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Abstract

Background and Aims Crohn’s disease (CD) is characterised by the expansion of mesenteric
adipose tissue (MAT), named creeping fat (CF), which seems to be directly related to disease
activity. Adipose-stem cells (ASCs) isolated from the CF of patients with CD are extremely pro-
inflammatory, which persists during disease remission. We hypothesised that the dysfunctional
ASCs in CD accumulate epigenetic modifications triggered by the inflammatory environment that

could serve as molecular markers.

Methods Genome-wide DNA methylome and transcriptome profiling were performed in ASCs
isolated from MAT adipose-tissue biopsies of patients with active and inactive disease and from
non-Crohn’s disease patients (non-CD). A validation cohort was used to test the main candidate

genes via qPCR in other fat depots and immune cells.

Results We found differences in DNA-methylation and gene expression between ASCs isolated
from patients with CD and from non-CD subjects, but we found no differences related to disease
activity. Pathway enrichment analysis revealed that oxidative stress and immune response were
significantly enriched in active CD and integration analysis identified MAB2IL2, a cell fate-
determining gene, as the most affected gene in CD. Validation analysis confirmed the elevated
gene expression of MAB21L2 in MAT and in adipose tissue macrophages in active CD. We also
found a strong association between expression of the calcium channel subunit gene CACNAIH
and disease remission, as CACNA 1 H expression was higher in ASCs and MAT from patients with
inactive CD, and correlates negatively with C-reactive protein in peripheral blood mononuclear

cells.

Conclusion We identified a potential gene signature of CD in ASCs obtained from MAT.
Integration analysis highlighted two novel genes demonstrating a negative correlation between
promoter DNA methylation and transcription: one linked to ASCs in CD (MAB2IL2) and the
other (CACNAIH) related to disease remission.
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1. Introduction

Inflammatory bowel disease (IBD), which includes ulcerative colitis and Crohn’s disease (CD),
is a major global health issue affecting ~0.5% of the general population.' IBD is associated with
a significant economic burden, and the annual direct cost of healthcare in Europe is estimated to
be between €4.6 and €5.6 billion, with hospitalisations, surgery, and drugs identified as the main
cost factors. It is believed that the indirect cost of IBD, such as lost productivity at work, far
outweigh the direct cost.” Since the aetiology of IBD is not completely understood, current
therapy approaches reduce the clinical manifestations of the disease, but a cure is not yet known.

A hallmark of CD is the occurrence of mesenteric adipose tissue (MAT), commonly
referred to as "creeping fat" (CF), which migrates to the inflamed segments of the intestine. It is
now appreciated that adipose tissue (AT) is a dynamic and active endocrine organ that, in addition
to being an energy storage site, also regulates the immune system and metabolism. Excessive and
dysfunctional AT is the cause of many chronic diseases, including metabolic syndrome.* AT
hyperplasia is triggered by the recruitment and proliferation of AT precursors known as AT-
derived mesenchymal stem cells (or ASCs), which leads to an increase in the number of
adipocytes.*> ASCs are involved not only in the renewal and maturation of adipocytes, which
occurs at a turnover rate of about 10% annually, but they also have immunoregulatory properties
that can be modified by the underlying pathological state,” including in CD.® Single-cell
epigenomic techniques have the potential to transform our knowledge of gene regulation and are
now becoming mainstream. The epigenome, which includes DNA methylation as a key regulatory
process, is heavily influenced by microenvironmental signals in both healthy and pathological
contexts. Methylation is a stable modification of genomic DNA that is essential for differentiation
processes and for defining tissue-specific transcriptional profiles, but it is also subject to dynamic
changes and can be aberrantly regulated in disease states.” The accumulation of epigenetic
modifications through methylation of specific CpG sites has a key role in chronic diseases.”*

We hypothesised that the inflammatory milieu in active CD induces epigenetic
modifications in the DNA methylation profile of ASCs, influencing their anti-inflammatory and

regenerative capacity, and that these modifications would remain during CD remission and affect
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cell functionality. We tested this hypothesis by first comparing the methylation patterns of ASCs
isolated from patients with CD with different clinical activity and from non-CD subjects. We then
looked for possible interactions between differentially-methylated DNA sites and the

transcriptome profiles of ASCs that might contribute to the aberrant properties of ASCs in CD.

2. Material and methods
2.1. Subjects and study design

Patients with active and inactive CD and non-CD subjects were recruited at the Joan
XXIII Hospital (Tarragona, Spain) and the Vall d’Hebron University Hospital (Barcelona, Spain),
and all gave their informed consent. The study was conducted in accordance with the principles
of the Declaration of Helsinki and was approved by the ethics and research committees of the
respective hospitals (references CEIM 177/2018; CEIM 41p/2015; PR(CS)383/2021). Patients
were classified into in relapse (active) and in remission (inactive) following criteria of the Crohn’s
Disease Activity Index (CDAI) and based on clinical and biological parameters such as high-
sensitivity C-reactive protein (hsCRP). Endoscopic evaluation was performed in 75% of patients,
with complete concordance with the clinical classification obtained by CDAL’'® Non-CD were
recruited from subjects undergoing non-acute surgical interventions, such as cholecystectomy,
while inactive CD were recruited from subjects undergoing scheduled routine surgery for
intestinal transit reconstruction. Patients with active CD were recruited from those undergoing
surgery for symptomatic complications. All samples were aseptically collected and (when
appropriate) were obtained before bowel opening or resection to avoid possible contamination.
Clinical data, anthropometric, demographic, and biochemical variables of the cohort are shown
in Table 1.

