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BACKGROUND & AIMS: Tumor necrosis factor (TNF) is a key 
driver of intestinal epithelial inflammation. The baculoviral 
inhibitor of apoptosis protein repeat-containing 3 (BIRC3) 
gene encodes the cellular inhibitor of apoptosis protein 2 
(cIAP2), a known regulator of TNF signaling. Although genetic 
variants in components of the TNF signaling pathway have 
been reported, no human BIRC3 variants have been previously 
identified. METHODS: We screened exomes obtained from 
Crohn’s disease (CD) patients from multiple centers for BIRC3 
variants. We used cellular, mouse organoids, induced plurip-
otent stem cells–derived intestinal organoids, knock-in and 
knockout mouse models, and knockout zebrafish, as well as 
transcriptome analysis of various samples to determine path-
ogenicity of BIRC3 variants. RESULTS: Rare and damaging 
BIRC3 variants were identified in 14 patients from 10 unrelated 
families with CD diagnosed between infancy and adulthood. 
Functional studies showed that BIRC3 deficiency caused impaired 
receptor-interacting protein kinase 1 (RIPK1) ubiquitylation, 
leading to RIPK1 autophosphorylation resulting in increased 
epithelial cell death. The p.H312Y cIAP2 variant identified in both 
our index and in another independent patient was mislocalizaed, 
and a knock-in mouse model of this BIRC3 variant (cIAP2 H312Y/+ ) 
had exacerbation of chemically induced colitis, whereas ciap1 − /+ 

zebrafish developed spontaneous colitis. Transcriptome analysis 
of mice organoids and zebrafish showed that BIRC3 deficiency led 
to inappropriate sustained activation of TNF-responsiveness 
genes in the absence of stimuli. Small molecule pharmacologic 
inhibition of RIPK1 or caspases attenuated intestinal inflamma-
tion in BIRC3-deficient intestinal organoids and cIAP2 H312Y/+ 

mice. CONCLUSIONS: We establish BIRC3 deficiency as a cause 
of monogenic CD in both pediatric- and adult-onset patients and 
identify RIPK1 as a therapeutic target.

Keywords: Monogenic IBD; RIPK1; cIAP2; BIRC3.

C rohn’s disease (CD), a form of inflammatory bowel 
disease (IBD), is characterized by a chronic relaps-

ing and remitting disease course with transmural

inflammation affecting any part of the gastrointestinal tract. 
The worldwide prevalence of CD continues to increase 
across all age-groups, including children and adolescents, 
placing a significant burden on health care systems in 
industrialized, newly industrialized, and emerging regions. 1 

In IBD, tumor necrosis factor-α (TNF-α) is a key driver of 
intestinal epithelial inflammation. In rare cases, CD can 
result from pathogenic variants 2–4 in genes encoding reg-
ulators of TNF signaling, including RIPK1, 5–7 CASP8, 8 IKBKG 
(NEMO), 9 and BIRC4. 10

Inhibitors of apoptosis (IAPs) are a highly conserved 
family of baculoviral inhibitor of apoptosis (IAP) repeat-
containing genes that in mammalians include BIRC2 and 
BIRC3, encoding the cellular IAPs (cIAP1 and cIAP2, 
respectively), and BIRC4 (encoding X-linked IAP, XIAP). 
These IAPs are critical signaling molecules that regulate 
programmed cell death. Although cIAP1 and cIAP2 both 
have putative roles in mediating TNF signaling (reviewed 
by Lalaoui and Vaux 11 and Darding and Meier 12 ), cIAP2 is 
also inducible and regulates innate immune inflammatory 
responses, and cIAP2 knockout mice exhibit resistance to

* Authors share co-first authorship; § Authors share co-senior authorship.

Abbreviations used in this paper: AD, autosomal dominant; AR, auto-
somal recessive; BIRC3, baculoviral inhibitor of apoptosis protein repeat-
containing 3; Cas9, clustered regularly interspaced short palindromic 
repeats-associated protein 9; CD, Crohn’s disease; cIAP2, cellular in-
hibitor of apoptosis protein 2; CRISPR, clustered regularly interspaced 
short palindromic repeats; DEG, differential expression gene; DSS, 
dextran sulfate sodium; GSVA, gene set variation analysis; HEK, human 
embryonic kidney; IAPs, inhibitors of apoptosis; IBD, inflammatory bowel 
disease; iPSC, induced pluripotent stem cells; mRNA, messenger RNA; 
Nec-1, necrostatin 1; RIPK1, receptor-interacting protein kinase 1; RNA-
seq, RNA sequencing; SMAC, second mitochondria-derived activator of 
caspases; TNF, tumor necrosis factor; WT, wild-type.
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lipopolysaccharide-induced sepsis due to macrophage 
apoptosis. 13 Previous studies have demonstrated that mice 
expressing enzymatically inactive cIAP1/2 died during em-
bryonic development due to dysregulated receptor-
interacting protein kinase 1 (RIPK1)–mediated apoptosis, 14 

and cIAP2-deficient mice exhibit increased susceptibility to 
chemically induced colitis. 15,16

Although biologics, such as anti-TNF antibodies, and 
small molecules are now standard treatment for CD, 17 

these therapies are typically selected empirically rather 
than being tailored to a patient’s specific molecular defect. 
However, the identification of monogenic causes of intes-
tinal disease has resulted in novel targeted therapeutic 
options for patients. 18–21 Here, we describe pediatric- and 
adult-onset CD patients with pathogenic BIRC3 variants 
leading to dysregulated TNF signaling and identity RIPK1 
inhibition as a small molecule targeted therapy.

Materials and Methods
Study Participants

Written informed consent was obtained from participants 
and/or their guardians in accordance with local regulations in 
Germany, France, and the United States, with approval from 
the appropriate Institutional Review Boards.

Animal Studies
All animal studies followed the Animal Research: Reporting 

of In Vivo Experiments (ARRIVE) guidelines.

Generation of cIAP2 H312Y/+ and cIAP2 − /− Mouse 
Models

We generated the knock-in cIAP2 H312Y/+ mice (equivalent 
to the H312 variant in human cIAP2) and knockout cIAP2 − /− 

mice (as a result of a 1 nucleotide deletion at amino acid po-
sition 313, resulting in a frameshift and premature stop codon 
at amino acid position 375) by microinjection of clustered 
regularly interspaced short palindromic repeats (CRISPR)- 
associated protein 9 (Cas9) messenger (m)RNA, single-guide 
RNA, and single-stranded oligodeoxynucleotides (GenScript) 
into zygotes, as described previously. 22,23

Briefly, super ovulated C57BL/6J female mice were mated 
with male mice, and 1-cell embryos were collected from ovi-
ducts. Cas9 mRNA (50 ng/μL), single-guide RNA targeting the 
cIAP2 loci (50 ng/μL), and single-stranded oligodeoxynucleo-
tides (10 ng/μL) carrying the desired point variants were 
coinjected into the pronuclei of the embryos. The injected em-
bryos were cultured in potassium simplex optimized medium 
before they were transplanted into pseudopregnant mice. Two 
weeks after birth, genomic DNA from the tail of the newborn 
founder (F0) mice was extracted for sequencing. Mice were 
housed in standard cages in a specific pathogen-free facility on a 
12-h light/dark cycle with ad libitum access to food and water.

