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Gene Signature-Based Approach Identified MEKI/2 as a Potential
Target Associated With Relapse After Anti-TNFa Treatment for
Crohn’s Disease
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Background: Anti-tumor necrosis factor alpha (anti-TNFa) therapy has become the mainstay of therapy for Crohn’s disease (CD). However,
post-therapy, the recurrence rate is still high. The aim of this study was to dissect the molecular mechanism for recurrence of CD treated with
anti-TNFa therapy and investigate novel therapeutic options that could induce complete remission.

Methods: We re-analyzed publicly available mucosal gene expression data from CD patients pre— and post-infliximab therapy to extract the
transcriptional differences between responders and healthy controls. We used a systematic computational approach based on identified differ-
ences to discover novel therapies and validated this prediction through in vitro and in vivo experimentation.

Results: We identified a set of 3545 anti-TNFa. therapy-untreatable genes (TUGs) that are significantly regulated in intestinal epithelial cells, which
remain altered during remission. Pathway enrichment analysis of these genes clearly showed excessive growth state and suppressed terminal differ-
entiation, whereas immune components were clearly resolved. Through in silico screening strategy, we observed that MEK inhibitors were predicted
to revert expression of genes dysregulated in infliximab responders. In vitro transcriptome analysis demonstrated that selective MEK1/2 inhibitor
significantly normalized reference genes from TUGs. In addition, in vitro functional study proved that MEK1/2 inhibitor facilitated intestinal epithe-
lial differentiation. Finally, using murine colitis model, administration of MEK1/2 inhibitor significantly improved diarrhea and histological score.

Conclusions: Our data revealed the abnormalities in anti-TNFo responders’ CD colons that would be cause of recurrence of CD. Also, we

provided evidence regarding MEK 1/2 inhibitor as a potential treatment against CD to achieve sustainable remission.
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INTRODUCTION
Crohn’s disease (CD) is a chronic and progressive inflam-
matory disease of the gastrointestinal tract.! The management
of CD has evolved dramatically over the last decade with the
emergence of biological therapies. Infliximab, an anti-tumor
necrosis factor alpha monoclonal antibody (anti-TNFa mAb),
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is effective in managing the symptoms of CD and induces
remission even in patients not responding to conventional
treatment including mesalamine, antibiotics, corticosteroids,
and immunomodulators.>* Despite these advances, still more
than 50% of CD patients are estimated to undergo recurrence
surgery during their lifetime due to stricturing and penetrating
complications.** Furthermore, the meta-analysis study showed
that the risk of relapse remained significant in CD patients
when discontinuation of anti-TNFa treatment was based on
clinical and endoscopic remission.® Therefore, treatments that
achieve sustainable remission in CD are needed.

Although it is largely unknown what etiology is involved
in the disease, recent genetic advances have revealed that CD
is presumably driven by immune and nonimmune pathophys-
iology.” However, most conventional CD therapies currently
target only the immune components.® Recently, the so-called
“deep remission” defined as complete mucosal healing has
become the ultimate end point of the therapeutic advances
for CD.? Therefore, there is a great promise in new thera-
peutic approaches that integrate both immune and nonim-
mune pathophysiological components and potentially induce
greater and sustainable deep remission as a single agent or in
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combination with established immunosuppressants. A previous
report has demonstrated that loss of barrier function identified
by confocal laser endomicroscopy would be a sensitive predic-
tor of relapse of inflammatory bowel disease (IBD) patients in
remission states.!” It has also been reported that the histology
of the CD patient’s ileum in remission with anti-TNFa therapy
showed complete clearance of inflammation and immune cell
infiltration, whereas crypt architecture remained disturbed.!!
Based on this evidence, we hypothesized that there may be some
structural and functional abnormalities in patients who achieve
clinical remission after anti-TNFa therapy that might predis-
pose them to recurrence.

Integrating disease analysis into drug discovery based on
molecular states is critical to finding effective therapeutics for
complex diseases. At the mRNA level, gene expression signature
has been used in disease characterization, the drug discovery
process, or as a pharmacodynamic marker with the dose-de-
pendent cellular response.’”> Recent advances in methods for
gathering and analyzing transcriptome data across many tech-
nology platforms serve as the groundwork for enabling data-
driven drug discovery.!® Connectivity map (CMap) has recently
been applied for the repurposing of drugs.'* The approach is to
look for inverse drug-disease relationships by comparing disease
molecular features with drug molecular features. Notably, Cheng
et al.’® reported a systematic approach to quantitatively evaluate
CMap methodology and showed that it can significantly enrich
true positive drug-indication pairs using an effective matching
algorithm. Thus, analyzing clinically relevant molecular signa-
tures allowed us to identify potential therapeutic targets and
understand the etiology of complex diseases.

In this study, we focused on mucosal gene signatures
before and after first infliximab therapy on CD patients'® and
found that a series of gene signature remained unresolved even
after patients achieved clinical remission with therapy. Analysis
of the gene signature provided us not only insights into nonim-
mune abnormalities but also a rational strategy to address this
mechanism. By using a systematic computational approach, we
predicted the therapeutic benefit of inhibition of the MAPK
pathway. We demonstrated that both treating CD and pre-
venting disease recurrence would be deliverable by a selective
MEK1/2 inhibitor. Our results suggested that targeting MEK is
a novel strategy that could induce sustainable remission via nor-
malizing molecular alterations to baseline, which in part leads
to the promotion of reconstitution of intestinal epithelium.

METHODS

Microarray Data and Differential Gene

Expression Analysis

In order to reanalyze the data from Arijs et al.,'® we
obtained the gene expression data set GSE16879 from GEO,
the NCBI Gene Expression Omnibus, which was run on the
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Affymetrix platform Human Genome U133 Plus 2.0. In this
study, mucosal gene expression profiles were obtained from the
colonic biopsies of 19 CD patients and 24 UC patients refrac-
tory to corticosteroids and/or immunosuppression before
and 4-6 weeks after their first infliximab infusion and from
6 healthy controls. The response to infliximab was defined as
mucosal healing with a decrease of at least 3 points on the his-
tological score for CD' and as a decrease to a Mayo endo-
scopic subscore of 0 or 1 with a decrease to grade 0 or 1 on
the histological score for UC.!% ! Probe set expression val-
ues were estimated with the frozen RMA algorithm using R/
Bioconductor, the frma package, and their presence call was
calculated with the MASS algorithm using R/Bioconductor,
the affyPLM package. Probes that were called absent in >90%
samples were filtered out. Last, fewer variable probes whose
interquartile ranges were in the bottom 10% of all probes were
filtered out. Identification of differentially expressed genes
(DEGs) was conducted based on the empirical Bayes method
using R/Bioconductor, the limma package. Human crypt sig-
nature generated from GSE6894% was downloaded from the
Nextbio database (http://www.nextbio.com/). For statistical
test, paired ¢ tests were performed to detect the DEGs with
an adjusted P value <0.05 and absolute fold change >1.2 in
the Nextbio platform. Mouse crypt signature was obtained
from GSE27605 on GEO data sets,”! which was run on the
Affymetrix-platform Mouse Genome 430 2.0 Array. Data pro-
cessing and statistical analysis were performed applying the
same methods as GSE16879.