For active CD patients, we have obtained MAT from two origins: unhealthy MAT (CF)
or healthy MAT (hMAT). CF adipose tissue (n=7) was taken from the area of MAT adjacent to
the specimen to the bowel that was resected. The sample was taken with scissors to avoid lesions
of the sample and from the adipose tissue closest to the bowel. Healthy MAT (n=7) was taken

from another part of the MAT, generally close to the distal jejunum or the proximal ileum (any
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area free of disease in the complementary tests performed prior surgery). We took a small sample,
approximately 1-2 cm, of the MAT from an area that macroscopically appeared healthy.

For inactive CD patients (n=7) and non-CD patients (n=7), healthy MAT samples were
acquired from MAT, usually near the small bowel, following the same meticulous sampling
protocol. A small sample, approximately 1-2 cm in size, was extracted from an area
macroscopically deemed healthy.

We also obtained some biopsies from subcutaneous adipose tissue (SAT) of the three
groups studied. The samples were collected from the incision site made for the extraction of the
surgical specimen. It is usually a small laparotomy in the midline.

The summary of cell types isolated, and tissues used in the study is described in Table 2.

2.2. Isolation of ASCs

Tissue samples (WMAT or CF) were first washed with PBS to remove traces of blood, and when
needed, the areas damaged by the surgery were removed with a scalpel. Samples were then treated
with 0.1% collagenase and 1% BSA in PBS for 90 minutes at 37°C under gentle agitation. The
digested samples were centrifuged at 300 x g at 24°C for 5 minutes for phase separation, with the
mature adipocytes at the top and the vascular stromal component in the pellet, consisting mainly
of stem cells, macrophages, endothelial cells and blood cells. Mature adipocytes were carefully
removed and stored, and another wash and centrifugation cycle was performed to isolate the
pellet. Specifically, the centrifuged pellet was resuspended in DG maintenance medium (DMEM
/ F12 in 10% foetal bovine serum) and cells were seeded in a T75 ask and allowed to grow for 7
days at 37°C to 90% confluence and then harvested with trypsin-EDTA, resulting in a primary
culture at passage 0.'"' MAT-derived macrophages (ATMs) were also isolated from the stromal

vascular fraction of AT biopsies as described.'*'

2.3. ASC immunophenotyping
Cells (2x10°) were incubated with a panel of primary antibodies (described in supplemental table

S1)."7 After isolation, the minimal functional and quantitative criteria, established by the
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International Society of Cell Therapy and the International Federation for Adipose Therapeutics
and Science, were confirmed by flow cytometry.'®'® All experiments were performed in cells at

passage 3.

2.4. DNA methylation profiling

Genomic DNA was extracted from cells using the NucleoSpin® Tissue Kit (Macherery-Nagel
GmbH, Dueren, Germany). Global DNA methylation profiles were determined with the Human-
MethylationEPICBeadChip Infinium assay (Illumina Inc., San Diego, CA), developed to
quantitatively assay over 850,000 methylation sites across the genome at single-nucleotide
resolution. Hybridised BeadChips were imaged on an Illumina HiScan system (Supplementary
S2). We used the Methylation Atlas Deconvolution standalone program for cell type

deconvolution >

to evaluate whether cell admixture contributes significantly to the results in
our cell population Our findings revealed predominant matches of our samples with adipocytes,
cervix uteri, vascular endothelium, left atrium, breast, pancreas, and kidney (Supplementary
figure S1). The heatmap illustrates similar DNA methylation profiles across these reference cell
types. Importantly, it should be noted that DNA methylation data for ASCs are not currently
incorporated into this reference atlas. Nevertheless, our DNA methylation data align with related

cell types such as adipocytes. Methylation data have been deposited in the GEO database with

the accession code GSE217124.

2.5. Analysis of differentially-methylated loci

All pre-processing and statistical data treatment was performed using the R statistical
programming environment (version 4.2.0; R core team, 2022). DNA methylation raw data (.idat
files) were read using the Bioconductor package RnBeads (v2.14) and the annotation package
RnBeads.hg19 (v1.28).2' % Gender and hospital of each patient were used as covariates in the
linear model. Furthermore, an additional analysis was conducted, incorporating smoking status
and CRP levels as covariates to test the robustness of the methylation results. Given the non-

random allocation of our samples onto the methylation chips (as detailed in Supplementary Table
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S2), we recognized the potential for introducing uncontrollable batch effects. Consequently, to
assess and mitigate the impact of such effects, we used ComBat, implemented in the sva R

24726 t0 remove possible batch effects derived from subarray position (sentrix position)

package,
and slide (sentrix ID) due to the non-random placement of samples on the beadarrays. A total of
18.56% of the probes were discarded as they were identified as SNP-enriched probes; they
contained low detection p-values or standard deviations; they were beyond the GpG context or
within sex chromosomes; or they were included in a blacklist as putative error-prone probes
(Product Change Notification, PCN2019-019). The beta-mixture quantile normalisation (bmiq)
algorithm was used to normalise probe intensities.”” CpG methylation levels were calculated as
M-values and B-values. Differentially methylated positions (DMPs) were located through linear
regression using dmpFinder*® and differentially methylated regions (DMRs) were identified using
bumphunter,” both functions within the minfi library package. DMPs and DMRs were calculated
using default settings, with the latter including the smoothing option, 100 permutations and a
mean difference threshold between groups of 0.2. We also filtered for at least three consecutive
CpGs within a DMR. ***' The R variance partitioning package®* was used with a linear model

incorporating fixed variables (Crohn's disease, CRP, smoking, hospital, and gender) to assess the

contribution of each variable to methylation changes.

2.6. Transcriptome analysis
RNA was extracted using TRIzol reagent and further purified/DNase-treated with the RNeasy
Mini Kit (Qiagen, Hilden, Germany). RNA sequencing libraries were prepared using the TruSeq
Stranded mRNA Library Prep Kit (Illumina) with 200 ng of total RNA used as input. Libraries
were qualified with Bioanalyzer DNA 1000 chips (Agilent, Santa Clara, CA) and quantified by
gqPCR using the KAPA Library Quantification Kit KK4835 (Roche, Basel, Switzerland) prior to
sequencing. Libraries were sequenced 1x50 to at least 24 million reads per sample on the [llumina
HiSeq2500 platform with v4 SBS reagents.

