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ABSTRACT Virus-induced apoptosis is thought to be the primary mechanism of cell death following reovirus infection. Induction
of cell death following reovirus infection is initiated by the incoming viral capsid proteins during cell entry and occurs via NF-
�B-dependent activation of classical apoptotic pathways. Prototype reovirus strain T3D displays a higher cell-killing potential
than strain T1L. To investigate how signaling pathways initiated by T3D and T1L differ, we methodically analyzed cell death
pathways activated by these two viruses in L929 cells. We found that T3D activates NF-�B, initiator caspases, and effector
caspases to a significantly greater extent than T1L. Surprisingly, blockade of NF-�B or caspases did not affect T3D-induced cell
death. Cell death following T3D infection resulted in a reduction in cellular ATP levels and was sensitive to inhibition of the ki-
nase activity of receptor interacting protein 1 (RIP1). Furthermore, membranes of T3D-infected cells were compromised. Based
on the dispensability of caspases, a requirement for RIP1 kinase function, and the physiological status of infected cells, we con-
clude that reovirus can also induce an alternate, necrotic form of cell death described as necroptosis. We also found that induc-
tion of necroptosis requires synthesis of viral RNA or proteins, a step distinct from that necessary for the induction of apoptosis.
Thus, our studies reveal that two different events in the reovirus replication cycle can injure host cells by distinct mechanisms.

IMPORTANCE Virus-induced cell death is a determinant of pathogenesis. Mammalian reovirus is a versatile experimental model
for identifying viral and host intermediaries that contribute to cell death and for examining how these factors influence viral
disease. In this study, we identified that in addition to apoptosis, a regulated form of cell death, reovirus is capable of inducing an
alternate form of controlled cell death known as necroptosis. Death by this pathway perturbs the integrity of host membranes
and likely triggers inflammation. We also found that apoptosis and necroptosis following viral infection are activated by distinct
mechanisms. Our results suggest that host cells can detect different stages of viral infection and attempt to limit viral replication
through different forms of cellular suicide. While these death responses may aid in curbing viral spread, they can also exacerbate
tissue injury and disease following infection.
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Induction of an apoptotic or necrotic form of cell death consti-
tutes an intrinsic response of the host cell to viral infection (1, 2).

Though both apoptosis and necrosis function to limit viral infec-
tion, they each have markedly different effects on the cell. While
apoptosis results in membrane blebbing, nuclear condensation,
and DNA fragmentation, the integrity of the plasma membrane is
maintained (3). In contrast, necrosis results in cell rounding, cell
swelling, and ultimately a loss of plasma membrane integrity,
leading to the leakage of host cytoplasmic contents (3). In addition
to the morphological differences in dying cells, apoptosis and ne-
crosis also influence host physiology in a distinct manner. While
cells dying by apoptosis do not activate the immune system, the
leakiness of necrotic cells recruits immune cells and promotes
inflammation (4), potentially enhancing pathology associated
with cell death. Though necrosis was generally considered to be an
unregulated, uncontrolled form of cell death, recent evidence in-
dicates that at least one form of necrosis, necroptosis, is pro-
grammed (5). In addition to the leakiness of membranes observed
in all forms of necrosis, necroptosis is characterized by the activa-
tion of signaling from death receptors, the dispensability of
caspase activity, and a requirement for the kinase activity of recep-

tor interacting protein 1 (RIP1 or RIPK1) or 3 (RIP3 or RIPK3)
(3). Though both apoptosis and necroptosis have been shown to
occur during viral infection, it is not known if similar events in
viral infection trigger apoptosis and necroptosis (1). Conditions
that favor one form of cell death over the other during viral infec-
tion are also not understood.

The importance of apoptosis to viral pathogenesis (6–16) has
led to numerous studies to examine the molecular basis of pro-
apoptotic signaling following infection with mammalian or-
thoreovirus, henceforth referred to as reovirus (17). Following
receptor-mediated endocytosis, reovirus particles disassemble in
the endosome and viral cores are deposited into the cytosol via the
function of the viral membrane-penetration protein (17, 18).
Steps following escape from the endosome but prior to viral RNA
and protein synthesis are required for initiation of the apoptotic
pathway (19). This induction process involves the I�B kinase
(IKK)-mediated activation of the classical form of the transcrip-
tion factor NF-�B, comprised of RelA and p50 subunits (20, 21).
Activation of NF-�B early following infection is required for the
cleavage of the BH3-only member of the Bcl-2 family of mito-
chondrial proteins, Bid, via the initiator caspase, caspase-8 (14,
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22). The cleaved form of Bid, truncated Bid (tBid), amplifies the
apoptotic signal through the mitochondria to activate the initiator
caspase, caspase-9 (23–25). These events result in activation of the
effector caspase, caspase-3, and culminate in cell death. In addi-
tion, the protein kinase JNK (c-Jun N-terminal kinase), the cyto-
solic cysteine protease calpain, and the transcription factor IRF-3
have been shown to contribute to efficient induction of apoptosis
by reovirus (26–29). It remains unknown if components of the
signaling cascade described above are required for reovirus-
induced cell death in all cell types.

