
Supplementary Data: An integrated taxonomy for monogenic inflammatory 

bowel disease (IBD) 

 

Supplementary Figure Legends 

 

Supplementary Figure 1: Selection for investigating monogenic syndromes 

and Mendelian disorders associated with IBD  

Diagram illustrating the workflow of case appraisal for patients with genetic defects  

 

Supplementary Figure 2: The relationship between the observed/reported 

penetrance and minimum patient number required to identify monogenic 

disorders with a 5% penetrance  

(a) Minimal effect size (observed penetrance) required to detect a >5% penetrance 

with 90%, 95% or 99% confidence intervals (CI) depending on the size of the case 

series (number of patients with a gene defect).  

(b) The minimal number of individuals with IBD phenotype in relation to the total 

number of patients with gene defects in a case series to confidently detect a >5% 

penetrance. Nominal penetrance and confidence margins were calculated according 

to adjusted Wald equation.  

 

Supplementary Figure 3: Nonsense allele frequencies of monogenic IBD genes 

reveal the relative rarity of nonsense mutations compared to polygenic risk 

variant NOD2 and excluded genes 

(a) The LOF or GOF functional effect of gene defects impacts their association with 

monogenic IBD. 

(b-c) Monogenic IBD gene examples show reduced allele frequencies of nonsense 

variants (i.e. LOF, stop gain/stop loss, and frameshift variants) in genes with (b) 

autosomal and (c) X-linked inheritance; compared to the benchmark gene NOD2 or 

NOX1 and DUOX2. Minor allele frequency of nonsense variants (LOF, i.e. stop 

gain/stop loss, and frameshift variants) are shown at the respective amino acid 

position of each gene.  

(d) Cumulated allele frequency for nonsense variants of monogenic IBD genes is 

much lower than NOD2 or other genetic variants. AA= amino acid. 

 



 

Supplementary Figure 4: Bulk RNA-seq expression of monogenic IBD genes in 

multiple organs identifies hematopoietic and intestinal-enriched gene clusters 

(a) Hierarchical clustering and (b) principal component analysis of bulk-RNA 

expression (FPKM) of monogenic-IBD genes in 32 different human tissues1 shows 

intestinal and hematopoietic tissue enrichment. (a) Heatmaps rows are centered and 

scaled, rows and columns are clustered using correlation distance and average 

linkage. 

(c) Examples of differentially expressed genes from bulk RNA sequencing that are 

enriched in intestinal (GUCY2, SLC9A3) and lymphoid tissues (IL10RA, PIK3CD). 

 

Supplementary Figure 5: Comparison of representation of monogenic IBD 

genes in different pathway databases.  

(a) Presence of genes in database pathways when analyzed together, with an FDR > 

.05 is shown (blue box). Genes from the validation gene set are shown in bold.  

 

Supplementary Figure 6: Monogenic and polygenic IBD genes are co-

expressed in the same cell types and gene modules. 

 (a) For cells from the adult colon or pediatric ileum (x axis), the probability (y axis) 

that monogenic and polygenic IBD genes are expressed in the same cell type (left) 

or gene module (right), relative to a background set of genes with matching 

expression levels (grey bars). Error bars: SEM, P-values: *** P < .001. 

 

Supplementary Figure 7: Effects of S3483 treatment on macrophages 

a)   Live/dead staining on control and S3483 treated macrophages. Monocytes 

were differentiated in the presence and absence of different concentrations of S3483 

over 5 days to optimize experimental conditions. Live/dead staining was performed 

and analyzed on FACS. Each dot represents an individual donor. Statistical 

significance was determined using paired t-test *P < .05. 

b)   Short time exposure to S3483 does not affect antimicrobial 

activity. Gentamicin protection assay of control and S3483 (50mM) treated 

macrophages shows lack of effect following S3483 exposure for shorter time 

intervals (24 hours). Each dot represents an individual donor (n=5). CFU = colony-

forming unit 



 

Supplementary Figure 8: Hierarchical clustering of the original monogenic IBD 

genes by phenotype, treatment response, pathway representation and single-

cell gene expression provides a scalable data-driven classification 

Mean scRNA-seq-expression across cellular compartments from inflamed colonic 

samples is scaled 0-1, further weighting of inputs is shown (color legend).  

 

Supplementary Figure 9: Treatment response data was aligned to the model 

taxonomy of monogenic IBD genes. 

Treatment responses for different genes and syndromes are based on  a previous 

systematic review1. 

 

Supplementary Figure 10: Verification of the importance of syndromic 

phenotypes in classifying monogenic IBD gene defects 

(a) Monogenic IBD genes with shared syndromic phenotypes show enrichment in 

shared cell types, based on scRNA-seq expression in inflamed colonic samples. 

(b) Monogenic IBD genes, particularly those with the same syndromic groups, are 

co-expressed in the same cell types and gene modules. For gene sets consisting of 

either: (i) all monogenic IBD genes or (ii) monogenic IBD genes within the same 

syndromic group (x axis), the probability (y axis) that two randomly selected genes 

are co-expressed within a cell type (left, blue bars) or gene module (right, blue bars), 

relative to a background set of genes with matching expression (grey bars). UC and 

CD shown. Error bars: SEM. P-values: NS: not significant, * P < 0.05, *** P < .001. 

 

Supplementary Figure 11: Penetrance and pathway representation of the 

validation gene set 

(a) Black dots: number of patients with intestinal inflammation and the gene defect. 