Generation of ciap1 − /+ Zebrafish Model
To generate ciap1 − /+ mutant zebrafish, as previously 

described, 4 guide RNA (AACATGCCAAGTGGTTTCCA) was 
designed on CHOPCHOP 24 and synthesized using the HiScribe 
T7 High Yield RNA Synthesis Kit (E2040L, New England

Biolabs), following the manufacturer’s instructions. Cas9 
mRNA was in vitro synthesized from pT3TS-nCas9n plasmid (a 
gift from Wenbiao Chen, Addgene, Cat no. 46757) using the 
mMESSAGE mMACHINE T3 Transcription Kit (Invitrogen, Cat 
no. AM1348), following the manufacturer’s instructions. Next, 
each AB embryo was injected with 100 pg of guide RNA, 150 
pg of Cas9 mRNA, and 20% phenol red. Once the F0 fish 
reached adulthood, they were outcrossed to AB to screen for 
potential founders.

Differentiation of Induced Pluripotent Stem Cells 
Into Colon Organoids

Human induced pluripotent stem cells (iPSC) were gener-
ated by the iPSC core facility at the German Research Center 
for Environmental Health (Supplementary Methods).

WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

In rare cases, Crohn’s disease can result from pathogenic 
variants in genes encoding regulators of tumor necrosis 
factor, a key driver of intestinal inflammation.

NEW FINDINGS

We describe 14 patients from 10 independent families 
with pediatric- and adult-onset Crohn’s disease carrying 
pathogenic BIRC3 (encoding cellular inhibitor of 
apoptosis protein 2) variants. This novel form of 
monogenic inflammatory bowel disease leads to 
dysregulated receptor-interacting protein kinase 1– 
dependent tumor necrosis factor signaling in intestinal 
epithelial cells.

LIMITATIONS

These studies primarily focused on the role of cellular 
inhibitor of apoptosis protein 2 in regulation of receptor-
interacting protein kinase 1 and intestinal epithelial cell 
homeostasis; however, cellular inhibitor of apoptosis 
protein 2 deficiency may also contribute to disease 
pathogenesis through functions in non-epithelial cells.

CLINICAL RESEARCH RELEVANCE

This study highlights the therapeutic potential of targeting 
dysregulated cell death pathways through receptor-
interacting protein kinase 1 inhibition not only patients 
in with BIRC3 deficiency but also those with tumor 
necrosis factor-related forms of monogenic Crohn’s 
disease, and potentially in a subset of polygenic 
Crohn’s disease characterized by similar transcriptional 
profiles.

BASIC RESEARCH RELEVANCE

Functional studies using human induced pluripotent stem 
cell–derived intestinal organoids, animal models, and cell 
lines showed that cellular inhibitor of apoptosis protein 2 
deficiency resulted in dysregulated receptor-interacting 
protein kinase 1-dependent signaling in the intestinal 
epithelial and cell death. Overall, reduced cellular 
inhibitor of apoptosis protein 2 expression was 
effectively mimicking chronic tumor necrosis factor 
stimulation leading to the development of Crohn’s 
disease.
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RNA Sequencing Differential Gene Expression 
Analysis of Mouse Intestinal Organoids

Transcriptomic data were generated on 2 independent 
experiments (either triplicate or duplicate measures per con-
dition) for a total of 30 samples, with 29 remaining after 
quality control. Genomic alignment of paired-end RNA 
sequencing (RNA-seq) reads to the Genome Reference Con-
sortium Mouse Build 38 reference genome was performed 
using HISAT2 software with default parameters. Gene-level 
quantification was conducted using featureCounts, also with 
default settings. Multimapping reads were flagged and dis-
carded. Genes with low expression were filtered using edgeR’s 
filterByExpr() function based on the experimental design 
before normalization and linear modeling.

After filtering, count data were normalized via the 
weighted trimmed mean of M values. 25 Normalized counts 
were transformed via the voom-transformation and were the 
final input for statistical modeling. Statistical analysis was 
done using the Limma framework 26,27 in R 4.3.3 (R Foundation 
for Statistical Computing) software and its available packages, 
as described previously 28 and in the Supplementary Methods.

RNA Sequencing Differential Gene Expression 
Analysis in Zebrafish

Human orthologs of zebrafish differentially expressed genes 
were determined using the Drosophila RNAi Screening Center 
(DRSC) integrative ortholog prediction tool (DIOPT 8.5/9.0). 29 

Multimapped genes were removed and only high-ranking 
orthologs kept. At adjusted P < .05, 116 down-regulated and 
305 up-regulated differential expression genes (DEGs) were 
identified, and after converting to human orthologs, we identi-
fied 71 down-regulated and 210 up-regulated genes.

Gene Set Enrichment Analysis
Enrichment analyses were done using the Fisher’s exact 

test, unless otherwise stated, with P values adjusted using a 
Benjamini-Hochberg multiple test correction (significant if 
adjusted P < .05) procedure. Gene Set Enrichment Analysis 30 

was also performed using Gene Set Enrichment Analysis 4.3.2 
software, and the preranked function (t statistic) with 1000 
permutations. Canonical pathways included hallmark (version 
2023.2.Hs.symbols); and Reactome (version 2022). Gene sets 
related to IBD genome-wide association study, 31 monogenic 
IBD genes, 32 and anti-TNF response vs nonresponse 33,34 were 
curated from cited resources. As indicated, either normalized 
enrichment scores or significance was presented in heat map 
(negative log-adjusted P value) using the R package pheatmap 
or dot plot using R package ggplot2. 35

Network Analysis
Bayesian Gene Regulatory Networks can capture funda-

mental properties of complex systems in states that give rise to 
complex (diseased) phenotypes. 36 Bayesian Gene Regulatory 
Networks were generated as previously reported 28 from 
colonic biopsy specimen RNA-seq data (Mount Sinai Crohn’s 
and Colitis Registry CD subset using intestinal expression 
quantitative trait loci information as priors). 37 The network 
included both inflamed and uninflamed biopsy specimens and 
was constructed using Reconstructing Integrative Molecular

Bayesian Network (RIMBANet) software 38 and visualized using 
Cytoscape 3.7. 39 To evaluate the BIRC3-centered subnetwork in 
the context of anti-TNF therapy, we quantified activity of the 
subnetwork (gene set variation analysis [GSVA] R package) in 
gut transcriptomic data from the A Safety and Efficacy Study for 
Infliximab (Remicade) in Patients With Ulcerative Colitis 
(ACT1) infliximab clinical trial in adult ulcerative colitis 
(GSE23597) 34 and compared levels between infliximab re-
sponders and nonresponders (see Supplementary methods).

