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The receptor-interacting kinase-3 (RIP3) and its downstream sub-
strate mixed lineage kinase domain-like protein (MLKL) have
emerged as the key cellular components in programmed necrotic
cell death. Receptors for the cytokines of tumor necrosis factor (TNF)
family and Toll-like receptors (TLR) 3 and 4 are able to activate RIP3
through receptor-interacting kinase-1 and Toll/IL-1 receptor domain-
containing adapter inducing IFN-β, respectively. This form of cell
death has been implicated in the host-defense system. However,
the molecular mechanisms that drive the activation of RIP3 by a va-
riety of pathogens, other than the above-mentioned receptors, are
largely unknown. Here, we report that human herpes simplex virus 1
(HSV-1) infection triggers RIP3-dependent necrosis. This process
requires MLKL but is independent of TNF receptor, TLR3, cylindroma-
tosis, and host RIP homotypic interaction motif-containing protein
DNA-dependent activator of IFN regulatory factor. After HSV-1 in-
fection, the viral ribonucleotide reductase large subunit (ICP6) inter-
acts with RIP3. The formation of the ICP6–RIP3 complex requires the
RHIM domains of both proteins. An HSV-1 ICP6 deletion mutant
failed to cause effective necrosis of HSV-1–infected cells. Further-
more, ectopic expression of ICP6, but not RHIM mutant ICP6, directly
activated RIP3/MLKL-mediated necrosis. Mice lacking RIP3 exhibited
severely impaired control of HSV-1 replication and pathogenesis.
Therefore, this study reveals a previously uncharacterized host anti-
pathogen mechanism.
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Cell death triggered by pathogens is a crucial component of
mammalian host-defense system. Apoptosis, a predominant

programmed cell death in mammals, functions as an effective
host-defense mechanism for preventing pathogen replication.
Apoptosis is initiated by either mitochondria or cell-death
receptors, and it is executed by a group of cysteine proteases
called caspases (1). The apoptotic pathway can be subverted by
pathogen-encoded apoptotic suppressors such as caspase inhib-
itors (2). Recent studies have revealed that caspase inhibition
can lead to alternative activation of necrosis, releasing the
damage-associated molecular patterns (DAMPs) signal to trigger
the activation of the host immune system (3, 4).
Cytokines of the TNF family are classical inducers of pro-

grammed necrosis that are morphologically characterized by the
swelling of intracellular organelles and disrupted plasma mem-
branes. Programmed necrosis triggered by death cytokines such
as TNF, also known as necroptosis (5–7), is tightly regulated by
receptor-interacting kinase-1 (RIP1) (8), its deubiquitin enzyme
cylindromatosis (CYLD) (9), and receptor-interacting kinase-3
(RIP3) (10–12). The RIP homotypic interaction motif (RHIM)
domains of RIP1 and RIP3 are required for the formation of the
RIP1–RIP3 complex that is called a necrosome (13). Recently,
mixed lineage kinase domain-like (MLKL) protein has been
identified as a functional substrate of RIP3 kinase (14, 15). Upon
phosphorylation, MLKL forms oligomers, and these oligomers

translocate to both the plasma and the intracellular membranes
to elicit necrosis (16–18).
Additionally, Toll-like receptor (TLR) ligands activate pro-

grammed necrosis through the RHIM-dependent formation of the
Toll/IL-1 receptor domain-containing adaptor inducing IFN-β
(TRIF/TICAM-1)–RIP3 complex (19). A recent study demon-
strated that RIP1 is dispensable for TLR3-induced necrosis in
fibroblasts (20). Furthermore, the RHIM-containing protein DAI
forms a complex with RIP3 (DAI–RIP3 complex) to mediate
programmed necrosis that is induced by the mutant murine cyto-
megalovirus (MCMV), a process that is independent of RIP1 (21,
22). Therefore, RIP3 and MLKL constitute the core biochemical
executioners in necrotic cell death, which is activated by the specific
recognition of a particular RHIM-containing protein.
RIP3-dependent necrosis has been implicated in host defenses