In a variety of cell lines, prototype type T3 reovirus strains, T3D
and T3A, induce significantly more apoptosis than the type T1
reovirus strain T1L (30–34). In this study, we investigated how T3
and T1 reovirus strains differ in their capacity to evoke cell death.
We found that T3D activates NF-�B, initiator caspases, and effec-
tor caspases to a greater extent than T1L. Unexpectedly, when
T3D-induced NF-�B activation was inhibited, it did not diminish
cell death. Caspase inhibitors also failed to block reovirus-induced
cell death. Blockade of the kinase activity of RIP1 resulted in a
reduction in cell death. Because reovirus-induced cell death in
L929 cells fulfills all the criteria that are used to describe necrop-
tosis—activation of death signaling, dispensability of active
caspases, the requirement for RIP1 kinase activity, diminishment
of cellular ATP levels, and membrane permeability of dying cells
(3)— our findings indicate that reovirus is also capable of killing
cells by necroptosis. Moreover, we found that induction of this
form of cell death following reovirus infection requires de novo
synthesis of viral mRNA and proteins. These studies therefore
highlight a second mechanism by which reovirus infection inter-
faces with host signal transduction pathways to evoke cell death.

RESULTS
Strain-specific differences in cell death induction correlate with
caspase activation. Previous studies have suggested that blockade
of the prosurvival function of NF-�B by T3A but not T1L late
following infection controls the differences in the capacity of these
two strains to elicit apoptosis (34). While following up on these
studies, we investigated the extent to which T1L and T3D differ in
their capacity to block activation of NF-�B at late times following
infection of L929 cells. We found that each strain inhibits tumor
necrosis factor alpha (TNF-�)-induced NF-�B nuclear transloca-
tion to an equivalent extent (see Fig. S1A in the supplemental
material). To determine if T3D and T1L continue to maintain a
difference in their capacity to evoke cell death, we performed acri-
dine orange, ethidium bromide (AOEB) staining on infected cells
at 48 h after infection. Rather than subjective determination of the
staining pattern of the nuclear material to distinguish between
apoptotic and necrotic cells (35), all cells that stained with EB were
counted as dead cells. Evaluation by this method indicated that
T3D induced significantly greater cell death than T1L (Fig. 1A),
consistent with previous results (30, 31). Both T1L and T3D were
capable of establishing efficient infection in these cells (Fig. S1B).
Thus, despite efficiently establishing infection and blocking
NF-�B activation late in infection to an equal extent, T3D induced
cell death to a much greater extent in L929 cells than did T1L.
These data suggest that unlike that reported for HEK293 cells (34),
differences in the capacity of T3D and T1L to evoke cell death in
L929 cells are not related to inhibition of NF-�B late in infection.

To define how prodeath signaling following T3D and T1L dif-
fers, we compared the activations of initiator and executioner

caspases following infection of L929 cells by these two strains.
Measurement of the activity of the effector caspases, caspase-3 and
-7, by chemiluminescent enzymatic assays 24 h after infection in-
dicated that T3D activates these enzymes to a significantly greater
extent than T1L (Fig. 1B). Consistent with these results, we found
that a greater amount of cleaved caspase-3 was detectable follow-
ing infection with T3D (see Fig. S1C in the supplemental mate-
rial). Bid cleavage, a marker for caspase-8 activation following
reovirus infection (14), also occurred more efficiently in T3D-
infected cells than T1L-infected cells (Fig. S1D). Collectively, these
data demonstrate that initiator and effector caspase activity fol-
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FIG 1 T3D and T1L differ in their efficiency of cell death induction and
effector caspase activation. (A) ATCC L929 cells were adsorbed with PBS
(mock) or 10 PFU/cell of T3D or T1L. Following incubation at 37°C for 48 h,
cells were stained with AOEB. The results are expressed as the mean percent-
ages of cells undergoing cell death for three independent experiments. Error
bars indicate standard deviation (SD). *, P value of �0.05 as determined by
Student’s t test in comparison to cells infected with T3D. (B) ATCC L929 cells
were adsorbed with T3D or T1L at an MOI of 10 PFU/cell or with PBS (mock).
After incubation at 37°C for 24 h, caspase-3/7 activity in cell lysates was deter-
mined. Results are expressed as the mean ratios of caspase-3/7 activity from
infected cell lysates to that from mock-infected cells for triplicate samples.
Error bars indicate SD. *, P value of �0.05 as determined by Student’s t test in
comparison to cells infected with T3D.
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lowing infection of L929 cells with T3D is significantly higher than
that following infection with T1L.