Functional Assay
Several functional assays were used and are outlined in the

Supplementary Material.

Results
Identification of BIRC3 Variants in Crohn’s 
Disease Patients

Exome sequencing of our index patient (patient 4), a 
young boy who presented with typical CD features (oral 
ulcers, perianal disease, and granulomatous ileo-colonic 
inflammation) identified a heterozygous de novo BIRC3 
variant (NM_001165: c.934C>T) that resulted in a novel 
cIAP2 p.H312Y protein not reported in any database 
(Figure 1A and Table 1). Subsequent screening of CD 
patients for rare BIRC3 variants revealed 13 additional 
individuals from 9 unrelated families (diagnosed be-
tween <1 and 31 years of age), including patient 5, who 
presented at 12 years of age and carried the same het-
erozygous p.H312Y cIAP2 variant as the index proband. 
Although pediatric- or adult-onset CD patients carried 
heterozygous cIAP2 variants (p.T35A, p.P266R, p.H312Y, 
p.C557X, and p.D530H), 3 sibling pairs from independent 
consanguineous families harbored homozygous cIAP2 
variants (p.Y522X, p.C588Y, and p.X605Rext10) and 
presented in infancy (Figure 1B).

All BIRC3 variants were localized to highly conserved 
regions (Figure 1C), rare (novel or gnomAD 40 allele fre-
quency <0.00001), damaging (Combined Annotation 
Dependent Depletion [CADD] Score 41 >15), and were 
classified as either likely pathogenic or as variants of un-
known significance based on the American College of 
Medical Genetics and Genomics/Association for Molecular 
Pathology classification 42 (Table 1).

Crohn’s Disease-Associated cIAP2 Variants 
Result in Dysregulated RIPK1-Dependent Cell 
Death in Intestinal Epithelial Cells

To determine the functional significance of the identi-
fied cIAP2 variants in TNF signaling, we overexpressed all 
of the cIAP2 variants in human embryonic kidney 
(HEK293T) cells. Upon TNF stimulation, all cIAP2 variants 
exhibited increased apoptosis as measured by elevated 
caspase-3/7 levels using a Caspase-Glo 3/7 assay (Promega 
Corporation) (Figure 2A). Furthermore, overexpression of 
the cIAP2 variants in HEK293T cells resulted in reduced
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RIPK1 ubiquitylation when stimulated with TNF 
(Figure 2B) and serine 166 (S166) RIPK1 autophosphor-
ylation when costimulated with TNF and the second 
mitochondria-derived activator of caspases (SMAC) 
mimetic BV6 (Figure 2C) compared with wild-type (WT) 
cIAP2.

To further model the patient-specific effects in a phys-
iologically relevant model, we generated CRISPR-
engineered human iPSC-derived intestinal organoids with 
cIAP2 knockout (cIAP2 − /− ) or knock-in of several patient 
variants (H312Y, Y522X, and X605Rext10) (Figure 2D), as 
well as the cIAP2 knockout HCT116 cells and reconstituted 
them with overexpression of the above-mentioned variants. 
Similar S166 RIPK1 autophosphorylation was observed in 
these human iPSC-derived intestinal organoids (Figure 2D) 
and HCT116 cells (Supplementary Figure S1A) expressing 
either cIAP2 knockout (cIAP2 − /− ) or knock-in of the 
patient-associated cIAP2 variants upon costimulation with 
TNF/BV6.

In support of cIAP2’s role in regulating RIPK1-dependent 
signaling, after TNF treatment, quantitative polymerase 
chain reaction analysis showed elevated expression of 
proinflammatory CCL5 and CCL20 chemokines in HCT116 
cells with knockout of cIAP2 or lentiviral knock-in of several 
patient-associated cIAP2 variants compared with WT 
(Supplementary Figure S1B). Furthermore, we demonstrate 
that overexpression of all patient-associated cIAP2 variants 
increased CCL20 in HEK293T cells upon TNF stimulation 
(Supplementary Figure S1C). Cotransfection of WT cIAP2 in

HEK293T cells overexpressing all the patient-derived vari-
ants demonstrated a dose-dependent partial rescue of 
apoptosis as measured by caspase-3/7 activity after TNF 
treatment, indicating loss of function rather than a 
dominant-negative effect (Figure 2E). Furthermore, in HeLa 
cells, the H312Y, T35A, and X605Rext*10 cIAP2 variants 
under TNF/BV6 stimulation exhibited distinct punctate, 
indicating a trafficking defect may be responsible for the loss 
of function for these cIAP2 variants (Figure 2F).

cIAP2 H312Y/+ Mice and ciap1 +/− Zebrafish 
Exhibit Inflammation With Enhanced Intestinal 
Epithelial Apoptosis

To further investigate the effects of the patient-
associated BIRC3 variants on intestinal inflammation, we 
generated CRISPR-engineered zebrafish and mouse 
knockout models as well as a knock-in mouse model 
harboring the (cIAP2 H312Y/+ ) equivalent to the human het-
erozygous cIAP2 p.H312Y protein variant identified in 2 
independent families with CD (see Materials and Methods 
and Supplementary Figure S2A–D). cIAP2 H312Y/+ mice 
showed no overt intestinal abnormalities and were pheno-
typically indistinguishable from WT cIAP2 +/+ littermates 
(Supplementary Figure S2E). However, when challenged 
with 3% dextran sulfate sodium (DSS), the cIAP2 H312Y/+ 

mice developed exacerbated colitis as evidenced by 
increased Disease Activity Index and shortened colon length 
compared with cIAP2 +/+ WT littermates (Figure 3A).

