
Atopic dermatitis and inflammatory skin disease

Inhibition of RIPK1 prevents keratinocyte cell 
death and reduces skin inflammation in type 
1–mediated chronic inflammatory skin diseases
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Background: Type 1–mediated chronic inflammatory skin 
diseases affect skin, hair, nails, and mucosa and dramatically 
impact patients’ quality of life. The 2 most prominent examples 
are lichen planus (LP) and cutaneous lupus erythematosus 
(CLE). Various cell death pathways are activated in both 
diseases, including apoptosis and necroptosis. RIPK1 is a key 
regulator of programmed cell death and thus represents a 
potential new target for treatment of these diseases. 
Objective: We sought to determine the impact of RIPK1 on cell 
death and inflammation in LP and CLE.

Methods: RNA sequencing of inflammatory skin diseases

(n = 179) assessed cell death, hypothermia, and inflammatory 
markers affected by eclitasertib, a novel RIPK1 inhibitor, in 
human cells, murine TNF-𝛂-induced systemic inflammatory 
response syndrome model, reconstructed human epidermis, and 
ex vivo skin biopsy culture.

Results: Markers of apoptosis (CASPASE8) and necroptosis 
(RIPK3, MLKL) are upregulated in LP and CLE. Eclitasertib 
restored body temperature when orally administered

15 minutes after TNF-𝛂 injection in the murine systemic 
inflammatory response syndrome model. RIPK1 inhibition 
prevented keratinocyte cell death; normalized epidermal 
architecture; and decreased release of IL-1𝛂, IL-1𝛃, TNF-𝛂, 
and CCL20 in reconstructed human epidermis on stimulation

with LP and CLE T-cell supernatant. Ex vivo culture of LP and 
CLE biopsy specimens with eclitasertib reduced expression of 
disease-specific genes and downregulated pathways associated 
with inflammation.

Conclusions: Inhibition of RIPK1 targets 2 major pathogenic 
events in LP and CLE: epidermal cell death and type 
1–mediated skin inflammation. (J Allergy Clin Immunol 
2026;157:1087-98.)
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Chronic inflammatory skin diseases (ISDs) are increasingly 
frequent in Western countries and severely impact patients’ 
quality of life. Although there have been great achievements for 
the 2 most common ISDs, psoriasis and atopic dermatitis (AD), 
the majority of ISDs lack safe and effective treatments. 1 Lichen 
planus (LP) and cutaneous lupus erythematosus (CLE) are the 2 
most prominent examples of type 1–mediated ISDs. The esti-

mated prevalence of LP is about 1%. 2 LP has a wide clinical spec-

trum, classically manifesting as itchy papules at the extremities 
and white net-shaped and erosive plaques at the oral and genital 
mucosa. However, there are also generalized, exanthematic LP 
subtypes as well as LP leading to nail dystrophy and scarring al-

opecia. Likewise, CLE has a wide clinical spectrum and can either 
solely affect the skin or be a sign of SLE. The 4 most common 
subtypes of SLE are acute, subacute, chronic discoid, and tumid 
types. Similar to LP, CLE can affect the mucosa and cause scar-

ring alopecia. Both LP and CLE are usually treated with nonspe-

cific immunosuppressants, such as topical and systemic 
glucocorticosteroids, antimalarials, methotrexate, or retinoids. 
However, these strategies often fail to achieve sufficient long-

term disease control or need to be discontinued due to side ef-

fects. 3 So far, no targeted treatment for LP or CLE has been 
approved worldwide.

Histologically, LP and CLE are characterized by a lymphocytic 
infiltrate close to the epidermis, which causes cell death of basal 
keratinocytes. This immune reaction is named interface derma-

titis (ID) and resembles a pattern of immune-epithelial interac-

tion, which can also be found in graft-versus-host disease, 
dermatomyositis, and viral infections and as a side effect of 
immune checkpoint inhibitors used for cancer treatment. 4-7 In our 
previous work, we discovered that LP and CLE share a common 
gene regulation pattern, which comprises genes belonging to type
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Abbreviations used

AD: Atopic dermatitis

CLE: Cutaneous lupus erythematosus 

DMSO: Dimethyl sulfoxide

IC 50 : Half maximal inhibitory concentration 
ID: Interface dermatitis

ISD: Inflammatory skin disease

JAK: Janus kinase

LP: Lichen planus

RNA-Seq: RNA sequencing

SIRS: Systemic immune response syndrome 

TCS: T-cell supernatant

1 immunity (TBX21, STAT1, IFNG, IRF1, IRF2, IRF3, IL12, or 
IL12R). Thus, based on the shared type 1–dominant immune 
response, these diseases are grouped as type 1–mediated ISDs. 
Considering the strong activation of T-cell pathways in our 
network analysis, T cells were isolated from lesional skin biopsy 
specimens for in-depth analysis. Intracellular cytokine staining 
revealed a high frequency of IFN-γ- and TNF-α-positive cells 
in both lupus erythematosus and CLE, 8 a finding that was 
confirmed by Shao et al 9 demonstrating the importance of the 
IFN-γ/JAK2 pathway for the pathogenesis of LP. In addition, 
we demonstrated that type 1 cytokines cause apoptosis and nec-

roptosis of basal keratinocytes. 8 In the latter case, IFN-γ and 
TNF-α initiate cell death by activating the RIPK1 signaling 
pathway. On activation of TNFR1, RIPK1 is released from com-

plex I and activated by autophosphorylation at serine 166, which 
serves as a biomarker for RIPK1 kinase–dependent pathol-

ogies. 10,11 Activated RIPK1 can initiate the formation of 2 distinct 
prodeath signaling complexes: IIa and IIb. Complex IIa includes 
the assembly of RIPK1, FADD, and caspase 8 and promotes 
RIPK1-dependent apoptosis, whereas impaired caspase-8 activity 
shifts the assembly toward the necroptotic complex IIb, which in-

cludes RIPK1, FADD, caspase 8, RIPK3, and MLKL. Here, acti-

vated RIPK1 phosphorylates RIPK3, which in turn activates and 
phosphorylates MLKL. This results in the generation of pores in 
the outer cell membrane, as well as cell bursting and uncontrolled 
release of intracellular components—a process known as necrop-

tosis. 11-14 In contrast to apoptosis, necroptosis is a strong inflam-

matory process and accelerates local inflammation. RIPK1 is 
centrally involved in both forms of cell death, apoptosis and nec-

roptosis, and therefore represents an interesting new therapeutic 
target. However, there is no approved RIPK1 inhibitor for the 
use in humans, so far.