against invading pathogens. Vaccinia virus (VV), which encodes
caspase inhibitor B13R (23, 24), has been shown to sensitize
mouse embryonic fibroblasts (MEFs) to TNF-α–induced nec-
roptosis (11). Upon VV infection, both RIP3 and TNF receptor
knockout mice showed reduced inflammation and necrosis,
suggesting the involvement of necroptosis in the host defenses
against VV (11). In the case of MCMV infection, the virus
encodes a potent RHIM-containing protein, M45/vIRA, which is
capable of forming an interaction with RIP3, thus preventing
RIP3 from receiving a necrotic signal mediated by a host protein
named DNA-dependent activator of IFN regulatory factor
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(DAI) (21, 22). Although these observations suggest that
programmed necrosis can function as part of host defense,
the molecular mechanisms that drive the activation of RIP3-
dependent necrosis by pathogens remain largely unknown.
Herpes simplex virus 1 (HSV-1) is a common human pathogen

that infects around 80% of adults. HSV-1 is able to establish
a latent infection in sensory neurons that lasts for the entire life
of the host (25). The virus uses multiple receptors for successful
infection in a variety of cell types, including MEFs. Studies in
animal models and in humans have shown that HSV-1 infection
is not only the major cause of severe herpes infections on the
mouth and lips, but also an important cause of fatal sporadic
encephalitis (25, 26). In the current study, we report that HSV-1
infection triggers RIP3/MLKL-dependent necrosis via an RHIM-
containing viral ribonucleotide reductase large subunit (ICP6).
Ectopic expression of ICP6 directly activates RIP3/MLKL-me-
diated necrosis in a RHIM-dependent manner. Importantly,
RIP3−/− mice showed defective control of viral replication and
pathogenesis. Thus, our work provides, to our knowledge, the
first evidence that the direct activation of RIP3-dependent
necrosis through a pathogen-encoded RHIM-containing pro-
tein acts as a host-defensive mechanism.

Results
HSV-1 Infection Activates RIP3-Dependent Necrosis. Host cells usu-
ally undergo cell death in response to infection of a number of
viruses such as cowpox, vaccinia virus, and HSV-1. To address
the role of RIP3 in the death of virus infected cells, we exam-
ined the sensitivity of WT and RIP3 knockout (KO) MEFs to
these viruses. As shown in Fig. 1 A and B, RIP3 deficiency had
no significant effect on cell death induced by VV or cowpox.
Similar to VV, cowpox encodes a well-known caspase-8 in-
hibitor named CrmA (27). Interestingly, we found that the massive
death of MEFs caused by infection of HSV-1 KOS (referred to
henceforth as HSV-1) or HSV-1 F strain was attenuated in RIP3

KO MEFs (Fig. 1 A and B). Consistently, knockdown of RIP3 in
mouse L929 cells also greatly diminished cell death induced by
HSV-1 or HSV-1 F strain (Fig. S1A). Reintroducing a WT, but not
a kinase dead mutant or a RHIM mutant form of RIP3 cDNA into
the RIP3 KO MEFs, restored sensitivity to HSV-1–induced cell
death (Fig. 1 C and D). We did not observe detectable activation of
caspase-3 or caspase-8 in MEFs exposed to HSV-1 (Fig. S1B).
Furthermore, we noted that the addition of zVAD-fmk (z-VAD),
a pan-caspase inhibitor, did not affect the death of infected cells
(Fig. S1C). The dying cells showed propidium iodide (PI)-positive
nuclei, indicating disrupted cellular membranes (Fig. S1D). Taken
together, these results demonstrate that HSV-1 infection activates
RIP3-dependent necrosis.

