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SUMMARY

Epidermal keratinocytes provide an essential struc-
tural and immunological barrier forming the first line
of defense against potentially pathogenic microor-
ganisms. Mechanisms regulating barrier integrity
and innate immune responses in the epidermis are
important for the maintenance of skin immune
homeostasis and the pathogenesis of inflammatory
skin diseases. Here, we show that epidermal kerati-
nocyte-restricted deficiency of the adaptor protein
FADD (FADDE-KO) induced severe inflammatory skin
lesions in mice. The development of skin inflamma-
tion in FADDE-KO mice was triggered by RIP kinase
3 (RIP3)-mediated programmed necrosis (termed
necroptosis) of FADD-deficient keratinocytes, which
was partly dependent on the deubiquitinating
enzyme CYLD and tumor necrosis factor (TNF)-TNF
receptor 1 signaling. Collectively, our findings pro-
vide an in vivo experimental paradigm that regulation
of necroptosis in keratinocytes is important for the
maintenance of immune homeostasis and the pre-
vention of chronic inflammation in the skin.

INTRODUCTION

The epidermis forms a life-sustaining epithelial barrier preventing

water loss, but also provides an important immunological

barrier constituting the first line of defense against potentially

pathogenic microorganisms (Elias, 2007; Nestle et al., 2009).

Epidermal keratinocytes undergo a tightly regulated program

of proliferation and differentiation that is essential for the

formation of a stratified epidermis and at the same time perform

important immune functions that are critical for the regulation

of immune responses in the skin. An intense crosstalk between

epidermal keratinocytes and nonepithelial cells, including

dermal fibroblasts and immune cells, plays a crucial role in the

maintenance of physiological skin homeostasis. Keratinocytes
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exposed to injury and infection transmit signals triggering

immune and wound healing responses in the skin, thus providing

an early detection system for potential immunological challenges

(Nestle et al., 2009). De-regulated keratinocyte responses to

injurious, chemical, or pathogen insults could be implicated in

the pathogenesis of inflammatory skin diseases.

Members of the tumor necrosis factor (TNF) ligand and

receptor superfamily are critical regulators of immune and

inflammatory responses. The Fas-associated death domain

(FADD) adaptor protein is an essential component of the death

inducing signaling complex (DISC), which is formed upon activa-

tion of death receptors of the TNF receptor superfamily and

induces apoptosis (reviewed in Wilson et al., 2009). FADD is

a 28 kDa protein containing a death domain (DD) and a death

effector domain (DED). Via its DD, FADD associates either

directly with death receptors, as in the case of Fas, or with other

intracellular signaling complex components, such as RIP1 and

TRADD in the case of TNFR1, to initiate DISC formation. The

FADD DED serves as docking site allowing the recruitment

and activation of caspase 8 and the induction of apoptosis.

FADD-deficient cells are resistant to apoptosis induced by

TNFR1, Fas, or TRAIL-R stimulation (Yeh et al., 1998; Zhang

et al., 1998). In addition to its well-characterized role in death

receptor signaling, FADD has been implicated in different

cellular processes including proliferation, differentiation, auto-

phagy, genome surveillance, and innate immunity (reviewed in

Tourneur and Chiocchia, 2010).

In addition to apoptosis, death receptors have been shown to

induce a particular type of necrotic death in certain cell types,

termed programmed necrosis or necroptosis, which is mediated

by the kinases RIP1 and RIP3 (Cho et al., 2009; He et al., 2009;

Vandenabeele et al., 2010; Zhang et al., 2009). Lack of FADD

or caspase-8 or treatment with pan-caspase inhibitors sensi-

tized cells to necroptosis induction after death receptor stimula-

tion, suggesting that apoptosis antagonizes the programmed

necrotic death pathway (Cho et al., 2009; Holler et al., 2000;

Lüschen et al., 2000; Osborn et al., 2010; Vercammen et al.,

1998; Zhang et al., 2009). Mice lacking FADD or caspase-8

die at embryonic day E11.5 as a result of cardiac abnormalities

and abdominal hemorrhage (Varfolomeev et al., 1998; Yeh

et al., 1998; Zhang et al., 1998). RIP3 deficiency rescues the

mailto:pasparakis@uni-koeln.de
http://dx.doi.org/10.1016/j.immuni.2011.08.014


Figure 1. Epidermal Keratinocyte-Specific Knockout of FADD

(A) Immunoblot analysis of FADD, GFP, and tubulin expression in the

epidermis of FaddFL/FL and FADDE-KO mice and in MEFs with the indicated

genotypes.

(B) DNA isolated from dermis and epidermis of FaddFL/FL and FADDE-KO mice

was subjected to Southern blot analysis after digestion with EcoRV. D,

deleted; F, floxed.
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embryonic lethality of caspase-8-deficient mice, and mice lack-

ing both caspase-8 and RIP3 are born normally and reach

adulthood without displaying any abnormalities apart from the

lymphoproliferative disease characteristic of Fas deficiency

(Kaiser et al., 2011; Oberst et al., 2011). In addition, RIP3 defi-

ciency also rescued the T cell defects caused by conditional

ablation of caspase-8 in the T cell lineage (Ch’en et al., 2011).

Moreover, RIP1 deficiency could also rescue the embryonic

lethality and T cell defects associated with FADD deficiency

(Zhang et al., 2011). These studies identified a crucial in vivo

function of FADD and caspase-8 in preventing RIP kinase-medi-

ated necrosis that is essential for embryonic development and

T cell survival. However, the physiological significance of the

mechanisms regulating programmed necrosis for tissue homeo-

stasis and disease pathogenesis in vivo remains unclear.

Here, we show that epidermal keratinocyte specific ablation

of FADD induces a severe inflammatory skin disease in mice

and provide genetic evidence identifying RIP3-dependent

necrotic death of FADD-deficient keratinocytes as the essential

initiating event triggering the pathogenesis of inflammatory

skin lesions. These findings reveal a previously unrecognized

important physiological function of FADD in preventing pro-

grammed necrosis of epidermal keratinocytes and skin inflam-

mation in vivo.

RESULTS

Mice with Epidermis-Specific FADD Deficiency Develop
Skin Lesions
To study the role of FADD in the adult, we generated two different

mouse lines with conditional Fadd alleles: in the FaddFL line, Cre-

mediated deletion of the second exon of the Fadd gene results in

complete elimination of FADD protein (Mc Guire et al., 2010).

