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In brief

The role of necroptosis in cancer

development is not well understood.

Vucur et al. show that in hepatocytes with

low RIPK3 expression, parallel NF-kB

activation triggers sublethal necrosome

activation, driving inflammation and

hepatocarcinogenesis. Switching to

lethal necroptosis through NF-kB

inhibition limits immune responses and

prevents liver cancer.
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SUMMARY
It is currently not well known how necroptosis and necroptosis responses manifest in vivo. Here, we uncov-
ered a molecular switch facilitating reprogramming between two alternative modes of necroptosis signaling
in hepatocytes, fundamentally affecting immune responses and hepatocarcinogenesis. Concomitant ne-
crosome and NF-kB activation in hepatocytes, which physiologically express low concentrations of recep-
tor-interacting kinase 3 (RIPK3), did not lead to immediate cell death but forced them into a prolonged ‘‘sub-
lethal’’ state with leaky membranes, functioning as secretory cells that released specific chemokines
including CCL20 and MCP-1. This triggered hepatic cell proliferation as well as activation of procarcinogenic
monocyte-derived macrophage cell clusters, contributing to hepatocarcinogenesis. In contrast, necrosome
activation in hepatocytes with inactive NF-kB-signaling caused an accelerated execution of necroptosis,
limiting alarmin release, and thereby preventing inflammation and hepatocarcinogenesis. Consistently, intra-
tumoral NF-kB-necroptosis signatures were associated with poor prognosis in human hepatocarcinogene-
sis. Therefore, pharmacological reprogramming between these distinct forms of necroptosismay represent a
promising strategy against hepatocellular carcinoma.
INTRODUCTION

Cancer development and response to therapy are strongly influ-

enced by innate and adaptive immunity.1 Hepatocellular carci-
Immunity 56, 1–1
This is an open access article under the CC BY-N
noma (HCC), the common end stage of chronic liver diseases,

arises almost exclusively in the context of chronic hepatic inflam-

mation.2 Hepatocellular death occurs in almost all types of hu-

man liver disease and represents the most critical molecular
8, July 11, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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event related to inflammatory responses.3 While many different

forms of regulated cell death have been described so far, nec-

roptosis in particular has been attributed a major role in driving

metabolic liver diseases such as alcoholic and nonalcoholic

steatohepatitis (ASH and NASH, respectively),4,5 which are

among the main causes for HCC development.6 Necroptosis re-

lies on the activation of the necrosome—a molecular complex

consisting of the kinases receptor-interacting kinase 1 (RIPK1)

and RIPK3 and the pseudokinase MLKL.7,8

In general, necroptosis is thought to be a highly reactive formof

cell death triggering strong inflammation by the release of immu-

nostimulatory intracellular components called damage-associ-

ated molecular patterns (DAMPs), which are exposed to immune

cells after cell-membrane rupture.9 However, it is currently un-

clear whether anMLKL-activated cell always executes cell death

or if sublethal forms of necroptosis exist.10–12 Thismay be impor-

tant considering that necroptosis execution, DAMP-release, im-

mune-cell activation, and thus the long-term biological conse-

quences of necroptosis activation could vary substantially in a

given disease context.11 To date, there are very few examples

of clinical trials targeting necroptosis in human disease,13 which

is mainly due to the fact that it is difficult to unequivocally detect

necroptotic cell death in humandisease.14,15Moreover, there is a

potential risk that necroptosis targeting may inadvertently acti-

vate alternative cell-death forms.16,17

Here, we show that a molecular switch exists in hepatocytes

that determines the mode of execution as well as the biological
2 Immunity 56, 1–18, July 11, 2023
responses following activation of the necroptosis pathway

in vivo, thereby promoting or inhibiting immune-cell activation

and subsequent hepatocarcinogenesis. Reprogramming of nec-

roptosis responses, rather than inhibiting necroptosis itself,

could therefore represent a strategy to prevent cancer develop-

ment in patients with chronic liver diseases.

RESULTS

Chronic activation of the necroptosis pathway in liver
parenchymal cells correlates with remodeling of the
hepatobiliary architecture
Weablated Traf2—anadapter protein for the E3-ubiquitin-ligases

cIAP1 and cIAP218,19 inhibiting apoptosis and necroptosis20—in

liver parenchymal cells LPCDTraf2 (LPC) mice (Figure S1A). As ex-

pected,21 this led to hepatitis, reflected by elevated serum con-

centrations of aspartate aminotransferase (AST), alanine amino-

transferase (ALT), and glutamate dehydrogenase (GLDH)

(Figure S1B). Histological analysis revealed no gross abnormal-

ities, despite a pronouncedductular reaction in someportal tracts

in LPCDTraf2 livers compared with wild-type (WT) controls (Fig-

ure S1C). Moreover, LPCDTraf2 livers showed spontaneous hepa-

tocyte apoptosis demonstrated by immunohistochemistry (IHC)

for cleaved caspase-3 (Figures S1D and S1E). We also treated

LPCDTraf2 and WT mice with bacterial lipopolysaccharide (LPS),

which resulted in pronounced apoptosis and liver injury in

LPCDTraf2 but not in WT livers (Figures S1F–S1I). We also isolated

mailto:@tom_luedde
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Figure 1. Chronic activation of necroptosis correlates with remodeling of the hepatobiliary architecture

(A) Immunoblot analysis of extracts from primary hepatocytes treated with TNF (50 ng/mL). L929 extracts stimulated with TNF (T) and zVAD (Z) were used as

controls.

(legend continued on next page)
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and stimulated primary hepatocytes from LPCDTraf2 mice with re-

combinant TNF, which led to strong activation of apoptosis, as

well as slight phosphorylation of MLKL as a surrogate for necrop-

tosis activation in TRAF2-deficient hepatocytes (Figure S1J).

To functionally dissect the specific role of necroptosis from

apoptosis in the context of Traf2-deletion, we ablated Casp8 in

LPCDTraf2 mice to block apoptosis activation (LPCDTraf2, Casp8

mice) (Figure S2A). As expected, caspase-3 cleavage was

only detected in hepatocytes of LPCDTraf2 mice, but not in

LPCDTraf2, Casp8 mice (Figures S1D, S1E, and S2B). In line,

markers of hepatocyte injury were markedly reduced in

LPCDTraf2, Casp8 mice compared with LPCDTraf2 mice, suggesting

that liver injury in LPCDTraf2 mice was partially caused by

apoptosis (Figure S2C). However, LPCDTraf2, Casp8 mice still

showed increased concentrations of ALT and AST indicating

that liver injury was still present (Figure S2C).

To assess activation of necroptosis in LPCDTraf2, Casp8 mice,

we performed immunoblot analyses on lysates from primary he-

patocytes, which showed low RIPK3 expression (Figure 1A). An

IHC analysis and quantification of RIPK3 expression in murine

livers confirmed previous data22 that RIPK3 was only weakly ex-

pressed in hepatocytes ofWT livers comparedwith immune cells

and was slightly increased in hepatocytes of LPCDTraf2 and

LPCDTraf2, Casp8 mice, but still to a lesser extent than in immune

cells and biliary cells (Figures 1B and S2D), respectively. Low

RIPK3 expression in hepatocytes in vivo was confirmed by in

situ hybridization (ISH) analysis (Figure S2E).

In line with low RIPK3 expression in primary hepatocytes, we

detected low phosphorylation of MLKL in both the absence

and presence of exogenous TNF (Figure 1A). Of note,

LPCDTraf2, Casp8 hepatocytes showed increased Tnf mRNA

expression, which may have contributed to MLKL phosphoryla-

tion over time in untreated hepatocytes (Figure S2F). To further

investigate the role of TNF in liver injury in LPCDTraf2, Casp8

mice, we treated LPCDTraf2, Casp8 mice with the TNF inhibitor eta-

nercept for 2 weeks. This experiment did not result in a signifi-

cant improvement of liver injury (Figure S2G).

Histologically, 6-week-old LPCDTraf2, Casp8 mice displayed a

severe spontaneous liver phenotype with advanced fibrosis

and porto-portal bridging (Figure 1C). Analyses in younger

mice showed a normal histology at postnatal day 1, arguing

against a defect in embryonic development in LPCDTraf2, Casp8

mice (Figure S2H). Notably, porto-portal bridging was already

detected in 21-day-oldmice (Figure S2H). Immunohistochemical

characterization of 6-week-old mice revealed that the Sirius red

positive fibrous septa contained a-SMA-positive activated he-

patic stellate cells, and a prominent pan-cytokeratin (CK)- and
(B) IHC analyses of RIPK3 on liver-tissue sections from 6-week-old mice. Scale

(C) H/E, Sirius red (sRed), and IHC analyses of SOX9, pan-cytokeratin (panCK), aS

Scale bars: 50 mm.

(D) 3D reconstruction of the biliary system through serial stainings with antibodie

20 mm for magnifications.

(E) Serum analysis of bilirubin and AP in 6-week-old mice. Results are shown as

(F and G) IHC analysis of Ki67 on liver-tissue sections from 6-week-old mice. Sc

(H) Immunoblot analysis of whole-liver protein extracts from 6-week-old mice.

**p < 0.01, ***p < 0.001, ****p < 0.0001; ordinary one-way ANOVAwith Tukey’s mul

test, respectively.

See also Figures S1 and S2.
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SOX9-positive, A6-negative ductular reaction (Figure 1C).

Accordingly, biliary differentiation was confirmed by electron mi-

croscopy (Figure S2I). Three-dimensional surface-reconstruc-

tion of CK19 stainings revealed the strong extent of altered biliary

architecture (Figure 1D). Consistently, serum concentrations of

bilirubin and alkaline phosphatase (AP) were elevated in

LPCDTraf2, Casp8 mice (Figure 1E). IHC stainings revealed that

the mixed interportal infiltrate contained multiple immune cells

(Figure 1C). Immune-cell infiltration in LPCDTraf2, Casp8 livers

was associated with increased expression of TRAF2 and

caspase-8 in an immunoblot analysis performed on whole-liver

protein extracts (Figure S2J). However, IHC analysis of liver

slides from 6-to-8-week old mice showed that caspase-8 was

only expressed in nonparenchymal cells and absent in hepato-

cytes from LPCDTraf2, Casp8 mice (Figures S2K and S2L). In line,

qRT-PCR analyses on RNA extracts from isolated and purified

hepatocytes from 6-to-12-week-old mice confirmed deletion of

Traf2 and Casp8 in primary hepatocytes from LPCDTraf2, Casp8

mice (Figure S2M). Finally, LPCDTraf2, Casp8 livers displayed

increased cell proliferation (Figures 1F–1H). Collectively, co-

deletion of Traf2 and Casp8 in LPC correlated with remodeling

of the hepatobiliary architecture featuring massive inflammation,

fibrosis, and liver-parenchymal-cell proliferation.