Dashed lines: penetrance thresholds. Bars: 90% CI. N.B: Penetrance estimates of 

100% in this gene set are confounded by small case numbers identified and 

described.  

(b) Hierarchical clustering of the validation gene set in Reactome pathways 

indicating stability of the association between a shared representation in Reactome 

pathways and overlapping syndromic phenotypes. New genes added are shown in 

bold.  



 

Supplementary Figure 12: Hierarchical clustering of the validation and original 

monogenic IBD genes by phenotype, treatment response, pathway representation and 

single-cell gene expression 

(a) Mean scRNA-seq-expression across cellular compartments from inflamed colonic 

samples is scaled 0-1, further weighting of inputs is shown (color legend).  

 

Supplementary Figure 13: Sub-clusters of monogenic IBD genes from 

weighted hierarchical clustering are robust to the addition of newly-identified 

genes 

(a) Sub-clusters from the original taxonomy (left) keep their structure following the 

addition of 25% more genes in the validated taxonomy (right). Arrows and numbering 

link corresponding clusters. Clusters delineated by clustering distance (indicated in 

grey). 

 

 

Supplementary Methods 

 

Literature search approach 

A literature search was performed to identify validated Mendelian disorders and 

syndromes associated with “inflammatory bowel disease”, “Crohn’s disease”, 

“Ulcerative Colitis” and “colitis” in Pubmed, OMIM, and ClinVar database (last 

accessed 31st September 2018), followed by author correspondence and 

snowballing of publication references. Poster abstracts were also reviewed from the 

2016 Clinical Immunology Society Annual Meeting and the 2014, 2016 and 2017 

European Society for Immuno-deficiencies meetings. We did not include Mendelian 

and syndromal disorders where intestinal inflammation arises de-novo due to a 

known iatrogenic mechanism, e.g. i) after solid organ transplantation due to 

treatment with mycophenolate; ii) after treatment with checkpoint inhibitors or iii) after 

surgery that induces diversion colitis. For inclusion, genes required functional 

evidence of a deleterious effect from identified variants.   We excluded disorders 

associated with large chromosomal defects or mosaicism, as well as common 

genetic variants, where the minor allele frequency did not support a causal 

monogenic relationship. 



 

Case definitions 

Definitions and concepts of the monogenic IBD classification were agreed after 

interdisciplinary expert consensus of pediatric and adult gastroenterologists, clinical 

and basic immunologists, and geneticists. Case definitions were initially discussed at 

the international Very Early Onset Inflammatory Bowel Disease (VEOIBD) Workshop 

in Oxford, held in September 2016 (Extended Data Table 1).  

 

It was acknowledged in the case definitions that: 

i) Oligo- or polygenic contributions are likely but evidence for a contribution of 

common IBD loci in addition to the pathogenic variants are lacking for nearly 

all of the defects currently associated with ‘monogenic IBD’. Formal statistical 

evidence that polygenic IBD risk variant burden contributes to the 

development of IBD-like inflammation in patients has been described in 

chronic granulomatous disease supporting the concept of lead pathogenic 

mutations and oligogenic/polygenic modifiers3.  

ii) Monogenic IBD includes inflammatory enteropathies with increased intestinal 

cellular infiltrate but does not include non-inflammatory autoimmune 

enteropathies seen in diseases such as non-inflammatory forms of congenital 

diarrhea.  

iii) In most cases there is no endoscopic and histological difference between the 

spectrum of classical/polygenic IBD and monogenic IBD. In the literature, the 

intestinal inflammatory lesions are described interchangeably as IBD and IBD-

like, Crohn’s disease and CD-like, UC and UC-like. The proportion of patients 

classified as unclassified IBD is particularly  high in patients with infantile IBD 

and monogenic IBD 4,5. 

Gene names were recorded according to Human Gene Organization nomenclature6. 

 

IBD penetrance estimation 

The penetrance of an IBD-like phenotype in patients with validated variants was 

determined from literature searches for large, recent available cohorts, with details 

confirmed through author correspondence (>550 correspondence emails sent to 

study authors) Extended Data Table 2-3)). In order to avoid penetrance inflation, we 

focused on unselected cohorts of patients with the gene defects, not studies that 



solely genotyped IBD patients. If studies described less than 10 individuals with a 

given gene defect (exceptionally rare or newly discovered gene defects), multiple 

cohorts were summated. IBD penetrance for the most extreme genotype was 

counted; for example for genes with autosomal recessive inheritance, only patients 

with biallelic variants were considered. Some genes lacked available unselected 

cohorts that had sufficient long-term phenotypic data, for example NOX1 and RET. 

Where no patients with intestinal inflammation were identified in cohorts of less than 

100 participants, the estimated penetrance would default to 0 and disorders were 

classified as low-penetrance, additional cohorts were then summated in this 

circumstance to better depict the estimated penetrance within these rare monogenic 

defects. 

 

High-penetrance genes were defined as those with a greatest penetrance than 

biallelic NOD2 variants p.Arg702Trp rs2066844; p.Gly908Arg rs2066845 and 

p.Leu1007fsinsC rs57432937–10. 

 

Penentrance Estimation 

Penetrance and confidence intervals were based on the modified Wald equation 

(where m= number of patients with Mendelian IBD; n= number of patients with the 

pathogenic gene defect; and z= 1.645 (90% CI), z= 1.96 (95% CI), and z= 2.576 for 

99% CI, respectively). 

