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Abstract

RIP1 is an adaptor serine/threonine kinase associated with the signaling complex of death
receptors (DRs) including Fas, TNFR1, and TRAIL-Rs which can initiate apoptosis. While DRs
are dispensable throughout development, RIP1 deletion results in perinatal lethality. The
developmental defect caused by absence of RIP1 remains unexplained. In previous studies, RIP1-
deficient hematopoietic progenitors failed to reconstitute the T cell compartment and our recent
data indicate a new role for RIP1 in TCR-induced activation of the prosurvival NF-xB pathway.
Here we show that RIP1 is also critical for B cell development. In addition, RIP1~/~ B cells
stimulated through LPS/TLR4 are impaired in NF-«xB activation but have no major defect in the
Akt pathway. Recently, RIP1 has also emerged as a critical player in necrosis-like death,
necroptosis, in various cell lines. We have demonstrated that RIP1 deficiency can reverse the
embryonic and T cell proliferation defects in mice lacking FADD, a caspase adaptor protein,
which indicates a potential role for RIP1 in mediating in vivo necroptosis. We provide an overview
and discussion of the accumulating data revealing insights into the diverse functions of RIP1 in
survival and death signaling in lymphocytes.
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Introduction

Members of the neural growth factor receptor (NGFR)/tumor necrosis factor receptor
(TNFR) superfamily are single transmembrane-domain proteins characterized by the
presence of cysteine-rich repeats in the extracellular domain (1, 2). These receptors have
diverse functions, which include signaling cell growth, survival and proliferation,
inflammatory responses, and cell death. Several of these receptors are also known as “death
receptors” (DRs) including Fas (Apo-1 or CD95), TNFR1, TNF-related apoptosis-inducing
ligand receptors (TRAIL-Rs or DR4/5), DR3 and DR, as they are capable of inducing
apoptosis when overexpressed or triggered by their cognate ligands (3, 4). Unlike other
members of the NGFR/TNFR family, DRs contain an intracellular motif designated the
death domain (DD) which consists of six anti-parallel a-helices and is important for
apoptotic signal transduction (5, 6).

In a study of signaling induced by Fas, Stanger et al. discovered the receptor interacting
protein (RIP) which can interact with the Fas intracellular domain in yeast cells (7). RIP was
also cloned independently as a protein which binds to TNFR1-associated death domain
protein (TRADD) (8). Subsequently, additional RIP-like proteins were isolated, all of which
contain a serine/threonine kinase domain (9). Accordingly, RIP has since also been
frequently referred to as RIP1 or RIPK1. We and others isolated the Fas-associated death
domain (FADD or Mortl) protein using Fas as bait (10-12). We have repeatedly isolated
RIP1 in searches for proteins that interact with FADD using yeast two-hybrid systems
(unpublished data). Fas plays a critical role in maintaining homeostasis in the immune
system. Mutations in the Fas gene cause lymphoproliferation (Ipr) diseases in mice
characterized by progressive lymphadenopathy, splenomegaly and accumulation of
autoantibodies, as well as a CD3'° T cell population which also expresses the B cell marker
B220 (1, 13). A similar autoimmune-lymphoproliferative syndrome (ALPS) was also
reported in human patients carrying mutations in Fas (14, 15). TNFR1 deletion does not lead
to lpr-like symptoms in mice but results in compromised pathogen clearance capability (16,
17).

Through FADD, Fas recruits and activates the initiator caspase 8 (in mice and humans) and
caspase 10 (only in humans), which in turn process the pro-forms of the downstream
executioner caspases 3, 6 and 7 (10, 18-20). The action of caspases leads to the apoptotic
demise of a cell. However, we found that deletion of FADD in mice not only blocks Fas-
induced apoptosis but also leads to impaired survival and proliferative responses in
lymphocytes (21-24). Our recent data show that some of the defects present in FADD-
deficient lymphocytes is due to a RIP1-mediated process, likely necrosis-like death (25).
Conversely, some of the RIP1-deficient lymphocyte defects could be corrected by FADD
deletion (25). We provide an overview of the diverse functions of RIP1 and present our
recent data, particularly from the analysis of RIP1~/~ B cells.

