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ABSTRACT

Receptor-interacting protein kinase 3 (RIP3) and its substrate mixed-lineage kinase domain-like protein (MLKL) are core regu-
lators of programmed necrosis. The elimination of pathogen-infected cells by programmed necrosis acts as an important host
defense mechanism. Here, we report that human herpes simplex virus 1 (HSV-1) and HSV-2 had opposite impacts on pro-
grammed necrosis in human cells versus their impacts in mouse cells. Similar to HSV-1, HSV-2 infection triggered programmed
necrosis in mouse cells. However, neither HSV-1 nor HSV-2 infection was able to induce programmed necrosis in human cells.
Moreover, HSV-1 or HSV-2 infection in human cells blocked tumor necrosis factor (TNF)-induced necrosis by preventing the
induction of an RIP1/RIP3 necrosome. The HSV ribonucleotide reductase large subunit R1 was sufficient to suppress TNF-in-
duced necrosis, and its RIP homotypic interaction motif (RHIM) domain was required to disrupt the RIP1/RIP3 complex in hu-
man cells. Therefore, this study provides evidence that HSV has likely evolved strategies to evade the host defense mechanism of
programmed necrosis in human cells.

IMPORTANCE

This study demonstrated that infection with HSV-1 and HSV-2 blocked TNF-induced necrosis in human cells while these viruses
directly activated programmed necrosis in mouse cells. Expression of HSV R1 suppressed TNF-induced necrosis of human cells.
The RHIM domain of R1 was essential for its association with human RIP3 and RIP1, leading to disruption of the RIP1/RIP3
complex. This study provides new insights into the species-specific modulation of programmed necrosis by HSV.

Necrotic cell death characterized by the disruption of the
plasma membrane has been observed in a variety of physio-

logical and pathological processes, including in mammalian de-
velopment, in tissue damage, and in pathogen infection (1–3).
Inhibition of apoptosis is known to facilitate programmed necro-
sis in cells. Proteins of the tumor necrosis factor (TNF) family of
cytokines, including TNF-�, TRAIL (TNF-related apoptosis-in-
ducing ligand), and FasL, are classic inducers of programmed ne-
crosis, also known as necroptosis (4). In TNF-�-triggered necro-
sis, receptor-interacting protein kinase 1 (RIP1) (5) forms a
protein complex, called the necrosome (6), with receptor-inter-
acting protein kinase 3 (RIP3) (7–9) through the RIP homotypic
interaction motif (RHIM) domains of both proteins (10). Deu-
biquitination of RIP1 by cylindromatosis (CYLD) is required to
mediate necrosome formation and activation (11, 12). Active
RIP3 subsequently phosphorylates its substrate, mixed-lineage ki-
nase domain-like protein (MLKL), to trigger membrane localiza-
tion of MLKL and downstream events for the induction of mem-
brane rupture (13–17).

Additionally, the recognition of pathogen-associated molecu-
lar patterns by the Toll-like receptor (TLR) proteins triggers pro-
grammed necrosis. TLR3 and TLR4 specifically recognize, respec-
tively, viral double-stranded RNA (dsRNA) [or a synthesized
analog of dsRNA poly(I·C)], and bacteria lipopolysaccharide
(LPS), respectively (18). Activation of TLR3 and TLR4 by these
ligands induces the interaction of the Toll/interleukin-1 (IL-1)

receptor domain-containing adaptor inducing beta interferon
(IFN-�) (TRIF) with RIP3. TRIF, RIP3, and MLKL are all known
to be essential components in the regulation of TLR-mediated
necrosis (19, 20).