Principal Component Analysis

Principal component analysis (PCA) was performed
using the “prcomp” function of the R/CRAN stats package.
To determine whether the patient groups were significantly dif-
ferent from the healthy group, Dunnett’s tests were conducted
to examine the patient vs healthy control in PCl using the
“SimTestDiff” function of the R/'CRAN SimComp package.
Visualization of scatter plot and boxplot was done using the R/
CRAN ggplot2 package.

Pathway Enrichment Analysis

The extracted genes were evaluated in a pathway enrich-
ment analysis on NextBio using the Gene Ontology (GO)
database.

Hierarchical Clustering and Heatmap

Visualization

Clustering using cosine distance and the Ward link-
age method was performed using the “Heatmap” function
of the ComplexHeatmap package, which is available on R/
Bioconductor. For calculation of Enrichment Scores (ES), see
Supplementary Materials and Methods for a detailed descrip-
tion of methods.
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Computational Prediction

We modified the CMap database build 02'* by integrat-
ing it with the drug signatures obtained from internal microar-
ray transcriptome data (data source is shown as “Internal”) to
compute the Enrichment Scores of gene set against drugs. See
Supplementary Materials and Methods for a detailed descrip-
tion of methods of microarray analysis, and see Supplementary
Excel File for MASS5 normalized data of the internal transcrip-
tome data set. A list of negative permuted Enrichment Scores
associated with each of the small molecules in the CMap and
internal data set, as calculated by Kolmogorov-Smirnov statis-
tics, was generated against signatures of anti-TNFa therapy—
untreatable genes (TUGs) and anti-TNFa therapy-treatable
genes (TTGs). For computational prediction, TUG and TTG
signatures were extracted from GSE16879, per the following cri-
teria: Significant value referred to false discovery rate (FDR)-
adjusted P value <0.05 and absolute fold change >1.2, and
nonsignificant value referred to FDR-adjusted P value >0.05.

Cell Culture and Reagent

Human colorectal cancer cell lines LoVo and Caco-2 were
obtained from ATCC (Manassas, VA, USA). LoVo cells were
grown in F-12K with 10% FBS, and Caco-2 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS.
Both cells were maintained in a humidified incubator at 37°C and
5% CO,. Compound A was synthesized at laboratories in Takeda
California as a selective and potent MEK allosteric site inhibitor
(IC,, of 38 nM against purified MEK1), which was orally bio-
available and efficacious in tumor xenograft models, as previously
reported.”? PD0325901 was obtained from SelleckChem (Houston,
TX, USA), Gemcitabine (GEMZAR) was obtained from Eli Lilly
(Indianapolis, IN, USA), and Bicalutamide (Casodex tablets) was
obtained from AstraZeneca (London, UK).

Amplicon Sequencing and DEG Analysis

AmpliSeq human-transcriptome libraries were con-
structed and sequenced in technical triplicate using the Ion
Proton platform (Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s instructions. Briefly,
10ngof total RNA wasreverse-transcribed using the SuperScript
VILO cDNA Synthesis Kit (Thermo Fisher Scientific) followed
by library generation using the Ion AmpliSeq Transcriptome
Human Gene Expression Kit. Libraries were diluted to 100 pM
and pooled equally, with 18 individual samples per pool. The
pooled libraries were multiplexed and clonally amplified by
using the Ion OneTouch 2 System, and then sequenced on Ion
PI chips using an Ton Proton sequencing system. Data were first
analyzed by Torrent Suite and ampliSeqRNA analysis plugin
to generate count data. Read count normalization was per-
formed using the voom method, and the extraction of DEGs
was conducted based on the empirical Bayes method using R/
Bioconductor, the limma package.

PERK Inhibition Assay

Total and p-ERK1/2 content was measured using an
ERK1/2 (pT202/Y204 + Total) enzyme-linked immunosorbent
assay kit (ab176660, Abcam, Cambridge, UK) following the
manufacturer’s protocol. LoVo cells (5 X 10%) were incubated
in a 96-well plate treated with Compound A at indicated con-
centrations for 1 hour. The cells were then washed with PBS
and lysed in lysis buffer. Standards for ERK1/2 and p-ERK1/2
were run simultaneously in parallel. Samples were incubated in
antibody solution for 1 hour with gentle shaking at room tem-
perature. After washing, TMB substrate was added to each well
and incubated for 15 minutes. Optical density was recorded at
450 nm using a plate reader.

Transepithelial Electrical Resistance Assay

To measure the effects of Compound A on the Caco-2
monolayer barrier function, Caco-2 cells were seeded at 1 X 10?
cellss'mL on 24-well Transwell inserts with 0.45-um pore size
(Corning Costar, Cambridge, MA, USA). After 1 day of cell
culture, the cells were treated with Compound A at indicated
concentrations and cultured for 7 days. The culture medium
with Compound A was changed every 2-3 days. To assess the
integrity of the monolayer, transepithelial electrical resistance
(TEER) was monitored by measuring the transmembrane
resistance using an epithelial voltohmmeter EVOM2 (LMS).
The TEER value was corrected for surface area and expressed
as Ohms cm?.

Caco-2 Differentiation Assay

Cells were plated in a 96-well plate at the density of
1.6 x 10* cells/well. One day after plating, the cells were treated
with compounds and allowed to grow at confluence. The entire
time course was performed twice, and total RNA from cells
was obtained at 1, 3, and 6 days after plating. The APOAI and
LGR5 mRNA expression levels at days 3 and 6 relative to the
GAPDH mRNA level at day 1 were measured by real-time pol-
ymerase chain reaction (RT-PCR).