Activation of NF-�B is not required for reovirus-induced cell
death. Previously, we have suggested that activation of NF-�B
early, 6 to 8 h after reovirus infection, is required for caspase-8-
mediated generation of tBid and attendant activation of effector
caspases (14). To determine if NF-�B activation following infec-
tion of L929 cells with T1L and T3D differs, we measured the
activation of NF-�B by measuring the loss of I�B� inhibitor from
the cytoplasm and the consequent translocation of the NF-�B
RelA/p65 subunit to the nucleus (21, 36). Immunoblot analysis of
I�B� levels 7.5 h after infection indicates a greater decrease in
I�B� levels following infection with T3D than following infection
with T1L (Fig. 2A). Consistent with these data, we found a signif-
icantly greater level of RelA in the nuclear extracts of T3D-infected
cells than in those of T1L-infected cells (Fig. 2B). To test the idea
that the enhanced death-inducing potential of T3D in L929 cells
may be related to an increased capacity to activate NF-�B, we
determined if blockade of NF-�B activation would diminish cell
death following T3D infection. For these experiments, we assessed
the capacity of T3D to promote cell death in cells treated with an
I�B� kinase (IKK) inhibitor, BAY-65-1942 (21, 37). We found
that blockade of IKK activation had no effect on the induction of
cell death by T3D (Fig. 2C). Treatment of cells with TNF-� in the
presence of the IKK inhibitor resulted in cell death, demonstrating
that the IKK inhibitor is functional in L929 cells and can block
TNF-�-induced prosurvival NF-�B signaling. To ensure that the
IKK inhibitor also blocked the unusual IKK complex activated by
reovirus (21), we assessed the effect of IKK inhibition on effector
caspase activation following reovirus infection. Consistent with
the requirement of IKK activity in promoting proapoptotic sig-
naling following reovirus infection (21), we found that in compar-
ison to dimethyl sulfoxide (DMSO)-treated cells, effector caspase
activity following reovirus infection was significantly diminished
following treatment of cells with the IKK inhibitor (Fig. 2D).
Thus, despite blocking proapoptotic signaling following reovirus
infection, the IKK inhibitor failed to block reovirus-induced cell
death. These studies reveal that T3D is capable of activating a cell
death pathway that is not dependent on target gene transcription
by NF-�B. Though this observation matches that from primary
cardiac myocytes, it is distinct from that reported for other cell
types (20, 34, 38). The unexpected dispensability of NF-�B signal-
ing for cell death in L929 cells prompted us to focus on defining
the nature of this cell death pathway.

Reovirus induces caspase-independent cell death. Our exper-
iments using the IKK inhibitor suggested that reovirus may induce
cell death even in the absence of active effector caspases. To di-
rectly test the idea that T3D can evoke cell death in a caspase-
independent manner, we assessed cell death 48 h after reovirus
infection in the presence of inhibitors of caspase-8 (Z-IETD-
FMK) or caspase-9 (Z-LEHD-FMK) or a broad-spectrum inhibi-
tor of caspases [Z-VAD(OMe)-FMK]. Surprisingly, we found that
T3D remained capable of inducing cell death in the presence of
each of these inhibitors (Fig. 3A). To ensure that the inhibitors
were functional in L929 cells at the concentration used, we as-
sessed their capacity to prevent effector caspase activation in T3D-
infected cells. For these experiments, caspase-3/7 activity in in-
fected cells treated with each inhibitor was quantified 24 h after
infection. We found that in comparison to mock-infected cells,
there was an ~10-fold increase in caspase-3/7 activity by infection

with T3D in the presence of DMSO (Fig. 3B). Inclusion of inhib-
itors of caspase-8 or caspase-9 or inclusion of a pan-caspase inhib-
itor completely blocked effector caspase activation. Thus, despite
being capable of blocking the proapoptotic signaling pathway ac-
tivated by reovirus, these inhibitors failed to prevent virally trig-
gered cell death. These data indicate that reovirus T3D is capable
of inducing a distinct cell death pathway in L929 cells that is inde-
pendent of caspase activation.

Reovirus induces RIP1-dependent necrosis. One such
caspase-independent cell death pathway requires the kinase activ-
ity of RIP1 (39, 40). To assess whether the caspase-independent
cell death pathway activated by reovirus is dependent on the ki-
nase activity of RIP1, we determined the capacity of reovirus to
induce cell death following treatment of cells with necrostatin-1
(Nec-1), an inhibitor of RIP1 (41). We found that reovirus-
induced cell death was blocked by Nec-1 (Fig. 4A). Simultaneous
treatment of cells with Nec-1 and a pan-caspase inhibitor did not
further diminish cell death, suggesting that a RIP1 kinase-
dependent form of cell death is the primary mechanism of cell
death in these cells (Fig. 4A). The effect of Nec-1 on reovirus-
induced cell death was independent of its effect on the blockade of
indoleamine 2,3-dioxygenase (IDO), an additional target of Nec-1
(42, 43), since direct inhibition of IDO using 1-methyl-L-
tryptophan did not prevent reovirus-induced cell death (see
Fig. S2A in the supplemental material). The capacity of reovirus to
establish infection and grow in Nec-1-treated cells was not af-
fected (Fig. S2B and C). Nec-1 also did not diminish caspase-3/7
activity in T3D-infected cells (Fig. S2D). These data suggest that
RIP1 kinase activity is required for reovirus-induced cell death.