The RIP1 protein and its expression

The mouse and human RIP1 proteins are 656 and 671 amino acids (aa) in length with
predicted molecular weights of 74 and 76 kDa, respectively (7, 8). The first 300 aa encode
the serine/threonine kinase domain (KD) at the amino terminus (Fig. 1 A). Towards the
carboxy terminus, there is the death domain (DD; aa 559-671), which is homologous to the
DD in the Fas and TNFR1 intracellular domains (Fig. 1 A) (5, 6). Within the intermediate
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sequence between the KD and DD, a potential caspase 8 cleavage site (D324) has been
described (26—29). A sequence designated RIP homotypic interaction motif (RHIM) is
present in the intermediate domain of RIP1, which mediates RIP1 interaction with RIP3
(Fig. 1 A) (30). A ubiquitinylation site was identified at lysine (K)377, which may be
involved in regulating NF-«B activation (31-33).

The RIP1 protein is expressed at low levels at embryonic day (E)14.5 but appears to be
upregulated when FADD is deleted (25). RIP1 expression is also readily detectable by
western blotting in embryonic tissues at later stages (E17.5; Fig. 1 B). In adult mice, RIP1 is
expressed in lymphoid tissues including the lymph nodes, thymus, spleen, as well as the
lung (Fig. 1 B). Other adult organs/tissues such as the heart, liver, kidney, and muscle
contain little RIP1 protein (Fig. 1 B). We also analyzed RIP1 expression in lymphocyte
populations purified by sorting. Pro/pre B-cells in the bone marrow express low levels of the
RIP1 protein (Fig. 1 B). Increased expression of RIP1 was observed in bone marrow
immature B cells, and in peripheral mature B cells. Peripheral T cells appear to contain
higher levels of RIP1 than peripheral mature B cells (Fig. 1 B).

Two distinct roles for RIP1in T cell apoptosis

In initial studies, overexpression of the full-length RIP1 leads to apoptosis without triggering
DRs (7, 8). In addition, overexpression of truncated RIP1 mutants containing the DD, but
not the kinase domain, can also lead to apoptosis (8). The function of RIP1 was further
investigated using cells lacking RIP1. A RIP1-deficient variant of the human Jurkat T cell
line can undergo normal apoptotic responses when stimulated with an agonistic anti-Fas
antibody (34). However, a later study found that the same RIP1-deficient Jurkat mutant cells
were less sensitive to membrane-bound Fas Ligand (29). In addition, reduction of RIP1
using geldanamycin desensitizes primary human T cells to membrane-bound Fas ligand-
induced apoptosis. More recently, RIP1 was suggested to facilitate caspase 8 activation
when Fas is stimulated by membrane-bound Fas ligand, but not by a crosslinking anti-Fas
antibody (35). It is unclear what role RIP1 plays in primary T cell apoptosis in vivo. Unlike
the T cell accumulation phenotype in Fas™~ mice, a T cell maturation defect is present in
RIP1-deficient mice (25, 36, 37). RIP1~/~ mouse thymocytes isolated from neonates have
no defects in apoptosis induced by anti-Fas antibodies, as shown by us and others (25, 36).
Although undetected in initial attempts (7, 34), a Fas-RIP1 complex was shown in later
studies (35, 38). The results obtained with Jurkat T cells may indicate a requirement for
RIP1 in Fas-induced apoptosis in activated mature T cells, which is lacking in the current
RIP1 knockout mouse models (25, 36, 37). The requirement for RIP1 in Fas-induced
apoptosis in B cells remains to be determined. While TNF is unable to induce apoptosis in
wild type thymocytes, we recently showed that absence of RIP1 renders thymocytes
hypersensitive to TNF-induced death and this death is blocked by FADD deletion (25). This
hypersensitivity to TNF-induced apoptosis may be due to the impairment of the pro-survival
signal mediated by NF-xB in RIP1~/~ thymocytes, as discussed later. In tumor cells, RIP1
was shown to play an active role in Smac mimetic-induced apoptosis (39). Therefore, RIP1
seems to serve either as an inhibitor or facilitator for apoptosis, in a cell type- and pathway-
dependent manner.