FastQC (version 0.11.9; BaseSpace Labs, Illumina) and MultiQC* were used to evaluate

the quality of raw-read fastq data files. We applied quality trimming using trimmomatic®* (v0.30).
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Reads were mapped against the Homo sapiens reference genome (Ensembl release 78,
Homo_sapiens.GRCh38.dna.primary assembly) using STAR software (v2.5.2)° and were
assigned to genes using FeatureCounts from subread software (v. 2.8.2). Differential expression
analysis was performed using the DESeq2* package with the Wald test and an Approximate
Posterior Estimation for the Generalised Linear Model (apeglm)®’ approach to check the
differentially expressed genes (DEGs) between conditions. Gender and age of each patient were
used as covariates in the model. Volcano plots were produced using the EnhancedVolcano®® R
package. All RNA sequencing data have been uploaded to Gene Expression Omnibus (GEO) with

the accession number GSE217163.

2.7. Gene set enrichment analysis and visualisation

We performed gene set enrichment analysis (GSEA) using DEGs lists ranked by log,-fold change
or signed logio p-value against the Molecular Signatures Database (MSigDB) gene set
collections.””*® Analysis was done using R and the fgsea*' package and visualisations were

generated using the ggplot2 package.

2.8. Integration analysis

DNA methylation and gene expression results were integrated for each gene. We used annotation
for each methylation probe (at promoter, CpG island, and gene level), assigning a gene or
associated gene symbol to match with gene-level transcriptomic data. Focusing only on the set of
DEGs, we retrieved all the probes associated for each region and we correlated for each set of
probes the methylation and the expression values of a gene. We retained those genes with

significant methylation-transcription correlation (p<0.05).

2.9. Isolation of peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated with Pancoll human MSL (Pan

Biotech GmbH, Aidenbach, Germany). Pellets were frozen and stored at -80°C until RNA
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extraction. Clinical and demographic data of donors are described in online Supplementary Table

S3.

2.10. RNA extraction

For validation of candidate’s genes (integrative study of significant DMPs and DEGs) in other
tissues or cells by RT-PCR, the RNA was extracted from 200 mg of MAT/SAT, or 100,000 cells
of ATMs, mature adipocytes and ASCs using the TriPure Isolation Reagent (Roche, Basel,
Switzerland). RNA concentration was determined by absorbance at 260 nm, and purity was
estimated with a Nanodrop spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE).
cDNA was synthesised using SuperScript Il reverse transcriptase and random hexamer primers

(Invitrogen Life Technologies, Darmstadt, Germany).

2.11. Real-time quantitative PCR

Quantitative gene expression of MAB21L2 (Hs00740710 s1) and CACNAIH (Hs01103527 m1)
was evaluated by quantitative real-time PCR (qPCR) on a 7900HT Fast Real-Time PCR System
using TagMan Gene Expression Assays (Applied Biosystems). Results were calculated using the
comparative threshold cycle (Ct) method (2—AACt) normalised to the expression of the
housekeeping gene 78S (Hs03928985 g1) and expressed relative to the non-CD condition. Two

technical duplicates were performed for each biological replicate.

2.12. Statistical analysis

Statistical analyses were performed using multiple tools. For omics analysis, we used the R
statistical programming language and several packages as described and ggplot2* for
visualisation. We also used the Statistical Package for the Social Sciences software, version 15
(SPSS, Chicago, IL). For clinical and anthropometrical variables, normally distributed data are
expressed as mean = SD; for variables with no Gaussian distribution, values are expressed as
median (25th—75th quartiles). Student’s t-test with Bonferroni adjustment was used to compare

the mean value of normally distributed continuous variables. For variables that did not have a
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Gaussian distribution, we used the Kruskal-Wallis test with post hoc Dunn’s multiple
comparisons test. To analyse the differences in nominal variables between groups, we used the
x2 test. Pearson’s correlation coefficient with Bonferroni adjustment was used to analyse the
relationship between parameters. For in vitro data, experimental results are presented as mean +
SEM. Comparisons among the three groups were performed using the non-parametric Krustal-
Wallis test. Data visualisations were created with GraphPad Prism v6 (Graphpad Software Inc.,

San Diego, CA).

3. Results

3.1.CD per se but not clinical activity or disease location influences DNA methylation and
gene expression of ASCs

We analysed the genome-wide DNA methylation and mRNA expression profiles of ASCs from
non-CD patients ((MAT n=7) and from patients with inactive (hMAT n=7) and active (CF n=7
and hMAT n=7) CD patients. ASCs were obtained from healthy hMAT from all three groups and
from CF in the active CD group. To note, three samples did not pass the quality control of DNA
methylation. Specifically, one sample of CF of active CD patients and two samples of hMAT of
inactive CD patients. We first examined DNA methylation data to identify DMRs and DMPs. For
the former, we used >3CpGs (3 or more adjacent positions within the same gene), which yielded
70 DMRs between ASCs from non-CD and active CD and 67 DMRs between non-CD and
inactive CD. Furthermore, 9 DMRs were detected when comparing inactive CD with active CD.
For the analysis of DMPs we used as cutoffs in the analysis a mean difference in 3 > 0.2 and an
adjusted p-value <0.05, which revealed 6501 DMPs between ASCs from non-CD and active CD,
and 628 DMPs between non-CD and inactive CD. Intriguingly, no significant DMPs were found
between active CD and inactive CD groups (figure 1A). For RNAseq analysis we used as cutoffs
in the analysis of DEGs an absolute fold-change (FC) >1.2 and an adjusted p-value <0.05. Results
yielded 86 DEGs between ASCs from non-CD and active CD, 60 DEGs between non-CD and
inactive CD and only 3 DEGs between active and inactive CD (figure 1A). Finally, we performed

integration analysis using a linear regression model considering all DEGs and the methylation

10
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probes within the associated region (gene, promoter and CpG island), which yielded 20 significant
correlations between non-CD and active CD, 9 correlations between non-CD and inactive CD and
6 correlations between active CD and inactive CD; an example of a strong correlation found in
MAB21L2 is shown in figure 1A.

