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SUMMARY

Management of terminal ileal Crohn disease (CD) is difficult due to fibrotic prog-
nosis and failure to achieve mucosal healing. A limited number of synchronous an-
alyses have been conducted on the transcriptome and microbiome in unpaired
terminal ileum tissues. Therefore, our study focused on the transcriptome and
mucosal microbiome in terminal ileal tissues of patients with CD with the aim of
determining the role of cross-talk between the microbiome and transcriptome
in the pathogenesis of terminal ileal CD. Mucosa-attached microbial communities
were significantly associated with segmental inflammation status. Interaction-
related transcription factors (TFs) are the panel nodes for cross-talk between
the gene patterns and microbiome for terminal ileal CD. The transcriptome and
microbiome in terminal ileal CD can be differently related to the local inflamma-
tory status, and specific differentially expressed genes may be targeted for
mucosal healing. TFs connect gene patterns with the microbiome by reflecting
environmental stimuli and signals from microbiota.

INTRODUCTION

Crohn disease (CD) is a type of inflammatory bowel disease (IBD) (Ng et al., 2018) that may cause stenosis,
perforation of lesions, sinus, fistula, and abscesses in patients, seriously affecting their quality of life. Ac-
cording to the Montreal classification, the terminal ileum (L1) and ileocolon (L3) are frequently involved
in CD. According to the European EpiCom studly, ileocecal and terminal ileal CD occurs in about 62% of
Western Europeans and 75% of Eastern Europeans (Burisch et al., 2014; Golovics et al., 2014). An epidemi-
ological study in Asia revealed that terminal ileal CD occurs in 76.8% of Asian patients (Ng et al., 2016).
Based on the location of CD, distinct differences in signaling pathways and microbiota may present risk
for disease progression or complication, influencing disease management decisions. Specific gene panels
are predominantly associated with ileal and colonic CD (Baumgart and Sandborn, 2012; Verstockt et al.,
2018). Microbial community profiles are also significantly different in patients with ileal and colonic CD,
and they are independent of biopsy site, inflammatory state, or disease activities (Naftali et al., 2016).

Genetic and environmental factors play combined roles in the pathogenesis of CD (Ananthakrishnan et al.,
2018; Satokari, 2015). The relationship between genetic factors and CD has been studied for a long time. A
number of studies have analyzed the IBD transcriptome (Chan et al., 2018). Most studies used arrays and
RNA sequencing to determine the mucosal transcriptome and the pathogenesis of IBD (Fang et al.,
2015; Hongetal., 2017; Palmierietal., 2015; Planell et al., 2013; Yang et al., 2019). Hong et al. studied paired
inflammatory and non-inflammatory tissues in patients with CD (Hong et al., 2017). Interactions between
gut microbes and host genes are involved in the development and progression of CD (Satokari, 2015).
However, a limited number of studies have investigated the interactions between gut microbes and host
genes, yielding inconsistent results due to the different methods employed (Pittayanon et al., 2019). Hasler
et al. explored the relationship between the microbiome and the tissue transcriptome by analyzing un-
paired inflammatory and non-inflammatory tissues involved in different diseases and different intestinal re-
gions affected by IBD (Hasler et al., 2017).

To date, a limited number of synchronous studies have analyzed the transcriptome and microbiome in
paired, specific locations of CD. Thus the precise roles of the microbiota and signaling pathways in CD
are unknown. Therefore, our study focused on the transcriptome and mucosal microbiome in terminal ileal
tissues of patients with CD with the aim of determining the role of cross-talk between the microbiome and
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Figure 1. Transcriptome analysis for inflamed and non-inflamed tissue in patients with CD with terminal ileum involved
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(A—F) Inflamed mucosa of Crohn disease (IMCD) and non-inflamed mucosa of Crohn disease (NMCD) samples shared a common area in principal-
component analysis (PCA) (A); top 20 differentially expressed genes (DEGs) in IMCD and NMCD are detected (B); GO biological process analysis is applied
for IMCD (C) and NMCD (D); KEGG pathway analysis identified different pathways in IMCD (E) and NMCD (F).