Therefore, we investigated the therapeutic potential of eclita-

sertib, a novel inhibitor of RIPK1, in murine and human models of 
type 1 inflammation. We demonstrated that caspase 8, RIPK3, and 
MLKL were highly upregulated in CLE and LP and that blocking 
RIPK1 kinase activity prevented keratinocyte cell death and 
release of proinflammatory cytokines in vitro. Furthermore, 
RIPK1 inhibition normalized body temperature in a murine 
TNF-α-dependent systemic immune response syndrome (SIRS) 
model and significantly downregulated disease-specific genes 
and pathways in human LP and CLE skin biopsy specimens. 
Thus, targeting RIPK1 kinase activity may represent a novel ther-

apeutic approach for the treatment of type 1–mediated ISDs.

METHODS

Sex as a biological variable
Our study examined tissue samples and cells from male and 

female patients, and similar findings are reported for both sexes. 
Detailed patient characteristics are listed in Tables E1, E2, and 
E3 in this article’s Online Repository available at www. 
jacionline.org.

Study cohort and ethic compliance
Human skin samples were obtained from the Biederstein 

Biobank and collected in accordance with the Declaration of 
Helsinki protocol and local ethics committee Klinikum Rechts 
der Isar (44/16S and 5590/12). All patients gave their written 
informed consent. To establish a definitive diagnosis, both 
clinical and histologic evaluations were performed by inde-

pendent dermatologists and dermatopathologists. Under local 
anesthesia, 6-mm punch biopsies of lesional and nonlesional 
skin were collected. Biopsy specimens were divided into

3 parts: 1 part was fixed in 4% formalin for histology, 1 part 
was collected in RNAlater stabilization solution (Qiagen, 
Venlo, The Netherlands) at 2808C until RNA preparation, 
and 1 part was directly used for isolation of lesional T cells. 
For human lesional skin biopsy cultures, separated 6-mm 
punch biopsies were used. Table E1 lists characteristics of pa-

tients in the bulk RNA sequencing (RNA-Seq) cohort of LP 
(n 5 30), CLE (n 5 11), AD (n 5 48), and psoriasis (n 5 
90) skin lesions. Table E2 lists characteristics of patients in 
the RIPK1 inhibitor treatment cohort of human lesional skin 
biopsy specimens of LP (n 5 5) and CLE (n 5 2). In vivo 
mouse studies conducted at Sanofi in Frankfurt am Main, Ger-

many, were approved by the government of Hessia (FH-1036). 
Male C57BL/6 mice (weight 20-27 g) were obtained from 
Charles River Laboratories (Wilmington, Mass).

Bulk RNA-Seq analysis of skin biopsy specimens 
and keratinocyte skin equivalents

Gene expression data for LP (n 5 30), CLE (n 5 11), AD 
(n 5 48), and psoriasis (n 5 90) were derived from a previously 
published study cohort. 15 Patients’ characteristics are listed in 
Table E1. RNA-Seq libraries were generated using the TruSeq 
Stranded Total RNA kit (Illumina, San Diego, Calif) according 
to the manufacturer’s high sample protocol. Samples were 
sequenced on an Illumina HiSeq 4000 as paired-end with a read 
length of 23 150 bp and an average output of 40 Mio reads per 
sample and end. Sequence alignment was performed using 
STAR aligner with human genome reference hg38 (https:// 
github.com/alexdobin/STAR). RNA-Seq count data were normal-

ized by the median of ratios method, as implemented in the DE-

Seq2 protocol, and then transformed using the variance 
stabilizing transformation from the Bioconductor package 
DESeq2 (https://bioconductor.org/packages/release/bioc/html/ 
DESeq2.html). Gene set enrichment analysis was conducted in 
R using the clusterProfiler package (https://bioconductor.org/ 
packages/release/bioc/html/clusterProfiler.html), org.Hs.eg.db 
(https://bioconductor.org/packages/release/data/annotation/html/ 
org.Hs.eg.db.html), and the Gene Ontology database (https:// 
geneontology.org/).
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RIPK1 inhibitor
The RIPK1 inhibitor eclitasertib (SAR443122, PubChem CID 

130298939), also known as DNL758 (Denali Therapeutics), was 
provided by Sanofi (Paris, France). 16-18 It was dissolved in 
dimethyl sulfoxide (DMSO) to provide a 10-mM stock solution. 
For animal experiments, RIPK1 inhibitors were dosed in 0.5% 
methylcellulose, 0.1% Tween 80 (Sigma-Aldrich, Burlington, 
Mass). The concentrations used are indicated in the following 
sections.

Biochemical RIPK1-autophosphorylation assay 
(ADP-Glo assay)

The catalytic activity of RIPK1 was determined based on the 
conversion of ATP to ADP due to autophosphorylation using an 
ADP-Glo kinase kit (catalog no. V9104; Promega, Madison, 
Wis). For this, 2 μL of recombinant HIS-GST-TEV-human 
RIPK1 (amino acids 1-375) (Evotec, Abingdon, United 
Kingdom) or HIS-GST-TEV-mouse RIPK1 (amino acids 1-378) 
(Proteros Biostructures GmbH, Martinsried, Germany) fusion 
proteins (end concentration 4 μg/mL and 42 μg/mL, respectively) 
were incubated with 2 μL of RIPK1 inhibitor eclitasertib (end 
concentration 33-0.00168 μM) for 30 minutes at room temper-

ature. Subsequently, 2 μL of ATP (ADP Glo kit, end concentra-

tion 50 μM) was added. After incubation for 4 hours at room 
temperature, 5 μL of Promega ADP-Glo reagent I was added to 
quench the reaction and deplete unconsumed ATP. After another 
incubation period of 30 minutes, 10 μL of Promega ADP-Glo 
detection reagent II was added resulting in conversion of ADP to 
ATP, which generates a light reaction between luciferase and 
luciferin. Luminescence was quantified after 30 minutes with a 
PHERAstar FS microplate reader (BMG Labtech, Ortenberg, 
Germany). The RIPK1 fusion proteins, ATP, and compounds 
were diluted in assay buffer consisting of 50 mM HEPES pH 7.5, 
50 mM NaCl, 30 mM MgCl 2 , 1 mM dithiothreitol, 0.02% Tween 
20, and 0.02% BSA. For each concentration response curve, the 
half maximal inhibitory concentration (IC 50 ) values were esti-

mated using the fitted 4-parameter logistic model, and geometric 
mean values of IC 50 with 95% CI were calculated.

