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Dysfunctional NF-kB signaling is critically involved in inflammatory bowel
disease (IBD). We investigated the mechanism by which RIPK1 and TRADD, two
key mediators of NF-kB signaling, in mediating intestinal pathology using TAK1
IEC deficient model. We show that phosphorylation of TRADD by TAK1 mod-
ulates RIPK1-dependent apoptosis. TRADD and RIPK1 act cooperatively to
mediate cell death regulated by TNF and TLR signaling. We demonstrate the
pathological evolution from RIPK1-dependent ileitis to RIPK1- and TRADD-co-
dependent colitis in TAK1 IEC deficient condition. Combined RIPK1 inhibition
and TRADD knockout completely protect against intestinal pathology and
lethality in TAK1 IEC KO mice. Furthermore, we identify distinctive microbiota
dysbiosis biomarkers for RIPK1-dependent ileitis and TRADD-dependent coli-
tis. These findings reveal the cooperation between RIPK1 and TRADD in
mediating cell death and inflammation in IBD with NF-kB deficiency and sug-
gest the possibility of combined inhibition of RIPK1 kinase and TRADD as a new
therapeutic strategy for IBD.

Inflammatory bowel disease (IBD), comprising Crohn disease and
ulcerative colitis, is complex chronic inflammatory disorders of the
gastrointestinal tract'. Both genetic and environmental factors are
implicated in the causation of IBD. The intestine epithelial cells (IECs)
constitute a large barrier surface that not only protects mammalian
hosts from the external environment by physical separation but also
allows the colonization by commensal bacteria which, in turn, exert an
important influence on the development and function of the mucosal
immune system?. Dysregulated epithelial cell turnover and apoptosis is
associated with intestinal inflammation, barrier breaches, and

dysbiosis of microbial populations and function in IBD. A breakdown in
the regulatory constraints of mucosal immune responses to enteric
bacteria leads to an exaggerated inflammatory response which in turn
promotes damage to IECs. The success of anti-TNF therapy under-
scores the importance of the TNF pathway in IBD’. However, about
10-30% of IBD patients are unresponsive to anti-TNF, and 40-50% of
patients eventually lose response to anti-TNF therapy*. Understanding
the mechanisms that underlie the pathological evolution in IBD is
critical for us to develop new therapeutics for the treatment of this
disease.
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RIPK1 and TRADD are two death domain-containing signaling
mediators critically involved in mediating TNF and TLR signaling
pathways, which are known to be involved in IBD**. Both TRADD and
RIPK1 are quickly recruited to the intracellular death domain of TNFR1
upon TNF stimulation to form complex I. TRADD is involved in orga-
nizing the ubiquitination in complex I to recruit the key kinase TAK1
and its adapter proteins TAB1/2 to phosphorylate IKKs, which in turn
activate the NF-kB pathway’. TAK1 is also implicated as a regulator of
RIPK1 by direct phosphorylation®. TAK1 inhibition sensitizes cells to
RIPK1 kinase-dependent apoptosis (RDA) upon TNF or LPS
stimulation®°. Blocking NF-kB pathway in cells stimulated by TNF can
promote RIPK1-independent apoptosis (RIA) which can be blocked by
TRADD deficiency", but not by inhibition of RIPK1 kinase. The rela-
tionship between RDA and RIA, both of which can be activated by TNF,
is unclear.

NF-kB pathway is the core regulator of the immune response
involved in the dysregulated inflammatory response in IBD'2. GWAS
analysis has identified TAB1/2 as IBD-related genes™"*. Mice with TAB1/
2 double knockout, specifically in IECs, develop spontaneous intestine
pathology, which resembles TAK1 IEC-specific knockout mice”.
Enterocyte-specific deletion of TAK1 promote severe TNF dependent
intestinal pathology in newborn mice but TNF independent intestinal
pathology in adult mice'®”. Thus, TAK1 IEC KO mice might provide an
interesting model to investigate TNFR1 dependent and independent
mechanisms in IBD.

Here, we demonstrate that TRADD and RIPK1 act cooperatively in
mediating pathological progression in IECs under TAK1 deficient
conditions. TAK1 directly modulates the activation of TRADD by
phosphorylation. TRADD cooperates with RIPK1 kinase to promote
ileitis and colitis in both neonatal and adult TAK1 IEC-specific knockout
mice. We further reveal that gut microbiota contributes to TRADD-
dependent caspase-8 activation in adult mice, and the contribution of
RIPK1 and TRADD-dependent cell death and inflammation to micro-
biome dysbiosis. In sum, our work uncovers the cooperative effect and
pathological progression from RIPK1-dependent to TRADD and RIPK1
co-dependent pathology in this IBD model.

Results
RIPK1 kinase inhibition protects early-stage ileitis and colitis in
newborn Tak1™*° mice
To investigate the role of RIPK1 kinase in IBD using newborn Tak1*°
mice (TakFVillin®*), we first generated TakI"™*° RipkIPVP13N mice
which carried a kinase-dead knock-in substitution mutation D138N in
the endogenous RIPK1 locus™. Newborn Tak1®*° mice spontaneously
developed severe ileitis and colitis, manifesting with epithelial erosion
and increased neutrophil infiltration (Fig. 1a, b and Supplementary
Fig.1a, b). Inhibition of RIPK1 kinase in newborn Tak1=*° Ripk1PB3sV/P138N
mice at PO displayed a normal intestine length and architecture with-
out inflammation in both ileum and colon (Fig. 1a-c and Supplemen-
tary Fig. 1a, b). Increased mRNA levels of proinflammatory cytokines
and chemokines, such as Ccl2, Ccl5, Cxcll, Cxcl2, and Il-1B, were
detected in the ileum, but not in the colon, of TakI"™*° mice at PO,
which was inhibited by RipkI°PVP138V (Supplementary Fig. 1c).
Increased caspase-8 activation and IEC apoptosis, indicated by cleaved
caspase-8(CC8) and caspase-3(CC3) staining, were detected in both
ileum and colon of newborn TakI®“*° mice at PO, which were blocked
by the inactivation of RIPK1 kinase (Fig. 1a, b and Supplementary
Fig. 1a, b). The loss of goblet cells, showed by AB-PAS staining, in the
ileum and colon of Tak1®™*° mice at PO, was rescued by inhibition of
RIPK1 in TakI"“*° Ripk1PP*VPB8N mice (Supplementary Fig. 1a, b). These
results revealed the critical role of RIPK1 kinase in mediating ileitis and
colitis in newborn mice with TAK1 deficiency.

Inhibition of RIPK1 in TakI®*° Ripk1P>VPB8N mice increased the
survival rate of Tak1®™*° mice (Fig. 1d). At P4, the ileum of TakI*“*°
RipkIPPSVPEEN mice was morphologically indistinguishable from that of

TakP""" RipkIPVPB8N mice in the intestine architecture (Fig. le),
although the evidence of inflammation, including low level increases in
mRNA levels of Cxcll, Cxcl2, Ccl2, II-15, and Tnfa, low levels of activated
caspase-3 as well as infiltration of neutrophils in low numbers, were
present in the ileum of P4 Tak1™*° Ripk1°P138V mijce (Fig. e, f and
Supplementary Fig. 1d-f). In contrast, TakI"™*° RipkIP>VP18V mice at
P4 began to demonstrate morphological evidence of colitis with epi-
thelial erosion and increased neutrophil infiltration, although the
intestinal length of TakI=*° Ripk1°VP138V mice was comparable with
TakP"" Ripk1P*VPBEN mice (Fig. 1g-i and Supplementary Fig. 1g, h).
Increased caspase-8 activation and apoptosis of IECs, as well as the
loss of goblet cells, were also detected in the colon of Tak1*“*°
RipkIPBVPIEN mice (Fig. 1g, h and Supplementary Fig. 1g, h). The mRNA
levels of proinflammatory cytokines, such as Cxcl2 and Tnfa, began
to show elevation, with a few reaching high levels, in the colon of
Tak1™*° RipkIP¥PBN mice on P4 (Supplementary Fig. 1f). These
results suggest that in newborn Tak1®™*° mice, RIPK1 kinase plays an
important role in promoting ileitis and early-stage colitis.

Inhibition of RIPK1 kinase protects ileitis and early-stage colitis
in adult Tak1“" % mice

To investigate the role of TAK1 in maintaining intestinal homeostasis in
adults, we generated mice with tamoxifen-inducible ablation of TAK1
in IECs by crossing TakP"® mice with Villin-cre™®™ mice (hereafter
referred to as TakI“™c*0), Adult TakI“™c*° mice were treated
with tamoxifen for 3 consecutive days to induce TAK1 deletion at the
age of 7-8 weeks (Fig. 1j). Rapid weight loss, diarrhea, and death
were observed within 5 days after tamoxifen-induced TAK1 dele-
tion (Fig. 1k, 1). Inhibition of RIPK1 kinase in adult Tak1“m™Etcko
RipkIPBPSVPEN mice provided partial protection, including delayed
death of TakI“™EX0 mice to 9 days post-induction (dpi) (Fig. 1k),
normal weight until 4 dpi (Fig. 11), the rescue of intestine length to 3 dpi
(Fig. 1m). At 3 dpi, both ileum and colon of adult Tak1“t*°
RipkIPEVPBSN mice exhibited normal architecture without infiltration
of neutrophils, the activation of caspase-3/-8, or loss of goblet cells and
Paneth cells (Fig. 1n, o and Supplementary Fig. 2a, b). RNA-SEQ analysis
of ileum at 3 dpi showed that 1395 genes were upregulated, of which
1087 genes were rescued by RIPK1 kinase inhibition; while 2132 genes
were downregulated, of which 1725 genes were rescued by RIPK1
kinase inhibition (Supplementary Fig. 2c, d). In addition, RNA-SEQ
analysis of the colon showed that 678 genes were upregulated, of
which 532 genes were rescued by RIPK1 kinase inhibition; while 1178
genes were downregulated, of which 763 genes were rescued by RIPK1
kinase inhibition (Supplementary Fig. 2e, f). GO analysis using these
genes upregulated in TakI®™*° mice and rescued by RipkIP&VPBN
revealed RIPK1-dependent upregulation of Type-lI and Type-Il inter-
feron pathways in both ileum and colon at 3 dpi (Supplementary
Fig. 2g, h). Thus, the activation of RIPK1 kinase plays an important role
in dysregulated innate immune response to promote ileitis and early-
stage colitis in adult Tak1“™ 0 mice.

TakI"“m™ECKO RipkIPPSVPISN mice began to lose weight 5 days after
tamoxifen-induced TAK1 deletion (Fig. 1l). Interestingly, the ileum of
TakI®“mECKO RipkPSVPI38N mice at 7 dpi showed no obvious signs of
pathology with normal numbers of Paneth cells and goblet cells, no
apoptosis of IECs, or aberrant neutrophil infiltration (Fig. 1p, q and
Supplementary Fig. 2i, j). Thus, inhibition of RIPK1 kinase alone was
sufficient to block ileitis, at least up to dip7, in adult mice after TAK1
IEC deletion. In contrast, at 7 dpi, TakI““™E“0 RipkPP$VP138N mice began
to demonstrate severe colitis manifested with epithelial erosion, cas-
pase activation, and neutrophil infiltration with almost total loss of
Goblet cells (Fig. 1r, s and Supplementary Fig. 2Kk, I). Thus, RIPK1 inac-
tivation alone was insufficient to fully protect colitis in adult
Tak1™™Ek% mice beyond 5 dpi.