In addition, we generated the FADD-IRES-GFPFL mouse line in

which a splice acceptor IRES-GFP cassette was introduced after

the second loxP site flanking exon 2 (Figure S1 available online).

After Cre-mediated excision of the loxP-flanked exon 2, the

FADD-IRES-GFP allele produces a hybrid mRNA resulting in

the expression of the DED domain of FADD and also of GFP (Fig-

ure 1A). Homozygous germline deletion of either the FADDFL or

the FADD-IRES-GFPFL alleles resulted in early embryonic

lethality (data not shown) similarly to the reported phenotype of

FADD-deficient animals (Yeh et al., 1998; Zhang et al., 1998).

To study the role of FADD in the epidermis, we generatedmice

with keratinocyte-restricted FADD ablation by crossing FaddFL

or FADD-IRES-GFPFL mice with a mouse line expressing Cre

under the control of the human Keratin 14 (KRT14) promoter

(Hafner et al., 2004; Pasparakis et al., 2002). Immunoblot and

Southern blot analysis showed efficient deletion of the FADD-

IRES-GFPFL allele and strongly reduced expression of the full-

length FADD protein in the epidermis of these mice (Figures 1A

and 1B). In addition, a smaller protein corresponding to the pre-

dicted size of the exon 1-encoded fragment including mainly the

DED was detected by FADD antibodies in epidermal extracts

from thesemice, which also showedGFP expression (Figure 1A).

KRT14-cre-FaddFL mice showed efficient ablation of FADD

protein without expression of the lower molecular weight DED

fragment (data not shown). Mice with homozygous epidermal

keratinocyte-specific deletion of the FADD-IRES-GFPFL allele
(designated here FADDE-KO for simplicity) were born at the

expected Mendelian ratio and were macroscopically indistin-

guishable from their control littermates until postnatal day 3

(P3). At this stage, these mice started to show signs of skin

disease, which progressed rapidly to severe skin lesions charac-

terized by thickened and hard skin showing extensive scaling

(Figure S2). All animals with homozygous deletion of FADD in

the epidermis died by P8.

To characterize the skin lesions, we performed immunohisto-

logical analysis of skin sections from FADDE-KO mice at different

time points after birth. Analysis of skin from newborn mice on

P0 did not reveal differences between FADDE-KO mice and

littermate controls (Figure 2). Immunostaining with antibodies

recognizing keratins 14 (K14) and 10 (K10), expressed in

basal and suprabasal keratinocytes, respectively, and loricrin,

a marker of terminal keratinocyte differentiation, showed normal
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Figure 2. Skin Histology in FADDE-KO Mice

Skin sections from FADDE-KO and littermate control mice

at the indicated age were stained with hematoxylin & eosin

(H&E) or immunostained for the indicated epidermal

differentiation or proliferation markers. Immunofluores-

cence is shown in green, with nuclei stained with DAPI in

blue. Immunohistochemical Ki67 staining shown in dark

brown, with nuclei counterstained with hematoxylin.

Arrows indicate nonspecific staining of the stratum cor-

neum. Scale bars represent 50 mm.Mice analyzed for each

genotype: P0, n = 3; P3, n = 5; P7, n = 10.
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epidermal differentiation in FADDE-KO mice. Moreover, keratin 6

(K6) expression was restricted to hair follicles. Histological anal-

ysis of skin samples from 3-day-old (P3) mice revealed focal

epidermal thickening often associated with the presence of

eosinophilic keratinocytes in the upper layers of the epidermis

in the skin of FADDE-KO animals (Figure 2). On immunofluores-

cence analysis, these patches of hyperplastic epidermis in

FADDE-KO mice showed increased expression of K14 in supra-

basal keratinocytes. Therefore, at P3 the skin of FADDE-KO

mice showed patchy areas with epidermal hyperplasia and

disturbed keratinocyte differentiation, but also large areas of

normal appearing skin without any signs of lesion development.

At P7, the skin of FADDE-KO animals displayedmarked epidermal

hyperplasia, loss of the granular layer, hyperkeratosis, and the

presence of epidermal pustules containing inflammatory cells,

associated with increased cellularity of the dermis. FADDE-KO

mice showed strong expression of K14 and K6 throughout all

epidermal layers and nearly complete loss of K10 and loricrin

expression at this stage. The epidermal hyperplasia observed

in FADDE-KO mice suggested that FADD might be important

for the regulation of keratinocyte proliferation. Immunostaining

for Ki67 revealed normal keratinocyte proliferation at P0 in

FADDE-KO mice compared to littermate controls (Figure 2). Con-

sistent with the presence of focal skin areas showing epidermal

hyperplasia, immunostaining for Ki67 revealed increased kerati-

nocyte proliferation in hyperplastic skin patches of FADDE-KO

mice at P3. At P7, the entire skin of FADDE-KO mice showed

strongly increased Ki67 staining in epidermal keratinocytes not

only in the basal but also in suprabasal layers. Epidermis specific

deletion of the FADDFL allele caused an identical skin phenotype

as with deletion of the FADD-IRES-GFPFL allele (Figure S2),

demonstrating that the lesions were caused by the loss of a func-
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tion performed by full-length FADD in the

epidermis and were not related to the expres-

sion of the truncated DED domain of FADD.

Inflammation in the Skin of FADDE-KO

Mice
The hyperplastic epidermal phenotype seen in

the skin of FADDE-KO mice after P3 was associ-

ated with increased numbers of inflammatory

cells in the dermis but also in epidermal pus-

tules, indicating that lesion development could

be driven by an inflammatory reaction. Immuno-

staining of skin sections with specific antibodies

recognizing macrophages (F4/80), granulocytes
(Gr-1) and T cells (CD3) did not reveal increased accumulation of

immune cells in the skin of FADDE-KO mice at P0. However, at P3

and P7 increased numbers of macrophages, granulocytes, and

T cells infiltrated the dermis of FADDE-KO mice (Figure 3A). Taken

together, these results showed that epidermal keratinocyte-

specific ablation of FADD did not impair epidermal formation,

proliferation, and differentiation during development, but trig-

gered the pathogenesis of inflammatory skin lesions starting in

the first 2–3 days after birth and culminating in a severe inflam-

matory hyperplastic epidermal phenotype that resulted in the

death of the animals by P8.