RIP1 plays a role in TNFR1-induced activation of NF-kB

Whereas Fas is a professional death receptor, TNFR1 primarily triggers the pro-survival NF-
kB pathway. Only when NF-«B is inactivated, is TNFR1 able to induce apoptosis (40, 41).
Overexpression of full-length RIP1 not only activates apoptosis but also leads to
transcription from an NF-«kB reporter promoter (8). The DD of RIP1 alone can induce death
and suppress NF-«xB activation when overexpressed in HEK293 cells, whereas transient
transfection of the serine/threonine kinase domain of RIP1 fails to activate either NF-xB or
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apoptosis (8). Instead, overexpression of the intermediate region of RIP1 activates NF-kB
(8). The intermediate domain of RIP1 can bind to TNFR-associated factor (TRAF) 2 (8) and
help recruit IxB kinase (IKK) (42, 43).

When searching for factors controlling TNF-induced activation of NF-xB, Ting et al.
mutagenized human Jurkat T lymphoma cells and isolated clones in which TNF was unable
to induce NF-«B activation (34). One of the mutant clones lacked RIP1 and has since
become a useful cell system which helped reveal several potential functions of RIP1.
Functional reconstitution analysis was performed by expressing various mutant forms of
RIP1. A kinase-dead mutant of RIP1 fully restored TNF-induced NF-xB activation in
RIP1~/~ Jurkat T cells, while RIP1 mutants lacking the intermediate domain failed to do so
(34). Interestingly, removal of the DD of RIP1 led to constitutive NF-xB activity (34). More
recent studies using the RIP~/~ Jurkat cells show that K377 is ubiquitinylated, which helps
recruit the NEMO subunit of the inhibitor of kappaB kinase (IKK) complex (31-33). A
defect in TNF-induced activation of NF-xB was also detected in a transformed RIP1-
deficient pre-B cell line (36). A requirement for RIP1 in TNF-induced activation in a mouse
embryonic fibroblast (MEF) cell line as shown previously (36, 37, 44) was disputed by a
recent study (45). We prepared additional primary RIP1~/~ MEFs and observed a defect in
TNF-induced phosphorylation of p65 NF-«B in these mutant MEFs (25). These results
indicate that in T cells, B cells, and MEFs, RIP1 is required for TNFR1-induced activation
of NF-«B.

The function of RIP1in T cell development and TCR-induced NF-kB activation

Flow cytometric analysis indicates normal thymocyte populations present in RIP1~/~
neonates (36) or in E18.5 fetuses (unpublished data). Early postnatal lethality precludes
further analysis of the effect of RIP1 deficiency on adult T cells. When adoptively
transferred, RIP1~/~ fetal liver progenitor cells fail to reconstitute the T cell compartment of
lethally irradiated wild type or lymphocyte-deficient Rag1~/~ mutant recipient mice (25,
37). Apoptosis has been observed in neonatal RIP1~/~ thymus (36). It was suggested that the
developmental defect in RIP1~/~ T cells was due to impaired pro-survival NF-kB signaling,
which leads to TNF-induced apoptosis. Indeed, RIP1~/~ thymocytes are hypersensistive to
in vitro TNF-induced death (25, 37). However, we found that blocking apoptosis by FADD
deletion only partially rescued the developmental defect in RIP1~/~ T cells (25).
Interestingly, our recent studies have shown that the few mature T cells generated from
RIP1~/~ fetal liver progenitors have a defect in T cell antigen receptor (TCR)-induced
phosphorylation of p65 NF-«xB and this defect could not be rescued by FADD deletion (25).
Therefore, in addition to TNFR1, the TCR also requires RIP1 for NF-kB activation. Likely,
the RIP1~/~ T cell defects are due to not only enhanced apoptosis induced by DRs but also
diminished NF-xB survival signaling by the TCR.