Culture and necroptosis assay of U937 and L929 
cells

Human monocytic leukemia U937 cells (DSMZ no. ACC 5) 
were cultured in RPMI 1640 medium (72400-021, Gibco/Thermo 
Fisher, Waltham, Mass) without phenol red and supplemented 
with 10% FBS at 378C and 5% CO 2 . Mouse NCTC clone 929 (L 
cell, L929) cells (CLL1, ATCC) were cultured in DMEM/F12 1 
15 mM HEPES 1 L-glutamine medium (11330-032, Gibco/ 
Thermo Fisher) supplemented with 10% heat inactivated FBS 
(F4135, Sigma-Aldrich), 100 U/mL penicillin, and 100 μg/mL 
streptomycin at 378C and 5% CO 2 . The cellular potency of eclita-

sertib was tested in a human cellular necroptosis assay. For this, 
50,000 U937 cells or 10,000 L929 cells (cultivated overnight) 
were stimulated for 18 to 24 hours with 50 ng/mL TNF-α 
(H8916, Sigma-Aldrich), 25 μM Z-VAD-FMK (V116, Sigma-

Aldrich) with or without RIPK1 inhibitor eclitasertib (0.07-

10,000 nM for U937 cells or 0.038-10,000 nM for L929 cells). 
Subsequently, cell viability was determined using the CellTiter 
96 AQueous Non-Radioactive Cell Proliferation Assay (G5421, 
Promega) (see section Cell viability assay).

Culture and necroptosis assay of human PBMCs
PBMCs were isolated from fresh human whole blood using 

standard methods and cultured in RPMI 1640 GlutaMAX (61870-

010, Gibco/Thermo Fisher) supplemented with 10% heat inacti-

vated FBS (F4135, Sigma) at 378C and 5% CO 2 . Before cell death 
induction with 15 ng/mL LPS Ultrapure (tlrl-3pelps, InvivoGen, 
San Diego, Calif), PBMCs were pretreated for 30 minutes with 
20 μM zVAD-fmk (ALX-260-020-M005, Enzo, Farmingdale, 
NY) and RIPK1 inhibitor eclitasertib (0.026-100 nM). After 3 
hours of incubation at 378C, cell culture supernatants were 
collected and stored at 2208C before assaying. 
IL-1β was quantified using a human IL-1β uncoated ELISA 
(88-7261-88, Invitrogen, Carlsbad, Calif) according to the manu-

facturer’s instructions.

Culture and necroptosis assay of primary human 
keratinocytes

Primary human keratinocytes were obtained from healthy 
donors by suction blister as reported previously 19 ; donor charac-

teristics are listed in Table E3. Epidermal keratinocytes were 
cultured in keratinocyte medium (DermaLife Basal Medium sup-

plemented with DermaLife K LifeFactors Kit, LL-0007, Lifeline 
Cell Technology, San Diego, Calif) at 378C and 5% CO 2 , and sec-

ond to third passages were used. At 70% to 80% of confluence, 
keratinocytes were preincubated for 1 hour with RIPK1 inhibitor 
eclitasertib (100 nM or as indicated) followed by stimulation with 
rhIFN-γ (100 ng/mL or as indicated, 285-IF-100/CF, R&D Sys-

tems, Minneapolis, Minn) and rhTNF-α (100 ng/mL or as indi-

cated, 210_TA/CF, R&D Systems) in the presence of zVAD 
(20 μM, 60332, Cell Signaling Technology, Danvers, Mass), 
SMAC mimetics (1 μM, B-9135, LC Laboratories, Woburn, 
Mass), and the RIPK1 inhibitor for 24 hours in keratinocyte 
medium without hydrocortisone.

Three-dimensional skin equivalents
Three-dimensional keratinocyte skin equivalents were gener-

ated as described previously. 20 Briefly, 300,000 primary human 
keratinocytes were seeded in 500 μL of keratinocyte medium 
with 1.5 mM of CaCl 2 in the insert and placed in a well containing 
the same medium. After 2 days, keratinocytes were exposed to the 
air-liquid interface, and medium in the surrounding well was sup-

plemented with 50 μg/mL vitamin C. At 9 days after airlift, the 
skin equivalents were pretreated for 1 hour with RIPK1 inhibitor 
eclitasertib (100 nM) followed by stimulation with a supernatant 
mix of lesional T cells from patients in the LP and CLE cohorts 
(1:10 diluted) in the presence of zVAD (20 μM, 60332, Cell 
Signaling Technology), SMAC mimetic (1 μM, B-9135, LC Lab-

oratories), and the RIPK1 inhibitor for 72 hours. Afterward, mem-

branes of the fixated skin equivalents were cut out with a scalpel, 
divided into 2 pieces, formalin fixed, and embedded in paraffin.

Isolation of lesional T cells from LP and CLE skin 
biopsy specimens and production of supernatant

Primary human lesional T cells were isolated from freshly 
obtained skin biopsy specimens of patients with LP (n 5 5) and 
CLE (n 5 3) (see Table E1 for patient characteristics) by emigra-

tion toward an IL-2 gradient followed by expansion with α-CD3/ 
α-CD28 stimulation as described previously. 8,21 Supernatants of
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expanded lesional T cells were generated by 3-day stimulation 
with 0.75 μg/mL α-CD3 (precoated, BD Biosciences, Franklin 
Lakes, NJ) and 0.75 μg/mL soluble α-CD28 (BD Biosciences). 
A mixture of all 8 lesional supernatants at equimolar ratio was 
used for stimulation of 3D keratinocyte skin equivalents. Concen-

trations of key cytokines in the supernatant mix of lesional T cells 
were determined by a multiplex ELISA (Bio-Rad Laboratories, 
Hercules, Calif) (Table E4 in the Online Repository at www. 
jacionline.org).

Human lesional skin biopsy cultures
Under local anesthesia, 4- to 6-mm punch biopsy specimens of 

lesional skin of patients with LP (n 5 5) and CLE (n 5 2) were 
obtained. Patients’ characteristics are listed in Tables E1, E2, 
and E3. Biopsy specimens were divided into 2 parts with 1 part 
treated with the RIPK1 inhibitor eclitasertib (1 μM) 1 part 
without eclitasertib as a control sample for 4 hours in T-cell media 
(RPMI 1640 medium with 1% human serum, 0.1 mM nonessen-

tial amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 
100 U/mL penicillin/streptomycin). After stimulation, biopsy 
specimens were stored in RNAlater solution at 2808 C until 
RNA preparation.

