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Caspase inhibition prolongs inflammation by
promoting a signaling complex with activated RIPK1

Xinyue Huang, Shuixia Tan, Yanxia Li, Shuangyi Cao, Xingyan Li, Heling Pan, Bing Shan, Lihui Qian, and Junying Yuan@®

Activation of inflammation by lipopolysaccharide (LPS) is an important innate immune response. Here we investigated the
contribution of caspases to the LPS-mediated inflammatory response and discovered distinctive temporal roles of RIPK1 in
mediating proinflammatory cytokine production when caspases are inhibited. We propose a biphasic model that
differentiates the role of RIPK1 in early versus late phase. The early production of proinflammation cytokines stimulated by
LPS with caspase inhibition is mediated by the NF-kB pathway that requires the scaffold function of RIPK1 but is kinase
independent. Autocrine production of TNFa in the late phase promotes the formation of a novel TNFR1-associated complex
with activated RIPK1, FADD, caspase-8, and key mediators of NF-kB signaling. The production of proinflammatory cytokines in
the late phase can be blocked by RIPK1 kinase inhibitor Nec-1s. Our study demonstrates a mechanism by which the activation of
RIPK1 promotes its own scaffold function to regulate the NF-kB-mediated proinflammatory cytokine production that is
negatively regulated by caspases to restrain inflammatory signaling.

Introduction

Receptor-interacting serine/threonine protein kinase 1 (RIPK1)
is a master regulator of the cellular decision between pro-
survival nuclear factor-«B (NF-«B) signaling and cell death in
response to a broad set of inflammatory and prodeath stimuli in
human diseases (Ofengeim and Yuan, 2013; Yuan et al., 2019).
RIPK1 is a 76-kD protein that contains an N-terminal kinase
domain, a C-terminal death domain (DD), and an intermediate
domain with a receptor-interacting protein homotypic inter-
acting motif. The scaffold function of RIPK1 is important for
mediating prosurvival NF-«B signaling; in contrast, the activation
of RIPK1 kinase is known to be involved in mediating prodeath
activities, including necroptosis, RIPK1-dependent apoptosis, and
inflammation (Mifflin et al., 2020). Thus, it has been generally
accepted that the scaffold of RIPKI serves a prosurvival function
by promoting NF-«B activation, which is opposite to its prodeath
kinase activity. However, it remains unclear if and how the
activated RIPKI may regulate its scaffold function in dictating
distinct cellular responses.

Caspases are important regulators of RIPKI kinase (Yuan
et al., 2016). Activation of death receptors by their cognate
ligands with caspase inhibition promotes necroptosis, a form
of regulated necrotic cell death mechanism mediated by
RIPK! kinase and its downstream mediators, including RIPK3
and MLKL (Shan et al., 2018; Wallach et al., 2016). Caspase-
8-mediated cleavage after Asp324 in human RIPK! (or Asp325

in murine RIPKI) is an important mechanism that negatively
regulates the activation of RIPKI, as the cleavage separates the
kinase domain in the N-terminal part of RIPK1 from its inter-
mediate domain and DD, which is involved in mediating the
activation of the N-terminal kinase by dimerization (Lin et al.,
1999; Meng et al., 2018; Xu et al., 2018). Homozygous D325A
mutation in murine Ripkl sensitizes cells to both apoptosis and
necroptosis induced by TNFa and leads to embryonic lethality.
The early demise of RipkIP325A/D3254 mice can be rescued by
simultaneous deletion of Ripk3 and Fas-associated protein with
DD (Fadd; Zhang et al., 2019) or of Mlkl and Fadd (Newton et al.,
2019). Disrupted cleavage of RIPK1 by caspase-8 in humans
leads to a dominantly inherited condition characterized by re-
current fevers with increased levels of proinflammatory cyto-
kines and a strong RIPK1-dependent activation of inflammatory
signaling pathways (Lalaoui et al., 2020; Tao et al, 2020).
Consistently, the expression of RIPK1 D325V or D325H mutants
in mouse embryonic fibroblasts also induces the expression of
proinflammatory cytokines such as IL6 and TNFa. However, it
remains unclear how blocking the caspase-mediated cleavage
of RIPK1 may promote an inflammatory response.

Host cell apoptosis machinery is a frequent target of intra-
cellular pathogens (Friedrich et al., 2017). Here we investigated the
interaction of caspases in host cells with TLR4 signaling activated
by lipopolysaccharide (LPS), a component of the gram-negative
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bacterial cell membrane, which promotes an innate immune
response and is a contributor to various inflammatory pa-
thologies in humans (Kawai and Akira, 2010). Activation of
RIPKI in macrophages stimulated by LPS in the presence of a
pan-caspase inhibitor zZVAD mimicking the inhibition of cas-
pases such as caspase-8 has been shown to robustly induce the
expression of a broad range of inflammatory molecules (Najjar
et al., 2016). In this study, we used LPS/zVAD stimulation to
model the condition where cells are infected by pathogens that
can inhibit caspase activation. We investigated the signaling
mechanism that induces the expression of proinflammatory
cytokines downstream of TLR4 with caspase inhibition. Our
study demonstrates that the proinflammatory cytokine pro-
duction with LPS/zVAD stimulation is regulated by two-phase
kinetics with an early RIPK1 scaffold-dependent but RIPK1
kinase-independent mechanism, which is followed by a pro-
longed inflammatory cytokine production that requires both
RIPKI1 scaffold and kinase functions. Furthermore, we show that
autocrine production of TNFa connects the early mechanism
with the late mechanism by promoting the activation of RIPK1
and the formation of a novel secondary signaling complex in-
volving the scaffold function of RIPK1 and the key mediators of
NF-«B signaling to induce the expression of proinflammatory
cytokines through an NF-kB-RIPKI1 kinase dual dependent
pathway that is distinct from the canonical NF-xB pathway and
is negatively regulated by FADD and caspase-8.

Results

LPS/zVAD promotes inflammation with two distinct phases
To explore the mechanism of RIPKI in regulating cytokine
production, we stimulated BV2 cells, a mouse microglia-related
cell line, with LPS alone or with LPS and pan-caspase inhibitor
zVAD for different durations. We found that while treatment
with LPS alone led to a transient increase in the transcription of
proinflammatory cytokines and signaling mediators such as
COX2 and NOS2, LPS/zVAD led to a prolonged increase in the
transcription of proinflammatory factors that are inhibited by
RIPK! inhibitor Nec-1s (Fig. 1 A and Fig. S1 A). The effect of ZVAD
is at least in part mediated by blocking caspase-8-mediated
cleavage of RIPK], as blocking the cleavage of RIPK1 by D325H
mutation also increased the transcription of 116 when stimulated
by LPS alone (Fig. S1 B), similar to that the peripheral blood
mononuclear cells from patients with a point mutation in-
activating the cleavage of human RIPK1 at D324 promote RIPKI-
mediated inflammation (Tao et al., 2020). Consistently, in the
culture medium of BV2 cells stimulated by LPS/zVAD for 4 h or
longer, we detected a large amount of secreted IL6 and TNFa,
which was reduced by the addition of RIPK1 kinase inhibitor
Nec-1s (Fig. 1 B).