Quantitative RT-PCR Analysis

Total RNA was isolated from cells and purified using the
RNeasy 96 kit (Qiagen, Valencia, CA, USA). Quantitative real-
time PCR analysis was performed on an Applied Biosystems
7900HT Fast Real Time PCR System (Applied Biosystems,
Foster City, CA, USA) using the QuantiTect Probe RT-PCR
Kit (Qiagen) with TagMan probes against the target genes
(Applied Biosystems). Data were analyzed according to
the 224 method and normalized relative to the amount
of GAPDH mRNA. The normalized abundances of target
mRNAs were expressed relative to the corresponding values
for cells treated with DMSO. The following TagMan probes
were used: GAPDH (4310884E), APOAI (Hs00163641_ml),
and LGRS (Hs00969422_m1).
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Preparation of Enteric Compound

A Microparticles

Microparticles (MPs) were fabricated using the
oil-in-oil emulsion solvent evaporation method.? ?* See
Supplementary Materials and Methods for a detailed
description of methods.

Animals

Studies were performed in accordance with stand-
ards for humane care, and treatment of research animals
was approved by the Institutional Animal Care and Use
Committee (IACUC) of Takeda Pharmaceutical Company,
Ltd (Approval No. 10797). Female BALB/c mice (7 weeks
of age) and C.B-17/Icr-scid/scid mice (SCID; 7 weeks of age)
were purchased from Charles River Japan and CLEA Japan,
respectively. They were housed in plastic cages with free access
to food and water. All animals were kept under constant tem-
perature (23 £ 3°C) and humidity (55 * 15%) conditions with
a 12-hour light/dark cycle.

Activated T-Cell Transfer Colitis Model

Total lymphoid cells were recovered from the splenocytes
of BALB/c mice by lympholyte-M (Cedarlane Lab., Ontario,
Canada). Then, cell suspension was treated with HLB solution
(IBL) for hemolysis. Total lymphoid cells (2 x 10° cells/mL)
were cultured in RPMI-1640 (WAKO, Japan) supplemented
with 10% FBS (Gibco Life Technologies), Concanavalin
A (4 pg/mL), and recombinant human IL-2 (10 ng/mL, R&D
systems, Minneapolis, MN, USA) for 3 days. After incubation,
CD4* T cells were isolated by MACS separation systems with
CD4 (L3T4) MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). Activated CD4" T cells (2 X 10° cells) from BALB/c
mice were intravenously injected into SCID mice (day 0). At
day 17, the diarrhea score for stool consistency was graded on
a scale of 1-4 (1, normal; 2, pasty and formed; 3, pasty and
unformed; 4, diarrhea).

Therapeutic Treatment of Enteric Compound
A MPs and Anti-TNFa mAb in Experimental
Colitis

A total of 35 mice graded for 2 and 3 were equally
divided into 5 groups as follows: vehicle control, enteric
Compound A MPs at 0.3 mg/kg and at 1 mg/kg, isotype mAb
(HRPN; Bio X Cell), and anti-TNFa mAb (XT3.11; Bio X
Cell, West Lebanon, NH, USA). Enteric Compound A MPs
were suspended in 0.5% methylcellulose (WAKO) and orally
administered once a day from days 17 to 27. Isotype mAb and
anti-TNFo mAb were intraperitoneally injected every 4 days
from day 17 at 0.1 mg/mouse, based on preliminary studies
in which the maximum efficacy of anti-TNFa treatment was
observed at 0.1 mg/mouse. At day 27, the diarrhea score for
stool consistency was graded on a scale of 1-4. The colon of
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each mouse was surgically removed and rinsed with saline, and
the weight was measured at day 28.

Pharmacokinetic Studies

Pharmacokinetic studies were performed using female
C57BL/6J mice and activated T-cell transfer colitis mice after
oral administration of enteric Compound A MPs at a dose
of 1 mg/kg. See Supplementary Materials and Methods for a
detailed description of methods.

Histopathological Analysis

After the mice were killed, the colon was collected from
just below the cecum to the rectal site, and the lumen was
washed with PBS. The distal part of the colon was placed in 4
vol% neutral buffered formalin for 24 hours, which was replaced
with PBS. All tissues were embedded in paraffin, sectioned in
a cross-sectional manner, and stained with hematoxylin and
eosin (H&E). Histopathological evaluation was performed
independently by 2 pathologists using scoring criteria (see
Supplementary Table 1, which illustrates the histopathological
scoring system). The score of colitis from the distal section was
calculated by combining the scores of both findings (maximum
score, 8) for each animal.

In Vivo Intestinal Permeability Assay

All mice were gavaged with FITC-dextran (40-mg/100-g
body weight, MW 4000; Sigma-Aldrich, St Louis, MO, USA)
4 hours before death. Whole blood was collected by cardiac
puncture, and plasma was fractionated from the collected blood
samples via centrifugation at 5000xg for 10 minutes at 4°C.
Fluorescence intensity in plasma was analyzed using a plate
reader (excitation, 485 nm; emission, 535 nm). The concentra-
tion of FITC-dextran was determined from a FITC-dextran
standard curve generated by serial dilution. Permeability was
calculated by linear regression of sample fluorescence.

Statistical Analysis of In Vivo Data

Values were expressed as the mean = SEM. To evaluate
the data, either the Student ¢ test or the Wilcoxon test was per-
formed for comparison between the 2 groups. A P value <0.05
was considered significant. For comparisons of mean values
among the 3 groups, a 1-tailed Williams test or Shirley-Williams
test was used, and a P value <0.025 was considered significant.
All data were analyzed using the SAS System for Windows
(Release 9.3, SAS Institute Inc., Cary, NC, USA).

RNA Sequencing of Mouse Colon and

Differential Gene Expression Analysis

The distal part of the colon was stored in RNAlater
(Qiagen) at 4°C. Total RNA was prepared using Isogen II
(Nippongene, Japan) and further purified by the aid of RNeasy
Mini Kit column (Qiagen) and DNasel (Qiagen) to avoid
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genomic DNA contamination, according to the manufactur-
er’s instructions. PolyA-RNA was isolated from 2 pg of total
RNA using the Dynabeads mRNA Direct Purification Kit
(Thermo Fisher Scientific). The polyA-RNA was then pro-
cessed for library preparation following standard procedures
for Ion Proton sequencing using the Ion Total RNA-Seq
Kit v2 (#4476286, Thermo Fisher Scientific). Libraries were
sequenced as barcoded-pooled samples on Ion PI chips using
an Ion Proton sequencing system. Normalization and DEG
analysis were performed applying the same methods as ampli-
con sequencing.