RESULTS

Identification of functional genes and inflammation-associated genes using transcriptome

analysis

A total of 10 paired tissue samples from inflamed and proximal non-inflamed ileum of patients with new-
onset CD were analyzed. Characteristics of the included samples are listed in Table S1. Gene patterns differ
due to differences in biopsy site, inflammatory state, or disease activities. Therefore, we performed biopsy
with a narrow margin, and we paired the inflamed and non-inflamed terminal ileal tissues. RNA sequencing
identified a total of 22,335 genes, and principal-component analysis (PCA) was performed. However, the 2D
PCA plots could not classify samples efficiently, that is, inflamed mucosa of Crohn disease (IMCD) and non-
inflamed mucosa of Crohn disease (NMCD) samples were not clearly grouped by PCA (Figure 1A). However,
1,080 genes were differentially expressed between IMCD and NMCD in the terminal ileum (p < 0.05). Of the
differentially expressed genes (DEG), 835 were upregulated and 245 were downregulated (Table S2). The
top 20 genes (ranked by fold change [FC] with a cutoff p value of 0.05) were differentially regulated in either
of the two subtypes (Figure 1B). MMP3, MMP1, and DUOXA2 were highly expressed in IMCD samples,
whereas SOAT2, SLC23A3, and ABCC2 were highly expressed in NMCD samples. The Gene Ontology Bio-
logical Process (GOBP) analysis identified several functions of DEGs, and the predominant functions
included overexpression of extracellular matrix organization, cytokine-mediated signaling pathway activa-
tion, leukocyte migration, myeloid leukocyte activation, and blood vessel developmentin IMCD (Figure 1C).
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Figure 2. Transcriptome analysis for CRP-associated genes and pathways
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(A—F) PCA cannot discriminate CRP high (CRPH) and low (CRPL) groups (A); the top 20 genes of CRPH and CRPL (B); GO biological process analysis is used
for CRPH (C) and CRPL (D); KEGG pathway analysis identified different pathways in CRPH (E) and CRPL (F).

Additionally, genes related to organic hydroxyl and monocarboxylic acid metabolism were predominantly
overexpressed in NMCD (Figure 1D). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed to identify the collection of manually drawn pathway maps, representing molecular interac-
tion, reaction, and relation networks. Interestingly, DEGs in the KEGG pathway analysis were less than those
in the GOBP analysis. The KEGG pathway analysis identified DEGs mainly related to complement and
coagulation cascades, cytokine signaling pathway, and osteoclast differentiation in IMCD (Figure 1E),
and it identified overexpressed genes related to mineral absorption, arachidonic acid metabolism,
longevity-regulating pathway, and mammalian target of rapamycin signaling pathway in NMCD (Figure 1F).

Identification of C-reactive protein-associated genes and pathways using transcriptome

analysis

Atotal of 415 genes were differentially expressed between C-reactive protein (CRP) high CRPH and CRP low
(CRPL) groups (p < 0.05). Of the DEGs, 303 were upregulated and 112 were downregulated (Table S3). How-
ever, PCA demonstrated that CRP was not discriminated effectively as an inflammatory biomarker between
the gene expression profiles (Figure 2A). The top 20 genes (ranked by FC with a cutoff p value of 0.05) were
differentially regulated in either of the two subtypes (CRPH and CRPL). STEAP3, PCRL4, and GBP3 were
highly expressed in CRPH, whereas DEFAS, NCRNA00292, and DEFB1 were highly expressed in CRPL (Fig-
ure 2B). The GOBP analysis identified predominant functional categories, such as overexpression of glyco-
protein metabolic process, cellular response to biotic stimulus, positive regulation of cellular component
movement, and positive regulation of hydrolase activity in CRPH (Figure 2C). Additionally, genes associated
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Figure 3. Venn diagram for differently expressed genes according to inflammatory state or systemic
inflammatory responses

Fourteen DEGs of IMCD versus NMCD between CRPH (1,310 DEGs) and CRPL (125 DEGs) were identified by Venn
diagram (A). Up- and downregulated gene clusters are determined (B).

with negative regulation of the execution phase of apoptosis, oxidative phosphorylation, and mitochon-
drion organization were predominantly overexpressed in CRPL (Figure 2D). However, the KEGG pathway
analysis identified only a few differentially overexpressed genes related to glycosaminoglycan biosynthesis,
such as chondroitin sulfate/dermatan sulfate synthesis and NF-«B signaling pathway, in CRPH (Figure 2E),
and genes related to the oxidative phosphorylation pathway ware overexpressed in CRPL (Figure 2F).