To elucidate the potential mechanisms by which FADD defi-

ciency in keratinocytes triggered the development of inflamma-

tory skin lesions, we analyzed cytokine expression in the

epidermis of FADDE-KO and littermate control animals. qRT-

PCR analysis of cytokine expression did not reveal differences

between FADD-deficient and wild-type epidermis at P0 or in

primary keratinocytes (Figure 3B). However, similar analysis per-

formed in epidermal mRNA from 3-day-old mice revealed

increased expression of the proinflammatory cytokines IL-1b,

IL-6 and also of the anti-inflammatory cytokine IL-10 in the

epidermis of FADDE-KO mice compared to littermate controls.

Moreover, although we did not detect upregulation of TNF

mRNA in FADD-deficient epidermis at P3, increased TNF protein

amounts were observed by immunostaining in the dermis of

FADDE-KO mice at P3 and P7, with a pattern corresponding to

infiltrating immune cells (Figure 3A). Collectively, these results

showed that FADD deficiency induced increased expression of

potentially pathogenic proinflammatory mediators in the epi-

dermis of mice at P3, but not in newborn mice or in cultured

primary keratinocytes. Therefore, increased expression of in-

flammatory mediators in the epidermis of FADDE-KO mice does



Figure 3. Skin Inflammation in FADDE-KO Mice

(A) Skin sections from FADDE-KO and littermate control

mice were immunostained (green) with antibodies recog-

nizing macrophages (F4/80), granulocytes (Gr-1), T cells

(CD3), or TNF. Nuclei were stained with DAPI (blue).

Arrows indicate nonspecific staining of the stratum cor-

neum. Scale bars represent 50 mm.Mice analyzed for each

genotype: P0, n = 3; P3, n = 5; P7, n = 10.

(B) qRT-PCR analysis of mRNA expression of the indi-

cated cytokines in the epidermis of mice at P0 and P3 or in

primary keratinocytes (P0 and keratinocytes: n = 3 for

each genotype, P3: control n = 6, FADDE-KO n = 8). One

representative of two independent experiments is shown.

Graphs show mean values ± SD.
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not seem to be a primary effect of FADD-deficiency but rather

a consequence of additional changes occurring in the epidermis

of these mice in the first few days after birth.

Role of Death Receptors in the Development of Skin
Lesions in FADDE-KO Mice
The best-characterized function of FADD is to act as an adaptor

recruiting caspase-8 to the DISC downstream of death receptor

signaling triggering caspase-8 activation and the induction of

apoptosis. We therefore reasoned that FADD deficiency might

affect epidermal homeostasis by disturbing death receptor

signaling in epidermal keratinocytes. To assess whether FADD

triggers skin inflammation by de-regulating Fas signaling, we

generated mice lacking both FADD and Fas in epidermal kerati-

nocytes by crossing FADDE-KO mice with mice carrying loxP-

flanked Fas alleles (FasFL) (Hao et al., 2004). FADDE-KOFasE-KO

mice developed inflammatory skin lesions with identical kinetics

and severity compared to FADDE-KO mice (data not shown),

demonstrating that Fas expression in keratinocytes is not

required for the pathogenesis of skin lesions triggered by

epidermis-specific FADD deficiency.

To assess the potential role of TNF-mediated TNFR1 signaling

in the pathogenesis of skin lesions, we crossed FADDE-KO mice

with TNF- (Pasparakis et al., 1996) and TNFR1- (Pfeffer et al.,

1993) deficient mice. FADDE-KO mice lacking TNF showed only

minormacroscopic signs of skin inflammationwith small patches

of scaly skin visible at P7, in contrast to the severely inflamed
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skin of FADDE-KO mice at this stage (data not

shown). However, FADDE-KOTnf�/� mice devel-

oped inflammatory skin lesions during the

second and third week of life and needed to

be sacrificed by the age of 5 weeks. Histological

analysis showed that already at P7 the skin

of FADDE-KOTnf�/� mice showed patches of

affected skinwith signs ofmild epidermal hyper-

plasia, upregulation of K14 expression in supra-

basal layers, and expression of K6 in interfollic-

ular epidermis, as well as increased recruitment

of myeloid cells in the dermis (Figure 4). TNFR1

deficiency (Tnfrsf1a�/�) had a stronger effect

than TNF deficiency in delaying the develop-

ment of skin lesions in FADDE-KO mice. Double

FADDE-KOTnfrsf1a�/�mice did not showmacro-

scopic signs of skin disease at P7 (Figure S3)
and through the age of 3 weeks; however, after this stage the

mice developed inflammatory skin lesions that progressed to

severe skin inflammation requiring sacrifice of the animals

by the age of 10 weeks. Histological analysis revealed that

double FADDE-KOTnfrsf1a�/� mice already at P7 showed the

presence of focal areas showing mild signs of skin inflammation,

indicated by the upregulation of K14 and K6 and the increased

recruitment of macrophages and granulocytes (Figure 4). These

lesions progressed to severe inflammatory hyperplastic skin

disease in 8-week-old FADDE-KOTnfrsf1a�/� mice characterized

by epidermal thickening and increased infiltration of immune

cells similar to the skin lesions observed in FADDE-KO mice at

7–8 days after birth (data not shown). The fact that TNFR1 defi-

ciency had a stronger effect in preventing skin inflammation in

FADDE-KO mice during the first weeks of life compared to TNF

deficiency suggests that lymphotoxin-a is also capable of

inducing pathogenic TNFR1 signaling in this model. Collectively,

these results revealed that TNFR1 signaling plays an important

role for the development of skin lesions in FADDE-KO mice, but

other, TNFR1-independentmechanisms also contribute to lesion

pathogenesis.

Role of MyD88 Signaling in Skin Lesion Development
in FADDE-KO Mice
To address the potential role of Toll-like receptor (TLR) signaling

in the development of inflammatory skin lesions, we crossed

FADDE-KO mice with mice lacking MyD88 (Adachi et al., 1998),
2–582, October 28, 2011 ª2011 Elsevier Inc. 575



Figure 4. Role of MyD88 and TNF-TNFRI Signaling

in Skin Lesion Development in FADDE-KO Mice

Histological and immunofluorescence analysis of skin

sections from FADDE-KOMyd88�/� mice, FADDE-KOTnf�/�

mice, and FADDE-KO/Tnfrsf1a�/� mice at P7. Arrows

indicate nonspecific staining of the stratum corneum.

