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Abstract

Background and Aims:  Ileal strictures are the major indication for resective surgery in Crohn’s 
disease [CD]. We aimed to define ileal gene programmes present at diagnosis and linked with 
future stricturing behaviour during 5-year follow-up, and to identify potential small molecules to 
reverse these gene signatures.
Methods:  Antimicrobial serologies and pre-treatment ileal gene expression were assessed in a 
representative subset of 249 CD patients within the RISK multicentre paediatric CD inception cohort 
study, including 113 that are unique to this report. These data were used to define genes associated 
with stricturing behaviour and for model testing to predict stricturing behaviour. A bioinformatics 
approach to define small molecules which may reverse the stricturing gene signature was applied.
Results:  A total of 19 of the 249 patients developed isolated B2 stricturing behaviour during 
follow-up, while 218 remained B1 inflammatory. Using deeper RNA sequencing than in our 
previous report, we have now defined an inflammatory gene signature including an oncostatin 
M co-expression signature, tightly associated with extra-cellular matrix [ECM] gene expression, 
in those who developed stricturing complications. We further computationally prioritise small 
molecules targeting macrophage and fibroblast activation and angiogenesis which may reverse 
the stricturing gene signature. A model containing ASCA and CBir1 serologies and a refined eight 
ECM gene set was significantly associated with stricturing development by Year 5 after diagnosis 
{AUC (area under the curve) (95th CI [confidence interval]) = 0.82 [0.7–0.94)}.
Conclusions:  An ileal gene programme for macrophage and fibroblast activation is linked to 
stricturing complications in treatment of naïve pediatric CD, and may inform novel small molecule 
therapeutic approaches.

Key Words: Paediatric Crohn disease; ileum; small molecule; surgery; transcriptome

1.   Introduction

Most Crohn’s disease [CD] patients present with inflammatory be-
haviour, and many progress to a stricturing complication.1 Increased 
use of anti-tumour necrosis factor [TNF] therapy has not resulted in 
a population-wide reduction in bowel resections.2 The CALM study 
demonstrated lower rates of surgeries with medication intensifica-
tion guided by C-reactive protein [CRP] and faecal calprotectin.3 
However, heterogeneous CD biology may also be associated with 
anti-TNF non-response and disease complications.4–7 A microarray 
study identified colon genes associated with anti-TNF response; ileal 
genes could not be defined due to low rates of ileal healing.8 A mech-
anism of anti-TNF non-response involving expression of oncostatin 
M [OSM] by colon stromal cells, leading to pro-inflammatory 
myeloid cell cytokine expression, was reported in adult UC.9 
Subsequently, an inflammatory mononuclear phagocyte gene ex-
pression module was defined using single-cell RNASeq in adult CD 
ileal resections.10 As was previously published, when applied to our 
paediatric CD ileal bulk RNASeq data, higher pre-treatment ex-
pression of macrophage and fibroblast activation genes within this 
module was associated with anti-TNF non-response.10 Whether this 
or other molecular mechanisms could be associated with progression 
to ileal strictures in paediatric CD patients is not known.

We have conducted the RISK paediatric CD inception cohort 
study to identify host, microbial, and therapeutic factors associated 
with disease complications.4,11 We reported that ASCA and CBir1 

serologies, and ileal extra-cellular matrix [ECM] gene expression, 
were associated with future stricturing complications.4 Data suggest 
that macrophages produce pro-inflammatory cytokines leading to 
myofibroblast activation and ECM production in CD.9,12 Whether a 
specific myeloid gene signature would be linked to ECM production 
and the stricturing outcome was not known. To test this, we have 
conducted a more extensive RNA sequencing of ileal samples in a 
RISK replication and validation sub-cohort. These data have identi-
fied a novel inflammatory gene set involving oncostatin M [OSM], 
antimicrobial signalling pathways, and activated macrophages 
linked to ECM production, and have begun to define small mol-
ecules which may reverse the stricturing gene signature.

2.   Methods

2.1.   Clinical cohort
RISK4 is a paediatric CD inception cohort study including 28 sites in 
the USA and Canada; 913 CD patients younger than 18 years, with 
inflammatory disease behaviour [B1] at diagnosis and during the 
first 3 months of follow-up, were enrolled between 2008 and 2012 
[ClinicalTrials.gov identifier NCT00790543], and served to define 
baseline factors associated with progression to disease complica-
tions during 5-year follow-up. We excluded patients with diagnoses 
other than CD, those with incomplete information on disease loca-
tion, and those without at least one follow-up visit. Patients were 
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managed according to their physicians. The disease behaviour clas-
sification was based upon an audit conducted at each of the RISK 
sites through 60-month follow-up. Stricturing disease [B2] was de-
fined as persistent luminal narrowing with pre-stenotic dilatation as 
shown by small bowel contrast imaging. For patients who required 
surgery, the presence of a stricture was confirmed by review of the 
pathology report. Internal penetrating disease [B3] was defined as 
intra-abdominal fistulising disease resulting in intra-abdominal or 
pelvic abscesses or fistulas to an adjacent organ [excluding the va-
gina or perianal region]. B1 refers to an uncomplicated inflammatory 
disease state.13,14 In case of B2 and B3 co-occurrence, those were cat-
egorised separately for the current report. 
Subsequently, central reading of the initial magnetic resonance 
enterography [MRE] study has been completed for 167 [18%] of 
the 913 RISK CD participants classified with inflammatory [B1] 
behaviour at diagnosis. Of those 167, seven were classified as B2 
stricturing [4%] based on the central read of the baseline MRE. 
These were each initially classified as B1 inflammatory in the RISK 
clinical metadata, and were each later classified as progression to 
B2 stricturing after 98, 169, 236, 434, 512, 1797, and 2013 days. 
Those who had the central read of the baseline MRE completed in-
cluded 15% [37 of 249] of the CD subjects included here, with one 
CD patient [3%] classified as B2 stricturing at diagnosis. This sub-
ject had evolved to B2 stricturing after 169 days from diagnosis. We 
therefore estimate a potential 4% misclassification of the initial B1 
inflammatory status, although in all cases examined the CD patients 
ultimately were classified as B2 stricturing during follow-up.