Chronic activation of the necroptosis pathway in
LPCDTraf2, Casp8 mice drives hepatocarcinogenesis
At 52 weeks of age, all LPCDTraf2, Casp8 mice (13/13) but none of

the LPCDTraf2 (0/6) or WT (0/9) mice showed multiple hepatic tu-

mors (Table S1) and increased liver-to-body-weight ratios (Fig-

ure 2A) as signs of malignancy. Histologically, these tumors dis-

played characteristic features of HCC as demonstrated by H&E,

loss of collagen type IV, and increased GP73 staining (Figures 2B

and 2C). To test if cancer development in LPCDTraf2, Casp8 mice

was mediated by necroptosis, we interbred LPCDTraf2, Casp8

mice withRipk3�/� animals (LPCDTraf2, Casp8-Ripk3�/�mice) (Fig-

ure S2N). Of note, LPCDTraf2, Casp8-Ripk3�/� mice did not show

signs of tumor development at the age of 52 weeks (0/11) (Fig-

ure 2D; Table S1). We additionally performed array-CGH anal-

ysis23 on histologically microdissected liver tumors from

LPCDTraf2, Casp8 mice and compared the patterns of chromo-

somal aberrations with areas of disturbed microarchitecture in

LPCDTraf2 and LPCDTraf2, Casp8-Ripk3�/� mice (Figure 2E). This

analysis revealed that HCC from LPCDTraf2, Casp8 mice displayed

multiple genetic gains and losses, while no genetic alterations

were detected in livers of LPCDTraf2 and LPCDTraf2, Casp8-

Ripk3�/� mice. To confirm that necroptotic signaling in LPC

was the driver of the cancer phenotype in LPCDTraf2, Casp8
bars: 200 and 25 mm for magnifications.

MA, A6, F4/80, CD3, and B220 on liver-tissue sections from 6-week-old mice.

s against CK19 on liver sections from 6-week-old mice. Scale bars: 100 and

mean, (n = 8), n.s.: not significant.

ale bar, 50 mm.

tiple-comparisons test or Kruska-Wallis test with Dunn’s multiple-comparisons



Figure 2. Chronic activation of the necrosome in LPCDTraf2, Casp8 mice drives liver cancer formation

(A) Liver to body-weight ratios were measured in 50-to-55-week-old mice; n = 9 (WT), n = 7 (LPCDTraf2), and n = 12 (LPCDTraf2, Casp8). Results are shown as mean.

(B) H/E and Col-IV stainings showing liver tumors in 52-week-old LPCDTraf2, Casp8 mice and no abnormalities in age-matched WT mice. Scale bars: 250 mm.

(legend continued on next page)
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mice, we crossed LPCDTraf2, Casp8 mice with Mlkl-floxed mice

(LPCDTraf2, Casp8, Mlkl mice) as well as Ripk1-floxed mice

(LPCDTraf2, Casp8, Ripk1 mice)21 (Figure S2N). Of note, additional

Mlkl deletion as well as Ripk1 deletion led to a similar rescue of

the LPCDTraf2, Casp8 phenotype as shown for Ripk3 deletion (Fig-

ure 2F; Table S1). Together, these findings suggested that

RIPK1-RIPK3-MLKL-dependent necroptosis signaling pro-

moted hepatocarcinogenesis in LPCDTraf2, Casp8 mice.

NF-kB-activation is a prerequisite for necroptotic
hepatocarcinogenesis
The fact that RIPK3 promoted inflammation and hepatocarcino-

genesis in LPCDTraf2, Casp8mice conflicted with our previous find-

ings in mice with genetic ablation of the kinase Tak1 in LPC

(LPCDTak1),24 in which RIPK3 inhibited hepatocarcinogenesis

due to an unknown mechanism.16 TAK1 is required to activate

the catalytic IKK subunits,25 and LPCs lacking Tak1 display a

complete block of NF-kB activation.24,26 By contrast, it has

been previously shown that TRAF2 deletion in mouse embryonic

fibroblasts (MEFs) resulted in constitutive hyperactivation of NF-

kB.27 We confirmed basal and inducible NF-kB hyper-activation

in livers and primary hepatocytes from LPCDTraf2mice by electro-

phoretic mobility shift assay (EMSA) (Figures S3A and S3B).

Therefore, we hypothesized that the activation status of the

IKK complex and the NF-kB pathway might determine if

RIPK3-dependent necroptosis is pro- or antitumorigenic.

To test this hypothesis, we crossed LPCDTraf2, Casp8 mice with

Ikbkb-floxed (Ikkb) mice to generate LPCDTraf2, Casp8, Ikbkb mice

(Figure S3C). As expected, additional deletion of Ikkb abrogated

spontaneous and TNF-induced NF-kB activation in primary hepa-

tocytes from LPCDTraf2, Casp8 mice, as demonstrated by EMSA

(Figure 3A) and by expression analysis for the NF-kB target

gene A20 in whole liver extracts (Figures 3B and 3C). Additional

ablation of Ikkb rescued the ductular-reaction phenotype seen in

6-week-old LPCDTraf2, Casp8 mice (Figure 3D). However, young

LPCDTraf2, Casp8, Ikbkb mice showed the presence of focal hepato-

cellular necrotic lesions (Figure 3D). These necrotic lesions went

along with rising liver enzymes as a surrogate for increased liver

injury, but reduced cholestasis parameters (Figure S3D). Of

note, liver tumors were not detected in 52-week-old LPCDTraf2,

Casp8, Ikbkb mice (0/11) (Figure 3D; Table S1). However, array-

CGH analysis on microdissected, histologically disturbed areas

fromold LPCDTraf2, Casp8, Ikbkbmice showed that chromosomal ab-

errations could still be detected, but to a lesser extent than those

seen in tumors from LPCDTraf2, Casp8 mice (Figure 3E).

IKKswere implicated in themodulation of RIP kinase activity in

an NF-kB-independent manner.7,28,29 Therefore, to exclude that

an NF-kB independent function of IKKbmediated the phenotype
(C) H/E and IHC (GP73, panCK) analysis on liver paraffin sections from 52-week-

H/E and panCK; 500 mm for GP73.

(D) H/E and Col-IV stainings showing a rescue of liver pathology by additional de

(E) Summary of comparative genomic hybridization (CGH) analysis from differe

disturbed histological architecture (no obvious tumors) from LPCDTraf2 (n = 3) and

chromosome is shown and chromosome numbers are indicated. Dark horizonta

deletions are indicated in blue, amplifications in red. Individual mice are labeled

(F) H/E of livers from 6-week-old mice. Scale bars: 200 mm.

**p < 0.01, ***p < 0.001. n.s., not significant; Kruska-Wallis test with Dunn’s mult

See also Figure S2 and Table S1.
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of LPCDTraf2, Casp8 mice, we inhibited NF-kB through alternative

targeting approaches. Additional ablation of the regulatory IKK

subunit Nemo (LPCDTraf2, Casp8, Ikbkg) or the NF-kB subunit Rela

(p65) (LPCDTraf2, Casp8, Rela) resulted in a similar rescue of the

phenotype as seen upon additional Ikkb ablation (Figures 3F

and S3E; Table S1), arguing for a crucial function of NF-kB

signaling and against an NF-kB-independent effect of IKKb in

the mediation of necroptotic carcinogenesis in LPCDTraf2, Casp8

mice. Of note, all additional genetic constellations of sponta-

neous necroptosis activation in a setting of NF-kB inhibition

(LPCDIkbkg, Casp8, LPCDTak1, Casp8) displayed similar necrosis

areas as previously detected in LPCDTraf2, Casp8, Ikbkb mice but

were rescued from cancer development (Figure S3F).

As impaired TRAF2 signaling is also known to be related to

activation of noncanonical NF-kB signaling,30,31 we tested

p100 expression and cleavage to p52 by immunoblot in primary

hepatocytes and liver extracts. Cleavage to the p52 form was

induced in hepatocytes and livers of LPCDTraf2, Casp8 and

LPCDTraf2, Casp8-Ripk3�/� mice but not in WT mice (Figure 3G).

Moreover, additional deletion of Ikkb abolished the expression

of p100, resulting in the absence of the p52 cleavage form in

these mice (Figure 3G). This finding confirmed the functional

interconnection between canonical and noncanonical NF-kB

signaling.32 Collectively, these results showed that inactivation

of NF-kB in hepatocytes with activated necroptosis resulted in

the formation of necrotic foci that did not progress to HCC. By

contrast, hyperactivation of NF-kB in hepatocytes with activated

necroptosis signaling promoted hyperproliferation and HCC

development.

An NF-kB necroptosis signature predicts clinical
outcome of liver cancer patients
We aimed at providing evidence that combined NF-kB and

necroptosis signaling might influence the prognosis of human

HCC. Similar to mice, we confirmed low RIPK3 expression in

hepatocytes from healthy liver tissue as well as in liver tissue

from NASH patients by ISH analysis (Figure S3G). Next, we

compared the gene expression profiles of murine LPCDTraf2,

Casp8 liver tumors with human HCCs. For this, we first per-

formed an RNA-sequencing analysis in tumors from

52-week-old LPCDTraf2, Casp8 mice. Unsupervised clustering

of expression data discriminated LPCDTraf2, Casp8 tumors

from nontumoral liver tissue (Figure 4A). Differential gene

expression (Figure 4B; Table S2) showed upregulation of

genes whose human orthologs are recurrently upregulated in

HCC patients33,34 (Figure 4C). As predicted, gene set enrich-

ment analysis (GSEA) showed significant enrichment of gene

sets related to cell-cycle, proliferation, inflammation, and
old LPCDTraf2, Casp8 mice indicating HCC development. Scale bars: 100 mm for

letion of Ripk3 in LPCDTraf2, Casp8 mice. Scale bars: 100 mm.

nt hepatic tumors of LPCDTraf2, Casp8 mice (n = 8) and samples of areas with

LPCDTraf2, Casp8-Ripk3�/� mice (n = 5) (50-to-55-week old). The q-arm of each

l bars within the symbolized chromosomes represent G bands. Chromosomal

by horizontal collared bars.

iple-comparisons test.



Figure 3. NF-kB-activation is a gatekeeper for necroptotic hepatocarcinogenesis

(A) NF-kB inactivation through the additional deletion of Ikkb in LPCDTraf2, Casp8 mice was shown by EMSA from nuclear protein extracts from isolated and TNF

(20 ng/mL)-treated primary hepatocytes.