Cells undergoing all forms of necrosis, including necroptosis,
are characterized by a depletion of cellular ATP levels (44, 45). To
determine whether ATP levels were affected in T3D-infected cells,
we compared ATP levels over a time course of infection using a
chemiluminescent assay. While an ~35% to 40% reduction in
ATP was observed at 24 h after infection with T3D, ~75% and
~95% of the ATP was lost in T3D-infected cells at 36 and 48 h after
infection, respectively (Fig. 4B). Moreover, the rate at which loss
of ATP occurred in T3D-infected cells was diminished by treat-
ment of cells with Nec-1 but not by treatment with a pan-caspase
inhibitor. These data provide further support for the idea that
T3D-infected L929 cells undergo necroptosis following reovirus
infection. Necroptosis alters cellular architecture quite differently
from apoptosis. In particular, necroptosis damages the integrity of
the plasma membrane. To assess whether plasma membrane in-
tegrity was compromised following infection with T3D, we eval-
uated whether high-mobility group box 1 protein (HMGB1) was
released into the medium of infected cells. This protein is not
released from apoptotic cells undergoing secondary necrosis, and
therefore, leakage of this chromatin-associated protein from cells
is considered to be a marker for necrosis (46, 47). We found that
HMGB1 was released into the medium at 24 h following infection.
A greater level of HMGB1 was detected in the medium at 36 and
48 h after infection with T3D (Fig. 4C). Along with the capacity of
EB to gain access and stain the nuclei of unfixed, reovirus-infected
cells, a measurement equivalent to propidium iodide or sytox
staining of necrotic cells (48), the data presented here indicate that
the L929 cell plasma membrane is leaky following infection with
T3D. Based on the dispensability of caspases, the requirement for
RIP1 kinase activity, the dramatic loss in cellular ATP levels, and
the release of HMGB1 from infected cells, we conclude that reo-
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virus is capable of inducing an alternate cell death pathway, which
has been described as necroptosis.

To determine if infection with T1L also results in necroptosis,
we assessed whether ATP is lost from T1L-infected cells. We found
that ~30% to 40% ATP was lost after T1L infection at 48 h (see
Fig. S3A in the supplemental material). Thus, in comparison to
T3D-infected cells (Fig. 4B), ATP loss following infection with
T1L is delayed. The loss of ATP in T1L-infected cells was able to be
diminished by Nec-1 but not pan-caspase inhibitor treatment,
suggesting that cell death following T1L infection also occurs via
necroptosis. We also used AOEB staining to determine the kinet-
ics and mechanisms of T1L-induced cell death. We found ~10%
and ~30% cell death in cells infected with T1L at 48 and 72 h after
infection, respectively (Fig. S3B). Because cell death following T1L
infection is sensitive to Nec-1 and is substantially lower than the
~60% cell death induced by T3D at 48 h after infection, our data
indicate that T1L induces necroptosis in L929 cells with slower
kinetics than T3D.

Induction of necroptosis requires viral RNA or protein syn-
thesis. To define the triggering event in viral infection that ulti-
mately leads to necroptosis, we assessed the requirement for viral
genomic RNA and viral replication for induction of necroptosis.
To determine whether viral genomic RNA is required for induc-
tion of cell death, we infected cells with equivalent numbers of
genome-deficient (or top-component) particles and infectious vi-
rions and assessed their capacity to elicit cell death. To rule out the
effect of secondary rounds of infections from the contaminating
infectious particles in the top-component particle fraction, we
assessed the induction of cell death at 24 h after infection (19). We
found that ~35% and ~20% of the cells were dead following in-
fection with a multiplicity of infection (MOI) of 17,700 particles/
cell (equivalent of 100 PFU/cell) or 5,840 particles/cell (equivalent
of 33 PFU/cell), respectively, of infectious virus (Fig. 5A). In con-
trast, infection of cells with an equivalent number of top-
component particles killed a substantially smaller amount of cells,
~10% and ~5%, respectively. These data indicate that viral
genomic double-stranded RNA (dsRNA) is required for induc-
tion of necroptosis.

To determine if genomic dsRNA is sufficient to trigger necrop-
tosis, we assessed the capacity of UV-inactivated virus to evoke cell
death. UV-inactivated reovirus contains genomic dsRNA, but the
RNA is not competent to serve as a template for viral mRNA
synthesis. We observed that UV-treated reovirus particles had a
significantly lower capacity for inducing cell death than an equiv-
alent dose of infectious virus (Fig. 5B). These findings indicate
that genomic dsRNA within incoming virus particles is insuffi-
cient to evoke necroptosis in infected cells and suggest that de novo
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FIG 2 NF-�B is activated but dispensable for induction of cell death. (A)
ATCC L929 cells were adsorbed with PBS (mock) or 100 PFU/cell of T3D or
T1L. Following incubation at 37°C for 7.5 h, cytoplasmic extracts were immu-
noblotted using an antiserum specific for I�B� or tubulin. (B) ATCC L929
cells were adsorbed with PBS (mock) or 100 PFU/cell of T3D or T1L. Follow-
ing incubation at 37°C for 7.5 h, nuclear extracts were immunoblotted using an
antiserum specific for RelA or PSTAIR. (C) ATCC L929 cells were adsorbed
with PBS (mock) or T3D at an MOI of 10 PFU/cell or treated with 10 ng/ml
TNF-�. After incubation at 37°C for 48 h (24 h for TNF-�), in the presence of

(Continued)