RIP1 is required in B cell development

In initial analyses, the RIP1~/~ bone marrow of E18.5 fetuses appeared to contain B220* B
cells of similar percentages to control RIP1*/* littermates (36). Ablation of TNFR1 helped
prolong the survival of RIP1~/~ mice (37). It was reported that normal percentages of B
lineage subsets were observed in the spleen in 2-5 day old neonatal RIP1~/~ TNF-R17/~
double knockout mice (46). In an earlier study, RIP1~/~ fetal liver hematopoietic stem cells
were transferred into lethally irradiated wild type or lymphocyte-deficient Rag-1~/~ mutant
mice (37). The resulting chimeras appeared to contain B220* B cells in the spleen, which
was comparable to chimeras receiving wild type control fetal liver cells (37). Based on these
data, it was concluded that RIP1 is dispensable for B cell development, while playing a
critical role in T cell development.
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Recently, we performed further analysis of RIP1 function in the B lineage. We adoptively
transferred RIP1~/~ fetal liver cells into immunodeficient recipient Prkdcscid 112rgt™IWil/sz)
(NSG ) mice (47), as we previously described (25). Consistent with earlier data (37),
IgM*IgD* mature B cells were readily detectable in the spleen and lymph nodes from the
resulting hematopoietic chimeras that received RIP1~/~ fetal liver cells at 7 weeks post
adoptive transfer (Fig. 2). However, at 12 weeks post transfer, peripheral B cell numbers
were considerably decreased in RIP1~/~ mutant chimeric mice when compared to control
RIP1*/* chimeras (Fig. 2).

The phenotype of a time-dependent decrease of RIP1~/~ B-cells may indicate that RIP1 is
required for the maintenance of the peripheral B cell pool. However, it is also possible that
there is a defect in the peripheral replenishment of B cells by the adoptively transferred bone
marrow precursors. To determine the effect of RIP1 deficiency on the early developmental
stages of the B lineage, bone marrow cells from RIP1~/~ mutant and RIP1*"* control
chimeras were stained for B220, CD43, IgM and IgD, and flow cytometric analysis
performed. A dramatic decrease in the pro-B (CD43*B220!°), pro/pre-B (B220'°IgM™), and
immature (IgM*1gD') B cell populations were detected in RIP1~/~ mutant chimeras at 7
weeks post transfer when compared to control RIP1** chimeras (Fig. 3). At 12 weeks post
transfer, this defect in early bone marrow B cell development became more severe in
RIP1~/~ chimeras (data not shown). The recirculating mature (IgM*IgD*) B cell population,
while present at 7 weeks post transfer, was depleted in RIP1~~ mutant chimeras at 12 weeks
post transfer (Fig. 3). In RIP*"* control chimeric mice, recirculating mature B cells in the
bone marrow were present at both 7 weeks and 12 weeks post transfer of fetal liver cells.
Therefore, RIP1 is essential for early B cell development in the bone marrow.

The time-dependent depletion of B cells in RIP1~/~ fetal liver cell chimeric mice shown in
the current study is reminiscent of the developmental defect observed in RIP1~~ T cells, as
shown in a previous study (37). Thymic T cell subsets were normal at 4 weeks following
adoptive transfer of fetal liver cells. However, T cell numbers decline dramatically thereafter
(37). We confirmed the time-dependent T cell depletion phenotype in our RIP1 7~ NSG
chimeric mutant mice (25). While present in the thymus at 4 weeks after adoptive transfer of
RIP1~/~ fetal liver cells, RIP1~/~ T cells became undetectable at 12 weeks post adoptive
transfer (25) and (data not shown).

A selective defect in TLR-induced responses in RIP1~/~ B cells

Toll-like receptors (TLRs) are pattern recognition receptors capable of sensing
microorganisms by binding to various conserved structures present in macromolecules of
pathogens (48-50). B cells express most of the known TLRs. LPS specifically binds to
TLR4, and can induce proliferation of B cells. Other pathogen-expressed molecules,
including lipoteichoic acid (LTA), viral double stranded (ds)RNA and unmethylated CpG
motifs in bacterial DNA, can be recognized by TLR2, TLR3 and TLR9, respectively. RIP1
has been previously shown to play a role in TLR3- and TLR4-induced responses in MEFs
(51, 52). Splenic B cells from RIP1~/~TNF-R1~/~ double knockout neonates were shown to
be defective in TLR4- and TLR9-induced proliferation responses (46). We isolated single
knockout RIP1~/~ B cells from fetal liver cell chimeras and performed analyses of their
proliferation in response to a panel of stimuli. As shown in Figure 4 A and B, no significant
proliferation defect was detected in RIP1~/~ B cells treated with anti-lgM and anti-CD40
antibodies. However, when compared to control RIP1*/* B cells, proliferation responses of
RIP1~/~ B cells were dramatically reduced when stimulated with LTA, poly I:C, or LPS,
which are ligands for TLR2, TLR3, and TLR4, respectively, (Fig. 4 C, D, and E). In
contrast, TLR stimulation with CpG resulted in similar proliferation responses in RIP1~/~
and RIP1** B cells (Fig. 4 F). Therefore, while dispensable for proliferation induced by
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BCR, CD40 and TLR-9, RIP1 is required for B cell proliferation induced by TLR2, TLRS3,
and TLR4.