TNF-𝛂-driven SIRS model
A TNF-α-driven SIRS model was created as described 

before. 22 Briefly, male C57BL/6 mice (n 5 6 per group) 
were injected into the tail vain with a volume of 125 μL per 
25 g mouse of either vehicle (15% polyethylene glycol 200, 
8.4% DMSO, 0.6% NaCl) or a mixture of murine TNF-α (0.3 
mg/kg) and zVAD (6.7 mg/kg) prepared in vehicle. No 
TNF-α/zVAD was administered to the vehicle group. At 
15 minutes after induction of hypothermia by application 
of TNF-α/zVAD mix, animals were orally dosed with 
RIPK1 inhibitor or GSK9963 (AOBIUS, AOB9775, Batch 
6064M, Gloucester, Mass). This time (15 minutes) was chosen 
to ensure sufficient time for intestinal passage and absorption as 
well as systemic distribution. Body temperature was monitored 
every hour using radiofrequency identification technology with 
IPTT-300 transponders (Bio Medic Data Systems, Seaford, 
Del) that were injected subcutaneously 2 to 3 days before initi-

ation of the experiment.

Cell viability assay
Cell viability of cultured cells was determined using CellTiter 

96 AQueous Non-Radioactive Cell Proliferation Assay according 
to the manufacturer’s instructions. MTS/PMS reagent was used 
1:6 diluted in corresponding cell culture media and incubated for

1 hour (primary keratinocytes) or 4 hours (U937 and L929 cells). 
Afterward, supernatants were analyzed by ELISA at 490 nm 
minus 700 nm as reference. For keratinocytes, the percentage of 
cell viability to control stimulation zVAD and SMAC mimetic 
(100%) was calculated. For U937 and L292 cells, the percentage 
inhibition of induced necroptotic cell death was calculated as 
percentage of the maximal inhibition value obtained in the 
absence of the inducer TNF-α and zVAD. For dose response 
experiments (primary keratinocytes, U937, L292 cells), an IC 50 

value with 95% CI was calculated with an implemented 
4-parameter logistic model.

Multiplex ELISA
Cell-free supernatants derived from keratinocyte stimulation 

experiments or lesional T-cell supernatants (TCSs) from patients 
with LP and CLE were analyzed for 27 cytokines, chemokines, 
and growth factors using the Bio-Plex Pro Human Cytokine 
27-plex Assay (Bio-Rad Laboratories) according to the manu-

facturer’s recommendation.

Histology of skin samples and keratinocyte skin 
equivalents

Fixated skin tissue or keratinocyte skin equivalents were 
embedded in paraffin. Then 5-μm sections were cut and dewaxed 
at 658C for 20 minutes. After rehydration, sections were stained 
with hematoxylin and eosin using standard methods. High-

resolution images (203) were obtained with an EVOS micro-

scope (Thermo Fisher Scientific, Waltham, Mass).

RNA preparation, cDNA synthesis, and quantitative 
PCR

RNA was isolated using QIAzol Lysis Reagent (Qiagen) and 
miRNeasy Mini Kit (Qiagen) according to the manufacturer’s 
protocol. mRNA was transcribed into cDNA with Applied 
Biosystems High Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher Scientific). Gene expression was measured on 
an Applied Biosystems ViiA7 Real-Time PCR system (Thermo 
Fisher Scientific) using Fast Start Universal SYBRGreen Master 
Rox (Roche). Primers were ordered from Metabion (http://www. 
metabion.com) and are listed in Table E5 (in the Online Reposi-

tory at www.jacionline.org). Data are shown as relative gene 
expression to untreated sample using the 2 2ΔΔCt method.

Western blot
Keratinocytes were lysed in radioimmunoprecipitation assay 

lysis buffer (Santa Cruz) supplemented with 1 mM sodium 
orthovanadate, 2 mM phenylmethylsulfonyl fluoride, and pro-

teinase inhibitor cocktail (1:70) according to the manufacturer’s 
instructions. Equal protein concentrations—determined by BCA 
protein assay—were resolved by SDS-PAGE using Bolt 4-12% 
Bis-TrisPlus Gels and analyzed by Western blot using enhanced 
chemiluminescence. The following antibodies were used for 
staining: rbαhpRIPK1 (Ser166) (65746, 1:1,000 in BSA, Cell 
Signaling Technology), mαhβ-Actin (A2228, 1:10,000 in milk, 
Sigma-Aldrich), and αmHRP (115-035-166, 1:10,000 in milk, 
Jackson ImmunoResearch, West Grove, Pa).

Statistical analysis
Data were analyzed using GraphPad Prism 6 or 10 and 

visualized as mean 6 SEM. Comparison of disease or treatment 
groups was performed as indicated in figure legends. Significance 
levels were defined as P < .05, P < .01, P < .001, and P < .0001.

RESULTS

RIPK1 gene expression is upregulated in LP and CLE 
and correlates to the degree of ID

ID is a histologic hallmark of CLE and LP (Fig 1, A). To deter-

mine the impact of RIPK1 for the generation of ID, we analyzed
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the expression of RIPK1, RIPK3, and MLKL in LP and CLE as 
well as AD and psoriasis skin biopsy specimens compared with 
intraindividual nonlesional skin. Although gene expression of 
MLKL and RIPK3 was significantly upregulated in lesional skin 
of all 4 diseases (MLKL: P < .0001 for all; RIPK3: P < .0001 for 
LP and CLE; P 5 .0140 for AD; P 5 .0035 for psoriasis), 
RIPK1 was significantly higher in lesional LP and CLE than in 
AD and psoriasis (Fig 1, B). Immunofluorescence confirmed 
enhanced phosphorylated RIPK1, RIPK3, and MLKL expression 
in the epidermis of LP lesions (Fig E1 in the Online Repository at

www.jacionline.org). Next, we assessed the association between 
ID severity and the gene expression of RIPK1, RIPK3, and 
MLKL. For this, ID was rated by a dermatopathologist on a scale 
of 0 (no ID), 1 (mild ID), 2 (moderate ID), and 3 (severe ID) 
considering the strength of the inflammatory infiltrate and the 
extent of epidermal cell death. Here, we found a positive correla-

tion between the degree of ID and gene counts of RIPK1 (r 5 
0.98, P 5 .0157), RIPK3 (r 5 0.98, P 5 .0163), and MLKL 
(r 5 0.99, P 5.0071) (Fig 1, C). To determine activation of further 
programmed cell death pathways, we analyzed the expression of