RIP3 Is Dispensable for HSV-1 Entry, Replication, and Virus-Induced
NF-κB Activation. We further examined whether RIP3 deficiency
affected HSV-1 entry and replication by measuring the expression
levels of various HSV-1 proteins and genes between WT and RIP3
KO MEFs. No significant differences in the levels of the proteins
and genes tested were observed in any of the cells exposed to
HSV-1 at any time from between 4 h and 10 h postinfection (Fig. 2
A and B). Consistently, WT and RIP3 KO MEFs showed similar
intensity of GFP signal after the infection of the GFP-labeled
HSV-1 F strain (Fig. S2). In contrast, knockdown of the known
HSV receptor nectin-1 reduced HSV-1–induced necrosis (Fig. 2C).
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Fig. 1. HSV-1 infection activates RIP3-dependent necrosis. (A) WT and RIP3
KO MEFs were infected with the HSV-1 or HSV-1 F strain at a multiplicity of
infection (MOI) of 5 for around 15 h, or infected with vaccinia or cowpox
virus for around 28 h. Identical MOI was used in MEF in later experiments
unless otherwise stated. The cell-survival rate was determined by measuring
ATP levels. (B) Cell lysates collected fromWT or RIP3 KOMEFs were subjected
to Western-blot analysis. (C) RIP3 KO MEFs expressing WT RIP3 (RIP3 WT) or
RIP3 kinase dead mutant (RIP3 K51A) or RHIM domain mutant form of RIP3
(RIP3 RHIM Mut) were infected with HSV-1 or F strain for 16–18 h. The cell-
survival rate was determined by measuring ATP levels. (D) Cell lysates col-
lected from RIP3 KO MEFs expressing RIP3 WT or RIP3 K51A or RIP3 RHIM
Mut were subjected to Western-blot analysis.
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Fig. 2. RIP3 is dispensable for HSV-1 entry, replication, and virus-induced
NF-κB activation. (A and B) WT and RIP3 KO MEFs were infected with HSV-1
(MOI = 2) for the indicated time. Cell lysates were then collected and
subjected to Western-blot analysis for the indicated proteins (A). Quanti-
tative PCR (qPCR) was performed to measure the expression levels of thy-
midine kinase (TK) and gB (B). The error bars show the SD from duplicate
qPCR reactions. (C) MEFs were transfected with negative control (NC) or
nectin-1 siRNA oligos for 48 h. Cells were treated as indicated for an ad-
ditional 16–18 h. The cell-survival rate was determined by measuring ATP
levels. Cell lysates were collected 48 h posttransfection and subjected to
Western-blot analysis. (D) WT and RIP3 KO MEFs were treated with TNF-α
for 25 min or infected with HSV-1 (MOI = 2). At the indicated time points,
cell lysates were collected and subjected to Western-blot analysis. (E) MEFs
were treated with DMSO, BMS-345541 (BMS), or Cycloheximide (CHX) for
1 h before infection with HSV-1 (MOI = 2) for an additional 8 h. Cell lysates
were then collected and subjected to Western-blot analysis. BMS, 20 μM;
CHX, 5 μg/mL. (F) MEFs were treated with DMSO, BMS, or CHX for 1 h
before infection with HSV-1 for an additional 16 h. The cell-survival rate
was determined by measuring ATP levels.
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These data suggest that RIP3 is dispensable for HSV-1 entry and
replication. Because efficient replication of HSV-1 relies on the
activation of the NF-κB pathway in host cells, we further tested the
status of NF-κB activation in both WT and RIP3 KO MEFs.
Compared with WT MEFs, the RIP3 KO cells exerted normal NF-
κB activation in response to HSV-1 infection or TNF-α treatment
(Fig. 2D). Addition of either the NF-κB inhibitor BMS-345541 (28)
or protein synthesis inhibitor cycloheximide (CHX) abolished HSV-
1–induced NF-κB activation and expressions of viral proteins (Fig.
2E). Because the addition of these inhibitors also resulted in re-
duced necrosis of infected cells (Fig. 2F), the NF-κB–mediated
expression of HSV-1 proteins is likely required for the induction of
programmed necrosis.