Figure 1. Clinical features and genetics studies of BIRC3 deficiency. (A) Clinical phenotype of index patient (P) 4 showing 
perianal disease (left), aphthous ulcers (middle), and H&E-stained ileal sections showing apoptosis (black arrows, middle), and 
ileal granuloma (dashed circle) with plasmacytosis (right). (B) Pedigrees of the kindreds. Circles represent female and squares 
represent male members. Filled shapes represent the CD phenotype. “+” WT, “− “ variant, “?” genotype and phenotype 
unknown. (C) Structure of the cIAP2 protein indicating the position of patient variants. CARD, caspase recruitment domain; 
TRAF, TNF receptor–associated factor; UBA, ubiquitin-associated.
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Table
 

1.BIRC3
 
Genetic

 
Variant Characteristics and 

Patient Crohn’s Disease Phenotype
 
and

 
Treatment

Patient number P1
 

P2
 

P3
 

P4
 

P5
 

P6
 

P7
 

P8
 

P9
 

P10
 

P11
 

P12
 

P13
 

P14

Kindred
 

A
 

B
 

C
 

D
 

E
 

F
 

G
 

H
 

I J

Amino
 
acid

 
position

 
p.T35A

 
p.P266R

 
p.H312Y

 
p.Y522X

 
p.D530H

 
p.C557X

 
p.C588Y

 
p.X605Rext*10

Nucleotide
 
position

 
c.103A>G

 
c.797C>G

 
c.934C>T

 
c.1566T>A

 
c.1588G>C

 
c.1671T>A

 
c.1763G>A

 
c.1813T>C

Allele
 
status Hetero

 
Hetero

 
Hetero

 
Homo

 
Hetero

 
Hetero

 
Homo

 
Homo

Variant annotation
Chromosome

 
11
 

11
 

11
 

11
 

11
 

11
 

11
 

11
 

Position
 
(GRCh38) 102324612

 
102325306

 
102325546

 
102336207

 
102336768

 
102336958

 
102337050

 
102337100

 
dbSNP151

 
…
 

rs201026275
 

…
 

…
 

rs749715948
 

rs774719063
 

…
 

…
 Position

 
(GRCh37) 102195343

 
102196037

 
102196277

 
102206938

 
102207499

 
102207689

 
102207781

 
102207831

 
gnomADv4

 
maf Novel 0.00002975

 
Novel Novel 6.22E-07

 
6.23E-07

 
Novel Novel 

COSMIC
 

…
 

…
 

1
 

…
 

…
 

…
 

…
 

…

CADD_phred
 

(GRCh37-v1.6)
25.3

 
25.0

 
27.1

 
34.0

 
22.2

 
36.0

 
27.0

 
16.1

Clinical presentation 
IBD
 
classification

 
CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

CD
 

Age
 
of IBD 

onset, y 20
 

17
 

3
 

4
 

12
 

9
 

0.6
 

12
 

0.8
 

31
 

1
 

0.8
 

0.1
 

0.5
 

Sex
 

Male
 

Male
 

Male
 

Male
 

Male
 

Female
 

Male
 

Male
 

Male
 

Female
 

Female
 

Female
 

Male
 

Male
 

Consanguinity N/A
 

N/A
 

No
 

N/A
 

N/A
 

Yes N/A
 

No
 

Yes Yes
Disease

 
location

 
N/A

 
Ileo-colonic

 
Ileo-colonic

 
Ileo-colonic

 
Ileo-colonic

 
Ileo-colonic, 
esophagus

Ileo-colonic
 

Ileo-colonic
 

Ileo-colonic
 

Colonic
 

Ileo-colonic
 

Colonic
 

Colonic
 

Colonic

Stricturing N/A Yes Yes No N/A No No No No No No No No No
Perianal disease N/A Yes Yes Yes Yes No No Yes No No No No No No
Fever N/A No No Yes N/A No Yes N/A N/A N/A Yes Yes No No
Skin

 
inflammation

 
N/A No No No N/A No Yes N/A Yes N/A No No No No

Joint inflammation N/A No No No N/A No No N/A Yes N/A No No No Yes
Recurrent infections N/A No No No N/A No No N/A N/A N/A Yes Yes No No
Surgery and 

therapy
(chronological 
order first used)

N/A
 

N/A
 

Colectomy, 
abdominoperineal

resection

IFX
 
+
 
MTX

 
N/A

 
Mesalamine

 
Colectomy N/A

 
N/A

 
N/A

 
VDZ

 
+
 
AZA

 
VDZ

 
+
 
AZA

 
UST

 
UST

Mesalamine, AZA, IFX, ADA 
IFX

ACMG
 
classification

 
LP
 

VUS
 

LP
 

LP
 

LP
 

LP
 

LP
 

LP

ACMG, American College of Medical Genetics and 
Genomics; AZA, azathioprine; CADD, Combined 

Annotation
 
Dependent Depletion; COSMIC, Catalogue Of Somatic Mutations In Cancer; IFX, infliximab; LP, 

likely pathogenic; MTX, methotrexate; N/A, not available; UST, ustekinumab; VDZ, vedolizumab; VUS, variant of unknown significance.
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Histopathologic examination using H&E-stained colon 
sections showed severe intestinal inflammation in cIA-
P2 H312Y/+ mice, including distortion of tissue architecture, 
infiltration of inflammatory cells, edema in the lamina 
propria area, as well as apoptotic cells throughout the colon 
and small intestine (Figure 3B). Consistent with increased 
epithelial cell death, cleaved caspase-3 (CASP3) staining 
was markedly elevated throughout the intestine of DSS-
treated cIAP2 H312Y/+ mice (Figure 3C and D). Of note, our 
index patient 4 with the p.H312Y cIAP2 variant also 
exhibited increased apoptosis in intestinal biopsy speci-
mens (Figure 1A).

In contrast to mice and humans, zebrafish possess a 
single cellular birc gene (birc2 encoding ciap1), 43 an ortho-
log of both human BIRC2 and BIRC3 genes. Knockout of birc2 
in zebrafish (ciap1 − /− ) resulted in lethality within 4 days 
after birth, whereas heterozygous ciap1 − /+ zebrafish sur-
vived but developed spontaneous intestinal inflammation in 
adulthood. Histologic analysis (H&E and alcian blue stain-
ing) of the ciap1 − /+ zebrafish showed epithelial damage, 
infiltration of inflammatory cells, and loss of architecture 
compared with ciap1 +/+ zebrafish (Figure 3E and F). Addi-
tionally, immunofluorescence revealed increased casp8 
staining in the intestinal epithelium of adult ciap1 − /+ 

zebrafish, indicating increased cell death (Figure 3G).

Integrative Molecular Analysis Identifies BIRC3 
as a Driver of TNF-Associated Transcriptional 
Activation and Altered TNF Responsiveness

To define the transcriptional consequences of cIAP2 
perturbation, RNA-seq was performed on mouse intestinal 
organoids derived from cIAP2 +/+ (WT), cIAP2 H312Y/+ , and 
cIAP2 − /− mice under basal conditions and after TNF 
stimulation. In unstimulated conditions, cIAP2 − /− organo-
ids exhibited widespread DEG relative to WT (Figure 4A; 
Supplementary Tables ST1-2). The cIAP2 H312Y/+ organoids 
displayed a similar but attenuated transcriptional profile, 
with significant DEGs strongly enriched within the cIAP2 − /− 

DEG set (fold enrichment, 3.9; P = 6.8 × 10 -05 ) 
(Supplementary Table ST3).