FIG 1. RIPK1, RIPK3, and MLKL are significantly upregulated in lesional skin of patients with LP and CLE and 

are associated with ID. (A) Representative histologic hematoxylin and eosin staining of nonlesional and le-

sional skin from a patient with CLE and a patient with LP. Scale bar 5 50 μm. (B) Normalized gene counts 

of RIPK1, RIPK3, and MLKL in nonlesional and lesional skin of patients with LP (n 5 30), CLE (n 5 11), AD 

(n 5 48), and psoriasis (n 5 90) patients. Differences between the lesional and nonlesional group were 

analyzed with an unpaired t test with Welch’s correction. Comparison of patient groups was performed 

using 1-way ANOVA (uncorrected Fisher’s least significant difference). (C) Correlation of normalized gene 

counts for RIPK1, RIPK3, and MLKL to the level of ID in patients with ISD (n 5 274) with level 0 (no ID),

1 (mild ID), 2 (moderate ID), and 3 (severe ID). Comparison of ID groups was performed using 1-way ANOVA 

test (uncorrected Fisher’s least significant difference). *P < .05, **P < .01, ***P < .001, ****P < .0001. L, 

Lesional; NL, nonlesional; Pso, psoriasis.
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genes related to apoptosis, ferroptosis and pyroptosis. Only cas-

pase 8 was significantly upregulated in lesional skin of LP and 
CLE biopsy specimens, whereas markers of classical apoptosis 
(BCL2, CASPASE9), ferroptosis (GPX4, PTGS2), and pyroptosis 
(GSDMA, GSDMB) were not elevated (Fig E2 in the Online 
Repository at www.jacionline.org). Of note, caspase 8 is 
necessary for RIPK1-dependent apoptosis by directly cleaving 
caspase 3 without activation of caspase 9, indicating that 
RIPK1-dependent apoptosis and necroptosis are activated in LP 
and CLE.

Eclitasertib is a potent and selective RIPK1 inhibitor
To further evaluate the role of RIPK1 in LP and CLE, we used 

the novel RIPK1 inhibitor eclitasertib (Fig 2, A). To confirm spec-

ificity of eclitasertib, we first performed an ADP-Glo kinase activ-

ity assay. Here, ATP to ADP conversion as a result of RIPK1 
autophosphorylation was assessed using His-GST-TEV human 
or murine RIPK1 fusion proteins. Increasing doses of eclitasertib 
led to a full inhibition of RIPK1 autophosphorylation with an IC 50 

of 8.7 nM (95% CI 5.6-13.4 nM) for human RIPK1 and 144 nM 
(95% CI 93-223 nM) for murine RIPK1 (Fig 2, B). Next, we 
investigated functional activity in a necroptosis assay with human 
U937 and murine L929 cells. Here, necroptosis was induced by 
TNF-α stimulation in the presence of Pan-caspase inhibitor 
zVAD. Eclitasertib efficiently inhibited necroptosis with an IC 50 

of 4.1 nM (95% CI 2.4-7.2 nM) in human cells and 3.7 μM 
(95% CI 1.2-11.3 μM) in murine cells (Fig 2, C and D). To 
confirm effects in primary human cells, we tested the activity of 
eclitasertib in human PBMCs stimulated with LPS and zVAD. 
In line with the previous results, eclitasertib efficiently blocked 
IL-1β release in a dose-dependent manner (IC 50 2.1 nM [1.3-

3.4 nM]) (Fig 2, E). Next, we tested the effects of eclitasertib 
on primary human keratinocytes. First, we assessed the impact 
of different cytokines and Toll-like receptor ligands on inducing 
keratinocyte necroptosis. Only the combination of TNF-α and 
IFN-γ significantly impaired keratinocyte viability under necrop-

totic conditions (Fig E3 in the Online Repository at www. 
jacionline.org). Then we performed necroptosis assay with hu-

man keratinocytes of 3 different donors demonstrating that eclita-

sertib blocked TNF-α- and IFN-γ-induced necroptosis with an 
IC 50 of 0.32 6 0.21 nM. Using Western blot analysis we 
confirmed that IFN-γ, TNF-α, and zVAD led to a phosphorylation 
of the activating S166 site of RIPK1, which was reversed by add-

ing eclitasertib (Fig 2, G). Thus, eclitasertib is a potent inhibitor of 
RIPK1 autophosphorylation preventing cell death, especially 
necroptosis, in human and murine cell lines and primary human 
blood and skin cells.

To assess the effects of eclitasertib in vivo, we performed a mu-

rine TNF-α-driven SIRS model. 22 C57BL/6 mice (n 5 6 per 
group) were injected with either vehicle (15% polyethylene gly-

col 200, 8.4% DMSO, 0.6% NaCL 0.9%) or a mixture of murine 
TNF-α (0.3 mg/kg) and zVAD (16.7 mg/kg) into the tail vein. At 
15 minutes after induction of hypothermia, animals were orally 
dosed with eclitasertib or GSK9963, a previously described 
RIPK1 inhibitor. 23 Body temperature was monitored for up to
5 hours using radiofrequency identification technology with 
IPTT-300 transponders that were injected subcutaneously 2 to
3 days before initiation of the experiment (Fig 2, H). Animals 
receiving the TNF-α/zVAD mixture rapidly responded with a 
significant decrease of body temperature within 5 hours from

37.3 6 0.28C to 27.9 6 0.28C and a temperature change of 
29.3 6 0.38C (P 5 .0002) compared with vehicle (21.9 6 
0.58C). Oral administration of eclitasertib led to a dose-

dependent increase in body temperature change (1 mg/kg: 
28.8 6 0.58C; 5 mg/kg: 27.6 6 1.28C; 15 mg/kg: 23.4 6 
1.38C, P 5 .0007 to TNF-α/zVAD) (Fig 2, I).

RIPK1 blockade prevents keratinocyte cell death 
and release of inflammatory cytokines

Based on these findings, we further evaluated the effects of a 
RIPK1 inhibition in type 1–mediated ISDs. To this end, we 
performed necroptosis assays with primary human keratinocytes 
under type 1 inflammatory conditions. Stimulation with IFN-γ, 
TNF-α, zVAD, and SMAC mimetic (important for full activation 
of RIPK1 by preventing its ubiquitination) led to 60% cell death 
of keratinocytes (43.6 6 7.6% viability), an effect that was fully 
blocked by RIPK1 inhibition at a concentration of 4 nM (95.1 6 
0.8% viability) or higher (Fig 3, A). Furthermore, eclitasertib 
significantly diminished the release of IL-1β in a dose-

dependent manner (P 5 .0050 for 100 nM) (Fig 3, B). Interest-

ingly, RIPK1 inhibition also resulted in significant reduction of 
IL-1α, IL-1RA, CXCL5, IL-8 (CXCL8), GM-CSF, and CCL20 
(Fig 3, C).