We estimated penetrance   𝑝′ =
m+0.5𝑧2

n+𝑧2
 

and confidence interval 𝐶𝐼 = 𝑝′  ±  𝑧√
𝑝′(1−𝑝′)

𝑛+𝑧2            

 

Identifying candidate genes within IBD loci 

To identify credible candidate genes in IBD-associated loci, we gathered data from 

four sources: three polygenic IBD meta-analyses11–13 and one fine-mapping study14 

(Extended Data Table 4). The candidate genes were identified by bioinformatic 

prioritization of candidate genes within IBD loci (using eQTLs and coding SNPs, as 

well as network prioritization algorithms GRAIL and DAPPLE)11–13, alongside fine-

mapping of IBD loci to localize signals to single genes11,14. All candidate genes from 

those sources were combined to provide a long-list of candidates for each locus. In 



total, we combined data on 223 non-MHC loci, with a total of 343 candidate genes 

prioritized. 167 loci included at least one candidate gene, and 84 had exactly one 

prioritized gene. In addition, we assigned a subset of loci as having a high-

confidence candidate gene, defined according to bioinformatic evidence, fine-

mapping and manual annotation. 

 

1.  Bioinformatic: Multiple sources of bioinformatic evidence that uniquely 

implicate a single gene (i.e. there is exactly one gene that is identified by at least two 

prioritization techniques).  

2.  Fine-mapping: the fine-mapping localizes the signal to a region that contains 

exactly one gene. 

3.  Manual: Several well-established genes (PTPN22, ATG16L1, NOD2, FUT2, 

IRF5, ITGAL, IL23R, IL10, IFIH1, IRGM, CAR9 and TYK2) were manually assigned 

to high-confidence, based on existing functional studies. .  

 

By this analysis, a total of 65 loci had exactly one high-confidence candidate gene. 

One additional locus was removed from the high-confidence list because of a clash 

between sources: fine-mapping and bioinformatic analysis around the SNP 

rs10065637 gave conflicting results, with bioinformatic analyses converging on the 

gene IL6ST, but fine-mapping localized the gene to the nearby ANKRD55. In all 

other cases, converging bioinformatic information, fine-mapping and manual 

annotation agreed. A total of four genes were included in the confidence list to 

manual annotation only (FUT2, IFIH1, IL10 and IRGM). These genes were all 

prioritized by bioinformatic analysis, but were not included in the high-confidence list 

as they were only supported by one source of annotation (FUT2 by a coding SNP, 

IFIH1 and IRGM by GRAIL), or because multiple genes in the locus were supported 

by two or more prioritization sources (IL10, which was joined by nearby genes IL19, 

IL20 and IL24). 

 

For the network analysis of gene set overlap (Fig. 1e), the representation factor of 

two gene sets was calculated based on a total number of 18,000 human genes. 

 

Gene damage intolerance analysis and allele frequency in reference cohorts 



The functional outcome of gene defects (loss of function or gain of function 

(LOF/GOF)) was determined from the reported cases. Nonsense variants analyzed 

included LOF variants, sum of stop-loss/stop-gain and frameshift variants. The sum 

of essential LOF variants included not only the relative number of variants 

normalized to the gene size (pLI score), but also the minor allele frequency in 

aggregated population data. Genes with GOF or hypomorphic variants were not 

included in this analysis. 

 

Phenotype assessment 

1. The presence of a phenotypic trait in at least one included patient was scored as 

present.  

2. The age of IBD diagnosis was recorded as the time of endoscopic confirmation 

or the time of intestinal symptom onset if there was >1 year delay prior to 

endoscopy.  

3. Intestinal phenotype (CD, UC or IBDU; disease location; perianal disease 

(fistulas and/or abscess formation); penetrating disease; strictures, histological 

features of granuloma or defined epithelial defects such as tufting and 

apoptosis). 

4. For published reports of patients with gene defects and IBD, the effectiveness of 

allogenic HSCT on IBD was assessed according to the need for further immune-

modulating IBD treatment.  

 

Due to lack of standardized study designs and outcomes, effects of biologic or 

immune-modulatory treatments were not assessed by us. 

 

scRNAseq analysis of colonic and ileal samples 

For colonic scRNA-seq analyses, “Epithelial” and “lamina propria” fractions were 

separated from each sample, with clustering of cells into immune, epithelial and 

stromal compartments, as previously described15. Transcriptionally distinct sub-

clusters of cells were identified and organized into subsets with known lineage 

relationships15.   

 

For pediatric ileal samples, raw sequence reads in FASTQ format were obtained 

(described further in Ref.16) and re-aligned to the GRCh38-3.0.0 human reference 



transcriptome using the CellRanger v3.1.0 pipeline (10x Genomics) with default 

parameters. The resulting gene expression matrices were analyzed using Scanpy 

package v1.5.117. After quality control and doublet exclusion by scrublet18, terminal 

ileum scRNA-seq data included 58,900 cells from 8 healthy pediatric patients and 7 

patients with CD. Healthy and CD cells were clustered and annotated together, and 

annotations were further refined after integration with fetal and healthy adult samples 

as described in Ref16 . Gene expression was normalized according to the mean 

expression of the gene across all 51 cells. 