RIP1 is essential for LPS-induced activation of NF-kB and induction of activation markers

A major signaling event initiated downstream of many TLRs is the activation of NF-xB (48,
50). In MEFs, RIP1 is required for TLR3- and TLR4-induced activation of NF-xB (51).
However, in another study, the NF-xB pathway appeared to be unaffected in RIP1~/~TNF-
R1~/~ double knockout B cells (46). Instead, it was suggested that the proliferation defect in
neonatal RIP1/"TNF-R1~/~ B cells stimulated with LPS was due to impaired activation of
the Akt pathway, which is crucial for cell survival (46). We performed analysis of LPS-
induced signaling in RIP1*/* and RIP1~/~ B cells from NSG chimeric mice receiving the
respective fetal liver cells. As shown in Figure 5 A, LPS-induced phosphorylation of p65
NF-kB as well as kB was consistently reduced in RIP1~/~ mutant B cells in comparison
with control RIP1*/* B cells. No major difference in LPS-induced degradation of IxB was
detected in RIP1*/* and RIP1~/~ B cells (Fig. 5 A). We also found that RIP1 deficiency has
no major impact on the induction of Akt phosphorylation in LPS-treated B cells and MEFs
(Fig. 5B and C).

Cell surface proteins, including CD69 and the costimulatory molecule CD86 (B7.2), can be
induced in B cells upon stimulation with LPS (53). Splenic and lymph node B cells were
isolated and stimulated with LPS, and upregulation of activation markers were determined.
As shown in Figure 5 D representing 4 independent experiments, the induction of both
CD69 and CD86 were compromised in RIP1~~ B cells stimulated with LPS.

Our data obtained using adult RIP1~/~ single knockout B cells contrast with an earlier study
using neonatal double knockout RIP1~/~"TNF-R1~/~ B cells which presumably have normal
induction of CD86 when stimulated with LPS (46). Both CD69 and CD86 are targets of NF-
kB (54, 55) (http://bioinfo.lifl.fr/NF-kB/). Induction of CD69 and CD86 is dependent on
TIR-domain-containing adapter-inducing interferon-p(TRIF) (53) and therefore, the
compromised expression of CD69 and CD86 in RIP1~/~ B cells (Fig. 5 D) is indicative of
defective TRIF-mediated signaling as well as impaired NF-xB activity (Fig. 5 A). An earlier
study using RIP1~/~ MEFs also showed a role for RIP1 in TRIF-dependent activation of
NF-kB through TLR4 (52). In total, the current study reveals a novel role for RIP1 in B cell
development and LPS-induced NF-«xB activation in B cells, which was not been appreciated
in previous studies (36, 37, 46).

A role of RIP1 in necroptosis revealed using in vitro cell systems

Accumulating evidence indicates that RIP1 is a key player in necroptosis (or programmed
necrosis or aponecrosis), which is so designated as it shares certain similarities with, yet is
distinct from, apoptosis and classical necrosis (38) (56-58). Apoptosis and necroptosis can
be triggered by the same inducers, such as DRs and cellular stress. Whereas apoptosis
requires caspases, necroptosis occurs when caspases are inhibited. Necroptotic cells undergo
swelling and membrane rupture, characteristics similar to classical necrosis caused by
trauma and physical damage. Historically, necrosis is considered an uncontrolled cell death
process, whereas necroptosis is an ordered cell explosion regulated by specific proteins
including RIP1, RIP3, FADD and caspase 8, as discussed below.