We noted that mRNA levels of Tnfa were significantly increased in
the colon of TakI“™ECKO RipkIPB3VPISN mice at 7 dpi (Supplementary
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Fig. 2m). Blocking TNF pathway via TNF neutralization antibody
restored the colonic architecture in TakI“™Ek0 Ripk1P3VP138N mice at 7
dpi (Fig. 1r). The number of goblet cells in the colon was partially, but not
fully rescued by TNF neutralization (Supplementary Fig. 2k, I). TNF
neutralization also attenuated inflammation indicated by reduced infil-
tration of Ly-6G* neutrophils (Supplementary Fig. 2k, I). However, the

activation of caspase-8 and caspase-3 in TakI“™t 0 RipkIP3VPI3N mice
was not inhibited by TNF neutralization (Fig. 1r, s and Supplementary
Fig. 2k, 1). Collectively, these results suggest that TNF is a contributing,
but not the only factor that mediates the RIPK1-independent colitis.
These results suggest that in adult Tak1“™" “*° mice, RIPK1 may
play a dominant role in mediating intestinal pathology in the ileum and

Nature Communications | (2025)16:1890


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57211-z

Fig. 1| RIPK1 Kinase inhibition protects early-stage ileitis and colitis in new-
born TakI™*° mice, as well as ileitis and early-stage colitis in adult Tak1*™
X% mice. a, b Representative images of ileum and colon sections from mice at PO
with indicated genotypes stained with H&E or immunostained for CC3 (a). Graphs
showed the CC3" signals in the ileum and colon of mice with the indicated geno-
types (b). Scale bar, 100 um. c Intestine length in mice with indicated genotypes at
PO. d Kaplan-Meier survival curves of the indicated genotypes. e-h Representative
images of the ileum (e) and colon (g) sections from mice at P4 with indicated
genotypes stained with H&E or immunostained for CC3. Graphs showed the CC3*
signals in the ileum (f) and colon (h) of mice with indicated genotypes. Scale bar,
100 pm. i Intestine length in mice with indicated genotypes at P4. j The scheme of
tamoxifen-induced TAK1 deletion. Created in BioRender. Yuan, J. (2025) https://
BioRender.com/b69p319. k Kaplan-Meier survival curves of the mice with indi-
cated genotypes. | Relative body weight curve of the mice with indicated

genotypes. The body weight of each mouse was normalized to the weight of the day
0. m Intestine length of the mice at 3 dpi with indicated genotypes.

n, o Representative images of ileum and colon sections from the mice at 3 dpi with
indicated genotypes stained with H&E or immunostained for CC3 (n). Graphs
showed the CC3" signals in the ileum and colon of the mice with indicated geno-
types (0). Scale bar, 150 um for ileum; 100 pm for colon; p-s Representative images
of the ileum (p) and colon (r) sections from the mice at 7 dpi with indicated
genotypes stained with H&E or immunostained for CC3. Graphs showed the CC3*
signals in the ileum (q) and colon (s) of the mice with indicated genotypes. Anti-
TNFa was treated in the indicated group from 1 day before tamoxifen injection
every other day for a total of four times until sacrificed. Scale bar, 150 pm. Each dot
represented one mouse. The results were shown as mean + SEM. An unpaired two-
tailed t-test was performed.

early-stage colitis, while additional factor(s) may be activated in the
colon to mediate colitis in advanced disease stage. These observations
raise interesting questions about the mechanisms that mediate the
evolution of inflammatory processes during IBD and the potential
difference(s) in the key pathological mediators for ileitis and colitis.

Combined loss of FADD and MLKL prevents IECs death in
Tak1"*° mice

Since caspase-8 is a key downstream mediator of RIPK1-dependent
apoptosis®, we next tested the role of caspase-8 by knocking out FADD,
the adapter mediating the activation of caspase-8”. Since FADD
knockout promotes necroptosis, we introduced the MLKL knockout
allele by generating TakI™*° Fadd”’~ Mikl”~ triple knockout (TKO)
mice. Interestingly, 90% of TakI"®“*° Fadd”~ MIki”~ TKO mice survived
normally without weight loss up to 50 days when sacrificed as Fadd™”~
MIkI”~ mice develop autoimmunity by the age of -7 weeks? (Fig. 2a—c).
Notably, Tak1=*° Fadd”’ Mikl”~ TKO mice did not develop ileitis or
colitis as that of TakI™*° Ripk1®>VPBN mice at P4 (Fig. 2d, e and
Supplementary Fig. 3a, b). Tak1®™*° Fadd”~ MIkl”~ TKO mice had a
similar number of goblet cells as that of control TakF"! Fadd”~ Miki”~
mice and without caspase activation or neutrophil infiltration in both
ileum and colon (Fig. 2d, e and Supplementary Fig. 3a, b).

MLKL deficiency alone was not sufficient to protect the lethality of
Tak1"™*° mice (Fig. 2a). The shortened length of intestine in Tak1™*°
mice was normalized by double knockout of FADD and MLKL, but not
MLKL knockout alone (Fig. 2f). Tak1®*° Mikl” mice had increased
neutrophil infiltration in both ileum and colon, which was inhibited by
FADD deletion (Supplementary Fig. 3c, d). Increased mRNA levels of
Ccl2, Ccl5, Cxcll, Cxcl2, and Tnfa were also detected in the ileum of
TakI"™*° MIkl”~ mice, but not that of TakI"“*° Fadd™~ MIkI”~ TKO mice
(Supplementary Fig. 3e). MLKL deficiency did not inhibit caspase-8
activation and IEC apoptosis in either ileum or colon (Fig. 2g, h and
Supplementary Fig. 3¢, d). TakI"“*° Mikl”~ mice still showed obvious
loss of goblet cells in both the ileum and colon (Supplementary
Fig. 3¢, d).

Above data suggest FADD-caspase-8 mediated apoptosis, but not
MLKL mediated necroptosis, is directly involved in mediating lethality
and intestine pathology of newborn Tak1®*° mice.

Combined loss of FADD and MLKL prevents intestinal pathology
in adult Tak1“"*° mice

Next, we tested the role of caspase-8 in adult TakI“™t“%° mice.
Tak1™™ ko Fadd”~ MIkI”~ mice, but not TakI“™t*° Mikl” or
TakI“™tko Fadd*~ MIkI”~ mice, survived to 21 dpi when the mice were
sacrificed, with normal weight after TAK1 deletion induced by
tamoxifen injection (Fig. 2i, j). Unlike TakI™™t“ 0 RipkP38VP138N mice,
TakI“™E“k0 Fadd™”~ MIkI” mice displayed no signs of colitis when
examined at 7 dpi (Fig. 2k, | and Supplementary Fig. 3f, g). The intestine
of TakI“™*° Fadd” MIkl”~ TKO mice did not show increased

neutrophil infiltration, caspase-3/8 activation, or loss of goblet cells
and Paneth cells at 7 dpi (Fig. 2k, | and Supplementary Fig. 3f, g).

Heterozygosity of FADD was not sufficient to protect TAK1 IEC
deficiency as TakI“™*° Fadd*~ MIkl”~ mice still developed severe
ileitis and colitis including intestinal architecture damage (Fig. 2k, 1 and
Supplementary Fig. 3f-h). TakI“"t“k° Fadd”~ MikI”~ mice showed
reduced body weight and shortened intestine length, and developed
diarrhea (Fig. 2j, m). At 3 dpi, the ileum and colon of Tak1“™t“*0 Fadd"~
MikI”~ mice had obvious epithelial erosion, activated caspase-8,
apoptosis, and loss of goblet cells (Fig. 2k, 1 and Supplementary
Fig. 3f, g). Aberrant inflammation demonstrated by increased neu-
trophil infiltration as well as increased mRNA levels of Ccl2, Cxcl2, and
Il-1a was found in both the ileum and colon of TakI“™t*° Fadd""~ MIkl”
~ mice (Supplementary Fig. 3f-h).

Thus, similar to that of newborn TAK1 IEC-deficient mice, FADD/
caspase-8 mediated apoptosis, rather than MLKL mediated necropto-
sis, is directly involved in driving the intestine pathology and lethality
in adult mice with TAK1 IEC deficiency.

Cooperation of TRADD and RIPK1 in mediating intestinal
pathology of Tak1"™*° mice

TRADD, a DD-containing adapter protein, is directly involved in med-
iating caspase-8 activation in the TNFR1 signaling pathway”. We next
examined the role of TRADD by generating Tak1®“*© Tradd"*“*° mice.
Similar to that of RIPK1 inactivation with DI38N mutation (Fig. 1d),
TRADD-IEC knockout alone could also increase the survival of Tak1“*°
mice with normal length of intestine to 30% (Fig. 3a, b). TRADD-IEC
knockout also prevented the intestine pathology of Tak1®“*° mice on
PO, without epithelial erosion, loss of goblet cells, or the activation of
caspase-8 and caspase-3 in both ileum and colon (Fig. 3c, d and Sup-
plementary Fig. 4a, b). The numbers of neutrophils and mRNA levels of
Ccl2, Cxcll, Cxcl2, and [I-1B in the intestine of TakI™*° Tradd"™*° mice
were restored to that of the levels in control mice (Supplementary
Fig. 4a-c). Collectively, these data identified that TRADD, as that of
RIPK1 kinase, was also a critical factor in mediating the intestine
pathology of newborn TakI*“*° mice.

Similar to that of TakI™*° Ripki1P>VP138N mice, the ileum of
TakI"*° Tradd™*° mice at P4 had normal architecture with a similar
number of goblet cells as that of control mice, although increased
caspase activation and neutrophil infiltration could be detected
(Fig. 3e, fand Supplementary Fig. 4d, e). TakI"®“*® Tradd**° mice at P4
also developed colitis with severe epithelial erosion, activation of
caspase-3/-8, dramatic goblet cell loss, and increased neutrophil infil-
tration (Fig. 3g, h and Supplementary Fig. 4f, g).

Since these results suggest that both TRADD and RIPK1 kinase may
be involved in mediating ileitis and colitis in newborn Tak1*“*° mice, we
next generated TakI=*° Tradd™*° Ripk1°*SVP1* mice to investigate the
interaction of RIPK1 and TRADD. Interestingly, all TakI®™*° Tradd™*°
RipkIPBSVPBEN mice survived with normal body weight compared to that

Nature Communications | (2025)16:1890


https://BioRender.com/b69p319
https://BioRender.com/b69p319
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57211-z

a b c f
— Control (n = 53)
- Tak 1=+ Mkt (n = 9)
- Tak 1= Fadd® Mikl(n = 21) Male Female PO
. . - (= " Control (n = 7) - Control (n = 5) ‘©12-P=0.0017 P=24x10¢ P= 0.9581
Tak 10 Fadd Mikl- (n = 23 -0.0017 P=24x10°P=0 =
100 2 n=29 © TakTECHO Fadd MIKH-(n=12) _© Tak1 00 Fadd" MIKi* (n=6) 5 . * Tak1™ MIkF(n = 7)
s 30 s 20 @ ° Tak 1'ESK0 Mkl (n = 7)
=¥ E Es 8 I * Tak1" Fadd* MIkI“(n = 16)
e 2 210 £ o Tak1%5#0 Fadd MIKI* (n = 16)
2 0] 3 z 54 o Tak1" Fadd” Mik*(n = 7)
o] 8 g5 £  Tak1%Ec*° Fadd” MikF- (n = 9)
0+ ; ; : ) S
o T . . 10 20 30 40 5 Yo
0 20 Age(d) 40 60 Age(d)
d P4 g PO
Tak 7 Fadd” Miki" Tak1"0 Fadd” MIkF - Tak1" MIKI* Tak1=XO Miki” __ Tak1™" Fadd" Miki" Tak1/%*° Fadd"” MIkI*
| e Tak 19 MIki(n = 7)
I Tak1’ECI:0add I\:ﬂkﬁ’ (n=5) Tak1E0 MIki“(n = 7)
o Tik1 *© Fadd” Mik(n = 5) Tak1™ Fadd" Miki“(n = 6)
g 3+ P=04865 Tak1'Ec+° Fadd” MikF-(n = 9)
£ jd €
3 B 2 1 B 3-P=00006 P=25x10°
=2 a @ 2
» = I3
- 34 32
3 g g
o Fy 2.
o 0t 3
ileum 8
el 0
o
w
T L e o 53
c & 9 5
2 - — - — P =0.0982 8 P =0.0098 P =0.0043
° 8q P00 R 87 20.0098 P=0.0
° ™ 2Es © BEs
Q 85 4 83 8:'9 4
(@) o I3) 3w
od?2 og2
Sifaialll 0 0
colon — colon
i m
-o-Tak1"" Fadd” Mikl* (n = 9)
100 Control (n = 17) o Tak1emEC+O Fadd Miki* (n = 8) _ B .
280 - Tak®mEcK0 Fadd” MIki*-(n = 8) Tak1 Fada"* MIkI*(n = 7) Tus P=0.0013_P=18x10
=<€ 604 o Tak AECKO M (n = 4) ?1 20 Tak1=mECKO Fadd* Mikl" (n = 12) % . * e - Tak1:”” gggg,/, M,k,j,( n =/4)
amiEC e MIk (1 =
240 - Tak oK Fad MIKH- (1= 12) 110 £ 40 L Fad;i,d,f,,.x"frsg" 9
4 = =
@ 504 2100 £ 3% + Tak1amEcK0 Fadich Miki (n = 7)
E & 30
0 T T T T ™1 -§' 90 £ 25
0 3 6 9 12 15 18 21 o =)
Dpi 0+—TT—T—T—T—T 5 20
0 3 6 9 12151821 3
Dpi
k 3 dpi 7 dpi |
Tak1" Tak 1tamiEC-KO Tak 1 Tak 1tamEC-KO Tak 1tamEC-KO ® Tak1" Fadd* MIkF-(n=4)