  

Cell subsets:  

CM= central memory; EEC= enteroendocrine cells; EM= effector memory; EMRA= 

CD45RA+ effector memory; FDC= follicular DC; GC= germinal centre cells, gd= 

gamma delta; IEL= intra-epithelial T lymphocytes; ILCs= innate lymphoid cells; LP= 

lamina propria; M cell  'Microfold' cells; MAIT= mucosal-associated invariant T; NKs= 

natural killer cells; p/m DC= plasmacytoid/myeloid DCs; SMC= smooth muscle cells; 

TA= transit amplifying cells; Tfh= T follicular helper cells; WNT...= fibroblast subsets; 

 

Differential expression analysis  

Differential expression (DE) tests were performed using MAST19, which fit a hurdle 

model to the expression of each gene, consisting of logistic regression for the zero 

process (i.e. whether the gene is expressed) and linear regression for the continuous 

process (i.e. the expression level) (Fig.4e). To reduce the size of the inference 

problem, separate models were fit for each annotated cell subset, comparing cells 

within the given cell subsets to all other cells. The regression model included terms 

to capture the effects of the cell subset and the disease state on gene expression, 

while controlling for cell complexity (i.e. the number of genes detected per cell).  

 

Specifically, we used the regression formula, Yi ~ X + D + N, where Yi was the 

standardized log2(TP10K+1) expression vector for gene i across all cells, X was a 

binary variable reflecting cell subset membership (e.g. Tregs vs. non-Tregs), D was the 

disease state associated with each cell, and N was the number of genes detected in 

each cell. To identify genes that were specific to cell subsets in healthy subjects and 

IBD (i.e. UC or CD) patients, we used two disease states: Healthy and IBD. 

Additionally, a few heuristics were used to increase the speed of the tests: we 



required all tested genes to have a minimum fold change of 1.2 and to be expressed 

by at least 1% of the cells within the group of interest, and cells were evenly down 

sampled across groups so that a maximum of 2,500 cells were tested for each cell 

subset. In all cases, the discrete and continuous coefficients of the model were 

retrieved and p-values were calculated using the likelihood ratio test in MAST. Q-

values were separately estimated for each cell subset comparison using the 

Benjamini-Hochberg FDR. Unless otherwise indicated, all reported DE coefficients 

and q-values correspond to the discrete component of the model (i.e. the logistic 

regression). 

 

Gene signature score- mean expression analysis 

For scaled mean expression of monogenic and polygenic IBD gene sets (Fig. 3f), to 

prevent highly expressed genes from dominating a gene signature score, we scaled 

each gene of the log2(TP10K+1) expression matrix by its root mean squared 

expression across cells (using the ‘scale’ function in R with center = FALSE). The 

signature score for each cell was then computed as the mean scaled expression 

across all genes in the signature. To identify statistically significant changes in gene 

signature expression within each subset, we compared the change in gene 

expression of the gene signature to a null distribution that was estimated from 100 

background sets of genes. Each background set was selected to have matching 

expression levels; using 20 equal-frequency expression bins defined using the 

healthy cells within the subset. 

 

Reactome pathway analysis 

Analysis of monogenic IBD genes in Reactome database pathways was assessed 

as a entire group. The presence or absence of monogenic IBD genes in included 

pathways was scored (1 or 0 respectively). Non-specific terms like ‘Immune system‘ 

were filtered out. 

 

Gene modules of co-expressed genes 

We subsampled cells from each cell subset to create a dataset with a more balanced 

cell subset distribution. For subsets containing fewer than 1,000 cells, we retained all 

cells belonging to that subset. cNMF was run on a subset of 2,000 variable genes, 

which were estimated from the linear relationship between the mean and the 



coefficient of variation of gene expression20, but was re-fit to include estimates for all 

genes.  

 

Statistical analysis of enriched co-expressed gene sets in cellular subsets and 

gene mocules  

To identify cell subsets that were statistically enriched for the expression of 

monogenic IBD genes, we computed the mean log2(TP10K+1) expression of each 

gene across all cell subsets, then discretized these expression levels using an 

expression cutoff of 0.25, which resulted in ~2,215 expressed genes per cell subset 

(other cutoffs yield congruent results (Extended Data Fig. 7c). We then scored each 

cell subset according to the number of monogenic IBD genes it expressed. To 

identify gene modules that were statistically enriched for the expression of 

monogenic IBD genes, we calculated an enrichment score by the number of genes 

from the monogenic IBD gene set that were in the top 250 genes of each gene 

module. To estimate significance, we compared these enrichment scores to a null 

distribution that was estimated from 100 background sets of genes. Each 

background gene set was selected to have matching expression levels, using 20 

equal-frequency expression bins that were defined across all cells in the dataset. To 

determine whether monogenic IBD genes were significantly co-expressed within cell 

subsets and gene modules, we examined all pairs of genes within the monogenic 

IBD gene set, and compared their frequency of co-expression to a null distribution 

that was estimated, as previously described. 

 

Human samples and patient recruitment  

The study was approved by the institutional review boards (Oxford IBD cohort study 

and a sub-project to investigate rare diseases). All patients or guardians provided 

written informed consent. Homozygous pathogenic variants in G6PC3 (n=2; 

c.911dupC (p.Gln305fs*82)) and SLC37A4 (n=4; c.1105_1106insA 

(p.Val369AspfsX33); c.1179G>A (p.Trp320Ter); c.1042_1043del/1211delCT 

(p.Leu348fs); c.1108_1109delCT (p.Leu370Vfs*53)) were reported by clinical 

centers (CD phenotype n=5, age 9-39 years). Control peripheral blood mononuclear 

cells (PBMCs) were obtained from healthy volunteers recruited via the Oxford 

gastrointestinal biobank or supplied from the NHS blood bank as leukocyte cones.  