An intersection of the DEGs of IMCD and NMCD between CRPH (1,310 DEGs) and CRPL (125 DEGs) was
observed (Figure 3A). Fourteen DEGs, including the upregulated gene clusters CSAD, EIF5A2, LYPD6B,
ASRGL1, VMO1, COL16A1, POLD3, HS3ST1, and HARBI1 and the downregulated clusters CDHR1, MAP7D2,
FzD7, CYP2U1, and AQP7P1, were screened out (Figure 3A) to form a diagram (Figure 3B). The 14 DEGs
may reflect a local, segmental inflammatory state independent of or before systemic inflammatory responses.

Microbiome analysis detected subtle alteration in the ileal mucosa-attached microbiome

Analysis of 20 ileal mucosa-attached bacterial samples resulted in a total of 44.7 million 16S rRNA ampli-
cons with an average of 2.24 million reads sequenced per sample. A total of 19 phyla and 3,120 operational
taxonomical units (OTUs) were detected, and the most dominant phyla were Proteobacteria (68.39%), Ac-
tinobacteria (11.86%), Firmicutes (7.99%), and Bacteroidetes (7.17%). The percentages of these bacteria
were 69.91%, 12.09%, 6.87%, and 5.69%, in IMCD and 66.90%, 11.66%, 9.09%, and 8.62%, in NMCD, respec-
tively (Figure 4A). OTU and Shannon-Wiener index in IMCD and NMCD samples did not show any signif-
icant difference in bacterial richness and diversity (Figure 4B). Similarly, the 3D principal coordinate analysis
plot using the Bray-Curtis index did not reveal any significant difference between IMCD and NMCD micro-
bial communities (Figure 4C). Interestingly, linear discriminant analysis (LDA) and linear discriminant anal-
ysis effect size (LEfSe) revealed distinct clusters based on the inflamed or non-inflamed mucosa of CD. LDA
indicated that Pseudomonadales, Bacillus, and Micrococcaceae were abundant in NMCD samples,
whereas Ruminococcaceae, Haemophilus, Leptotrichiaceae, Leptotrichia, Burkholderiales, and Comamo-
nadaceae were abundant in IMCD samples (Figure 4D). The cladogram generated from LEfSe analysis
indicated that IMCD samples exhibited an increased proportion of Leptotrichia, Leptotrichiaceae, Coma-
monadaceae, Burkholderiales, Haemophilus, and Ruminococcaceae when compared with the NMCD sam-
ples. IMCD samples demonstrated a decreased proportion of Pseudomonaldales and Micrococcaceae
compared with the NMCD samples (Figure 4E). The combination of these observations indicates that
the mucosa-attached bacterial communities were significantly altered by segmental inflammation.

Co-abundance analysis of microbiome and host transcriptome detected microbiota-
associated transcription factors

Transcriptioon factors (TFs) are nodes, where cells respond to extracellular information as environmental
stimuli and signals from microbiota. To determine the host-microbiome cross-talk, DEGs, TFs, and TF-
regulated genes with abundant bacterial OTUs were correlated. After screening 1,080 DEGs, which were
differentially expressed between IMCD and NMCD, TFs were identified to determine the cross-talk be-
tween gene patterns and microbiome for terminal ileal CD. After sorting according to Pearson correlation,
the top 100 DEGs were used to draw co-expressing networks. A small panel of TFs (IRF4, AHR, MEIS2, ZEB1,
SMARCAI, CREB5, ARNTL2, and MEIS1) connected the microbiota (Eikenella, Moraxella, Candldatus,
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Figure 4. Microbiome analysis detected mucosa-attached microbiota
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quartiles) (B and C); linear discriminant analysis (LDA) (D) and cladogram generated from LEfSe analysis (E) indicated distinct clusters based on inflamed or

noninflamed mucosa of CD.

Halyseosphaera, Rhodococcus, Punica, Butyrivibrio, Mycoplasma, Faecalibacterium) to the majority of
DEGs (Figure 5A). Two individual TFs (VDR and ELK3) were at the center of linking microbiota and DEGs
(Figure 5B), which may present trigger points for analysis of host-microbiome cross-talk in terminal ileal CD.