(legend continued on next page)
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NF-kB signaling (Table S2). Liver cancer signatures associ-

ated with aggressive clinical behavior in humans such as the

Proliferation-35 or S1-subclasses36 were also significantly en-

riched in LPCDTraf2, Casp8 tumors (Table S2).

We next applied comparative functional genomics and gener-

ated an ‘‘NF-kB necroptosis signature’’ from the LPCDTraf2, Casp8

tumors (Table S2). Performance of the signature was tested in a

cohort of tumor samples from 228 HCC patients treated with sur-

gical resection.42 A total of 20/228 (8.7%) patients were predicted

with theNF-kBnecroptosis signature (nearest template prediction

[NTP] method, FDR < 0.05) (Figure 4D). These patients were also

enriched inpreviously reportedsignaturesassociatedwithaggres-

sive tumors,38 including the Proliferation and S1-subclasses, both

also enriched in the LPCDTraf2, Casp8 tumors (Fisher exact test,

p < 0.05) (Figure 4D). Other signatures associatedwith biliary-pre-

cursor cell phenotypes such as the CK19-hum,38 CK19-rat,39 or

Notch signatures40 were also significantly enriched in patients

with the NF-kB necroptosis signature (Figure 4D). Moreover,

mRNA-expression of the necroptosis executor MLKL was higher

in these patients (Mann-Whitney U, p = 0.0006) compared with

those without the signature (Figure 4D). In terms of clinical out-

comes, patients with the NF-kB necroptosis signature had signif-

icantly higher rates of early tumor recurrence (<2 years after resec-

tion, p < 0.05) (Figure 4E). Taken together, these data indicate that

murine LPCDTraf2, Casp8 tumors show transcriptional features

resemblingaggressive humanHCC, suggesting that the activation

of NF-kB and necroptosis signaling represents a risk factor for an

unfavorable outcome of patients with liver cancer.

Necrosome activation is a prerequisite for chemokine
and cytokine release from NF-kB-activated
parenchymal cells
We aimed at further dissecting the molecular mechanisms link-

ing necrosome activation in LPC with NF-kB activation and hep-

atocarcinogenesis. We hypothesized that NF-kB might induce

transcription of inflammatory factors (cytokines and chemo-

kines) in hepatocytes, which might subsequently be released

from these cells through activation of necroptosis. We first per-

formed a transcriptional micro-array analysis on whole-liver

RNA extracts from 7-day-old mice because, at this age, the

phenotype was not yet fully established, therefore increasing

the likelihood to detect hepatocyte-specific transcriptional pat-

terns. As illustrated by heatmap analysis, LPCDTraf2, Casp8 and

LPCDTraf2, Casp8-Ripk3�/� livers showed a similar expression

pattern at this age that was distinct from LPCDTraf2, Casp8, Ikbkb
(B) qRT-PCR analysis of A20 mRNA expression (n = 6) in livers of 6-week-old mic

mean with SEM.

(C) Immunoblot analysis of the NF-kB target gene A20 on whole-liver protein ext

(D) H/E and Col-IV staining showing loss of tumor formation in 52-week-old LPC

pereosinophilic hepatocytes (black arrows) in 6-week-old mice (black arrowhea

bars: 100 mm.

(E) Summary of CGH analysis onmicrodissected areaswith disturbed histological

mice, showing several chromosomal aberrations without the presence of HCCs.

(F) Histological rescue of the observed phenotype seen in 6-week and 52-week

associated with the appearance of necrotic foci (black arrowheads). Scale bars:

(G) Immunoblot analysis of whole-liver protein extracts from 6-week-oldmice) (upp

12-week-old mice (lower panel).

Results are expressed as mean with SEM. ***p < 0.001; x, significantly different c

See also Figure S3 and Table S1.
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livers (Figure 5A), indicating an NF-kB-driven expression profile

in hepatocytes from LPCDTraf2, Casp8 mice.

Among the lists of genes with more than 2-fold upregulation in

LPCDTraf2, Casp8 and LPCDTraf2, Casp8-Ripk3�/� livers (with acti-

vated parenchymal NF-kB signaling) that were not upregulated

in LPCDTraf2, Casp8, Ikbkb mice (Table S3), we identified Ccl20, a

known proinflammatory and procarcinogenic cytokine.43 RT-

qPCR and IHC analyses confirmed Ccl20 upregulation in

LPCDTraf2, Casp8 and LPCDTraf2, Casp8-Ripk3�/� livers at the age

of 6 weeks with strong protein expression in LPCs, which was

nearly absent in LPCDTraf2, Casp8, Ikbkb livers (Figures 5B–5D). To

further test the hypothesis that despite transcriptional upregula-

tion, CCL20 would not be released from LPC if necroptosis is

blocked in LPCDTraf2, Casp8-Ripk3�/� livers, we measured

CCL20 concentrations in the serum of 6-week-old mice. This

analysis revealed that CCL20 was only elevated in the serum

of LPCDTraf2, Casp8 mice, in which NF-kB and necroptosis were

both active (Figure 5E). Further analysis of known NF-kB-depen-

dent mitogenic and inflammatory cytokines by multiplex

enzyme-linked immunosorbent assay (ELISA) in 6-week-old

mice revealed that in addition to CCL20, also IL-6, MCP-1, and

TNF were also released into the serum of LPCDTraf2, Casp8, but

not in LPCDTraf2, Casp8, Ikbkb and LPCDTraf2, Casp8-Ripk3�/� or

LPCDTraf2, Casp8, Ripk1 mice (Figure 5F).

To provide further evidence for our hypothesis of a common

function of NF-kB- and necrosome activation in the process of

chemokine expression and release, we treated Traf2�/� MEFs

with the necroptosis activating caspase-inhibitor zVAD (Fig-

ure 5G) to phenocopy LPCDTraf2, Casp8 mice. EMSA of WT and

Traf2�/� MEFs confirmed spontaneous NF-kB activation in

TRAF2-deficient MEFs (Figure 5H). RT-qPCR-analysis on ly-

sates from these cells showed that TNF treatment strongly

induced Ccl20, Mcp1 and Il6 mRNA expression in these cells.

In the case of Ccl20, the effect was partially abolished by

RIPK1 inhibition (Nec1 treatment), while NF-kB inhibition

(TPCA treatment) resulted in suppression of Ccl20, Mcp1, and

Il6 expression (Figure S3H). Consistently, an ELISA on superna-

tants revealed that TNF treatment resulted in MCP-1 and IL-6

release only in conditions of NF-kB and simultaneous necropto-

sis, whereas either inhibition of RIPK1 (Nec-1), NF-kB (TPCA) or

combined cell-death inhibition (zVad and Nec-1 [ZN]) fully in-

hibited cytokine release from these cells to the supernatants

(Figure 5G). Finally, we analyzed etanercept- and vehicle-treated

mice (Figures S3I and S3J) and found no effect on inflammation

and proliferation, but a downregulation of IL-6 and a partial
e. All values were normalized to b-actin expression. Results are expressed as

racts from the indicated mice.
DTraf2, Casp8, Ikbkb mice but the appearance of necrotic foci surrounded by hy-

d) and mild periductal fibrosis in 52-week-old mice (white arrowhead). Scale

architecture (no obvious tumors) in 4x LPCDTraf2, Casp8, Ikbkb (48-to-52-week-old)

Chromosomal deletions are indicated in blue and amplifications in red.

-old LPCDTraf2, Casp8 mice by additional deletion of either Nemo or RelA were

100mm.

er panel) and protein extracts fromprimary, TNF-treated hepatocytes from 6 to

ompared with WT.



Figure 4. An NF-kB necroptosis signature predicts clinical outcome of liver cancer patients

(A) Unsupervised clustering of RNA-seq data of LPCDTraf2, Casp8 tumors (n = 11, 50–55-weeks old) and unaffected control tissue (LPCDTraf2, Casp8-Ripk3�/�), n = 4,

50-to-54-weeks old).

(B) Volcano plot of differentially expressed genes between LPCDTraf2, Casp8 tumors (n = 11) and control tissue (n = 4). x axis represents magnitude of the difference

as determined by log2 fold change; y axis measures significance using log2 FDR. Red dots show genes which are differentially expressed with FDR < 0.05 (tumor

versus control).

(C) Top expressed genes in the LPCDTraf2, Casp8 tumors (n = 11) and control (n = 4).

(D) Human HCC samples with a positive prediction for the NF-kB necroptosis gene signature as determined by the NTP method (red bars). Predictions for

previously reported gene signatures are overlapped below (black bars). All listed are significantly enriched (Fisher exact test) in patients with the NF-kB nec-

roptosis signature including: proliferation35 (P = 3E-6), S136 (P = 1E-4), late TGF-b37 (P = 2E-4), CK19-human38 (P = 4E-6), CK-rat39 (P = 6E-6), Notch40 (P = 3E-4)

and Vascular Invasion41 (P = 2E-4).

(E) Kaplan-Meier curve for early tumor recurrence (<2 years following resection). Patients with the NF-kBnecroptosis gene signature (n = 19) are shown in red. The

analysis included all patients from (E) for which survival data were available.

See also Figure S3 and Table S2.
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decrease ofMCP-1 in the serum of etanercept-treated LPCDTraf2,

Casp8 mice (Figure S3K). By contrast, CCL20 serum concentra-

tions were slightly increased, indicating that TNF-dependent

and -independent mediators contributed to the phenotype

observed in LPCDTraf2, Casp8 mice.

Together, these findings indicated that NF-kB activation was

able to drive the expression of chemokines in hepatocytes and

MEFs while activation of the necrosome facilitated the release

of these respective factors.