2.1.1.   Sub-cohort for gene expression analysis
The reduction from 913 participants in the overall cohort to 249 
participants for gene expression analysis was based upon: 1] avail-
ability of ileal biopsies for research purposes; 2] high=quality ileal 
RNA for sequencing; and 3] due to cost constraints, we examined 
all available B2, B2 + B3, and B3 patients [n = 31] and a representa-
tive group of B1 patients [n = 218], aiming to include equal numbers 
of previously sequenced and new samples for replication and valid-
ation, respectively.

2.2.   Ethical considerations
The institutional review board [IRB] at each site reviewed and ap-
proved the protocol, and informed written consent was obtained 
from all parents or guardians and assent was provided from patients 
[Cincinnati Children’s IRB was 2008-0764].

2.3.   Patient and public involvement statement
The RISK cohort study was designed with active collaboration from 
the Crohn’s and Colitis Foundation [CCF] patient advocacy group, 
where disease complications were viewed as a high priority by pa-
tient groups.

2.4.   Serological assays
Serological determination4,7 of anti-Saccharomyces cerevisiae anti-
bodies [ASCA] IgG, ASCA IgA, and anti-CBir1, was performed 
using baseline blood samples at Cedars-Sinai Hospital [Los Angeles, 
CA, USA].15 Antibody levels were determined and results are ex-
pressed as ELISA units [EU/ml], which are relative to a Cedars-Sinai 
Laboratory standard, derived from a pool of CD patient sera with 
well-characterised disease found to have reactivity to this antigen; 
ASCA IgA is considered positive above 20 EU/ml, ASCA IgG above 
40 EU/ml, and anti-CBir1 above 25 EU/ml.

2.5.   RNA isolation and sequencing
RNA was isolated from pre-treatment ileal biopsies as described.5 
NEBNext Ultra RNA Library Prep Kit [NEB, Ipswich, MA, USA] 
was used for RNAseq libraries using Paired end [PE] 150 base pair 
chemistry [on the HiSeq system by GENEWIZ, South Plainfield NJ]. 
Reads (median coverage of 35.4M and interquartile range [IQR] 
32.2M, 39.4M]) were quantified by kallisto,16 using Gencode v24 
as the reference genome and transcripts per million [TPM] as an 
output, by three independent analysts [YH, RK, TB]. We included 
14  370 protein-coding genes with TPM above 1 in 20% of sam-
ples. Differentially expressed genes between CD B2 and B1, with 
fold change differences [FC] >= 1.5 and using false-discovery 
rate correction [FDR; <0.05] were determined in parallel in both 
GeneSpring® software and using R package DESeq2 version 1.24.0, 
and importing and summarising the kallisto output files to gene level 
with R package tximport version 1.12.3. Euclidean distance metric 
and Ward’s linkage rule were used for unsupervised hierarchical 
clustering. The top quartile of co-expressed genes [Pearson correl-
ation] with either OSM or COL1A2 were recorded with only six 
genes overlapping between the two. Those gene sets were used for 
ToppGene17 and ToppCluster18 functional annotation enrichment 
analyses with visualisation using Cytoscape.v3.0.2.19 The RNASeq 
data is deposited in the SRA database SUB6656230. 
Principal component analysis [PCA] distills large gene sets into com-
ponent variables that are indicative of overarching biological themes 
among the original gene sets, and we focus on the first component, 
which explained the greatest amount of variability. PCA plots PC1 
were used for Pearson correlations and two-way Student’s t tests 
to test for statistically significant differences between ileal samples 
with subsequent B2 and B1 behaviour. In addition, for validation, 
we assessed the discriminative capacity of previously published4 gene 
sets indicative of: 1] inflammatory processes [GO:0006954, n = 569 
genes, INFL]; and  2] fibrosis [GO:0005201, n = 69 genes, ECM], 
using PCA PC1 results.

2.6.   Perturbagen analysis
To discover potential anti-stricture agents, we used the functional 
enrichment analysis from ToppGene Suite.17 Enrichment p-values 
were calculated using a hypergeometric test. We then used the dif-
ferentially expressed genes [DEGs] enriched for angiogenesis, ECM, 
or macrophage-related processes and pathways, to query the NIH’s 
LINCS Library.20 We used the LINCS cloud web tool20 to identify 
small molecules from this library. We focused on gene-expression 
signatures located in the ‘Touchstone’ dataset because it represents 
a set of thoroughly annotated perturbagens. The LINCS cloud web 
tool compares queried signatures with gene expression profiles 
from the Touchstone library, comprising gene expression signa-
tures from more than 2000 compounds including Food and Drug 
Administration [FDA]-approved drugs. Compounds whose signa-
tures are in opposition to the disease signature are assumed to have 
therapeutic potential. We also performed direct comparison of each 
of the prioritised compound signatures with the B2 gene signature 
associated with progression to stricturing behaviour [differentially 
expressed pre-treatment genes between CD patients who progressed 
to B2 stricturing behaviour and CD patients who maintained B1 in-
flammatory behaviour] identified using the RISK ileal RNASeq data. 
Overlaying genes that were reciprocally connected [ie, upregulated 
in the B2 gene signature and downregulated in compound treat-
ment] were defined and gene set enrichment analysis was performed. 
Additionally, for the select compounds, known targets were down-
loaded from the DrugBank21 and the Drug Repurposing Hub22 and 
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used for enrichment analysis using the ToppGene Suite. Visualisation 
of enrichment network was done using Cytoscape.19