Then, we used principal component analysis (PCA) to explore relationships among the
different groups and applied the first two principal components (PC1 and PC2) of the DNA
methylation and RNAseq data. The DNA methylation data showed that the three groups differed
in groupings, but no differences were observed between ASCs from the CF and hMAT tissues of
patients with active CD (figure 1B). Moreover, there was no clear separation between the three
groups in PCA plots based on RNAseq data, consistent with the limited number of DEGs (figure
1B). We next performed heatmap visualisation of the top 50 significant DMPs and DEGs, finding
that non-CD-ASCs and CD-ASCs could be clearly discriminated. Independently, DNA
methylation or RNAseq profiles could not be used to discriminate between active and inactive
CD groups, indicating that the major changes occurring in ASCs were maintained in disease

remission (figure 1C).

3.2. CD induces permanent changes in the DNA methylome of ASCs
To specifically evaluate the methylation patterns and preferential genome locations, we
segmented all significant DMPs with an adjusted p-value <0.05 into the following five categories
according to the Illumina annotations: island, north shore, south shelf, open sea and south shore
(figure 2A, right panel). Results showed that the DMPs distribution was mainly located in open
sea regions (75%). The distribution of the Illumina EPIC array probes is shown in figure 2A (left
panel).

Summarized differential methylation results between CD subjects and non-CD controls
in promoter regions is depicted in the volcano plot (figure 2B). Notably, the MAB21L2 gene was
hypomethylated in the promoters of CD subjects. Other genes such as RNU6-781P, AXL4 and

RN7SL148P were also hypomethylated in the promoters of CD subjects. In contrast, HOXD4,

11
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MIR10B, HTR3B, KCNK2, MIR3117 and COXS5AP2 displayed hypermethylation in the
promoters of CD subjects.

We used the minfi function bumphunter to locate DMRs using default settings and the
smoothing option.* We found 95 regions located near known annotated genes. Filtering for those
genes with >3 significant DMRs in promoter regions and a p-value cutoff of <0.05, we obtained
21 DMRs between non-CD and active CD, 18 DMRs between non-CD and inactive CD and only
5 DMRs between active and inactive CD (supplemental table S4). Notably, MAB21L2 exhibited
9 significant DMRs in both the active CD versus non-CD group and inactive CD versus non-CD
group comparisons (figure 2C). Furthermore, to assess the influence of various variables on the
primary candidate gene identified in the methylation study, MAB21L2, we employed the
Variance Partition R package, applying a linear model with fixed variables *.. Our analysis
revealed that CD status accounted for 60% of the observed variance in MAB21L2 promoter
methylation levels, with other variables such as smoking, CRP, hospital, or gender collectively
explaining less than 40% of the variance (figure 2D).

Finally, we used ComBat to adjust for systematic variation introduced by different
experimental batches, ensuring comparability across batches. Our analysis indicated that the
application of ComBat did not yield significant changes in the primary DMPs identified.
Moreover, even after adjusting for other covariates known to influence methylation, such as
smoking or CRP (Supplementary figure S2), the primary candidate genes identified in this study
remained consistent. Of particular significance is the observation that the CRP wvariable
independently exhibits an augmentation in differentially methylated promoters when comparing
subjects with CD to those without (non-CD) (figure S2, C). This phenomenon is likely attributed
to the notably robust correlation between the presence of CD and CRP levels, serving as a
biomarker for disease activity. Consequently, when juxtaposing CD and non-CD subjects, the

elevated CRP levels in CD subjects contribute to the emergence of false positives.

3.3. Transcriptomic profiling of ASCs reveals the up-regulation of immune-response genes

in CD

12
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The significant differential gene expression (adjusted p-value >0.05) overlaps for the three
pairwise comparisons between the different groups is shown in figure 3A. The DEGs of active
and inactive CD showed divergent gene expression relative to non-CD (86 and 60 DEGs
respectively), with only four genes overlapping between the two comparisons (MAB21L2, NKX2-
3, DBP and PDK4). Notably, only four genes showed significantly different expression between
the CD groups with different activity, suggesting that remission of the disease does not restore
the gene expression of ASCs. NHS was differentially expressed both in non-CD versus active CD
and inactive versus active CD comparisons, whereas NAPRT was differentially expressed in the
comparison between non-CD and inactive CD and between inactive and active CD.

A volcano plot depicting statistical significance (as -logio p-value) versus log, fold-
change between non-CD and active CD is presented in figure 3B, left panel. DEGs with most
significant differences are highlighted in red (adjusted p-value <0.05). Results showed that NKX2-
3, HANDI and MAB21L2 were up-regulated in the active CD group (Log, fold-change >4) with
NKX2-3 as the most significant DEG between the active CD and non-CD groups. Notably, NKX2-
3 has been linked to IBD pathogenesis.44 Contrastingly, PRELP, CCN5, KRT16, VIT, TGBR3 and
ADRA2B were significantly up-regulated in the non-CD group (Log, fold-change < -4). Some of
these genes are essential for the structural and functional integrity.*

We next used GSEA to assess the biological pathways differentially regulated between
conditions (figure 3B, right panel). We found seven up-regulated pathways in ASCs isolated from
active CD, of which the most significant were the following: activation of reactive ENOS, Weigel
oxidative stress by HNE and H>O; and Reactome co-stimulation by the CD28 family. All of these
pathways affect oxidative stress and the immune system.** Surprisingly, expression of NKX2-3
and MAB21L2 was higher in ASCs from inactive CD than from non-CD (Log, fold-change >4),
and both genes were also significantly elevated in active CD (figure 3C, left panel). However,
only the reactome respiratory electron transport pathway was found enriched among DEGs
upregulated in the inactive CD group relative to non-CD (figure 3C, left panel). Finally, we failed
to find any significant DEGs between ASCs from active and inactive CD groups (figure 3D),

suggesting that ASC of active and inactive CD have a similar profile.