Scale bars represent 50 mm. Mice analyzed for each

genotype: control, n = 10; FADDEKO/Myd88�/�, n = 4;

FADDEKO/Tnf�/�, n = 6; FADDEKO/Tnfrsf1a�/�, n = 4;

FADDEKO, n = 10.
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the main adaptor molecule mediating signaling downstream of

most TLRs and of IL-1R (Akira and Takeda, 2004). Double

FADDE-KOMyd88�/� mice showed a slight delay in the develop-

ment of skin lesions and looked generally healthy and active at

P7 compared to FADDE-KO animals (Figure S3); however, shortly

after this stage they developed severe skin lesions and needed

to be sacrificed during the third week of life. Histological analysis

revealed that already at P7 the skin of FADDE-KOMyd88�/� mice

showed clear signs of inflammatory lesion development (Fig-

ure 4). Given that IL-1R1-deficiency did not have any effect in

the development of skin inflammation in FADDE-KO mice (Fig-

ure S4), these results suggest that TLR signaling contributes to

the pathogenesis of severe inflammation in this model, but in

its absence other mechanisms are sufficient for promoting the

inflammatory response leading to severe lesion development

during the first three weeks of life. Crossing to RAG1-deficient

animals did not affect the development of inflammatory skin

lesions in FADDE-KO mice (Figure S4), showing that inflammation

is driven by an innate immune response that does not require

T- or B-lymphocytes.
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Caspase-Independent Death
of FADD-Deficient Keratinocytes
in FADDE-KO Mice
Histological analysis of H/E stained skin

sections taken from FADDE-KO mice revealed

the presence of small numbers of dying kerati-

nocytes in the epidermis at P1, which increased

considerably by P3. These keratinocytes were

irregularly shaped and showed an eosinophilic

cytoplasm together with hyperchromatic, con-

densed, and partly fragmented nuclei (Figures

5A–5F). At P3, widened intercellular spaces

in the basal compartment of the epidermis

were also evident (Figure 5F). Although the

epidermis of FADDE-KO mice contained single

cells staining positive with antibodies against

active caspase-3, a large fraction of the dying

keratinocytes did not contain activated cas-

pase-3, indicating that these cells underwent

caspase-independent death (Figures 5G–5I).

Electron microscopic analysis of skin samples

frommice at days 1 and 3 revealed the presence

of cells with morphological characteristics of

necrosis in FADDE-KO animals, as indicated by

swollen, irregular cellular shape, translucent

cytoplasm and lack of recognizable cell organ-

elles (Figures 5J–5O). Damaged swollen mito-
chondria with loss of cristae could also be detected in necrotic

keratinocytes. This phenotype affected mostly the suprabasal

and basal layers. By contrast, the granular layer appeared unaf-

fected, containing numerous typical keratohyalin granula in

flattened keratinocytes with regular cytoplasmic density. There-

fore, keratinocytes in the epidermis of FADDE-KO mice undergo

caspase-independent necrotic cell death already before signs

of inflammation become detectable.

Death receptors such as TNFR1 have been shown to induce

caspase-independent necrotic death in certain cell types (Holler

et al., 2000; Lüschen et al., 2000; Vercammen et al., 1998). This

necrotic death was recently shown to depend on the kinases

RIP1 and RIP3 and was termed programmed necrosis or

necroptosis (Cho et al., 2009; He et al., 2009; Vandenabeele

et al., 2010; Zhang et al., 2009). Pan-caspase inhibitors that effi-

ciently block apoptosis have been shown to sensitize specific

cell types to necrotic death (Cho et al., 2009; Vercammen

et al., 1998; Zhang et al., 2009), suggesting that apoptosis

antagonizes necroptosis. Furthermore, in vitro studies showed

that FADD-deficient T cells undergo programmed necrosis in



Figure 5. Necrotic Death of Keratinocytes

in the Epidermis of FADDE-KO Mice

(A–F) Histological analysis revealed the presence

of dying keratinocytes identified from their irreg-

ular shape and eosinophilic cytoplasm together

with hyperchromatic, condensed, and partly

fragmented nuclei in the epidermis of FADDE-KO

mice at P1 (three mice analyzed for each geno-

type) and P3 (n = 8 for each genotype).

(G–I) Skin sections were immunostained for active

caspase-3 (dark brown) and counterstained with

H&E. Many of the dying keratinocytes in the

epidermis of FADDE-KO mice did not stain for

active caspase-3 (indicated by arrows), indicating

that they undergo caspase-independent death

(eight mice analyzed for each genotype).

(J–O) Electron microscopy revealed the presence

of necrotic cells in the epidermis of FADDE-KO

animals, identified by their swollen, irregular

cellular shape, translucent cytoplasm, and lack of

recognizable cell organelles (arrow in K). Damaged

mitochondria were found in dying keratinocytes in

FADDE-KO epidermis at days 1 (L–M) and 3 (N–O)

compared to normal mitochondria in control

epidermis (arrows). BL, basal layer; SBL, supra-

basal layer; GL, granular layer. Mice analyzed for

each genotype: P1, n = 3; P3, n = 5.

(P) Primary keratinocytes from control and

FADDE-KO mice were treated with 200 ng/ml

muTNF. Viability was assessed 24 hr later with

Wst1. Graphs show the mean ± SD; *p < 0,05. One

representative out of five independent experi-

ments shown. Scale bars represent 50 mm in (A),

(B), (D), (E), (G), and (H), 25 mm in (C), (F), and (I),

3.5 mm in (J) and (K), and 0.44 mm in (L)–(O).

Immunity

Epidermal FADD Prevents Skin Inflammation
response to stimulation by TNF or activation of the T cell receptor

(Holler et al., 2000; Osborn et al., 2010). To investigate whether

FADD-deficient keratinocytes are also sensitive to TNF-induced

killing, we measured TNF-induced death in primary keratino-

cytes from FADDE-KO and control mice. Indeed, FADD-deficient

primary keratinocytes showed increased sensitivity to TNF-

induced death compared to control cells (Figure 5P). We

therefore hypothesized that FADD deficiency might sensitize

epidermal keratinocytes to death by programmed necrosis,

which could be a critical early event for the pathogenesis of

inflammatory skin lesions in FADDE-KO mice.

Programmed Necrosis of FADD-Deficient Keratinocytes
Triggers Skin Lesion Development in FADDE-KO Mice
The deubiquitinating enzyme CYLD was identified in a genome-

wide siRNA screen as an important mediator of TNFR1-induced

necrosis (Hitomi et al., 2008). Based on in vitro studies, CYLD
Immunity 35, 572–582,
was proposed to promote necroptosis

by removing ubiquitin chains from

RIP1 and in this way facilitating the

formation of the RIP1 and RIP3 contain-

ing ‘‘necrosome’’ complex (Hitomi et al.,

2008; Vandenabeele et al., 2010).

