2 mM MgSO,, 25 mM sodium HEPES buffer [pH 7.4]) (2) was added to all
wells. To determine the maximal calpain activity under our experimental condi-
tions, the calcium ionophore A23187 (5 wM) was added to representative wells
of virus-infected and mock-infected cells. As an additional control to ensure that
fluorescence activity was calpain specific, aLLN (50 pM) was added to repre-
sentative wells for each condition. Other controls included aLLLN alone, A23187
alone, virus alone, and VDB alone in the absence of cells. Suc-LLVY substrate
(62.5 M) was added to each well at the start of the assay. The plates were
incubated at 37°C in the fluorometer, and fluorescence was measured at 5-min
intervals starting immediately after the addition of substrate. Each condition was
assayed in duplicate or triplicate wells.

Calpain activity was calculated as mean fluorescence + standard error of the
mean (SEM). For conditions with the calcium ionophore A23187, the inherent
fluorescence of this compound (determined from wells containing A23187 in the
absence of cells [mean = 5,066 fluorescence units, n = 10]) was subtracted from
the total measured fluorescence to accurately represent maximal calpain activity.
For comparison of calpain activity at 120 min, the net calpain activity for virus-
and mock-infected conditions was calculated by subtracting the residual activity
in the presence of calpain inhibitor.

Calpain inhibitor experiments. L cells were plated at 3.7 X 10* cells/well in
500 wl in 24-well plates (Falcon, Lincoln Park, N.J.) and incubated at 37°C for
24 h to allow the formation of an adherent monolayer. For experiments with
active-site inhibitor, cells were preincubated with aLLN (25 uM) or solvent for
1 to 2 h. For experiments with the calcium-binding-site inhibitor, cells were
preincubated with PD150606 (25 to 50 M), the inactive analogue PD145305 (25
to 50 wM) or solvent alone for 1 h. Medium containing inhibitor (or control) was
then removed, and the cells were treated with mock solution (gel-saline) (137
mM NaCl, 0.2 mM CaCl,, 0.8 mM MgCl, 19 mM H;BO;, 0.1 mM Na,B,0-,
0.3% [wt/vol] gelatin) or P2 stocks of T3A, T3D, or T1L at an MOI of 100. After
a 1-h incubation, inhibitors were added back to each well. At 48 h postinfection,
apoptosis was determined as described below.

Quantification of Apoptosis: Cells (including nonadherent cells) were har-
vested by gentle pipetting and trypsinization. A solution of acridine orange for
determination of nuclear morphology and ethidium bromide to distinguish cell
viability, at a final concentration of 1 pg/ml for each substance, was used to stain
cells, as previously described (15). Following staining, cells were examined by
epifluorescence microscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to
490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of apoptotic
cells was determined by counting the number of cells containing condensed
and/or marginated chromatin in a population of 100 cells.

For experiments determining the effects of calpain inhibitors on reovirus-
induced apoptosis, the percent inhibition of apoptosis was calculated and re-
ported as follows:

. ‘percent reovirus apoptosis in presence of inhibitor — percent mock apoptosis in presence of inhibitor’ 100
- - — — — —— x
percent reovirus apoptosis in absence of inhibitor — percent mock apoptosis in absence of inhibitor

Determination of viral growth. L-cells were plated at 2.5 X 10* cells/well in 100
wl in 96-well plates (Costar). At 24 h postplating, the cells were preincubated
with PD150606 (50 pM), PD145305 (50 uM), or DMF-H,O (1:1). The medium
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FIG. 1. Calpain activity over time in reovirus-infected cells. L929 cells (10°)
were infected with T3A reovirus (MOI = 11,000) or mock infected with VDB.
The calcium ionophore A23187 was used as a positive control. The calpain
inhibitor aLLN (50 um) was added to representative wells for all conditions.
Following addition of Suc-LLVY (62.5 uM), fluorescence was monitored. Data
was derived from 10 replicates per condition, and curves were generated from
data points at 15-min intervals. Error bars indicate SEM.

was then removed, and the cells were infected with P2 stock of T3A (MOI = 100)
for 1 h at 37°C. Following infection, the medium (including the inhibitor or
vehicle) was replaced. At various times postinfection (0, 24, and 48 h), the cells
were harvested and the viral titer determined by plaque assay as previously
described (67). Viral titers are reported as log,, PFU per milliliter + standard
deviation (SD).