HSV-1 Infection-Induced Necrosis Requires MLKL but Is Independent
of TNFR, TLR3, CYLD, and DAI. Having shown that HSV-1 triggered
RIP3-dependent necrotic death, we sought to characterize the
cellular requirements for this form of programmed necrosis.
TNFR1 KO, TNFR1/TNFR2 double KO, and TLR3 KO MEFs
had similar susceptibility to HSV-1 infection compared with WT
cells even though TNFR1 KO cells completely lost sensitivity to
TNF-α mediated necrosis, which is known to be induced by the
treatment of TNF-α/Smac mimetic/z-VAD (10) (Fig. 3 A and B). It
is therefore apparent that HSV-1 provokes the RIP3 signal in-
dependently of TNFR and TLR3. Furthermore, we found that
reducing CYLD by RNAi failed to mitigate the necrosis induced by
HSV-1 infection although it did greatly suppress TNF-α–induced
necrosis (Fig. 3C and Fig. S3A). Despite the importance of DAI in
MCMV M45 mutant-mediated necrosis, deletion of DAI by the
CRISPR/Cas9 approach was unable to remit HSV-1–induced ne-
crosis (Fig. 3D and Figs. S4 and S5). Notably, knockdown of
MLKL provided effective protection against HSV-1 in both MEFs
and L929 cells (Fig. 3E and Fig. S3B). These results indicate that
HSV-1 activates RIP3/MLKL-dependent necrosis independently
of TNFR, TLR3, and DAI.

Viral Protein ICP6 Interacts with RIP3 Through the RHIM Domains of
both Proteins and Is Required for HSV-1–Induced Necrosis. To ex-
plore how HSV-1 induces RIP3-dependent necrosis, we sought to
identify the proteins that associate with RIP3 in cells after virus
infection. As shown in Fig. 4A, a protein band at around 130 kDa
was specifically observed with the RIP3 immunocomplex after
HSV-1 infection. Protein mass spectrometry analysis revealed that
this protein is an HSV-1 ribonucleotide reductase large (R1)
subunit (called ICP6), encoded by the UL39 gene. Interestingly,
ICP6 contains an N-terminal RHIM-like domain (29) in addition
to its C-terminal reductase domain (Fig. 4B). To verify the specific
interaction between ICP6 and RIP3, we infected RIP3 KO MEFs
expressing empty vector control or Flag-tagged WT RIP3 with
HSV-1 and then precipitated a Flag-tagged RIP3 immuno-
complex, followed by Western blotting using an anti-ICP6 an-
tibody. ICP6 was indeed specifically pulled down by Flag-tagged
WT RIP3 (Fig. 4C). Furthermore, we found that Flag-tagged
RHIM mutant RIP3 failed to interact with ICP6 (Fig. 4D).
Additionally, the RHIM mutant form of ICP6 showed reduced
ability to bind RIP3 compared with that of intact ICP6 (Fig. 4E)
although it retained the capacity to form a complex with UL40,
the ribonucleotide reductase small (R2) subunit (Fig. S6A). These
results suggest that HSV-1 infection triggers the formation of an
ICP6–RIP3 complex through the RHIM domains of both pro-
teins. We then proceeded to investigate the contribution of
ICP6 in HSV-1–induced necrosis.
We infected MEFs and L929 cells with WT or ICP6 deletion

(ICP6Δ) HSV-1. These cells had severely reduced sensitivity to
HSV-1 ICP6Δ compared with the WT virus even though these
viruses replicated to similar levels (Fig. 4 F and G and Fig. S6 B
and C). Moreover, we found that HSV-1 infection was able to
trigger the RIP3/MLKL complex, which is known to be essential
for RIP3-dependent necrosis. In contrast, HSV-1 ICP6Δ failed
to induce the interaction of RIP3 with MLKL (Fig. 4H). Thus,

these results demonstrate that ICP6 is required to activate
RIP3/MLKL-mediated necrosis upon HSV-1 infection.

ICP6 Is Sufficient to Activate RIP3/MLKL-Mediated Necrosis. To ad-
dress whether ICP6 directly activates RIP3 signaling, we applied
retrovirus-mediated expression of ICP6. Interestingly, MEFs
expressing ICP6, but not those expressing the empty vector con-
trol, underwent cell death whereas the observed cell death was
attenuated in RIP3 KO cells (Fig. 5A). Knockdown of MLKL, as
well as knockdown of RIP3, prevented ICP6-induced cell death
dramatically (Fig. 5B and Fig. S7A). However, RIP1 RNAi had no
impact on this cell death although it affected HSV-1 infection-in-
duced NF-κB activation, as well as necrosis (Fig. 5C and Fig. S7A).
As expected, RIP3 KO MEFs with ectopic expression of WT, but
not the kinase-dead or RHIM-mutant forms of RIP3, restored the
sensitivity to ICP6 (Fig. 5 D and E). The importance of the RHIM
domain of ICP6 was verified by the fact that retrovirus-mediated
expression of RHIM mutant ICP6 did not induce significant cell
death of infected MEFs or L929 cells although expression of the
mutant form was at a comparable level with that of WT ICP6 (Fig.
5F and Fig. S7B). Because activated MLKL molecules are known
to form oligomers to mediate necrosis, we examined whether
HSV-1 infection or ectopic expression of ICP6 could trigger
MLKL to form oligomers. As shown in Fig. 5G, MLKL oligomers
were induced upon HSV-1 infection, and the pattern of MLKL
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oligomerization was the same as that observed in TNF-α–induced
necrosis (Fig. 5G, Left). Notably, ectopic expression of ICP6, but
not RHIM mutant ICP6, was sufficient to drive MLKL into
oligomers (Fig. 5G, Right). Thus, ICP6 is able to directly activate
RIP3/MLKL-dependent necrosis.