2.7.   Sirius red immunohistochemistry
Sirius Red [Sigma-Aldrich, catalogue number: 365548, 
Saint Louis, MO, USA] for collagen type I  and III protein 
immunohistochemistry23 and Image J24 were used to determine the 
extent of collagen infiltration into the sub-cryptal space in formalin-
fixed, paraffin-embedded [FFPE] biopsies of patients who exhib-
ited B1 behaviour at diagnosis and later developed B2 stricturing 
[n = 22] or those who maintained B1 inflammatory behaviour 
[n = 35]. The area containing collagen was captured [Olympus 
microscope] and measured with the rotated rectangle tool in ImageJ. 
Thickness was calculated as: Thickness = Area of the rectangle

W  where: 
Area of the rectangle = Length× Width and width is fixed at 
50 μm, in five technical replicates per patient.

2.8.   Analytical approach
We assessed differential distribution of categorical variables be-
tween patient subgroups [B2 vs B1 by 5 years] using Fisher’s exact 
test [significance at p <0.05] and of continuous variables using the 
non-parametric Wilcoxon rank-sum test [p <0.05]. Baseline variables 
were assessed for association with the stricturing phenotype with a 
univariate logistic regression analysis with an odds ratio (with 95% 
confidence interval [CI]) calculated for each variable. These base-
line variables included the PC1 from the previously published INFL 
[GO:0006954] and ECM [GO:0005201] gene sets, and of preselected 
eight gene panels from those gene sets. Preselection of eight INFL gene 
[ADAMTS12, AOX1, FN1, IL24, KRT16, MASP1, NOX4, SELE] 
and eight ECM gene [ASPN, COL11A1, COL12A1, COL1A1, ELN, 
ITGA11, LRRC15, MFAP5] panels involved prioritisation based on 

high TPM [mean of above 5], lower corrected p-value, and higher fold 
change between B2 and B1 in the previously reported dataset.4

In order to minimise model overfitting, multivariate logistic re-
gression models for the prediction of B2 stricturing by 5 years were 
built using an iterative, stepwise process, where variables with 
univariate significance of p <0.01 were tested as possible predictors. 
In addition, with only 16 B2 stricturing events, we limited our final 
model to three variables. Model fit was assessed using Akaike’s in-
formation criteria [AIC], which applies a penalty for increased 
model complexity, model significance, variable significance, and area 
under the curve [AUC]. The final logistic model was fitted using a 
sequential method of starting with a single predictor and adding 
subsequent predictors to achieve the maximum likelihood and min-
imise overfitting by calculating McFadden’s adjusted pseudo-R2 at 
each step. Model comparison included the likelihood ratio test and 
DeLong’s test [to compare AUC]. Collinearity of potential predictors 
was also assessed using Pearson’s correlation test, where we observed 
a strong linear association between PC1 of the inflammatory [INFL] 
and fibrosis [ECM] gene sets [R = 0.89, p <0.0001]. Logistic regres-
sion and receiver operating characteristic [ROC] curves were per-
formed with R version 4.0.0 [R Development Core Team, Vienna].

3.   Results

3.1.   Clinical and demographic characteristics 
of the RISK sub-cohort included for molecular 
characterisation
Of the 913 paediatric CD patients in the RISK cohort with B1 in-
flammatory behaviour at diagnosis and within 3  months of diag-
nosis, 80 patients [9%] developed stricturing behaviour [B2] and 
797 remained B1 inflammatory during 5-year follow-up. Clinical 

Table 1.  Clinical and demographic characteristics of the RISK study sub-cohort stratified by disease behaviour by 60 months after diagnosis.

B1  
[n = 218]

B2  
[n = 19a]

B2 + B3  
[n  = 7]

B3  
[n = 5]

Demographics and follow-up
 Age at diagnosis [years] 12.4 [10.5, 14.6] 12.8 [11, 15.1] 14.4 [11, 15.5] 13.9 [11.2, 16.1]
 Female sex [%] 80 [37%] 6 [32%] 3 [43%] 2 [40%]
 African American or mixed race 37 [17%] 2 [11%] 1 [29%] 1 [20%]
 Duration of follow-up [months] median[IQR] 59 [44, 65] 63 [45, 70] 58 [55, 58.5] 52 [43, 63]
 Time to behaviour change [days] - 478 [193, 851] 681 [496, 1131] 678 [161, 1494]
Disease activity and treatment exposures
 Moderate-to-severe disease activity [%] 106 [49%] 10 [53%] 4 [57%] 3 [60%]
 Height Z-score -0.2 [-0.8, 0.6] -0.5 [-0.9, 0.2] -1 [-1.5, -0.4] -1.3 [-1.5, -1.2]
 BMI Z-score -0.6 [-1.7, 0.3] -0.9 [-1.7, 0.2] -0.9 [-1.5, -0.5] -2.5 [-2.9, -0.5]
 Anti-TNFα within 90 days 48 [22%] 3 [16%] 2 [28%] 1 [20%]
 Immunomodulator within 90 days 86 [40%] 9 [47%] 4 [47%] 2 [40%]
 Small bowel imaging within 6 months 164 [75%] 17 [89%] 7 [100%] 5 [100%]
Disease location
 Isolated terminal ileum 43 [20%] 5 [26%] 3 [43%] 0 [0%]
 Isolated colonic 52 [24%] 1 [5%] 2 [29%] 0 [0%]
 Ileo-colonic 123 [56%] 13 [69%] 3 [29%] 5 [100%]b