 



Myeloid dysfunction in congenital neutropenia  

Chemicals and reagents 

The following reagents were used to perform functional experiments on primary 

human monocyte derived macrophages: cholinergic acid derivative S4383 (50M; 

Sigma), Rapamycin (50M; Tocris), and 100ng/ml mCSF (R&D Bioscience). 

 

Macrophage Differentation 

Monocytes enriched by the adherence method were selected on 10cm culture dish 

plates in RPMI 1640 medium (Sigma). Differentiation of human monocytes to 

macrophages were carried out over the period of 5 days in the presence of 100ng/ml 

Mcsf (R&D Bioscience) in RPMI 1640 medium (Sigma) supplemented with 10% fetal 

calf serum (Sigma).  

 

Gentamicin protection assay 

Monocyte-derived macrophages (MDM) were treated with Salmonella enterica 

serovar typhimurium-expressing GFP strain (NCTC12023) for 1 hour, with a 1:10 

multiplicity of infection, followed by gentamicin treatment. The NCTC12023 strain 

expressing GFP under a pH sensitive promoter was used for a FACS-based 

gentamicin protection assay, where cells were detached and samples were acquired 

by FACS.  

 

Sea horse (glycolysis stress and mito-stress) 

Primary monocytes differentiated to macrophages were treated with S3483 or were 

left untreated. For both the glycolysis stress test and mito-stress test, 100,000 MDM 

were plated in seahorse 96-well cell culture plate and assays  were performed as per 

the manufacturer’s protocol and as described previously21. For metabolomics 

analyses, p-values were generated using ANOVA (independent conditions). 

 

Metabolomics 

Metabolomics was performed using an ICS5000+ ion-chromatography system 

coupled to a Q-Exactive Orbitrap mass spectrometer (Thermo, Hermel, UK). Details 

of the method used can be found in our recent publication22. 

 



FACS Assays- pS6 

Quantification of phosphorylation of S6 ribosomal protein (pS6) was performed by 

intracellular staining. MDMs were fixed and permeabilised with the Cytofix/Cytoperm 

Fixation/Permeabilization Solution Kit (BD Biosciences) according to the 

manufacturer’s instructions. MDM were stained intra-cellularly stained with phospho-

S6 (ser235, ser236) (clone cupk43k, eBioscience). All the samples were acquired on 

FACS and analyzed by FlowJo software. 

 

Taxonomy 

Weighted hierarchical clustering of monogenic IBD genes on the basis of syndromic 

phenotype, HSCT outcomes, functional assays, scRNA-seq compartmental 

expression (inflamed colonic data) and Reactome pathways provides a scalable 

data-driven taxonomy are as shown (Extended Data Fig. 8). As genes enriched in 

non-hematopoietic cell types were less well represented in Reactome pathways, a 

manually curated epithelial label was assigned for clearer visualization, based on the 

phenotype of congenital diarrhea, epithelial non-hematopoietic scRNAseq 

expression, lack of hematopoietic stem cell transplant (HSCT) response, and lack of 

detection in PBMC proteomic datasets.  

 

Online resources / URLs 

The following online data sources have been accessed: 

Online Mendelian Inheritance in Man (OMIM): http://www.omim.org 

ExAC browser: https://gnomad.broadinstitute.org/ 

ClinVar: www.ncbi.nlm.nih.gov/clinvar/ 

ClinGen: https://clinicalgenome.org 

Single cell transcriptomics portal https://portals.broadinstitute.org/single_cell/ 

Cytoscape version 3.7.2: https://cytoscape.org/ 

Human Protein Atlas project https://www.proteinatlas.org 

 

 
Extended Data Table 1: Definitions  
 

IBD Type Definitions 

https://clinicalgenome.org/site/assets/files/2657/current_clinical_validity_classifications.pdf
https://portals.broadinstitute.org/single_cell/
https://cytoscape.org/
https://www.proteinatlas.org/


Polygenic IBD: Crohn’s disease (CD), Ulcerative colitis (UC) and IBD unclassified 

(IBDu) are well-established according to revised Porto criteria 

(ESPGHAN)23  as well as ECCO24,25. IBDu refers only to colitis that 

does not meet UC diagnostic criteria26. There are patients with 

small and large bowel inflammatory enteropathy not fitting CD, a 

group of patients not classified by the PORTO Criteria. 

Monogenic IBD 

(Mendelian disorder 

associated IBD): 

IBD-like intestinal inflammation (CD-like, UC-like, IBDu, and 

inflammatory enteropathy) in patients with rare monogenic 

disorders that follow a Mendelian inheritance pattern. The 

penetrance of intestinal inflammation is high.  

 
 
Supplementary Table 2: 

Key references of relevant cases of patients with monogenic IBD and references for 

those who have undergone HSCT. Outcomes of the impact on  intestinal 

inflammation following HSCT is shown.  