Fadd” Mkl Fadd*”- Mlk Fadd” Mikl" Fadd” Mkl

lleum

Tak{1=mEC+0 Fadd- MIkH* (n=6)
Tak1" Fadd Miki(n=5)

+ Tak1mec+© Fadd Miki“(n=T)

* Tak1amEc<o FadgH Miki* at 7dpi(n=3)

Fadd” Mk

P=0,0197_P=0.0027

Colon

Fig. 2 | Combined loss of FADD and MLKL prevents intestinal pathology in
newborn and adult TAK1 IEC-deficient mice. a Kaplan-Meier survival curves of
the mice with indicated genotypes. b, ¢ Body weight curve of the mice with indi-
cated genotypes. d, e, g, h Representative images of ileum and colon sections from
mice at P4 (d) or PO (g) with indicated genotypes stained with H&E or immunos-
tained for CC3. Graphs showed the CC3" signals in the ileum and colon of the mice
with indicated genotypes at P4 (e) or PO (h). Scale bar, 100 um. f Intestine length in
the mice with indicated genotypes at PO. i Kaplan-Meier survival curves of the mice

with indicated genotypes. j Relative body weight curve of the mice with indicated
genotypes. The body weight of each mouse was normalized to the weight of day 0.
k, | Representative images of ileum and colon sections from mice at 3 dpi and 7 dpi
of the indicated genotypes stained with H&E or immunostained for CC3 (k). Graphs
showed the CC3' signals in the ileum and colon of mice with the indicated geno-
types (I). Scale bar, 150 pm for ileum; 100 pm for colon; m Intestine length of the
mice at 3 dpi with indicated genotypes. Each dot represented one mouse. The
results were shown as mean + SEM. An unpaired two-tailed t-test was performed.
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of littermate control up to P60 when sacrificed (Fig. 3a, i, j). The ileu- ileum and colon of TakI®*° Tradd®*° RipkI®*V"'>N mice (Supple-
m and colon of TakI®*° Tradd®*° Ripki®Z>*V5V mice displayed mentary Fig. 4d-g). In addition, RipkI®®"* or Tradd™**° (Tradd"
normal tissue architecture without evidence of cleaved caspase-8 or Villin-cre™*) mice also increased survival rate from ~20-30% to -60%
apoptosis, in contrast to that of TakI*° RipkIP**V55N mice and TakI™  compared to that of TakI®“*° Tradd"“*° or Tak1"“*° Ripk1°VP135N mice,
KO Tradd™*° mice (Fig. 3e-h and Supplementary Fig. 4d-g). The intes-  respectively (Fig. 3a). Deletion of TAK1 in IECs of TakI"™*° Tradd"™<*°
tine of TakI™*° Tradd®*° Ripk1">*V">*N mice displayed no evidence of  RipkI"ZVPBN mice, TakI™*° Tradd®™*° Ripk1®®** mice as well as
inflammation, with comparable numbers of neutrophils (Supplemen-  TakI®*° Tradd®*° Ripki®>V"* mice was confirmed (Supplemen-
tary Fig. 4d-g). The numbers of goblet cells were normal in both the tary Fig. 4h).
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Fig. 3 | Cooperation of TRADD and RIPK1 kinase in mediating intestinal
pathology of newborn TakI"“*° mice and TAKl1 inhibition induced cell death in
TNF pathway. a Kaplan-Meier survival curves of the mice with indicated geno-
types. b Intestine length in the mice with indicated genotypes at PO.

c-h Representative images of ileum and colon sections from the mice at PO (c) or
P4 (e for ileum, g for colon) with indicated genotypes stained with H&E or immu-
nostained for CC3. Graphs showed the CC3" signals in the ileum and colon of the
mice with indicated genotypes at PO (d) or P4 (f for ileum, h for colon). i, j Body
weight curve of the mice with indicated genotypes. Scale bar, 100 um. Each dot
represented one mouse. The results were shown as mean + SEM. An unpaired two-
tailed t-test was performed. k, 1 Tradd”* and Tradd”" ileum (k) and colon (I) orga-
noids were treated with 500 nM (5Z)-7-oxozeaeno and 20 ng/ml mTNF-« for 24 h
(k) or 12 h (I) with or without 50 pM Nec-1s. The cell death in organoids was
determined by PI staining. Scale bar, 50 pm. Each dot represented one organoid.
The results were shown as mean + SEM. An unpaired two-tailed ¢t-test was

performed. (m) Tradd”* and Tradd”~ MEFs were pretreated with 500 nM (5Z)-7-
oxozeaeno, +/— Nec-1s (20 pM), +/- zVAD (50 pM) for 0.5 hr followed by 20 ng/ml
mTNF-« treatment. The complex-1l was isolated by FADD immunoprecipitated and
detected by immunoblotting. n Phos-tag SDS-PAGE analysis of mTNF-a (100 ng/ml)
stimulated WT MEFs with or without (5Z)-7-oxozeaeno (500 nM) pretreatment for
0.5h. 0 HEK293T cells were co-transfected with expression vectors for Flag-
mTRADD with different mutations and +/~HA-mFADD for 24 h. The cell lysates were
then immunoprecipitated using anti-Flag resin. The binding of TRADD and FADD
was analyzed by immunoblotting. p, q Tradd”~ MEFs were retrovirally recon-
stituted with HA-tagged TRADD with different mutations. Reconstituted cells were
stimulated with 500 nM (5Z)-7-oxozeaeno for 0.5 h followed by 20 ng/ml mTNF-a.
Cell death was measured by SytoxGreen, and the mean + SEM from eight biological
replicates was shown (p). The levels of Caspase-8, CC8, Caspase-3, CC3, RIPK1,
p-RIPK1(S166), and HA were determined by immunoblotting (q).

Thus, RIPK1 kinase and TRADD act cooperatively to mediate the
intestine pathology and lethality of TakI"™“*° mice.

TAKI1 directly phosphorylates TRADD to inhibit cell death in the
TNF pathway

Since the data above demonstrate the cooperation of RIPK1 and
TRADD in mediating the intestine pathology and lethality of TakI=*°
mice, we next examined the interaction of TRADD and RIPK1in the TNF
pathway using organoid and cell models. We found that TRADD defi-
ciency and RIPK1 kinase inhibitor R-7-Cl-O-necrostatin-1 (Nec-1s)*
showed an additive effect in protecting the death of intestinal orga-
noids induced by TNF/5Z7 (5Z-7-Oxozeaenol, TAK1 inhibitor), while
each alone had a partial protection (Fig. 3k, ). Similar results were
obtained using MEFs (Supplementary Fig. 5a, b). TRADD deficiency
alone could partially reduce the activation of RIPK1(p-S166), the clea-
vage of caspase-8, caspase-3, and RIPK1; while treatment with RIPK1
kinase inhibitor Nec-1s alone or RIPK1 kinase-dead mutation alone
could inhibit RIPK1 activation and partially reduce the cleavage of
caspase-8 and caspase-3 in MEFs induced with TNF/5Z7 (Supplemen-
tary Fig. 5c, d). Combined TRADD deficiency and RIPK1 kinase inhibi-
tion could completely prevent the activation of caspase-8 and caspase-
3 (Supplementary Fig. 5c, d). In addition, TRADD deficiency could
reduce the binding of FADD with RIPK1 and caspase-8 in the formation
of complex Ila in MEFs treated with TNF/5Z7 in RDA (Fig. 3m). How-
ever, TRADD deficiency could not prevent the necroptosis or the
binding of FADD with caspase-8 and RIPK3 in the formation of complex
IIb upon TNF/5Z7/zVAD (zVAD-fmk, pan-caspase inhibitor) treatment
in MEFs (Fig. 3m and Supplementary Fig. 5e).

Next, we investigated the mechanism by which TAK1 regulated
TRADD. Since TAK1 could regulate the activation of RIPK1 by phos-
phorylation in cells stimulated by TNF®, we examined the possibility
that TRADD might also be phosphorylated by TAK1. We found that
using phospho-tag gel, the phosphorylation of TRADD was detectable
within 10 min when cells were stimulated by TNF, which was inhibited
by TAKI inhibitor 577, implicating the role of TAK1 in the phosphor-
ylation (Fig. 3n). We re-introduced Flag-mTRADD into Tradd”~ MEFs,
and identified the phosphorylation sites of TRADD which were induced
by TNF and inhibited by TAKI inhibitor 5Z7 using mass spectrometry
(Supplementary Fig. 5f). We found that TAKI1 could mediate the
phosphorylation of multiple sites in TRADD upon TNF stimulation
(Supplementary Fig. 5g). We next performed in vitro kinase assay using
recombinant human TAK1 and human TRADD, followed by mass
spectrometry to identify the sites directly phosphorylated by TAK1
(Supplementary Fig. 5h, i). These experiments led us to identify S55,
S67, S186, S249(murine)/S251(human), Y252(murine)/Y254(human)
and Y254(murine)/Y256(human) as potential sites in TRADD that were
directly phosphorylated by TAK1 (Supplementary Fig. 5g, i).
Y252(murine)/Y254(human) and Y254(murine)/Y256(human) were

highly conserved during evolution and located in the death domain of
TRADD (Supplementary Fig. 5j). Phosphorylation mimetic mutation of
Y252D, Y252E, Y254D and Y254E in murine TRADD reduced its binding
with FADD (Fig. 30). We next re-introduced phosphorylation mimetic
mutation of TRADD into Tradd”~ MEF to assess the effect of TRADD
phosphorylation on TNF/5Z7 induced cell death. We found that
phosphorylation mimetic mutation of TRADD, including Y252D,
Y252E, Y254D, and Y254E reduced TNF/5Z7 induced cell death, as well
as the activation of RIPK1 and caspases (Fig. 3p, q). These results
suggest that phosphorylation of TRADD by TAKI1 inhibits the forma-
tion of complex Ila by reducing its binding with FADD.