Figure Legend Continued

DMSO or a 5 �M concentration of the IKK inhibitor BAY-65-1942, the cells
were stained with AOEB. The results are expressed as the mean percentages of
cells undergoing cell death for three independent experiments. Error bars in-
dicate SD. *, P value of �0.05 as determined by Student’s t test in comparison
to cells treated with TNF-�. (D) ATCC L929 cells were adsorbed with PBS
(mock) or T3D at an MOI of 10 PFU/cell in the presence of DMSO or a 5 �M
concentration of the IKK inhibitor BAY-65-1942. After incubation at 37°C for
24 h, caspase-3/7 activity in cell lysates was determined. Results are expressed
as the mean ratios of caspase-3/7 activity from infected cell lysates to that from
equivalently treated mock-infected cells for triplicate samples. Error bars in-
dicate SD. *, P value of �0.05 as determined by Student’s t test in comparison
to T3D-infected cells treated with DMSO.
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synthesis of viral RNA is required for induction of necro-
ptosis following reovirus infection. Since viral genomic RNA
and virus replication are dispensable for induction of apoptosis
(19, 49), these findings suggest that apoptosis and necroptosis
following reovirus infection are initiated at different stages of
viral infection.

DISCUSSION

Reovirus-induced apoptotic cell death has been extensively inves-
tigated (see Fig. S4 in the supplemental material). On examination
of strain-specific differences in the cell death pathways activated
by reovirus, we made a surprising observation that reovirus was
capable of inducing cell death even in the absence of NF-�B sig-
naling and active caspases. We found that T3D-induced cell death
requires the function of RIP1 kinase, results in a drop in cellular
ATP levels, and renders the host cell plasma membrane leaky.
These data indicate that in addition to apoptosis, reovirus is also
capable of inducing necroptosis following viral infection. We also
found that induction of the necroptosis pathway following reovi-
rus infection occurs later in infection and requires the de novo
synthesis of viral RNA or proteins.

RIP1-dependent necroptosis pathways are initiated via at least
three different mechanisms. One pathway for initiation of necrop-
tosis is dependent on death receptor signaling (50). Experiments
presented here and in several other studies indicate that death
receptor signaling is activated following reovirus infection (14, 22,
51). While this observation may suggest that necroptosis follow-
ing reovirus infection may be a consequence of death receptor
signaling, our findings using the IKK inhibitor, which fails to in-
hibit necroptosis despite blocking classical apoptotic pathways,
argues against this idea. An alternate pathway for the induction of
necroptosis involves recognition of pathogen-associated molecu-
lar patterns by pattern recognition receptors. Among these, TLR3,
a sensor of dsRNA, and DNA-dependent activator of interferon
regulatory factor (DAI), a sensor of dsDNA, have been implicated
in initiating necroptosis following viral infection (52, 53). Based
on the requirement for viral genomic RNA and for viral replica-
tion, our data may suggest a role for TLR3-mediated detection of
viral RNA in induction of necroptosis in these cells. If so, it re-
mains to be determined how viral genomic RNA within the reo-
virus core or viral mRNA, which is present in the cytoplasm, may
be detected by endosomally localized TLR3. A third pathway for
necroptosis is thought to occur independently from Toll-like re-
ceptor (TLR) or death receptor signaling and requires the loss of
inhibitors of apoptosis (IAPs) (52). Interestingly, there is evidence
for the loss of IAPs during reovirus infection (25). Thus, it is
possible that necroptosis following reovirus infection may be ini-
tiated by any of these pathways. It is also possible that one of the
eleven reovirus proteins synthesized by translation of viral mRNA
triggers this death response. Our ongoing studies are targeted to-
ward understanding how necroptosis is triggered by reovirus in-
fection and how strains T3D and T1L differ in their capacity to
evoke necroptosis.

Induction of necroptosis by any of the pathways described
above requires the formation of the ripoptosome or a similar mul-
tiprotein complex (54). This 2-MDa signaling complex is com-
prised of three core components, RIP1, caspase-8, and FADD
(54). In addition, it also contains regulators such as cFLIP, cIAP1,
cIAP2, and XIAP. The decision between cell survival, apoptosis,
and necroptosis occurs at the level of the ripoptosome and de-
pends on the activity of caspase-8 (40). When procaspase-8 is
sufficiently processed and caspase-8 activity is high, apoptosis en-
sues. In contrast, when caspase-8 activity is lower due to het-
erodimerization of caspase-8 with cFLIPL, no apoptosis occurs.
Under these conditions, caspase-8-cFLIPL complexes retain suffi-
cient activity to cleave RIP1, preventing necroptosis. Thus, when
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FIG 3 Caspase activity is not required for T3D-induced cell death. (A) ATCC
L929 cells were adsorbed with PBS (mock) or T3D at an MOI of 10 PFU/cell.
After incubation at 37°C for 48 h in the presence of DMSO or 25 �M caspase-8
(Z-IETD-FMK), caspase-9 (Z-LEHD-FMK), or pan-caspase [Z-VAD(OMe)-
FMK] inhibitor, cells were stained with AOEB. The results are expressed as the
mean percentages of cells undergoing cell death for three independent exper-
iments. Error bars indicate SD. (B) ATCC L929 cells were adsorbed with PBS
(mock) or T3D at the MOI of 10 PFU/cell. After incubation at 37°C for 24 h in
the presence of DMSO or 25 �M concentrations of each caspase inhibitor,
caspase-3/7 activity in cell lysates was determined. Results are expressed as the
mean ratios of caspase-3/7 activity from infected cell lysates to that from equiv-
alently treated mock-infected cells for triplicate samples. We note that the
DMSO-treated cells are the same as those used in Fig. 2. Error bars indicate SD.
*, P value of �0.05 as determined by Student’s t test in comparison to T3D-
infected cells treated with DMSO.
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activity of caspase-8 is low, cells survive. If, instead, caspase-8 is
blocked by binding to cFLIPL or the presence of cIAPs, RIP1 is not
cleaved and the cells undergo necroptosis. Thus, we should antic-
ipate that when caspase-8 is active, reovirus infection results in
apoptosis, and when it is inhibited, by inclusion of caspase-8 or
pan-caspase inhibitor, reovirus infection produces necroptosis. In
our studies, reovirus-induced cell death was sensitive to Nec-1
even in the absence of treatment with caspase inhibitors. These
data suggest that the activity of caspase-8 following reovirus infec-
tion is not sufficient to cleave and inactivate RIP1, thereby allow-
ing induction of necroptosis.