To assess whether CYLD-dependent

necrosis of FADD-deficient keratinocytes
was implicated in the pathogenesis of skin lesions, we crossed

FADDE-KO mice with mice carrying a conditional Cyld allele

(CyldD932FL), which upon Cre recombination produces a trun-

cated CYLD protein lacking the last 20 amino acids that are

essential for its ubiquitin chain hydrolase activity (Kovalenko

et al., 2003). Mice lacking FADD and expressing the catalytically

inactive CYLDD932 in the epidermis (FADDE-KOCYLDD932E) were

smaller than their wild-type control littermates at P7 but did

not display macroscopically visible skin lesions at this stage

(Figure S5). However, histological analysis revealed mild

epidermal hyperplasia accompanied by increased expression

of K14 and K6 and increased infiltration of immune cells in the

skin of FADDE-KOCYLDD932E mice at P7 (Figures 6A and 6B).

At �3 weeks of age, FADDE-KO/CYLDD932E mice started to

show skin lesions that progressed to severe skin inflammation.

Notably, these lesions did not develop in control CYLDD932E

mice, showing that they are caused by incomplete rescue of
October 28, 2011 ª2011 Elsevier Inc. 577



Figure 6. Role of CYLD in the Development

of Skin Lesions in FADDE-KO Mice

(A) Histological and immunofluorescence (green)

analysis of skin sections from control, FADDE-KO

and FADDE-KOCYLDD932E mice at P7. Nuclei were

visualized with DAPI (blue). Arrows indicate

nonspecific staining of the stratum corneum.

Scale bars represent 50 mm. Mice analyzed for

each genotype: Control, n = 10; FADDEKO, n = 10;

FADDEKO/CYLDD932E, n = 3.

(B) Skin sections from control, FADDE-KO, and

FADDE-KOCYLDD932E mice at P7 were immuno-

stained (green) with antibodies recognizing

macrophages (F4/80), granulocytes (Gr-1), and

T cells (CD3). Nuclei were stained with DAPI (blue).

Arrows indicate nonspecific staining of the stratum

corneum. Scale bars represent 50 mm. Mice

analyzed for each genotype: Control, n = 10;

FADDEKO, n = 10; FADDEKO/CYLDD932E, n = 3.

(C) Primary keratinocytes from control, FADDE-KO,

and FADDE-KOCYLDD932E mice were treated with

200 ng/ml muTNF. Viability was assessed 24 hr

later with Wst1. Graphs show the mean ± SD;

*p < 0.05. One representative out of three inde-

pendent experiments shown.
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the FADDE-KO phenotype and not a primary effect of CYLD

inhibition (Figure S5). Therefore, inhibition of CYLD catalytic

activity specifically in epidermal keratinocytes could delay the

development of inflammatory skin lesions in FADDE-KO mice,

suggesting that CYLD-dependent keratinocyte necroptosis

might contribute to the pathogenesis of skin inflammation in

these animals. Indeed, primary keratinocytes from FADDE-KO

CYLDD932E mice were resistant to TNF-induced death (Fig-

ure 6C), further supporting that CYLD contributes to skin

inflammation in the FADDE-KO mice by promoting the death of

FADD-deficient keratinocytes.

The kinase RIP3 has been identified as an essential and

specific mediator of programmed necrosis (Cho et al., 2009;

He et al., 2009; Upton et al., 2010; Vandenabeele et al., 2010;

Zhang et al., 2009). Therefore, to unambiguously assess whether

programmed necrosis of FADD-deficient keratinocytes triggers

skin inflammation in FADDE-KO mice, we crossed them to mice

lacking RIP3 (Newton et al., 2004). Strikingly, FADDE-KORipk3�/�

mice appeared totally indistinguishable from their control litter-

mates at P7 but also throughout adulthood (Figure S6), and did

not show any signs of skin lesion development at least up

to the age of 40 weeks. Histological analysis revealed that

FADDE-KORipk3�/� mice have a normal skin, displaying normal

epidermal thickness and proliferation and the expected pattern

of keratinocyte differentiation marker expression, with K14 ex-

pressed in basal cells, K10 expressed in suprabasal cells, and

loricrin expressed in the terminally differentiated upper granular

layer, whereas K6 expression was confined to hair follicle
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keratinocytes (Figure 7A). In addition,

RIP3 deficiency prevented infiltration of

immune cells and upregulation of cyto-

kine expression in the skin of FADDE-KO

Ripk3�/� mice (Figures 7A and 7B).

Therefore, RIP3 deficiency fully pre-
vented the development of inflammatory skin lesions in

FADDE-KO mice, suggesting that RIP3-mediated necrosis of

FADD-deficient keratinocytes is critical for the development of

skin inflammation in this model. Indeed, immunostaining for acti-

vated caspase-3 and EM analysis showed that the epidermis of

3-day-old FADDE-KORipk3�/� mice did not contain the necrotic

keratinocytes detected in FADDE-KO mice at this stage (Figures

7C and 7D), whereas keratinocytes lacking both FADD and

RIP3 were protected from TNF-induced death in vitro (Fig-

ure 7E). Therefore, RIP3 deficiency fully prevented the develop-

ment of inflammatory skin lesions in FADDE-KO mice, demon-

strating that RIP3-mediated necrosis of FADD-deficient

keratinocytes is an essential early event triggering the develop-

ment of inflammatory skin lesions in FADDE-KO mice. Necrotic

keratinocytes could trigger skin lesion development by releasing

intracellular components such as the nuclear protein HMGB1

that act as danger-associated molecular patterns (DAMPs) to

stimulate innate immune receptors inducing inflammation (Zitvo-

gel et al., 2010).We observed release of HMGB1 in the epidermis

of FADDE-KO but not FADDE-KORipk3�/� mice (Figure S6), sug-

gesting that RIP3-mediated necrosis of FADD-deficient kerati-

nocytes could induce inflammation by triggering the release of

DAMPs capable to activate immune responses.

DISCUSSION

Our study revealed that mice with epidermis-specific ablation of

FADD showed spontaneous necrosis of keratinocytes in vivo



Figure 7. RIP3 Deficiency Prevents Skin

Lesion Development in FADDE-KO Mice

(A) Histological and immunofluorescence analysis

of skin sections from control, FADDE-KO and

FADDE-KORipk3�/� mice at P7. Arrows indicate

non-specific staining of the stratum corneum.