Activation of NF-kB and the necrosome synergistically
trigger hepatic infiltration with a profibrotic and
procarcinogenic subset of monocyte-derived
macrophages
We next examined how this molecular mechanism of cytokine

release related to the infiltration of specific immune-cell sub-
sets that might contribute to fibrosis and cancer. IHC stain-

ings revealed an increase of F4/80+ and CD3+ immune cells

in LPCDTraf2, Casp8 livers (Figures S4A and S4B). By contrast,

immune-cell infiltrates in LPCDTraf2, Casp8, Ikbkb mice were

spatially enriched in the focal areas of LPC necrosis (Fig-

ure S4C). To further characterize specific immune-cell sub-

sets, we performed a single-cell RNA-sequencing analysis

on CD45+CD31�-FACS-sorted immune cells from 6-to-10-

week-old WT, LPCDTraf2, Casp8, LPCDTraf2, Casp8-Ripk3�/�, and
LPCDTraf2, Casp8, Ikbkb livers. Based on their expression profiles,

we identified 17 distinct clusters (Figure 6A). Specific subsets

of monocyte-derived macrophages (MoMFs) and neutrophils

were found enriched in LPCDTraf2, Casp8 mice (Figures 6A and

6B). A further subclustering analysis showed distinctly en-

riched subclusters of MoMFs I and II in LPCDTraf2, Casp8

mice, while the numbers of MoMF III and especially Kupffer
Immunity 56, 1–18, July 11, 2023 9



Figure 5. Necrosome activation is a prerequisite for cytokine and chemokine release from NF-kB-activated hepatocytes

(A) Microarray analysis (heatmap) of whole-liver RNA extracts from 7-day old mice (n = 4).

(B) qRT-qPCR analysis of CCL20mRNA expression (n = 6) in livers of 6-week-old mice. All values were normalized to b-actin expression. Results are expressed

as mean with SEM.

(C and D) IHC and statistical analysis for CCL20 on liver paraffin sections from 6-week-old mice. Results are shown as mean with SEM, n = 5, n.s.: not significant,

(0 = negative; 1 = weak; 2 = moderate; 3 = strong). Scale bars: 100 mm.

(E) CCL20 serum concentrations in the respective mice were analyzed by ELISA. Results are shown as mean with SEM (n = 7–8).

(F) Serum concentrations of MCP-1, IL-6, and TNF in the depicted mice (n = 10) were assessed by BioPlex Assay. The numbers of mice with detectable serum

concentrations are indicated. Results are shown as mean with SEM.

(G) Concentrations of MCP-1 and IL-6 in the supernatant of TNF-treated (50 ng/mL) Traf2�/� MEF cells in the presence of zVAD-fmk (20 mM), Nec-1 (10 mM), and

TPCA (20 mM) were assessed by BioPlex Assay. Results are shown as mean with SEM and represent three technical replicates. Basal NF-kB hyperactivation in

Traf2�/� MEF cells is shown by EMSA from nuclear protein extracts from TNF (50 ng/mL)-treated cells. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; x,
significantly different compared with WT. Ordinary one-way ANOVA with Tukey’s multiple-comparisons test or Kruska-Wallis test with Dunn’s multiple-com-

parisons test, respectively.
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cells (KCs) were decreased compared with all other geno-

types (Figure 6C). The subpopulations MoMF I and MoMF II

in LPCDTraf2, Casp8 mice showed an increased expression of

Tnf and Mcp1 (Figure S4D). Il6, on the other hand, was mainly

found expressed in KCs while Ccl20 was not found expressed

in MoMFs or in KCs (Figure S4D). A further unsupervised hier-

archical clustering analysis revealed a specific gene signature

observed in MoMFs I and II but not in MoMF III and KCs that

was previously associated with profibrotic macrophages in

lung fibrosis of mice and humans44 (Figures 6D and 6E). More-

over, several genes upregulated in MoMFs I and II were previ-

ously found upregulated in procarcinogenic macro-

phages45–47 (Figures 6D and 6E).
10 Immunity 56, 1–18, July 11, 2023
To further test the contribution of monocytes and macro-

phages to the LPCDTraf2, Casp8 phenotype, we treated

LPCDTraf2, Casp8 mice with clodronate-loaded liposomes as

well as PBS-loaded liposomes as controls. Efficient depletion

of F4/80+ MoMFs was confirmed by IHC, qRT-PCR, and immu-

noblot analyses (Figures S5A–S5D). At the transcriptional level,

MoMF depletion did not alter Ccl20 expression but showed a

trend toward lower expression for Mcp1, Tnf, and Il6 (Fig-

ure S5D). These data were in line with our single-cell RNA-

sequencing data (Figure S4D), suggesting that CCL20 is one

exemplary chemokine that was primarily secreted from hepato-

cytes. By contrast, MCP1 and, to a greater extent, TNF and

IL-6 were partially or primarily secreted by MoMFs, augmenting



(legend on next page)
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an inflammatory response promoting and amplifying carcino-

genesis in LPCDTraf2, Casp8 livers.

NF-kB activation forces necroptotic hepatocytes into a
sublethal state in vivo

While we showed that necrosome activation is a prerequisite for

NF-kB-dependent cytokine and chemokine release from hepa-

tocytes, it had remained unclear whether this necrosome activa-

tion was equivalent to a complete execution of cell death or

whether alarmins were released without leading to complete

cell death. To answer this question in vivo, we applied functional

intravital two-photon-microscopy using vital dyes enabling us to

correlate membrane leakiness (propidium iodide [PI], SYTOX

Green, and Texas Red-coupled dextran) with markers indicating

loss of mitochondrial potential (MP) (rhodamine123 or tetrame-

thylrhodamine, ethyl ester [TMRE]) as a cellular event closely

preceding cell-death execution.48,49

To establish this method, we first analyzed necrotic areas in

LPCDTraf2, Casp8, Ikbkb livers. LPCs in these areas were strongly

positive for PI and lost their MP (Figure S5 ), and moreover

showed morphological features indicating full execution of cell

death in vivo (Video S1). By contrast, a similar analysis in

LPCDTraf2, Casp8 livers showed high numbers of PI-positive hepa-

tocytes that maintained their MP (Figure 7A; Video S2), suggest-

ing the presence of hepatocytes with active energy metabolism

but with leaky membranes. As expected, no cell-death-related

events were detected in WT and LPCDTraf2, Casp8-Ripk3�/�

mice (Figure 7A). These results were corroborated using chemi-

cally distinct but functionally comparable intravital dyes, namely

SYTOX Green as an alternative dye indicating membrane leaki-

ness and TMRE as a functional marker ofMP (Figure S5S; Videos

S3 and S4). In an alternative approach, we repetitively injected

LPCDTraf2, Casp8 mice with Texas Red-coupled dextran (3000

Da) (Video S5; Figures 7B and 7C). This analysis revealed that

leaky hepatocytes in LPCDTraf2, Casp8 livers showed a fast in-

crease in intracellular dextran intensity but a fast decrease to

initial intensity, suggesting a bidirectional permeability of these

leaky membranes for larger molecules (Figure 7B; Video S5).

Moreover, analysis of PI (nuclear)- and dextran (cytoplasmic)-

associated fluorescence in the same hepatocytes showed a

strong correlation, demonstrating that themembranes of PI-pos-

itive hepatocytes were also permeable to the larger molecule

dextran (Figure 7C).

We further characterized the kinetics of cell-membrane leaki-

ness versus. The loss of MP for periods up to �400 min

(Figures 7D–7G; Videos S1 and S2). In LPCDTraf2, Casp8, Ikbkb

mice, the time interval between the occurrence of membrane

leakage until loss of MP was very short, averaging 32.0 min
Figure 6. Activation of NF-kB and the necrosome synergistically trigge

monocyte-derived macrophages

(A) t-SNE plot mapping the identity of different CD45+CD31� immune cells from

(B) Subset clustering of immune cells after exclusion of contaminating cells from

(C) Distribution (%) of Kupffer cells (KC) and MoMF subpopulation (I-V) between

(D) Heatmap of genes differentially expressed betweenMoMF I andMoMF II versu

>1.5 in MoMF I and MoMF II.

(E) Heatmap of genes differentially expressed betweenMoMF I andMoMF II versu

were clustered based on a complete linkage hierarchical cluster.

See also Figures S3–S5.
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(23.2–40.8) (median, 95%-CI) in a Kaplan Meier analysis

(Figures 7D, 7F, and 7G; Video S1). By contrast, only few hepa-

tocytes were found in the LPCDTraf2, Casp8 livers that had both a

leaky cell membrane and lost MP (Figures 7D and 7E; Video

S5), which indicates that cell death was fully executed only in

few hepatocytes within a given time interval. By contrast, a

Kaplan-Meier analysis showed that the majority of hepatocytes

remained in a sublethal, "undead" state (leaky membrane, active

MP) for more than 400 min (maximum observation time) (Fig-

ure 7G). Moreover, we correlated images from the intravitally re-

corded videos with TUNEL analyses from the distinct mouse

models and found only very few TUNEL-positive cells in

LPCDTraf2, Casp8 livers compared with the number of ‘‘undead’’

PI-positive hepatocytes (Figures S5E, S5G, and 7A). By contrast,

there was a high correlation and overlap between those necrotic

foci with all features of cell death as defined in our intravital mi-

croscopy analysis (Figure S5E) with the amount of TUNEL-pos-

itive cells in LPCDTraf2, Casp8, Ikbkb livers (Figure S5G).

Finally, to provide evidence that sublethal necrosome activa-

tion can be found also in human cells, we reproduced our two-

photon-imaging approach in human cultured primary hepato-

cytes pretreated with TWEAK (to deplete TRAF2) and zVAD (to

inhibit caspases), and stimulated them with TNF. Using a similar

approach for intravital imaging of mice, we identified human he-

patocytes with leaky membranes by SYTOX Green positive

nuclei. Only a small fraction of these SYTOX Green-positive he-

patocytes still showed an active MP over a period of several

hours (Video S6), suggesting that, in general, human hepato-

cytes can also execute the molecular mechanisms related to

sublethal necrosome activation. However, in the majority of

cell-death events in human hepatocytes, MP was lost before

the nuclei became SYTOX Green positive.

DISCUSSION

The precise fate of a cell with activated MLKL in vivo is not yet

clear, and little information is available about the kinetics and

transition phases between MLKL activation and cell-death

execution. In this work, we demonstrated that necrosome acti-

vation in hepatocytes in vivo can lead to distinct cell-death fates

depending on the competence for NF-kB activation, and this can

act as a switch either preventing or promoting inflammation and

hepatocarcinogenesis. Our detailed kinetic analysis of the

execution of necroptosis and its consequences in vivo by intra-

vital microscopy showed that pre- or concurrent activation of

NF-kB in hepatocytes extended the time span of necroptosis

execution, resulting in a sublethal cell state with intact mem-

brane potential but permeable cell membranes that formed the
r hepatic infiltration with a profibrotic and procarcinogenic subset of

the indicated genotypes.

scRNA-seq datasets.

the different genotypes.

s KC. Only genes were considered with an average log expression fold-change

sMoMF III genes with fold change >1.5 in both groups were considered. Genes



Figure 7. Sublethal necrosome activation of hepatocytes in vivo depends on NF-kB

(A) Intensity of nuclear propidium iodide (PI) in the indicated mice. Scale bars: 50 mm. The frequency plots summarize nuclei from 3 to 9 mice per model. Arrows

indicate PI-positive hepatocytes with intact mitochondrial membrane potential. Red cells lost their mitochondrial membrane potential. Scale bars, 50 mm.