 Perianal 40 [18%] 3 [16%] 1 [14%] 1 [20%]
Serological reactivity status at diagnosis
 ASCA IgA above 20 EU/ml 43 [21%] 7 [37%] 5 [71%] b 1 [20%]
 ASCA IgG above 40 EU/ml 40 [20%] 9 [47%] b 6 [71%] b 0 [0%]
 CBir1 above 25 EU/ml 72 [36%] 11 [58%] b 6 [86%] b 3 [60%]

IQR, interquartile range; BMI, body mass index; TNF, tumour necrosis factor.
aThree B2 had complications at diagnosis; those were excluded from the stricturing complication regression model.
bp <0.05 versus B1 group.
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and demographic characteristics of the overall RISK cohort, and the 
249 sub-cohort included for molecular characterisation, are shown 
in Tables 1 and 2 stratified by disease behaviour through 60 months 
of follow-up. The 249 sub-cohort did not vary in age, sex, race, an-
thropometrics, disease location, or activity compared with the overall 
cohort [Table 2]. As expected, the frequency of ASCA or CBir1 sero-
positivity was increased in those who developed B2 behaviour. Here 
we used this representative 249 sub-cohort of CD patients with ileal 
mucosal biopsies to explore the biology at diagnosis which is linked 
to later development of stricturing complications, including 124 also 
used in the previous report for replication4 and 113 unique to this re-
port for an additional validation [Table 2]. The B2 validation group 
had fewer females and more perianal disease, but otherwise did not 
vary in clinical, demographic, or serological characteristics.

3.2.   Inflammatory and tissue remodelling 
pathways enriched in the ileum of patients who 
developed stricturing complications
When comparing CD patients who developed stricturing complica-
tions [B2, n = 19] with CD patients who maintained inflammatory 
disease behaviour during follow-up [B1, n = 218] using 3-fold deeper 
level of RNA sequencing in the current study, we defined 518 B2 genes 
that were differentially expressed in the ileum at diagnosis [FC ≥1.5, 
FDR <0.05, Supplementary dataset 1, available as Supplementary 
data at ECCO-JCC online, and Figure 1]. We were underpowered to 
perform differential expression analysis between the B3 internal pene-
trating or B2 + B3 combined stricturing/internal penetrating groups 
and the B1 inflammatory group, but included the mean TPM expres-
sion per group in the Supplementary dataset 1 for the 518 B2 genes. 
Those 518 genes overlapped with 44 of the 82 previously reported ileal 
genes linked to B2 behaviour4 [Figure S1] but also added a substan-
tial number of 474 novel genes [Figure 1A]. These 518 B2 stricturing 
genes were notable for up-regulation of: OSM, implicated in anti-TNF 
non-response; NCF2 and CSF3R, implicated in myeloid cell activation; 
ANTXR1; collagen genes; and TGFBI, implicated in tissue fibrosis.

3.3.   Characterisation of inflammatory pathways 
linked to ECM production and subsequent 
stricturing behaviour
Previous studies have supported a mechanism of fibrosis in CD 
involving activation of ECM-producing stromal cells, including 
myofibroblasts, by pro-inflammatory myeloid cells. Consistent with 
this, ileal genes up-regulated in B2 patients were enriched in stromal 
cells [p = 6.6E-89] and pro-inflammatory granulocytes [p = 2.1E-28], 
myeloid DC [p = 5E-27], B cells [p = 2.2E-19], and macrophages 
[p = 1.6E-17, Figure  1B]. Unsupervised hierarchical clustering ana-
lysis using the 518 genes grouped a larger fraction of B1 that evolved 
to B2 [n = 12] on the right dendrogram cluster [with 90 B1 that re-
mained B1] and seven B1 that evolved to B2 and 128 persistent B1 
clustered on the left dendrogram cluster [Fisher’s exact test p = 0.037, 
Figure  1C]. Ontologies identified in up-regulated ileal genes of B2 
patients included pro-inflammatory cytokine and growth factor 
pathways [p = 1.6E-22], vasculature development and angiogen-
esis [p = 3.2E-40], and ECM [p = 4.5E-46] organisation. Suppressed 
genes were associated with response to metal ions and zinc [p = 1.5E-
16] and mineral absorption [p = 5E-11] [Supplementary dataset 1].

Strong linkage to gut inflammation, response to anti-TNF 
therapy, and B2 complications prompted us to specifically examine 
the top quartile genes out of the 518 that were co-expressed with 
OSM or COL1A2, using Pearson correlation, across all CD pa-
tients in the cohort. Some of those gene subsets are highlighted 

in the heatmap in Figure  1C, where the upper panel includes the 
inflammatory signature linked with OSM and includes TREM1, 
CXCR1, IL1B, S100A9, and HCAR2/3. The lower highlighted panel 
is linked to the fibrosis signature and includes collagens I, III, IV, 
and VI. Although only six genes showed overlap between the OSM 
and COL1A2 co-expression signatures, the PCA PC1 values that 
summarised variation of those gene signatures showed a significant 
correlation [Figure 1D, Pearson r = 0.88, p <0.0001]. Functional an-
notation and network analyses of those co-expression signatures 
interestingly showed [Figure 1E] that response to wounding, mye-
loid dendritic cells, and gp38 + stromal cells are linked to both signa-
tures. Extracellular matrix annotation, collagen binding, fibroblasts, 
and angiogenesis were more specific to the COL1A2 signature, and 
granulocytes, myeloid cells, and response to other organisms were 
more specific to the OSM co-expression signature.