To test the effects of RIPK1 blockade in a preclinical model of 
type 1 ISDs, we isolated T cells from LP (n 5 5) and CLE (n 5 3) 
skin biopsy specimens and generated TCS by anti-CD3 and anti-

CD28 stimulation. LP/CLE-TCS mixed at equal parts contained 
TNF-α (55,577 pg/mL), GM-CSF (34,800 pg/mL), IL-13 (20,371 
pg/mL), and IFN-γ (9,678 pg/mL) (Fig 3, D), thereby resembling 
the natural cytokine composition of type 1 ISDs. In addition, we 
generated three-dimensional skin equivalents resembling the phys-

iologic layers of the human epidermis. When adding the LP/CLE-

TCS under necroptotic conditions, we observed cell swelling and 
cell death of keratinocytes resulting in an enhanced epidermal 
thickness (102.0 6 5.1 μM) compared with controls stimulated 
with zVAD and SMAC mimetic (61.3 6 5.4 μM) (Fig 3, E and 
F). Blocking RIPK1 by eclitasertib significantly reduced epidermal 
thickness (80.3 6 5.1 μM, P < .0001) and restored the normal 
epidermal architecture (Fig 3, E and F). In addition, RIPK1 
inhibition significantly reduced the release of IL-1RA (48.9 6 
18.0%, P 5 .0175), TNF-α (70.3 6 6.3%, P 5 .0204), and 
CCL20 (29.1 6 4.4%, P <.0001) compared with untreated controls, 
whereas no difference was observed for IL-8 (79.8 6 9.6%, 
P 5 .4757) (Fig 3, G). Hence, blocking RIPK1 not only affects 
cell death of keratinocytes, but also results in markedly decreased 
proinflammatory cytokines and chemokines.

RIPK1 inhibition downregulates target genes of LP 
and CLE in human skin biopsy specimens ex vivo

To directly examine the effects of RIPK1 inhibition in human 
tissue samples, we cultured ex vivo LP (n 5 5) and CLE (n 5 2) 
skin biopsy specimens. Skin biopsy specimens were divided, with 
one half treated with eclitasertib and the other half cultured in me-

dium for 4 hours (Fig 4, A). In contrast to previous experiments, 
neither additional cytokines nor zVAD or SMAC mimetic were 
supplemented. Genes specifically upregulated in LP compared 
with intraindividual nonlesional skin are IFNG, TNF, CXCL9, 
CXCL10, CXCL11, CXCL8, and CCL3 (Fig E4, A, in the Online 
Repository at www.jacionline.org). After RIPK1 inhibition,
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FIG 2. Eclitasertib is a potent and selective RIPK1 inhibitor. (A) Molecular structure of RIPK1 inhibitor ecli-

tasertib. (B) Inhibition of RIPK1 kinase activity by eclitasertib in the ADP-Glo assay. Dose-dependent inhibi-

tion of the catalytic domain kinase activity of human and murine RIPK1 by eclitasertib was determined by 

monitoring the conversion of ATP to ADP due to autophosphorylation using an ADP-Glo kinase assay 

(n 5 3). Geometric mean IC 50 values with 95% CI were plotted. (C and D) Biological in vitro activity of ecli-

tasertib in a human U937 (C) or murine L929 (D) necroptosis assay. Cell viability was determined in U937 or 

L929 cells 18 to 24 hours after cell death induction with TNF-α (25 ng/mL) 1 zVAD (25 μM) and treatment with 

different concentrations (0.07-10,000 nM) of eclitasertib (n 5 4). The geometric mean IC 50 of necroptotic cell 

death inhibition with 95% CI was determined for eclitasertib. (E) Biological in vitro activity of eclitasertib in 

primary human PBMCs measured by IL-1β release. Human PBMCs were stimulated with LPS (15 ng/mL) 1 

zVAD (20 μM) in the presence of different concentrations (0.026-100 nM) of eclitasertib (n 5 14). The inhib-

itory activity of eclitasertib on IL-1β release was determined in cell culture supernatants. The geometric 

mean IC 50 inhibitory activity with 95% CI for RIPK1 inhibitor was determined. (F) Biological in vitro activity 

of eclitasertib in primary human keratinocyte necroptosis assay. Cell viability was determined in primary 

human keratinocytes 24 hours after cell death induction with IFN-γ 1 TNF-α (100 ng/mL) and zVAD 

(20 μM) 1 SMAC mimetic (1 μM) and treatment with different concentrations (0.01-10,000 nM) of eclitasertib 

(n 5 3). The geometric mean IC 50 of necroptotic cell death inhibition was determined for eclitasertib. (G) Ecli-

tasertib efficiently blocks S166 phosphorylation of RIPK1. RIPK1-pS166 was detected in Western blot anal-

ysis of primary human keratinocytes 6 hours after cell death induction with IFN-γ (10 ng/mL) 1 TNF-α (10 ng/ 

mL) 1 zVAD (20 μM) and treatment with RIPK1 inhibitor (100 nM). Relative protein concentrations are calcu-

lated to zVAD and to zVAD 1 IFN-γ 1 TNF-α without RIPK1 inhibitor and normalized to β-Actin. (H and I) In-

vivo testing of eclitasertib by inhibition of hypothermia in a TNF-α-induced SIRS model in mice. C57BL/6 

mice (n 5 6 per group) received vehicle or murine TNF-α (0.3 mg/kg) and zVAD (16.7 mg/kg) dissolved in 

vehicle by intravenous injection to induce a systemic inflammatory response (time point 5 0 hours). Eclita-

sertib (1, 5, or 15 mg/kg) or GSK9963 (2 mg/kg) was dosed orally 15 minutes after induction of hypothermia. 