Though reovirus-induced cell death has been extensively ex-
amined in a variety of cell lines (8, 20, 30–34, 49, 55–57), this is the
first demonstration of necroptosis following reovirus infection.
One possible reason for why this observation has not been previ-
ously reported is that prior studies on reovirus apoptosis, includ-
ing our own, have not examined this possibility. In the majority of
studies, cell death following reovirus infection has been consid-
ered apoptotic due to the presence of morphological and bio-
chemical features, but the effect of treatments that block cell death
has been evaluated in some (8, 14, 32, 58) but not all (27–31, 51)
cell types. Alternatively, it is possible that this pathway has been
discovered in L929 cells due to peculiarities in the amounts or
activities of proteins that regulate various forms of cell death. Be-
cause L929 cells are among the most permissive to reovirus infec-
tion, a related possibility is that reovirus alters the levels of these
signaling or regulatory molecules differently or to a different ex-
tent than in other cell types. Regardless, our data indicate that
necroptosis following reovirus infection is an alternate mecha-
nism of cell death.

Analogous to studies on reovirus-induced apoptosis (14, 20,
21), we found no effect of inhibition of necroptosis on reovirus
replication (see Fig. S2 in the supplemental material). Thus, re-
gardless of whether reovirus induces necroptosis in other cultured
cell lines, the physiological relevance of necroptosis to reovirus
infection can be determined only by in vivo experiments, as has
been necessary for the demonstration of the pathogenic role of
reovirus-induced apoptosis (7–12, 14–16, 59). T3 reoviruses cause
bile duct injury, leading to biliary atresia (60–63). Histological
examination of the reovirus-infected bile ducts has revealed the
presence of necrotic tissue (61, 62). Some studies on reovirus-
induced myocarditis also report the presence of necrotic lesions
(12, 13, 64). Consistent with the induction of the necrotic form of
cell death, inflammatory cells are detected in the injured tissues
(12, 13, 61, 62). In each of these cases, it is not clear if the necrotic
tissue observed is secondary necrosis as a consequence of apopto-
sis or whether direct induction of necrosis contributes to cell death
in these tissues. In at least two of these studies (12, 13), cell death
in the infected tissue appears to occur even in the absence of mol-
ecules previously shown to be required for apoptosis in cultured
cells (20, 26), suggesting the existence of alternate mechanisms of
cell death. Further work is needed to determine whether this al-
ternate form of cell death is indeed necrotic and occurs via a
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FIG 4 T3D-induced cell death exhibits characteristics of necroptosis. (A)
ATCC L929 cells were adsorbed with T3D at an MOI of 10 PFU/cell. After
incubation at 37°C for 48 h in the presence of DMSO, 50 �M RIP1 inhibitor
(Nec-1), or a combination of 50 �M RIP1 inhibitor (Nec-1) and 25 �M pan-
caspase inhibitor [Z-VAD(OMe)-FMK], cells were harvested and stained with
AOEB. The results are expressed as the mean percentages of cells undergoing
cell death for three independent experiments. Error bars indicate SD. *, P value
of �0.05 as determined by Student’s t test in comparison to T3D-infected cells
treated with DMSO. (B) ATCC L929 cells were adsorbed with PBS (mock) or
10 PFU/cell of T3D. Following incubation at 37°C for the indicated amount of
time, ATP levels in cells treated with DMSO, pan-caspase inhibitor, or RIP1
inhibitor were measured. Results are expressed as the mean ratios of ATP from
mock-infected cells to that from equivalently treated T3D-infected cells for
triplicate samples. Error bars indicate SD. *, P value of �0.05 as determined by
Student’s t test in comparison to T3D-infected cells treated with DMSO. (C)
ATCC L929 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3D.
Following incubation at 37°C for the indicated amount of time, DNase-treated
medium from infected cells was resolved by SDS-PAGE and immunoblotted
using an antiserum specific for HMGB1. An ~200-kDa band of unknown

(Continued)

Figure Legend Continued

origin found in medium from infected cells, resolved by SDS-PAGE, and
stained using Coomassie blue staining was used as a loading control (LC). Cells
treated with TNF-� and pan-caspase inhibitor were used as a necroptosis
control.
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caspase-independent, RIP1-dependent pathway that we have
identified here. Such studies will enhance our understanding of
reovirus pathogenesis.