(legend continued on next page)
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basis for releasing mitogenic and inflammatory DAMPs from he-

patocytes. How long cell-death execution could be extended

in vivo through NF-kB activation could not be clarified exactly,

as the putative time span exceeded the maximum experimental

observation time of 400 min for most analyzed cells with leaky

cell membranes.

The concept of ‘‘undead’’ cells secretingmitogenic factors has

previously been suggested in Drosophila, where artificially

blocked apoptosis results in the presence of undead cells with

active caspases that stimulated tissue overgrowth by releasing

mitogenic factors.50 In line, a recent study suggested that

mammalian cells can undergo limited plasma-membrane dam-

age from the membrane-disrupting action of MLKL, triggering

a plasma integrity-sensing pathway involving TAK1, IKKs and

RelA and subsequent cytokine and chemokine release.12 In

this study, the authors hypothesized that this pathway may be

activated in vivo particularly in tumors that tend to downregulate

RIPK3, resulting in incomplete MLKL phosphorylation, which is

associated with reduced plasma-membrane damage and thus

cell survival. The results we present here suggest that naturally

low RIPK3 expression in hepatocytes represents a prerequisite

for sublethal necroptosis signaling, thus shedding light on the

previous controversial discussion of whether hepatocytes can

undergo necroptosis or not.51,52 This could also explain why ne-

crosome activation has not been associated with cancer devel-

opment in gut or skin originating from epithelial cell compart-

ments with higher RIPK3 expression.53,54 However, further

experiments are warranted to elucidate the exact nature of NF-

kB and NF-kB-dependent genes on pore formation and mem-

brane integrity in vitro and in vivo.

TRAF2-inhibition was shown to activate NF-kB signaling in

different cellular systems,27,30,31 which we confirmed in our

distinct TRAF2-dependent mouse models. At present, it is un-

clear if canonical or noncanonical NF-kB functions or even

both of themwere responsible for the LPCDTraf2, Casp8 phenotype

and the conversion from sublethal to lethal necrosome activation

in hepatocytes. This question could not be addressed with the

models we used in this study because any intervention involving

IKKb, NEMO, or RelA would affect p52-dependent pathways.32

To further address this question, additional subcrossing strate-

gies deleting e.g. Ikka, Nik, or Nfkb2 would be required.

Sublethal necrosome activation was associated with an accu-

mulation of two distinct MoMF subsets characterized by profi-

brotic and procarcinogenic gene-expression patterns. These

macrophage populations presumably enhanced the proinflam-

matory microenvironment and thus augmented tumorigenesis.

Our experiments suggested that CCL20 originated primarily

from hepatocytes with sublethal necrosome activation. Howev-
(B) Leakiness of PI-positive hepatocytes of an LPCDTraf2, Casp8 mouse in relation t

blood sinusoid, a PI-positive, ‘leaky’ hepatocyte and a PI-negative, ‘‘normal’’ hep

imaging period. The corresponding video is Video S5.

(C) Correlation of dextran- and PI-associated fluorescence intensity in the LPC

analyzed in 268 hepatocytes from 3 mice.

(D–F) Stills from intravital videos of an LPCDTraf2, Casp8 and an LPCDTraf2, Casp8, Ikb

tatively analyzed in LPCDTraf2, Casp8 (E) and LPCDTraf2, Casp8, Ikbkb (F) mice.

(G) Kaplan-Meier analysis of the time until loss of mitochondrial potential of PI-p

cytes from 20 LPCDTraf2, Casp8 and 20 PI-positive hepatocytes from 8 LPCDTraf2, C

See also Figures S4 and S5 and Videos S1–S6.
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er, given the long list of upregulated cytokines and chemokines

in LPCDTraf2, Casp8 livers, it is likely that next to CCL20, other

NF-kB-dependent cytokines and chemokines released from

LPCDTraf2, Casp8 hepatocytes contributed to inflammation and

hepatocarcinogenesis. LPCDTraf2, Casp8-Ripk3�/� and LPCDTraf2,

Casp8, Ikbkb livers showed comparable immune signatures, which

were also similar to those of WT mice. This finding suggested

that neither pure NF-kB activation without cell-death execution

(LPCDTraf2, Casp8-Ripk3�/� mice) nor necroptosis without NF-kB

activation (LPCDTraf2, Casp8, Ikbkb mice) triggered an enhanced im-

mune response and thus failed to induce liver cancer.

It is a general dogma that malignant transformation occurs as

a consequence of the accumulation of genomic aberrations,

leading to cancer development.55 Our analysis showed that

cell death played an important role in the initiation of genetic ab-

errations. However, despite the similar initial genetic situation,

tumors only manifested in livers in which NF-kB was activated.

Conversely, our data showed that inflammation alone without

chronic cell death was not sufficient to induce tumors, which is

an important finding in the light of previous data on NF-kB hyper-

activation and hepatocarcinogenesis.56,57

While apoptosis is activated in distinct human liver diseases

such as viral hepatitis,58 we and others provided evidence that

necroptosis is relevant in human NASH and nonalcoholic fatty-

liver disease (NAFLD),5,59 representing major disease entities

driving the risk for the development of HCC in the Western

world.60 Similarly, necroptosis has been shown to promote alco-

holic liver disease.61 Therefore, our data could provide an impor-

tant basis for the development of a chemoprevention strategies

against HCC in metabolic liver disease in high-risk patients.

Long-term systemic pharmacological inhibition of cell-death

pathways might be associated with unwanted side effects like

lymphoma development as observed spontaneously in

Casp8�/�Ripk3�/� mice.62,63 Furthermore, alternative cell-death

pathwaysmight also be inadvertently activated, as seen in obese

RIPK3-deficient mice, in which glucose intolerance occurred

due to increased adipocyte apoptosis.59 Therefore, our present

findings implicate that instead of targeting necroptosis, pharma-

cological targeting of necroptosis-response pathways might be

a safe and effective strategy to disarm the carcinogenic potential

of necroptosis signaling.

Limitations of the study
The approach of in vivo two-photon microscopy, in which we

identified the sublethal necroptosis signaling mechanism in

mice, cannot be transferred directly to the situation in humans.

Although we identified a small number of human hepatocytes

with leaky membranes and active membrane potential in vitro,
o dextran (3,000 Da). Dextran-associated fluorescence intensity is shown in a

atocyte. Tail vein bolus injections of dextran were given at min 0 and 60 of the

DTraf2, Casp8 mice. Nuclear (PI) and cytoplasmic (dextran) fluorescence were

kb mouse. Scale bars: 50 mm. The cells indicated by red circles where quanti-

ositive or SYTOX green-positive hepatocytes. Totally, 152 PI-positive hepato-
asp8, Ikbkb mice were analyzed. The p value of the log-rank test is given.
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implicating sublethal necroptosis signaling, it is currently unclear

whether sublethal necroptosis signaling also occurs in human

disease. Further improvement of noninvasive imaging tech-

niques such as magnetic resonance imaging (MRI) could help

to address this question in the future.
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Oligonucleotides

NF-kB consensus site: 5’-CGGGCT

GGGGATTCCCCATCTCGGTAC-3’

MWG N/A

CCL20: for-ATCAACTCCTGGAGCT

GAGAATGG; rev- ATGTACGAGAG

GCAACAGTCGTAG

MWG N/A

(Continued on next page)
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TNF: for-ACCACGCTCTTCTGTCTA

CTGA; rev- TCCACTTGGTGGTTTGCTACG

MWG N/A

IL-6: for-GCTACCAAACTGGATATA

ATCAGGA; rev-CCAGGTAGCTATG

GTACTCCAGAA

MWG N/A

LT-a: for-ACCAGTGGCCTCTACTTT

GTC; rev-TGGAAGGGGTATTGGGAGGAA

MWG N/A

LT-b: for-TACACCAGATCCAGGGG

TTC; rev-ACTCATCCAAGCGCCTATGA

MWG N/A

TWEAK: for-CCGCCAGATTGGGGAAT

TTAC; rev-AGTCCAAAGTAGGTTAGGAAGGG

MWG N/A

MCP-1: for-GTGTTGGCTCAGCCAGAT

GC; rev- GACACCTGCTGCTGGTGATCC

MWG N/A

GM-CSF: for-GGCCTTGGAAGCATGTAGA

GG; rev-GGAGAACTCGTTAGAGACGACTT

MWG N/A

S100A6: for-CGCTTCTTCTAGCCCAGT

GAT; rev- ACTGGATTTGACCGAGAGAGG

MWG N/A

A20: for-GAACAGCGATCAGGCCAGG;

rev- GGACAGTTGGGTGTCTCACATT

MWG N/A

Casp-8: for-CGGGGATACTGTCTGATCATCA;

rev-CAGAGCCTCTTTATCACAGTCTG

MWG N/A

TRAF2: for-AGAGAGTAGTTCGGCCTTTCC;

rev- GTGCATCCATCATTGGGACAG

MWG N/A

RIPK3: for- TCT GTC AAG TTA TGG CCT

ACT GG; rev- GGA ACA CGA CTC CGA ACC C

MWG N/A

b-Actin: for-CTCTAGACTTCGAGCAGGAGATGG;

rev- ATGCCACAGGATTCCATACCCAAGA

MWG N/A

Critical Commercial Assays / Items

CCL20 Elisa R&D MCC200

Bio-Plex Pro Mouse Cytokine Grp. I panel Bio-Rad N/A

Milliplex Catalog ID.MCYTOMAG-70K-03.Mouse

Cytokine MAGNETIC Kit

Merck MCYTOMAG-70K-03

TUNEL Promega G3250

RNeasy Mini Kit Qiagen 74104

First-Strand Synthesis Kit Roche 04897030001

Chromium Single Cell 3‘Library &

Gel Bead Kit v2

10x Genomics 120237

Chromium Single Cell A Chip Kit 10x Genomics 120236

Chromium i7 Multiplex Kit 10x Genomics 120262

RNeasy Microkit columns Qiagen 74004

Affymetrix WT PLUS reagent kit Affymetrix 902281

Affymetrix Mouse Gene 1.1 ST array plate Affymetrix 901420

Glass bottom chambers Ibidi 80427

RNAScope� 2.5 HD Detection

Reagents-RED assay Kit

Advanced Cell Diagnostics (ACD) 322360

Mus musculus-RIPK3 probe N/A

Human-RIPK3 probe N/A

Chemicals, peptides, and recombinant proteins

SYBR Green Reagent Invitrogen 11760-500

Rhodamine 123 Thermofisher Scientific R302

Propidium Iodide Thermofisher Scientific P1304MP

Dextran, Texas red, 3000 MW Thermofisher Scientific D3328

(Continued on next page)
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Hoechst 33258 Thermofisher Scientific H21491