 

Gene 
Genotype 
Included 

References 
HSCT or 

additional detail 
references 

HSCT 
resolves 
intestinal 

inflammation 
(yes: > 80% 
no: < 30%) 

 

Number of 
reported 

HSCT cases 
(A: ≥ 10 
B: 5-9 
C: < 5) 

IL10RB Biallelic 27–31 27,28,32,33 yes B 

IL10RA Biallelic 34,35 28,30,31,33,36,37 yes A 

IL10 Biallelic 28,38 30,38 yes C 

RIPK1 Biallelic 39,40 40 yes C 

NCF4 Biallelic 41,42 41,43,44 yes C 

BACH2 Heterozygous 45,46    

TRIM22 Biallelic 47 48   

LRBA Biallelic 49 50–53 yes B 

TTC7A Biallelic 54 5,54 no B 

WIPF1 Biallelic 55,56    

POLA1 X linked 57,58    

EPCAM Biallelic 59–62    

IL2RA Biallelic 63–65    

ALPI Biallelic 66    

CYBC1 Biallelic 67    

MALT1 Biallelic 68,69 68,70,71 yes C 

CYBB X linked 72–77 78,79 yes A 

SLC37A4 Biallelic 80–84    

PIK3CD LOF Biallelic 85,86    

TGFB1 Biallelic 87    



FOXP3 X linked 88–90 90,91 yes A 

DKC1 X linked 92    

TNFAIP3 Heterozygous 93    

NCF1 Biallelic 78,94,95 78,94,95 yes A 

IL21 Biallelic 96    

BCL10 Biallelic 97    

NFAT5 Heterozygous 98    

IRF2BP2 Heterozygous 99,100    

STAT3 Heterozygous 101–104 101 yes C 

TTC37 
Biallelic + 

heterozygous 
5,105–107 105 no C 

NLRC4 Heterozygous 108–112    

LACC1 Biallelic 113,114 115   

IKBKG X linked 116–118 119,120 no A 

GUCY2C Heterozygous 121,122    

XIAP X linked 123,124 123,125–128 yes A 

HPS4 Biallelic 129–132    

SLC9A3 Biallelic 133    

ARPC1B Biallelic 134    

PIK3R1 LOF Biallelic 135,136    

RBCK1 Biallelic 137    

ZAP70 
HYPOMORPH 

Biallelic 138,139    

ZAP70 Biallelic 140    

ICOS Biallelic 60,141,142 143 yes C 

NCF2 Biallelic 73,78,144–149 78,150 yes C 

CTLA4 Heterozygous 151,152 153 yes B 

FERMT1 Biallelic 154,155    

RELA Heterozygous 156    

ITCH Biallelic 157    

IKBA Heterozygous 158 159,160 yes C 

DOCK2 Biallelic 161,162 161 yes C 

SIRT1 Heterozygous 163    

COL7A1 Biallelic/AR 164    

RAG1 
HYPOMORPH 

Biallelic 165–169 168   

RTEL1 Biallelic 170–172    

MVK Biallelic 173–175    

SKIV2L Biallelic 105    

HPS1 Biallelic 130,176 
(Cavounidis et al, in 

preparation) 
  

SLC26A3 Biallelic 177,178    

G6PC3 Biallelic 179–181 182,183, this study yes C 

SLCO2A1 Biallelic 184–186    

CD40 LG X linked 187–191    

TRNT1 Biallelic 192,193    

STIM1 Biallelic 194 195    

TGFBR1 Heterozygous 196,197    

NPC1 Biallelic 128,198 128   

WAS X linked 199–203 202,204 yes C 

TGFBR2 Heterozygous 196,197    

RAG2 
HYPOMORPH 

Biallelic 205,206    

MASP2 Biallelic 207–209    



CD3G 
HYPOMORPH 

Biallelic 210,211 212 yes C 

HPS3 Biallelic 213 214   

PTEN Heterozygous 215    

ITGB2 Biallelic 216–222 223,224 yes C 

TYMP Biallelic 225,226    

STAT1 Heterozygous 227,228 229 yes B 

ADA2 Biallelic 230–233 233 yes C 

BTK X linked 234–238    

DCLRE1C 
HYPOMORPH 

Biallelic 166,239–241 242 yes C 

AICDA Biallelic 243–245    

STXBP2 Biallelic 246–249    

NEUROG3 Biallelic 60,250    

PIK3R1 GOF Heterozygous 251,252    

PEPD Biallelic 253,254    

GATA2 Heterozygous 255–257    

CFTR ‘Genotyped’ 

258,259 
unpublished 
(UK Cystic 

Fibrosis Trust) 

   

PIK3CD GOF Heterozygous 252,260–265 265 yes C 

ZBTB24 Biallelic 266,267    

DOCK8 Biallelic 268–270    

CYBA Biallelic 75,271–274    

PLCG2 Heterozygous 275,276    

SH2D1A X linked 277–279    

CMT4C Biallelic 280,281    

PTCH1 Heterozygous 282,283    

CYLD Heterozygous 284,285    

GPIHBP1 Biallelic 286,287    

SBDS Biallelic 288,289    

PCSK1 Biallelic 290–293    

MYO5B Biallelic 60,294    

AIRE Biallelic 295–297    

IL2RG 
HYPOMORPH 

X-linked 298–300    

LIG4  
HYPOMORPH 

Biallelic 300,301    

ADA 
HYPOMORPH 

Biallelic 300    

ANKZF1 Biallelic 302    

CD55 Biallelic 303,304    

POLG1 Biallelic 305,306    

DUOX2 Biallelic 307–312    

MEFV Biallelic 313–315    

 
Supplementary Table 3- Excluded Syndrome References: 
 