Our earlier report4 showed enrichment for extra-cellular matrix 
[ECM, GO:0005201, 69 genes, Supplementary dataset 1] and in-
flammatory [INFL, GO:0006954, 569 genes, Supplementary dataset 
1] terms in CD patients who developed subsequent B2 or B3 disease 
complications, respectively. Gene expression for these gene sets was 
reduced to PC1 for each participant to facilitate comparisons be-
tween groups. Here, we detected a significant increase in the ECM 
PC1 [accounting for 47% of the overall variance] and for the first 
time also the INFL gene signature PC1 [accounting for 34% of 
the variance] in the B2 CD ileum compared with the B1 CD ileum 
[Supplementary Figure S2A and B, available as Supplementary data 
at ECCO-JCC online], altogether and also separately in both the 
replication and validation subsets. Those INFL and ECM signatures 
were highly significantly correlated with each other, and varied be-
tween the B2 and B1 groups [Figure S2C]; 63 of the 569 INFL genes 
and 28 of the 69 ECM genes overlapped with the current 518 B2 
gene set [Figure S2D]. Moreover, although we replicated enrichment 
of the ECM genes in patients who later developed stricturing com-
plications,4 the enrichment of INFL genes in this sub-group was only 
detected in the current dataset [Figure S2D].

3.4.   Collagen I and III are increased in the sub-
cryptal space at diagnosis in the ileum of patients 
who later develop stricturing complications
Collagen I/III are the major types in the intestine under normal con-
ditions, whereas in CD patients with strictures there is a significant 
increase in collagen I/III and V.25 We noted up-regulation of many col-
lagen sub-type genes, including COL1A1/2, COL3A1, COL4A1/2, 
COL5A1/2/3, COL6A1/2/3, COL7A1, COL8A1, COL12A1, 
COL13A1, COL15A1, and COL27A1 specifically in B2 patients 
[Figure  2A, B], together with the pro-fibrogenic cytokine TGFBI. 
Increased deposition of collagen in both the sub-cryptal space [sub-
mucosa] and in the muscularis propria has recently been described 
in surgical resection samples from Crohn’s disease patients with ileal 
strictures.23,26 Here we tested for variation in submucosal collagen 
in ileal pinch biopsies. Sirius red staining confirmed an increase in 
sub-cryptal type I/III collagen protein in CD patients at diagnosis 
who progressed to B2 stricturing behaviour, in comparison with pa-
tients who remained B1 through 5-year follow-up [Figure 2C, D, and 
Figure S3 showing an example of the sub-cryptal area measurement].

3.5.   Serological and molecular model linked 
to ECM production and subsequent stricturing 
behaviour
In univariate analyses, age, gender, and disease location were not 
linked with the development of Year 5 stricturing behaviour [Table 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
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Figure 1.  Tissue remodelling linked to inflammatory pathways is enriched in the ileum of patients who developed stricturing complications. A. Venn diagram 
comparing the 518 genes differentially expressed in the ileum between patients with B2 stricturing [n = 19] and B1 inflammatory [n = 218] behaviour 
[Supplementary dataset 1] in the current dataset in comparison with the previous dataset.4 B. Cell type enrichment analysis of the 468 up-regulated genes 
differentially expressed in the ileum between patients with B2 stricturing and [n = 19] and B1 inflammatory [n = 218] behaviour [Supplementary dataset 1], 
using the Immunological Genome Project data series as a reference through ToppGene.17 Enrichment for a given stromal or immune cell class is illustrated 
by coloured bars on the × axis, with the significance for each individual cell subtype within the class shown as the –log10[p-value] on the y axis. DC, dendritic 
cells. C. Hierarchical clustering of the 518 genes differentially expressed in the ileum between patients with B2 stricturing [n = 19] and B1 inflammatory [n = 218] 
behaviour is visualised as a heatmap. Above the heatmap, individual Crohn’s disease [CD] patient behaviour during 5-year follow-up is indicated [218 B1 in light 
purple, 19 B2 in dark purple, 5 B3 in green, 7 B2 + B3 in blue]. Dendrogram main branches are marked in a [left] and b [right]. The top and bottom frames highlight 
part of the OSM and collagen co-expression [coEXP] inflammatory and collagen [COL1A2] signatures, respectively, with specific genes indicated on the right 
of the heatmap. D. Samples loading PC1 values of the COL1A2 coEXP were plotted against the PC1 loading of the oncostatin M [OSM] coEXP and Pearson R 
correlation was calculated. E. Functional annotation enrichment analyses of the OSM and collagen [COL1A2] coEXP signatures using ToppGene,17 ToppCluster,18 
and Cytoscape.19 Detailed functional annotation enrichment analyses are summarised in Supplementary dataset 1.
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Figure 2.  Collagen I and III are increased in the sub-cryptal space in the ileum of patients who developed stricturing complications. A. Violin plot of the 17 
collagen genes that were significantly differentially expressed between B2 stricturing [n = 19] and B1 inflammatory [n = 218] behaviour Crohn’s disease [CD] 
patients including COL1A1/2, COL3A1, COL4A1/2, COL5A1/2/3, COL6A1/2/3, COL7A1, COL8A1, COL12A1, COL13A1, COL15A1, COL27A1, across B1 [n = 218], B2 
[n = 19], B2 + 3 [n = 7], and B3 [n = 5] groups. B. Bar graph of COL1A2, COL1A1, COL3A1, and TGFBI RNAseq TPM values in 218 patients with an inflammatory B1 
behaviour and in those 19 who developed stricturing B2 behaviour. C Sub-cryptal thickness measurement, as described in the Methods section, of ileal mucosal 
FFPE biopsy slides of patients who developed B2 stricturing behaviour [n = 22] or those who maintained B1 inflammatory behaviour [n = 35]. D. Haematoxylin 
and eosin [H&E] and SiriusRred stain of collagen I and II with representative images of C. A Student’s t test assessed the statistical difference.
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S1]. Higher ASCA and CBir1 serologies and lower albumin were sig-
nificantly linked to Year 5 stricturing behaviour. Importantly, both 
the previously reported INFL PC1 [accounting for 34% of variance, 
n = 569 genes] and ECM PC1 [accounting for 47% of variance, 
n = 69 genes] GO terms were associated with stricturing behaviour 
[Figure S2 and Table S1], as well as PC1 for the 518 B2 genes [ac-
counting for 58% of variance] associated with future stricturing in 
the current analysis [Figure S4, and Table S1]. 
Moreover, INFL or ECM eight-gene panels [described in the Methods 
section] were also associated with B2 behaviour [Figure S4 and Table 
S1]. A multivariable model including the ileal ECM eight-gene PC1 
[accounting for 44% of variance], and pre-treatment serum ASCA IgG 
and CBir1 serology provided excellent discriminant power [AUC:0.82] 
for predicting a subsequent stricturing outcome [Table 3 and Figure 
S5]. The likelihood ratio test confirmed that the model including the 
ECM PC1 and CBir1 and ASCA IgG serology was superior to models 
including the ECM PC1 alone, or the ECM PC1 and CBir1 serology 
[Table 3]. AUC of this model was similar to a model that included the 
ileal INFL eight-gene PC1 [AUC of 0.82 vs 0.81, Figure S5]. The dis-
criminant power of models based on CBir1 serology alone (AUC: 0.68 
[0.56–0.80]) or ASCA IgG alone (AUC: 0.69 [0.56–0.82]) was similar 
to model 1 based on ECM PC1 alone [Table 3]. A model including 
both CBir1 and ASCA IgG serology was superior to model 1 including 
only the ECM PC1 (AUC:0.79 [0.70–0.89], LR test: 7.4, p = 0.007]. 
With only 16 stricturing events, there is a risk of overfitting a model 
with >2 variables. To evaluate for overfitting, we calculated an ad-
justed pseudo R2 [McFadden statistic] for a base model including 
only the ECM PC1 [0.02] variable, and found a stable increase in 
the adjusted pseudo R2 with the addition of the CBir1 [0.062] and 
then ASCA IgG variables [0.102] suggesting that the model was not 
overfit until a fourth predictor was added. The final logistic regres-
sion model with the three variables [ECM PC1, CBir1, and ASCA 
IgG] had a McFadden statistic of 0.188. Collectively these data de-
fined a model including baseline ileal ECM gene expression and anti-
microbial serologies with very high negative predictive value for the 
5-year stricturing outcome.