The biological processes and signaling pathways of genes positively associated with TFs are shown in Fig-
ures 5C and 5D, respectively. Cytokine-mediated signaling pathway, lymphocyte activation, and regulation
of cytokine production are the three predominant biological processes in IMCD, whereas cytokine-cyto-
kine receptor interaction is the predominant signaling pathway in NMCD. The pathways involved in genes,
negatively associated with TFs, were not enriched. The biological and signal pathways involved in TF-
related genes of NMCD are shown in Figures 5E and 5F (positive correlation) and Figures 5G and 5H (nega-
tive correlation). Interestingly, cytokine-mediated signaling pathway and cytokine-cytokine receptor
interaction are the common pathways related to TFs in terminal ileal CD, independent of the inflammatory
status. The pathways involved in positive or negative correlation with TFs were partly same (Figures 5E-5H).
We used DEGs (Figure 5l) to construct a heatmap, and we observed that VDR was significantly increased in
the inflammation site, whereas ELK3 was significantly decreased. Taken together, these findings suggest
remarkable interactions between the host transcriptome and the mucosal microbiome, which may be
mediated by key TFs and TF panels.

DISCUSSION

In patients with terminal ileal CD, significant differences in the gene transcriptomes of inflamed and non-in-
flamed tissues, including genes belonging to the chemokine ligand (CXCL), matrix metalloproteinase (MMP),
and interleukin (IL) families, were observed. Some DEGs only reflected local inflammation in specific CD seg-
ments, and they remained unaffected by systemic inflammation. Some differences in the mucosa-attached
microbiota were observed between IMCD and NMCD. Intestinal microbes in the terminal ileum interact with
immune-related genes through core TFs. This interaction may be related to the pathogenesis of CD.

Several studies have been conducted to determine the relationship between the expression of intestinal
genes, composition of intestinal microbes, and onset of CD. Some gene variants, such as NOD2/
CARD15, are closely related to the pathogenesis of CD (Helit et al., 2003). Susceptibility genes associated

iScience 24, 102516, June 25, 2021 5




¢? CellPress

OPEN ACCESS

Lepidaphthirus i
Hacioph LILRAL
v\

iScience

cytokine-mediated signaiing patnway
ymphocyte activation-
reguiation o cytokine producton:

0

response to baclerium

Cytokine-cytokine receptor interagtion [
Seasat hereniaton o
. o Messes N o
117 cell afferenition H T
frentaton 3 . o e s
NF-¥appa 8 sanaing pavay H e receplor sgnal
Hematopoietic cell lineage- . w0 Jak-STAT signal
sak e paagy
iy -
Cell adhesion molecules (CARS) o
e )
Naturalkiler i modred YNGRy e cot
AGE-RAGE signaling paiway inciagelc compicatons|
ihiore i cancor o
Intestnal immune network or A proguGion oa
Epsiein-ar s miecion :
Complement and coagulation cascades T cellrecepor signalin
ity fmunodenceney o l
B col fecapidr SGnaing paiwa) AGE-RAGE signaing pathway i diabetc conpicatins |
Transcrptons] mistea BIOn T cancer pos
% % 7
o =

Cytokine-cytokine receptor interaction - = °

postve
posiive roguiaton

negaive

 epsion Rl signaiing

F 9
Transeriptonal misreguiation n cancer |

Figure 5. Co-abundance analysis of microbiome and host transcriptome

Hematopoietc col ineage |
Osteoclast dfierentiaton |

e
nesion molecules ((
A

Naturai kiler cell mediated cylotoxicty |
Epstein-Barr vius inection]
rimary immunodeficient

°
°
A °
Gene Caunt
d on
P .o
. °n
. ®
C3 £ %
Lo
.
.
°
.
. b
. M
Gene Cont
.
o
o
°w
& C3 5
Loge
VOR ELK3
- *
=t =

o
MCD_ NMCD MCD NMcD

(A—I) The core panel of TFs determined main correlation connecting microbiota and DEGs (A); VDR and ELK3 are in the central position (B); the biological
process (C) and signaling pathways (D) of genes positively related to TFs in IMCD; the biological process and signaling pathways of genes positively related
to TFs in NMCD (E—H); heatmap and bar plots confirmed that VDR was significantly increased in the inflammation site, whereas ELK3 was significantly

decreased (paired t test, *p < 0.05, data are represented as mean + SEM) ().