Gene/Syndrome 
Genotype 
included 

Ref Additional details 

Possible syndromal IBD- unknown genetic basis 



Obesity, 
hypothyroidism, 
craniosynostosis, 
cardiac 
hypertrophy, 
colitis, and 
developmental 
delay 

Unknown 316  

LACH syndrome Unknown 317  

Melkersson 
Rosenthal 
syndrome 

Unknown 318,319  

Cutaneous 
photosensitivity 
and severe colitis 

Unknown 320  

No Mendelian Inheritance 

KRAS 
Heterozygous/ly
mphoid 

321,322  

Lack of IBD evidence/unable to exclude infectious cause for colitis 

FCN3 Biallelic 323  

EGFR Biallelic 324  

IL21R Biallelic 325  

ADAM17  Biallelic 326,327  

CARD9 Biallelic/GWAS 328–330 331–337  

ORAI1 Biallelic 338,339  

LYST  340 Chediak-Higashi syndrome  

Lack of genotyping 

?HPS6  341–343  

?G6PDH  344  

?OPLAH  345,346 Oxoprolinase deficiency 

?C2  347–349 C2 Deficiency 

?C1NH  349–353 C1 esterase deficiency 

?C6  354 C6 deficiency 

?WFS1 Biallelic 355–358  

?BLM Biallelic 359,360  

?FAS; FAS-LG ‘Mutations’ 361–363  

?RFXANK; 
RFXAP; CIITA; 
RFX5 

Biallelic 364–366 Bare lymphocyte syndrome 

Lacking functional validation 

DTNBP1 Biallelic 367 Hermansky Pudlak syndrome 

GAL3ST2 Biallelic 113  

Genetic alteration exceeds a single gene 

XO 
Turner 
syndrome 

  

Trisomy 21 
Downs 
syndrome 

  

Unpublished 

STXBP3 
 

Biallelic 368  

FERMT3 ‘Causative’ 191  

Excluded on cumulative allele frequency 

NOX1 X linked 310,369  

RET Germline 370  

 



 
 
 
Supplementary Table 4: Genes included in the analysis of the intersection of 
monogenic IBD genes and polygenic IBD loci (Fig. 1e) 
 

Confident IBD 
GWAS genes 
(n=65) 

Additional IBD 
GWAS genes 
(n=214) 

High penetrance 
monogenic IBD 
(n=55*) 

Moderate 
penetrance 
monogenic  IBD 
(n=26) 

TNFRSF14 TNFRSF18 IL10RB SLC26A3 

IL23R TNFRSF9 IL10RA G6PC3 

PTPN22 USP1 IL10 SLCO2A1 

SLAMF8 BTBD8 RIPK1 TRNT1 

FCGR2A EDG1 NCF4 ITGB2 

PTGS2 ADAM30 BACH2 RAG1 

IL10 RORC TRIM22 STIM1 

THADA MSTO1 TTC7A IL2RG 

REL CD244 POLA1 LIG4 

SPRED2 SELP CD55 TGFBR1 

IFIH1 FASLG ANKZF1 NPC1 

STAT4 C1orf53 ALPI DCLRE1C 

ATG16L1 PTPRC CYBC1 NCF2 

GPR35 IRF6 MALT1 TGFBR2 

MST1 ADCY3 CYBB RAG2 

NFKBIZ UCN SLC37A4 CD3G 

LPP BRE PIK3CD MASP2 

BANK1 IL18R1 TGFB1 HPS3 

NFKB1 CD302 FOXP3 TYMP 

IL2 ITGA4 DKC1 WAS 

DAP PLCL1 TNFAIP3 CYBA 

OSMR ICOS IL21 CD40LG 

TMEM174 CXCR1 BCL10 ADA 

NDFIP1 CCL20 NFAT5 STAT1 

IRGM SP140 IRF2BP2 CECR1 

IL12B BOK STAT3 BTK 

CDKAL1 PDCD1 TTC37  

BACH2 FLJ78302 LRBA  
PRDM1 ITIH4 IL2RA  
TRAF3IP2 RFT1 NLRC4  
RSPO3 HGFAC RTEL1  
TNFAIP3 SLC10A4 LACC1  
RPS6KA2 CXCL5 IKBKG  
CARD11 SLC9A3 GUCY2C  
SKAP2 PTGER4 XIAP  
JAZF1 IL6ST SLC9A3  



EPO ERAP1 ARPC1B  
IRF5 IRF1 PIK3R1  
JAK2 DUSP1 RBCK1  
CARD9 CPEB4 ICOS  
MAP3K8 DOK3 ZAP70  
CREM IRF4 CTLA4  
NKX2-3 PHACTR2 FERMT1  
CD6 MAP3K7IP2 RELA  
C11orf30 KDELR2 ITCH  
IFNG AHR HPS4  
LACC1 ITGB8 NCF1  
UBAC2 ZPBP NFKBA  
FOS SMURF1 DOCK2  
GPR65 DLD WIPF1  
RASGRP1 CUL1 SIRT1  
SMAD3 PTK2B MVK  
SOCS1 RIPK2 SKIV2L  
ITGAL TRIB1 COL7A1  
NOD2 NFIL3 HPS1  
PLCG2 TNFSF15   
KSR1 IL15RA   
CCL2 CISD1   
STAT3 C10orf58   
CD226 TRIM8   
NFATC1 LSP1   
TYK2 CNTF   
FUT2 C11orf9   
CD40 CCDC88B   
NCF4 CTSW   