Both apoptosis and necrosis have long been observed in TNF-treated cells (59). In L929
fibrosarcoma cells, TNF induces primarily necrosis in the presence of caspase inhibitors
(60). Similarly, Fas can also induce necrosis in L929 cells in the presence of caspase
inhibitors. Interestingly, dimerization of the caspase adaptor, FADD, can lead to necrosis in
caspase 8-deficient Jurkat cells (61). Furthermore, dimerization of the FADD DED alone is
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sufficient to induce necrosis in caspase 87/~ Jurkat T cells (62). The landmark work by
Tschopp and colleagues provided the first evidence that these types of necrosis involve a
specific protein, i.e. RIP1 (38). In particular, RIP1~/~ Jurkat mutant T cells are unable to
undergo TNF-induced necroptosis. The kinase domain of RIP1 plays an obligatory role in
TNF-induced necroptosis (57, 63). RIP1 is also required for oxidative stress-induced
necroptic cell death (64). Further analysis provided evidence that RIP1-mediated necroptosis
is involved in viral control (56). Chemical screen studies identified a small molecule,
necrostatin 1 (Nec-1), which specifically targets the kinase active site of RIP1 and blocks
necroptosis in various in vitro cell systems (57, 65). Subsequent work showed that RIP3 is
also critical for necroptosis induced by TNF (66-68).

Evidence that RIP1-dependent necrosis occurs in vivo

Conclusions

Unlike RIP17/~ cells, FADD-deficient Jurkat cells are hypersensitive to TNF-induced
necroptosis (38). In addition, FADD ™/~ MEFs readily undergo ROS-induced necrotic death
(25, 64). Although embryonic lethality has long been observed in FADD ™~ mice, it is not
clear what causes death of the mutant embryo (21). There appear to be heart defects
including thinner ventricular myocardium in E10.5 FADD '~ embryos (69). However,
overall cellular proliferation seems normal in E10.5 FADD ™/~ embryos. At later stages
(E14.5), FADD '~ embryo disintegration and massive tissue necrosis become apparent (25).
Importantly, RIP1 deficiency appears to completely correct the embryonic defects caused by
FADD deletion.

FADD ™~ T cells not only are defective in DR-induced apoptosis but also fail to proliferate
effectively in response to stimulation of the TCR (21). This paradoxical phenotype is likely
not due to abnormal development of T cells, as indicated by studies using conditional FADD
knockout mice (22). Strikingly, the absence of RIP1 fully restores normal TCR-induced
proliferative responses in FADD ™/~ T cells (25). In addition, treatment with the RIP1
inhibitor, Nec-1, corrects FADD ™/~ T cell proliferation defects (25, 70). Unlike the TCR-
induced proliferation defect, FADD ™/~ B cells proliferate normally in response to
stimulation of the BCR. However, TLR3/4-induced responses are defective in FADD~~ B
cells (23). Interestingly, this TLR signaling defect remains in FADD/~RIP1~/~ double
knockout B cells (25). Taken together, these findings suggest that RIP1 plays differential
roles in T cells and B cells.

Although RIP1 was originally isolated as a Fas-interacting protein, it is also involved in
signaling by the TCR, TNFR1, and TLRs. RIP1 is necessary for efficient apoptosis triggered
by membrane-anchored Fas ligand, but not by soluble Fas ligand. In addition, RIP1 is
required for activation of NF-«xB induced by the TCR, TNFR1, and TLRs, which is critical
for lymphocyte survival. Without RIP1, T and B cells die at immature stages, likely due to
impaired NF-«B activation in the TCR, TNFR1 and other yet unidentified pathways, which
results in enhanced apoptosis and diminished survival. However, these need to be confirmed
in the future using approaches including reverse genetics by introducing hypomorphic RIP1
mutants into RIP1~/~ lymphocytes.