Hoechst 33342 Thermofisher Scientific H3570

CD45 Monoclonal Antibody (30-F11), PE Thermofisher Scientific 12-0451-83

SYTOX Green Corning, USA 451041

Cholyl-lysyl-fluorescein (CLF) Thermofisher Scientific T669

Penicillin-Streptomycin PAN Biotech P06-07100

Gentamycin PAN Biotech P06-03021

Dulbecco’s modified Eagle’s

Medium (DMEM)

PAN Biotech P04-03550

Williams E medium PAN Biotech P04-29510

Stable glutamine PAN Biotech P04-82100

FCS PAN Biotech P30-3702

SeraPlus FBS PAN Biotech 3702-P103009

ITS Supplement Sigma Aldrich 13146

Dexamethasone Sigma Aldrich D4902

Trizol reagent Invitrogen / Life Technologies 15596026

DAPI Vectashield; Vector Laboratories H-1200

Lipopolysaccharides (LPS) Sigma L5418

X-tremeGENE transfection reagent

transfection reagent

Roche 6366236001

TNF Hiss 810167-B

TWEAK PeproTech 310-06

zVAD-fmk Millipore 627610

Nec-1 Biovision 2263

TPCA Tocris 2559

PhosSTOP� Roche 4906837001

cOmplete� Protease Inhibitor Roche 04693124001

Etanercept (Enbrel) Pfizer N/A

Software and Algorithms

Tissue IA image analysis software Leica N/A

QuPath 0.3.0 University of Edinburgh N/A

GraphPad Prism 8 Software GraphPad N/A

Bio-Plex Manager Instrument

Control Version 6

Bio-Rad N/A

DESeq2 Love et al.64 N/A

RQ manager 1.2 Applied Biosystems N/A

SDS 2.3 Applied Biosystems N/A

Imaris 8.1 Bitplane N/A

Feature Extraction Software Agilent N/A

SPSS Statistics 25 IBM N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tom

Luedde (luedde@hhu.de).

Materials availability
Mouse lines generated in this study are available upon signing a material transfer agreement.
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Data and code availability
Single-cell RNA sequencing that support this study have been deposited in the GEO database: GSE166875. The aCGH data have

been deposited into the ArrayExpress database: E-MTAB-4599 and the microarray data have been submitted to the Gene Expres-

sion Omnibus (accession number GSE80392).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of conditional genetically ablated mice
Mice carrying LoxP-site-flanked alleles of Traf265 were crossed to alfpAlb-Cre transgenic mice66 to generate LPC-specific ablated

mice. Mice with combined conditional deletions of Traf2 and Casp-867 or additional conditional deletion of Mlkl,68 Nemo,69 Ikkb,70

Ripk171 or Rela,72 or rather constitutive deletion of Ripk373 were generated by intercrossing the respective lines to LPCDTraf2, Casp8

mice. In all experiments, littermates carrying the respective loxP-flanked alleles but lacking expression of Cre recombinase were

used as wild-type (WT) controls. Mice were bred on a mixed C57/BL6 - SV129Ola genetic background. Only sex- and age-matched

animals were compared. All animal experiments were approved by the Federal Ministry for Nature, Environment and Consumers’

Protection of the state of North Rhine-Westphalia and were performed in accordance to the respective national, federal and institu-

tional regulations.

Human Liver Samples
The project was approved by the internal review board of the USZ and the Cantonal Ethics Committee of Zurich, Switzerland

(approval no: PB_2018-002). Informed consent was obtained from all patients.

METHOD DETAILS

Liver Injury Models
Experiments were performed on 6-week-old female mice. LPS (Sigma-Aldrich) was administered intraperitoneally at 2.5 mg/kg of

body weight.

Clodronate-Liposome Model
8-week-old male LPCDTraf2, Casp8 mice were injected intravenously with 200 ml of either clodronate-loaded or PBS-loaded liposomes

(5 mg/ml) (Liposoma BV). The mice were sacrificed 48 hours after injection.

Anti TNF Treatment with Etanercept
12-14-week-old LPCDTraf2, Casp8mice were treated with etanercept or vehicle (PBS) (s.c. injection was given every 3 days, 10 mg/kg)

for a period of 2 weeks. The mice were sacrificed 24 hours after the last injection.

Primary Hepatocyte Culturing
Isolated primary hepatocytes from different mouse lines (6-12 week old) were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, PAN Biotech) supplemented with 10% fetal calf serum (FCS, PAN Biotech), penicillin (100 U/ml, PAN Biotech), streptomycin

(0.1 mg/ml, PAN Biotech) and stimulated with recombinant TNF (50 ng/ml, HiSS) for the indicated time points.

The collagen coating as well as the thawing, counting and plating of primary human hepatocytes was done according to a pub-

lished standard procedure.74 Briefly, primary human hepatocytes were quickly thawed in a 37�C water bath and transferred into

5ml/vial of warmplatingmedium in a 50ml centrifuge tube. The cells were re-suspended by gently inverting the tube. The cell number

and vitality was determined by preparing a tryptan blue staining and counting the cells in a Neubauer counting chamber. After adjust-

ment for vitality 250,000 viable cells in 500 ml plating medium were plated per well of a collagen coated 4-well IBIDI chamber (80426,

Ibidi, Gr€afelfing, Germany) using a cut pipette tip. After 3-4h of attachment at 37�C and 5% CO2, the cells were washed 3 times with

1x PBS and 0.5 ml of PHH culture medium was added per well. After overnight culture at 37�C and 5% CO2 the medium was

exchanged with PHH culture medium (Williams E medium supplemented with stable glutamine, 2.5 mM dexamethasone, ITS Sup-

plement, Pen/Strep and gentamycin) containing 1 mg/ml TWEAK. After 25.5h of incubation at 37�C and 5%CO2 20mMzVAD-fmkwas

added and the cells were incubated for further 45 minutes at 37�C and 5% CO2, before the medium was exchanged with 0.5 ml/well

staining solution 1 containing 1 mg/ml TWEAK and 20mM zVAD-fmk. Following a 15-minute incubation at 37�C and 5% CO2, the me-

dium was removed and the cells were washed one time with culture medium. Finally, 0.5 ml/well staining solution containing TWEAK

(1 mg/ml), zVAD-fmk (20 mM) and TNFa (5 ng/ml) and the cells were imaged.

Magnetic-Activated Cell Sorting (MACS) using anti-CD45 Microbeads
Immunomagnetic cell separation was performed with the MACS system (Miltenyi Biotec) according to the manufacturer’s protocol

using anti-CD45 mouse MAb-conjugated microbeads (CD45 microbeads). In brief, isolated primary hepatocytes from 6-12 week old

WT and LPCDTraf2, Casp8mice were used and cells were resuspended in 90 ml MACS buffer (PBS pH 7.2, 0.5% BSA, and 2 mM EDTA)

and incubated with 10 mL each of anti-mouse CD45 microbeads (Miltenyi Biotec; 130-052-301) at 4�C for 15 min (specific volume

is per 107 cells). After a washing step, up to 108 cells were resuspended in 2ml MACS buffer and applied to LS columns (Miltenyi
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Biotec; 130-042-401) in a QuadroMACS� separator (Miltenyi Biotec). CD45+ cells attached to the magnetized matrix in the column,

and CD45� cells were washed out. The effluent cells were collected as the CD45� fraction, which contained enriched primary liver

hepatocytes. The enriched primary hepatocytes were cultured overnight in William’s Medium E containing 50 IU Penicillin-

Streptomycin and 10% fetal bovine serum (FBS) and used for RNA extraction.

Traf2-/- MEF Culture
Traf2-/- MEFs were cultured in Dulbecco’s modified Eagle’s Medium (PAN Biotech) supplemented with 10% fetal bovine serum (FCS,

PAN Biotech), penicillin (100 U/ml, PAN Biotech), streptomycin (0.1 mg/ml, PAN Biotech). Cells were pre-incubated with zVAD-fmk

(20 mM) alone or in combination with necrostatin-1 (Nec-1, 10 mM) and or TPCA (20 mM) for 60 min and then stimulated with TNF

(50 ng/ml, HiSS) overnight.

In Vitro Live Cell Imaging
Traf2-/-MEFs were seeded in standard 12 well cell culture plates in 2ml [DMEM medium] and were subjected to in vitro time lapse

microscopy, using an AxioObserver Z1 (Zeiss, Göttingen, Germany) modified with large chamber cell culture incubation unit (Pecon,

Erbach, Germany). Cells were pre-incubated with Nec-1 (10 mM) alone or zVAD-fmk (20 mM) alone or zVAD-fmk was used in com-

bination with Nec-1, (10 mM) or TPCA (20 mM) for 1 hour and then stimulated with TNF (50 ng/ml). Cells were followed over a time

period of up to 24 hours, taking images from 8 different target positions within the well every 3 minutes. Cells were kept at 37�C
and 5%CO2 atmosphere over the time course of the experiment. Time lapse videos were generated using ZEN Blue 2.0 (Zeiss), sta-

tistical video image analysis and cell counting was performed using Imaris 7.7 (Bitplane, Z€urich, Switzerland).

Serum-Analysis
Serum ALT, AST, GLDH, AP activities and total serum bilirubin were measured by standard procedures in the Laboratory Diagnostic

Center (LDZ) of the RWTH University Hospital Aachen.

Western blot Analysis
Liver tissuewas homogenized in NP-40 lysis buffer using a tissue grind pestle (Kontes) to gain protein lysates. Thesewere resolved by

reducing SDS-polyacrylamide gel electrophoresis (PAGE), transferred to PVDF membrane and analyzed by immunoblotting as pre-

viously described.21 Membranes were probed with the respective primary antibodies listed in the key resources table. As secondary

antibodies, rabbit-HRP, mouse-HRP (Amersham) were used.

Electrophoretic Mobility Shift Assay (EMSA)
Gel retardation assays were performed on nuclear extracts as described previously.75 DNA protein complexes were resolved on a

6%polyacrylamide gel. A 32P-labeled oligonucleotide representing an NF-kB consensus site (5’-CGGGCTGGGGAT TCCCCA TCT

CGG TAC-3’) was used as a probe. For supershifts, high-concentrated antibodies against p50 and p65 (Santa Cruz) were used.