Scale bars: 50 mm. The following mice were

analyzed: control, n = 10; FADDEKO, n = 10;

FADDEKO/Ripk3�/�, n = 3.

(B) qPCR analysis of IL-1b, IL-6 and TNF mRNA

expression in the epidermis of control (n = 5),

FADDE-KO (n = 5) and FADDE-KORipk3�/� (n = 4)

mice at P3. Graph shows themean ± SD; *p < 0,05.

(C) Immunostaining for active caspase-3 (brown)

and EM pictures of control, FADDE-KO, and

FADDE-KORipk3�/� mice at P3. Arrows show

necrotic keratinocytes in FADDE-KO epidermis.

The scale bar represents 50 mm (upper panels) and

2 mm (lower panels). Mice analyzed: control, n = 5;

FADDEKO, n = 5; FADDEKO/Ripk3�/�, n = 4.

(D) Necrotic cells identified as cells with eosino-

philic cytoplasm and hyperchromatic, condensed,

and partly fragmented nuclei that did not stain

for active caspase 3 were quantified in the

epidermis of control (n = 5), FADDE-KO (n = 5) and

FADDE-KORipk3�/� (n = 4) mice at P3. Graph

shows mean values ± SD; ***p < 0,005.

(E) Primary keratinocytes from control and

FADDE-KORipk3�/� mice were treated with

200 ng/ml TNF. Viability was assessed 24 hr later

withWst1. Graphs show the mean ± SD; *p < 0.05.

One representative out of four independent

experiments shown.
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and developed severe inflammatory skin lesions within the first

few days after birth. RIP3 deficiency fully prevented keratinocyte

necrosis and the development of inflammatory skin lesions,

demonstrating that RIP3-dependent programmed necrosis of

FADD-deficient keratinocytes is the essential initiating event trig-

gering the pathogenesis of severe skin inflammation in FADDE-KO

mice. Therefore, in contrast to its well-established role as amedi-

ator of apoptosis, FADD performs an essential prosurvival func-

tion in keratinocytes that is crucial for the maintenance of skin

immune homeostasis and the prevention of skin inflammation.

Death receptors are the best-characterized inducers of nec-

roptosis (Vandenabeele et al., 2010). Consistent with thewell-es-

tablished role of TNF as a mediator of necroptosis, FADDE-KO

mice lacking TNF or TNFR1 showed markedly reduced skin

lesion formation during the first two weeks of life. However,

FADDE-KOTnf�/� and FADDE-KOTnfrsf1a�/� mice developed

severe skin lesions later in life, suggesting that although TNF is

important during the early stages of the disease, ultimately other

TNF-independent mechanisms induce keratinocyte necroptosis

and skin inflammation in FADDE-KO mice. Fas and TRAIL-R have
Immunity 35, 572–582,
also been shown to mediate necroptosis

and could be involved in inducing

keratinocyte necrosis and skin inflamma-

tion in FADDE-KO mice. We found that

epidermis-specific Fas deficiency did not

affect lesion development in FADDE-KO

mice, suggesting that Fas is not impli-
cated in inducing necroptosis of FADD-deficient keratinocytes.

However, we cannot exclude that Fas signaling might become

important in the absence of TNF, providing an alternative

mechanism for the induction of necroptosis in FADD-deficient

keratinocytes. Further experiments will be required to address

the role of TRAIL-R and the potential redundancy of death

receptors in inducing necroptosis of FADD-deficient keratino-

cytes. Although death receptors are the best-studied inducers

of necroptosis, other stimuli, including T cell receptor activation,

viral infection, and also activation of pattern recognition recep-

tors, have been implicated in inducing programmed necrosis in

a variety of cell types (Vandenabeele et al., 2010). Therefore it

is possible that death receptor-independent mechanisms also

contribute to the induction of necroptosis in FADD-deficient

keratinocytes in vivo.

Two recent studies reported that mice with epidermal kerati-

nocyte restricted caspase-8 ablation developed a severe inflam-

matory skin phenotype similarly to our FADDE-KOmice described

here (Kovalenko et al., 2009; Lee et al., 2009). Lee et al. (2009)

proposed that caspase-8 deficiency triggered skin lesions by
October 28, 2011 ª2011 Elsevier Inc. 579
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inducing the p38-dependent upregulation of pro-caspase-1 and

NALP3 expression in keratinocytes resulting in inflammasome-

mediated release of IL-1a, which acted in both epithelial and

dermal cells to induce skin inflammation and epidermal hyper-

plasia. We found that p38a as well as IL-1R1 deficiency did

not affect skin lesion development in FADDE-KOmice, suggesting

that IL-1 is not important for skin lesion development in our

model. In addition, Kovalenko et al. (2009) suggested that

caspase-8 deficiency might trigger skin inflammation by induc-

ing an enhanced response to endogenous activators of IRF3

in the epidermis. Although these studies did not address the

potential role of necroptosis as a trigger of skin lesion develop-

ment, considering that inhibition of either FADD or caspase-8

has been shown to sensitize different cell types to necroptosis,

our results in FADDE-KO mice strongly suggest that necroptosis

of caspase-8-deficient keratinocytes could also contribute to

the development of inflammatory skin lesions in mice with

epidermis specific caspase-8 deficiency.

The mechanisms by which necroptotic death of a relatively

small number of epidermal keratinocytes triggers the develop-

ment of severe inflammatory skin lesions in FADDE-KO mice

remain unclear at present. Whereas apoptosis is considered

immunologically silent, necrosis often triggers inflammation

due to the release of intracellular components, described as

DAMPs, capable for stimulating pattern recognition receptors

inducing the production of proinflammatory cytokines by innate

immune cells (Zitvogel et al., 2010). For example, HMGB1,

HSP70, and nucleic acid fragments activate TLRs, RAGE,

NOD-like receptors, and RIG-like helicases, while ATP and uric

acid potently induce the inflammasome (Zitvogel et al., 2010).