Recent studies have revealed that programmed necrosis acts as
an effective mechanism to control viral replication and pathogen-
esis. Vaccinia virus (VV) is known to encode the caspase inhibitor
B13R (21, 22) that confers the ability to block apoptosis. Infection
of vaccinia virus (VV) in mouse embryonic fibroblasts (MEFs)
sensitizes the cells to TNF-�-induced necrosis (7). RIP3 knockout
mice exert reduced necrosis and succumb to VV infection (7). In
contrast, murine cytomegalovirus (MCMV) infection suppresses
both TNF receptor (TNFR)- and TLR3-mediated necrosis in
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mouse cells via the RHIM-containing viral protein M45/vIRA (19,
23). M45/vIRA mutant MCMV triggers programmed necrosis by
inducing an interaction between RIP3 and the DNA-dependent
activator of IFN regulatory factor (DAI) (24). Unlike VV and
MCMV, herpes simplex virus 1 (HSV-1) infection naturally acti-
vates mouse RIP3 (mRIP3)/mMLKL-dependent necrosis in
mouse cells independently of TNFR, TLR3, and DAI (25, 26).
During HSV-1 infection, RIP3 is activated by the assembly of a
complex with the RHIM-containing viral protein ICP6, the large
subunit (R1) of ribonucleotide reductase (RR), leading to MLKL
activation and necrosis of host cells (25, 26). RIP3-deficient mice
showed severely impaired control of HSV-1 replication and
pathogenesis (25). Although HSV-1 is a common human herpes-
virus, it remains unclear precisely how HSV-1 modulates pro-
grammed necrosis in human cells. In the present study, we dem-
onstrate that HSV-1 and HSV-2 modulate programmed necrosis
by distinct mechanisms in murine cells and human cells, leading
to opposite consequences in these two species. Both HSV-1 and
HSV-2 trigger the formation of the mRIP3/mMLKL complex and
programmed necrosis in mouse cells. In human cells, in contrast,
HSV-1 or HSV-2 infection not only fails to activate programmed
necrosis but also effectively subverts TNF-induced necrosis. HSV
R1 is sufficient to prevent the recruitment of human RIP1 (hRIP1)
to hRIP3 and TNF-induced necrosis of human cells. Together, our
work reveals dual roles of HSV R1 in modulating programmed
necrosis via the RHIM-dependent activation or suppression of
RIP3 signaling in a species-specific manner.

MATERIALS AND METHODS
Reagents. Human TNF-� recombinant protein and an Smac mimetic
were generated as previously described (8). Z-VAD (benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone) was purchased from Bachem. Mouse
anti-RIPK1 monoclonal antibody (MAb) was purchased from BD Biosci-
ences (Shanghai, China). Rabbit anti-mRIP3 polyclonal antibody was
purchased from ProSci (San Diego, CA). Mouse anti-VP16 MAb was
purchased from Abcam (Shanghai, China). Anti-Flag MAb, anti-Myc
MAb, antihemagglutinin (anti-HA) MAbs, and rabbit anti-�-actin poly-
clonal antibody were purchased from Sigma (Shanghai, China). Rabbit
anti-hRIP3 polyclonal antibody was generated as previously described
(8). HSV-1 ICP6 (25) polyclonal antibody was generated as previously
reported.

Cell culture and viral infection. HEK-293T cells, mouse fibrosarcoma
L929 cells, and African green monkey kidney (Vero) cells were from
ATCC. MEFs were isolated from day 14.5 to day 15.5 embryos. HEK-
293T, L929, MEF, and Vero cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Fisher). HT-29 cells were cultured in
McCoy’s 5A culture medium (Invitrogen). All media were supplemented
with 10% fetal bovine serum (FBS; Gibco) and 100 U/ml penicillin-strep-
tomycin (HyClone). HSV-1(KOS), HSV-1 with a deletion of ICP6
(ICP6� HSV-1), and HSV-2 were grown in Vero cells.

Stable cell lines. HeLa-hRIP3 cells were generated as described previ-
ously (27). HeLa cells stably expressing Tet repressor (HeLa-tetR stable
cells) were generated after transfection with pcDNA6/TR (Invitrogen)
and selection with 10 �g/ml blasticidin. HeLa-tetR stable cells were fur-
ther transfected with a DNA plasmid expressing HA-Flag-hRIP3 and then
selected with 1 mg/ml G418. HT-29 cells stably expressing a short hairpin
RNA targeting RIP3 (HT-29-RIP3-shRNA cells) were generated as de-
scribed previously (8).