 JRKL   

 FAM55A   

 CXCR5   

 CD27   

 LOH12CR1   

 MUC19   

 SH2B3   

 PRKAB1   

 TNFSF11   

 ZFP36L1   

 ITPKA   

 CRTC3   

 PRKCB   

 EIF3C   

 ZFP90   

 IRF8   



 GSDMA   

 RPS6KB1   

 CYTH1   

 SMAD7   

 GPX4   

 CEBPG   

 CALM3   

 KIR2DL1   

 DNMT3B   

 CEP250   

 ADA   

 CEBPB   

 ZNF831   

 LIME1   

 IFNGR2   

 ICOSLG   

 CCDC116   

 LIF   

 TOM1   

 ATF4   

 TEF   

 TNFRSF4   

 DOCK7   

 RIT1   

 CD48   

 SELE   

 TNFSF18   

 TRAF3IP3   

 FOSL2   

 IL18RAP   

 PLA2R1   

 CERKL   

 RFTN2   

 CD28   

 CXCR2   

 ATG4B   

 LTF   

 PRKCD   

 SERBP1P3   

 TEC   

 CXCL1   

 ANKRD55   

 ERAP2   

 CSF2   

 DUSP22   



 CYTH3   

 TNFSF8   

 IL2RA   

 IPMK   

 TSPAN14   

 NFKB2   

 TNNI2   

 FADS1   

 FLRT1   

 FOSL1   

 MAML2   

 FAM55D   

 TNFRSF1A   

 NDUFAF1   

 IL27   

 GSDMB   

 TUBD1   

 NLRP2   

 PROCR   

 HNF4A   

 SLC2A4RG   

 IFNAR1   

 MAPK1   

 OSM   

 TAB1   

 NHP2L1   

 UBQLN4   

 F11R   

 SELL   

 IL1R1   

 LY75   

 CTLA4   

 SLC11A1   

 CCR1   

 SFMBT1   

 TXK   

 CXCL3   

 IL31RA   

 LNPEP   

 IL13   

 FADS2   

 RPS6KA4   

 RELA   

 LTBR   

 NUPR1   



 IKZF3   

 NLRP7   

 UQCC   

 TNFRSF6B   

 GART   

 RIMBP3   

 MTMR3   

 ITLN1   

 IL1R2   

 ARPC2   

 CCR3   

 CXCL2   

 IL3   

 TRPT1   

 SNX32   

 RABEP2   

 ORMDL3   

 ZGPAT   

 IFNAR2   

 UBE2L3   

 SLAMF1   

 IL1RL1   

 PNKD   

 CCR2   

 CXCL6   

 IL4   

 SULT1A1   

 ZPBP2   

 IL10RB   

 YDJC   

 USF1   

 IL1RL2   

 TMBIM1   

 CCR5   

 IL8   

 SLC22A4   

 SULT1A2   

 TMEM50B   

 PF4   

 IL5   

 PF4V1   

 PDLIM4   

 SLC22A5   
 
 



Table 5: Recently identified genes for taxonomy validation 

Gene 
Genotype 
Included 

References 

HSCT or 
additional 

detail 
references 

HSCT 
resolves 
intestinal 

inflammation 
(yes: > 80% 
no: < 30%) 

 

Number 
of 

reported 
HSCT 
cases 

(A: ≥ 10 
B: 5-9 
C: < 5) 

CARMIL2 Biallelic 371–376    
IL2RB Biallelic 377,378    

CARD8 Biallelic 379 380   
CARD11 Heterozygous 381–383     

IKZF1 Heterozygous 384    
SCGN Biallelic 385    
CDC42 Heterozygous 386,387 388   
NOP10 Mixed 389,390    

CBS Biallelic 391,392    
CASP8 Biallelic 393,394    

IL37 Biallelic 395    
NLRP3 Heterozygous 396,397    
PI4KA Biallelic 398,399    
AGR2 Biallelic 400    
ELF4 X-linked 401    
SYK Heterozygous 402    

STXBP3 Mixed 403  yes C 

HSPA1L 
Heterozygous 

primarily 
404,405    

SAMD9 Heterozygous 406–408  unclear  
WNT2B Biallelic 409,410    
PRKCD Biallelic 411 412   
PTPN2 Heterozygous 413    

SHARPIN Biallelic 414    
FMNL2 Heterozygous 415 416   
FCHO1 Biallelic 417    
IARS2 Biallelic 418    
WDR1 Biallelic 419,420    
NR4A1 Heterozygous 421    
JAK1 Mosaicism 422    

 
Table 6: Phenotypic features of the validation set of genes  
 

Gene GOF Syndrome 
Colitis 

resolution 
with HSCT 

DHR 
assay 

positive 

Perianal 
abscess 

formation 

Impaired 
bacterial 
handling 

CARMIL2       

IL2RB  IPEX-like     

CARD8      1 

CARD11       



SCGN       

CDC42      1 

NOP10  Dyskeratosis 
congenita 

    

CASP8     1  

IL37       

PI4KA  

IBD, intestinal 
atresia and 
combined 
immunodeficiency 

    

AGR2  Congenital diarrhea     

ELF4     1  

SYK 1    1  

STXBP3   1    

HSPA1L       

SAMD9 1  unclear    

WNT2B  Congenital diarrhea     

PRKCD  
Chronic 
granulomatous 
disease 

 1  1 

PTPN2  IPEX-like     

FMNL2 1    1 1 

IKZF1       
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