RIP3 Is Critical for Host Defense Against HSV-1 Replication and
Pathogenesis. WT MEFs died after infection of GFP-labeled HSV-1
F strain for 16 h, leading to reduced GFP signal intensity compared

with that observed in the RIP3 KO cells (Fig. S8A). Consistently,
analysis of viral titers showed that WT MEFs produce less HSV-1
compared with RIP3 KO MEFs (Fig. S8B). These data support the
hypothesis that RIP3-mediated necrosis contributes to the clearance of
HSV-1. To further assess the role of RIP3 in the control of HSV-1 in
vivo, WT and RIP3 KO mice were inoculated with the same dose of
HSV-1 via i.p. injection, and the viral titers were measured 2 d post-
infection. As shown in Fig. 6 A–D, viral titers in serum, brain, liver, and
spleen were significantly elevated in RIP3 KOmice compared withWT
mice. Immunohistochemistry analysis also revealed increased expres-
sion of HSV-1 glycoprotein gB in the liver of RIP3 KOmice compared
with that of WT mice (Fig. 6E). Importantly, RIP3 KO mice showed
increased lethality to the infection in a dose-dependentmanner whereas
allWTmice survived after the same infection (Fig. 6F). Taken together,
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Fig. 4. Virus protein ICP6 interacts with RIP3 through the RHIM domains of
both proteins and is required for HSV-1–induced necrosis. (A) RIP3 KO MEFs
expressing WT RIP3 (RIP3 was double tagged with Flag and HA) infected with
HSV-1 (MOI = 2) for 5 h. Cell lysates were collected and immunoprecipitated
with anti-Flag and anti-HA agarose beads as described in Materials and
Methods. The eluted RIP3-associated complexes were subjected to SDS/PAGE
and detected by silver staining. The indicated bands were excised and then
digested and analyzed by mass spectrometry. (B) Domain structures of RIP3 and
ICP6. KD, kinase domain; RR, ribonucleotide reductase. Compared with WT
ICP6, residues from 73 to 76 are mutated to four alanine residues in ICP6 RHIM
domainmutant (ICP6 RHIMMut). Bold letters represent the changed sequences.
(C) RIP3 KOMEFs expressing empty vector or WT RIP3 were infected with HSV-1
(MOI = 2) for 5 h. Cell lysates were collected and immunoprecipitated with anti-
Flag agarose. The Flag-RIP3 immunocomplex was analyzed by Western-blot
analysis. (D) The 293T cells were cotransfected with a DNA plasmid expressing
HA-tagged ICP6 plus the plasmid expressing Flag-tagged WT RIP3 or Flag-tag-
ged RIP3 RHIM Mut. Cell lysates were collected 48 h posttransfection and
immunoprecipitated with anti-Flag agarose. The Flag-RIP3 immunocomplex
was analyzed by Western-blot analysis. (E) The 293T cells were cotransfected
with a DNA plasmid expressing Myc-tagged RIP3 plus the plasmid expressing
Flag-tagged WT ICP6 or Flag-tagged RHIM domain mutant form of ICP6 (ICP6
RHIM Mut). Cell lysates were collected 48 h posttransfection and immunopre-
cipitated with anti-Flag agarose. The Flag-ICP6 immunocomplex was analyzed
by Western-blot analysis. (F) MEFs were infected with HSV-1 or HSV-1 ICP6Δ for
16–18 h. The cell-survival rate was determined by measuring ATP levels. (G)
MEFs were infected with HSV-1 or HSV-1 ICP6Δ for the indicated hours. Cell
lysates were collected and subjected to Western-blot analysis. (H) MEFs stably
expressing MLKL (MLKL was double tagged with Flag and HA) infected with
HSV-1 or ICP6Δ (MOI = 2) for 5 h. Cell lysates were collected and immunopre-
cipitated with anti-Flag agarose. The Flag–MLKL immunocomplex was analyzed
by Western-blot analysis of the indicated proteins.
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Fig. 5. ICP6 is sufficient to activate RIP3/MLKL-mediated necrosis. (A) WT or
RIP3 KO MEFs were infected for 48 h with retrovirus expressing empty vector
or ICP6. Cell lysates collected 24 h postinfection with retrovirus as indicated
were subjected to Western-blot analysis. The cell-survival rate was determined
by measuring ATP levels. (B) MEFs were transfected with the indicated siRNA
oligos for 48 h. Cells were infected with retrovirus as indicated for an addi-
tional 48 h. The cell-survival rate was determined bymeasuring ATP levels. Cell
lysates were collected 48 h posttransfection and subjected to Western-blot
analysis. (C) MEFs were transfected with the indicated siRNA oligos for 48 h.
Cells were infected with the indicated retrovirus for 48 h or with HSV-1 for
16 h, and then the cell-survival rate was determined by measuring ATP levels.
Cells were infected with HSV-1 for 6 h, and cell lysates were collected and
subjected to Western-blot analysis of p-IκBα, RIP1, and β-Actin. (D and E) RIP3
KO MEFs expressing RIP3 WT or RIP3 K51A or RIP3 RHIM Mut were infected
for 48 h with retrovirus as indicated. The cell-survival rate was determined by
measuring ATP levels. Cell lysates were collected 24 h postinfection with the
indicated retrovirus and then subjected to Western-blot analysis for ICP6 and
β-Actin levels. (F) MEFs were infected with retrovirus expressing ICP6 or ICP6
RHIM Mut for about 48 h. The cell-survival rate was determined by measuring
ATP levels. Cell lysates collected from cells infected with retrovirus expressing
empty vector or WT ICP6 or ICP6 RHIM Mut for 24 h were subjected to
Western-blot analysis. (G) L929 cells were treated with TNF-α/z-VAD for 9 h, or
infected with HSV-1 for 11h, or infected with retrovirus expressing the in-
dicated gene for about 36 h. The cell lysates were resolved on nonreducing
gel and analyzed by Western blot of MLKL and β-Actin.
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these results establish an essential role for RIP3 in the host defense of
HSV-1 pathogenesis.