Data Availability

The raw sequence data of our study have been deposited
in the Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo/). The Ampli-seq data of LoVo cell line have
been deposited under accession number GSE108050, and the
RNA-seq data of murine colitis model have been deposited
under accession number GSE108052.

RESULTS

Mucosal Abnormal Gene Expression Remains
Even After Achieving Clinical Remission With

Infliximab Treatment

To compare the mucosal transcriptional profiles between
IBD patients and healthy controls, we analyzed the publicly
available Leuven cohort (GSE16879), in which data were
obtained from control, CD, and ulcerative colitis (UC) patients
at the time of pre- and post-infliximab treatment.!® A clear
differentiation among the samples, depending on their dis-
ease activity, was observed when applying PCA using the given
log2 microarray expression data (Fig. 1A). In the case of CD
patients, 9872 gene expressions were found to be statistically
different from those in healthy controls (Table 1). Importantly,
transcriptome data of post-therapy samples from responders
were clustered together and significantly away from the healthy
controls (Fig. 1A). These results suggest that the CD intesti-
nal mucosa in responders is molecularly different from that
of healthy controls in terms of gene expression. PCA analysis
showed that CD and UC are indistinguishable, suggesting the
molecular similarity of inflamed CD and UC colon in spite
of some phenotypic differences (see Supplementary Fig. 1,
which describes PCA of CD patients, UC patients, and healthy
controls).

Indeed, we identified a set of 3545 genes whose expres-
sion in CD patients with remission was significantly different
from healthy controls (Table 1). We designated this residual
genomic expression that did not return to healthy controls as
anti-TNFo therapy—untreatable genes. On the other hand, we
also identified a set of 2061 genes whose expression was dif-
ferently expressed from healthy controls before treatment and

normalized to healthy controls in post-treatment (Table 1). We
designated these recovered genes as anti-TNFo. therapy—treat-
able genes. To examine which tissue type is potentially respon-
sible for the TUG and TTG gene expression of CD patients,
we compared the expression levels of TUGs and TTGs using
the RNA sequence-based Nextbio Body Atlas application. The
application allows the aggregated analysis of gene expression
across >50 normal tissues of the human body system.? We
found that TUGs were highly expressed in the lower gastroin-
testinal tract whereas TTGs were highly expressed in immune
systems such as the spleen and whole blood cells (Fig. 1B).

Next, we performed pathway enrichment analysis of
TUGs and TTGs on NextBio using the Gene Ontology data-
base. The results showed that TUGs were enriched in genes
associated with cell cycle pathways whereas TTGs were
enriched in inflammation and immune pathways (Fig. 1C).
These results suggested that abnormal growth state in intesti-
nal epithelial cells (IECs) persisted after achieving remission
in CD colonic mucosa, whereas inflammation and immune
reactions were largely resolved by infliximab therapy. To inves-
tigate whether TUGs of CD patients represent dysregulated
proliferation/differentiation properties in IECs, we analyzed
the association between each crypt cell gene expression signa-
ture and TUGs.? Of interest, TUGs showed significant positive
correlation with intestinal stem cells (EphB2"ie") vs differentiat-
ing cells’ (EphB2"°%) immature signature, thereby demonstrat-
ing the imbalance of self-renewal and differentiation of IECs
that persists after clinical remission by anti-TNFa therapy (see
Supplementary Fig. 2, a heatmap illustrating the hierarchical
clustering of the human EphB2"e" vs EphB2"°Y immature crypt
signature compared with TUGs). These results indicate that
structural and functional abnormalities may be due to unreg-
ulated self-renewal and differentiation of IECs in CD patients
in remission.

In Silico Screening Identifies MAPK Pathway
Inhibitors as Potential Drugs Targeting CD

Given that TUGs remained unresolved in remission,
we hypothesized that normalization of residual TUGs to
healthy control could be effective in preventing recurrence
of CD through correction of imbalance of IEC proliferation
and differentiation. To find a novel therapeutic concept/tar-
get, we performed in silico screening to modulate the TUG
signature. We used the CMap system, a systematic compu-
tational approach for drug repositioning, which is based on
the integration of public gene expression signatures of drugs
and diseases.” For in silico screening, we used the modified
CMap database,'* which was integrated with the drug signa-
tures obtained from internal transcriptome data with the aim
of investigating drug repositioning opportunities of internal
compounds for CD treatment. For this computational predic-
tion, we extracted TUGs and TTGs for both CD and UC by
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FIGURE 1. Residual genomic profile of CD patients. A, PCA of colonic expression data from 19 patients with Crohn’s colitis (12 responders and 7
nonresponders) at the time of pre- and post-infliximab treatment and from 6 healthy controls (microarray expression data were obtained from the
study by Arijs et al.’®). Boxplots of PC1 distribution for each group and P values (-Log10) from the control group are as indicated on the right. B, The
top 10 enriched tissue types in TUGs (upper) and TTGs (lower) using the Nextbio Body Atlas application taken from the Genotype-Tissue Expression
project (GTEXx) are displayed. C, The top 10 enriched GO terms in TUGs (upper) and TTGs (lower) using NextBio Pathway Enrichment application are
displayed. Category names are presented on the y axis. On the x axis, the significance score (negative log of P value) for each pathway is indicated
by the bars, and the line represents the ratio of genes in a given pathway that meets the cutoff criteria among total genes that make up that path-
way. Red bars predict an overall increase in the activity of the pathway whereas blue bars indicate a prediction of an overall decrease in activity.
Abbreviations: Af.NR, nonresponder after treatment; Af.Res, responder after treatment; Bf.NR, nonresponder before treatment; Bf.Res, responder

before treatment.

applying FDR that adjusts the P value to account for multiple
hypothesis testing. This was to obtain a more robust signature
and to safeguard the findings of DEGs against too many false
positives creeping in. As we could identify an optimal number
of TUGs for CD but not for UC by filtering with the criteria,
we statistically compared extracted signatures of CD patients
with each of the reference drug expression signatures from
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the system. As a result, we observed that MAPK pathway
inhibitors (EGFR, Raf, and MEK inhibitors) were enriched
and had strong negative scores with both TUGs and TTGs
(Table 2). Indeed, the expressions of MEK signature genes (eg,
DUSP4/6, PHLDA1, SPRY2, ETVS, etc.), which have been
reported previously,”’ were upregulated even in responders to
infliximab treatment in CD (Fig. 2B, left). This indicates that