We further characterized the role of RIPKI kinase on the
temporal profile of the transcriptional response in BV2 cells
treated with LPS/zVAD and observed a requirement of RIPK1
kinase for optimum induction of a variety of proinflammatory
gene expression at the late phase. Induction of TNFa mRNA was
robustly detected in BV2 cells treated with LPS/zVAD as early as
1h; however, the addition of Nec-1s had little effect on this early
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peak of TNFa or Cxcl2 transcription (Fig. 1 A and Fig. S1 A). Nec-
1s only began to show an inhibitory effect on TNFa and Cxcl2
mRNA levels after stimulation with LPS/zVAD for 2-4 h or
longer. Induction of Il6 transcription was detected with the
treatment of LPS/zVAD for 4 h or longer, which was inhibited by
Nec-1s (Fig. 1 A). The induction of NF-«B target genes, such as
Cox2 and Nos2, by LPS/zVAD showed similar profiles: The early
induction was not affected by Nec-1s; Nec-1s only showed in-
hibition at 4 h or longer (Fig. S1 A). The production of proin-
flammatory cytokine IL6 was robustly induced by LPS alone in
the early phase, but BV2 cells treated with LPS/zVAD produced
elevated levels of IL6 for an extended period of time compared
with that of LPS treatment alone (Fig. S1 C).

While treatment with LPS alone also led to increased pro-
duction of IL6 and TNFa, the addition of Nec-1s had no effect on
the production of IL6 and TNFa stimulated by LPS alone (Fig.
S1 D). In agreement with the specific contribution of RIPK1 ki-
nase to transcriptional responses upon LPS/zVAD induction,
stimulation of BV2 cells with LPS/zVAD, but not with LPS alone,
led to the activation of RIPKI, as indicated by p-S166 RIPK], the
biomarker of RIPKI activation (Fig. 1 C; Degterev et al., 2008;
Ofengeim et al., 2015). Stimulation of BV2 cells with zVAD alone
for long periods (4-8 h) led to RIPK1 activation at low levels that
were not sufficient to promote cytokine production (Fig. 1 C and
Fig. S1 D). Thus, inhibition of caspase activity in cells stimulated
by LPS promotes the activation of RIPK1 to mediate cytokine
production after prolonged stimulation. RIPK1 knockout (KO) in
BV2 cells also reduced the production of TNFa and IL6 in both
early and late phases (Fig. 1 D), suggesting that the scaffold
function of RIPKI is involved in promoting proinflammatory
cytokine production in both phases. Stimulation with LPS/zVAD
or the addition of Nec-1s had no effect on the survival of BV2
cells (Fig. S1, E and F). Thus, LPS/zZVAD can promote the acti-
vation of RIPK1 and production of proinflammatory cytokines
without affecting cell survival.

We validated this finding in primary astrocytes, which do not
express RIPK3, similar to BV2 cells (Fig. S2 A). Stimulating with
LPS and zVAD together for 4 h or longer, but not with either
agent alone, led to the activation of RIPK1 in primary astrocytes
(Fig. 1 E and Fig. S2 B). The transcription and production of IL6
in primary astrocytes treated with both LPS and zVAD were
prolonged compared with that of LPS alone (Fig. S2 C). Treat-
ment with Nec-1s reduced the transcription and production of
IL6 in primary astrocytes stimulated by LPS/zVAD but not by
LPS alone (Fig. 1, F and G; and Fig. S2 D). Treatment of zVAD
alone did not induce primary astrocytes to produce IL6 (Fig. S2
E). The viability of astrocytes was not affected by LPS or LPS/
zZVAD (Fig. S2 F). Consistently, mutant mouse primary as-
trocytes with genetic inactivation of RIPK1 kinase by knockin
mutation D138N also showed reduced production of IL6 at later
time points upon stimulation by LPS/zVAD (Fig. 1, H and I).

In addition, we also examined the response of primary
Ripk3~/~ bone marrow-derived macrophages (BMDMs) to LPS/
zVAD stimulation. We found that the transcriptional induction
of 116 in primary Ripk3~/~ BMDMs treated with LPS/zVAD for a
long time was at a higher level than the treatment with LPS alone
(Fig. S2 G). Treatment with Nec-1s inhibited the production of
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Figure 1. LPS/zVAD promotes inflammatory cytokine production with two-phase kinetics. (A-C) BV2 cells were treated as indicated. The transcription
levels of 116 and Tnf were analyzed by RT-qPCR assay. The mean of two or four technical repeats is shown (n = 2-4), and the results are representative of three
independent experiments (A). The cell culture medium was collected and analyzed by ELISA for secretion of TNFa and IL6. The mean of three independent
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experiments is shown (B). The cell lysates were immunoprecipitated (IP) with anti-p-S166 of RIPK1 antibody. The immunoprecipitates and cell lysates were
analyzed by Western blotting (1B) with the indicated antibodies (C). (D) WT and RipkI-KO BV?2 cells were treated as indicated. The secretion levels of IL6 and
TNFa were determined by ELISA. The mean of three technical repeats is shown (n = 3), and the results are representative of two independent experiments. NC,
non-targeted control. (E) Primary astrocytes were treated as indicated. The cell lysates were analyzed by Western blotting with indicated antibodies. The
graph is representative of three independent experiments. (F and G) Primary astrocytes were treated with LPS/zVAD with or without Nec-1s for the indicated
periods of time. The cell culture medium was collected and analyzed by ELISA for secretion of IL6 (F). The transcription levels of Il6 were analyzed by RT-qPCR
assay (G). The mean of two independent experiments is shown (n = 2). (H) Primary WT and RipkIP138N/D138N astrocytes were treated with DMSO or LPS/zVAD
for the indicated period of time. The cell culture medium was collected and analyzed by ELISA for secretion of IL6. The mean of three technical repeats is shown
(n = 3), and the results are representative of two independent experiments. (I) WT and Ripk1P138V/D138N primary astrocytes were treated as indicated for 8 h, and
the cell lysates were collected for immunoblotting with the indicated antibodies. The graph is representative of three independent experiments. LPS 10 ng/ml

(unless indicated); zZVAD 50 uM; Nec-1s 10 uM. Error bars indicate SEM. *, nonspecific band.

IL6 and TNFa in Ripk3-/~ BMDMs treated LPS/zVAD but not with
LPS alone (Fig. S2 H). Treatment with LPS/zVAD induced the
activation of RIPKI, but not cell death, in Ripk3~/- BMDMs (Fig.
S2,1and]J). Taken together, these results suggest that stimulation
with LPS/zVAD can lead to RIPK1 kinase-independent produc-
tion of inflammatory cytokines at early time points as well as
RIPK1 kinase-dependent production of inflammatory cytokines
at late time points in multiple cell types.

Polyinosinic:polycytidylic acid (poly(1:C))/zVAD also promotes
sustained inflammation in an RIPK1-dependent manner

We next investigated if viral infection with caspase inhibition
might also promote sustained inflammatory responses, as viral
genomes often encode caspase inhibitors such as CrmA encoded
by poxviruses that can inhibit both caspase-8 and caspase-1
(Bloomer et al., 2019; Stewart and Cookson, 2016). We used
poly(I:C) to model viral infection. We found that treatment of
BV2 cells with poly(I:C)/zVAD also led to sustained production of
proinflammatory cytokines such as IL6, TNF, and Cxcl2 (Fig. S3
A). Poly(I:C)/zVAD stimulation of BV2 cells led to activation
of RIPK1 (Fig. S3 B). The transcriptional induction of proin-
flammatory cytokines in BV2 cells stimulated by poly(I:C)/zVAD
was inhibited by Nec-1s (Fig. S3 C). Stimulation of BV2 cells with
poly(I:C)/zVAD had no effect on cell survival (Fig. S3 D).

