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A B S T R A C T   

Nowadays, anti-TNF therapy remarkably improves the medical management of ulcerative colitis 
(UC), but approximately 40 % of patients do not respond to this treatment. In this study, we used 
79 anti-TNF-naive patients with moderate-to-severe UC from four cohorts to discover alternative 
therapeutic targets and develop a personalized medicine approach that can diagnose UC non- 
responders (UCN) prior to receiving anti-TNF therapy. To this end, two microarray data series 
were integrated to create a discovery cohort with 35 UC samples. A comprehensive gene 
expression and functional analysis was performed and identified 313 significantly altered genes, 
among which IL6 and INHBA were highlighted as overexpressed genes in the baseline mucosal 
biopsies of UCN, whose cooperation may lead to a decrease in the Tregs population. Besides, 
screening the abundances of immune cell subpopulations showed neutrophils’ accumulation 
increasing the inflammation. Furthermore, the correlation of KRAS signaling activation with 
unresponsiveness to anti-TNF mAb was observed using network analysis. Using 50x repeated 10- 
fold cross-validation LASSO feature selection and a stack ensemble machine learning algorithm, a 
five-mRNA prognostic panel including IL13RA2, HCAR3, CSF3, INHBA, and MMP1 was intro
duced that could predict the response of UC patients to anti-TNF antibodies with an average 
accuracy of 95.3 %. The predictive capacity of the introduced biomarker panel was also validated 
in two independent cohorts (44 UC patients). Moreover, we presented a distinct immune cell 
landscape and gene signature for UCN to anti-TNF drugs and further studies should be considered 
to make this predictive biomarker panel and therapeutic targets applicable in the clinical setting.   

1. Introduction 

Ulcerative Colitis (UC) is one of the major types of Inflammatory Bowel Disease (IBD), a chronic inflammatory disorder that 
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involves the gastrointestinal tract [1,2]. It is characterized by mucosal inflammation that begins from the rectum and may extend 
proximally to the colon; thus, it causes severe damage to the bowel wall leading to rectal bleeding [3]. While the exact mechanism of 
UC pathogenesis is yet unknown, several implications such as immune system dysfunction, gut microbiota dysbiosis, genetic and 
epigenetic alterations, and environmental factors like smoking have been found to be involved [2,4]. Due to the nature of UC as a 
progressive disease ending in colorectal cancer [5–7], reliable agents are urgently required to control the disease, improve quality of 
life, and induce and maintain remission [2]. Although corticosteroids, 5-Aminosalicylates (5-ASA), and thiopurines like azathioprine 
and 6-mercaptothiopurine are the regular treatments for mild-to-moderate UC patients, treatment of corticosteroid-dependent and 
-refractory patients are still challenging [1], and more efficacious medications are imperative [8]. 

Recently, anti-Tumor Necrosis Factor (TNF) monoclonal antibodies (mAb), human or chimeric IgG1 monoclonal antibodies [2,7], 
have become the main strategy for treating moderate-to-severe steroid-refractory and -dependent UC patients [1,2,7]. TNF-α is an 
elevated cytokine in UC that contributes to mucosal barrier destruction [9]. Currently, three kinds of anti-TNF mAb, including ada
limumab, infliximab, and golimumab, are clinically applied for UC patients [1,2,8]. However, mucosal healing occurs in approxi
mately 60 % of IBD patients after anti-TNF therapy [2], and 30–40 % of cases generally do not respond to these treatments [10]. These 
non-responders are inevitably subjected to other therapeutic pipelines such as anti-adhesion molecules (Vedolizumab), JAK inhibitors 
(Tofacitinib), and anti-IL12 or/and IL13 (Ustekinumab) [1,7]. Therefore, developing a personalized medicine approach that can 
predict the response to anti-TNF mAbs before treatment initiation is valuable to reduce costs and prevent time consumption and 
disease progression [2,11,12], allowing patients to receive more appropriate first-line therapies. 

Currently, pathophysiological biomarkers have failed to act as robust therapeutic response predictors in IBD. Unraveling the 
molecular mechanisms governing the distinctive response to anti-TNF mAb in pretreatment lesions of UC Responders (UCR) and UC 
Non-responders (UCN) can be a necessary step to achieve potential biomarkers predicting treatment response. Even though few studies 
have followed this aim in IBD [11–14], there is still no powerful discriminator panel to accurately classify the response of UC patients 
to anti-TNF therapy in clinical practice. Besides, understanding the working mechanisms of anti-TNF drugs and monitoring the cellular 
consequences resulting from these molecular differences further elucidate the pathogenesis and progression of this complex disease 
and leads to the identification of alternative therapeutic targets and the development of novel therapies with a different mode of 
action. Nowadays, the integration of high-throughput technologies with advanced bioinformatics and computational methods is 
increasingly applied to unify and analyze multi-cohort datasets using systems biology approaches, leading to decreased heterogeneity 
of publicly available single population-based gene expression datasets and the introduction of more robust diagnostic/pathogenic 
biomarker panels in a personalized manner [15,16]. 