3.6.   Prediction of small molecules likely to reverse 
the ileal gene signature associated with stricturing 
complications
Finally, we asked which small molecules might reverse the ileal gene 
signature associated with stricturing behaviour. The Touchstone 
dataset contains a total of approximately 8400 perturbagens, 
including gene signature expression profiles for more than 2000 
small molecules generated from testing in-vitro on a panel of nine 
cell lines. These cell lines include A375, A549, HEPG2, HCC515, 
HA1E, HT29, MCF7, PC3, and VCAP. Although the signatures 
are based on epithelial cell lines, we and others have shown that 
the signatures and the connectivity map approach can be leveraged 
for discovery of novel therapies for fibrotic disorders.27 The CMap 
connectivity score [tau] is a standardised parameter ranging from 
-100 to 100 as a measure of the connectivity between the queried 
gene expression signature and those of the other perturbagens in 
the database. A positive tau indicates a relative similarity between 
perturbagens signatures, and a negative score indicates relative 
opposing gene signatures,20 implying that this small molecule can 
potentially revert the pathogenic signature. We considered tau 
of + 90 or higher, and of -90 or lower, as strong scores for the cur-
rent study. Perturbagen analysis identified a significant number of 
endogenous and pharmaceutical small molecules with summary 
score predicting a likely beneficial effect [Supplementary dataset 2, 
available as Supplementary data at ECCO-JCC online], implying 
that the perturbagen profile is opposite that of the pathological ileal 
gene signature. The summary score reflects the ability of a given 
small molecule to reverse a pathogenic gene expression signature, 
in this case the ileal B2 signature, across multiple epithelial, mesen-
chymal, and immune cell types.

Small molecules with the highest summary scores are shown in 
Figure 3A. CMap connectivity analysis using the angiogenesis, ECM, 
and macrophage signatures identified 345, 358, and 294 candidate 
small molecules with a tau score of -90 or lower. There were 140 
small molecules that were common to all [Figure 3A]. Among these 

Table 3.  Multivariate analyses for development of B2 stricturing complications.

Model 1 Model 2 Model 3

Baseline predictor Estimate p-value Estimate p-value Estimate p-value

 8.ECM transcriptome 1.5 [1.14–1.96] 0.00391.45 [1.1–1.91] 0.0067 1.4 [1.1–1.86] 0.0145
 CBir [>25] - - 4.2 [1.44–14] 0.0116 3.4 [1.12–11.6] 0.0364
I gG.ASCA [>40] - - - - 4.32 [1.43–13] 0.0093
Model characteristics
 AUC 0.73 [0.59–0.87] 0.79 [0.68–0.9] 0.82 [0.70–0.94]
 AIC 112.4 107.5 102.8
 R2 0.03 0.06 0.12
 Sensitivity 75% [48–93] 81% [54–96] 88% [62–98]
 Specificity 67% [61–74] 75% [69–80] 70% [63–76]
 PPV 15% [11–42] 19% [15–56] 18% [14–66]
 NPV 97% [92–98] 98% [94–99] 99% [95–99]
Model comparison
  Model 2 vs model 1 Model 3 vs model 1
Likelihood ratio test - - LR = 6.92 0.0085 LR = 13.5 0.0012
Comparison of AUC - -  0.26  0.0103
     Model 3 vs model 2
Likelihood ratio test     LR = 6.62 0.01
Comparison of AUC      0.43

Baseline predictors are shown with odds ratios with 95% confidence intervals [CIs] in parentheses. Model characteristics were based on a predicted probability 
of 0.5. Models comparisons were completed with likelihood ratio test and DeLong’s test [to compare AUC between models].