Discussion
Although necrosis has been traditionally considered as acciden-
tal cell death, we now know that some forms of necrotic cell
death are programmed and that these processes are commonly
mediated by RIP3 kinase and its substrate MLKL. The concept
of programmed necrosis is emerging as an alternative cell death
to apoptosis that may function critically for host defenses against
microbes. However, the mechanisms underlying pathogen-initi-
ated programmed necrosis are largely unknown. Our present
work reveals a mechanism of HSV-1 infection-triggered pro-
grammed necrosis. This form of necrosis is directly induced by
the viral protein ICP6, which forms an interaction with RIP3
through the RHIM domains of both proteins. Such an in-
teraction activates RIP3, leading to the activation of MLKL and
subsequent necrosis. To our knowledge, this study provides the
first evidence that pathogen-encoded ICP6-mediated direct ac-
tivation of RIP3/MLKL-dependent necrosis triggers an effective
host-defense mechanism against HSV-1.
Multiple necrosis-initiating signaling pathways converge on

RIP3. The RHIM domain of RIP3 is critical in the characterized
programmed necrotic pathways induced by death ligands, TLR
ligands, or M45/vIRA mutant MCMV. Through its RHIM do-
main, RIP3 forms complexes with RIP1, TRIF, or DAI to mediate
the respective necrotic pathways. Therefore, RHIM–RHIM in-
teraction seems to be a common mechanism of RIP3 activation.
In this study, we found that HSV-1 infection naturally triggers
RIP3-dependent necrosis. Deletion of DAI is unable to block
HSV-1–induced necrosis. Additionally, TLR3 knockout MEFs
responded normally to HSV-1 infection, indicating that the
downstream adaptor of TLR3, TRIF, is not involved in this pro-
cess. Although RIP1 RNAi affected HSV-1–induced cell death, it
is hard to determine the precise role of RIP1 due to its effect on
virus-induced NF-κB activation (Fig. 5C). Our study demonstrates
that the HSV-1–encoded protein ICP6 interacts with RIP3 through
the RHIM domains of both proteins during virus infection and that
the RHIM-dependent interaction between ICP6 and RIP3 is
essential for virus-induced necrosis. Therefore, ICP6 functions
as a RIP3 partner mediating HSV-1 infection-induced necrosis,
supporting RHIM–RHIM interaction-mediated activation of
RIP3. Furthermore, we found that ectopic expression of ICP6 is

sufficient to activate RIP3-dependent necrosis. Disruption of
RHIM in either ICP6 or RIP3 abolishes this cell death process.
Additionally, MLKL RNAi blocks ICP6-induced necrosis, and
MLKL oligomers are induced by the expression of ICP6. Nota-
bly, knockdown of RIP1 failed to block ICP6-induced necrosis,
indicating a dispensable role of RIP1 in ICP6-triggered activa-
tion of RIP3. Therefore, these data suggest that ICP6 is able to
directly activate RIP3. This activation mechanism is distinct from
VV-induced necrosis, which is indeed TNF-dependent nec-
roptosis (11). Although MCMV-encoded M45/vIRA and ICP6
share a common RHIM domain, they exhibit opposite effects on
RIP3. M45/vIRA interacts with RIP3, but its function is to block
RIP3 interaction with its activator proteins (21). As such, to our