Body temperature was recorded every hour up to 5 hours and visualized in (H). Drop of body temperature at 

5-hour time point after induction of hypothermia was calculated in (I). Comparison of treatment groups was 

performed with 1-way ANOVA test with Dunnett’s multiple correction. ***P < .001. Exp, Experiment; i.v., 

intravenous; ns, nonsignificant; p.o., peroral; RIPK1i, RIPK1 inhibitor eclitasertib.
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FIG 3. Inhibition of RIPK1 in primary human keratinocytes and keratinocyte skin equivalents diminishes cell 

death induction, inflammasome activation, and inflammation. (A-C) Cell viability (A) (n 5 4), activity of in-

flammasome measured by the IL-1β release (B) (n 5 4), and protein concentrations of secreted inflamma-

tory cytokines (C) (n 5 3) (100 ng/mL IFN-γ 1 TNF-α) of primary human keratinocytes 24 hours after cell 

death induction with IFN-γ 1 TNF-α and zVAD (20 μM) 1 SMAC mimetic (1 μM) and treatment with indicated 

concentrations of RIPK1 inhibitor eclitasertib. (D) LP/CLE-TCS composition analyzed by Bio-Plex technique. 

Lesional TCS mix of 5 LP and 3 CLE donors. T-cell–specific cytokines were visualized as percentages of 100% 

in total and as absolute concentrations in pg/mL. (E) Representative hematoxylin and eosin staining of ker-

atinocyte skin equivalents (n 5 3) 72 hours after induction of cell death with LP/CLE-TCS (1:10 diluted) and 

treatment with eclitasertib (100 nM) under necroptotic conditions with zVAD (20 μM) and SMAC mimetic (1 

μM). Scale bar indicates 40 μm. (F) Quantification of the epidermal thickness (without stratum corneum) of 

the keratinocyte skin equivalents in (E) under necroptotic conditions (n53 donors in duplicates). (G) Relative 

concentration of secreted cytokines in the SN of keratinocyte skin equivalent cultures in (E) to the stimulated 

control sample (zVAD and SMAC mimetic 1 LP/CLE-TCS) without RIPK1 inhibitor treatment (n 5 3). Com-

parison of treatment groups was performed using 1-way ANOVA test (uncorrected Fisher’s least significant 

difference). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. RIPK1i, RIPK1 inhibitor eclitasertib; ZS, zVAD 

and SMAC mimetic.
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compared with the autologous nontreated controls, we observed a 
significant downregulation of IFNG (60%, P 5 .0076); 
TNF (60%, P 5 .0037); CXCL9, CXCL10, CXCL11 (57%, 
40%, 43%, P 5 .0128, P 5 .0024, P 5 .0045); CCL3 (62%,

P 5 .0174); and IL1RA (65%, P 5 .0123) (Fig 4, B). In line 
with these results, disease-specific markers (MX1, TLR7, IFI27, 
and IL1B) and necroptosis-associated genes (MLKL and RIPK3) 
were reduced by RIPK1 inhibition in CLE skin biopsy specimens

FIG 4. RIPK1 inhibitor eclitasertib suppresses the expression of disease-related genes in cultured lesional 

skin from patients with LP. Ex vivo treatment of LP skin biopsy specimens with eclitasertib (n 5 5). (A) Exper-

imental setup: 65mm punch biopsy specimens of lesional skin from patients with LP were collected, 

divided in 2 parts and incubated for 4 hours with either vehicle or eclitasertib (1 μM), followed by gene 

expression analysis by quantitative PCR (B) and bulk RNA-Seq (C and D). (B) Gene expression of selected 

genes in biopsy specimens treated with RIPK1 inhibitor relative to untreated samples measured by quanti-

tative PCR. Comparison of disease groups was performed using unpaired t test with Welch’s correction. (C) 

Volcano plot of differentially expressed genes (P < .05) (n 5 150) in biopsy specimens treated with RIPK1 

inhibitor compared with untreated specimens. (D) Gene set enrichment analysis displaying significantly 

suppressed and activated pathways by RIPK1 inhibitor treatment in LP skin biopsy specimens. *P < .05, 

**P < .01. FC, Fold change; NES, normalized enrichment score; RIPK1i, RIPK1 inhibitor eclitasertib; sig, 

significant.
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(n 5 2) (Figs E4, B, and E5 in the Online Repository at www. 
jacionline.org). To validate these findings, we performed bulk 
RNA-Seq of treated and untreated LP samples. In total, 67 genes 
were significantly downregulated by eclitasertib; among these, 
CXCL9, CXCL10, and CXCL11 (P 5 .0001, P 5 2.0003); 
STAT1 (P 5 .0235); and interferon-induced genes such as IFIT3 
and IFIH1 (P 5 .0084, P 5 .0085) (Fig 4, C). Pathway analysis 
revealed a suppression of several pathways involved in inflamma-

tion, such as chemokine binding, cellular defense response, type 1 
interferon signaling, and neutrophil migration. Meanwhile, path-

ways associated with tissue remodeling (collagen metabolic pro-

cess, extracellular matrix) were activated by RIPK1 inhibition 
(Fig 4, D). In summary, ex vivo biopsy treatment with eclitasertib 
led to a broad downregulation of genes and pathways associated 
with type 1 inflammation.

DISCUSSION
In this study, we demonstrate that targeting RIPK1 is a 

promising approach for the treatment of LP and CLE, 2 type 
1–mediated ISDs. We observed positive effects of RIPK1 inhi-

bition by eclitasertib on cell death and inflammation in primary 
human keratinocytes, three-dimensional skin equivalents exposed 
to LP/CLE-TCS, a murine TNF-α-dependent SIRS model, and 
ex vivo culture of human LP and CLE skin biopsy specimens. 

Much progress has been made in understanding and treating 
ISDs over the last decade. Intense research activities in the most 
frequent diseases, psoriasis, and AD have already led to numerous 
new therapeutic options. However, LP and CLE are still treated 
with broad immunosuppression as there is no targeted therapy 
available. So far, most therapeutic approaches have aimed at 
inhibiting immune cell function or blocking immune cell 
mediators. Shao et al 9 confirmed the importance of IFN-γ for 
the pathogenesis of LP and proposed JAK2 blockade as a poten-

tial new treatment strategy. Indeed, several case reports have 
demonstrated efficacy of Janus kinase (JAK) inhibition in 
LP, 24-26 and phase 2 clinical trials using the JAK1/2 inhibitor bar-

icitinib or the TYK2 inhibitor deucravacitinib are ongoing 
(Clinicaltrials.gov identifiers NCT05188521, NCT06091956, 
NCT06091956). Baricitinib showed positive effects on skin le-

sions in SLE; however, the clinical development program was dis-

continued due to contradictory results of 2 phase III studies. 27,28 

Though there might be beneficial effects on skin lesions of type 
1–mediated ISDs, JAK inhibition affects several immune functions, 
and high rates of respiratory infections have been described. 29-31 

Furthermore, there are still concerns about serious adverse events 
during JAK inhibition, such as venous thrombosis or major car-

diac events. 32 Therefore, the US Food and Drug Administration 33 

has a black box warning on all currently approved JAKs for the 
treatment of inflammatory diseases, especially for elderly 
patients.