Quantitative Real-Time PCR
Total RNA was purified from liver tissue using Trizol reagent (Invitrogen) and an RNeasy Mini Kit (Qiagen). The quantity and quality of

the RNA was determined spectroscopically using a nanodrop (Thermo Scientific). Total RNA (1 mg) was used to synthesize cDNA

using the Transcriptor cDNA First-Strand Synthesis Kit (Roche) according to the manufacturer’s protocol, and was resuspended

in 50 ml of H2O. cDNA samples (2 ml) were used for real-time PCR in a total volume of 25 ml using SYBR Green Reagent (Invitrogen)

and specific primers on a qPCR machine (Applied Biosystems 7300 Sequence Detection System). All real-time PCR reactions were

performed in duplicates. Data were generated and analysed using SDS 2.3 and RQ manager 1.2 software. Primer sequences are

available upon request. All values were normalized to the expression of beta-actin mRNA.

Stainings
Paraffin sections (2mm) were stained with H/E or various primary and secondary antibodies. Paraformaldehyde (4%) fixed and

paraffin embedded liver tissue was incubated in Bond Primary antibody diluent (Leica) and staining was performed on a BOND-

MAX immunohistochemistry robot (Leica Biosystems) using BONDpolymer refine detection solution for DAB or BONDpolymer refine

red detection for AP, respectively. The following antibodies were used: Antibodies against F4/80 (BMABiomedicals AG, 1:120), B220

(BD Pharmingen, 1:3000), CD3 (Zytomed, 1:250), CD206 (Serotec; 1:500), Cytokeratine19 (TROMAIIIc, Hybridoma bank, 1:250),

SOX9 (Millipore, 1:250), RIPK3 (Enzo Life Sciences; 1:500), (pan-cytokeratin (Dako A/S; 1:300), Collagen IV (Cedarlane; 1:50),

GP73 (Santa Cruz; 1:100), A6 (1:50) (antibody kindly provided by Dr. Valentina Factor, NIH, Bethedsda, Maryland, USA), Ki67

(NeoMarkers; 1:200), MIP3A/CCL20 (ABCAM; 1:20), Caspase-8 (Enzo; 1:200) and cleaved Caspase-3 (Cell Signaling; 1:300). Image

acquisition was either performed on an Olympus BX53 microscope equipped with an Olympus DP72 digital camera or with a Leica

SCN400 slide scanner.

TUNEL
The TUNEL staining on paraformaldehyde (4%) fixed and paraffin embedded liver tissue slides was performed according to the man-

ufacturer’s (Promega) protocol. Nuclei were visualized by using mounting medium containing DAPI (Vectashield; Vector Laboratories).
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In situ hybridisation by RNAScope� Chromogenic
Fivemicrometer thick formalin-fixed paraffin-embedded (FFPE) sections frommouse livers or human liver biopsies were prepared for

RIPK3 in situ hybridization using the RNAScope� 2.5 HD Detection Reagents-RED assay Kit (#322360; Advanced Cell Diagnostics).

Musmusculus-RIPK3 or Human-RIPK3 probes (by Advanced Cell Diagnostics (ACD); ACD catalogue number #462541 and #434661

respectively) were used according to manufacturer’s protocol to visualise RIPK3 RNA with Fast Red dye.

Transmission Electron Microscopy
Tissue was fixed in 3% glutaraldehyde (Agar scientific, Wetzlar, Germany) for at least 4h, washed in 0.1 M Soerensen’s phosphate

buffer (Merck, Darmstadt, Germany). Post-fixation of cells was performed in 1%OsO4 in 17% sucrose buffer. After fixation, samples

were washed in 17% sucrose buffer and deionized water and dehydrated by an ethanol series (30, 50, 70, 90 and 100%) for 10 min

each and the last step thrice. The dehydrated specimens were incubated in propylene oxide (Serva, Heidelberg, Germany) for 30min,

in a mixture of Epon resin (Sigma) and propylene oxide (1:1) for 1h and finally in pure Epon for 1h. Samples were embedded in pure

Epon. Epon polymerization was performed at 37�C for 12h and then 80�C for 48h. Ultrathin sections (70-100 nm) were cut with a

diamond knife (Leica, Wetzlar, Germany) by an ultramicrotome (Reichert Ultradcut S, Leica) and picked up on Cu/Rh grids (HR23

Maxtaform, Plano, Wetzlar, Germany). Negative staining by uranyl acetate and lead citrate (all EMS, Munich, Germany) was per-

formed to enhance TEM contrast. The specimens were viewed using a Zeiss Leo-906 electron microscope (Oberkochen, Germany),

operated at an acceleration voltage of 60kV.

3D Reconstruction of the Biliary System
For 3D analysis, livers were fixed in 4%PFA for 2 hours at 4�C, washed in PBS, cryoprotected with increasing concentrations of 10%,

20%, and 30% sucrose solutions prepared in PBS, embedded in O.C.T. Tissue Tek, and sectioned. 75 mm thick cryosections were

transferred to 24-well culture dishes and 1ml PBSwas added to allow the sections to thaw and to float in the buffer. After washing 4 x

in PBS for 15 minutes, membranes were dissolved with permeabilization buffer (1% Triton-X/ PBS) for 2 hours at room temperature

(RT). For blocking nonspecific antibody binding floating sections were incubated with blocking buffer (1% Triton-X/ PBS + 10%

Serum) for 4 hours at 37�C. Sections were incubated with primary CK19 antibody for 48 hours at 4�C and washed 4 x 20 minutes

(1%Triton-X/ PBS) before incubation with the secondary antibody for 48 hours at 4�C (anti-rat Alexa 488, 1:500). After washing (4

x 20 min 1% Triton-X/ PBS + 3 x 15 min PBS) diluted dye (ToPro3) for nuclear staining was incubated for 90 minutes at RT in

PBS. Counterstained specimens were washed in PBS (3 x for 15 minutes) and covered in mounting medium. Confocal z-stacks

(1 mm) were acquired on an Olympus FV10i microscope and 3D images were created/ analysed with Imaris 8.1 Software (Bitplane).

Array Comparative Genomic Hybridization (aCGH) Analysis
To characterize copy number alterations, oligo array CGH using the Agilent (Boeblingen, Germany) platform was performed.

Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissue sections, after enrichment for tumor cells by mi-

cro-dissection, using the DNAeasy FFPE kit (Qiagen, Hildesheim, Germany). DNA extracted from 4 normal liver tissues was pooled

and used as reference DNA. 250 ng of test and reference DNA were differentially labelled with Cy3-dUTP (test) and Cy5-dUTP (refer-

ence) by random primed labelling using the CGH labelling kit for oligo arrays (Enzo, Loerrach, Germany). Hybridization, washing and

scanning was performed according to themanufacturer’s protocol and the data were extracted from the Feature Extraction Software

(Agilent, Boeblingen, Germany) as tab-delimited text files. The arrays used were custom-designed 8x60k arrays (AMADID 41078)

with approx. 60000 probes covering the whole mouse genome. The probe set includes the Agilent 44k (AMADID 15028) in order

to enable merging of the 60k data with 44k data. The raw data were imported into the R statistical platform (R Development Core

Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN

3-900051-07-0, URL: http://www.R-project.org/) and the background subtracted median intensity signals were used to build the

log2 ratios. After median normalization values were quality filtered using flags as defined by the Agilent Feature extraction software.

The log2 ratios were subsequently segmented, called and copy number regions were defined using functions from the CGHbase

[Sjoerd Vosse and Mark van de Wiel (2011). CGHbase: Base functions and classes for arrayCGH data analysis. R package version

1.15.1.], CGHcall (Mark van de Wiel and Sjoerd Vosse (2012). CGHcall: Calling aberrations for array CGH tumor profiles. R package

version 2.17.5) and CGHregions (Sjoerd Vosse & Mark van de Wiel (2009). CGHregions: Dimension Reduction for Array CGH Data

with Minimal Information Loss. R package version 1.14.0. Bioconductor packages). For the CGHcall function 75% estimated propor-

tion of tumor cells based on microscopic assessment of Haematoxylin stained FFPE sections, was used. The copy number profiles

were karyogram plotted using an in-house written R function. The aCGH data have been deposited into the ArrayExpress database

under accession number E-MTAB-4599 (http://www.ebi.ac.uk/arrayexpress/). The genomic positions of the copy number regions

which were mm9 were transformed to mm10 genome assembly using UCSC LiftOver and assigned to genes using the R package

biomaRt. Cancer-related genes were identified using the COSMIC Cancer Gene Census database (version June 2020).

Micro-Array
RNA was purified frommouse livers using TRIzol (Life Technologies, Calsbad, CA, USA) followed by an additional round of purification

with RNeasy Microkit columns (Qiagen, Venlo, the Netherlands). RNA quality was assessed using RNA 6000 nanochips on the Agilent

2100 bioanalyzer (Agilent Technologies, Amsterdam, the Netherlands). Purified RNA (100 ng) was labeled with the Affymetrix WT PLUS

reagent kit (Affymetrix, Santa Clara, CA, USA) and hybridized to an AffymetrixMouseGene 1.1 ST array plate (Affymetrix). Hybridization,
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washing and scanning were carried out on an Affymetrix GeneTitan platform according to the manufacturer’s instructions. Microarray

analysis was performed using MADMAX pipeline for statistical analysis of microarray data.76 Arrays were normalized using the robust

multiarray averagemethod.77,78 Probe sets were defined according to Dai et al.79 In this method probes are assigned to Entrez IDs as a

gene identifier. The P values were calculated using an intensity-based moderated t-statistic (IBMT); p < 0.01 was considered signifi-

cant.80 The microarray data have been submitted to the Gene Expression Omnibus (accession number GSE80392).

RNA Sequencing
We performed RNA-seq (poly-A prepped libraries) on 15 fresh frozen samples (11 tumor tissue derived from 52-55 week aged

LPCDTraf2, Casp8 mice, and 4 liver samples from wild-type mice). Starting material was 1 mg of total RNA extracted using RNeasy

Mini Kit (Qiagen). RNA integrity was checked by the 2100 Bioanalyzer using the RNA 6000 Nano assay (Agilent, CA, USA). All pro-

cessed total RNA samples had RIN value of 7.0 or greater. The sequencing library was prepared with the standard TruSeq RNA Sam-

ple Prep Kit v2 protocol (Illumina, CA, USA). Briefly, mRNA was isolated and fragmented. cDNA was synthesized using random hex-

amers, end-repaired and ligated with appropriate adaptors for sequencing. The library then underwent size selection and purification

using AMPure XP beads (Beckman Coulter, CA, USA). The appropriate Illumina recommended 6 bp barcode bases were introduced

at one end of the adaptors during PCR amplification step. The size and concentration of the RNAseq libraries was measured by Bio-

analyzer andQubit fluorometry (Life Technologies, NY, USA) before loading onto the sequencer. ThemRNA libraries were sequenced

on the Illumina HiSeq 2500 System with 100 nucleotide single-end reads, according to the standard manufacturer’s protocol (Illu-

mina, CA, USA). Sequencing was performed using an Illumina HiSeq Sequencer.