In the present study, the publicly available gene expression profiles obtained from active lesions of UCN and UCR cases before the 
initiation of anti-TNF therapy (Infliximab) as discovery cohorts were integrated using Cross-Platform Normalization (CPN) and were 
analyzed to define a baseline signature of anti-TNF (non-) responsiveness in UC patients. Co-expression/protein-protein interaction 
(PPI) network construction, functional enrichment, and immune cell landscape analysis were performed to identify the high-ranked 
regulatory genes and related mechanisms interfering with the response to anti-TNF therapy. Furthermore, feature selection and an 
ensemble machine learning algorithm were employed using repeated cross-fold validation methods to introduce accurate determinants 
of anti-TNF response in UC patients. Then, the trained ensemble machine performance was tested on an independent in silico cohort. In 
addition, the predictive power of the introduced multi-mRNA biomarker panel for anti-TNF responsiveness throughout the designed 
ensemble machine was also experimentally evaluated in our patient cohort. 

2. Materials and methods 

2.1. Data collection and preprocessing 

Using Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), the GSE12251 [11] and GSE16879 [17] 
generated by the Affymetrix human genome U133 plus 2.0 array chip (GPL570), and GSE73661 [18] generated by the Affymetrix 
Human Gene 1.0 ST array chip (GPL6244), were identified valid to be analyzed in this study. In these data series, anti-TNF naïve 
patients with moderate-to-severe UC were diagnosed considering the clinical symptoms and endoscopic Mayo subscore 2 or 3. Beside 
clinical improvement for the response evaluation, the endoscopic Mayo subscore and histologic grade ≤1 were evaluated to determine 
mucosal healing. The GSE12251 and GSE16879 were integrated (CPN method) to create a discovery cohort for further meta-analysis 
and the GSE73661 was excluded to be used as an independent test cohort. In this manner, the series matrix of the GSE12251 and 
GSE16879, and GPL570 annotation files were downloaded from GEO. To eliminate or minimize the technical variability, the nor
malizeQuantiles function in the R Limma package was employed to standardize the expression data using the quantile normalization 
method which is a popular method for microarray data preprocessing and gene expression analysis [19]. Then the merge function from 
the base package, R 4.0.3, was used to construct a metadata file, in which genes were arranged in rows as observations and samples of 
GSE12251 and GSE16879 were ordered in columns as variables. To alleviate the effect of operators and laboratories in which these 
data series were generated, the batch effect was removed using the ComBat function from the sva package in R. The ComBat function in 
the R language has been indicated as an effective way to remove batches and has been widely used in various research [20]. Then, this 
preprocessed data was considered for Differentially Expression (DE) analysis and functional annotations, including Immune cell profile 
analysis, Gene Ontology (GO) analysis, pathway analysis, and network analysis. 
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2.2. DE analysis and bioinformatics annotation 

2.2.1. Immune cell landscape analysis 
In order to identify distinct profiles of immune cells in responders/non-responders to anti-TNF therapy, CIBERSORTx (http:// 

cibersortx.stanford.edu) was used. The immune cell landscape of responders and non-responders was estimated using mRNA tran
scription landscapes from microarray discovery datasets. The metadata file was converted into a mixture file in which patients were 
identified with their GEO accession numbers, and gene symbols and expression values were arranged in lines. The batch effect was 
corrected before cell fraction analysis using the B-mode method appropriate for microarray expression data. Analysis of the mixture 
file was followed using the core LM22 signature containing 547 genes that ultimately discriminate 22 hematopoietic cell phenotypes. 
The result was reported as relative fractions for all immune cell subtypes and graphically reported by horizontal bar charts. Statistical 
analysis was performed using SPSS to reveal the significant differences in the immune cell subpopulations in UCR and UCN. Firstly, the 
normality test, the Kolmogorov-Smirnov, and the Shapiro-Wilk tests were performed to assess the distribution of output values. Ac
cording to the results, an unpaired two-tailed Mann-Whitney u-test was used to identify significant cell fraction differences. 