13
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3.4. Integration of DNA methylation and gene expression identifies MAB21L2 as a potential
marker of CD

Integration of DNA-methylation and RNAseq data pointed to MAB21L2 as a potential key gene
involved in CD pathogenesis. We found low DNA methylation in the promoter of the MAB21L2,
which agrees with its elevated gene expression in both active and inactive CD. We observed a
significant overall negative correlation between methylation and expression both in active (p =
6.8x10) (figure 4A) and inactive (p = 4.5x10°°) CD (figure 4B) relative to the non-CD group.
There was also a significant negative correlation within each CD group, suggesting a gradation
in patient expression levels directly dependent on promoter methylation status in the MAB21L2
CpG sites evaluated.

To validate the results of the integrative study we used qPCR to examine MAB21L2 gene
expression, which confirmed the significantly elevated expression of MAB2IL2 in ASCs isolated
from active and inactive CD groups relative to the non-CD group (n=7/each group) (figure 4C).
We next questioned whether MAB21L2 was also expressed in adipose depots, MAT or SAT, with
results showing that MAB21L2 expression was significantly higher in MAT of active CD patients
compare to SAT of active patients and compare to MAT of non-CD subjects (figure 4D). We
subsequently focused on active CD to investigate the expression of MAB2IL2 in the cellular
components of adipose tissue (mature adipocytes and ATMs). MAB2IL2 expression was
significantly higher in ATMs and ASCs than in mature adipocytes, and expression was
significantly higher in ASCs than in ATMs (figure 4E). Finally, we studied the expression of
MAB2IL2 in PBMCs between the three groups. Results indicated a non-significant trend for
higher expression of MAB2IL2 in CD groups (active and inactive) (figure 4F). MAB2IL2
expression also positively correlated with the abundance of the inflammatory marker hsCRP in
serum (figure 4G). Finally, we found that higher MAB21L2 expression was associated with higher
levels of hsCRP (p=0.0077), confirming that elevated MAB21L2 expression is associated with

CD.
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3.5. CACNAIH is potentially important in CD remission

Differential integration analysis of ASCs revealed a significant correlation between RNA
levels and promoter DNA methylation in the gene coding for calcium voltage-gated channel
subunit alpha 1H (CACNA1H). ASCs isolated from patients with inactive CD showed low DNA-
methylation in the CACNAIH promoter, which negatively correlated with an elevated gene
expression as compared with the non-CD group (p=0.034) (figure 5A) and with the active group
(p=0.032) (figure 5B). No significant correlation was found in a similar assessment between non-
CD and active CD, indicating that CACNAIH is linked to the remission phase of the disease.

We validated the expression of CACNA1H gene by qPCR in ASCs isolated from non-CD
and from patients with active and inactive CD (n=7/per group). The gene expression of
CACNAIH was significantly higher in ASCs isolated from the inactive group than from non-CD
and active CD groups (figure 5C). We thus focused on ASCs isolated from the inactive CD group,
and we studied the CACNA1H gene expression in the different tissues and cellular components
of AT. CACNAIH expression was significantly higher in hMAT than on SAT in CD subjects
(figure 5D). Notably, CACNAIH expression was significantly higher in ASCs than in AT
components (MAT and mature adipocytes) and was also significantly greater in hMAT than in
mature adipocytes (figure SE). Finally, we examined the expression of CACNA1H in PBMCs in
all three groups, finding significantly higher expression in PBMCs from inactive CD than from
active CD, and significantly lower expression in PBMCs from active CD than from non-CD
(figure 5F). Notably, we observed a significant negative correlation between CACNAIH
expression and hsCRP levels in serum (p=0.0222) (figure 5G), suggesting that CACNAIH

expression is associated with disease remission.

4. Discussion
In the context of CD, the mesentery and MAT play pivotal roles in disease pathogenesis and
progression. The mesentery, a crucial anatomical structure, serves as a connective tissue
framework that supports and anchors the intestines within the abdominal cavity. It facilitates

intestinal mobility and provides a conduit for blood vessels, lymphatics, and nerves essential for

15



431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

457

intestinal function. Conversely, MAT, the fat tissue surrounding the mesentery, is emerging as a
dynamic contributor to the inflammatory milieu observed in CD. This visceral fat depot serves
not only as an energy reservoir but also as a source of pro-inflammatory cytokines and adipokines.
Growing evidence suggests that alterations in MAT composition and function may exacerbate
local inflammation and contribute to disease pathophysiology. In this sense, ASCs within MAT,
are a significant source of immune-competent cells. Indeed, ASCs isolated from patients with CD
exhibit an aberrant functional profile with enhanced proliferative, invasive, inflammatory and
phagocytic capacities,'® and the inflammatory milieu of MAT in CD is associated with ASC
dysregulation.'® Hyper-inflammation is also linked to bacterial translocation, which likely drives
the formation of CF in active CD.*”!' It is highly possible that the inflammatory
microenvironment triggers changes in DNA methylation and gene expression in ASCs from
patients with CD. Our results suggest that changes in ASCs are permanent and sustained even
when the disease is in remission.