Plasmids and siRNA oligonucleotides. cDNAs of ICP6 and ICP10
were amplified from total RNA of cells infected with HSV-1 and HSV-2,
respectively, by reverse transcription-PCR (RT-PCR). ICP6 and ICP10
were cloned into the pCDNA3.1 plasmid. The ICP6 RHIM mutant (resi-
dues 73 through 76 mutated to four alanine residues) and the ICP10

RHIM mutant were generated using a QuikChange Lightning site-di-
rected mutagenesis kit (Stratagene). Mouse RIP3 and the MLKL small
interfering RNAs (siRNAs) were synthesized by Shanghai GenePharma
Co., Ltd. The following siRNA oligonucleotides were used: mRIP3, CCC
GACGAUGUCUUCUGUCAA; mMLKL, GAGAUCCAGUUCAACG
AUA; and negative-control siRNA, AACGUACGCGGAAUACUUCGA.
Lipofectamine 2000 (Invitrogen) and INTERFERin (Polyplus) were used
for the transfection of DNA plasmids and siRNA oligonucleotides, respec-
tively.

Cell viability assay. Cell survival analysis was performed by measuring
intracellular ATP levels using a Cell Titer-Glo Luminescent Cell Viability
Assay kit (Promega) according to the manufacturer’s instructions. Data
are represented as the means � standard deviations of duplicates. All
experiments were repeated at least three times with similar results.

Western blot analysis and immunoprecipitation. The cells were har-
vested and resuspended in lysis buffer containing 20 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 25 mM �-glycerol-
phosphate, 1 mM Na3VO4, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), a complete protease inhibitor set (Roche), and a phosphatase
inhibitor set (Sigma). After incubation on ice for 20 min, the total cell
lysates were centrifuged at 20,000 � g for 20 min. The supernatant was
then collected and used for subsequent Western blot or immunoprecipi-
tation analysis. For Flag immunoprecipitation, cell lysates were incubated
overnight with anti-Flag agarose beads (Sigma) at 4°C. Agarose beads
were washed four to six times with lysis buffer, and the immunoprecipi-
tants were eluted by the addition of a low-pH elution buffer (Pierce) or
Flag peptide (Sigma). Myc pulldown was performed using anti-Myc aga-
rose beads (Sigma) with a similar procedure. Finally, acid elution was
neutralized by the addition of 1/20 volume of 1 M Tris-HCl (pH 9.4).
Immunocomplexes were further examined by Western blot analysis.

RESULTS
HSV-2 as well as HSV-1 infection directly activates RIP3/MLKL-
dependent necrosis in mouse cells. Our recent work has demon-
strated that HSV-1 activated RIP3-dependent necrosis in mouse
cells. We subsequently examined the effect of HSV-2 on RIP3-
dependent necrosis in MEFs. As shown in Fig. 1A and B, HSV-2
infection triggered necrosis in MEFs, and this cell death could be
blocked by the lack of RIP3. It is known that the addition of TNF-
�/Smac mimetic/Z-VAD triggers TNF-mediated necrosis in
MEFs. As expected, reducing the expression of mRIP3 or mMLKL
by RNA interference (RNAi) provided effective protection against
the cell death induced both by HSV alone and by HSV infection
plus TNF-�/Smac mimetic/Z-VAD treatment (Fig. 1C and D). As
activated RIP3 is known to recruit its substrate MLKL, we further
examined whether HSV-2 infection could trigger the mRIP3/
mMLKL complex. As shown in Fig. 1E, the mRIP3/mMLKL com-
plex was apparently induced in response to infection of HSV-2 as
well as HSV-1.