Direct comparison of basal cIAP2 − /− and cIAP2 H312Y/+ 

log2 fold changes demonstrated moderate concordance in 
transcriptional directionality (Pearson’s r = 0.36, P <2 × 10 - 
16 ) (Figure 4B), indicating a shared biological program. 
Linear regression across all genes yielded a slope of 0.28, 
indicating that heterozygous organoids retain ∼28% of the 
transcriptional amplitude observed in knockout organoids, 
suggesting a gene dosage–dependent hypomorphic pheno-
type. We observed that untreated organoids from cIA-
P2 H312Y/+ and cIAP2 − /− mice effectively mimicked the DEGs 
from TNF-stimulated cIAP2 +/+ organoids with ∼35% of 
TNF-stimulated genes in WT organoids already induced in 
untreated cIAP2 − /− organoids (fold enrichment, 3.35; P = 
1.5 × 10 -94 ) (Supplementary Table ST3). Gene Set Enrich-
ment Analysis using the TNF-stimulated cIAP2 +/+ organoids 
up-regulated gene set confirmed significant enrichment in 
both cIAP2 − /− and cIAP2 H312Y/+ , organoids (Figure 4C and 
Supplementary Table ST4), indicating constitutive activation 
of TNF-responsive pathways in the absence of stimulation.

Upon TNF stimulation, both cIAP2 − /− and cIAP2 H312Y/+ 

organoids induced TNF-responsive gene signatures, as re-
flected by strong positive normalized enrichment scores 
(Figure 4C and Supplementary Table ST4). However, 
interaction modeling comparing TNF responses in cIAP2 
models relative to cIAP2 +/+ organoids demonstrated a 
general blunted TNF effect (Figure 4C and D and 
Supplementary Table ST1). Interaction volcano plots 
revealed impaired amplification of TNF signaling in the 
context of reduced cIAP2 activity. These findings suggest 
that although cIAP2 deficiency creates a chronically primed 
inflammatory state, it simultaneously reduces the dynamic 
range of acute TNF responsiveness.

Consistent with this pattern, hallmark pathway analysis 
showed that inflammatory, interferon-γ, interleukin 6–Ja-
nus kinase–signal transducer and activator of transcription 
protein 3, and apoptosis-related programs were induced in 
cIAP2 − /− organoids under basal and upon TNF treatment 
but showed reduced enrichment in the differential TNF 
treatment comparisons (Figure 4E, Supplementary 
Table ST5). These pathways were also enriched in DEGs 
identified from RNA sequence analysis of ciap − /− zebrafish 
compared with WT ciap +/+ controls, validating the mouse

◀

Figure 2. Functional studies of BIRC3 deficiency. (A) Caspase-3/7 activity assay of overexpressed cIAP2 constructs in 
HEK293T cells, with or without TNF stimulation (n = 3 biological replicates). Error bars: mean ± standard error (SE). Unpaired t 
test, *P < .05, **P < .01. (B) K48 and K63 tandem ubiquitin binding entities (TUBE) assays and quantification of RIPK1 
ubiquitination in HEK293T cells overexpressing cIAP2 variants after 2 hours of TNF stimulation (n = 3 biological replicates). 
Error bars: mean ± SE. One-way analysis of variance (ANOVA), *P < .05, **P < .01, ***P < .001, ****P < .0001. (C) Western blot 
assays and quantification of RIPK1 Ser166 phosphorylation (p-) in HEK293T cells overexpressing cIAP2 variants after 6 hours 
of TNF/BV6 stimulation (n = 3 biological replicates). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Error bars: mean
± SE. Unpaired t test, *P < .05, **P < .01, ***P < .001. (D) Western blot assays and quantification of serine 166 p-RIPK1 in 
human iPSC-derived organoids after TNF/BV6 treatment (n = 3 biological replicates). Error bars: mean ± standard deviation. 
One-way ANOVA, *P < .05, **P < .01, ****P < .0001. (E) Caspase-3/7 activity assay of 8 patient-derived cIAP2 variants 
cotransfected with increasing doses of WT cIAP2 in HEK293T cells after TNF stimulation (n = 3 biological replicates). Error 
bars: mean ± SE. One-way ANOVA with multiple comparisons, ns (not significant) >.05, *P < .05, **P < .01, ***P < .001, ****P
< .0001. (F) Immunofluorescence assay of HeLa cells overexpressing cIAP2 variants and stimulated with TNF/BV6 for 6 
hours. Quantitative analysis of cIAP2 (green) by fluorescence intensity in nucleus/cytoplasm. Blue: DAPI (4 ′ ,6-diamidino-2-
phenylindole). Scale bar: 10 μm. Each data point represents a field (>2 cells per field, 25 fields in total; n = 3 biological 
replicates). Error bars: mean ± standard deviation. Two-way ANOVA. **P < .01, ****P < .0001.
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organoid findings and confirming that reduced or absent 
cIAP2 expression generates a gene expression signature 
closely resembling TNF stimulation (Supplementary 
Tables ST6 and 7).

Furthermore, the gene-level analysis revealed several 
candidate genes important in RIPK1-dependent cell death 
pathways, including the up-regulation of casp8 in the 
ciap1 − /− zebrafish; and the up-regulation (false discovery 
rate <0.05) of Casp3, Nfkb2, Cflar (encoding cFLIP) and 
Tnfsf10 in the cIAP2 − /− mice organoid model 
(Supplementary Tables ST1 and 7). Interestingly, we noted

several metabolic pathways (eg, cholesterol homeostasis, 
fatty acid metabolism, and glycolysis) displayed altered 
baseline regulation in cIAP2 − /− organoids with divergent 
responses upon TNF stimulation. Because these metabolic 
programs were not strongly induced by TNF in cIAP2 +/+ 

organoids, their basal activation represents a consequence 
of cIAP2 − /− deficiency rather than TNF stimulation per se.