knowledge, ICP6 is the first known pathogen-encoded activator
of RIP3. Interestingly, some other viral proteins such as the R45
and E45 proteins encoded by two strains of rat CMV, as well
as ICP10 encoded by HSV-2, also contain a RHIM domain
(29). Therefore, viral encoded RHIM domain-containing pro-
teins may function as general activators of RIP3-mediated ne-
crosis. Further studies will be required to address the roles of
these viruses in programmed necrosis of host cells and to explore
how pathogen–host interaction determines the regulation of
programmed necrosis.
As a ribonucleotide reductase R1 subunit, ICP6 forms a ho-

loenzyme with R2 subunit to regulate viral DNA regulation in
quiescent cells. We observed that HSV-1 ICP6Δ replicates in
both immobilized MEFs and L929 cells (Fig. 4G and Fig. S6D),
consistent with the previous observation that ICP6 is dispensable
for virus multiplication in dividing cells (30). It has been dem-
onstrated that ICP6 constitutively interacts with caspase-8 and
RIP1 through its reductase domain and functions in an anti-
apoptotic role in death triggered by TNF-α, FasL, or TLR3 (31,
32). Although the N-terminal RHIM sequence of ICP6 was
shown to be dispensable for the interaction with RIP1 and cas-
pase-8, we have found that it is essential for the interaction with
RIP3 (Fig. 4E). In the HSV-1–infected MEFs, we did not ob-
serve any detectable activation of caspase-8 and caspase-3 (Fig.
S1B), suggesting that cells are not committed to apoptosis. Ap-
optosis commonly suppresses programmed necrosis via active
caspase-8, which is able to cleave RIP1 (33, 34), CYLD (35), and
RIP3 (36). In many situations, programmed necrosis proceeds
only when caspase-8 activation is compromised by chemical or
viral inhibitors (3). Constitutive inhibition of caspase-8 tends to
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Fig. 6. RIP3 is essential for host defense against HSV-1 infection in vivo. (A–D) Replication levels in serum, liver, spleen, and brain of mice infected with HSV-1
of 2 × 107 pfus per mouse via i.p. injection (i.p.) for 2 d. Viral titers were determined by plaque assay. (E) Immunohistochemistry of the liver tissue from WT
and RIP3 KO mice infected (i.p.) with HSV-1 of 2 × 107 pfus per mouse for 2 d. Arrows indicate the expression of viral protein gB. The results shown here are
representative of five mice. (F) WT and RIP3 KO mice were infected (i.p.) with HSV-1 of 2 × 107pfus once per mouse or 1.8 × 107pfus twice per mouse. The
second injection was done 3 d after the first injection. Survival rate of mice was monitored for 14 d. WT-once (n = 24), RIP3 KO-once (n = 26); WT-twice (n =
12), RIP3 KO-twice (n = 12). *P < 0.05, **P < 0.01, ***P < 0.001.
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restrict apoptosis of HSV-1–infected cells through the extrinsic
apoptotic pathway, but it may commit cells to undergoing pro-
grammed necrosis. Therefore, it is not surprising that ICP6 has
the ability to activate programmed necrosis by performing dual
roles in suppression of caspase-8 and activation of RIP3.
Although the lysis of host cells is important for the release of