Our finding that MyD88 deficiency delayed but could not prevent

skin lesion development in FADDE-KO mice suggests that activa-

tion of TLR signaling by DAMPs released by necrotic keratino-

cytes could be implicated in inducing skin inflammation, but

other DAMP sensors might be capable of eliciting a severe

inflammatory response in the absence of MyD88-dependent

TLR signaling. Indeed, recent studies showed that specific

immune cell receptors of the C-lectin family recognize necrotic

debris and elicit an inflammatory response (Sancho et al.,

2009; Yamasaki et al., 2008). Moreover, RAGE, the main

receptor for HMGB1, has been shown to regulate skin inflamma-

tion (Gebhardt et al., 2008). RAG1 deficiency did not affect skin

lesion development in FADDE-KO mice, showing that inflamma-

tion is induced by a B and T cell-independent innate immune

response. DAMPs released by necrotic keratinocytes could acti-

vate the expression of proinflammatory mediators in resident

myeloid cells of the skin but also in neighboring keratinocytes,

as indicated by the increased expression of cytokines by

FADD-deficient epidermis at P3. Systematic genetic analysis of

the role of the different pattern recognition receptor families in

the pathogenesis of inflammatory skin lesions in FADDE-KO

micewill be required in order to fully understand themechanisms

by which keratinocyte necroptosis induces skin inflammation.

An important question remaining to be answered is why do

FADD-deficient keratinocytes undergo necroptosis under phys-

iological in vivo conditions and in the absence of any experi-

mental challenge. FADD deficiency does not seem to merely

change the fate of cells destined to die by apoptosis because

we did not find evidence that an equivalent number of epidermal
580 Immunity 35, 572–582, October 28, 2011 ª2011 Elsevier Inc.
keratinocytes undergoes apoptosis in wild-type epidermis, at

least as detected by immunostaining for active caspase-3

and by TUNEL staining. Necroptosis has been shown to be

important for host-defense against certain viruses (Challa and

Chan, 2010). Necroptosis provides an alternative way to kill cells

infected with poxviruses encoding potent inhibitors of apoptosis

such as CrmA (Chan et al., 2003; Cho et al., 2009). Moreover,

mouse cytomegalovirus (MCMV) encodes the M45 inhibitor

that potently prevents RIP3-dependent necrosis (Upton et al.,

2010). M45 mutant MCMV could establish productive infection

in RIP3-deficient but not in wild-type mice, demonstrating that

necroptosis of virus-infected cells is an essential mechanism

for the control of MCMV infection (Upton et al., 2010). Therefore,

sensitization to necroptosis seems to be a mechanism allowing

the detection and elimination of virus-infected cells. The release

of DAMPs from necroptotic virus-infected cells could also further

enhance antiviral responses resulting in effective clearance of

the virus. It is tempting to speculate that constant surveillance

of epithelial tissues such as the skin for the presence of cells

sensitive to necroptosis could be an evolutionarily conserved

mechanism for the early detection of viral infection and the

potent elicitation of inflammatory responses aiming to clear the

infection. In this context, we envisage that FADD deficiency

might be detected by this surveillance mechanism as a potential

infection resulting in the elicitation of a strong inflammatory

response culminating in severe lesion formation. It is noteworthy

that similar conditions exist in human skin, the most striking

example being rashes such as erythema multiforme, a severe

adverse reaction induced by drugs and/or viral infections (Torres

et al., 2009). In these patients, skin inflammation is associated

with a variable degree of keratinocyte death in the epidermis.

Although it is thought that these keratinocytes undergo

apoptosis, a systematic analysis of cell death mechanisms in

erythema multiforme has not been performed. Our studies

suggest that the potential role of keratinocyte necroptosis in

conditions such as erythema multiforme deserves further

investigation.

In conclusion, our results identify sensitization of keratinocytes

to RIP3-mediated necrosis as a potent mechanism triggering

skin inflammation and suggest that genetic or exogenous factors

sensitizing keratinocytes to programmed necrosis could be

implicated in the pathogenesis of inflammatory skin diseases.

In light of our findings and considering the efficacy of anti-TNF

therapies for the treatment of psoriasis (Mössner et al., 2008),

it is tempting to speculate that TNFR1-induced programmed

necrosis of epithelial cells might be an important mechanism

contributing to the pathogenesis of chronic inflammatory skin

diseases. While it remains to be seen whether similar mecha-

nisms function in other epithelial tissues, our findings provide

an in vivo experimental paradigm that regulation of necroptosis

is important for the maintenance of tissue immune homeostasis

and the prevention of chronic inflammation.
EXPERIMENTAL PROCEDURES

Mice

The following mouse lines were used: FaddFL (Mc Guire et al., 2010), K14-Cre

(Pasparakis et al., 2002), Rag1�/� (Mombaerts et al., 1992), FasFL (Hao et al.,

2004), Tnf�/� (Pasparakis et al., 1996), Tnfrsf1a�/� (Pfeffer et al., 1993),
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Myd88�/� (Adachi et al., 1998), Il1r1�/� (Glaccum et al., 1997),Mapk14Fl (Hein-

richsdorff et al., 2008) andRipk3�/� (Newton et al., 2004). The generation of the

CyldD932FL mice will be described elsewhere. All animal procedures were

conducted in accordance with European, national, and institutional guidelines

and protocols and were approved by local government authorities.

Immunostainings

Cryo- or paraffin sections were stained according to standard procedures and

images were taken with a Leica DM550B and a Zeiss LSM 510 Meta micro-

scope. The following antibodies were used: K14, K10, loricrin, and K6 from

Covance (Princeton, NJ); K14 from Neomarkers (Fremont, CA); Ki67 and

CD3 from DAKO (Glostrup, Denmark); F4/80 (clone A3-1); Gr-1 (clone RB6-

8c5); anti-TNF from Becton Dickinson; anti-active caspase-3 from R&D

Systems; and anti-HMGB1 from Abcam. Secondary antibodies were coupled

to Alexa 488 or 594 (Molecular Probes). Sections were counterstained with

DAPI (Sigma) for nuclei visualization. Immunostainings for Ki67 and active

caspase-3 were performed with the DakoCytomation System (Dako) and

counterstained with hematoxylin or H&E.

Immunoblotting

Protein extracts were prepared as described previously (Pasparakis et al.,

2002), subjected to SDS-PAGE and transferred to Immobilon P membranes

(Millipore). Membranes were blockedwith 5%milk and probed with antibodies

against FADD (M-19, Santa Cruz, CA), GFP (Abcam) or tubulin (Sigma,Munich,

Germany).

RNA Isolation

RNA was prepared with Trizol (Invitrogen, Karlsruhe, Germany) with additional

DNase digest and purification on RNEasy columns (QIAGEN. Hilen, Germany).