Activation of RIPK1-dependent signaling in response to LPS/
zVAD

We further dissected mechanisms underlying LPS/zVAD-medi-
ated RIPK1 activation. MyD88 is an essential intracellular sig-
naling mediator of TLR4 in cells stimulated by LPS (Takeda
and Akira, 2004). We constructed Myd88-KO BV2 cells using
CRISPR/Cas9. Myd88 KO blocked both p-S166 RIPK1 and cyto-
kine secretion stimulated by LPS/zVAD, including both early
and late peaks (Fig. 2, A and B; and Fig. S4 A). TRIF (encoded by
the TICAM1 gene) is a key mediator of TLR4 signaling and in-
teracts with RIPK1 (Cusson-Hermance et al., 2005; Yamamoto
et al., 2003). Consistently, knockdown of Ticaml also blocked
the activation of RIPKI and production of proinflammatory
cytokines in BV2 cells stimulated by LPS/zVAD (Fig. S4,
B and C).

To probe signaling events dependent upon the RIPK1 kinase
downstream of TLR4, we characterized the profile of p-S166
RIPKI, p-S177/S176 IKKa/B, p-S32/S36 IxBa, p-T180/Y182-p38,
and p-T183/Y185-JNK in BV2 cells stimulated by LPS/zVAD
(Fig. 2 C). We found that at early time points (0.5 and 2 h) when
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p-S166 RIPK1 was not detectable, the addition of Nec-1s had no
effect on the phosphorylation of IKKa/pB, IxBa, p38, or JNK. At
later time points (4, 8, 12, and 24 h), however, the addition of
Nec-1s inhibited the phosphorylation of IKKa/f, p38, or JNK and
slightly reduced the phosphorylation of IkBa. These results
suggest that the activation of RIPKI in BV2 cells with prolonged
stimulation of LPS/zVAD regulates the activation of IKKs and
MAPKSs, including p38 and JNK.

We next considered the role of TNFa signaling, as TNFRI1 is a
well-established pathway to activate RIPK1 (Shan et al., 2018),
and we generated Tnf-KO BV2 cells using CRISPR/Cas9 (Fig.
S4 D). KO of Tnf blocked the appearance of p-S166 RIPK1 with
LPS/zVAD stimulation (Fig. 2, D and E). These results suggest
that TLR4 signal mediators MyD88 and TRIF as well as the au-
tocrine production of TNFa are crucial for mediating RIPK1 ac-
tivation and proinflammatory cytokine production in BV2 cells
treated with LPS/zVAD.

KO of Tnf also reduced the phosphorylation of IKKa/p and
JNK at the late time points (8 h and 12 h) but had little effect at
the early time points (Fig. 2 D). The addition of exogenous TNFa
to Tnf-KO BV2 cells with LPS/zVAD stimulation restored the
appearance of p-5166 RIPK], as well as the levels of p-IKKa/p and
p-JNK, which were reduced upon the addition of Nec-1s (Fig. 2
E). KO of Tnf also blocked the transcription of 116 and I1i at late
time points of LPS/zVAD treatment (Fig. 2 F). Taken together,
these experiments suggest the important function of autocrine
TNFa in promoting the activation of RIPKI kinase and proin-
flammatory cytokine production in cells stimulated by LPS/
zVAD.

Activated RIPK1 forms a signaling complex with TNFR1 in LPS/
ZVAD-treated cells
Since stimulation of TNFRI1 by TNFa is known to promote the
activation of RIPK1 (Shan et al., 2018), we next considered the
possibility that autocrine production of TNFa may activate
TNFRI to promote the activation of RIPK1 in BV2 cells stimulated
by LPS/zVAD. To test this possibility, we immunoprecipitated
TNFRI at different time points after the addition of LPS/zVAD,
and, interestingly, we detected the presence of p-5166 RIPKI in
the TNFRI immunocomplex at 8 and 12 h (Fig. 3 A). Thus, pro-
longed treatment with LPS/zVAD leads to the formation of a
TNFR1/activated RIPK1 complex.

We next used mass spectrometry to explore the components
of this signaling complex associated with activated RIPKI. An
antibody for p-S166 RIPK1 (Ofengeim et al., 2015) was used to

Journal of Cell Biology
https://doi.org/10.1083/jcb.202007127

4 0f 12


https://doi.org/10.1083/jcb.202007127

TR
(: k(J
IV

A WT  Myd88 KO B HEwr
MyD KO
LPS(100ng/ml) = + + + + - + + + + ybss
ZVAD - + + - - -+ + - - = BV2IL6 _ BV2 TNFa
Nec-1s - - + - + - - + - + E 500 P <0000t E
‘D > P <001 S 2500 Bt 55
72-| = IB: p-S166 RIPK1 ~ 600 9_:2000
(8] o
s 1500
7. IB: RIPK1 & uis <
o o
34- o an = o o IB: MyD88 o m1000
J £:200 £ 500
43-|am enemamanananengaan||5: ACTIN S S
>
3 . 0\% q/‘(\ b‘\\ ‘b‘(‘ q/\‘ (@] _\0\0 "]}\ b"(\ %’(‘ \q”(\
N N Q}\ —
\° LPS (100 ng/ml)/zVAD ) LPS (100 ng/ml)/zVAD
C Timeth) 5 2 4 8 12 24 D WT ThiK
5 2 4 8 12 24 o
LPS(10 ng/ml)/zZVAD - + + + + + + + + + + + + Time(h) 52 4 812 52 4 812
Nec-1s - - + - + - + - + - + - + LPS(10 ng/ml)/zZVAD - + + + + + - + + + + +
kD, kD
72| . | 1B: p-5166 RIPK1 AL LR | 1B: p-5166 RIPK1
72| = - - o ow = o0 0 ow n @] [B: RIPK 1 79- IB:RIPK1
[ T =WBEE =~ |B:pS177/5176 IKKa/p R TTwwwey
] w2 B: p-
72_|....."...Q..| IB: IKKw/p 2| MEmES  mE e o | B p-S177/5176 KKl
a8 IB: IKKal/
43-I. R —— _-l IB: p-S32/S36 IkBa gg:% N ’
B Ll b i
L [Rppppp————— 13| - e e IB: p-T183/Y185 JNK1/2
* -
B ST E8ass. &~ = 5| IB: p-T180/Y182 p38 5 B: INKAf
R SRR 735 sesessccssses
56- D ———— Rt
Sesmee = = = B p-T183/Y185 JNK1/2 I |
43- - - e -
55-
SOOLOOOBOOBBB® |\ 1/
43- | o000 ss
55- | R |5 TUBULIN
E wWT TnfKO F I NG
ZVAD - + + + + + + - + + + + + + T’”EOSW
LPS(1Ong/ml) - + + - - + + - + + - - + + -;Z;Kg 335
TNF-a - - - + + + + - - - + + + + TnfKO sg4
Nec—;;--+-+-+--+-+-+ BV2 II6
70.| Brmeme = aaW@® B p-S177/S176 IKKa/B e BV2 Ii1b
SHLS 14 37 AT T T T T RN Pt © 40 P=005
= e s p-T183/Y185 UNK1/2 o '°° P =005, ) P =001
43- ""-"-_ it fmdibocdt.. © 80 a
¥ ¥z ) o
B 60 he]
e « @ |BpsiesRPKI o . 2
< <
72_|-...-Im|15: IKKa/B Z 2 =
. IB: JNK1/2 & W
N
- et \*
N \«\\\