Statistics. The results of fluorogenic substrate assays and apoptosis inhibition
assays are reported as means = SEM. Results of viral growth experiments are
reported as means * SD and 95% confidence intervals (CI). Means were com-
pared using parametric two-tailed t-tests. For calpain activity slope comparisons,
Wilcoxon nonparametric and parametric two-tailed ¢ tests were used (GraphPad
InSTAT, version 1.14).

RESULTS

Infection with reovirus strain T3A is associated with in-
creased calpain activity. To investigate whether reovirus infec-
tion is associated with changes in cellular calpain activity,
cleavage of the cell-permeant fluorogenic substrate Suc-LLVY
was monitored (Fig. 1). At any given time point, virus-infected
cells showed greater calpain activity than did mock-infected
cells, and this difference increased over time. By 2 h after
adsorption, virus-infected cells achieved activation levels com-
parable to the calcium ionophore (A23187) positive control.
Mock-infected cells showed lower levels of calpain activity,
which never fully approached those in virus-infected or
A23187-treated cells. The addition of the calpain inhibitor
aLLLN to both mock-infected and virus-infected cells markedly
suppressed calpain activity to equally low levels.

Since virus-infected cells showed levels of calpain activity
equal to those of the positive control (A23187) by 2 h after
adsorption, this was taken as a time point for comparison
between all conditions. Virus-infected cells had a mean calpain
activity of 13,235 + 1,029 fluorescene units compared to mock-
infected cells, which had a mean activity of 8,262 = 686 fluo-
rescence units (P < 0.001). This represents a 1.6-fold increase
in calpain activity for virus-infected cells compared to mock-
infected cells.

Analysis of the slopes of the calpain activity curves (repre-
senting the velocity of calpain activity within each experimental
condition) also revealed significant differences between virus-
and mock-infected cells. The highest velocity of calpain activity
was seen in virus-infected cells, was observed early in the assay
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(as soon as 15 min following the addition of substrate), and was
sustained throughout the experiment. The mean velocity of
calpain activity for each condition was calculated by averaging
the velocity of calpain activity for all time segments after the
initial 15-min equilibration period. Virus-infected cells exhib-
ited an increased velocity of calpain activity (2,106 = 86 fluo-
rescence units/15 min) compared to mock-infected cells
(1,418 = 31 units/15 min; P < 0.0001 parametric, P < 0.02
nonparametric).

Calpain Inhibitor I inhibits reovirus-induced apoptosis. To
determine whether blocking calpain activity inhibits reovirus-
induced apoptosis, we tested the effect of calpain inhibitor I
(aLLN), a selective active site inhibitor of calpain, on apoptosis
induced by three different strains of reovirus (T3A, T3D, and
T1L). Baseline levels of apoptosis induced by mock-infected
cells (1.7% = 0.4%) and mock-infected cells treated with
aLLN (10% = 1.7%) were minimal. Infection with all three
strains of reovirus resulted in increased levels of apoptosis
compared to mock infection: 46% =+ 4% for T3A, 50% = 3%
for T3D, and 29% =+ 2% for T1L. The addition of aLLN
significantly inhibited apoptosis induced by all three strains of
reovirus (Fig. 2a). For T3A, apoptosis was reduced to 14% =
2% (P < 0.0001); for T3D, apoptosis was decreased to 20% =
1% (P < 0.001); for T1L, apoptosis was reduced to 12% * 1%
(P =0.0001). The reductions in apoptosis attributable to aLLN
were 91% for T3A, 79% for T3D, and 93% for T1L.