Inflamm Bowel Dis ® Volume 24, Number 6, June 2018

Gene Signature—Based Approach Identified MEKI/2 as a Potential Target

TABLE 1: Gene Number of Treatment Response in CD Patients

Comparisons Significant Genes TUGs TTGs
Before treatment vs healthy control 9872 Significant Significant
After treatment vs healthy control 5514 Significant Not significant
After treatment vs before treatment 3602 Not significant Significant
Gene number 3545 2061

Significant = P value < 0.05 and absolute fold change > 1.2; not significant = P value > 0.05.

the MAPK pathway, especially MEK, is strongly activated in
CD patients, even in remission. To further investigate whether
the MAPK pathway is involved in the regulation of TUGs, we
used Compound A (Fig. 2A),* a highly selective allosteric site
binder of MEK1/2, among inhibitors of the Raf-MEK-ERK
pathway for experimental validation.

MEK1/2 Inhibitor Normalizes Reference CD

Signature In Vitro

To examine whether Compound A modulates TUG and
TTG expression in vitro, we used Compound A-treated LoVo, a
human colorectal cancer cell line, to compare the transcriptomes
with DMSO control. We first looked at the expression of MEK
signature genes and confirmed that most of these genes were
downregulated in response to Compound A treatment (Fig. 2B,
right). Importantly, TUGs showed a significant negative correl-
ation with DEGs between Compound A-treated and DMSO-
treated cells in a dose-dependent manner (Fig. 2C and D). This
reversible effect against TUGs was almost equivalent to the value
for the pharmacodynamic inhibitory effect against ERK1/2
phosphorylation in LoVo cells (Fig. 2D). On the other hand,
the negative correlation rate between TTGs and the DEGs was
lower than that of TUGs (Fig. 2D). Moreover, a significant neg-
ative correlation was observed between the immature signature
and the DEGs in a dose-dependent manner whereas TUGs were
significantly positively correlated (see Supplementary Fig. 2, a
heatmap illustrating the hierarchical clustering of the human
EphB2hieh vs EphB2"°Y immature crypt signature compared with
the Compound A-treated signature). Our important finding
from this transcriptome analysis is that the MEK inhibitor sig-
nificantly induced an opposite effect on the TUG signature, and
the result also provided an important insight into the effect of
MEK inhibitors on the pathophysiological function of IECs.

MEK1/2 Inhibitor Promotes In Vitro Caco-2 Cell

Differentiation and Barrier Function

Next, we investigated whether TUG modulation by
Compound A has a significant effect on the pathophysiologi-
cal function of intestinal permeability resembling enterocytes.
Caco-2, a human colorectal cancer cell line, was reported to

acquire “matureness,” such as tight junction assembly and
cell-cell adhesion—initiated polarization during 21 days in cul-
ture, and the regulation of transcription underlying Caco-2
cell polarization is similar to that of in vivo enterocyte differ-
entiation.”® First, we evaluated the effect of Compound A on
transepithelial electrical resistance (TEER) assay, which is com-
monly used to assess the barrier function of IECs. As shown in
Fig. 3A, Compound A exhibits a significant increase in TEER
over a Caco-2 monolayer in a dose-dependent manner. Next,
we examined the expression of apolipoprotein A-1 (4POAI)
and leucine-rich repeat—containing G-protein-coupled recep-
tor 5 (LGRY5), which are enterocyte and stem cell markers,
respectively. Consistent with the results in TEER measurement,
Compound A treatment increased the expression of APOAI
and decreased the expression of LGRS (Fig. 3B and C). These
results indicate that inhibition of MEK enhances IEC differen-
tiation and maturation and epithelial barrier function.

MEK1/2 Inhibitor Shows Significant Therapeutic
Effect on Histology and Diarrhea in Activated
T-Cell Transfer Colitis Model

To determine whether our in silico target prediction
model would be translated into therapeutic efficacy in vivo, we
performed an efficacy study using Compound A by means of
an activated T-cell transfer colitis model.”” The adoptive trans-
fer of activated CD4* T cells to SCID mice promoted diarrhea
within 2-3 weeks, and histological changes correlated well with
the disease parameters of colitis, such as colon weight gain,
stool consistency score, and the increase in colonic inflamma-
tory cytokines. Although highly selective and potent oral MEK
inhibitors have been developed and assessed in numerous clini-
cal studies for cancer treatment, a number of mechanism-based
toxicities have emerged.® In particular, acneiform dermatitis, a
serious skin rash, is a frequent side effect of MEK inhibitors
including Compound A. Thus, to minimize systemic exposure
leading to systemic toxicities, we developed a colon-specific drug
delivery system for Compound A by conducting several formu-
lation approaches. This also aims to enhance local therapeutic
efficacy.’! Importantly, Compound A has superior characteris-
tics for a colon-targeted formulation such as higher solubility
and lower permeability, which can limit systemic absorption to
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TABLE 2: Results of Gene Expression Correlation Analysis of TUGs and TTGs