with the onset of CD differ in different populations (Ng et al., 2012). IBD-related transcriptomic studies have
deepened our understanding of disease pathogenesis and prognosis (Chan et al., 2018). Analyses of the
colonic tissues of patients with IBD have been conducted using cDNA microarrays, and abnormal regula-
tory genes related to disease pathogenesis (CYLD, CDH11, ARNTLZ2, and RORA) have been reported (Cost-
ello et al., 2005; Palmieri et al., 2015). Transcriptome analysis of patients with IBD of the colon and terminal
ileal tissues has been conducted using RNA sequencing (Hasler et al., 2017; Hong et al., 2017). Hasler et al.
(2017) investigated the relationship between gut microbes and transcriptomes, and they observed that IBD
presented a special weakening relationship between the microbiota, host gene regulation, and splicing of
host mucosal transcriptome. The combination of susceptibility genes, gut microbes, and transcriptome re-
flects the complicated pathogenesis and similar phenotypes of CD.

Considering that the terminal ileum is one of the major parts involved in CD, it presents difficulties in man-
agement of CD due to fibrosis and failure to achieve mucosal healing. In the present study, we found that
multiple genes belonging to the CXCL, MMP, and IL families showed significantly different expression
levels between IMCD and NMCD. These findings are similar to those of previous studies (Dobre et al.,
2018; Hong et al., 2017; Jakubowska et al., 2016; Schuppan and Freitag, 2004). A significantly increased
expression of MMPs, especially an increased level of MMP3 in mononuclear cells and fibroblasts, has
been reported in the fistulas of CD (Kirkegaard et al., 2004; Panés and Rimola, 2017). These gene families
are closely associated with immune-related pathways. In GOBP analysis, these gene families were involved
in the development of cytokine-mediated signaling pathway, leukocyte migration, and myeloid leukocyte
activation, and the results were similar to the KEGG analysis. Genes such as DOUX2 (Haberman et al., 2014),
S100A8/A9 (Okada et al., 2019), CHI3LT (Deutschmann et al., 2019), TNFRSF6B (Eriksson et al., 2008), and
SLC6AT4 (Luther et al., 2018) are also associated with CD. Although the colonic and terminal ileal tissues
share a similar inflammatory status in CD, they may have different transcriptomes due to different genetic
microenvironments and microbiomes.

Therapy using a treat-to-target approach followed by regular monitoring until the goal is achieved is critical for
long-term therapeutic effects in CD. Invasive endoscopic procedures and non-invasive biomarkers such as CRP
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or calprotectin are used in the evaluation of CD. CRP indicates systemic inflammatory conditions. CRP also acts
as a predictor for mucosal healing, deep remission, and long-term outcomes for biologics, and thus, it indicates
disease activity (Lin et al., 2020). Endoscopic evaluation and non-invasive biomarkers such as CRP may not be
paralleled in CD. The subgroup of patients with CD presented endoscopic lesions and normal CRP. DEGs are
affected by systemicinflammatory conditions; therefore, we examined the changes of gene transcriptomes and
intestinal microbiomes in IMCD and NMCD by distinguishing the CRP levels of patients with a cutoff of 10 mg/L.
Fourteen DEGs were unaffected by the systemic inflammatory state. It has been previously reported that the
CDHR1 and FDZ7 are expressed in the colonic tissues of patients who are unresponsive to anti-TNF-a. therapy
(Lutheretal., 2018). Owingto the limited number of studies, the role of DEGs in the pathogenesis of CD is incon-
clusive. However, DEGs are related to local mucosal healing rather than systemic inflammation or concomitant
infection. Patients with CD who achieve clinical remission can still possess intestinal ulcers. Our results pre-
sented candidate pathways and genes as targets of mucosal healing.