Whereas RIP1 mediates apoptosis, NF-kB activation, and necroptosis, its relative, RIP3 has
no role in NF-«xB or apoptosis, but is critical for necroptosis (71). However, RIP3 knockout
mice have no developmental or lymphocyte defects which may be due to necrosis (71).
Caspase 8-deficient mice have essentially identical phenotypes to FADD ™/~ mice (21, 72—
74). Interestingly, RIP3 deficiency completely rescues the embryonic defects in caspase 87/~
mice (75, 76). Furthermore, the DKO mice develop Ipr-like symptoms as seen in Fas mutant
mice. Further studies are necessary to generate FADD/"RIP3~/~ double knockout mice
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which may have normal development but exhibit Ipr diseases as well. A plausible model is
that RIP1 and RIP3 mediate a potent necroptotic pathway in both embryonic cells and
lymphocytes which is kept at bay by FADD-caspase 8 to ensure proper embryogenesis and
lymphocyte function. While dispensable in embryos, RIP1/RIP3-mediated necroptosis
serves as a critical backup mechanism to ensure homeostasis is maintained in lymphocytes if
apoptosis fails. The molecular details regarding how RIP1 and RIP3 carry out downstream
signaling leading to necroptosis remain largely unknown. Further studies are also necessary
to determine the mechanism involved in the regulation of RIP1/RIP3-mediated necroptosis
by FADD and caspase 8.
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Fig 1. RIP1 protein structure and expression

A, A diagram of the human RIP1 protein is shown, which consists of an amino terminal
serine/threonine kinase domain (KD) and carboxy terminal death domain (DD). The
intermediate domain between the KD and DD contains a RIP homotypic interaction motif
(RHIM), a caspase 8 cleavage site (D324), and a ubiquitinylation site (K377). B, Western
blotting analysis shows the expression of the RIP1 protein in wild type E17.5 mouse
embryos, adult mouse tissues, and purified lymphocytes. The RIP1~/~ mutant embryo was
used as a control.
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Fig. 2. RIP1 deficiency results in a time-dependent decline in the size of the peripheral B cell pool
RIP1~/~ fetal liver cells were adoptively transferred to immunodeficient NSG recipient mice
irradiated (200 RAD), as described previously (25, 77). At 7 or 12 weeks post transfer, the
resulting hematopoietic chimeras were used to prepare single cell suspensions from the
specified lymphoid organs. Reconstitution of the peripheral B cell compartment was
determined by flow cytometric analysis of the IgM* and/or IgD* populations in the indicated
organs. Gates were set to indicate immature (IgD'°IgM™*) and mature (IgD*1gM*) B cell
populations. The numbers are percentages of the gated populations. Data are representative
of 5 independent experiments. RIP1*/* fetal liver cell-transferred recipients were used as a
control.
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At 7 or 12 weeks post transfer of RIP1~/~ or RIP1*/* fetal liver cells, bone marrow cells
were isolated from NSG recipients and were stained for B220, CD43, IgM, and IgD, and
analyzed by flow cytometry. Gates were set to indicate pro-B (CD43*B220'°), pro/pre-B

(B220'°IgM™), immature B (IgM*1gD™), and recirculating mature B cell (IgM*1gD*)
populations in NSG recipients transferred with RIP1~~ mutant and RIP1*/* wild type

control fetal liver cells. The percentages of each gated populations are shown. The data are
representative of 5 independent experiments.
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Fig. 4. Selective defects in TLR-induced proliferation in RIP1™ B cells
B cells were isolated from the spleen and lymph nodes of NSG recipients transferred with
RIP1*/* (open bars) or RIP1~/~ (filled bars) fetal liver cells, and stimulated with the
indicated agonists. Proliferation was determined by the incorporation of radioactivity of [3H]
thymidine into activated B cells (cpm, counts per minute). Error bars are + SEM of
triplicates. The data are representative of 4 independent experiments.
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Fig. 5. LPS-induced signaling in RIP1™/~ B cells

Peripheral B cells purified from NSG recipients transferred with RIP1~/~ or RIP1*/* fetal
liver cells (A and B) or MEFs of the indicated genotypes (C) were stimulated with LPS (10
ug/ml), and western blotting analysis was performed using Abs specific for p-p65 NF-kB, p-
kB, IkB, and p-Akt. D, The CD69 and CD86 activation markers on B cells were analyzed
by flow cytometry 12 hours post stimulation with LPS (1 ug/ml). Unstimulated B cells were
used as a control. Data shown are representative of at least 4 independent experiments.
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