Top 20 Compounds With Negative Enrichment Score Across TUGs

Rank Data Source Compound Classification Enrichment Score Cell Source

1 Internal Example C25% Raf/VEGFR inhibitor —-0.62 COLO205

2 Internal Example 114 EGFR inhibitor -0.56 BT-474

3 Internal Compound 2cb”’ HER2/EGFR inhibitor -0.55 BT-474

4 Internal Compound 5% Raf/VEGFR inhibitor -0.54 A375

5 Internal PD0325901%° MEK inhibitor -0.51 COLO205

6 CMap Urapidil al-adrenoceptor antagonist -0.5 PC3

7 Internal Gemcitabine® Ribonucleotide reductase inhibitor -0.47 Su.86.86

8 Internal Example 27°! MEK inhibitor -0.47 A375

9 Internal PD0325901 MEK inhibitor -0.47 A375

10 Internal Example 74 EGFR inhibitor -0.47 TGBC2TKB

11 Internal Compound 33% MEK inhibitor -0.46 A375

12 Internal Compound 27% MEK inhibitor -0.46 A375

13 Internal TAK-285 HER2/EGFR inhibitor -0.45 BT-474

14 CMap Metergoline 5-HT antagonist -0.44 PC3

15 CMap Flunixin NSAID -0.43 PC3

16 CMap Alprenolol Adrenergic beta-antagonists -0.43 MCEF7

17 CMap Tiabendazole Anthelmintic -0.43 MCEF7

18 Internal TAK-733% MEK inhibitor -0.43 A375

19 CMap Benzamil ENaC channel blocker -0.42 PC3

20 CMap Dicloxacillin Antibacterial agent -0.42 MCEF7
Top 20 Compounds With Negative Enrichment Score Across TTGs

Rank Data Source Compound Classification Enrichment Score Cell Source

1 Internal PD0325901 MEK inhibitor —-0.55 COLO205

2 Internal TAK-733 MEK inhibitor -0.4 A375

3 Internal Bicalutamide® Androgen antagonist -0.38 LNCaP

4 CMap Carbenoxolone 11p-hydroxysteroid dehydrogenase inhibitor -0.34 PC3

5 CMap Sitosterol Inhibit cholesterol’s absorption -0.33 MCF7

6 CMap Betahistine H1 receptor agonist -0.33 PC3

7 CMap Tohexol Contrast agents -0.33 MCF7

8 CMap Cinchonine Antimalarial drug -0.32 PC3

9 CMap Dicloxacillin Penicillin-like antibiotic -0.32 MCF7

10 CMap Methylergometrine Oxytocics -0.31 PC3

11 CMap Co-dergocrine mesilate Antimigraine -0.31 PC3

12 CMap Prestwick-1083 — -0.31 PC3

13 CMap Nadolol Adrenergic beta antagonist -0.3 MCF7

14 CMap Sulmazole Al adenosine receptor antagonist -0.3 PC3

15 CMap Triamterene Sodium channel blocker -0.29 MCF7

16 CMap Ajmaline Sodium channel blocker -0.29 MCF7

17 CMap Furosemide Sodium potassium chloride symporter -0.29 PC3

inhibitor

18 CMap Midodrine Adrenergic alpha agonist -0.29 PC3

19 CMap 4-hydroxyphenazone — -0.29 MCEF7

20 CMap Amiprilose Anti-inflammatory agent -0.29 MCEF7
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prevent drug distribution into normal tissues despite its long- of Compound A MPs decreased by 97.32% as compared with
term retention in the colon, compared with other MEK inhib- the suspensions, whereas the concentrations in the colon of both
itors (eg, trametinib, selumetinib, and binimetinib). Based on groups were almost the same level. This demonstrated that the
a preliminary pharmacokinetic study using C57BL/6J normal amount of Compound A absorbed into plasma was obviously
mice, the area under the plasma concentration time curve (AUC) decreased when encapsulated in the enteric MPs, thus reducing
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FIGURE 3. MEK1/2 inhibitor enhanced intestinal barrier formation by promoting differentiation of IECs. A, TEER was measured to assay the integrity
of the epithelium layer formed by differentiated Caco-2 cells. The values represent the means of n = 4 samples + standard deviations. Levels of statis-
tical significance compared with DMSO control: P value < 0.0005 by Williams test. Relative mRNA expression levels of APOAT (B) and LGR5 (C) at day
3 and day 6 were measured by RT-PCR, normalized with the expression of GAPDH at day 1. The values represent the means of n = 3 samples + stand-
ard deviations. Levels of statistical significance compared with DMSO control: *P value < 0.025: P value < 0.005: P value < 0.0005 by Williams test.
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the side effects caused by systemic absorption. Moreover, in
vivo colonic pharmacodynamics study using enteric Compound
A MPs in LPS-treated mice demonstrated that the level of colon
AUC, . (1206.6 ng-h/g) showed target engagement defined
as pERK inhibition at the dose level whereas plasma AUC,,
(7.2 ng-h/mL) was within safe range. Likewise, in colitis mice,
Compound A MPs showed safe systemic exposure at the dose
levels where therapeutic effect was observed despite repeated
dosing. Further, as the colon AUC level was also almost the
same as that of LPS-treated normal mice, which was enough
to inhibit MEK enzymatic function, we concluded that enteric
Compound A MPs were efficiently delivered to the colon.
When enteric Compound A MPs were orally administrated
therapeutically at the dose of 0.3 and 1 mg/kg, q.d., diarrhea
score and the increase in colon weight were significantly inhib-
ited compared with vehicle treatment (Fig. 4A and B). On the
other hand, only a partial inhibition of diarrhea score and colon
weight gain was observed in the mice treated with anti-TNFa
mAb at the dose of 0.1 mg/mouse compared with isotype con-
trol treatment (Fig. 4A and B). Importantly, enteric Compound
A MPs substantially ameliorated extensive injury of the colon
mucosal layer, which was observed in the vehicle mice with
histopathological analysis (Fig. 4C). Quantitative evaluation
demonstrated that the histology score of colitis was significantly
reduced with mucosal regeneration (Fig. 4D). Also, immune
cell infiltration was significantly reduced in mice treated with

Compound A at the dose of 1 mg/kg compared with the vehicle
control group (see Supplementary Table 2, which illustrates the
histopathological findings of the colon treated with Compound
A and anti-TNFo mAD). On the other hand, the histology score
of colitis was not significantly reduced in the mice treated with
anti-TNFo mAb compared with isotype control treatment. We
also performed in vivo permeability assay using a fluorescein iso-
thiocyanate (FITC)-labeled dextran method. This experiment
revealed that activated T-cell transfer colitis mice receiving oral
treatment with Compound A tended to decrease intestinal per-
meability compared with untreated colitis mice (0.3 mg/kg and
1 mg/kg vs vehicle control; 72.2% and 75.0%, P = 0.055, 0.049 by
1-tailed Shirley-Williams test, respectively), whereas treatment of
anti-TNFo mAb had no effect on it (vs isotype control; 133.0%,
not significant). Together, these data provided in vivo evidence
that enteric Compound A MPs exhibit therapeutic efficacy and
improve the histological changes in the colitis model.