To understand the differences in terminal ileal mucosa-associated microbiome and its relationship with the
transcriptome, the same samples were used to analyze the gut microbiome. Proteobacteria, Actinobacteria,
Firmicutes, Bacteroidetes, and Fusobacteria were detected in the terminal ileum of patients with CD, consistent
with arecentstudy (Fan et al., 2020). The microbial abundance and diversity in patients with terminalileal CD are
low when compared with those of healthy controls and non-CD diseased controls (Hasler et al., 2017). Our study
also indicated similar bacterial genera (Ruminococcaceae, Haemophilus [Wright et al., 2017], Leptotrichia
[Salem et al., 2019], Burkholderiales [Sim et al., 2010], and Comamonadaceae [Chen et al., 2014]) with an
increased transcriptome abundance in IMCD, consistent with previous studies (Henke et al., 2019).

We explored the interactions between immune genes, TFs, and gut microbiome. The results of the co-
expression of OTU-TF-immune genes indicated that some gut microbes were closely related to the expres-
sion of immune-related genes. For example, in IMCD, IRF4 interacted with several gut microbes such as
Rhodococcus and Butyrivibrio. IRF4 has been linked to the pathogenesis of CD (Watanabe et al., 2014;
Xu et al., 2012). Similar situations exist for other TFs, such as AHR (Benson and Shepherd, 2011; Wu et al.,
2019), ZEB1 (de Barrios et al., 2019), CREB5 (Jostins et al., 2012), and ARNTL2 (Palmieri et al., 2015). In
NMCD, we observed that a decreased expression of VDR was associated with intestinal microbes. The rela-
tionship between the decreased VDR expression levels and CD has been reported previously (Garg et al.,
2019; Gisbert-Ferrandiz et al., 2020). ELK3 may also be associated with the pathogenesis of CD (Uniken Ven-
ema et al., 2019). The underlying mechanisms of the interactions of TFs with intestinal microbes leading to
CD are still unclear. However, intestinal microbes may interact with immune-related pathways through TFs.
The interaction may be a connection with CD local mucosal damage healing. As the immune pathways
involved in IMCD and NMCD are highly similar, the determination of high TF expression in them is not diffi-
cult. Thus, there may be some interactions between the gut microbes and the host immune system.

Synchronous analyses suggest that there is an interaction between host genes and gut microbes in CD.
Although we do not know the causal relationship of this interaction, the synchronous analyses provide
the basis and research ideas for future research to explore the causal relationship between gut microbes
and host gene expression changes. The strengths of our study are synchronous analyses of transcriptome
and microbiome in paired, specific locations of CD. Second, endoscopic evaluations and non-invasive bio-
markers, such as CRP, may not be paralleled to CD. Furthermore, the DEG matrix, which was not correlated
with higher CRP levels, reflected local, segmental inflammatory status independent of or before systemic
inflammatory response, and it could present candidate pathways and genes as targets for mucosal healing.
Finally, a network of host-microbiome cross-talk was detected by microbiota-associated TFs.

Limitations of the study

Our study is limited by its small sample size, which limited the power to assess solid relationships between
the transcriptome and microbiome. As this study did not analyze the differences between pre- and post-
treatment (with administration of medicines) CD, we could not confirm whether the microbiome and
host transcriptome were influenced by disease activity.
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Supplementary Table 1. Characteristics of included patients, related to all figures.

CD (n=10)
Sex, n (%)
Male 6 (60.0)
Female 4 (40.0)
Age, yrs, mean = SD 30.9+10.4
Montreal classification, n (%)
Age at diagnosis
Al 1 (10.0)
A2 7 (70.0)
A3 2 (20.0)
Location
L1 8 (80.0)
L2 0(0)
L3 2 (20.0)
L4 0(0)
Behavior
B1 7 (70.0)
B2 2 (20.0)
B3 1 (10.0)
With perianal lesion 4 (40.0)
Disease activity, n (%)
Inactive (CDAI < 150) 6(60.0)
Active (CDAI=150) 4 (40.0)
CRP level
CRP < 10mg/L 4(40.0)
CRP > 10mg/L 6 (60.0)

yrs, years; SD, standard deviation; CDAI, Crohn’s disease activity index; CRP,
C-reactive protein
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CONTACT FOR REAGENT AND RESOURCE SHARING
Reagents and resources included in the current study are available from the
corresponding author on reasonable request. All requests will be fulfilled by Jun Shen

(shenjun79@sina.cn) and Yuqi Qiao (giaoyugi@renji.com).