The two forms of programmed cell death pathways observed
following reovirus infection, apoptosis and necroptosis, are part
of the intrinsic host defense response (1, 2). Analogous to a few
other viruses (65–73), apoptosis following reovirus infection is
activated prior to synthesis of the viral RNA by the proteinaceous
components of the incoming viral capsid (15, 16, 19, 49). Though
there are fewer studies that indicate how necroptosis is initiated

following virus infection, extant information and our findings
presented here indicate that necroptosis is initiated later in infec-
tion following synthesis of new viral genomes or gene products
(53, 74–76). Based on these findings, we propose that apoptosis
and necroptosis are two complementary mechanisms that sense
and respond to different stages of pathogen invasion with a com-
mon goal of limiting viral infection through cellular suicide.

MATERIALS AND METHODS
Cells and viruses. Murine L929 cells (ATCC CCL-1) were maintained in
Eagle’s minimal essential medium (MEM) (Lonza) supplemented with
5% fetal bovine serum (FBS) and 2 mM L-glutamine. Spinner-adapted
L929 cells (obtained from T. Dermody’s laboratory) were maintained in
Joklik’s MEM (Lonza) supplemented to contain 5% FBS, 2 mM
L-glutamine, 100 U/ml of penicillin, 100 �g/ml of streptomycin, and
25 ng/ml of amphotericin B. Spinner-adapted L929 cells were used for
cultivating and purifying viruses and for plaque assays. ATCC L929 cells
were used for all experiments to assess cell death and cell signaling. No
differences were observed in permissivity between ATCC L929 cells and
spinner-adapted L929 cells. Prototype reovirus strains T1L and T3D were
regenerated by plasmid-based reverse genetics (77, 78). No reverse genetic
system is available for T3A, and thus, a laboratory stock was used. Infec-
tious and genome-deficient viral particles were purified by Vertrel XF
extraction and CsCl gradient centrifugation (79). Viral titer was deter-
mined by a plaque assay using spinner-adapted L929 cells (80). UV-
inactivated virus was generated using a UV cross-linker (CL-1000 UV
Crosslinker; UVP). T3D virus (1 � 109 PFU/ml) was irradiated with
short-wave (254-nm) UV on ice at a distance of 10 cm for 1 min at
120,000 �J/cm2 in a 60-mm tissue culture dish. Particle numbers for
top-component and infectious virus were determined by estimating the
protein concentration in each sample. One hundred eighty-five micro-
grams of protein was considered equal to 2.1 � 1012 virions (81). Relative
per-particle infectivity of intact, genome-deficient virions and UV-
inactivated virions was determined using indirect immunofluorescence.

Antibodies and reagents. Antisera raised against T3D, T1L, and �NS
have been described (82, 83). Rabbit antisera specific for cleaved caspase-3
and HMGB1 were purchased from Cell Signaling, rabbit antisera specific
for RelA and I�B� were purchased from Santa Cruz Biotechnology, and
rabbit antiserum against poly(ADP-ribose) polymerase (PARP) was pur-
chased from Roche. Goat antiserum specific for Bid was purchased from
R&D Systems. Mouse antisera specific for tubulin and PSTAIR were pur-
chased from Sigma. Alexa Fluor-conjugated anti-mouse IgG, anti-rabbit
IgG, and anti-goat IgG secondary antibodies were purchased from Invit-
rogen. IRDye-conjugated anti-guinea pig IgG was purchased from LI-
COR. TNF-� was purchased from Sigma and used at a concentration of
10 ng/ml. Inhibitors of caspase-8 and -9 (Z-IETD-FMK and Z-LEHD-
FMK), purchased from R&D Systems, and a broad-spectrum caspase in-
hibitor [Z-VAD(OMe)-FMK], purchased from Santa Cruz Biotechnolo-
gies, were used at a concentration of 25 �M. The RIP1 inhibitor
necrostatin-1 was purchased from Santa Cruz Biotechnologies and used at
a concentration of 50 �M. IKK inhibitor, described by Bayer (BAY-45-
1962) (37), was used at a concentration of 5 �M. The IDO inhibitor
1-methyl-L-tryptophan (1-MT) was purchased from Sigma and used at 10
and 100 �M. As shown in the respective experiments, none of the inhib-
itors displayed any cytotoxicity at the concentration used.