AUC, area under the ROC curve; AIC, Akaike’s information criteria; PPV, positive predictive value; NPV, negative predicitive value; LR, likelihood ratio.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa166#supplementary-data
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were alpha-linolenic-acid, ALW-II-49-7, clofibrate, eicosatetraynoic 
acid, liquiritigenin, orantinib, PT-630, sitagliptin, tipifarnib, and 
verapamil. Since our primary interest was to search for small 
molecules that had recognised mechanisms of action, strengthen 

previous findings, and support hypotheses for potential repur-
posing for stricturing, we focused on ALW-II-49-7 [ephrin inhibitor], 
eicosatetraynoic acid [ETYA, cyclooxygenase, and lipoxygenase in-
hibitor], orantinib [PDGFR tyrosine kinase receptor inhibitor, FGFR 
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Figure 3.  Perturbagen analysis to discover and characterise potential anti-stricture agents. A. Venn diagram showing the comparison between candidate small 
molecules from CMap connectivity analysis using the angiogenesis, extraaa-cellular matrix [ECM], and macrophage signatures. B. Network representation of 
enriched biological processes and pathways for the four select repurposing candidates for stricturing. C. Heatmap representation of perturbagen classes that 
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inhibitor, VEGFR inhibitor, and angiogenesis inhibitor], and PT-630 
[dipeptidyl peptidase and fibroblast activation protein inhibitor]. To 
further elucidate the underlying mechanism of these compounds, we: 
[i] compiled compounds that induce transcriptionally similar pro-
files to the four select compounds; and [ii] performed functional en-
richment analysis of the four compounds using their known targets 
[Figure 3B]. The heatmap output that is presented in Figure 3C gives 
the other compounds that are similar to the four select compounds. 
The similarity is based on the summarisation measure calculated 
across the nine cell lines in the LINCS signatures.

Moreover, we intersected differentially expressed genes by those 
compounds [genes that showed decreased expression using the com-
pound] in vitro using the epithelial cell lines with genes that were 
increased in our B2 518 ileal mucosal biopsies gene set. Evaluations 
of those genes’ enriched functions are shown in Supplementary 
dataset 3, available as Supplementary data at ECCO-JCC online, 
highlighting ECM, angiogenesis, and wound healing. Most interest-
ingly, gene enrichment analysis for specific cell types using single-cell 
data showed highest cell type enrichment for fibroblasts [p = 1.3E-9 
for orantinib, p = 5E-5 for ETYA, p = 5E-7 for PT-630, and p = 7E-5 
for ALW-II] To complement the Touchstone dataset approach, we 

also looked specifically into known targets of those compounds from 
DrugBank and Drug Repositioning Hub [see Methods] and linked 
those to pathways and genes from our B2 518 genes [Figure  4]. 
Orantinib’s targets include PDGF, PDGFRA, and PDGFRB, which 
are also up-regulated and are included in our 518 B2 gene set. Those 
targets and B2 genes are enriched for several common pathways 
as shown in Figure 4A. ETYA, on the other hand, targets PPARG 
and PPARA and is linked with both fibroblasts and the inflamma-
tory component that is also linked to the B2 signature as shown in 
Figure 4C.

4.   Discussion

Using deeper RNA sequencing than in the previous report,4 we 
have now defined for the first time an OSM co-expressed inflam-
matory gene signature tightly associated with ECM/collagen gene 
expression signatures linked with the development of B2 stricturing 
complications, through 60-month follow-up in a large multicentre 
paediatric CD inception cohort, RISK.4 These results emphasise 
for the first time that the OSM inflammatory signature, previously 
linked to anti-TNF non-response, is highly correlated with an ECM 
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signature and with development of stricturing complications. We 
were able to capture at diagnosis the INFL and ECM signatures that 
are linked to later development of stricturing complications in 124 
patients also included in the earlier report for replication,4 and 113 
patients unique to this report for an additional validation [Table 2]. 
Sirius Red staining detected increased sub-cryptal collagen content 
in ileal pinch biopsies at diagnosis in patients who subsequently de-
veloped strictures. Perturbagen analysis defined for the first time a 
panel of small molecules which may reverse the ileal stricturing gene 
signature.

Beginning with the identification of NOD2,28,29 an important 
role for microbial signals in activating mononuclear phagocytes in 
CD pathogenesis has been suggested. The OSM cytokine produced 
by stromal cells has now also been shown to activate lamina pro-
pria monocytes and macrophages, leading to inflammatory cyto-
kine and chemokine production9 and anti-TNF non-response.30 
scRNASeq defined a mononuclear phagocyte: activated T cell: fibro-
blast module in adult CD ileal resection specimens,10 which when 
applied to the prior RISK bulk RNASeq dataset, was induced in pa-
tients who did not achieve durable steroid-free remission with anti-
TNF. Using 3-fold deeper bulk RNASeq, we have now defined 518 
genes that include induction of both OSM and COL1A2/ECM ileal 
co-expression signatures at diagnosis, linked to future stricturing be-
haviour in children with CD. These data support the role of pro-
inflammatory myeloid cells in driving myofibroblast activation in 
CD, and may inform specific targets such as OSM to reduce inflam-
mation and improve outcomes.31