Calpain inhibitor PD 150606 inhibits reovirus-induced ap-
optosis. Although al.LLN is one of the most specific active-site
calpain inhibitors, it also inhibits certain other papain-like cys-
teine proteases. To verify that the alLLN effect of decreasing
reovirus-induced apoptosis was calpain specific, we tested a
novel calpain inhibitor, PD150606, which acts by blocking the
Ca?*-binding sites of calpain (72), as well as its inactive ana-
logue, PD145305 (Fig. 2b). Baseline levels of apoptosis in-
duced by mock infection (2% = 1%), and mock infection in
the presence of PD150606 (4% * 3%) and PD145305 (3% =
1%) were minimal. Again, all three strains of reovirus induced
significant increases in apoptosis compared to mock infection
(T3A, 43%; T3D, 41% * 1%; T1L 23% * 2%). PD145305, the
inactive analogue, had minimal effect on virus-induced apo-
ptosis (T3A, 41% = 4%; T3D 41% * 2%; T1L 16% * 3%
[P = 0.2]). In sharp contrast, PD150606 significantly inhibited
virus-induced apoptosis for all three strains. T3A-induced ap-
optosis was decreased to 20% = 0.3%; T3D-induced apoptosis
was decreased to 22% * 1%; (P = 0.001); T1L-induced apo-
ptosis was decreased to 11% = 1% (P = 0.02). The reductions
in reovirus-induced apoptosis attributable to PD150606 were
62% for T3A, 54% for T3D, and 67% for T1L.

Inhibition of apoptosis by calpain inhibitors is not a result
of impaired viral growth. To ensure that the reductions in
reovirus-induced apoptosis attributed to the calpain inhibitors
were not due to direct inhibition of viral growth, the yields of
T3A and T3D in L929 cells were assessed in the presence and
absence of aLLN, PD145305, and PD150606 (Fig. 3). For T3A,
the mean viral titer at 48 h postinfection in the absence of
inhibitor (8.3 = 0.3 log,, PFU/ml; 95% CI = 7.7 to 8.9) was
slightly greater than the titer in the presence of aLLN (7.6 *
0.2 log,, PFU/ml; 95% CI = 7.2 to 8.0) (P = 0.02). A similar
effect was also observed for growth of T3D: the mean viral titer
at 48 h in the absence of inhibitor was 8.0 = 0.3 log;, PFU/ml
3 (95% CI = 7.4 to 8.6) compared to the titer in the presence
of aLLN, which was 6.9 = 0.6 log,, PFU/ml (95% CI = 5.7 to
8.1) (P = 0.05). Although these differences in growth were
statistically significant, in both cases the 95% CI overlapped.
PD150606 and PD145305 had no effect on viral growth. For
T3A, the mean viral titer at 24 h in the absence of inhibitors
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FIG. 2. (a) Effect of aLLN on reovirus-induced apoptosis. L929 cells were
preincubated with aLLN (50 wM) for 1 h and then infected with T3A, T3D, or
T1L strains (MOI = 100) adsorbed at 37°C for 1 h. Apoptosis was determined,
as described in Materials and Methods, after 48 h and compared to that in cells
which were infected but not preincubated with aLLN. Data was derived from 3
to 10 replicates per condition. *, statistically significant decrement in apoptosis
compared to untreated cells (P = 0.0001 for T1L, P < 0.0001 for T3A, and P <
0.001 for T3D). Error bars indicate SEM. (b) Effect of PD150606 on reovirus-
induced apoptosis. 929 cells were preincubated with PD150606 or PD145305
(25 to 50 uM) for 1 h and then infected with T3A, T3D, or T1L strains (MOI =
100) adsorbed at 37°C for 1 h. Apoptosis was determined after 48 h, as described
in Materials and Methods. Data was derived from two to four replicates per
condition (except that only one replicate was used for T3A without inhibitor). =,
statistically significant decrement in apoptosis compared to untreated cells (P =
0.001 for T3D). For T3A, comparison was made to inactive analogue (P =
0.002). =, significant decrement in apoptosis (P = 0.02) compared to untreated
cells but not to inactive analogue (P > 0.05). Error bars indicate SEM.

was 7.0 = 0.3 log,, PFU/ml, which was no different from that
in the presence of PD150606 (6.8 * 0.2 log,, PFU/ml; P = 0.3)
or PD 145305 (6.7 = 0.3 log,, PFU/ml; P = 0.2).