Cooperation of TRADD and RIPK1 in mediating intestinal
pathology of adult Tak1**™t“*° mice
Similar to that of TAK1 IEC deficiency in neonatal mice, we found that
combined RIPK1 inhibition and TRADD knockout fully protected the
reduction in body weight and lethality of adult Tak1“™*<*° mice after
induced TAK1 IEC deletion (Fig. 4a, b). Histological analysis of the
colon from TakI“™t0 Tradd“™Ek° Ripk1PPVPBEN mice revealed nor-
mal architecture with similar numbers of goblet cells without CC3 or
CC8 as that of control Tak?” Ripk1”P¥P18V mice (Fig. 4c, d and Sup-
plementary Fig. 6a, b). RNA-SEQ analysis of the colons showed that
4137 genes were upregulated in Tak1“™t*0 RipkIPBVP13SN mice at 7 dpi,
of which 3515 genes were rescued by additional TRADD-IEC deficiency;
while 4414 genes were downregulated, of which 3578 genes were
rescued by additional TRADD deficiency (Supplementary Fig. 6¢). RNA-
SEQ analysis demonstrated that combined knockout TRADD and
inhibition of RIPK1 led to effective inhibition of inflammation response
of TakI“™t ¥ mice (Fig. 4e, f). Consistently, the numbers of intestinal
neutrophils in TakI“™E*° Tradd ™ E¥° RipkIPPVP18V mice were also
restored to that of TakI™? Tradd™" Ripk1°>VP138" mice (Supplementary
Fig. 6a, b). These results suggest that TRADD and RIPK1 kinase are both
important for driving colitis in adult TAK1 IEC-deficient mice.
Notably, TRADD-IEC knockout alone was not sufficient to protect
the loss of body weight and lethality in adult Tak1“™*“*° mice after
tamoxifen-induced TAK1 deletion (Supplementary Fig. 6d, e).
Tak1“™Ek0 Tradd“™ k0 mice had shortened intestinal length as well
as severe epithelial erosion in both the ileum and colon, similar to that
of TakI™™ k% mice (Supplementary Fig. 6f, g). TakI“™“*° Tradd“™*°
mice lost most goblet cells as well as Paneth cells both in the ileum and
colon (Supplementary Fig. 6g, h). Increased caspase-8 activation and
IEC apoptosis, as well as neutrophils, were detected in both the ileum
and colon of TakI"“™<° Tradd™*“*° mice (Supplementary Fig. 6g, h).
Collectively, above data suggest the cooperative role of RIPK1
kinase and TRADD mediating lethality and intestinal pathology both in
newborn Tak1™*° mice and adult Tak1"*<*° mice; while RIPK1 kinase
inhibition provides better protection than TRADD deficiency alone in
adult TAKI IEC KO mice.

Nature Communications | (2025)16:1890


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57211-z

b P=2.6x10""
P=2.0x10""
100 —— Tak1" Tradd ""Ripk1°13¥NP138N(n=10) 12079p=7.6x10"°P=0.0527 P=0.0016 )
;\? 80 Tak 11amECKOTradffemECKORjpk {P13ND138N (=1 3) § 110 © Tak1"Ripk 1P138VP138(n=10)
: 60— I D13BNID 1N, p E 1 00 o Tak1lam/EC'KORipk1D135IWD735N(n=1 2)
g Tak1""Ripk1 +ABX(n=6) K= 90 © Tak1""Tradd "Ripk1°138ND138N(n=11)
E 40 Tak 1tamECKORjpk 10138ND13EN+L ABX (n=5) g 80 @ Tak 11mECKO Trg lgtamiECKOR pk {P138ND138N (=1 8)
U:) 204 Tak 16amECKORjpk {P13IND138N(n=10) = 70 o Tak 1" Ripk 1°136ND136N+ ABX (n=13)
0 T T I T T T 1 8 60 Tak1tamlEC'KDRipk1D738N/D735N+ABX(n=10)
0 3 6 9 1215 18 21 60
Days post injection(Dpi) 0]—.—.—.—.—.—.—
c dpi7 d
Tak1m Tak 7tamlEC-KO Tak1tamiec-ko Tak1mIEC-KORjpf {D138ND 138N ° Tak1:wii£’ :; 1D735MD;::’§2 Zi}
Ripk10138nD198N Ripk 1°138N/D136N TraddemECKORjpk 10138v013eN +ABX © Tak1%emECKOR pk 1 (n=8)
Tak1!amlEC'KO Tradd!amlEC'KORipk1D738N/D738N(n=1 0)
Tak1(amlEC'KOR,'pk7D733N/D733N+ABX(n=7)
P =0.0436
1.07P =0.0025 P = 0.0007
8 2
e ©
O : o
©
a &
8 Q
~ O

e o Tak1™" Ripk1P138ND138N f
Tak1tamlEC-KO Rjpjc{D13END136N

Tak 1tamIEC-KO TralgtamIEC-KO Rk 10138ND136N

50
=
Yol
<
© 0 - “
N
O
a

-50

Dpi7 colon

-50 0 50
PC192.22%

g Ccl2

<
>3000

£2000 e -
21000 .

3 20

(6}

o 0

Fig. 4 | Microbiota drive RIPK1 kinase and TRADD co-dependent intestinal
pathology in adult Tak ““" “*° mice. a Kaplan-Meier survival curves of the indi-
cated genotypes. ABX was pretreated for 14 days before and through tamoxifen
injection of the mice with indicated genotypes until sacrificed. Survival data for
TakI®“mEcXO RipkPVPISN mice from Fig. 1k were included for comparison. b Relative
body weight of the mice with indicated genotypes at 7 dpi. The body weight of each
mouse was normalized to the weight of day 0. Body weight data for Tak?"" Ripk1°>*V/
DI3SN and TakI‘“™=CX° RipkIPVP13N mice at 7 dpi from Fig. 11 were included for
comparison. ¢, d Representative images of colon sections from the mice at 7 dpi with
indicated genotypes stained with H&E or immunostained for CC3 (c). Graphs
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showed the CC3" signals in the colon of the mice with indicated genotypes (d). CC3*
signals for Tak?"? Ripk1”*VP58" mice and Tak1“™E*° Ripk1°P*V 1N mice from Fig. 1s
were included for comparison. e PCA on RNA-seq data from the colon of the mice
with indicated genotypes at 7 dpi. PCA was based on genes differentially expressed
between Tak™ RipkIPP*VPBSN mice and TakI“™Ec* Ripk1PVPESN mice (cut-off: log2|
fold change | >1, p < 0.05). f GO analysis of genes upregulated in the colon of
Tak1“™=*° Ripk1°VP5N mice in TRADD-dependent fashion. g The mRNA levels of
inflammatory cytokines in the colon of the mice with indicated genotypes at 7 dpi
were measured by qRT-PCR. Scale bar, 150 pm. Each dot represented one mouse.
The results were shown as mean + SEM. An unpaired two-tailed ¢-test was performed.

Involvement of microbiota in RIPK1 kinase and TRADD-
dependent intestinal pathology in adult Tak1 “™° mice

Since our data above demonstrate that inhibition of RIPK1 and TRADD
knockout provide complete protection against IBD and lethality of adult

Tak1"™™ X% mice, we next investigated the interaction of RIPK1 and
TRADD with microbiota which plays an important role in maintaining
intestinal homeostasis®. We used antibiotics cocktails (ABX) to delete
luminal microbiota and assess the role of microbiota in RIPK1 kinase and
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TRADD-mediated ileitis and colitis in adult Tak1“™*“*° mice. ABX treat-
ment alone was only able to provide a limited extension for the survival
of TakI“™&*° mice after induced TAK1 IEC deletion up to 12 dpi (Sup-
plementary Fig. 7a). TakI™“*° mice treated with ABX at 3 dpi had a
comparable length of the intestine as that of control mice and normal
villi architecture in both ileum and colon (Supplementary Fig. 7b, c), as
well as reduced caspase-8 activation, IEC apoptosis and neutrophil
infiltration, restored the number of goblet cells in both ileum and colon
as well as the number of Paneth cells in ileum to the levels of control
mice (Supplementary Fig. 7c, d). At 3 dpi, the elevated mRNA levels of
Cxcll, Cxcl2, Ccl2, Ccls, Il-1a, I-1B, Tnfa, Ifitl, IsglS and Zbpl were also
blocked by ABX treatment in the ileum of Taki1“™t“k0 mice (Supple-
mentary Fig. 7e). TakI“™ X0 mice treated with ABX at 7 dpi had normal
villi architecture in the ileum (Supplementary Fig. 8a, b). No caspase-8
activation, IEC apoptosis, neutrophil infiltration, or loss of goblet cells,
but the loss of Paneth cells were detected in the ileum of Tak1“™*°
mice treated with ABX at 7 dpi (Supplementary Fig. 8a, b). These data
suggest that lumen microbiota was involved in RIPK1 kinase-mediated
ileitis and early-stage colitis in adult TakI"*“*° mice.

Tak1“™Eko mice with ABX treatment died at 12 dpi and showed
severe colitis characterized by nearly total loss of goblet cells and
dramatic activation of caspase-8 and caspase-3 as well as neutrophil
infiltration in the colon at 7 dpi. TNF neutralization had minimum
effect to rescue the colon architecture damage, goblet cells loss, IEC
apoptosis as well as neutrophil infiltration of TakI“™*° mice treated
with ABX, suggesting the involvement of factors beyond TNF (Sup-
plementary Fig. 8c, d).

While inhibition of RIPK1 in TakI““™EC 0 RipkIPBSVPIEN  mijce
allowed the survival to 7-9 dpi, ABX treatment was able to provide
additional protection by preventing the loss of body weight and leth-
ality of TakI"“™EckC RipkIP8VPBN myjce induced by TAK1 IEC deficiency
(Fig. 4a, b). ABX-treated TakI“"EckO RipkIPPSVPI38N mice at 7 dpi had
normal colon architecture, although slight caspase activation, goblet
cell loss, and neutrophil infiltration were detected (Fig. 4c, d and
Supplementary Fig. 8e, f). ABX treatment was able to significantly
reduce caspase-8 activation and apoptosis in the colonic tissues of
TakI“mEcko  RipkPSVPISN mice (Fig. 4c, d and Supplementary
Fig. 8e, f). ABX administration also prevented the increased mRNA
levels of Cxcll, Cxcl2, Ccl2, CclS, Il-1a, II-1B, and Tnfa as well as neu-
trophil infiltration in Tak1®™e ° RipkIP3SVPI38N mice (Fig. 4g and Sup-
plementary Fig. 8e, f). Thus, similar to that of TRADD knockout, ABX
treatment was able to provide additive protection with inhibition of
RIPK1 in TakI"™Ec 0 RipkIPPSVP138V mice. These results suggest that
microbiota may be the major driver of TRADD-mediated colitis in
Ta kItamIEC-KO Rlp k10138N/DI38N ml ce.

Collectively, these data revealed the important role of microbiota
in RIPK1 kinase and TRADD-mediated ileitis and colitis in adult
Tak1“™ <o mice.

Interaction of RIPK1 and TRADD in TLRs signaling pathways
Since the above data suggest the importance of microbiota, we next
examined the role of TRADD and RIPK1 in TLR signaling using intest-
inal organoids. Colon organoids treated with Pam3csk4 (TLR1/2
ligands) or LPS (TLR4 ligands) were sensitized to TAK1 inhibition-
induced cell death (Fig. 5a-d). TRADD deficiency or RIPK1 inhibition
alone partially rescued colon organoid cell death, which can be
effectively inhibited by the combination of TRADD deficiency and
RIPK1 inhibition (Fig. 5a-d). As for treatment with flagellin (TLRS
ligand) and TAK1 inhibition, inhibition of RIPK1 kinase alone provided
better protection than TRADD deficiency alone, and the combination
of TRADD deficiency and inhibition of RIPK1 kinase effectively inhib-
ited cell death in organoid culture (Fig. Se, f). We also conducted above
experiences using ileum organoids, however, ileum organoids were
not that sensitive as that of colon organoids, which might be due to the
low expression of TLRs in ileum organoids®.

Nevertheless, combined inhibition of RIPK1 kinase and TRADD
knockout was also able to reduce the cell death of ileum organoids
induced by TLR ligands and TAK1 inhibition (Supplementary Fig. 9a-f).

We also examined the response of primary bone marrow-derived
macrophages (BMDMs), which are commonly used to study the TLR
signaling pathway, to TAKI inhibition. Primary BMDMs priming with
Pam3csk4 or LPS were sensitized to TAK1 inhibition-induced cell death
and mature IL-1B release, which were partially reduced by TRADD
deficiency or RIPK1 inhibition (D138N) alone and effectively inhibited
with a combination of TRADD deficiency and RIPK1 inhibition (D138N)
(Fig. 5g-j and Supplementary Fig. 9g, h). The biomarkers of apoptosis,
including the cleavage of caspase-8 and caspase-3, induced by
Pam3csk4 and LPS with TAK1 inhibitor 577, were partially reduced by
TRADD deficiency or RIPK1 inhibition (D138N) alone, and effectively
inhibited with a combination of TRADD deficiency and RIPK1 inhibition
(D138N) (Fig. 5h-j). The activation of RIPK1 (p-S166) in primary BMDMs
induced by Pam3csk4 and LPS with TAK1 inhibitor 5Z7 was inhibited by
RIPK1 inhibition (D138N), but not by TRADD deficiency alone
(Fig. 5h, j). The cleavage caspase-1 and GSDMD, which could form
pores on a cytoplasmic membrane for the release of mature IL-13%,
induced by Pam3csk4 and LPS with TAKI inhibitor 5Z7 in primary
BMDMs, were effectively inhibited by combined TRADD deficiency
and RIPK1 inhibition (D138N) (Fig. 5h, j).