7 ) o )
70. W-| IB:RIPK1 ?6\\
v
55- W| IB:-TUBULIN

Figure 2. TLR mediates the activation of RIPK1 kinase in an Myd88 and TNFa pathway-dependent manner. (A) WT and MyD88-KO BV2 cells were
treated as described for 8 h. The cell lysates were analyzed by Western blotting (IB) with the indicated antibodies. (B) WT and MyD88-KO BV2 cells were
treated with DMSO or LPS/zVAD for the indicated periods of time. The cell culture medium was collected and analyzed by ELISA for secretion of TNFa and IL6,
and the mean of three technical repeats is shown (n = 3). The results are representative of two independent experiments. (C and D) WT and Tnf-KO BV?2 cells
were treated as indicated, and cell lysates were analyzed by Western blotting with the indicated antibodies. (E) WT and Tnf-KO BV2 cells were treated as
indicated for 8 h, and the cell lysates were analyzed by Western blotting with the antibodies indicated. (F) Control or Tnf-KO BV2 cells were treated as
indicated for 8 h. The transcription levels of Il1b and Il6 were analyzed by RT-qPCR assay, and the mean of two independent experiments is shown. LPS, 10 ng/ml
or 100 ng/ml; zVAD, 50 uM; TNFa, 100 ng/ml; Nec-1s, 10 uM. Error bar represents SEM. Asterisks indicate nonspecific bands.

Huang et al. Journal of Cell Biology 5 of 12
Caspase inhibition prolongs inflammation https://doi.org/10.1083/jcb.202007127


https://doi.org/10.1083/jcb.202007127

A

Time(h)
LPS/zVAD -

Nec-1s - - -
kD

70 na— L =0 |
55| IR - 8 & 1B TNFRI

72- &  (|B: p-S166 RIPK1

72-| (NN - =Pk
55-(15 55 1 BRI 5 B 0% 1% 1B: TNFRI

55-
R |5: TUBULIN

IB: p-S166 RIPK1

[44NL di

induj

C

LPS/zVAD - + +

Nec-1s - - +
kD 5
95- B:A20 |
 IKKa/B | @
(o2}
-TAB2 |
X
|~ | IB: TAB! g
- RIPK1
95-
W v
72-| —-||5: RIPK1
72-[- & 1iB: p-5166 RIPK1
BTE==1B: A20 _
= ) =)
S =@ 5: kKo 8
70- [N B: TAB2
43| | 1B: TAB1
43-[guanem|1B: ACTIN

TR
(: k(J
IV

B timey 5 2 4 8
LPS/zVAD - + + + + + + + +

Nec-1s - - + - + - + - +
IP: p-S166 RIPK1
IB: HOIP
3
IB: p-S166 RIPK1 | &
3
IB: Caspase-8 @
co
IP: SHARPIN
IB: RIPK1
IB:p-S166-RIPK1 | 55
_|
>
2
IB: RIPK1
IB: TAK1
130{mseess s S isn| IB: HOIP
. IB: p-S166 RIPK1
724
72 ases| |B: RIPK1 =
o
: <
70| N BEEEMS| 'B: TAKI
551m| IB: Caspase-8
EF~y 7 Y 7V YV Y Y 7V .
IB: SHARPIN
850888888
55 {anesesenaseseneses| B: TUBULIN

Figure 3. The formation of TNFR1-activated RIPK1 complex in cells treated with LPS/zVAD. (A and B) BV2 cells were treated as indicated. The cell
lysates were immunoprecipitated (IP) with anti-TNFR1 antibody (A) or with anti-caspase-8 or anti-TAK1 antibody as indicated (B). The immunoprecipitates and
cell lysates were analyzed by Western blotting (IB) with the indicated antibodies. (C) BV2 cells were treated as described for 8 h. The cell lysates were
immunoprecipitated with anti-p-S166 RIPK1 or anti-RIPK1 antibody. The immunoprecipitates and cell lysates were analyzed by Western blotting with the

indicated antibodies. LPS, 10 ng/ml; zVAD, 50 uM; Nec-1s, 10 uM.

isolate the complex associated with activated RIPK1 in BV2 cells
stimulated with LPS/zVAD in the presence or absence of Nec-1s
for 8 h. Interestingly, activated RIPK1 was found in association
with multiple known components of TNFR1 complex I, such as
TRADD, TRAF1/2 (TNFR-associated factor 1/2), TAKl1 (TGF-
B-activating kinase-1)/TAB1/2, A20, HOIP, and IKKs, as well as
components of complex II, such as FADD, caspase-8 and cFLIP,
which was inhibited by Nec-1s (Table S1). The presence of this
signaling complex associated with activated RIPK1 in LPS/zVAD
treated cells was further confirmed by immunoprecipitation.
p-S166 RIPK1 was able to coimmunoprecipitate with caspase-8,
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HOIP, SHARPIN, and TAKI1 at the 8-h time point, but not earlier,
with LPS/zVAD stimulation (Fig. 3 B). The binding of activated
RIPK1 with caspase-8, HOIP, SHARPIN, TAKI, TAB1/2, IKKa/p,
and A20 was blocked by Nec-1s (Fig. 3, B and C). Thus, LPS/
zVAD stimulation leads to the interaction of RIPK1 with MyD88/
IRAKs (IL-1 receptor-associated kinases) in the LPS signaling
pathway independent of RIPK1 activity in the early phase, while
the activation of RIPK1 promotes the formation of a signaling
complex associated with TNFR1, which can lead to the produc-
tion of proinflammatory cytokines in the late phase to mediate
sustained inflammation.
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Cytokine production induced by LPS/zVAD is regulated by
FADD/Casp8 and NF-kB

To elucidate the mechanism of RIPKl-mediated cytokine in-
duction, we generated BV2 cells with KO of RelA (Rela KO), one
of the central elements of the canonical NF-«B pathway, using
CRISPR/Cas9. In Rela-KO BV2 cells stimulated by prolonged LPS/
zVAD treatment, the late transcription of CXCL2, IL1B, and IL6
was reduced to variable degrees, and the addition of Nec-1s could
still reduce their transcription at later time points (Fig. S4, E-G),
suggesting the partial involvement of RelA/p65 in the late time
points with LPS/zVAD stimulation.

Since FADD is critical for mediating the activation of caspase-
8, which is inhibited by zVAD in our model, we next investigated
the role of FADD in the cytokine production in BV2 cells stim-
ulated by LPS. We found that FADD KO in BV2 cells had the
opposite effect on the transcription of 116 in the early versus late
phase when stimulated by LPS alone (Fig. 4 A): KO FADD re-
duced the transcription of 116 (<8 h), but it increased the tran-
scription of Il6 with prolonged LPS stimulation (>16 h).
Similarly, KO of caspase-8 reduced the transcription of 116 (~1
h), but it highly stimulated the transcription of 116 with pro-
longed LPS treatment (>16 h; Fig. 4 B).