The majority of patients in RISK have received anti-TNF during 
follow-up. Initiation of this medication within 3  months of diag-
nosis has been associated with higher 12-month rates of steroid-free 
remission,11 and lower 36-month rates of internal penetrating com-
plications. However, a signal for lower rates of stricturing compli-
cations was not detected during the 36- and 60-month follow-up.4 
This may reflect the need to increase anti-TNF exposure with tighter 
control of mucosal inflammation, as suggested by the CALM study,3 
but may also support additional mechanisms requiring new thera-
peutic approaches. One attractive strategy would be to add ther-
apies to anti-TNF in high-risk patients25 predicted to develop disease 
complications. We used bioinformatic perturbagen analysis to pri-
oritise small molecules most likely to reverse the ileal gene signa-
ture for B2 stricturing. The Touchstone dataset consists of >8000 
well-annotated compound and genetic perturbagens that have been 
profiled in a core set of nine cell lines. Although the signatures are 
based on epithelial cell lines, we27 and others have shown that the 
signatures and the connectivity map approach can be leveraged for 
fibrotic disorders.32,33 We employed a similar approach and dataset 
to discover preclinical therapeutic candidates for cystic fibrosis 
[https://www.biorxiv.org/content/10.1101/288324v1], which are 
currently in feasibility testing. Clearly, all candidate drugs including 
those identified by the studies using connectivity-based approaches 
and L1000 LINCs or Touchstone datasets, need to be validated 
in model systems before they go into clinical trials. Nevertheless, 
these compounds or hits can serve as leads for additional in-vitro or 
in-vivo assays.

Small molecules inhibiting macrophage and fibroblast acti-
vation and angiogenesis were predicted to have a substantial ef-
fect on pathways leading to stricturing. More specifically to the 
four compounds emphasised here, orantinib [SU6668] was shown 
to inhibit migration of intestinal subepithelial myofibroblasts 
and prevented myofibroblast migration into tumour cell clus-
ters.34,35 Eicosatetraynoic acid [ETYA] is reported to block the 

platelet-induced proliferation of serum-starved subconfluent human 
fibroblasts,36 and decreased elastin gene transcription and alpha-
smooth muscle actin mRNAs in cultured lipofibroblasts.37 ETYA was 
also shown to have anti-inflammatory effects on lipopolysaccharide 
[LPS]-stimulated macrophages,38 and through induction of PPARa 
in monocytes,39 and to inhibit pro-inflammatory signals by blocking 
NFKb translocation to the nucleus.40 Ephrin inhibition and PT-360 
were less studied in comparison with the other two compounds. 

However, targeting the ephrin system in an animal model of in-
testinal inflammation has demonstrated efficacy,41 and others have 
demonstrated its role in wound healing.42 PT-360 [L-glutamyl 
L-boroproline] was tested in vitro on rheumatoid arthritis synovial 
fibroblasts, with an effect on MMP levels.43 Collectively, these ex-
perimental studies have confirmed direct effects of compounds 
prioritised by our bioinformatic analysis in highly relevant cell types 
including activated myofibroblasts and inflammatory macrophages. 
These small molecules may now be prioritised for further study in 
preclinical model systems of inflammation and fibrosis, including 
transgenic mice in which over-expression of Tl1a leads to microbe-
dependent ileitis and fibrosis.44 

Our study has several strengths, but also some limitations. 
RISK is the largest CD inception cohort study to date linking pre-
treatment clinical, demographic, serological, and molecular factors 
to patient outcomes captured in a prospective and highly audited 
manner during 60-month follow-up.4 Therapies were chosen by pa-
tient and physician preference, and so reflect real-world practice. 
Central reads of baseline MRE studies have suggested a very low 
rate of disease behaviour misclassification [4%]. However, these 
are also some limitations. The number of participants with both 
ileal gene expression data and 60-month stricturing outcomes was 
still relatively low, although key findings regarding the predictive 
ability of ASCA and CBir1 serology, and the ileal ECM gene sig-
nature, were replicated and validated in a new RNASeq dataset 
including approximately 50% of B1 and B2 participants not in-
cluded in the previous report.4 However, as follow-up imaging was 
not obtained at regular intervals in all participants, we may have 
missed subclinical or mildly symptomatic strictures. It is possible 
that the baseline gene signature is maintained after the behaviour 
change; ongoing studies with follow-up samples will test this. Data 
are bulk RNASeq, and so cannot identify with certainty cell-type 
specific pathways as would be identified by scRNASeq. However, 
it should be noted that a mononuclear phagocyte module defined 
using scRNASeq in a small number of adult CD patients10 could 
be applied to the prior RISK bulk ileal RNASeq dataset, thereby 
classifying patients less likely to achieve durable remission with 
anti-TNF. An ongoing validation study will increase the number 
of participants with disease complications using bulk clinical FFPE 
ileal biopsies and will test the utility of obtaining such data from 
archived pathology samples.

In summary, we have defined OSM/INFL and ECM/collagen 
gene signatures specifically expressed in the pre-treatment ileum 
and linked with future stricturing disease complications in a 
large prospective CD cohort. Data support a critical role for ac-
tivated macrophages in driving myofibroblast activation at an 
early stage of disease. We have further replicated and validated 
the previous ECM GO gene signature in the context of 60-month 
follow-up. A model including serum ASCA, CBir1 serology, and 
a refined ileal ECM eight-gene panel identified patients at higher 
risk for stricturing with excellent discriminant power, which 
would need to be validated in another cohort. If validated in 
another cohort or in the ongoing analysis of independent FFPE 

https://www.biorxiv.org/content/10.1101/288324v1
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samples within RISK, this model may be used to enrich clinical 
trials for patients more likely to develop stricturing disease com-
plications. This may include small molecules predicted to reverse 
the ileal gene signature for stricturing which, if validated in pre-
clinical models, may provide an adjunct approach to anti-TNF 
therapy.

The RNASeq data are deposited in the SRA database, and the accession 
number is SUB6656230
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