HSV-1 or HSV-2 infection subverts necroptosis in human
cells. As HSV-1 and HSV-2 are common human pathogens, we
further investigated the ability of HSV-1 and HSV-2 to induce
programmed necrosis in human colon cancer HT-29 cells, a
widely used cell model for the induction of programmed necrosis.
RIP3-dependent necrosis was determined by comparing the cell
survival rates between parental and RIP3 shRNA-expressing
HT-29 cells in response to HSV infection. To our surprise, HSV-1
or HSV-2 infection failed to induce RIP3-dependent necrosis in
HT-29 cells even at a high multiplicity of infection (MOI) of 5
(Fig. 2A). However, these cells underwent RIP3-dependent pro-
grammed necrosis in response to treatment with TNF-�/Smac
mimetic/Z-VAD (Fig. 2A). The viral protein VP16 was detected in
the infected cells (Fig. 2B), indicating successful infection by
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HSV-1 and HSV-2. Strikingly, both HSV-1 and HSV-2 infection
exerted dose-dependent suppression of TNF-induced necrosis in
HT-29 cells (Fig. 2C and D). Consistently, both HSV-1 and HSV-2
infection resulted in the inhibition of TNF-induced necrosis in
HeLa cells ectopically expressing hRIP3 (HeLa-hRIP3) (Fig. 2E
and F). Furthermore, we found that both HSV-1 and HSV-2 in-
fection abolished TRAIL-induced programmed necrosis as well
(Fig. 2F). Taken together, these results suggest that both HSV-1
and HSV-2 interfere with the necroptotic signaling pathway in
human cells.

HSV R1 is required to disrupt necrosome formation during
necroptosis in human cells. Since the R1 subunits of HSV-1 and
HSV-2 are RHIM-containing proteins (called ICP6 and ICP10,
respectively), we sought to characterize the role of the HSV R1
subunits in the suppression of TNF-induced necrosis of human
cells. We infected HT-29 cells with wild-type (WT) HSV-1 or an
ICP6 deletion mutant (ICP6� HSV-1). Compared to WT virus,
ICP6� HSV-1 lost the ability to block the necrosis induced by
TNF-�/Smac mimetic/Z-VAD even though these viruses repli-
cated to similar levels (Fig. 3A and B). Moreover, we found that

FIG 1 HSV-2 as well as HSV-1 infection directly activates RIP3/MLKL-dependent necrosis in mouse cells. (A) Wild type (WT) and RIP3 knockout (KO) MEFs
were infected with a control or HSV-2 at a multiplicity of infection (MOI) of 10 for about 20 h. Identical MOIs were used in MEFs in later experiments. Cell
viability analysis was performed as described in Materials and Methods. (B) WT or RIP3 knockout MEF lysates were prepared and subjected to Western blot
analysis. (C) L929 cells were transfected with a negative control (NC), mRIP3, or mMLKL siRNA oligonucleotide for 48 h. Then cells were treated as indicated
for 15 h, and cell viability was determined. The HSV-1 MOI was 5. T, TNF-� (10 ng/ml); Z, Z-VAD (10 �M). (D) L929 cells were transfected with the indicated
siRNA oligonucleotides for 48 h. Then cell lysates were prepared and subjected to Western blot analysis. (E) MEFs stably expressing Flag- and HA-tagged mMLKL
were infected with HSV-1 or HSV-2 for 6 h. Cell lysates were prepared for immunoprecipitation with anti-Flag agarose beads. The Flag-mMLKL immunocom-
plex was then determined by Western blotting of the indicated proteins. IP, immunoprecipitation.
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HSV-1 infection decreased the modification of hRIP3 and re-
sulted in the reduced phosphorylation of hMLKL following treat-
ment with TNF-�/Smac mimetic/Z-VAD (Fig. 3C), indicating
that the activation of RIP3 was strongly attenuated in the WT
HSV-1-infected cells. In contrast, ICP6� HSV-1 failed to limit
the phosphorylation of both hRIP3 and hMLKL during TNF-
induced necrosis (Fig. 3C). As induction of the necrosome (the
RIP1/RIP3 complex) is critical for RIP3 activation during

TNF-induced necrosis, we examined necrosome formation in
HSV-infected HeLa-hRIP3 cells. As shown in Fig. 3D, HSV-1
and HSV-2 infections disrupted the formation of the necro-
some following TNF-�/Smac mimetic/Z-VAD treatment,
whereas this complex was induced in cells infected with ICP6�
HSV-1. These results demonstrate that the HSV R1 subunit is
critical for preventing necrosome formation during necropto-
sis in human cells.