We next investigated the role of FADD in this RIPKI-
dependent signaling complex. FADD is a DD-containing adap-
tor protein that directly interacts with RIPK1-DD in complex II
(Shan et al., 2018). Indeed, we detected robust interaction of
activated RIPK1 with FADD in BV2 cells stimulated by LPS/
zVAD, which was blocked by Nec-1s (Fig. 4 C). The binding
of FADD and RIPK1 in BV2 cells stimulated by LPS/zVAD was
TNFa dependent, as KO of TNF reduced the binding (Fig. 4 D).
Interestingly, although FADD KO enhanced the activation of
RIPK1(p-S166) in the absence or presence of stimulation, LPS/
zVAD-stimulated phosphorylation of IKKs was reduced by FADD
KO (Fig. 4 E). The transcription of 116 in FADD-KO or caspase-
8-KO BV2 cells induced by LPS was strongly inhibited by Nec-1s
(Fig. 4, B and F). Caspase-8 KO stimulated the activation of RIPK1
but did not affect the binding of RIPK1 with FADD (Fig. S5 A).
Taken together, these results suggest that activated RIPKI1 re-
cruits the key mediators of NF-«B to promote an inflammatory
response with prolonged LPS/zVAD treatment, while FADD or
caspase-8 deficiency further enhances the activation of RIPK1 to
promote the transcriptional induction of proinflammatory cy-
tokines with prolonged LPS stimulation.

Discussion

In this study, we investigated the interaction of RIPK1 and cas-
pases in the context of LPS stimulation. We found that caspase
inhibition with either LPS or poly(L:C) stimulation leads to a
biphasic kinetics of proinflammatory cytokine production: an
early phase mediated by an RIPK1 scaffold-dependent but
kinase-independent mechanism and a late phase mediated by a
mechanism dependent upon both the scaffold and kinase func-
tions of RIPKI. Prolonged treatment with LPS/zVAD promotes
the formation of a complex including activated RIPK1 and the
key components of the NF-«B signaling complex, and thus, both
kinase activity and scaffold functions of RIPK! are involved in
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mediating proinflammatory cytokine production in the late
phase. With prolonged LPS stimulation and caspase inhibition,
the activated RIPK1 serves to promote the scaffold function of
RIPK1, which in turn recruits the key signaling mediators of the
NF-«B pathway to mediate the activation of inflammatory re-
sponses. Our study provides insights into the mechanism by
which the kinase activity of RIPK1 may regulate its scaffold
function. Since the canonical NF-«B signaling is regulated in-
dependent of RIPK1 kinase, the formation of an RIPKI1 kinase-
dependent NF-«B signaling complex with caspase inhibition
provides an alternative mechanism, which we would like to
term an “uncanonical NF-«B signaling” pathway, that may be
involved in mediating RIPK! kinase-dependent inflammatory
processes under pathological conditions (Fig. S5 B). This unca-
nonical NF-«B signaling is positively regulated by RIPK1 kinase
and negatively regulated by FADD and caspase-8. The complex
that we have identified here includes activated RIPK1, IKKs,
FADD, and caspase-8 functions differently from that of the
“FADDosome” that mediates inflammatory response down-
stream of TRAIL (TNF-related apoptosis-inducing ligand) sig-
naling, where FADD and caspase-8 were found to promote
inflammation (Henry and Martin, 2017), which might be similar
to the early phase with LPS/zVAD stimulation. Since mutant
mice with conditional deletion of caspase-8 and FADD in intes-
tinal epithelial cells develop colitis and ileitis that model human
inflammatory bowel disease (Schwarzer et al., 2020), this un-
canonical NF-«B signaling pathway involving activated RIPK1
and NF-«B regulators may promote chronic inflammation in
human inflammatory conditions.

MyD88 is a key signal mediator for all TLRs except TLR3
(Kawai and Akira, 2010). The binding and activation of IRAKs by
MyD88 activate E3 ubiquitin ligase TRAF6 and TAKI, which in
turn promote the activation of NF-«B signaling. This canonical
NF-«B pathway mediates the transcription of proinflammatory
genes and cytokines in cells stimulated by LPS alone and is likely
responsible for the early induction of proinflammatory genes
and cytokines in cells stimulated with LPS/zVAD as well. Pro-
longed stimulation of LPS/zVAD leads to a second wave of
proinflammatory gene expression that is activated by autocrine
production of TNFa and mediated by TNFR1, which forms a
signaling complex including activated RIPK1, FADD, caspase-8,
cFLIP, TRADD, TRAF1/2, TAK]1, A20, HOIP, SHARPIN, and IKKs.
Since this second wave of proinflammatory cytokine production
can be enhanced by FADD and caspase-8 KO, our results reveal a
mechanism by which FADD/caspase-8 suppress RIPK1 kinase in
the TLR signaling pathway to negatively regulate the inflam-
matory response.

Our data provide further insights into the mechanism by
which caspases negatively regulate the activation of RIPKI in
cells stimulated by TLR ligands in bacteria and viruses. TLR4-
mediated activation of caspase-8 has been reported to occur in
retinal ganglion cells in an acute glaucoma model (Chi et al.,
2014). Activation of caspase-8 has also been found in microglia
in response to LPS stimulation to regulate the inflammatory
response without triggering cell death (Burguillos et al., 2011).
Furthermore, the dysregulated activation of caspase-8 in neu-
roinflammation was also found in pathological conditions (e.g.,
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Figure 4. RIPK1 kinase activity-regulated cytokine production is FADD/caspase-8 dependent. (A) WT or Fadd-KO BV2 cells were treated as indicated.
The transcription levels of Il6 were analyzed by RT-qPCR assay, and the mean of three technical repeats (n = 3) is shown. The results are representative of two
independent experiments. (B) WT and Casp8-KO BV2 cells were treated as indicated, and the transcription levels of /6 were measured by RT-qPCR assay. The
mean of three technical repeats (n = 3) is shown. The results are representative of three independent experiments. (C) BV2 cells were treated as indicated. The
cell lysates were immunoprecipitated (IP) with an anti-FADD antibody. The immunoprecipitates and cell lysates were analyzed by Western blotting (IB) with
the indicated antibodies. (D) Control and Tnf-KO BV2 cells were treated as indicated for 8 h. The cell lysates were immunoprecipitated with anti-FADD
antibody. The immunoprecipitates and cell lysates were analyzed by Western blotting with the indicated antibodies. (E) WT or Fadd-KO BV2 cells were treated
as indicated for 8 h, and the cell lysates were analyzed by Western blotting with the indicated antibodies. NC, non-targeted control. (F) WT or Fadd-KO BV2
cells were treated as indicated. The transcription levels of /6 were analyzed by RT-qPCR assay. LPS, 10 ng/ml; zVAD, 50 uM; Nec-1s, 10 uM. Error bar indicates
SEM.
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in animal models of multiple sclerosis and postmortem patho-
logical samples of patients with multiple sclerosis; Ofengeim
et al., 2015). Since we found that this biphasic production of
proinflammatory cytokines occurs without cell death, our re-
sults demonstrate a sustained proinflammatory cytokine pro-
duction mechanism mediated by RIPK1 kinase activity that
involves the NF-«B pathway. Inflammation is often recognized
as a double-edged sword, with early response implicated in the
clearance of pathogens, while sustained inflammation often
leads to pathology. Our results suggest that early and transient
activation of inflammation mediated by the NF-«B pathway in-
dependent of RIPK1 may primarily serve a beneficial function,
while prolonged inflammatory conditions mediated by RIPK1
kinase may lead to deleterious consequences as in chronic in-
flammatory conditions.