Here, we report differences in the genome-wide DNA methylome and transcriptome
between ASCs from non-CD and from patients with CD with different clinical activity. Our
analysis highlighted MAB21L2 as the most significantly altered gene in ASCs from patients with
CD compared to non-CD subjects. MAB21L2 forms part of the transforming growth factor beta-
1 (TGFB-1) signalling cascade, and is antagonised by TGFp-1, which inhibits its activation.
TGFB-1 has been shown to be dysregulated in ASCs isolated from patients with IBD also has
immunosuppressive functions in healthy cells.'"®** A previous study in murine immune cells (T
cells and dendritic cells) showed that TGFB-1 down-regulation leads to spontaneous colitis.” In
agreement, ASCs isolated from patients with CD show decreased expression of TGF" and we
found elevated expression of MAB21L2. The dysregulation of TGFf signalling in CD-associated
ASCs could be implicated in the increased expression of MAB21L2, making this gene a possible
target in CD. Furthermore, MAB21L2 overexpression has been associated with a higher risk of
recurrence in colorectal cancer patients.*® Further investigations to determine whether MAB211.2

expression predicts postsurgical recurrence in CD subjects would be valuable.
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In an earlier study, we found no differences in DNA methylation profiles relative to CD
clinical activity in ASCs isolated from SAT.>® Consistent with this, the present study found only
two distinct groups from DMP and DEG analysis: ASCs from non-CD subjects and ASCs from
patients with CD. There was no clear distinction between ASCs from patients with active or
inactive disease. Overall, these analyses support our earlier findings that ASCs isolated from
patients with inactive disease remain dysregulated. Notably, no differences were observed when
comparing the various tissues in patients with active CD (CF versus healthy MAT), suggesting
that ASCs isolated from both healthy and unhealthy origins within the MAT are impaired in CD
patients.

Promoter DNA methylation is related to gene transcription, with high DNA methylation
at promoter regions associated with lower gene expression and vice versa.*® The epigenetic study
highlights that MIR10B was hypermethylated in the promoter of ASCs from CD subjects.
Notably, MIR10B has been previously found hypermethylated and downregulated in different

3762 and it has been claimed as a novel tumor

cancers and risk of carotid atherosclerosis
suppressor and is partially silenced by DNA hypermethylation in gastric cancer. In contrast,
MAB21L2 was hypomethylated in promoters of CD patients, with 9 significant DMPs and 9
significant DMRs (Suplemmentary Table S4 and Suplemmentary File S1). It is noteworthy that
our study revealed a distinctive hypomethylation pattern within the promoter region of ALX4 in
individuals with CD compared to non-CD subjects. This finding aligns intriguingly with
observations in hepatocellular carcinoma (HCC), the most prevalent form of liver cancer, where
a similar hypomethylation phenomenon has observed. Unlike the prevalent hypermethylation
observed in numerous other cancer types like breast and lung cancer, this hypomethylation of
ALX4 is associated with its role as a tumor suppressor, suppressing processes like epithelial-
mesenchymal transition (EMT), migration, and invasion of cancer cells, suggesting therapeutic
potential 564

It is known that environmental factors such as smoking or the inflammatory environment

that accounts for CD also affect the methylation pattern of ASCs.'®** Therefore, it was crucial to

investigate whether covariates such as smoking or CRP levels had an impact on the key candidate
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genes identified in our study. While we observed alterations in the methylome of the samples
associated with these covariates, it is noteworthy that the primary candidate genes remained
significant even after adjusting for these covariates in our analysis.

Examination of DMPs hyper- and hypomethylated in promoter regions revealed similar
genes between ASCs from different clinical CD activity, further suggesting that dysregulation of
ASCs is maintained in remission of the disease.

In patients with CD, notable alterations in methylation patterns were observed in
peripheral blood methylation studies, which were consistent with those observed in ASCs in our
study. Specifically, genes such as HLA, ZBTB, TMEM, KCNAB2, and MYOC exhibited
consistent methylation changes across both sample types. Specifically, analysis of DMRs outlined
in supplementary Table S2, highlighted modifications in methylation levels within the HLA gene,
previously associated with immunoregulation and implicated in CD
pathogenesis.®** Furthermore, examination of DMPs, included in the Supplementary File F1
revealed consistent variations in methylation patterns, particularly within the ZBTB, TMEM,
KCNAB2, and MYOC. Notably, hypermethylation of the KCNAB2 promoter region was
observed in both ASCs and peripheral blood DNAm studies, reinforcing its potential significance
in the context of CD pathogenesis. These findings underscore the importance of our study in
elucidating shared DNA methylation changes across different tissues and emphasize the
significance of investigating ASC-specific methylation patterns in understanding CD
mechanisms. 7%

Transcriptomic analysis revealed a significantly higher expression of NKX2-3 (NK2
homeobox 3) in ASCs isolated from patients with CD. NKX2-3 has previously been associated

with IBD risk and plays an important role in IBD pathogenesis,**®

and a meta-analysis of over
35,000 subjects demonstrated an association between genetic variants of NKX2-3 and CD
susceptibility.* The elevated expression of NKX2-3 in ASCs isolated from patients with both
active and inactive CD again indicates that ASCs continue to express inflammatory and disease-

associated genes even when the disease is in remission. On the contrary, our results show that

TGFBR3 expression is significantly decreased in CF ASCs from patients with CD. In this context,
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recently Qian and colleagues evidenced that low TGFBR3 expression has been linked to fibrosis
activation in CF-ASCs from patients with CD. ”°

Intriguingly, our integration analysis also revealed CACNAIH as one of the most
significantly increased genes in the remission state of the disease. CACNA1H is involved in the
pathophysiology of visceral chronic discomfort and pain associated with irritable bowel syndrome
in murine models.”"”* Picard and colleagues demonstrated that the elevated expression of
CACNAIH in a murine model of colonic hypervisibility is associated with local low-grade
inflammation,” which along with abdominal pain is a common feature in irritable bowel disease
and in IBD during remission.”* The elevated expression of CACNAH in inactive CD might be a
potential biological marker to determine disease activity in patients, although further studies are
needed to explore this.