RIPK1 kinase inhibition alone was able to protect against apoptosis
and inflammation in BMDM s induced by flagellin (TLRS ligand) with
TAK1 inhibition, while TRADD deficiency reduced mature IL-1j release
but had minimum effect on cell death (Fig. 5k, | and Supplementary
Fig. 9i). In BMDMs stimulated by flagellin with TAK1 inhibition, the
cleavage of caspase-1, GSDMD as well as caspase-3 and caspase-8 was
inhibited by RIPK1 inhibition alone, but combined TRADD deficiency
and RIPK1 inhibition was still more effective than that of RIPK1 inhibi-
tion alone (Fig. 51). Thus, RIPK1 inhibition can selectively reduce certain
signaling by TLR ligand (such as TLRS5) while combined TRADD KO and
RIPK1 inhibition are more effective in blocking cell death and inflam-
mation mediated by ligands for TLR1/2 and TLR4.

Collectively, combined TRADD deficiency and RIPK1 inhibition is
able to effectively inhibit both apoptosis upon activation of different
TLR signaling with TAKI inhibition.

Interaction of microbiota and RIPK1 in ileitis of Tak1*“"*“*° mice
We next assessed the influence of RIPK1 kinase on the ileum microbiota
community using 16S rDNA sequencing, as inhibition of RIPK1 kinase
alone was sufficient to effectively prevent ileitis in Tak1“™*“*° mice at 3
dpi. The Chaol alpha-diversity, a measure for the numbers of distinct
type microbes in a community, was higher in the ileum fecal of
TakI"“™EKO mice at 3 dpi than that of Tak?"? mice (Fig. 6a). The Chaol
alpha-diversity of TakI®™™ k0 RipkIPPVPBN mice showed a shift
towards that of TakP"® mice (Fig. 6a). Principle component analysis
(PCoA) of beta diversity based on the genera levels differentiated
Tak1™™Ek0 mice from TakI™ mice, suggesting an altered microbiota
communities after induced TAK1 IEC deletion, which was restored in
Tak1™m™ECKO RipkP138VPI38N mjce (Fig. 6b, ¢ and Supplementary Data 1).

We identified 40 increased and 7 decreased genera in the ileum
fecal of TakI“™®*° mice that were different from that of Tak?"! mice,
and RIPK1 kinase inhibition restored the levels of 18 increased genera
and 2 decreased genera in the ileum of TakI“"“*° mice (Fig. 6d).
Among 2 decreased genera, Bifidobacterium contributes to sphingoli-
pid metabolism as well as the maintenance of barrier function®, the
level of which was reported to be positively correlated with successful
outcome of anti-TNF treatment”.

Among 18 upregulated genera, the levels of Enterococcus in the
ileum of TakI“™<*° mice were increased more than 200 folds com-
pared to that of Tak?"! mice, which was also restored to that of levels
upon RIPK1 inactivation in the ileum fecal of TakI“™tk0 RipkP138VPI38N
mice (Fig. 6¢, d). Enterococcus faecalis, one species of the Enterococcus
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Fig. 5 | Cooperation of TRADD and RIPK1 kinase in TLR signaling pathway.
a-f Tradd"* and Tradd™ colon organoids were treated with 500 nM (5Z)-7-oxo-
zeaeno and Pam3CSK4 (1 pg/ml) (a, b), LPS (1 pg/ml) (c, d) or Flagellin (500 ng/ml)
(e, f) for 12 h with or without 50 uM Nec-1s. Cell death in organoids was determined
by PI staining. Each dot represented one organoid. Scale bar, 50 pm. The results
were shown as mean + SEM. An unpaired two-tailed ¢-test was performed.

g-1 Primary BMDM s from the mice with indicated genotypes pretreated
Pam3CSK4 (1 pg/ml) (g, h), LPS (100 ng/ml) (i, j) or Flagellin (100 ng/ml) (k, I) for
4 h and followed by 200 nM (5Z)-7-oxozeaeno. Cell death was measured by
SytoxGreen, and the mean + SEM from five biological replicates was shown (g, i, k).
The levels of GSDMD, Caspase-1, Caspase-8, CC8, Caspase-3, CC3, RIPK1, and
p-RIPK1(S166) were determined by immunoblotting (h, j, I).

genus, was also increased in the ileum fecal of TakI®™*° mice in a
RIPK1 kinase-dependent manner (Fig. 6e). Enterococcus faecalis con-
tributes to the intestine barrier impairment and intestinal inflamma-
tion by producing metalloprotease GelE®. Increased levels of
Helicobacter and Mucispirillum, mediated by RIPK1 kinase in
Tak1“™E“Ko mice (Fig. 6d), were also associated with human IBD*>°, We
also assessed the microbiota interaction using idopNetwork which was
developed to measure the interaction networks among the luminal

bacteria®. Compared with that of TakF’ mice, the microbiota in
Tak1“™ k0 mice showed substantially reduced interactions, which
could be restored by RIPK1 kinase inhibition (Supplementary Fig. 10a).
Thus, the activation of RIPK1 kinase is a major driving force in ileum
microbiota dysbiosis of Tak1“™ X0 mice.

Since the above data suggest that activation of RIPK1 kinase dis-
turbs the microbiota community in the ileum of TakI“"*“*° mice, we
considered the contribution of RIPK1-mediated loss of IECs to the
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expression of the antimicrobial peptides (AMP) genes. The expression
levels of a-defensin 17/23/24/31/40, Lysozyme-1, and Angiogenin-4,
secreted by Paneth cells, were decreased in the ileum of Tak1“™ck0

mice and restored by RIPK1 inhibition (Fig. 6f and Supplementary
Fig. 2a, b). Ccl6 and Cc28, which were chemokines with antibacterial
activity and highly expressed in IECs***, were downregulated in the
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Fig. 6 | RIPK1 kinase drives microbiota dysbiosis in the ileum of TakI“"*“*° mice.
a Chaol alpha-diversity from mice of the indicated genotypes at 3 dpi. Each
dot represented one sample. The results were shown as mean + SEM. An
unpaired two-tailed ¢-test was performed. b Principal coordinate analysis
(PCoA) of 16S sequencing of ileum fecal at 3 dpi were analysed with Bray-
Curtis distances (p=0.001, PERMANOVA by Adonis) on the taxonomic pro-
file (at the ASV level). ¢ Average relative abundance of the top 30 abundant
genera of ileum fecal at 3 dpi of mice with the indicated genotypes. d Cluster
heat map of average relative microbiota abundance at genus level in the
ileum of the mice with indicated genotypes at 3 dpi (cut-off: Tak"? V.S.

Tak1“mEcko p < 0.05). * indicated TakI“™Ek0 V.S, Takl'“™Ecko Ripk]P13sV/pi3sn
p<0.05. Z scores are shown. e Relative abundance of Enterococcus faecalis in
ileum fecal of the mice with indicated genotypes at 3 dpi. Each dot repre-
sented one sample. The results were shown as mean + SEM. An unpaired two-
tailed t-test was performed. f Cluster heat map of AMP expression level in
the ileum of the mice with indicated genotypes at 3 dpi (log,|fold change | >1,
p<0.05). Z scores are shown. Each column represented one mouse. g Ileal
IECs from the mice with indicated genotypes at 3 dpi were isolated and
immunoblotting for TAK1, RIPK1, Caspase-8, CC8, Caspase-3, CC3, p-ERK,
ERK, p-P65, and P65.
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ileum of Tak1"™<*° mice in RIPK1-dependent manner (Fig. 6f). CCL28
was reported to kill Enterococcus faecalis in vitro**. Thus, the reduction
in the levels of CCL28 may contribute to the dramatically increased
level of Enterococcus faecalis in the ileum fecal of Tak1“™ *° mice.
Increased levels of cleaved caspase-8 and cleaved caspase-3 in the
ileum IECs of TakI“™“*° mice was inhibited by RIPK1 inhibition
(Fig. 6g). Collectively, these results suggest that the RIPK1-mediated

death of IECs may contribute to the microbiota dysbiosis in the ileum
of Tak1™™ <0 mice.

In addition, among these upregulated genes in the ileum of
Tak1™™Ek0 mice, S100a8/9”, Gbp3/6/7°°*, Cxcl9/10°* and Ltf* that
were of neutrophil origin and with broad-spectrum antimicrobial
activity, were increased in RIPK1 kinase-dependent manner (Fig. 6f).
Increased neutrophils were detected in the ileum of TakI®™“*° mice at
3 dpi, which were protected by RIPK1 kinase inhibition (Supplementary
Fig. 2a, b). Cxcl14*°*' and Ccn1****, with direct antimicrobial effects and
expressed mainly by IECs, were found upregulated in the ileum of
Tak1™™ k% mice and rescued by RIPK1 kinase inhibition (Fig. 6f). We

Nature Communications | (2025)16:1890

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57211-z

Fig. 7 | Cooperative role of RIPK1 kinase and TRADD in the evolution of colon
microbiota dysbiosis. a, ¢ Principal coordinate analysis (PCoA) of 16S sequencing
of colon fecal at 3 dpi (a) or 7 dpi (c) were analysis with Bray-Curtis distances
(p=0.001, PERMANOVA by Adonis) on the taxonomic profile (at the ASV level).
b, d Average relative abundance of the top 30 abundant genera of colon fecal at 3
dpi (b) or 7 dpi (d) of the mice with indicated genotypes. e Cluster heat map of
average relative microbiota abundance at genus level in colon of the mice with
indicated genotypes at 3 dpi and 7 dpi (including the genus fit either Tak?" V.S.
TakjamEcko p<0.050r Taki"" Rip KIPBSVDIIN \/ § Tk ]tamlECKO Rip K IPI3SN/DISSN p<0.05).
Z scores are shown. * on TakI“™c*° (3 dpi) indicated TakP"" V.S. Tak1“mEcko

p <0.05.* on TakI“™EckO RipkP138VPI38N (3 dpi) indicated TakI“™ OV S, Tak]‘a™Ecko
RipkIPBSVPBSN 1 < 0,05, * on TakI“mEckO Ripk1PPSVPIN (7 dpi) indicated Tak#™!
RikaDB«SN/DBSN V-S Tak]tﬂmlEC'KO Rl‘kaDBSN/DISSNp < 005 * on Tak]tﬂmlEC'KO Rl‘kaDBRN/DISSN

Tradd“™**° (7 dpi) indicated TakI“™ 0 RipkIP3VPB8N y S, Takyemtcko
RipkIPB38VPBSN TraddamEck0 < 0.05. f Relative abundance of Escherichia coli in
colon fecal of the mice with indicated genotypes at 7 dpi. Each dot represented one
sample. The results were shown as mean + SEM. An unpaired two-tailed t-test was
performed. g, h Cluster heat map of AMP expression level in the colon of the mice
with indicated genotypes at 3 dpi (g) or 7 dpi (h) (log,Ifold change | >1, p < 0.05).
Z scores are shown. Each column represented one mouse. i, j Colonic IECs from the
mice with indicated genotypes at 3 dpi (i) or 7 dpi (j) were isolated and immuno-
blotting for TAK1, RIPK1, CC8, CC3, p-ERK, p-P65, p-JNK, and p-P38.k, I Chaol alpha-
diversity from the mice with indicated genotypes at 3 dpi (k) or 7 dpi (I). Each dot
represented one sample. The results were shown as mean + SEM. An unpaired two-
tailed ¢-test was performed.

also found that the IECs of Tak1“"“° mice demonstrated increased
levels of p-P65 and p-ERK, suggesting the activation of NF-kB and ERK
pathways, which was restored in the IECs of TakI®®™E*0 Ripk1P3sNPI3sN
mice to that of mice (Fig. 6g). RIPK1 activation mediated increased
transcription may contribute to increased levels Cxcll4 and Ccnl
(Fig. 6f, g). CAMP, a member of Cathelicidins, was stored in the
secretory granules of neutrophils and macrophages**. Camp was found
to express in epithelial cells and was influenced by ERK pathway*. Lcn2
is expressed in IECs and myeloid cells to enhance phagocytic bacterial
clearance*®**. Thus, RIPK1 regulates increased neutrophil infiltration as
well as the activation of NF-kB and MAPK pathways which act coop-
eratively to promote cytokines with antimicrobial properties such as
Camp and Lcn2 expression in TakI“™*° mice (Fig. 6f, g). Collectively,
RIPK1 activation can promote the transcription and immune cell infil-
tration to disrupt the normal homeostatic levels of the genes that
encode antimicrobial peptides or proteins to promote microbiota
dysbiosis in the ileum Tak1“™Ek0 mice.