Apoptosis induced by UV-inactivated (replication-incompe-
tent) virus is inhibited by aLLN and PD150606. The lack of a
major effect by calpain inhibitors on viral growth indicated that
their capacity to inhibit apoptosis was not due to inhibition of
viral replication. To independently confirm this result, we
tested the effects of these inhibitors on UV-inactivated virus,
which induces apoptosis at high MOI in the absence of a
requirement for viral replication (70). Experiments with aLLN
and PD150606 were performed by UV-inactivated T3D infec-
tion of L-cells (Fig. 4). UV-T3D induced increased apoptosis
(82% = 2%) compared to mock infection (2% *+ 1%) at 48 h.
The addition of aLLN significantly reduced UV-inactivated
T3D-induced apoptosis to 37% * 6% (P = 0.02). Treatment
with PD150606 reduced apoptosis to 48% = 4% (P = 0.02),
whereas treatment with PD145305 (inactive analogue) had
minimal effect (77% = 2%; P = 0.2). Thus, even in apoptosis
triggered by UV-inactivated virus, both inhibitors reduced ap-
optotic death by 68% (aLLN) and 45% (PD150606). Apoptosis
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FIG. 3. Effect of calpain inhibitors on viral growth. L929 cells were preincu-
bated with aLLN (active-site inhibitor) for 1 h prior to infection with T3A and
T3D. Viral growth was compared by measuring the plaque assay titer at 24 h
postinfection to that in 1929 cells infected without preincubation in inhibitor.
The experiment was then repeated with 50 uM PD150606 (Ca>* site inhibitor,
active), 50 wm PD145305 (inactive analogue) or DMF-H,O (diluent of
PD150606). Data was derived from three replicates per condition for aLLN and
seven to nine replicates per condition for the PD compounds. Error bars indicate
SD.

induced by UV-TIL (data not shown) was also inhibited by a
similar magnitude with the use of aLLN (65% reduction) and
PD150606 (67% reduction).

DISCUSSION

In this study, we provide evidence that calpain is involved in
reovirus-induced apoptosis, demonstrating that reovirus-in-
fected cells exhibit increased levels of calpain activity and that
inhibition of this activity reduces apoptotic cell death. This is
the first report that directly links increased activity of this
protease with virus-induced apoptosis.

Calpain activity increases following reovirus infection. The
fluorogenic substrate assay permits monitoring of cellular pro-
cesses in living cells over time in response to a variety of
experimental manipulations (2, 43). By this method, we dem-
onstrated a statistically significant increase in calpain activity in
reovirus-infected cells compared to mock-infected cells, both
in absolute terms (peak activity) and in the rate of increase of
activity. The magnitude of the increased activity following viral

100
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FIG. 4. Effect of aLLN and PD150606 on UV-inactivated T3D-induced ap-
optosis. L929 cells were preincubated in aLLN, PD150606, or PD145305 (inac-
tive analogue) prior to infection with UV-inactivated T3D (MOI = 8,650 to
15,000). Apoptosis was determined at 48 h, as described in Materials and Meth-
ods, and compared to that in UV-inactivated T3D-infected cells which were not
preincubated with inhibitors. Data was derived from two to four replicates per
condition. *, statistically significant decrement with comparison to cells treated
with no inhibitors at P = 0.02 for PD150606 and P = 0.02 for aLLN. Error bars
indicate SEM.