FIG 2 HSV-1 or HSV-2 infection subverts necroptosis in human cells. (A) HT-29 or HT-29-RIP3-shRNA cells were infected with HSV-1 or HSV-2 or treated
with TNF-�/Smac mimetic/Z-VAD (40 ng/ml TNF-�, 100 nM Smac mimetic, and 20 �M Z-VAD) for 16 h, and then cell viability was determined. *, P � 0.05
versus the control. (B) HT-29 or HT-29-RIP3-shRNA cells were treated with the indicated virus (MOI of 2.5). Cell lysates were collected at 6 h postinfection and
then subjected to Western blot analysis. (C) HT-29 cells were infected with HSV-1 and HSV-2 at the indicated MOI. At 2 h postinfection, cells were treated with
dimethyl sulfoxide (DMSO) or TNF-�/Smac mimetic/Z-VAD for 16 h, and then cell viability was determined. *, P � 0.05; **, P � 0.001 versus the control. (D)
HT-29 or HT-29-RIP3-shRNA cells were infected with HSV-1 at an MOI of 2.5. At 2 h postinfection, cells were treated with dimethyl sulfoxide or TNF-�/Smac
mimetic/Z-VAD for 48 h, and then cell viability was determined. (E) HeLa-hRIP3 cells were infected with the indicated virus. At 2 h postinfection, cells were
treated with dimethyl sulfoxide or TNF-�/Smac mimetic/Z-VAD for 16 h, and then cell viability was determined. HeLa-hRIP3 cell lysates were collected after
treatment with HSV-1 or HSV-2 (MOI of 2.5). The expression of viral protein VP16 was detected by Western blotting using an anti-VP16 antibody. *, P � 0.05;
**, P � 0.001 versus control (F) HT-29 cells were treated with the indicated virus (MOI of 2.5). At 2 h postinfection, cells were treated with dimethyl sulfoxide
or TRAIL/Smac mimetic/Z-VAD for 16 h, and then cell viability was determined.
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Ectopic expression of HSV R1 is sufficient to block TNF-in-
duced necrosis of human cells depending on both RHIM and RR
domains. We next investigated whether either ICP6 or ICP10 was
sufficient to abolish TNF-induced necrosis in human cells by ec-
topically expressing ICP6 or ICP10 in HeLa-hRIP3 cells. As shown
in Fig. 4A, expression of ICP6 or ICP10 efficiently reduced TNF-
induced necrosis. Moreover, we examined the roles of the RHIM
and RR domains of ICP6 by evaluating truncated forms of ICP6
lacking the N-terminal RHIM domain or C-terminal RR domain
in human cells (Fig. 4B). None of the truncated forms of ICP6,

including ICP6 consisting of amino acids 1 to 101 [ICP(1–101)],
ICP6 with a deletion of residues 1 to 101 [ICP6(�1–101)], and
ICP6(1– 452), was able to block TNF-induced necrosis although
their expression levels were similar to the level of full-length ICP6
in HeLa-RIP3 cells (Fig. 4C and D). Additionally, a RHIM mutant
form of ICP6, in which residues 73 to 76 were mutated to four
alanines (Fig. 4B), failed to affect TNF-induced necrosis in the
transfected HeLa-hRIP3 cells (Fig. 4C and D). Although RHIM-
containing truncated proteins such as ICP6(1–101) and ICP6(1–
452) retained the ability to interact with hRIP3, they failed to
influence necroptosis (Fig. 4E). These results indicate that both
the RHIM and the RR domains of ICP6 are required for its proper
function in modulating TNF-induced necrosis in human cells.