Cooperation of RIPK1 and TRADD in the evolution of colonic
microbiota

Our data above demonstrate RIPK1 kinase mediated early-stage colitis
while RIPK1 and TRADD together mediated late-stage colitis with TAK1
IEC deletion. We next collected the stool samples from the colon of
Tak?P"" mice, Tak1“™*° mice as well as Tak1“™e“*° RipkIP35VP138N mice
at 3 dpi. We also collected the stool samples from the colon of Tak?™!
RipkIPPNPB8Nmice,  TakI®“m™ec*®  RipkIPPSVPSY  mice as well as
Tak1™™EkO RipkIPPNPBN Tradd™*° mice at 7 dpi. We submitted these
stool samples for microbiome profiling using 16S rDNA sequencing.
PCoA based on the genera levels revealed the dramatic differences of
microbiota community in the colon between TakP"! mice and
Tak1“™E“Ko mice at 3 dpi, which was restored by RIPK1 kinase inhibition
in TakI“m™ECkO RipkPPSVPI38N mice (Fig. 7a, b and Supplementary Data 1).
At 7 dpi, TAK1 deletion still disrupted the microbiota community in
TakI“mEko RipkPPEVPI8N mice, which was further restored by TRADD
deficiency (Fig. 7c, d and Supplementary Data 1). This analysis revealed
the time-dependent dynamics of microbiota dysbiosis transitioned
from RIPK1-dependent to RIPK1- and TRADD-codependent after TAK1
deletion.

We observed that TAK1 deficiency changed the colon microbiota
community in two major patterns (Fig. 7e). In the first pattern, the
overgrowth of microbiota including Uncultured, Helicobacter, Bacter-
oides, Odoribacter, Rodentibacter, Parabacteroides, and Mucispirillum
or the reduced growth of Muribaculaceae, Lachnospiraceae NK4A136
group, Clostridia UCG-014, A2, NK4A214 group, Monoglobus, Gordoni-
bacter, Christensenellaceae, and Family XIll UCG-001, were restored by
RIPK1 kinase inhibition at 3 dpi. However, these genera still changed in
Tak1“m™EcKo Ripk1PBSVPI8N mice at 7 dpi, which were rescued by further
TRADD deficiency. These data suggest the evolution from early RIPK1-
dependent to late RIPK1- and TRADD-co-dependent regulation of these
genera (Fig. 7e). In the second pattern, the overgrowth of microbiota
including Escherichia-Shigella, Rodentibacter as well as Bacteroides was

not obvious at 3 dpi. While these genera increased dramatically at 7 dpi
in Tak1®“m™Ecko RipkIPPVPIN mice which was mediated by TRADD
(Fig. 7e). Notably, Escherichia-Shigella which dominated in the colon
microbiome of TakI“™ < RipkIPVPBN mice at 7 dpi, was reduced to
low levels in Tak1“™ 0 RipkIPVPB8N Tradd™E* mice (Fig. 7d).

Increased levels of Escherichia-Shigella have been found to be
positively correlated with the levels of inflammatory markers in IBD
patients*®, We further identified Escherichia coli, one of the species in
Escherichia-Shigella, was dramatically increased in the colon fecal of
TakI®“mECKO RipkP138VPI38N mice at 7 dpi and reduced to that of normal
levels in the colon of TakI“™t X0 RipkIPPSVPBSN Tradd ™ 0 mice
(Fig. 7f). Increased levels of Escherichia coli are highly associated with
human IBD*. Adherent-invasive Escherichia coli can utilize fucose
fermentation product 1,2-propanediol to promote T cell-mediated
intestine inflammation®. The upregulation of Escherichia-Shigella was
specifically regulated by TRADD after prolonged TAK1 IEC deficiency
with RIPK1 inhibition. These results suggest that the activation of
TRADD can drive colon microbiota dysbiosis beyond inhibition of
RIPK1 in Taki“m™Ecko RipkP1BSVPIEN mjce,

TAKI1 deletion at 3 dpi increased Gbp3/6/7/10, Cxcl9/10, Lcn2 as
well as Saa2”, attributable to increased neutrophil infiltration in the
colon of TakI“™<*° mice, which were reduced upon inhibition of
RIPK1 in TakI®“m™Ec 0 Ripk1PPsVO8N mice (Fig. 7g). At 7 dpi, immune cell
infiltration including neutrophils mediated by TRADD increased
S100a8/9, Lcn2, Ltf, lyz2°, Camp2 as well as Saa2 in Takl“m™Ecko
RipkIPBSVPBEN mice (Fig. 7h). The increased AMPs suppressed micro-
biota growth in RIPK1 kinase-dependent manner at early stage and
TRADD dependent manner at late stage.

We observed that reduced levels of Reg4, mostly expressed in
enteroendocrine cells and known to have antibacterial activity®>*,
and increased caspase activation in TakI“™ 0 mice at 3 dpi were res-
cued in TakI“™ecko RipkIPVPB8N mice (Fig. 7g, i). However, reduced
levels of Reg4 and increased caspase activation were still found
in Taki“@mEcko RipkPRVOI8N mice at 7 dpi, which were blocked in
TakI/mECKO  Ripk[PBSVPISSN - Tradd@mECKO mijce (Fig. 7h, j). Thus, the
reduction in Reg4 may facilitate microbiota overgrowth in RIPK1 kinase-
dependent manner at an early stage and RIPK1/TRADD co-dependent
manner at a late stage. Unlike RIPK1 activation in the colon IECs at 3 dpi,
TRADD activation in the colon IECs at 7 dpi inhibited P65, ERK, JNK as
well as P38 activation (Fig. 7i, j). Thus, TAK1 deficiency further reduced
Chgay/b and Mucl3 in the colon of TakI“™Ek0 Ripk1PB3¥VPB8N mice at 7 dpi
in a TRADD-dependent manner (Fig. 7h). Chga or Chgb were produced
by enteroendocrine cells and were found decreased in IBD patients®™*°.
Muci3 were found on the apical surface of intestinal enterocytes and
goblet cells. The polymorphisms of Muci3 in IBD patients were also
found to be significantly associated with susceptibility to Escherichia coli
infection in pigs”. The reduced levels of Muc13 may explain the extreme
overgrowth of Escherichia coli in the colon of TakI“™“*0 RipkPPVP138N
mice at 7 dpi (Fig. 7f). TRADD mediated transcription inhibition as well as
IECs death including enteroendocrine cells and goblets cells contributed
to the decreased levels of the Reg4, Chga/b and Mucl3 (Fig. 7h, j).
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Chaol alpha-diversity was downregulated in the colon micro-
biome of TakI““™*° mice relative to that of TakZ” mice due to the
overall upregulated AMPs, which was also rescued by RIPK1 kinase
inhibition (Fig. 7g, k). However, Chaol alpha-diversity at 7 dpi was
upregulated in the colon microbiome of TakI“™tck0 Rjpk]PBsVP13sN
mice compared to that of TakZ™ Ripk1®>*¥P5" mice (Fig. 71). Chaol
alpha-diversity in the colon of TakI®™Ek0 RipkIPPSVPBN TraddtemECkO
mice was corrected towards that of TakP"? Ripk1PP$VPE8N mice (Fig. 71).
We observed some microbiota genera of TakI™*“*° mice, including
Escherichia-Shigella, which were not obviously changed at 3 dpi, were
significantly increased in the colon of TakI®™c 0 RipkIP38VP138N mice at
7 dpi (Fig. 7e). This may be attributable to the TRADD activation
induced such as Chga/b and Muci3 reduction and consequently ele-
vated Chaol alpha-diversity at 7 dpi in the colon of Taki“m™tcko
R[p k1D138N/D138N ml ce.

In conclusion, our data demonstrated the cooperative role of
RIPK1 kinase and TRADD in the evolution of colonic microbiota
dysbiosis.

Discussion

The intestinal epithelium provides the first-line defense for the integrity
of the mucosa system. We explored the interaction of intestinal epi-
thelial cells with the mucosa microbiota using TAK1 IEC-deficient mice.
TAKI1 has been established to be a key signaling mediator for the NF-kB
pathway and a modulator of RIPK1"%, TAK1 inhibition promotes apop-
tosis and necroptosis in the TNF signaling pathway. Our study demon-
strates that TAK1 can directly phosphorylate TRADD to modulate its
interaction with signaling mediators in the TNFR1 pathway. Thus, TAK1
can phosphorylate not only IKKs to mediate the NF-kB pathway and
RIPK1 to modulate its activation, but also TRADD to control its interac-
tion with the components of complex lla to regulate apoptosis. Our
results demonstrate that blocking IEC apoptosis in TAK1 IEC KO mice by
FADD/MLKL DKO is sufficient to maintain the intestinal health of TAK1
IEC KO mice, supporting the idea that death of IECs is a key driver for
pathology in IBD. However, since FADD/MLKL DKO mice eventually
develop lethal autoimmunity as adults?®, simultaneous loss of FADD and
MLKL cannot be considered as a therapeutic strategy for IBD.

Our study reveals the interactive relationship between RIPKI-
dependent apoptosis (RDA) and RIPK1-independent apoptosis (RIA) in
cells, organoids, and in vivo. TAK1 inhibition sensitizes cells to RIPK1
kinase-dependent apoptosis (RDA) upon TNF or LPS stimulation®°. In
the TAK1 IEC-deficient model, RDA is activated at an early stage to
mediate apoptosis and inflammation, which eventually evolved into
RDA- and RIA-co-dependent apoptosis and inflammation, which can be
blocked by co-inhibition of RIPK1 kinase and TRADD, but not by either
alone. In contrast to that of autoimmunity in adult FADD/MLKL DKO
mice, combined inhibition of RIPK1 and TRADD KO was able to provide
full protection against the lethality and intestinal pathology in TAK1
IEC-deficient mice without promoting autoimmunity. It is possible that
reduced NF-kB activation with TRADD deficiency might help to
restrain immune response to prevent autoimmunity.

Our results highlight the role of microbiota in driving the patho-
logical progression from early to late stage IBD. Since inhibition of
RIPK1 is sufficient to delay the onset of early-stage intestinal pathology
and lethality in newborn and adult TAK1 IEC-deficient mice, RIPKI-
mediated apoptosis may be the primary contributor to ileitis and early-
stage colitis. Our results also demonstrate that the genes responded to
type I and Il interferon, such as GBP family, are upregulated in RIPK1-
dependent manner. Since the intestine of newborn mice are yet to be
fully colonized by microbiota and the ileum is less populated by
microbiota than that of colon®®**’, our data suggest that RIPK1 may play
a dominant role in mediating chronic and low level inflammation in
gut. In addition, ileum has higher expression of TLR5 than that of TLR1/
2 or TLR4**, and we show that apoptosis and inflammation mediated
by the ligand for TLRS can be effectively blocked by RIPK1 inhibition

alone, which may explain why RIPK1 inhibition alone was sufficient to
block ileitis in adult TAK1 IEC mice. These results may shed light as to
why a RIPK1 inhibitor failed to demonstrate efficacy in human clinical
trials for the treatment of ulcerative colitis which are most likely
involved patients with advanced disease in colon®. The roles of RIPK1
and TRADD in mediating intestinal pathology are functionally different
as inhibiting RIPK1 kinase, but not TRADD knockout alone, can protect
against intestinal pathology in early-stage of TAK11EC KO mice. TRADD
is involved in mediating the signaling for the TLR3 or TLR4 pathway by
regulating the production of cytokines'*%%, The critical role of TRADD
in mediating TLR signaling likely explains the importance of TRADD in
colitis since the colon is subjected to routine higher levels of micro-
biota presence than that of the ileum. The differential chronic
inflammatory medium in colon vs. ileum may not only provide an
adaptive selection paradigm for microbiota species that can survive in
such an environment but also determine the signaling mechanisms
that may be activated in response to pathological stimulus. The higher
TLR expression in the colon than that of ileum** may also help to
explain why the cooperative role of TRADD and RIPK1 kinase is
involved in mediating colitis in adult TAK1 IEC KO mice.