This study has some limitations that warrant discussion. The variability/heterogeneity
between samples might add a layer of complexity when interpreting results. For instance, the
therapies that patients in our study are on might affect DNA methylation and/or gene transcription
in the ASCs. In this regard, however, we did exclude patients treated with biologicals and we
have included approximately 50% of patients treated with thiopurines in both active and inactive
CD groups, to minimise the effects produced only by the treatments. As another limitation to our
study, we acknowledge that the total number of patients included is relatively low and hence some
of the analyses performed might be underpowered. Although it would be more valuable to
perform paired statistics on the same active CD subject, we were unable to obtain samples from
hMAT and unhealthy MAT (CF) of the same patient, which is also another limitation of the study.
However, to the best of our knowledge, this is the first and largest study applying a multi-omics
profiling approach to ASCs isolated from patients with active and inactive CD. The fact that the
location of MAT (CF versus hMAT) was studied also represents an important strength.

In conclusion, our study underscores that clinical findings alone may not adequately
demonstrate remission in CD. We highlight the significant role of ASCs in CD pathology. These
cells, influenced by the inflammatory milieu, undergo alterations in DNA methylation and

subsequent changes in gene expression, persisting even during disease remission.
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FIGURE LEGENDS

Figure 1. Exploratory data analysis. (A) Summary of study design with the main differences

found among groups. (B) Plot of the two principal components of the overall DNA-methylation

and RNAseq profiles in ASCs isolated from non-CD (in grey), active CD (in blue) and inactive

CD (in orange) groups, and in different location of adipose tissue: hMAT (triangle) and CF
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(circle) for ASCs isolated from patients with active CD. (C) Heatmaps of the top 50 most
significant DMPs and DEGs among the groups. Red bars represent the hypermethylated positions
and higher expression and blue bars represent the hypomethylated positions and lower expression.
Abbreviations: CD, Crohn’s disease; ASCs, adipose-stem cells; CF, creeping fat; hMAT, healthy
mesenteric adipose tissue; DMP; differentially methylated position; DMR, differentially
methylated region; DEG, differentially expressed genes; PC, principal component.

Figure 2. Analysis of DMPs reveals only small changes in ASC isolated from CD with
different clinical activity. (A) Distribution of DMPs significant probes and all EPIC probes.
Approximately 5% of all significant probes of the DMPs are located in the island and 17% of
EPIC probes of the DMPs are located in the island. (B) Volcano plot showing differentially
methylated promoters in ASCs from CD subject compared to non-CD subjects. Significant hits
with adjusted p-value <0.05 are in red. The right of the X axis indicates the hypomethylation in
ASCs from CD, and the left of the X axis indicates hypermethylation CD-ASCs. Gene symbols
shown correspond to known genes associated with significant differentially methylated promoter
regions; asterisks indicate no known gene in the promoter region annotation (C) DMR plot in
MAB21L2 gene. (D) Contribution to the beta variance by different variables (Crohn’s disease,
hospital, gender, smoking, CRP) using the VariancePartition R package.

Abbreviations: CD, Crohn’s disease; DMP, differentially methylated position; ASCs, adipose-
stem cells; DMP, differentially methylated position; CRP, high sensitive C-reactive protein; aCD,

active Crohn’s disease; iCD, inactive Crohn’s disease; hMAT, healthy mesenteric adipose tissue.

Figure 3: Transcriptomic profiling of ASCs reveals that CD is associated with an up-
regulation of immune response and stress-related genes. (A) Venn diagram of the relationship
among differentially expressed genes (DEGs) in ASCs from non-CD, active CD and inactive CD
groups. (B) In the left panel, a volcano plot shows differential gene expression between ASCs
isolated from non-CD (hMAT n=7) and active CD (CF n=7; hMAT n=7). Significant genes with
adjusted p-value <0.05 are in red. The right of the X axis indicates the gene expression elevated
in ASCs from active CD, and the left of the X axis indicates the gene expression elevated in non-
CD-ASCs. The normalised enrichment score (NES from GSEA) is shown in the right panel. Red
circles highlight the pathways up-regulated in active CD and blue circles highlight pathways
down-regulated in active CD. (C) Volcano plot showing differentially gene expression between
ASCs isolated from non-CD (hMAT n=7) and inactive CD (hMAT n=7). The normalised
enrichment score (NES from GSEA) is shown in the right panel. Red circles indicate the pathways
up-regulated in inactive CD and blue circles indicate the down-regulated pathways in inactive
CD. (D) Volcano plot showing differential gene expression between ASCs isolated from active

CD (CF n=7; hMAT n=7) and inactive CD (hMAT n=7) groups.
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Abbreviations: CD, Crohn’s disease; aCD, active Crohn’s disease; iCD, inactive Crohn’s disease;
ASCs, adipose-stem cells; DMP; differentially methylated position; DEG, differentially

expressed genes.