J. VIROL.

infection (1.6-fold increase) is similar to that seen in other
signaling pathways involving protease activation (26, 62). The
calpain inhibitor aLLN dramatically reduced the increase in
fluorogenic substrate signal under all conditions tested, pro-
viding further support that this increase reflected calpain ac-
tivity.

There are several possible explanations for the increased
calpain activity observed following reovirus infection. Calpain
could be acting as an effector of the late morphologic changes
characteristic of apoptotic cell death. However, since the in-
crease occurred so rapidly following viral adsorption, this sug-
gests an earlier, more integral role for calpain as part of a
regulatory cascade that ultimately leads to apoptosis. A similar
role for calpain has been suggested in apoptotic signaling path-
ways in neurons and immune system cells (34, 35, 60, 65). Such
a cascade has been described with regard to the caspases (49);
perhaps calpain participates in that pathway.

Potential mechanisms of reovirus-induced increases in cal-
pain activity. The process by which calpain becomes activated
within any cell is not completely understood, although it is
thought to occur primarily at the cell membrane in association
with membrane phospholipids and with an absolute require-
ment for calcium ions (59, 65). There are several plausible
mechanisms by which reovirus infection could trigger cellular
increases in calpain activity. First, it is possible that viral at-
tachment initiates a calcium flux, leading to a rapid increase in
intracellular calcium levels, as has been demonstrated for ro-
tavirus, a closely related virus (14). This flux would initiate
autocatalysis of the large subunit of the inactive proenzyme,
which is required for protease activity. Similarly, autocatalysis
of the small subunit results in facilitated interaction with phos-
pholipids at the cell membrane, which is thought to reduce the
calcium requirements for autocatalytic activation as well as to
accelerate the protease activity of the active species. Second, it
is possible that reovirus attachment triggers changes in growth
factor levels that facilitate calpain activation. Studies have sug-
gested that growth factors might regulate calpain-calpastatin
expression and translocation to the membrane for interaction
with lipids for enzyme activation (4, 36). Upregulation of epi-
dermal growth factor receptor on certain cell types has been
shown to increase the cytopathicity following reovirus infection
(63); perhaps these or other receptors could activate calpain.
Finally, a variety of endogenous calpain activator proteins have
been found in human hematopoietic cells (41, 48, 57) as well as
human and bovine brain cells (13). It is possible that reovirus
attachment is linked to upregulation of these proteins and thus
to increased calpain activation.

Reovirus-induced apoptosis is inhibited by calpain inhibi-
tors. Since calpain is linked to apoptosis and since reoviruses
are known to induce apoptosis, the rise in calpain activity seen
in virus-infected cells suggested a biologically significant role
for calpain in reovirus infection. We addressed this question by
demonstrating the efficacy of two calpain inhibitors with dis-
tinctly different mechanisms of inhibition in reducing viral-
induced apoptosis. Currently available inhibitors of calpain
include modified peptides, which compete for the active site of
the protease (71), or non-active-site-binding inhibitors, whose
selectivity comes from their unique interaction with the calci-
um-binding domains of calpain, a feature not found in other
protease inhibitors (72). In our experiments, both classes of
calpain inhibitor resulted in significant reduction of apoptosis
induced by the prototype reovirus strains T3A, T3D, and T1L.
To ensure that these reductions were attributable to inhibition
of calpain activity rather than to a detrimental effect on viral
growth, we tested the effect of these compounds on viral
growth in L cells. PD150606 (and the inactive analogue) had
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no effect on viral growth. There was a small decrease in viral
yield in the presence of aLLN. The possibility that this small
decrement accounted for the effects of aLLN appears unlikely,
given that apoptosis induced by UV-inactivated virus (which
cannot replicate) was still blocked by both aLLN and
PD150606. Lysosomal and proteosomal proteases are not in-
hibited by PD150606 (72). Taken together, these observations
indicate that the inhibition of apoptosis observed in these ex-
periments is attributable to specific inhibition of calpain activ-
ity and that the increased calpain activity seen following reo-
virus infection of these cells has biological importance with
regard to apoptosis in these cells.