Antibiotic treatment or anti-TNF treatment cannot fully rescue the
intestine phenotype of TakI“"“*° mice, while the combination of
TRADD KO and RIPK1 kinase inhibition strongly protects the intestine
pathology and lethality. Thus, inhibition of RIPK1 and TRADD defi-
ciency might inhibit proinflammatory factors beyond microbiota.
Since inhibition of RIPK1 has been shown to be safe in humans®® and
RipkIPBSNPEEN o Tradd”~ mice are normal™***, our data suggest that
simultaneous inhibition of RIPK1 kinase and TRADD might provide a
new strategy to module the cell death, inflammation, as well as
microbiota dysbiosis in IBD patients where both TNF and TLR signaling
pathways are involved. Moreover, our finding that combined inhibition
of RIPK1 kinase and TRADD to module the microbiota dysbiosis might
suggest new perspectives for the treatment of IBD to overcome
obstacles of lost response to anti-TNF treatment.

Methods

Ethics statement

Animal experiments were conducted according to the protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
of the Institute of Interdisciplinary Research Center on Biology and
Chemistry and the experiments involving mice were performed
according to the IACUC’s guidelines (Approval no. ECSIOC2021-04).

Mice

Tak?" mice were kindly provided by Shizuo Akira of Osaka University,
Japan®. Villin-cre mice were purchased from the SHANGHAI MODEL
ORGANISMS company. Villin-creERT2 mice were gifts kindly provided
by Dr. Wei Mo®. RipkI">*VPBSNV mice were generated via CRISPR/
Cas9 system as described previously™®. Tradd™ mice were purchased
from Cyagen Biosciences. Fadd”~ MIkl”~ mice were gifts kindly pro-
vided by Dr. Haibing Zhang®’. Newborn mice were designated PO on
the day their birth was detected. Male and female TakI"™*° mice with
or without RipkIPBVPBN Tradd "™*%°, Fadd™", and MIkI”" ranging in age
from PO to P4 were analyzed. Mice of 7-8 weeks with or without Villin-
cre™ were treated with 3 daily intraperitoneal administrations of
80 mg/kg tamoxifen dissolved in corn oil/ethanol. Only male mice
were used for Villin-cre™™ recombinase activity induction. For the TNF
blockade experiment, 125 g anti-mouse TNFa antibody (Bioxcell,
BE0OO0S58) was administered intraperitoneally every other day at-1,1, 3,5
dpi. All animals (C57/B6J) were maintained in a specific pathogen-free
environment and housed with no more than five animals per cage
under controlled light (12 h light and 12 h dark cycle), temperature
(24 £2°C), and humidity (50 +10%) conditions, and provided with ad
libitum access to food (Jiangsu Xietong Pharmaceutical Bio-
Engineering Co. Ltd., XTIO1FZ) and water throughout all experiments.
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Administration of antibiotics

Antibiotics including ciprofloxacin hydrochloride (0.2 mg/ml), ampicillin
sodium salt (1 mg/ml), metronidazole (1 mg/ml), vancomycin hydro-
chloride (0.5 mg/ml), and kanamycin sulfate (0.5 mg/ml) were dissolved
in sterile water®, TakI"™ %0 mice, or Tak1™*° Ripk1">*V°BN mice and
their littermates involved in the experiments were pretreated with anti-
biotics water two weeks before tamoxifen injection.

Generation and immortalization of MEFs

MEFs were isolated from E11-13 embryos using trypsin/EDTA and
sieved through a 70-micron filter. Primary MEFs were immortalized by
transfection with SV40 large T antigen-expressing plasmid. Immorta-
lized MEFs were maintained at 37 °C and 5% CO, in DMEM (Thermo
Fisher, C11995500BT) supplemented with 10% (vol/vol) fetal bovine
serum (FBS, Gibco) and 100 units ml™ penicillin/streptomycin.

Organoid culture

Mouse organoids were established from isolated crypts collected from
the ileum and colon according to the manufacturer’s instructions
(StemCell Technologies, 06005). Organoids were passaged at least
twice and grown using IntestiCult organoid growth medium (StemCell
Technologies, 06005). Propodium iodide (PI) staining was used to
quantitate the levels of cell death. Images were acquired using the
PerkinElmer Operetta CLS™ high content analysis system. The per-
centage of PI' organoid area was calculated by HALO (v4.0.5107.318)
image analysis software.

Isolation of primary BMDMs

BMDMs were differentiated from whole bone marrow-derived from
flushed tibia and femurs from C57BL/6]) mice. Differentiation was
carried out in complete DMEM supplemented with 30%
1929 supernatants containing macrophage colony-stimulating factor.

Analysis of cell death in culture

MEFs or BMDMs were seeded the day before in a 384-well plate (25000
cells per well for BMDMs). The cells were pretreated on the next day
with indicated compounds or TLRs ligands for 30 min or 4 h and then
stimulated with mouse TNF or 5Z7 in the presence of 5 mM SytoxGreen
(Invitrogen). SytoxGreen intensity was measured at intervals of 0.5h
using a SYNERGY HI1 microplate reader (BioTek), with an excitation
filter of 488 nm and an emission filter of 523 nm. Data were collected
using Gen5 software version 3.08.01 (BioTek). Cell death (%) was
expressed as percentages of cell death per well after deducting the
background signal in non-induced cells and compared to that of the
maximal cell death with 100% Lysis Reagent (0.1% Triton X-100).

Immunoblotting

Cell lysates were lysed in 1% NP-40 buffer supplemented with protease
and phosphatase inhibitors, followed by denaturation in LDS sample
buffer. Protein lysates were then subjected to western blotting. Pri-
mary antibodies against the following proteins were used for western
blotting: TAK1 (Abcam, ab109526, 1:1,000), p-S166 RIPK1 (Biolynx,
BX60008, 1:1,000), RIPK1 (homemade, 1:1,000), TRADD (homemade,
1:1,000), Cleaved Caspase-3 (CST, 9661, 1:1,000), Cleaved Caspase-8
(CST, 8592, 1:1,000), Caspase-3 (CST, 9662, 1:1,000), Caspase-8 (CST,
4790, 1:1,000), GSDMD (Abcam, ab209845, 1:1,000), Caspase-1 (p20)
(AdipoGen, AG-20B-0042-C100, 1:1,000), p-ERK1/2 (CST, 4370,
1:1,000), p-p38 (CST, 4511, 1:1,000), p-JNK (CST, 4668, 1:1,000), p-NF-
kB p65 (CST, 3033, 1:1,000), ERK1/2 (CST, 9102, 1:1,000), p38 (CST,
8690, 1:1,000), p-JNK (CST, 9252, 1:1,000), NF-kB p65 (CST, 8242,
1:1,000), FADD (Abcam, abl24812, 1:1,000), RIPK3 (ProSci, 2283,
1:1,000), MLKL (Abgent, AP14272b, 1:1,000), p-MLKL (Abcam,
ab196436, 1:1,000), p-RIPK3 (Abcam, ab195117, 1:1,000), HA (CST,
3724, 1:1,000), B-Tubulin (MBL, PMO054, 1:2000), B-actin (TransGen
Biotech, HC201, 1:2000).

Complex-II purification

For complex-Il purification, cells were seeded in 15cm dishes and
treated as indicated. Cells were lysed on ice in 1% NP-40 lysis buffer.
The lysates were incubated with FADD antibody (Santa Cruz Bio-
technology, sc-6036, 1:100) in rotation overnight at 4 °C. The immu-
nocomplex was captured by 20 pl of protein A/G agarose (Invitrogen)
4 h at 4°C. The samples were then washed three times in 1% NP-40
buffer and eluted by boiling in 40 pl 1 x SDS loading buffer.

RNA extraction, cDNA synthesis, and quantitative real-time PCR
Total RNA was extracted from intestine tissues using RNAiso Plus
(Takara, 9109) according to the manufacturer’s instructions. The
quantity and quality of RNA were measured by using a nanodrop
(Thermo Scientific). RNA was used to synthesize cDNA with
Reverse Transcription Regents [Takara, Recombinant RNase
Inhibitor 2313A, Reverse Transcriptase M-MLV (RNaseH-) 2641A,
Oligo(dT)18 Primer 3806, Random Primer 3801, dNTP Mixture
4030]. Then cDNA was used to run the quantitative real-time PCR
assay with the QuantStudio™ 7 Flex Real-Time PCR system (Life
Technologies) to measure the expression of interested genes.
Actin was used as an internal control.

Mouse Actin

forward: ATGGAGGGGAATACAGCCC,

reverse: TTCTTTGCAGCTCCTTCGTT;

Cel2

forward: GGGATCATCTTGCTGGTGAA,

reverse: AGGTCCCTGTCATGCTTCTG;

Ccls

forward: CCAATCTTGCAGTCGTGTTTGT,

reverse: CATCTCCAAATAGTTGATGTATTCTTGAAC;

Cxcll

forward: CTGGGATTCACCTCAAGAACATC,

reverse: CAGGGTCAAGGCAAGCCTC;

Cxcl2

forward: ACAGAAGTCATAGCCACTCTC,

reverse: TTAGCCTTGCCTTTGTTCAG;

Ifit1

forward: TACAGGCTGGAGTGTGCTGAGA,

reverse: CTCCACTTTCAGAGCCTTCGCA;

llla

forward: CGCTTGAGTCGGCAAAGAAATC,

reverse: GTGCAAGTCTCATGAAGTGAGC;

g

forward: ACTCATTGTGGCTGTGGAGA,

reverse: TTGTTCATCTCGGAGCCTGT;

Isg1S

forward: CATCCTGGTGAGGAACGAAAGG,

reverse: CTCAGCCAGAACTGGTCTTCGT;

Tnf

forward: CCCTCACACTCAGATCATCTTCT,

reverse: GCTACGACGTGGGCTACAG;

Zbpl

forward: TTGAGCACAGGAGACAATCTG,

reverse: TTCAGGCGGTAAAGGACTTG;

ELISA

The levels of IL-1 in the culture medium were determined using ELISA
kits according to the manufacturer’s instructions (Thermo Fisher, 88-
7013A-88).

Immunohistochemistry and histology

Tissue samples from mice were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections of 5um in thickness were subjected to
hematoxylin and eosin (H&E) staining. For immunohistochemical ana-
lysis, slides were rehydrated and antigen retrieval was performed by
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boiling with Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween-20,
pH 9.0) for CC3 (CST, 9661, 1:200) and CC8 (CST, 8592, 1:200), or
digestion with trypsin solution (0.05% Trypsin, 0.1% CaCl,, pH 7.8) for
lysozyme-1(Invitrogen, PA5-16668, 1:200) and Ly-6G (Biolegend, 127608,
1:200). Slides were washed and incubated with peroxidase blocking
buffer (0.3% H,0,) for 15 min. Slides were washed and blocked in 1.5%
goat serum for 20 min, and incubated with primary antibody for 6 h at
4 °C. Sections were incubated with biotinylated anti-rat secondary anti-
body (Vector Laboratories, BA-9401, 1:500) or anti-rabbit secondary
antibody (Vector Laboratories, BA-1000, 1:500) for 60 min at room
temperature. Staining was visualized using the Vectastain Elite ABC-HRP
kit (Vector Laboratories, VEC-PK-6100) and DAB substrate (Vector
Laboratories, SK-4100). Sections were then counterstained with hema-
toxylin for staining of the nuclei, dehydrated, and mounted with neutral
balsam (Solarbio, G8590). Histological sections were scanned using
3DHistech PANNORAMIC® 250 Flash III DX.