MEK1/2 Inhibitor Treatment in Colitis Mice
Downregulates Gene Expression That Associates
With Both Dysregulated Growth in IECs and Pro-
inflammatory Response in Immune Cells

To compare transcriptome differences between
Compound A-treated and anti-TNFa mAb-treated colitis
mice, we examined the global gene expression profile by RNA
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FIGURE 4. Therapeutic efficacy of enteric MPs of MEK1/2 inhibitor in activated T-cell transfer colitis model. A, Diarrhea score data and (B) colon
weight data were analyzed in a blind fashion. C, Representative H&E-stained colon sections of normal mice, vehicle, and 1 mg/kg Compound

A treated activated T-cell transfer colitis mice (magnification, X200, scale bar = 500 pm). D, Quantitative evaluation of the histology score of colitis
was analyzed. Data are presented as the mean =+ SE of 4 normal or 7 transferred mice. P < 0.01, °P < 0.001 (Aspin-Welch test); P < 0.01, 9P < 0.001
(Student t test) vs normal group. ¢P < 0.025, /P < 0.005 (1-tailed Shirley-Williams test); 9P value < 0.025 (1-tailed Williams test) vs vehicle control group.
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sequencing. The Venn diagram in Figure SA summarizes the
overlapping transcripts detected in each sample. A total of
5157 genes were identified as DEGs of Compound A, which
was subsequently compared with the colitis signature (vehicle
vs normal mice). Of interest, 46.1% of Compound A-regu-
lated genes were negatively correlated with colitis signature,
whereas only 11.1% of anti-TNFoa mAb DEGs (1668 genes)
were negatively correlated with colitis signature, which reflects
the superior efficacy of Compound A to anti-TNFo mAb
(see Supplementary Fig. 4, a heatmap illustrating hierarchi-
cal clustering of colitis signature compared with Compound
A—and anti-TNFo mAb-treated signature). We hypothesized
that dynamic molecular and signaling changes might occur
specifically in an activated T-cell transfer colitis model treated
with Compound A. To obtain new insights, we conducted a
tissue type enrichment analysis using the mouse Body Atlas
database of Compound A-specific, anti-TNFo mAb-spe-
cific, and common DEGs between Compound A and anti-
TNFa mAb. We found that nearly four-fifths of Compound
A DEGs, which were different from anti-TNFa mAb DEGs,
were significantly enriched in the lower gastrointestinal tract.
In contrast, immune systems such as bone marrow, mesen-
teric lymph node, and spleen were enriched in common DEGs
(Fig. 5C). Pathway enrichment analysis was also performed
for each DEG. The results demonstrated that genes associ-
ated with cell cycle and DNA replication were significantly
downregulated in Compound A, specifically treatable genes
(Fig. 5D). On the other hand, common DEGs between
Compound A and anti-TNFo mAb showed a significantly
positive correlation (Fig. 5B). The pathway analysis of com-
mon signature revealed that inflammation and immune path-
ways were significantly downregulated (Fig. 5D). These results
indicate that Compound A can attenuate abnormal growth in
colonic mucosa by targeting IECs and exhibit an anti-inflam-
matory effect by targeting immune cells. Moreover, compared
with mouse crypt gene expression, colitis signature was signif-
icantly positively correlated with mouse immature signature,
which was extracted from publicly available mouse EphB2hish
vs EphB2°" transcriptome data’! (see Supplementary Fig. 2,
a heatmap illustrating hierarchical clustering of mouse
EphB2het vs EphB2" immature crypt signature compared
with Compound A-treated signature). Interestingly, the
immature signature was significantly negatively correlated
with DEGs of Compound A (ES, —163) whereas negative cor-
relation with anti-TNFa mAb DEGs was not so significant
(ES, —5.4). These results suggest that Compound A could
repair dysregulated IECs more effectively than anti-TNFa
mAb. These findings corroborated the expected mechanism
of efficacy of Compound A in the colitis model, which was
computationally predicted by using a gene signature derived
from CD patients.

DISCUSSION

In the current study, we present evidence that may help
to resolve the relapse of CD and obtain sustainable remission.
CD has periods of relapse and remission, but there is no long-
term cure. Surgeries are still required in some patients. For CD
patients in remission, relapse rates at 1, 2, 5, and 10 years are esti-
mated at 20%, 40%, 67%, and 76%, respectively.> As for inflix-
imab, Chauvin et al. reported a recurrence rate of 68% among
CD patients in treatment in a 12-year retrospective study.** This
evidence suggests that there are unmet medical needs in the
management of CD. For assessing the possible mechanism of
relapse, an unresolved issue is whether colonic lesions of CD
patients in remission continue to express abnormal transcripts
or not as compared with healthy controls. We present a method
to dissect the physiological response with anti-TNFa therapy by
exploiting several bioinformatics analyses with a CD patient—
relevant mucosal gene signature. We have defined a unique gene
signature “TUGs,” which did not return to a “healthy” state even
after achieving clinical remission. Importantly, TUGs are posi-
tively correlated with the immature signature of IECs, suggesting
that the residual transcripts are involved in expansion of undif-
ferentiated cells and decrease or loss of mature functional IECs
in infliximab responders (see Supplementary Fig. 2, a heatmap
illustrating hierarchical clustering of the human EphB2"e! vs
EphB2¥ immature crypt signature compared with TUGs).
Recently, it has been proposed that dysregulation within a differ-
entiation system for correct IEC formation perpetuates impaired
epithelial homeostasis and plays a crucial role in IBD pathogen-
esis by increasing intestinal permeability.’* " Furthermore, in the
case of CD patients, an increase in intestinal permeability has
been reported to precede episodes of disease relapse and the onset
of symptoms by up to 1 year.’® 3 However, it is not yet clear what
molecular events are responsible for dysregulated homeostasis of
IECs that predispose to relapse in patients with quiescent CD.
Considering that perturbations of IECs homeostasis can lead to
intestinal disorders,*’ we hypothesized that TUGs might lead to
increased intestinal permeability and distorted intestinal mucosal
barrier function, ultimately causing recurrence. Similar strategies
to extract unresolved gene signature have been previously tried in
patients with psoriasis* and UC,* but the gene signature associ-
ated with CD remission was not studied.