It is interesting that although reovirus T1L is known to cause
apoptosis less efficiently than type 3 strains (70), treatment
with both calpain inhibitors resulted in equal reductions (on a
percentage basis) of apoptosis induced by both viral serotypes.
Differences in the capacity of T1L and T3D to induce apopto-
sis are determined by the S1 gene, which encodes the viral
attachment protein ol. The mechanism by which binding of
reovirus leads to apoptosis has not been defined, but it has
been previously suggested that reovirus binding activates a
receptor-linked signaling pathway that results in inhibition of
DNA synthesis and apoptosis (17). Our results suggest that
despite strain-specific differences in the efficiency with which
apoptosis occurs, calpain is subsequently involved in both sys-
tems. Moreover, since calpain inhibitors block apoptosis in-
duced by both type 1 and type 3 strains, it is likely that the
signaling pathways for reovirus-induced apoptosis converge at
some point following attachment. This could theoretically be as
late as 24 h after adsorption, but since activation experiments
indicated an earlier role for calpain (increased activity was
seen 1 h postadsorption), it is probable that if critical strain-
specific differences in signaling exist, they act soon after at-
tachment but before calpain activity increases. Alternatively,
the pathways could be identical but could result in different
levels of apoptosis based on quantitative differences in signal-
ing and protease activation.

Possible mechanisms of reovirus-induced apoptosis via cal-
pain signaling. Although calpain appears to be implicated in
reovirus-induced apoptosis, it is not clear what constitutes the
upstream and downstream components of a signaling cascade,
within which calpain might fit, either during reovirus infection
or in other systems where calpain is involved. Unlike the pro-
teasome, the ability of calpain to process substrates into only a
few fragments suggests a more suitable role for calpain in the
modulation of other enzymatic components of the apoptotic
pathway (59), including other proteases. Known substrates
which calpain degrades in vivo include proto-oncogenes, ste-
roid hormone receptors, protein kinases, and cytoskeletal ele-
ments (11). Calpain also may play a physiologic role in the
regulation of a variety of cellular transcription factors and cell
cycle-regulating factors including c-Jun, c-Fos, and NF-kB (3,
5, 29, 46, 73). Recently, p53, which is thought to play essential
roles in tumor suppression, G; cell cycle arrest, and some
forms of apoptosis, has been shown to be proteolyzed in vitro
by calpain (18, 25, 59).

There are several possible links between the effect of calpain
on signal transduction pathways as well as transcriptional and
cell cycle regulatory factors that may be relevant to mecha-
nisms of reovirus-induced apoptosis. First, reovirus-induced
apoptosis is associated with inhibition of cellular proliferation
(69). Aberrant cell cycle signals trigger apoptosis in many cell
systems (6, 23, 31). Second, reovirus infection may be associ-
ated with activation of NF-kB (7, 10), a key transcription factor
that participates in regulation of the expression of genes in-
volved in the apoptotic process (1). Finally, reovirus infection
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is associated with and influenced by perturbation of cellular
kinase signaling pathways (50, 51, 63, 64). Differential activa-
tion of mitogen-activating kinase signaling cascades has been
shown to induce or inhibit apoptosis in a variety of experimen-
tal systems (21, 75).

Potential therapeutic efficacy of calpain inhibitors. Once the
intermediary biochemical signaling pathways leading to apo-
ptosis have been more clearly delineated and ordered, it may
be possible to construct therapeutic interventions which could
prevent or limit cell death and minimize damage to the host
organism. Our data suggest that calpain plays an important
role in reovirus-induced cell death and could therefore serve as
a potential target in preventing reovirus-induced pathologic
changes. Development of novel interventions is especially nec-
essary with regard to serious viral infections such as meningo-
encephalitis and myocarditis, which result in irreversible cell
damage and loss, since highly effective and specific antiviral
therapies are currently unavailable. Further studies with the
reovirus model may shed light on potential therapeutic inter-
ventions for these infections and other types of viral and non-
viral damage.
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