In vitro kinase assay

Kinase assays were performed with 75 pg recombinant 6*HIS hTRADD
(Proteintech, Ag7768) and 150 pg hTAK1(15-303)-TAB1(468-504) in a
reaction containing 25 mM Tris-HCI pH 7.5, 150 mM NacCl, 5 mM beta-
glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na3vVO4, 10 mM
MgCl,, 200 pM ATP at 30 °C for 1 h®®,

Mass spectrometry and data analysis

The protein samples were resolved in 8 M urea and 500 mM Tris-HCI (pH
8.5). Disulfide bridges were reduced by adding Tris (2-carboxyethyl)
phosphine (TCEP) at a final concentration of 5 mM for 20 min. Reduced
cysteine residues were then alkylated by adding 10 mM iodoacetamide
(IAA) and incubating for 15 min in the dark at room temperature. The
urea concentration was reduced to 2 M by adding 100 mM Tris-HCI (pH
8.5) and 1 mM CaCl,. Then, the protein samples were digested overnight
at 37 °C with trypsin (V5111, Promega) at an enzyme-to-substrate ratio of
1:100 (w/w). The resulting peptides were enriched for phosphorylated
peptides using TiO, and then analyzed using a Bruker TimsTOF™ mass
spectrometer. The peptides were separated on an analytical column
(250 mm x 75 um 1.6 pm CI18 resin, lonOpticks). The dual TIMS analyzer
was operated at a fixed duty cycle with a ramp time of 100 ms, and the
total cycle time was 1.16 s. Data-dependent acquisition (DDA) was per-
formed in PASEF mode with ten PASEF scans per acquisition cycle in a
mass range from 100 m/z to 1700 m/z with charge states from O to 5+.
The ion mobility was scanned from 0.6 to 1.6 Vs/cm?. Precursors that
reached a target intensity of 20,000 were selected for fragmentation
and dynamically excluded for 0.4 min (mass width 0.015 m/z, 1/KO width
0.015 Vs/cm?). The protein identification and quantification were done
by FragPipe version 21.1°°. The tandem mass spectra were searched
against the UniProt human and mouse protein database. Trypsin was
set as the enzyme, and the specificity was set to both N and C terminal of
the peptides. The peptide length was set as 7 to 50 amino acids.
The maximum missed cleavage was set to 2. The cysteine carbamido-
methylation was set as a static modification, and the methionine oxi-
dation and phosphorylation on serine, threonine, and tyrosine were set
as variable modifications. The precursor and fragment mass tolerance
were set as 20 ppm. The false discovery rate at the peptide spectrum
match level and protein level was controlled to be <1%. The minimal
localization probability was set to 0.75. The “match between runs”
option was applied.

Construction and transfection of plasmids

pMSCV-blasticidin was used as the plasmid backbone for all of the
constructs used for the reconstitution study. Full-length cDNAs for
mouse TRADD were PCR-amplified from the plasmid library using Q5®
Hot Start High-Fidelity DNA Polymerase (NEB, M0493) and cloned into
PMSCV vector using ClonExpress® MultiS One Step Cloning Kit
(Vazyme, C113) with Flag or HA tag. Mutant mTRADD (Y252D, Y252E,

Y254D, Y254E) were generated using Q5® Hot Start High-Fidelity DNA
Polymerase and cloned into the Xhol/EcoRlI sites in the pMSCV vector
using ClonExpress® MultiS One Step Cloning Kit (Vazyme, C113). All
plasmids were verified by DNA sequencing, and details of the plasmid’s
sequences are available upon request. For viral packaging,
HEK293T cells were transfected with different vectors using PEI
(Polysciences, Cat#23966-2), and collected at 48 h post-transfection.
The virus-containing supernatant was then used to infect Tradd”
MEFs with 8 pg/ml™ polybrene for 48 h.

RNA-seq

Total RNA was extracted using the TRIzol reagent (Invitrogen, CA,
USA) according to the manufacturer’s protocol. RNA purity and
quantification were evaluated using the NanoDrop 2000 spectro-
photometer (Thermo Scientific, USA). RNA integrity was assessed
using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). The libraries were constructed using VAHTS Universal V6 RNA-
seq Library Prep Kit according to the manufacturer’s instructions. The
transcriptome sequencing and analysis were conducted using OE
Biotech Co., Ltd. (Shanghai, China). The libraries were sequenced on an
llumina Novaseq 6000 platform, and 150 bp paired-end reads were
generated. About ~-50 million reads for each sample were generated.
Raw reads of fastq format were firstly processed using fastp and the
low-quality reads were removed to obtain the clean reads’. About -48
million clean reads for each sample were retained for subsequent
analyses. The clean reads were mapped to the reference genome using
HISAT2". FPKM of each gene was calculated and the read counts of
each gene were obtained by HTSeq-count’”>,

16S rDNA seq

lleum and colon samples were snap-frozen and stored at —80 °C after
collection. lleum fecal were collected from the mice with indicated
genotypes at 3 dpi for 16S sequencing. We collected two biological
replicates from the ileum of each mouse. In total, 24 ileum stool samples
from 12 Tak?” mice, 23 ileum stool samples from 12 TakI“"““*° mice and
20 ileum stool samples from 10 TakI“™*0 RipkIP>VP13SV mice were
obtained and submitted for microbiome profiling using 16S rDNA
sequencing. Colon fecal were collected from the mice with indicated
genotypes at 3 dpi and 7 dpi for 16S sequencing. We collected two bio-
logical replicates from the colon of each mouse. In total, 24 colon stool
samples from 12 Tak?"' mice, 24 colon stool samples from 12 Tak1“™t<*0
mice and 20 colon stool samples from TakI®“™“0 RipkiPPSVPLN mice at
3 dpi, while 22 colon stool samples from 11 Tak?" Ripk1°VPBN mice, 21
colon stool samples from 11 TakI“™E“*° Ripk1°*SVPB8¥ mice and 20 colon
stool samples from 10 TakI®“™ECkO RipkIPRPVPI3N Tradd ™™ ECKO mice were
obtained and submitted for microbiome profiling using 16S rDNA
sequencing. Bacterial DNA was isolated using a DNeasy PowerSoil kit
(Qiagen) following the manufacturer’s instructions. DNA concentration
and integrity were measured using NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific) and agarose gel electrophoresis. PCR ampli-
fication of the V3-V4 hypervariable regions of bacterial 16S rRNA gene
was carried out in a 25 pl reaction using universal primer pairs (343 F: 5'-
TACGGRAGGCAGCAG-3; 798R: 5-AGGGTATCTAATCCT-3). The
reverse primer contained a sample barcode and both primers were
connected with an Illlumina sequencing adapter. The Amplicon quality
was visualized using gel electrophoresis. The PCR products were purified
with Agencourt AMPure XP beads (Beckman Coulter Co., USA) and
quantified using a Qubit dsDNA assay kit. The concentrations were then
adjusted for sequencing. Sequencing was performed on an Illumina
NovaSeq 6000 with two paired-end read cycles of 250 bases each (lllu-
mina Inc., San Diego, CA; OE Biotech Company; Shanghai, China). Raw
sequencing data were in FASTQ format. Paired-end reads were then
preprocessed using cutadapt software to detect and cut off the adapter.
After trimming, paired-end reads were filtered low-quality sequences,
denoised, merged, detected, and cut off the chimera reads using DADA2

Nature Communications | (2025)16:1890

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57211-z

with the default parameters of QIIME27*7. The software outputs the
representative reads and the ASV abundance table. The representative
read of each ASV was selected using the QIIME2 package. All repre-
sentative reads were annotated and blasted against Silva database Ver-
sion 138 (or Unite) (16 s/18 s/ITS rDNA) using q2-feature-classifier with the
default parameters. The 16S rRNA gene amplicon sequencing and ana-
lysis were conducted using OE Biotech Co., Ltd. (Shanghai, China).

Inferring context-specific microbial interactions

We consider each part of a mouse as an ecosystem inhabited by the
microbiota (containing m genera). Let y; denote the microbial abun-
dance of genus j for an ecosystem i. We calculate N;=>/",y; and
define it as the niche index (HI) of ecosystem i. The abundance level of
an individual genus i allometrically scales as HI across ecosystems,
which obeys the power law, expressed as

where a; is the scale-depending constant and §; is the scaling
exponent, both of which determine the shape of the power curve. As
a function of N;, we denote yj; by y,(N)).

Chen et al. proposed a statistical mechanics model to reconstruct
interaction networks from abundance data”. This model is the combi-
nation of elements of different disciplines, from evolutionary game
theory and ecosystem ecology theory through mathematical and statis-
tical principles. Specifically, this model is founded on a system of quasi-
dynamic mixed ordinary differential equations (mODE), expressed as

dyé,(\l,\,li) =Q () )+ EM: Qy (3 (V) : ©) @)

: SV

where the overall abundance change of genus j per HI change is
decomposed into two components. The first component is the inde-
pendent abundance change that is due to the self-regulation of genus j,
which occurs when this genus is assumed to be in isolation. The
magnitude of the independent change depends on the intrinsic
capacity of this genus. The second component is the dependent
abundance change that results from the regulation of all possible other
genus j7, whose sign and magnitude depend on how and how strongly
this genus is affected by genus j». Based on these notions, the
independent and dependent component changes are expressed as a
function of the abundance of genus j and 7, specified by parameters, ©;
and Oy, respectively. Here, two points are considered to fit the
independent and dependent component curves. First, the fitted values
of abundance of each genus from the power Eq. (1) are used as an
exploratory variable. This treatment allows a universal physical law to
underpin the basis of network reconstruction. Second, because no
explicit forms exist, a nonparametric function, such as Legendre
Orthogonal Polynomials, is used to smooth independent and
dependent component curves.

Equation (2) is a full mODE model under which each microbe is
linked with every other microbe. However, for an ecosystem composed
of extremely many microbes, i.e., m is large, this full model forms a fully
interconnected network, which is neither computationally feasible nor
biologically justifiable. In living systems, a stable and robust ecosystem
tends to be sparse. Thus, we need to reconstruct sparsely interconnected
networks in which one microbe is only linked with a small set of other
microbes. To obtain these small set of microbes, we implement
regularity-based variable selection based on the mODE model of Eq. (2)
to choose a set of the most significant genera (as predictors) (say d)) that
affect a given genus (as a response). After then, the full model is reduced
to a sparse model in which the summation of the dependent compo-
nents is made over d; genera rather than m genera.

We implement the fourth-order Runge-Kutta algorithm to solve
the reduced mODE equation. Following graph theory, we encode the

independent components for individual genera as codes and the
dependent components for individual genus pairs as edges into
informative (capturing all interaction properties, such as sign,
strength, and causality), dynamic (interaction properties as a function
of HI), omnidirectional (characterizing all possible interactions each
and every microbes may has), and personalized (illustrating interac-
tion architecture specific to individual subjects) networks (idopNet-
works). idopNetworks provides a tool to reveal how microbial
interactions respond to the change of genetic background and identify
the microbial cause of disease formation”’.

Statistics

Data shown in the graphs were the mean + SEM. Comparisons between
the two groups were performed using the unpaired Student’s ¢-test. All
statistical analyses were performed with GraphPad Prism 9.5.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange Consortium via the iProX
partner repository’®’® under accession PXD056588. The RNA-seq data
generated in this study have been deposited at Gene Expression
Omnibus (GEO) database under accessions GSE279034, GSE279700,
and GSE279702 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE279702]. The 16S rDNA seq data generated in this study are avail-
able in Supplementary Data 1. Source data are provided as a Source
Data file. Uncropped western blot scans are shown in the Source Data
File. Source data are provided with this paper.
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