In contrast, blocking inflammatory cell death does not lead to 
broad immunosuppression as it can occur only at the site of 
inflammation. Using SHARPIN-deficient chronic proliferative 
dermatitis mice (Sharpin cpdm/cpdm ), which spontaneously develop 
severe skin and multiorgan inflammation, Laurien et al 10 demon-

strated that targeting RIPK1 kinase activity reduces Tnf, Il1b, Il6, 
Cxcl3, and Ccl3 mRNA and thereby prevents RIPK1-dependent 
colitis, hepatitis, and cancer as well as skin inflammation. Several 
drugs blocking necroptosis have been identified in cellular

assays. 34-36 However, to our knowledge, there is no necroptosis 
inhibitor approved for use in humans at the present time, and it 
is not clear if sole inhibition of necroptosis would be sufficient 
to reduce inflammation. Our data show that cell death is a central 
pathogenic event in LP and CLE, as inhibition leads to downregu-

lation of various immune pathways including IFN-γ and TNF-α. 
RIPK1 is involved in various forms of cell death, such as 

RIPK1-dependent apoptosis via complex IIa and necroptosis via 
the formation of complex IIb. In addition, it has been shown that 
RIPK1 controls the activation of pyroptosis mediated by gasder-

min proteins GSDMD and GSDME via caspase 8 in macrophages 
and neutrophil granulocytes in the context of Yersinia infec-

tions. 37 Interestingly, GSDME-mediated pyroptosis also am-

plifies cutaneous inflammation in psoriasis. 38 In this respect, it 
can be assumed that several forms of cell death are usually acti-

vated in parallel during inflammatory reactions. In line with 
this, previous data from our research group have shown that ker-

atinocytes stimulated with the supernatant of T cells from CLE 
and LP skin biopsy specimens show both induction of cleaved 
caspase 3 as a sign of apoptosis and phosphorylated MLKL as a 
sign of necroptosis, depending on the dilution of the TCS. 8 

Furthermore, cell death–independent proinflammatory effects of 
RIPK1 and RIPK3 have been reported. 39 In line with our observa-

tions in preclinical models of skin inflammation, it has recently 
been demonstrated that S161 autophosphorylation is also neces-

sary for the induction of skin inflammation in murine models. 40 

As RIPK1 is centrally involved in several forms of cell death 
and inflammation, it represents an ideal target structure for dis-

eases with ID, such as LP and CLE.

Eclitasertib has clinically been evaluated for the treatment of 
ulcerative colitis, CLE, and severe COVID-19 pneumonia. 
A phase II study testing eclitasertib in patients with ulcerative 
colitis is currently recruiting (Clinicaltrials.gov identifier: 
NCT05588843). In a phase I clinical trial, eclitasertib versus pla-

cebo was tested in 68 patients with severe COVID-19 pneumonia. 
Here, RIPK1 inhibition was well tolerated and showed trends for 
an earlier improvement of biomarkers (C-reactive protein) and 
clinical symptoms compared with placebo. However, due to the 
small sample size, the differences between eclitasertib and pla-

cebo were not significant. 41 First results of a proof-of-concept 
study testing the effects of eclitasertib in CLE have recently 
been published on clinicaltrials.gov (Clinicaltrials.gov identifier: 
NCT04781816). In this trial, 78 patients received either eclitaser-

tib or placebo (1:1 randomization). Patients receiving eclitasertib 
showed a mean Cutaneous Lupus Erythematosus Disease Area 
and Severity Index score reduction of 42.76% (SE 5.42) at 
week 12, whereas patients receiving placebo had a 37.05% (SE 
5.31) reduction. The percentage of patients with a Physician 
Global Assessment score of 0 or 1 (free or mild) was 44.7% in 
the eclitasertib arm and 32.5% in the placebo group. Though 
this trial demonstrates trends for a better outcome in the eclitaser-

tib arm, the results of this trial need to be evaluated carefully due 
to the surprisingly high placebo response. Further evaluation of 
objective measurements such as biomarker substudies are desir-

able to better estimate the therapeutic potential for RIPK1 inhibi-

tion in CLE.

While evaluating the potential for the treatment of ISDs, it is 
crucial to point out that type 1 ISDs are excellent models for other 
inflammatory conditions, such as viral infections, antitumor 
immunity, or COVID-19 pneumonia. Here, IFN-γ and TNF-α
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are the central cytokines mediating inflammatory cell death and 
tissue damage, increasing the risk for COVID-19-related mortal-

ity. 42 Our findings about type 1–mediated ISDs are useful to 
develop new treatment strategies targeting inflammatory cell 
death in these conditions. In fact, RIPK3 knockout mice showed 
higher survival and less weight loss compared with wild-type 
mice after infection with influenza A(H7N9). 43 Apart from viral 
infections, several autoimmune diseases show involvement of 
T H 1 immunity and inflammatory cell death. Among them, SLE 
is the most prominent example, as ID can also be detected in 
affected kidneys. 44,45 Furthermore, immune checkpoint blockade 
by anti-CTLA4, anti-PD1, or anti-PDL1 antibodies often results 
in cutaneous side effects characterized by an ID. 5,46,47 Hence, in-

hibition of RIPK1 may represent a new approach with various 
clinical applications.

Our study has several limitations. First, it is a preclinical 
validation based primarily on in vitro experiments with cells and 
tissue samples from patients. In vivo experiments with models 
that reflect key aspects of the diseases were not performed, as 
mouse models of LP are not established, and the majority of 
SLE mouse models rely on autoantibody-induced glomerulone-

phritis and do not show a skin phenotype. 48 Second, it cannot 
be ruled out that the effects of RIPK1 inhibition are overestimated 
or underestimated due to the heterogeneity of human donors. 
Third, our analyses do not allow any conclusions to be drawn 
about the safety and efficacy of RIPK1 inhibition in humans. It 
is therefore essential that further clinical studies are conducted 
in accordance with high-quality standards to determine the effec-

tiveness and safety of this new therapeutic approach.

In summary, we report that RIPK1 is critically involved in 
regulating programmed cell death in LP and CLE. RIPK1 
inhibition prevents keratinocyte cell death as well as the release 
of inflammatory mediators and leads to a downregulation of LP/ 
CLE target genes and pathways in human skin biopsy specimens. 
These data indicate that targeting RIPK1 is a promising approach 
for the treatment of type 12mediated ISDs.
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