To understand the relevance of cIAP2 deficiency beyond 
Mendelian CD, we next contextualized BIRC3 within regu-
latory programs active in adult CD. We leveraged a large 
Bayesian regulatory network constructed from mucosal

Figure 3. Animal studies of BIRC3 deficiency. (A) Disease Activity Index (DAI) and gross morphology of cIAP2 +/+ and cIA-
P2 H312Y/+ mice. (B) Swiss-roll showing H&E-stained colon (left 2 panels) or small intestine (right 2 panels) sections. Black arrows 
indicate areas of inflammation. Scale bar: 125 μm. Immunohistochemistry of (C) small intestine and (D) colon showing cleaved 
caspase-3 (black arrows) in cIAP2 +/+ (n = 6) and cIAP2 H312Y/+ (n = 6) 3% DSS-treated mice. The immunohistochemistry (IHC) 
quantification was performed using 9 distinct fields of view per group. Error bars: mean ± standard error (SE). Unpaired t test, 
**P < .01. (E) Kaplan-Meier survival curve of ciap1 +/+ (n = 25), ciap1 − /+ (n = 47), and ciap1 − /− (n = 24) zebrafish (total n = 96). 
Log-rank Mantel-Cox test, ****P < .0001. (F) H&E-stained middle intestine sections of zebrafish at 1.5 years (n = 3). Black arrows 
indicate areas of inflammation. Scale bar: 100 μm. Error bars: mean ± SE. Unpaired t test, ***P < .001. (G) Immunofluorescence 
staining of adult zebrafish intestinal sections with caspase-8 (red), villin 1 (green), and 4 ′ ,6-diamidino-2-phenylindole (DAPI; 
blue). For each sample, 20 enterocytes were analyzed (n = 3). Scale bar: 10 μm. Error bars: mean ± SE. Two-tailed Welch’s t 
test, ****P < .0001.

November 2026 BIRC3 Variants Associated With Monogenic CD 893

IN
FL

AM
M

AT
OR

Y  
BO

W
EL  

DI
SE

AS
E



894 Li et al Gastroenterology Vol. 171, Iss. 5

INFLAM
M

ATORY  

BOW
EL  

DISEASE



transcriptomic profiles of ∼400 adult CD patients repre-
senting both active and inactive disease states (Mount Sinai 
Crohn’s and Colitis Registry cohort 37 ). From this frame-
work, we extracted a BIRC3-centered subnetwork encom-
passing regulatory interactions spanning up to 4 path 
lengths from BIRC3, yielding ∼500 connected genes 
(Figure 4F and Supplementary Table ST8). This BIRC3-
centric neighborhood was significantly enriched for multi-
ple independent IBD-relevant gene signatures (Figure 4G 
and Supplementary Table ST9). These included genes up-
regulated during active intestinal inflammation, genes 
located within IBD genome-wide association study, 31 and 
monogenic IBD genes. 32 Notably, the subnetwork was also 
enriched for transcriptional programs induced by BIRC3 
perturbation across cIAP2 − /− model systems, including 
zebrafish and murine organoid models under basal and 
TNF-stimulated conditions, supporting the predicted BIRC3 
regulatory interactions in adult gut. Network topology 
revealed close connectivity of BIRC3 with key inflammatory 
regulators, including NFKB2 and its downstream effector 
CCL20, as well as central mediators of apoptosis and TNF 
signaling such as TNFAIP3.

Notably, the BIRC3 subnetwork demonstrated strong 
enrichment for TNF-responsive gene programs and was

significantly overrepresented among genes differentially 
expressed in anti-TNF nonresponders compared with re-
sponders across adult IBD cohorts. 33,34 To further evaluate 
the clinical relevance of this network, we calculated a GSVA 
score for the BIRC3-centered subnetwork in longitudinal 
mucosal biopsy samples from infliximab-treated patients in 
the ACT1 cohort. 34 At baseline, responders and non-
responders exhibited comparable subnetwork activity. 
However, by week 30 of infliximab therapy, responders 
demonstrated a significantly greater reduction in BIRC3 
mRNA as well as the BIRC3 subnetwork GSVA score 
compared with nonresponders (Supplementary Figure S3 
and Supplementary Table ST10). In contrast, non-
responders showed persistent subnetwork activation 
despite therapy.

Interestingly, the genotype interaction–associated pro-
grams largely mapped to metabolic and stress-response 
modules outside the immediate BIRC3-centered inflamma-
tory subnetwork, suggesting BIRC3 deficiency exerts dual 
effects. Overall, our findings support a model in which 
cIAP2 deficiency primes epithelial cells toward a constitu-
tive inflammatory state and metabolically activated basal 
state while constraining dynamic responsiveness during a 
TNF challenge, revealing reduced signaling flexibility.

◀

Figure 4. Integrative molecular analysis demonstrates the impact of reduced or absent BIRC3 expression. (A) Basal tran-
scriptional differences. Volcano plots showing differential gene expression in unstimulated cIAP2 − /− and cIAP2 H312Y/+ mouse 
intestinal organoids compared with WT. cIAP2 deficiency induces a broad inflammatory transcriptional program at baseline, 
with a stronger magnitude in knockout (cIAP2 − /− ) compared with heterozygous (cIAP2 H312Y/+ ) organoids. Dashed vertical 
lines denote log2 fold-change thresholds; horizontal dashed lines denote false discovery rate (FDR) cutoff. NS, not significant.
(B) Basal concordance analysis. Genome-wide log2 fold changes (FC) between cIAP2 − /− and cIAP2 H312Y/+ organoids 
demonstrated significant positive correlation (Pearson’s r = 0.36, P < 2×10 -16 ). Linear regression across all genes yielded a 
slope of 0.28, indicating that heterozygous organoids retain ∼28% of the transcriptional amplitude observed in knockout 
organoids. Among genes significantly dysregulated in cIAP2 − /− organoids (red), directional concordance was stronger (r = 
0.53, P < 2×10 -16 ), with a similar attenuation slope (∼0.27). (C) TNF mimicry. Gene Set Enrichment Analysis using TNF-
induced WT mouse organoid up-regulated (UP) genes demonstrates that cIAP2 − /− and cIAP2 H312Y/+ mouse organoids 
both partially recapitulate TNF-responsive programs in the absence of stimulation. Positive (red) normalized enrichment 
scores (NES) indicate constitutive activation of TNF-associated pathways, whereas interaction terms, indicating differential 
TNF response and defined as TNF effect in cIAP2 model vs TNF effect in control organoids, show attenuation (blue) relative to 
WT. Ranking metric was the t statistic and all assessments an FDR <0.05 (Supplementary Table ST4). (D) Differential TNF 
responsiveness (interaction analysis). Volcano plots depict the interaction term, or differential TNF response, defined as the 
change in TNF response in mutant organoids relative to WT (ie, ΔTNF_mutant—ΔTNF_WT). Both models show a predomi-
nantly blunted TNF response (blue coloring), indicating impaired dynamic adaptation to TNF stimulation. (E) Hallmark 
pathway analysis. Heat map of hallmark gene set enrichment analysis (GSEA) across basal, TNF-stimulated (+TNF or − TNF), 
and interaction (genotype: TNF) conditions. A subset of pathways is shown with intensity and coloring representing positive 
(red) or negative (blue) NES. Ranking statistic was the t statistic, and only significant pathway terms show NES, with grey 
coloring indicating nonsignificant enrichment. Full results in Supplementary Table ST5. Note negative NES for differential TNF 
response gene rankings indicates pathways that are attenuated or amplified. IL, interleukin; JAK, Janus kinase; NFKB, nu-
clear factor-κB; STAT3, signal transducer and activator of transcription 3. (F) A BIRC3-centric gene regulatory subnetwork 
was generated by querying BIRC3 plus 4 path lengths in a Bayesian network of ∼8000 genes generated using transcriptional 
profiles of colonic biopsy specimens from a cohort of adult CD patients. Nodes are colored yellow if the gene was identified 
as differentially expressed in the ciap − /− zebrafish model and are outlined in blue if identified as a gene reported as differ-
entially expressed between anti-TNF responders and nonresponders (NR). Red text coloring indicates an IBD genome-wide 
association study (GWAS) gene. Edges are directed and represent statistically inferred causal regulatory relationships. (G) 
The fold enrichment for the overlap between various gene sets and the BIRC3 centric subnetwork genes described in C. Size 
of dots represents the level of significance (as log10 Benjamini-Hochberg–adjusted Fisher’s exact test P value). Gene sets are 
categorized according to their informing on IBD association (where IBD Inf = DEGs in inflamed vs uninflamed human IBD 
mucosa samples); IBD GWAS and known very early-onset (VEO) IBD genes; or cIAP2 association (DEGs from various cIAP 
perturbation models) and anti-TNF association (DEGs from cIAP2 +/+ TNF vs cIAP2 +/+ and published gene sets associated 
with anti-TNF response in ulcerative colitis [UC] and CD).
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Pharmacologic Inhibition of RIPK1 and 
Caspases Attenuates Inflammation and Cell 
Death in cIAP2-Deficient Models