Figure 4: Integration of DNA methylation and gene expression identifies elevated MAB21L2
expression in adipose tissue of CD. (A) DNA methylation, gene expression and correlation of
MAB2IL2 in ASCs isolated from non-CD (n=7; in grey) and active (n=6 from CF, n=7 from
hMAT; in blue) CD groups. (B) DNA methylation, gene expression and correlation of MAB21L2
in ASCs isolated from non-CD (n=7; in grey) and inactive CD (n=5; in orange). (C) MAB21L2
gene expression performed by qPCR in ASCs from non-CD and from inactive and active CD
(n=7 per group). *p<0.05 vs non-CD-ASCs. (D) MAB2IL2 expression by qPCR in visceral
adipose tissue and subcutaneous adipose tissue among non-CD (n=5), inactive (n=5) and active
(n=7) CD. *p<0.05 vs non-CD MAT, $p<0.01 as indicated in the figure (E) MAB2IL2 gene
expression of adipose tissue constituents of active CD: mature adipocyte (n=7), ATMs (n=6) and
ASCs (n=7). *p<0.05, ***p<0.0001 vs mature adipocytes (F) MAB2I1L2 gene expression of
PBMCs in non-CD (n=3), inactive CD (n=6) and active CD (n=4). (G) Positive correlation
between MAB2IL2 gene expression in ASCs and hsCRP in serum (mg/dl). Bars in graphs
represent mean +SEM.

Abbreviations: CD, Crohn’s disease; ASCs, adipose-stem cells; ATMs, adipose tissue
macrophages; SAT, subcutaneous adipose tissue; MAT, mesenteric adipose tissue; PBMCs,

peripheral blood mononuclear cells; hsCRP, high-sensitivity C-reactive protein.

Figure 5: CACNAIH gene might be an important player in CD during remission. (A) DNA
methylation, gene expression and correlation of CACNAIH in ASCs isolated from non-CD (n=
7; in grey) and inactive CD (n=5; in orange). (B) DNA methylation, gene expression and
correlation of CACNA1H in ASCs isolated from active CD (n=6; in blue) and inactive CD (n=5;
in orange). (C) CACNAIH gene expression performed by qPCR with ASCs isolated from non-
CD (n=5), inactive CD (n=5) and active CD (n=7). $p<0.05 as indicated in the figure (D)
CACNAIH expression in visceral adipose tissue and subcutaneous adipose tissue among non-CD
(n=4), inactive CD (n=4) and active CD (n=6). *»<0.05 vs non-CD MAT, $p<0.05 as indicated
in the figure, (E) CACNAIH expression of adipose tissue constituents of inactive CD: visceral
adipose tissue (n=5), mature adipocytes (n=5), and ASCs (n=5). *p<0.05, ****p<0.0001 vs MAT,
$$9<0.005 as indicated in the figure (F) CACNAIH expression in PBMCs among non-CD (n=3),
inactive CD (n=6) and active CD (n=4). ®p<0.05 as indicated in the figure (G) Negative
correlation between CACNA 1 H expression in ASCs and hsCRP in serum (mg/dl). Bars in graphs

represent mean +SEM.
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Abbreviations: CD, Crohn’s disease; ASCs, adipose-stem cells; SAT, subcutaneous adipose

tissue; MAT, mesenteric adipose tissue; PBMCs, peripheral blood mononuclear cells, hsCRP,

high-sensitivity C-reactive protein.
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Table 1. Demographic characteristics and clinical data.

Non-CD Active CD Inactive CD
(SAT/ hMAT-VAT) (SAT/ CF-VAT) (hMAT-VAT) (SAT/ hMAT-VAT)
N 7 7 7 7
Sex (male/female) 4/3 3/4 4/3 1/6
Age (years) 4986 +7.38 | 42,71 +13.26 | 44+13.42 | 54.14 +£14.35
BMI (kg/m?) 2230+£2.29 | 2446+£291 | 23.43+£3.84 | 25.19+£4.62
C-reactive protein 0.4 3.08+3.98% | 371 £3.87%" | 0.43+0.21
(mg/dL)
Smoking status, n
(%)
Current smoker 2 (28.6) 5(71) 3 (42.8) 1(14)
Ex-smoker 0 1(14) 2 (28.6) 5(71)
Never smoker 5(71.4) 1(14) 2 (28.6) 1(14)
Age at diagnosis, n
(%)
Al - 0 0 1(14)
A2 - 5(71) 4 (57) 2 (29)
A3 - 2 (29) 3 (43) 4 (57)
Location, n (%)
L1 - 6 (86) 7 (100) 5(71)
L2 - 0 0 1(14)
L3 - 1 (14) 0 1(14)
Behaviour, n (%)
B1 - 0 0 5(71)
B2 - 4 (57) 2 (29) 1(14)
B3 - 3 (43) 5(71) 1(14)
Immunosuppresors
(Thiopurines), - 3 (50) 2(29) 4 (57)
n (%)
Anti-TNF - 0 3(43) 0
treatment, n (%)
Last attack - - - 22 +28.51
(months)

Abbreviations: CD, Crohn Disease; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; CF, creeping fat;
hMAT, healthy mesenteric adipose tissue; BMI, body mass index. Age at diagnosis: A1>16 years; A2 17-40 years; A3
> 40 years; Location: L1 =ileal; L2 = colonic; L3 = ileocolonic; Behaviour: B1 = non-stenotic, non-fistulising Crohn’s
disease; B2 = stenotic Crohn’s disease; B3 = fistulising Crohn’s disease. Results are presented as mean + SD. ANOVA
followed by post hoc Bonferroni test was used to compare means between groups.
ap < 0.01 significant differences compared with non-CD

b p < 0.05 significant differences compared with inactive disease.
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Table 2. Summary of cell types isolated, and tissues used in the study.

Abbreviations: VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue;

Employed in:

DNA Methylation, Transcriptomics, integration studies

Adipose tissue Active CD Inactive CD Non-CD
biopsi VAT VAT VAT

pries CF | hMAT SAT hMAT SAT hMAT SAT
ASCs isolation
ATMs isolation
Mature Adipocytes
Total tissue

Validation of candidate’s genes by qPCR obtained
from the integrative analysis (DMPs and DEGs) in
different cell subtypes and tissues

CF, creeping fat; hMAT, healthy

mesenteric adipose tissue, ASCs, adipose-derived stem cells, ATMs, adipose tissue macrophages.
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Figure 5
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