Materials and methods

Reagents and antibodies

The following reagents were commercially purchased: LPS
(Sigma-Aldrich; catalog no. L2630); zVAD.fmk (Selleckchem;
catalog no. 187389-52-2), and recombinant mouse TNFa (No-
voprotein; catalog no. CF09), R-7-Cl-O-Nec-1 (Nec-1s; custom
synthesized) antibodies from Cell Signaling Technology against
IxBa (catalog no. 4814 from rabbit), p-IxBa (Ser32; catalog no.
2859 from mouse), p65 (catalog no. 8242 from rabbit), p-p65
(Ser536; catalog no. 3033 from rabbit), IKKa (catalog no. 2682
from rabbit), IKK (catalog no. 8943 from rabbit), RIPK1 (catalog
no. 3493 from rabbit), caspase-8 (catalog no. 4927 from rabbit),
TNFRI (catalog no. 13377 from rabbit), p38 (catalog no. 9212 from
rabbit), p-p38 (catalog no. 4511 from mouse), p-JNK1/2 (catalog
no. 4668 from rabbit); and JNK1/2 (catalog no. 9252 from rabbit)
and rabbit anti-a-tubulin (catalog no. PM054) from MBL. Rabbit
anti-SHARPIN (catalog no. 18474-1-AP) was from ProteinTech.
Rabbit anti-FADD (catalog no. 124812) was from Abcam, and
rabbit TNFRI antibody (catalog no. MAB430) was from R&D
Systems. Goat FADD antibody (catalog no. sc-6036) and mouse
caspase-8 antibody (catalog no. sc5263) for immunoprecipita-
tion were from Santa Cruz Biotechnology. Rabbit anti-p-S166
RIPK1 (BX60008) and rabbit anti-RIPKI (BX60005) were from
MJS BioLynx. Mouse anti-HOIP antibody and mouse anti-A20
antibody were produced in-house. HRP-conjugated goat anti-
rabbit IgG (H+L) secondary antibody (catalog no. 31460) and
HRP-conjugated goat anti-mouse IgG (H+L) secondary antibody
(catalog no. 31430) were from Thermo Fisher Scientific.

Animals

RipkIPBSN/DIEN mice were generated using the CRISPR/Cas9
system. Briefly, the mixture of single-guide RNA (sgRNA), donor
DNA, and Cas9 mRNA was microinjected into the zygotes of
C57BL/6 mice; sgRNA (5'-TGACAAAGGTGTGATACACA-3’') tar-
geted exon 4 of RIPKI1 to direct Cas9 endonuclease to specifically
cut the RIPKI gene and induced a double-stranded break, then
mutated the aspartate (GAC) to asparagine (AAC) at position 138
of RIPKI1 through donor DNA-mediated homology-directed re-
pair. RipkIPBEN/DISN mice had been backcrossed to a C57BL/6
background over 10 generations. All animals were maintained in
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a specific pathogen-free environment, and animal experiments
were conducted according to the protocols approved by the
Standing Animal Care Committee at the Interdisciplinary Re-
search Center of Biology and Chemistry, Shanghai Institute of
Organic Chemistry.

Cell culture and treatments

Mouse microglial cell line BV2, human embryonic kidney
HEK?293T cells (American Type Culture Collection; catalog no.
CRL-3216), mouse fibroblast cell line 1929 (American Type
Culture Collection; catalog no. CCL-1), primary astrocytes, and
primary BMDMs were cultured in DMEM (Gibco) supplemented
with 10% FBS (Gibco) and 1% penicillin and streptomycin. Cells
were cultured at 37°C in a humidified atmosphere with 5% CO,.
DMSO (<0.2%) was used as a vehicle-only control. Primary as-
trocytes were derived from cerebral cortices of neonatal mice.
The cortices were lysed, and the resuspended cells were cultured
for 14 d, followed by shaking for 8 h at 220 rpm to remove mi-
croglia and oligodendrocytes, and astrocytes were digested by
trypsin and seeded to plates as needed for experiments. Primary
BMDMs were isolated from bone marrow of posterior limbs of
mice (14 wk of age). After selectively lysing RBCs, the remaining
cells were induced to differentiate for 7 d in conditioned culture
medium from L929 cells.

Cell viability assay

General cell survival was measured by the ATP luminescence
assay CellTiter-Glo (Promega; catalog no. G7570). The percent-
age of viability was normalized to readouts of DMSO-treated
cells. Cell death was determined by propidium iodide staining,
and the percentage of propidium iodide-positive cells was nor-
malized to a positive control treated with 0.1% Triton X-100 for
10 h. All experiments were conducted in 384-well plates with at
least three biological replicates. Data were collected using a
multimode plate reader (PerkinElmer).

Virus packaging and transduction

Recombinant lentivirus was packaged in HEK293T cells trans-
fected with packaging plasmids. Specifically, one well of HEK293T
cells in six-well plates was transfected with 2 pg plasmids, in-
cluding 1 pg expression vector (LentiCRISPR version 2 vector,
catalog no. 52961; Addgene) and the packaging plasmids (0.25 pig
pMD2.G, catalog no. 12259, and 0.75 pg psPAX, catalog no. 12260;
Addgene). 72 h later, the media containing the virus were col-
lected and filtered through a 0.45-um polyvinylidene difluoride
membrane (Millipore-Sigma). Transduction was performed
by incubating cells with virus-containing media in the presence
of 8 pg/ml polybrene for 48 h. Cells were then selected with
5 pg/ml and 10 pg/ml puromycin successively (72 h for each
concentration).

Quantitative PCR (qPCR) analysis

Total RNA was extracted and purified using RNAiso Plus Rea-
gent (Takara). Total RNA from primary astrocytes and BMDMs
was extracted using the RNeasy Mini Kit (Qiagen; catalog no.
74104). Reverse transcription reactions were performed with
M-MLV reverse transcription (Takara; catalog no. 2640A). For
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qPCR, SYBR Green Master Mix (Biotool; catalog no. 2120) was
used in the QuantStudio 7 Real-Time PCR System (Applied Bi-
osystems), and the PCR conditions were 50°C for 2 min and 95°C
for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Fold
induction of gene expression was calculated using AACt (cycle
threshold) method. Namely, Ct values for genes of interest were
normalized to Ct values of B-actin (mouse) and then to those of
DMSO groups. The following primers were used: 116, forward,
5'-GACAAAGCCAGAGTCCTTCA-3’, reverse, 5'-TGGTCCTTA
GCCACTCCTTC-3'; Tnf, forward, 5'-ATGAGAAGTTCCCAAATG
GC-3’, reverse, 5 '-CTCCACTTGGTGGTTTGCTA-3'; Cox2, for-
ward, 5'-CCCTGCTGCCCGACACCTTC-3', reverse, 5'-CCAGCA
ACCCGGCCAGCAAT-3'; Cxcl2, forward, 5-CTCTCAAGGGCG
GTCAAAAAGTT-3', reverse, 5 '-TCAGACAGCGAGGCACATCAG
GTA-3'; Nos2, forward, 5 -GGAATTCACAGCTCATCCGGTA-3/,
reverse, 5 '-ACCAGAGGCAGCACATCAAA-3'; Ilib, forward, 5'-
TGAAGTTGACGGACCCCAAA-3', reverse, 5 '-AGCTTCTCCACA
GCCACAAT-3'; Actin, forward, 5'-GAGATTACTGCCCTGGCTCCT
A-3', reverse, 5 '-TCATCGTACTCCTGCTTGCTGAT-3'.