HSV R1 prevents the recruitment of hRIP1 to hRIP3. Since
the RHIM domain of ICP6 is essential for the suppression of TNF-
induced necrosis of human cells, we examined the association of
ICP6 and ICP10 with hRIP1 and hRIP3. As shown in Fig. 4E and
5A, hRIP3 was pulled down by either Flag-tagged ICP6 or ICP10.
We also found that ICP6 and ICP10 were pulled down by Flag-
tagged hRIP1 (Fig. 5B). Furthermore, we found that the RHIM
mutant form of ICP6 lost the ability to bind hRIP3 and hRIP1
(Fig. 5A and B). These findings suggest that HSV R1 has the
capacity to form complexes with both hRIP3 and hRIP1
through RHIM domains. We then investigated whether ectopic
expression of ICP6 and ICP10 could influence the recruitment
of hRIP1 to hRIP3. The hRIP1/hRIP3 complex was detected in
293T cells cotransfected with DNA plasmids expressing hRIP1
and hRIP3 (Fig. 5C). However, the formation of the hRIP1/
hRIP3 complex decreased in the presence of ICP6 (Fig. 5C).
The reduced hRIP1/hRIP3 complex level correlated with the
increased level of ICP6 (Fig. 5C). These results demonstrate
that HSV R1 is able to disrupt the binding of hRIP1 to hRIP3 in
an RHIM-dependent manner.

DISCUSSION

Initiation of programmed cell death (PCD) in host cells is a critical
strategy to prevent pathogen replication. Extensive studies have
shown that many pathogens encode apoptotic suppressors such as
caspase inhibitors to circumvent apoptosis, a major form of PCD
in mammals. Inhibition of apoptosis has been shown to facilitate
the activation of programmed necrosis, a process that is mediated
by RIP3 and MLKL. We recently demonstrated that RIP3/MLKL-
dependent necrosis is activated in HSV-1-infected mouse cells
through the recruitment of viral ICP6 to RIP3, a result supporting
the importance of programmed necrosis in the control of HSV-1
replication. In the current study, we demonstrate a negative reg-
ulation of programmed necrosis by both HSV-1 and HSV-2 infec-
tion in human cells. The R1 subunits of HSV-1 and HSV-2 are
sufficient to disrupt TNF-induced necrosis of human cells. Al-
though HSV-2 as well as HSV-1 infection directly activates the
formation of the mRIP3/mMLKL complex in mouse cells, the
recruitment of HSV R1 with hRIP3 failed to trigger hRIP3/hM-
LKL signaling and also disrupted the binding of hRIP1 to hRIP3 in
human cells. Thus, this study uncovers dual roles of HSV R1 in
modulating programmed necrosis through either activation or
inactivation of RIP3 signaling in a species-specific manner. Dur-
ing the preparation of the present manuscript, similar work has
been published (28).

RIP3 plays a central role in the regulation of programmed
necrosis initiated by death ligands, TLR ligands, or viral infec-

FIG 3 HSV R1 is required to disrupt necrosome formation during necroptosis
in human cells. (A) HT-29 cells were infected with the indicated virus (MOI of
2.5). At 2 h postinfection, cells were treated with dimethyl sulfoxide (DMSO)
or TNF-�/Smac mimetic/Z-VAD for 16 h, and then cell viability was deter-
mined. *, P � 0.05; **, P � 0.001 versus the control. (B) HT-29 cells were
infected with the indicated virus (MOI of 2.5). Cell lysates were collected at 6 h
postinfection and then subjected to Western blot analysis. (C) HT-29 cells
were infected as indicated (MOI of 2.5). At 2 h postinfection, cells were treated
with TNF-�/Smac mimetic/Z-VAD for an additional 6 h. Then cell lysates were
collected and subjected to Western blot analysis. (D) HeLa-hRIP3 cells were
infected as indicated (MOI of 2.5). At 2 h postinfection, cells were treated with
TNF-�/Smac mimetic/Z-VAD for an additional 6 h. Cell lysates were collected
and used for anti-Flag immunoprecipitation. The Flag-RIP3 immunocomplex
was analyzed by Western blotting with the indicated antibody.
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tion. The recruitment of an RHIM-containing protein to RIP3
is a crucial process for the activation of RIP3. For example,
TNFR- and TLR-mediated necrosis requires the formation of
the RIP1/RIP3 complex and the TRIF/RIP3 complex, respec-
tively. Moreover, the ICP6/RIP3 complex and the DAI/RIP3
complex are essential for HSV-1 and M45/vIRA mutant
MCMV-associated necrosis, respectively. Thus, RIP3 acts as a
cellular necrotic sensor in the recognition of RHIM-containing
proteins, leading to the activation of the MLKL substrate. No-

tably, RHIM-dependent modulation of RIP3 is utilized by
MCMV M45/vIRA to block programmed necrosis during viral in-
fection. The present study shows that HSV-1 ICP6 and HSV-2 ICP10
manipulate programmed necrosis of human cells through RHIM-
dependent suppression of RIP3 signaling. These findings provide
strong evidence that pathogens have likely evolved strategies to mod-
ulate the necrotic sensor RIP3 via disruption of the RHIM-dependent
activation of RIP3, leading to inactivation of the programmed necro-
sis responses in hosts.