KEY RESOURCES TABLE



REAGENT or RESOURCE SOURCE or Version
Materials
RNA-later Qiagen, Hilden, Germany

TruSeq stranded Total RNA kit

Illumina, San Diego, USA

Random hexamers

Qiagen, Hilden, Germany

KAPA HiFi HotStart ReadyMix

KAPA Biosystems, Waltham, USA

Nextera XT Index Kit v2

Illumina, San Diego, USA

Instrument

Light microcopy

Olympus, Tokyo, Japan

Agarose gel electrophoresis

Thermo Fisher Scientific, Shanghai Branch,

China

Illumina NovaSeq system

150 nucleotide paired end reads, Illumina

Software
Megan Version 6.20.17
R Version 4.0.1

Galaxy online tool

https://huttenhower.sph.harvard.edu/galaxy/

Metascape https://metascape.org/gp/ index.html
GraphPad Prism Version 8.0.2

package

EdgeR Release (3.12)

Procomp Version 4.0.1

PandaSeq Version 2.11




Silva database

Release: 104

Fastqc Version 0.11.9
Trimmomatic Version 0.36
Hisat2 Version 2.0.5
FeatureCounts Version 1.5.2
Pheatmap Version 1.0.12

VennDiagram

Version 1.6.20

SUBJECT DATAILS

Between January 2019 and December 2019, new-onset CD patients from the
Inflammatory Bowel Disease Research Center, Renji Hospital, School of Medicine,
Shanghai Jiao Tong University were recruited in the study. Approximately 5 mg (four
mucosal biopsies) of tissue samples were extracted from the inflamed and proximal
non-inflamed ileum of CD patients (n=10). Biopsies were obtained during
endoscopies, and they were stored in RNA-later (Qiagen, Hilden, Germany) at 4 <C
overnight and at -80 <C for long-term storage. Characteristics of the included samples
are listed in Table S1. IMCD and NMCD were extracted from the biopsy samples,
and they were confirmed by light microcopy (Olympus, Tokyo, Japan). Three months
prior to recruitment, all patients were instructed to avoid antibiotics, steroids,
immunosuppressants, and biologics. The study was approved by the Institutional

Review Board of Renji Hospital, School of Medicine, Shanghai Jiao Tong University




(IRB no. 2018[221]). All patients provided written informed consent prior to

sampling and data collection.

METHOD DETAILS

RNA extraction

Total RNA was extracted from cell lysates by grinding the tissues with an abrasive
rod to augment cell disruption. RNA was prepared as instructed, and the integrity of
RNA was assessed using agarose gel electrophoresis (Thermo Fisher Scientific,
Shanghai Branch, China): Add 1/5 volume of Total RNA Extraction Reagent in
chloroform, shake vigorously, and incubate on ice for 15min. Centrifuge at 12000xg
for 15min at 4<C. Take the supernatant to a new tube, add an equal volume of ice bath
isopropanol, mix upside down, -20<C for 20 min or more. Centrifuge 12000xg, 15min,
4°C. Remove supernatant, add an equal volume of 75% ice ethanol with Total RNA
Extraction Reagent, and suspend the precipitate. Centrifuge 12000xg, Smin, 4°C.
Remove supernatant, dry the precipitate moderately. Dissolve RNA precipitate with

RNase-free water (50-100ul).

RNA sequencing

Strand-specific RNA sequencing libraries were prepared using 10 ng of total RNA
from each sample using the TruSeq stranded Total RNA kit (Illumina, San Diego,
USA), and they were sequenced on an Illumina NovaSeq system (150 nucleotide

paired end reads, Illumina). Quality control and read alignment and processing were



conducted using the package EdgeR and ‘procomp’ was performed with R software
version 4.0.1. (https://cran.r-project.org/). The data of RNA sequencing was listed in

Supplementary File 1.