Plasmid construction

The annealed sgRNA oligonucleotides were cloned into Lenti-
CRISPR version 2 vector (Addgene; catalog no. 52961). All plas-
mids were confirmed by sequencing. The following sgRNAs
were used: sgRIPK1 Sense (S): 5-CACCGACCTAGACAGCGG
AGGCTTC-3', sgRIPK1_Antisense (AS): 5'-AAACGAAGCCTCCGC
TGTCTAGGTC-3'; sgFADD #1_S: 5'-CACCGTTCGTTTGCTCACGCG
CTCG-3', sgFADD#1_AS: 5'-AAACCGAGCGCGTGAGCAAACGAA
C-3'; sgFADD #2_S: 5'-CACCGGCGCGTGAGCAAACGAAAGC-3/,
sgFADD #2_AS: 5'-AAACGCTTTCGTTTGCTCACGCGCC-3'; sgTNFa
#1_S: 5'-CACCGAGAAAGCATGATCCGCGACG-3', sgINFa #1_AS:
5'-AAACCGTCGCGGATCATGCTTTCTC-3'; sgTNFa #2_S: 5'-CAC
CGTCGGGGTGATCGGTCCCCAA-3', sgTNFa #2_AS: 5-AAACTT
GGGGACCGATCACCCCGAC-3'; sgTNFa #3_S: 5'-CACCGCATGATC
CGCGACGTGGAAC-3', sgTNFa #3_AS: 5-AAACGTTCCACGTCG
CGGATCATGC-3'; sgTNFa #4_S: 5'-CACCGCGGGGTGATCGGTCCC
CAAA-3', sgTNFa #4_AS: 5'-AAACTTTGGGGACCGATCACCCCGC-
3’; sgRela_S: 5'-CACCGATCGAACAGCCGAAGCAACG-3', sgRela_
AS: 5'-AAACCGTTGCTTCGGCTGTTCGATC-3'; sgMyD88_S: 5'-CAC
CGCCCTTGGTCGCGCTTAACGT-3', sgMyD88_AS: 5'-AAACACGTT
AAGCGCGACCAAGGGC-3'; sgCasp8_S: 5'-CACCGAGTCTAGGAAGT
TGACCAGC-3’, sgCasp8_AS: 5'-AAACGCTGGTCAACTTCCTAGACT
C-3'.

RNAi

BV2 cells were transfected with 25 nM siRNA using Lipofect-
amine RNAiMAX (Invitrogen) following the manufacturer’s
instruction. The sense sequence of mouse Ticaml siRNA is 5'-
CTGGCTGAGGAGAACCTGTG-3'. The sequence for knockdown
efficiency confirmation is forward, 5-CTGGCTGAGGAGAAC
CTGTG-3', reverse, 5'-TGGCTGATCTCTAGGTGGCT-3'".

Immunoprecipitation

After cells were treated as described, media were removed,
plates were placed on ice, and cells were washed with ice-cold
PBS. Cells were then lysed in precooling NP-40 lysis buffer
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
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EGTA, 1% NP-40, 5 mM NaF, 1 mM B-glycerophosphate) sup-
plemented with protease inhibitor cocktail (Biotool), sodium
orthovanadate, and PMSF. Cell lysates were incubated on ice
for 10 min and clarified at 15,000 x g for 15 min at 4°C. Lysates
were then incubated with corresponding antibodies overnight,
followed by incubation with protein G agarose (Thermo Fisher
Scientific) for 4 h at 4°C. After four washes with cold NP-40
lysis buffer, the beads were boiled in SDS loading buffer
(50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 50 mM
DTT) for 10 min.

Western blotting

Cell extracts or immunoprecipitates in SDS loading buffer were
analyzed by SDS-PAGE. After transfer of resolved proteins to
nitrocellulose membrane (EMD Millipore), the membranes were
blocked with 5% BSA in 0.1% Tween with TBS for 30 min at
room temperature and then successively incubated with pri-
mary antibodies overnight at 4°C and the peroxidase-coupled
secondary antibody for 2 h at room temperature. Proteins
were visualized by ECL. All immunoblots from cell samples were
repeated at least two or three times independently with similar
results.

Sample preparation for mass spectrometry

BV2 cells were treated with DMSO or 10 ng/ml LPS and 50 pM
zVAD with or without 10 uM Nec-1s for 8 h. Cell lysates were
collected and successively incubated with the indicated antibody
and protein G agarose for immunoprecipitation. The protein G
agarose/protein complexes were washed with NP-40 lysis buffer
five times and double-distilled water five times.

Mass spectrometry

The binding proteins of activated RIPK1 were immunoprecipitated
using anti-pS166 RIPK1 antibody and were trypsin digested on
beads. The desalted peptides were analyzed on a Q Exactive HF-X
Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific). Protein identification was performed using Proteome
Discoverer 2.2. The tandem mass spectra were searched against
the UniProt mouse protein database. The precursor tolerance was
set as 10 parts per million, and the fragment mass tolerance was
set as 0.02 D. The cysteine carbamidomethylation was set as a
static modification, and the methionine oxidation and protein
N-terminal acetylation were set as variable modifications. The
false discovery rates at peptide spectrum match level and protein
level were controlled below 1%.

ELISA

Culture supernatants were collected, and commercial ELISA kits
(R&D Systems) were used according to the manufacturer’s in-
structions for measuring TNFa (catalog no. DY410) and IL6
(catalog no. DY406) secretion.

Statistics

Statistical analysis was performed using GraphPad Prism 5
software (GraphPad Software, Inc.). In all tests, a 95% confi-
dence interval was used, for which P < 0.05 was considered a
significant difference. The statistical comparisons were performed
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using an unpaired two-tailed Student’s t test between two
groups, or one-way ANOVA with Dunnett’s multiple compari-
son test among multiple groups with a single control, or two-
way ANOVA with Bonferroni’s multiple comparison test among
different groups. Each experiment was repeated at least two or
three times.