Infections and preparation of extracts. ATCC L929 cells were ad-
sorbed with either phosphate-buffered saline (PBS) or reovirus at the
indicated MOI at room temperature for 1 h, followed by incubation with
medium at 37°C for the indicated time interval. For assessment of NF-�B
activation, serum-starved cells were infected in the presence of serum-free
medium. All inhibitors were added to cells in medium 1 h before virus
adsorption and returned with medium after the 1-h adsorption period.
For preparation of whole-cell lysates, cells were washed in phosphate-
buffered saline (PBS) and lysed with 1� RIPA (50 mM Tris [pH 7.5],
50 mM NaCl, 1% TX-100, 1% deoxycholate, 0.1% SDS, and 1 mM EDTA)

*

A

B

* **

FIG 5 Viral RNA and protein synthesis are required for induction of necro-
ptosis. (A) ATCC L929 cells were adsorbed with PBS (mock) or an equivalent
number of genome-containing (T3D) or genome-deficient, top-component
(T3D-TC) virus particles. After incubation at 37°C for 24 h, cells were stained
with AOEB. The results are expressed as the mean percentages of cells under-
going cell death for three independent experiments. Error bars indicate SD. *,
P value of �0.05 as determined by Student’s t test in comparison to T3D-
infected cells at an equivalent MOI. (B) ATCC L929 cells were adsorbed with
PBS (mock) or T3D at indicated MOIs or with UV-inactivated T3D (T3D-UV)
at equivalent MOIs before irradiation. After incubation at 37°C for 24 h, cells
were stained with AOEB. The results are expressed as the mean percentages of
cells undergoing cell death for three independent experiments. Error bars in-
dicate SD. *, P value of �0.05 as determined by Student’s t test in comparison
to T3D-infected cells at an equivalent MOI.
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containing a protease inhibitor cocktail (Roche), 500 �M dithiothreitol
(DTT), and 500 �M phenylmethylsulfonyl fluoride (PMSF), followed by
centrifugation at 15,000 � g for 10 min to remove debris. Nuclear and
cytoplasmic extracts were prepared by hypotonic lysis and high salt ex-
traction, respectively, as previously described (20, 21).

Immunoblot assay. The cell lysates or extracts were resolved by elec-
trophoresis in polyacrylamide gels and transferred to nitrocellulose mem-
branes. Membranes were blocked for at least 1 h in blocking buffer (PBS
containing 5% milk or 2.5% bovine serum albumin [BSA]) and incubated
with antisera against Bid (1:1,000), RelA (1:1,000), I�B� (1:500), �NS
(1:750), cleaved caspase-3 (1:500), PARP (1:1,000), HMGB1 (1:500), tu-
bulin (1:500), or PSTAIR (1:10,000) at 4°C overnight. Membranes were
washed three times for 5 min each with washing buffer (Tris-buffered
saline [TBS] containing 0.1% Tween-20) and incubated with a 1:20,000
dilution of Alexa Fluor-conjugated goat anti-rabbit Ig (for RelA, I�B�,
caspase-3, HMGB1, and PARP), goat anti-mouse Ig (for PSTAIR and
tubulin), donkey anti-goat Ig (for Bid), or IRDye-conjugated anti-guinea
pig IgG (for �NS) in blocking buffer. Following three washes, membranes
were scanned and quantified using an Odyssey infrared Imager (LI-COR).

Quantitation of cell death by AOEB staining. ATCC L929 cells (2 �
105) grown in 24-well plates were adsorbed with the indicated MOI of
reovirus at room temperature for 1 h. The percentage of dead cells after 24,
48, or 72 h incubation was determined using AOEB staining as described
previously (30). For each experiment, �100 cells were counted, and the
percentage of isolated cells exhibiting orange staining (EB positivity) was
determined by epi-illumination fluorescence microscopy using a fluores-
cein filter set on an Olympus IX71 microscope.

Assessment of caspase-3/7 activity. ATCC L929 cells (2 � 104) were
seeded into black, clear-bottom 96-well plates and adsorbed with 10 PFU/
cell of reovirus in serum-free medium at room temperature for 1 h. Fol-
lowing incubation of cells at 37°C for 24 h, caspase-3/7 activity was quan-
tified using the Caspase-Glo-3/7 assay system (Promega).

Assessment of cellular ATP levels. ATCC L929 cells (2 � 104) were
seeded into 96-well plates and adsorbed with 10 PFU/cell of reovirus in
serum-free medium at room temperature for 1 h. Following incubation of
cells at 37°C for the indicated time interval, ATP levels were assessed in
opaque white 96-well plates using the CellTiter-Glo assay system (Pro-
mega).

Assessment of viral infectivity by indirect immunofluorescence.
ATCC L929 cells (5 � 104) in 96-well plates were adsorbed with 2 PFU/cell
of reovirus at room temperature for 1 h. Following incubation at 37°C for
18 h, reovirus-infected cells were visualized by indirect immunofluores-
cence using an Olympus IX71 fluorescence microscope as described pre-
viously (15). Reovirus antigen-positive cells were quantified by counting
fluorescent cells in at least two random fields of view in duplicate wells at
a magnification of 16�.

Assessment of viral replication by plaque assay. ATCC L929 cells (2
� 105) in 24-well plates were adsorbed with 2 PFU/cell of T3D at room
temperature for 1 h. Cells were washed once with PBS, and medium with
DMSO or RIP1 inhibitor was added. Cells were frozen immediately or
following infection for 24 h. Cells were frozen and thawed twice before
determination of titer by plaque assay using spinner L929 cells. Viral yields
were calculated according to the following formula: log10 yield �
log

10
(PFU/ml)24 h � log10(PFU/ml)0 h.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00178-13/-/DCSupplemental.

Figure S1, EPS file, 1.6 MB.
Figure S2, EPS file, 7.2 MB.
Figure S3, EPS file, 5.8 MB.
Figure S4, EPS file, 0.8 MB.
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