mature viruses from cells, our in vitro and in vivo evidence shows that
loss of RIP3 results in elevated HSV-1 viral titers (Fig. S8 and Fig. 6
A–D). Therefore, our data suggest that RIP3-dependent necrosis
induced by HSV-1 infection causes premature death of host cells. It
is noteworthy that the deficiency of RIP3 significantly enhanced the
susceptibility of mice to HSV-1 infection, leading to the death of
animals (Fig. 6F). Lethality was observed in the group of RIP3 KO
mice whereas all WT mice recovered. These findings reveal a critical
role for RIP3-dependent necrosis in the control of HSV-1 replication
and pathogenesis. Our study provides strong mechanistic and in vivo
evidence that one of the physiological functions of programmed
necrosis is host defense against pathogens.

Materials and Methods
Reagents. TNF-α recombinant protein and the Smac mimetic compound were
generated as previously described (10). z-VAD was purchased from Bachem;
Necrostatin-1 was from Alexis Biochemicals; BMS-345541 and cycloheximide
were from Sigma; DMEM was from Thermo. The following antibodies were
used for Western-blotting: CYLD (437700; Cell Signaling), RIPK1 (610459;
BD Biosciences), mouse RIP3 (2283; Prosci), Caspase-8 (51-8125KC; BD Bio-
sciences), Cl-Caspase-8 (8592; Cell Signaling), Caspase-3 (9662; Cell Signaling),
Flag (A8592; Sigma), α-Tubulin (PM054-7; MBL), β-Actin (A2066; Sigma), gB
(6506; Abcam), ICP27 (31631; Abcam), VP16 (110226; Abcam), and p-IκBα
(9246; Cell Signaling). HSV-1 ICP6 polyclonal antibody was generated against
a synthesized peptide corresponding to the N-terminal 15 amino acids.

Cell-Survival Assay. Posttreatment cell survival was determined using a Cell
Titer-Glo Luminescent Cell Viability Assay kit (Promega). The cell-survival

assay was performed by measuring ATP levels according to the manu-
facturer’s instructions.

Animal Model of HSV-1 Infection.Male WT and RIP3 KO mice at 7–8 wk of age
were infected with HSV-1 with 2 × 107 plaque forming units (pfus) once per
mouse, or 1.8 × 107 pfus twice per mouse (3 d apart) by i.p. injection.
Survival was monitored for 14 d. Brains, livers, and spleens of mice infected
with HSV-1 for 48 h were excised and used to prepare homogenates, which
were then titered by plaque assay. Sera were also extracted from mice
infected with HSV-1 for 48 h and titered by plaque assay. For Western
blotting, livers and spleens were ground and resuspended in lysis buffer
with 0.1% SDS. All animal experiments were performed in accordance
with protocols by the Institutional Animal Care and Use Committee at
Soochow University.

Immunohistochemistry Analysis. To identify HSV-1 infection, paraffin-
embedded liver sections from WT and KO mice were stained with gB and
visualized with DAB (Genetech).

Statistical Analyses.Data of cell-survival rate are represented as themean ± SD
of duplicates. All experiments were repeated at least three times with similar
results. Significance was evaluated using t tests (GraphPad Prism software).
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