To explore potential therapeutic strategies for patients 
with dysregulated cIAP2-associated CD, we tested for 
enrichment in molecular signatures of birinapant, 44 a SMAC 
mimetics targeting cIAP1/2 and X-linked inhibitor of 
apoptosis protein (XIAP) used in clinical cancer trials, and 
necrostatin 1 45 (Nec-1), a small-molecule RIPK1 inhibitor, 
curated from the LINCS L1000 chemical perturbation 
consensus database. 46 The gene signatures induced by bir-
inapant closely resembled the transcriptional effects 
observed in ciap1-deficient zebrafish and cIAP2-deficient 
mouse organoids. In contrast, gene expression signatures 
induced by Nec-1 treatment were significantly enriched 
among DEGs from cIAP2-knockout models but largely in the

opposing direction, suggesting a potential therapeutic target 
for these patients with BIRC3 variants (Supplementary 
Table ST11).

Live-cell imaging of human iPSC-derived intestinal orga-
noids revealed increased cell death with either cIAP2 knockout 
(cIAP2 − /− ) or knock-in of several patient cIAP2 variants after 
treatment with TNF and the SMAC mimetic BV6 compared 
with WT controls. However, treatment with Z-VAD-FMK, 47 a 
pan-caspase inhibitor, or Nec-1 markedly reduced the Draq7 
signal, indicating that both inhibitors conferred protection 
against TNF-induced cell death (Figure 5A). Similar protective 
effects were seen in HCT116 cells with cIAP2 knockout or 
lentiviral knock-in overexpression of several patient variants 
(Supplementary Figure S4).

Finally, we evaluated these potential therapeutic small 
molecule inhibitors using our cIAP2 H312Y/+ mouse model.

Figure 5. Treatment of BIRC3 deficiency. (A) Live-cell immunofluorescence assay and quantitative analysis of TNF/BV6-
induced cell death in human iPSC-derived intestinal organoids, and the effects of Z-VAD-FMK and Nec-1 rescue. Blue: 
Hoechst; Red: Draq7. Scale bar: 200 μm (n = 4 biological replicates). Error bars: mean ± standard deviation. Two-way 
analysis of variance, ****P < .0001. (B) Mice were treated with 5 days of 2% DSS and 3 days of water received phosphate 
buffered saline (PBS) (n = 5), Z-VAD-FMK (3 mg/kg) (n = 5) (top), or Nec-1 (1.5 mg/kg) (n = 5) (bottom). Measurements 
included body weight change, Disease Activity Index (DAI), colon length change, and H&E staining. Scale bar: 125 μm. 
Statistical analyses were performed at the predefined experimental end point. Error bars: mean ± standard error. Unpaired t 
test, not significant (ns) P > .05, *P < .05, **P < .01.
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Intraperitoneal injection of Z-VAD-FMK or Nec-1 reduced 
colonic inflammation in DSS-treated cIAP2 H312Y/+ mice, as 
indicated by reduced Disease Activity Index and improved 
histopathology compared with untreated cIAP2 H312Y/+ 

mice littermates (Figure 5B).

Discussion
We describe 8 germline BIRC3 genetic variants iden-

tified in 14 people with CD from 10 families diagnosed 
between infancy and adulthood and presenting with 
typical features of colonic or Ileocolonic CD. Knock-in 
cIAP2 H312Y/+ mice and heterozygote ciap1 − /+ zebrafish 
recapitulated key features of the human intestinal 
phenotype, including intestinal inflammation with 
epithelial apoptosis. The experimental and molecular data 
demonstrate that all 8 BIRC3 genetic variants resulted in 
reduced cIAP2 protein function that could be rescued by 
WT cIAP2 (mechanism is outlined in Figure 6). Another 
important finding is that identified BIRC3 variants were 
either autosomal dominant (AD) or autosomal recessive 
(AR), indicating mixed inheritance. As expected, the AR 
variants (3 independent consanguineous families

harbored homozygous cIAP2 variants (p.Y522X, p.C588Y, 
and p.X605Rext*10) resulted in a stronger phenotype 
with early diagnosis of CD (infancy) and several extra-
intestinal manifestation of disease, including fever, skin, 
and joint inflammation, whereas the AD variants pre-
sented as older children and adults with typical CD fea-
tures. Therefore, we believe the AR and AD inheritance 
strengthens the findings and suggests a broader role of 
cIAP2 in CD pathogenesis.

However, with the wide age range of disease onset, even 
within families, the identification of additional CD patients 
with BIRC3 variants and complete familial genotyping is 
required to determine the disease penetrance and whether 
there is variable expressivity in CD phenotypes. Similarly, 
variants in several genes involved in regulating TNF 
signaling, including NFKB1, 48 RelA, 49 OTULIN, 50 and 
TNFAIP3/A20 51 result in haploinsufficiency, and OTULIN-
deficieny 50 has both an AR and AD mixed inheritance 
pattern similar to what we describe here for BIRC3. 
Moreover, incomplete penetrance and variable expressivity 
is commonly described in patients with both monoallelic 
and biallelic TNF-signaling defects (reviewed by Lalaoui 
and Masters 52 ).