16s RNA sequencing and microbiome analysis

Transcriptionally active ileal mucosa-attached bacterial profiles were generated using
the RNA obtained from mucosal biopsy (converted to cDNA using random hexamers,
Qiagen). The V3-V4 variable region of 16S rRNA was amplified using bacterial 16S
rRNA gene-specific composite primers (337F and 805R) using the KAPA HiFi
HotStart ReadyMix (KAPA Biosystems, Waltham, USA). Libraries were prepared
using KAPA HiFi HotStart ReadyMix and Nextera XT Index Kit v2 (Illumina). The
following 16S amplicon PCR primers were used:
F5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG
CAG;
R5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTA
TCTAATCC. Pooled amplicon libraries were sequenced using the Illumina NovaSeq
system (2150 bp), and they were processed using the PandaSeq and Malt algorithms.
The 16S double-end data were spliced using PandaSeq (V2.11) and then compared
with the silva database (release: 104) using malt (V0.4.1). The compared daa files
were Taxonomy annotated using Megan (V6.20.17) and OUT abundance
quantification was performed. Species abundance was analyzed using megan, and the

top 10 OUTSs were plotted as histograms using R. Alpha diversity, PCoA were also


https://cran.r-project.org/

analyzed using Megan. lefse analysis was done using Galaxy online tool
(https://huttenhower.sph.harvard.edu/galaxy/). The data of 16s RNA sequencing was

listed in Supplementary File 2 and Supplementary File 3.

Transcriptome analysis

Nextra data were quality controlled (QC) by fastqgc (v0.11.9). Low quality reads and
Nextra junctions were removed after QC using Trimmomatic (v0.36). And the Hg19
reference genome was compared using Hisat2 (v2.0.5). The raw expression matrix
was obtained by quantification using FeatureCounts (v1.5.2). The raw expression
matrix was corrected for depth by count per million (CPM) and logarithmized. PCA
analysis was performed using the R package ‘prcomp’ function. Pairwise or unpaired
screening for differential genes (FC>1.5, < 0.67 and P< 0.05) was performed using
student t. The top 10 genes with the largest fold change up- and down-regulation were
heat mapped using ‘Pheatmap’ (V1.0.12). Functional enrichment analysis was
conducted on Metascape (https://metascape.org/gp/ index.html) using KEGG and
GOBP, and bubble maps were plotted by R. VennDiagram (V1.6.20) was used to plot

venn diagrams.

Analysis of host-microbiome cross-talk
To quantitatively measure host-microbiome cross-talk, Spearman’s rank correlation
coefficient was calculated for all DEGs and OTUs present in the samples between the

respective gene expression levels and the respective OTU abundance. To determine



the statistical significance of individual correlation coefficients, false discovery rate

was estimated using the Benjamini-Hochberg test.

In the host-microbiome cross-talk map, the microbes and top 20 genes related to TF
were selected, and they were compared between IMCD and NMCD. A paired t-test
was applied, and p< 0.05 was considered statistically significant. Six samples
obtained from three patients, who consumed antibiotics in the past three months, were
excluded.

The list of human transcription factors (TFs) was downloaded from the HumanTFdb
database and intersected with the DEGs
(http://bioinfo.life.hust.edu.cn/HumanTFDB#!). The spearman correlations of
transcription factors in DEGs with OTU and immune gene (download from
https://www.nanostring.com/) were calculated separately using the ‘corr.test’ function
in Psych package, and the P-values were corrected using BH. The correlation results
were filtered according to BH<0.05, and the OUT-TF-immune gene co-expression

network was constructed by using TF as a mediator.

Analysis of C-reactive protein (CRP)-associated genes and pathways

We used a dichotomous approach to determine the impact of disease activity on
DEGs. Patients were divided into two groups: CRP low (CRPL) (< 10mg/L) and CRP
high (CRPH) (> 10mg/L). A Venn diagram was used to identify different

comparisons such as IMCD/NMCD and CRPH/CRPL and to analyze overlapping and



unique features.

QUANTIFICATION AND STATISTICAL ANALYSIS
Pairwise or unpaired screening for differential genes (FC>1.5, < 0.67 and P< 0.05)
was performed using student t. The statistical analysis was carried out using

GraphPad Prism software Version 8.0.2 (San Diego, CA, USA).

DATA AVAILABILITY
All data and code supporting the findings of this study are available within the paper
and its supplemental information files (Data S1). Our RNA-Seq data has been

uploaded to the GEO database (GSE171244).
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