FIG 4 Ectopic expression of HSV R1 is sufficient to block TNF-induced necrosis of human cells depending on both RHIM and RR domains. (A) HeLa-hRIP3
cells were transfected with empty vector or an ICP6 or ICP10 DNA plasmid for 24 h. Cells were treated with TNF-�/Smac mimetic/Z-VAD for an additional 36
h, and then cell viability was measured. Data represent the averages � standard errors for three independent experiments. *, P � 0.05, versus results for the vector.
Cell lysates were collected at 24 h posttransfection and subjected to Western blot analysis. (B) Domain structure of ICP6. Full-length ICP6 (amino acids 1 to 1137)
contains the N-terminal RHIM domain and the C-terminal RR domain. ICP6(1–101) and ICP6(1– 452) contain the N-terminal 101 residues and 452 residues,
respectively. ICP6(�1–101) lacks residues 1 to 101. The residues 73 to 76 of ICP6 were mutated to four alanine residues. (C and D) HeLa-hRIP3 cells were
transfected with the indicated plasmids for 24 h. Cells were treated with TNF-�/Smac mimetic/Z-VAD for an additional 36 h, and then cell viability was measured
(C). Data represent the averages � standard errors for three independent experiments. *, P � 0.05, versus results for the vector. Cell lysates were collected at 24
h posttransfection and subjected to Western blot analysis (D). (E) 293T cells were transfected with the indicated plasmids for 48 h. Cell lysates were collected and
immunoprecipitated with anti-Flag agarose beads. The immunoprecipitate was analyzed by Western blotting (WB).
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Interestingly, our work suggests that HSV R1 has an opposite
impact on programmed necrosis in mouse cells versus that in
human cells. Although HSV R1 is able to interact with both hRIP3
and mRIP3 through the RHIM domains, we found that the re-
cruitment of HSV R1 to mRIP3 directly activated the formation of
the mRIP3/mMLKL complex in mouse cells but not in human
cells. We found that the RHIM-dependent association of HSV R1
with hRIP3 or hRIP1 prevented the recruitment of hRIP1 to
hRIP3. Previous studies have shown that mMLKL is unable to
bind to hRIP3 and that mRIP3 cannot interact with hMLKL (29).
The phosphorylation of S227 in hRIP3 is critical for its interaction
with hMLKL, while the interaction between mRIP3 and mMLKL
requires the phosphorylation of the conserved S232 residue and
an additional T231 residue in mRIP3 (14, 29). Although the RIP3-
MLKL interaction is functionally conserved for programmed ne-
crosis, differential sequences and phosphorylation sites of RIP3
control the species specificity of this RIP3-MLKL interaction. It is

tempting to speculate that HSV R1-mediated species-specific
modulation of programmed necrosis is determined by the differ-
ential manipulation of RIP3/MLKL signaling. Further structure-
based studies on HSV R1/RIP3 complexes are required to under-
stand the precise molecular mechanism for this species-specific
modulation.
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posttransfection, cell lysates were collected and used for anti-Flag immunoprecipitation. The Flag-hRIP3 immunocomplex was analyzed by Western blotting
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mutant, or ICP10. At 48 h posttransfection, cell lysates were collected and used for anti-Flag immunoprecipitation. The Flag-hRIP1 immunocomplex was
analyzed by Western blotting with the indicated antibodies. (C) 293T cells were cotransfected with plasmids as indicated. At 48 h posttransfection, cell lysates
were collected for anti-Flag immunoprecipitation. The immunocomplex was subjected to Western blot analysis.
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