RNA-seq data were normalized and tested for differential expression as implemented in the R package DESeq2.64,81 We used in-

dependent filtering to reduce the penalty for multiple testing and out of 19,451 genes with non-zero counts, we filtered outliers as

identified using Cook’s distance (456 genes, 2.3%) and those with generally low counts (mean count <1.3; 2,823; 15%). We used

hierarchical clustering and PCA for exploratory data analysis. To gain functional insight on the affected pathways and biological pro-

cesses, we did Gene Set Enrichment Analysis82 of pre-ranked gene lists weighted by the log-fold change from the previous differ-

ential expression tests. Interrogated gene sets (n=123) included Hallmark, Liver Cancer Signatures, NF-kB-related and Hedgehog-

related as available at the Molecular Signature Database (http://software.broadinstitute.org/gsea/msigdb) from the Broad Institute.

Raw data for the RNA-seq experiments are deposited on ArrayExpress (www.ebi.ac.uk/arrayexpress) under accession number

E-MTAB-4598. The Necroptosis Gene Signature was generated using human orthologues of differentially expressed genes

(FDR < 0.05, Fold-change > log2 2) between

LPCDTraf2, Casp8 tumors and non-tumoral tissue from LPCDTraf2, Casp8, Ripk3-/- liver. The signature was evaluated in a cohort of 228

human HCC samples treated with surgical resection for which whole-genome microarray data (Affymetrix U219) was available.42

Signature predictions were done using the Nearest Template Prediction method.83 Raw data for the human microarrays are depos-

ited on GEO Omnibus accession number GSE63898. Kaplan-Meier curves (log-rank test) were used for the clinical correlation with

patient’s outcome.

Single Cell RNA Processing, Clustering and Annotation
Immune cells were freshly isolated from the liver of 3 mice per group and sorted as CD45+CD31- by fluorescence activated cell sort-

ing (FACS) using Aria-II (BD Biosciences). Isolated cells from each group were pooled and washed once with cold phosphate-buff-

ered saline (PBS) + 0.1% bovine serum albumin (BSA) and subjected to single-cell RNA sequencing analysis using the Chromium

System (10x Genomics, California, USA). Per sample, 7000 cells were used with a recovery rate of about 60%. Sequencing was per-

formed on Illumina NextSeq 550 (paired-ends, 2375 bp), resulting in 60 000 reads per cell and�43108 total reads per Illumina chip.

Primary data analysis was performed with 10x Genomics Cell Ranger (version 3.0.1). Sequenced reads were aligned to the mouse

genome reference sequence GRCm38 (version 93) as standardly preprocessed by 10x (preprocessed version 3.0.0). The down-

stream analysis was performed using Seurat (Version 2.3.4).84 A Seurat object first was created from the raw read counts. Next,

we filtered the data to remove the impact of low quality cells and doublets. We retained only cells with the total expressed genes

in between 100 and 3000 and cells with mitochondria or ribosome content is less than 50%. The data was then log-normalized

and scaled to regress out the effects of nUMI and percentage of mitochondrial and ribosome content. Next, we selected the top

1000 variable genes for further analysis. Dimension reduction method Principal Component Analysis (PCA) was performed to reduce

the dimension. Next, we performed SNN based clustering with parameter resolution=0.45 on the top 30 PCs, followed by t-distrib-

uted stochastic neighbor embedding (t-SNE) to visualize clusters. Then clusters were manually annotated based on marker genes

found by FindAllMarkers functions. To inspect presence of monocytes and monocyte-derived macrophages, we subset the data

to keep only MoMF and KC clusters and re-run t-SNE with a perplexity of 90. Next, we looked for markers (FindMarkers) by

comparing KC vs. MoMF I, MoMF II and MoMF I, MoMF II vs. MoMF III. Next, we performed a heatmap with ComplexHeatmap85

(with default parameters) only considering genes highly expressed in MoMF I, MoMF II (average log-FoldChange>=1.5).

Measurement of Cytokines
Cytokines from mouse serum or cell culture supernatants were measured using suspension bead array immunoassay kits following

themanufacturer’s specifications. TNF, IL-6 andMCP-1 weremeasured with the Bio-Plex ProMouse Cytokine GrpI panel, (Bio-Rad)

or MCYTOMAG-70K (Millipore) on a Luminex� 100/200 analyser. The data were analyzed with Bio-Plex Manager Instrument Control

Version 6 (Bio-Rad).
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Determination of CCL20 Concentrations by ELISA
CCL20 (R&D/MCC200) serum concentrations were analyzed using commercial enzyme immunoassays according to the manufac-

turer’s instructions.

Intravital Imaging
Intravital imaging of mouse livers was done using an inverted two-photon microscope (LSMMP7- Zeiss, Jena, Germany) with an LD

C-Apochromat 403 1.1 water immersion objective, according to themethod originally described by Reif et al.86 withmodifications.49

Briefly, mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg b.w.), xylazine (10 mg/kg b.w.), acepromazine

(1.7 mg/kg b.w.) and buprenorphine (0.08 mg/kg b.w.). In order to record cell death/leakiness, the following functional dyes were

intravenously-administered: Hoechst 33258 (further referred to as ‘Hoechst’, 5 mg/kg), rhodamine 123 (further referred to as rhoda-

mine, 0.8 mg/kg), tetramethylrhodamine ethyl ester (TMRE, 0.96 mg/kg), propidium iodide (PI, 2.67 mg/kg, MW: 668 Da), SYTOX

green (1.2 mg/kg, MW: 600 Da), and Texas red-coupled dextran 3000 (2 mg/kg, MW: 3000 Da); all from Thermo Fisher Scientific,

Germany. In addition, a catheter (SAI Infusion Technologies, USA) was placed into the tail vein of mice for administration of

cholyl-lysyl-fluorescein (CLF; Corning, USA, 1mg/kg) during the recording. Subsequently, the left liver lobewas exposed by amidline

incision in the abdominal wall caudal to the sternum, and placed onto a 0.17 mm-thick cover slip (Logitech, UK) in a custom-made

platform, and then fitted into the microscope stage. In order to avoid dehydration during long-term recordings, the exposed liver lobe

was covered with a saline-moistened gauze. Finally, a maintenance isoflurane inhalation anaesthesia (1-2%) was applied during the

entire recording period.

Image Analysis and Statistical Evaluation
Calculation of mean fluorescence intensity in the sinusoids, the cytoplasm and the nuclei of hepatocytes was determined in specified

regions of interest (ROIs), as indicated in the result section, using ZEN software (Zeiss, Jena, Germany). All videos and analyzed ROIs

are available in the supplements. For analysis of PI-/SYTOX Green-associated fluorescence the nuclear area was defined based on

the Hoechst signal. Recording of fluorescence was performed between 30 and 40 min after i.v. injection of PI or SYTOX Green. For

each mouse model at least 600 nuclei from 3-9 mice were analyzed for each analysis type. Texas Red-coupled dextran (3000 MW)

was i.v. injected and the associated fluorescence was recorded within 12 minutes afterwards. Hepatocytes were identified based on

the rhodamine signal to quantify the intensity of dextran-associated fluorescence. For analysis of the time until loss of mitochondrial

potential, mice received i.v. injections of PI/SYTOX green, rhodamine/TMRE and Hoechst and relatively long imaging periods of

�400 minutes were recorded. All hepatocytes with PI/SYTOX Green positive nuclei were identified based on their rhodamine/

TMRE signal. Only PI/SYTOX Green positive, rhodamine/TMRE positive hepatocytes were included into the follow-up analysis.

Events of mitochondrial potential loss were defined by loss of all visible rhodamine/TMRE-associated fluorescence. The time until

mitochondrial potential loss was analysed by Kaplan-Meier statistics. Kaplan Meier analyses, frequency plots and Spearman corre-

lation coefficients were calculated by SPSS Statistics 25.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Data were analyzed using PRISM software (GraphPad Prism 8 Software, Inc., La Jolla, CA) and are expressed as mean. Statistical

significance between experimental groups was assessed using unpaired two-sample t-test, Mann-Whitney test, ANOVA or Kruskal

Wallis respectively.

Analysis and Quantification of Immunohistochemical Stainings and TUNEL
For quantification of stainings, whole slides were scanned using a SCN400 slide scanner (Leica) and analyzed using Tissue IA image

analysis software (Leica) with optimized quantification algorithms and normalized to the total cell number. Hepatocytes, bile ducts

and oval cells were quantified for CCL20 expression in five high power fields (magnification 200x; 0= negative, 1= weak, 2=moderate,

3=strong). Overall positivity was calculated as the average score of the different epithelial cells combined.

RIPK3 IHC was analysed using QuPath 0.3.0.87 Briefly, 4-6 liver regions (R0.78 mm^2) were manually annotated and hepatocytes

detected bywatershed cell-segmentation at 20xwith a nuclear areaR35 mm^2. Detections were expanded 5 mmdelimited by shape,

thereafter RIPK3-associated DAB optical density was measured. An average of 1658 hepatocytes were analysed from each mouse.

Caspase-8 IHC (hepatocytes) was analysed using QuPath 0.3.0 (Bankhead et al.87 [https://doi.org/10.1038/s41598-017-17204-5]).

Briefly, 4-6 liver regions (R0.78 mm^2) were manually annotated and hepatocytes detected by watershed cell-segmentation at 20x

with a nuclear areaR35 mm^2. Detections were expanded 5 mm delimited by shape, thereafter Caspase-8-associated DAB optical

density was measured. Caspase-8 (NPCs, positive area %) was analysed with Fiji/ImageJ 1.52e (Schindellin et al.88 [https://doi.org/

10.1038/nmeth.2019]) from colour deconvoluted DAB stain. Briefly, liver regions used for previous analysis were used for automatic

segmentation by ‘‘Yen’’ threshold. Signal areas larger than 5 pixels were included in the analysis. TUNEL positive cells were counted

manually from 6 view fields per animal (magnification 20x).
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