Online supplemental material

Fig. S1 demonstrates that RIPK1 kinase activity regulates cyto-
kine production with LPS/zVAD stimulation in the absence of
cell death in BV2 cells. Fig. S2 shows that RIPK1 kinase activity
regulates cytokine production with LPS/zVAD stimulation in
primary astrocytes and BMDMs. Fig. S3 displays the RIPK1
kinase-dependent inflammation induced by other TLR path-
ways. Fig. S4 portrays the effect of Myd88, TRIF, and NF-«B
pathways in LPS/zVAD-induced inflammation. Fig. S5 illustrates
the effect of caspase-8 in RIPK1-FADD interaction and summa-
rizes the mechanism scheme of RIPKI1 kinase-dependent in-
flammation. Table S lists peptides of the proteins interacting
with activated RIPK1 identified by mass spectrometry.
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Figure S1. RIPK1 kinase activity regulates cytokine production with LPS/zVAD stimulation. (A) BV2 cells were treated for different time periods as
indicated. The transcription levels of Cox2, Cxcl2, and Nos2 were analyzed by RT-qPCR assay. The mean of two or four technical repeats (n = 2 or 4) is shown.
The results are representative of two independent experiments. (B) RIPK1-KO BV2 cells were reconstituted with WT RIPK1 or D325H RIPK1 mutant and treated
as indicated. Cell lysates were analyzed by Western blotting (IB) with the indicated antibodies, and the transcription levels of Il6 were determined by RT-gPCR
assay. The mean of three technical repeats (n = 3) is shown, and the results are representative of three independent experiments. (C) The culture medium from
BV2 cells treated with LPS or LPS/zVAD for the indicated periods of time was assayed for IL6 levels using an ELISA kit, and the mean of two independent
experiments (n = 2) is shown. (D) BV2 cells were treated as indicated. zZVAD treatment was for 24 h. The cell culture medium was collected and analyzed by
ELISA for secretion of TNFa and IL6, and the mean of three independent experiments is shown (n = 3). (E and F) BV2 cells were treated as indicated; cell
viability was determined by CellTiter-Glo assay (E); and cell death was determined by propidium iodide (PI) staining (F). The mean of three independent
experiments is shown (n = 3). LPS, 10 ng/ml or 100 ng/ml as indicated; zZVAD, 50 uM; Nec-1s, 10 uM. Error bar represents SEM.
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Figure S2. RIPK1 kinase activity regulates cytokine production with LPS/zVAD stimulation in primary astrocytes and BMDM:s. (A) Cell lysates from
the indicated types of cells were analyzed by Western blotting (IB) with the indicated antibodies. (B) Primary astrocytes were treated as indicated, and the cell
lysates were collected for Western blotting with the indicated antibodies. (C and D) Primary mouse astrocytes were treated as indicated. The transcription and
secretion levels of IL6 were measured by RT-qPCR assay (C) and ELISA (D), respectively. The mean of three technical repeats (C; n = 3) or the mean of two
independent experiments (D; n = 2) is shown. (E) Primary astrocytes were treated as indicated for 8 h. The cell culture medium was collected and analyzed by
ELISA for secretion of IL6. The mean of three technical repeats (n = 3) is shown, and the results are representative of two independent experiments. (F) Cell
viability of primary astrocytes treated as indicated was determined by propidium iodide (PI) staining and CellTiter-Glo assay. The mean of three independent
experiments is shown (n = 3). (G and H) Primary Ripk3~/~ BMDMs were treated as indicated, and cytokine transcription levels were measured by RT-qPCR
assay. IL6 and TNFa secreted in the medium were analyzed by ELISA. The mean of three technical repeats (G; n = 3) or the mean of two independent ex-
periments (H; n = 2) is shown. (1) Primary Ripk3~/~ BMDMs were treated as indicated, and the cell lysates were analyzed by Western blotting with the indicated
antibodies. (J) Cell viability of primary Ripk3~/~ BMDMs treated as indicated was determined by Pl staining. The mean of three independent experiments (n = 3)
is shown. LPS, 10 ng/ml; zVAD, 50 uM; Nec-1s, 10 uM. Error bar indicates SEM. The asterisk in A indicates a nonspecific band.
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Figure S3. RIPK1 kinase-dependent inflammation induced by other TLR pathways. (A and C) BV2 cells were treated as indicated, and cytokine tran-
scription levels were measured by RT-qPCR assay. The mean of three technical repeats is shown (n = 3), and the results are representative of two independent
experiments. (B) BV2 cells were treated as indicated, and the cell lysates were analyzed by Western blotting (IB) with the indicated antibodies. (D) The viability
of BV2 cells treated as indicated was determined by propidium iodide (PI) staining, and the mean of three independent experiments is shown (n = 3). Poly(I:C),
100 pg/ml (unless indicated); zZVAD, 50 pM; Nec-1s, 10 uM. Data are shown as mean + SEM.
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Figure S4. LPS/zVAD-induced inflammation is mediated by Myd88, TRIF, and NF-kB pathways. (A) BV2 cells were treated as indicated for 8 h. The cell
culture medium was collected and analyzed by ELISA for secretion of TNFa and IL6. The mean of three technical repeats is shown (n = 3), and the results are
representative of two independent experiments. (B and C) BV2 cells were treated with siRNA against Trif and LPS/zVAD for the indicated periods of time, and
the cell lysates were analyzed by Western blotting (IB) with the indicated antibodies (B). IL6 and TNFa secretion were measured by ELISA (C). The mean of two
technical repeats is shown (n = 2), and the results are representative of three independent experiments. Knockdown efficiency of Trif in BV2 cells was de-
termined by semiquantitative PCR (B). NC, non-targeted control. (D) Control and Tnf-KO BV2 cells were treated as indicated for 12 h. The cell culture medium
was collected and analyzed by ELISA for secretion of TNFa to confirm KO efficiency. The mean of three technical repeats is shown (n = 3). (E and F) WT and
RelA-KO (sgRela) BV2 cells were treated with LPS/zVAD and with or without Nec-1s for the indicated periods of time. The secretion of IL6 and TNFa in culture
medium was determined by ELISA. The mean of two technical repeats is shown (n = 2), and the results are representative of two independent experiments (E).
The transcription levels of the indicated cytokines were analyzed by RT-qPCR assay. The mean of three technical repeats is shown (n = 2), and the results are
representative of two independent experiments (F). (G) BV2 cells were treated with LPS/zVAD for different periods of time. The reduced levels of p65 in sgRela
BV2 cells were confirmed by Western blotting. LPS, 10 ng/ml; zVAD, 50 uM; Nec-1s, 10 uM. Data are shown as mean + SEM.
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Figure S5. A model for RIPK1 kinase to recruit NF-kB mediators to promote sustained inflammation. (A) WT and Casp8-KO BV2 cells were treated as
indicated for 8 h, and cell lysates were immunoprecipitated with antibody against FADD. The immunoprecipitates and cell lysates were analyzed by Western
blotting (IB) with the indicated antibodies. (B) A model of the NF-«kB pathway and cytokine production regulated by RIPK1 kinase activity in cells stimulated by
LPS with caspase inhibition. LPS stimulation promotes the formation of an IKK complex and canonical NF-kB signaling, which lead to the increased production
of TNFa. When the enzymatic function of caspase-8 is inhibited, autocrine production of TNFa activates TNFR1, which leads to the formation of another
complex, including the components of complex Il, FADD, cFLIP, caspase-8, and RIPK1. This complex interacts with the canonical NF-kB mediators, such as
HOIP, SHARPIN, TAK1, TAB1/2, and IKKa/B, to mediate the RIPK1 kinase-dependent uncanonical NF-kB pathway to promote the sustained production of
proinflammatory cytokines that can be inhibited by the RIPK1 kinase inhibitor.
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Provided online is one table. Table S1 lists peptides of the proteins interacting with activated RIPK1 identified by
mass spectrometry.
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