Figure 6. cIAP2 signaling pathway. Schematic model illustrates cIAP2 signaling. WT cIAP2 enhances TNF-induced RIPK1 
ubiquitination while limiting its phosphorylation, thereby suppressing the formation of active complex II and promoting cell 
survival. In contrast, cIAP2 variants fail to regulate RIPK1 ubiquitination, which leads to increased autophosphorylation. As a 
result, active complex II will further cleave caspases 3 and 7, leading to cell apoptosis. c-FLIP, cellular FADD-like IL-1ß– 
converting enzyme-inhibitory protein; FADD, FAS-associated death domain protein; IKKα/ß, IκB kinase; LUBAC, linear 
ubiquitin chain assembly complex; NEMO, nuclear factor-κB essential modulator; NF-κB, nuclear factor-κB; TAK1, trans-
forming growth factor-ß–activated kinase 1; TNFR1, TNF receptor 1; TRADD, TNFRSF1A associated via death domain; 
TRAF2, TNF receptor-associated factor 2; XIAP, X-linked inhibitor of apoptosis protein.
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Although 8 patients from 7 independent families had 
missense BIRC3 variants, 6 patients from 3 independent 
families had BIRC3 variants that resulted in premature 
termination codons. Two of the 3 BIRC3 premature termi-
nation codon variants were located in the final exon, and 1 
premature termination codon variant was in the penulti-
mate exon less than 50 nucleotides upstream from the 
exon-exon junction; therefore, these transcripts would be 
expected to escape nonsense mediated decay 53 and express 
truncated cIAP2 proteins.

As we have shown here, these truncated proteins cause 
reduced but not complete loss of cIAP2 protein function. 
Multisystem transcriptomic analyses reveal that cIAP2 
functions as a dosage-sensitive regulator of TNF signaling, 
shaping inflammatory activation, metabolic adaptation, and 
epithelial survival. This integrative framework links BIRC3-
deficiency to both Mendelian intestinal disease and broader 
TNF-dependent inflammatory pathways in human IBD.

BIRC3 deficiency results in CD without the significant 
immunodeficiency and systemic disease that is associated 
with other TNF-signaling defects, suggesting a specific role 
for cIAP2 in the intestinal epithelium homeostasis. Mech-
anistically, the patient-derived cIAP2 variants impaired 
RIPK1 ubiquitylation, resulting in increased RIPK1 auto-
phosphorylation and cell death upon challenge with TNF. 
RNA-seq analysis demonstrated that reduced cIAP2 resul-
ted in constitutive activation of TNF signaling pathways 
and a blunted response to TNF stimulation. Furthermore, 
the patient-derived cIAP2 variants increased the expres-
sion of CCL5 and CCL20 chemokines, suggesting that cIAP2-
deficiency may also lead to the infiltration of immune cells 
into the intestine. Coenrichment of BIRC3 with TNF 
responder vs nonresponder genes in the adult CD subnet-
work suggested a broader relevance of BIRC3 expression 
beyond Mendelian disease in polygenic CD. Although cIAP1 
and cIAP2 both have putative roles in mediating TNF 
signaling (reviewed by Zeissig and Petersen 11 and Lalaoui 
and Vaux DL 12 ), we demonstrate that in intestinal epithe-
lium, cIAP2 has a distinct role in regulating TNF response.

Whereas our studies primarily focused on the role of 
cIAP2 in maintaining intestinal homeostasis, it is possible 
that nonepithelial cells, including immune cells, as well as 
other nonapoptotic cellular pathways contribute to dis-
ease pathogenesis. Previous studies have demonstrated 
that enzymatically inactive cIAP1/2 mice died during 
embryonic development due to dysregulated RIPK1-
mediated apoptosis 14 and that cIAP2-deficient mice 
exhibit increased susceptibility to chemically induced coli-
tis. 15,16 The cIAP1 − /− mice with inducible knockout of 
cIAP2 die within 3 days, exhibiting overt inflammation and 
apoptosis in the intestine and liver, primarily driven by 
caspase-8. 54 Together, this implies complex regulation of 
cIAP1 and cIAP2 and that further study of cIAP2 regula-
tion, specifically in human disease, will provide insight into 
not only the immune regulation of inflammation but also 
CD pathogenesis.

Conventional IBD treatment strategies often fail to 
achieve sustained remission, highlighting the need for tar-
geted therapeutic approaches, and yet, there is still no

molecular rationale for the selection of specific biologics or 
small molecules. Our study reveals an essential and pro-
tective role of cIAP2 in regulating TNF-mediated cell death 
and intestinal injury. Dysregulation of TNF-responsive gene 
expression in polygenic CD, suggests that modulating 
pathways disrupted by loss of cIAP2 could offer new 
therapeutic strategies for CD patients. To this point, we 
showed the therapeutic potential of a pan-caspase inhibitor 
(Z-VAD-FMK) and RIPK1 inhibitor (Nec-1) in human iPSC-
derived intestinal organoids. Furthermore, the administra-
tion of these inhibitors in the cIAP2 H312Y/+ mouse model 
successfully alleviated key pathologic features associated 
with CD in patients, including intestinal inflammation, 
epithelial cell damage, and crypt loss.

Of note, the RIPK1 inhibitor GSK2982772, a Nec-1 
analogue, has been evaluated in patients with active ul-
cerative colitis. 55–57 GSK2982772 was generally well-
tolerated by patients but did not significantly outperform 
the placebo. Nevertheless, our study, along with 
GSK2982772 and ongoing RIPK1 inhibitor clinical trials, 
including GDC-8264 58 and others (ABBV-668 and 
SAR443122 reviewed by Vieujean et al 17 ), suggests that 
RIPK1 is a promising IBD molecular target and stratifying 
patients (eg, CD and/or dysregulated TNF signaling) may 
improve therapeutic outcomes.

These results highlight the therapeutic potential of 
targeting dysregulated cell death pathways through small 
molecule inhibition of RIPK1 in patients with BIRC3 defi-
ciency, other TNF-related forms of monogenic CD, and 
potentially in a subset of polygenic CD characterized by 
identifying similar transcriptional profiles.

Supplementary Material
Note: To access the supplementary material accompanying 
this article, visit the online version of Gastroenterology at 
www.gastrojournal.org, and at https://doi.org/10.1053/ 
j.gastro.2026.05.022.
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