In this study, we inferred that the MEK inhibitor would
be a potential new therapeutic agent for CD based on the results
of an in silico computational approach using TUGs. Previous
reports have demonstrated that ERK1/2 activation may have
importance for diarrhea in CD patients.”® It has also been
reported that constitutive activation of the MEK/ERK cascade
inhibits enterocyte differentiation, in part through inhibition of
the transcriptional activity of CDX2, a master transcription fac-
tor regulating the differentiation, cell-cell adhesion, and polarity
of TECs.** Conditional homozygotes in Cdx2 knockout mice
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FIGURE 5. Therapeutic efficacy of MEK1/2 inhibitor against colonic gene expressions in activated T-cell transfer colitis model. A, Venn diagrams illus-
trate the numbers of significantly affected genes that were shared or were uniquely changed by 1-mg/kg Compound A or anti-TNFa mAb treatment
(absolute fold change > 1.2, P < 0.05). B, AImost all genes affected by both Compound A and anti-TNFa mAb were significantly positively correlated.
The x axis represents the class of each overlapping correlated gene; “+"and “—" symbols depict upregulated and downregulated genes, respectively,
and the y axis provides P value (-Log). C, The top 10 enriched tissue types in Compound A specific (upper), anti-TNFa mAb-specific (middle), and
common DEGs between Compound A and anti-TNFa mAb (lower) using mouse the Body Atlas database. D, The top 10 enriched GO terms in each
Compound A-specific (upper), anti-TNFa mAb-specific (middle), and common DEG (lower) using the NextBio pathway enrichment application.
Category names are presented on the y axis. The x axis indicates the -Log10 (P value) of the over-representation analysis. Category names are pre-
sented on the y axis. On the x axis, the significance score (negative log of P value) for each pathway is indicated by the bars, and the line represents
the ratio of genes in a given pathway that meet the cutoff criteria among total genes that make up that pathway. All blue bars predict an overall

decrease in the activity of the pathway.

have been previously shown to exhibit loss of intestinal morphol- differentiation including several CDX2 target genes* were upreg-
ogy and cause a serious disruption in the mucosal architecture.*’ ulated following MEK inhibition in vitro (see Supplementary
Interestingly, we observed that transcripts linked to intestinal Fig. 3, a heatmap showing the genes from the CDX2 target
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genes for both CD and UC patients and compared with the
Compound A-treated signature). This finding is consistent with
the role of CDX2 as a master regulator of intestinal morphogen-
esis and suggests that genes controlling epithelial differentiation
are suppressed by constitutive activation of the MEK/ERK
pathway. Although we cannot conclude what the physiological
consequences of reversing TUGs to a normal state are, it could
be speculated that MEK inhibitor partly enhances CDX2 tran-
scriptional activity, which in turn enhances epithelial differenti-
ation and finally leads to restitution of dysregulated IECs.

Indeed, MEK inhibitor exhibited a significant increase of
the TEER using the Caco-2 cell line, which is a widely used intes-
tinal cellular model that retains very similar morphologic prop-
erties to enterocytes (Fig. 3A). However, using transformed cell
lines has some limitations.** A major limitation is that intestinal
cells growing in 2D monoculture lack the physiological extra-
cellular matrix microenvironment that is necessary to maintain
in situ phenotypes. To overcome this limitation, the utility of
in vitro 3D organoids that effectively mimic IEC structure and
functional features has been well confirmed for testing epithe-
lial differentiation with the capacity to model heterogeneous cell
fates.” Therefore, further studies will be necessary to clarify the
effect of MEK inhibitor on intestinal differentiation using an
organoid model for drug validation. Nevertheless, although ani-
mal models also incompletely recapitulate the complex patho-
physiology of the intestinal diseases of humans, the histology
score was significantly reduced in response to MEK inhibitor
treatment in the in vivo colitis model in this study (Fig. 4D).
These results provide important insight into the beneficial effect
of MEK inhibitor on promoting intestinal barrier function.

In addition, interestingly, in silico computational screen-
ing revealed that several MEK inhibitors scored high in not only
the TUG signature but also the TTG signature. From this result,
MEK inhibitor would have a potential therapeutic effect to
reverse both TNFa-untreatable and -treatable gene expression.
MEK inhibitor would have great promise in new therapeutic
approaches that integrate both immune and nonimmune patho-
physiological components and potentially induce greater and
sustainable remission as a single agent. Indeed, transcriptome
analysis showed that Compound A reverses a set of genes that
are not only cell cycle-related genes, which are highly expressed
in IECs, but also inflammation-related genes, which overlapped
with DEGs of the anti-TNFa mAb in vivo model (Fig. 5C).
Moreover, a previous report has demonstrated that selective
MEK1/2 inhibitor, trametinib, has a potential inhibitory effect
on LPS-mediated inflammation in macrophages.® These results
suggest that MEK inhibitor can target not only histological
abnormalities of IECs but also aberrant intestinal inflammation.

Here, we present a rational strategy for CD based on a
systematic drug repositioning bioinformatics approach using a
publicly available patient-derived gene signature to explore con-
nections with existing drugs. One might assume that effective
clinical treatments serve not only to reverse the clinical course

of the disease but also to restore disease-affected molecular-level
phenotypes to their normal level. Notably, several recent stud-
ies have made this assumption by directly searching for drug
therapies whose molecular effects anticorrelate with disease
molecular signatures using a CMap-based computational
approach.?® 51 Although drugs were validated in preclinical
models, it remains unknown whether the disease gene expres-
sion was reversed in disease models or not. It is important to
note the limitations of this study. The gene signature, which
was extracted from patients, can be provided as a “snapshot”
in remission. Therefore, the interpretation of the “snapshot”
requires careful thought about the result without excessive spec-
ulation. Moreover, some genomic effects might be agent specific;
thus further studies will be needed to compare clinical outcomes
with different anti-inflammatory therapeutic agents.
Nevertheless, here we showed that MEK1/2 inhibitor
could significantly reverse the residual TUG signature to a
normal state in gene expression in vitro. Also, colon-targeted
delivery of MEK1/2 inhibitor was associated with both the
successful improvement of diarrhea and restoration of histo-
logical abnormalities in vivo. These results suggest that add-
itional clinical investigation using MEK1/2 inhibitor could be
beneficial, especially contributing to accelerating restitution of
dysregulated TECs and to preventing recurrence as a solution
to unmet medical needs in CD therapy. In practice, however,
there is no direct evidence showing how sustainable the clinical
and endoscopic effectiveness of biological therapies for CD are.
Hence, a close study focusing not only on effectiveness but also
on large-scale long-term safety in a clinical setting is necessary
for our purpose. In addition, a colon-targeting approach could
ensure direct treatment at the inflamed site with lower dosing,
and hopefully lead to more optimal and less toxic promising
therapeutic strategies in the future. Finally, our study provides
a sound rationale for predicting a drug’s potential therapeutic
effect, which is based on its ability to induce molecular remis-
sion. It would exert the most favorable clinical outcomes rather
than modulating only a particular subset of disease phenotypes.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel
Diseases online.
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