Quantitative RT-PCR Analysis

RNA (1 mg) was reverse transcribed with SuperScript II (Invitrogen). The cDNA

produced was diluted 1/10 and 2 ml were used for qRT-PCR using Taqman

probes (Applied Biosystems). Normalization was done with GAPDH.

Preparation of Skin Samples for Electron Microscopy

Freshly prepared back skin frommice was fixed in 2% paraformaldehyde, 2%

glutaraldehyde, and 0.1M cacodylate buffer at pH 7.35 and postfixed with

ruthenium tetroxide.

Keratinocyte Culture and Cell Death Assay

Primary epidermal keratinocytes were isolated from the skin of mice between

days 0 and 3 and cultured inminimal calciummedium (0.05mMCaCl2) supple-

mented as previously described (Nenci et al., 2006). For cell death assays,

keratinocytes were seeded (10.000 cells/well) in collagen-coated 96-well

plates (Biocoat, Becton Dickinson). Cells were then treated with 200 ng/ml

TNF for 24 hr and cell viability was assessed with Wst1 (Cell Proliferation

Reagent, Roche). Absorbance was measured at 450 nm with a 96-well plate

reader (Paradigm Detection Platform, Beckman Coulter) after 1 hr of incuba-

tion with Wst1 at 34�C.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and can be found with this

article online at doi:10.1016/j.immuni.2011.08.014.
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Figure S1: Generation of FADD-IRES-GFPFL mice (related to Figure 1).  
Targeting strategy used to generate the FADD-IRES-GFPFL mice. 
 
Figure S2: FADDE-KO   and FADD-GFPE-KO mice develop severe inflammatory 
skin lesions with identical severity and disease course (related to Figure 2).  
Macroscopic pictures and histological analysis of FADDE-KO and FADD-GFPE-KO mice 
at P7. 
 
Figure S3: Development of skin inflammation in FADDE-KO mice is delayed in 
the absence of TNFR1 or MyD88 (related to Figure 4). Macroscopic phenotype of 
FADDE-KO/Tnfrs1a -/- and FADDE-KO/Myd88 -/- mice at P7. 
 
Figure S4: Inflammatory skin lesions in FADDE-KO mice develop independently 

of IL-1 and p38 signalling and in the absence of B and T lymphocytes (related 
to Figure 4). This figure shows that the development of skin lesions in FADDE-KO 
mice is not inhibited by genetic ablation of the IL-1R and RAG1 and by epidermis 

specific ablation of p38.  
 
Figure S5: Impairment of CYLD catalytic activity in keratinocytes does not 
cause spontaneous skin abnormalities but partially protects FADDE-KO mice 
from the development of inflammatory skin lesions (related to Figure 6). This 
figure shows that FADDE-KO/CYLDΔ932E mice at P7 do not show macroscopic signs of 
skin inflammation and that epidermis specific inhibition of CYLD in CYLDΔ932E does 
not trigger spontaneous skin lesions.  
 
Figure S6: RIP3 deficiency prevents the development of inflammatory skin 
lesions in FADDE-KO mice (related to Figure 7). This figure shows that RIP3 
deficiency prevents skin inflammation also in adult FADDE-KO mice and that HMGB1 
release is detected in the epidermis of FADDE-KO but not control or FADDE-KORipk3-/- 
mice. 
 
 



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure S1: Generation of FADD-IRES-GFPFL mice. Diagram showing the wild-type 

Fadd genomic locus (WT), the neomycin resistance-containing (neo), the loxP-

flanked allele after Flpe-mediated neo excision (Floxed) and the Deleted allele after 

Cre-mediated deletion. Filled boxes indicate exons. A loxP site was inserted in the 

intron and a STOP cassette was introduced after the 3’ end of the Fadd gene, 

followed by an FRT-site-flanked neomycin resistance cassette. A second loxP site 

was introduced after the FRT-flanked neo cassette, followed by a splice acceptor 

(SA)-IRES-GFP cassette. Restriction enzyme sites and the location of the probes 

used for Southern Blot analysis are depicted. B, BamHI, E, EcoRI, V, EcoRV. 

 



 
 

 

 

 

 

 

 

 

 

 

Figure S2: FADDE-KO   and FADD-GFPE-KO mice develop severe inflammatory 

skin lesions with identical severity and disease course. (A) Representative 

pictures of FADD-GFPE-KO mice at P7 (B) Histological and immunofluorescence 

analysis of skin sections from FADDE-KO and FADD-GFPE-KO mice at P7. Nuclei were 

stained with DAPI (blue). Scale bar: 50 m. 

 
 
 
 
 
 
 



 
 

 
 
 
 

Figure S3: Development of skin inflammation in FADDE-KO mice is delayed in 

the absence of TNFR1 or MyD88. 

Representative pictures of FADDE-KOTnfrs1a–/– and FADDE-KOMyd88-/- mice at P7, 

showing that the double deficient mice do not show macroscopic signs of severe skin 

inflammation at this stage.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 

Figure S4: Inflammatory skin lesions in FADDE-KO mice develop independently 

of IL-1 and p38  signalling and in the absence of B and T lymphocytes. 

Histological and immunofluorescence analysis of skin sections from control, FADDE-

KO, FADDE-KO/Il1r1-/-, FADDE-KO/p38 E-KO and FADDE-KO/Rag1-/- mice at P7. Scale bar: 

50 m. 

 
 
 
 
 
 



 
 
Figure S5: Impairment of CYLD catalytic activity in keratinocytes does not 

cause spontaneous skin abnormalities but partially protects FADDE-KO mice 

from the development of inflammatory skin lesions (a) Representative pictures of 

control and FADDE-KOCYLDΔ932E mice at P7. (b) Histological and immunofluorescence 

analysis of skin sections from CyldΔ932FL/FL and CYLDΔ932E mice at P7, demonstrating 

that epidermal keratinocyte specific inhibition of CYLD catalytic activity does not 

induce skin lesions. Scale bar: 50 m. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 
Figure S6: RIP3 deficiency prevents the development of inflammatory skin 

lesions in FADDE-KO mice. (A) Representative pictures of FADDE-KO/Ripk3-/- mice. 

(B) Immunostaining of non-permeabilized skin cryosections with anti-HMGB1 

antibody revealed areas showing the presence of HMGB1 in the extracellular space 

in the epidermis of FADDE-KO mice but not in control or FADDEKO/Ripk3-/- mice. Scale 

bar: 50 m. 
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