2.2.2. DE, GO, and pathway analyses 
The microarray expression profiles of UCN at baseline were compared to UCR using the R package Limma, which has been popular 

for gene expression analysis and biomarker discovery. The |Log2FC| ≥ 1 and the False Discovery Rate (FDR) < 0.05 were applied as the 
cut-off for statistical significance to define Differentially Expressed Genes (DEG). To investigate the behavior of the DEGs, functional 
enrichment annotations, including Gene Ontology (GO) and pathways analyses were carried out using Gene Ontology Resource (GOR) 
(http://geneontology.org/) and Molecular Signature (MSigDB) databases (https://www.gsea-msigdb.org/gsea/msigdb), respectively. 
Significant Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC) were obtained using FDR <0.05 as the 
criteria. 

2.2.3. Network construction and annotation 
To discover genes likely to play an important function in the molecular processes involved in non-responsiveness to anti-TNF 

therapy, a network of genes that are significantly co-expressed and/or their encoded proteins have interactions was constructed 
using Cytoscape software (version 3.8.2). To this end, the Pearson correlation was calculated, and correlation >0.9 or < − 0.9 indicated 
the significant positive or negative co-expressed genes. The interactions of the proteins encoded by these DEGs were explored on the 
Search Tool for Retrieval of Interacting Genes/Proteins (STRING) database (https://string-db.org/), and the current known in
teractions that have been experimentally validated were collected and elaborated to the correlation network through a binary 
approach (0 or 1) as the PPI value. The CentiScape2.2 plugin was used to evaluate degree eccentricity, closeness, stress, radiality, and 
betweenness [21]. The degree is the total number of edges to a node in a network and can be interpreted to identify the most interactive 
protein. The eccentricity of a protein in a network refers to the ease with which it can influence or be reached by other proteins. 
Eccentricity for each node is calculated through the following formula (Equation (1)), where v and w refer to a couple of nodes: 

Cecc(υ)=
1

max{dist(υ,ω) : ω ∈ N}
1 

Closeness is the sum of the shortest path between each couple of nodes (v, w) in a network and is calculated with equation (2): 

Cclo(υ)=
1

∑
dist(υ,ω)ω∈N

2  

In biological networks, proteins with a high relative closeness to the network will be central to the regulation of other proteins. 
Likewise, a protein with high radiality compared to the average radiality of the network is more likely to be a central node. Radiality is 
measured through the following formula in which ΔG (diameter) is the maximum distance among all the values for the distance 
between each vertex in graph G (Equation (3)): 

Crad(υ)=
∑

ω∈N(ΔG + 1− dist(υ,ω)

n − 1
3 

The higher the radiality, the closer the node is to the other nodes concerning its diameter. A protein’s functional role in connecting 
nodes in a biological network is determined by its stress sensitivity and betweenness centrality. Stress is calculated by determining the 
number of shortest paths passing through a node in a graph using the below formula (Equation (4)): 

Cstr(υ)=
∑

s∕=υ∈N

∑

t∕=υ∈N

σst(v) 4 

While betweenness is computed by dividing the number of shortest paths between v1 and v2 that pass through a node n by the total 
number of shortest paths linking v1 and v2 by the following equation (Equation (5)): 

Cstr(υ)=
∑

s∕=υ∈N

∑

t∕=υ∈N

δst(v) 5  
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δst(v)=
σst(v)

σst 

According to these indexes, the CytoHubba plugin detects models of the top 100 genes. Then, the final network was built using the 
overlapping genes in these models. Lastly, pathway analysis was applied to the final network to discover the critical pathways involved 
in anti-TNF unresponsiveness. 

2.3. Identification of predictive biomarkers 

To discriminate responders from non-responders to anti-TNF and identify accurate predictors of drug responsiveness, |Log2FC| ≥ 2 
was determined to filter DEGs. After the filtration, by using the cv. glmnet function from the glmnet package in R, the Least Absolute 
Shrinkage and Selection Operator (LASSO), which can identify specific genes for different samples, was employed with the tuning 
parameter (λ) estimated using 10-fold cross-validation. This algorithm was repeated 50 times to identify more robust features having 
LASSO absolute coefficient ≥1 in each run. The order of features was then determined based on the Average LASSO Absolute Coef
ficient (ALAC) to design input gene sets for classification using the n + 1 formula (n ≥ 2). 

2.4. Machine learning approach 

In order to achieve an accurate performance estimate, avoid obtaining biased results, and minimize overfitting, a two-layer stack 
ensemble machine was modeled by recruiting several highly-applied classifiers, including Linear Discriminant Analysis (LDA), Neural 
Network (NN), Random Forest (RF), and K-nearest Neighbor (KNN) at the first layer, and in the second layer, a Generalized Linear 
Model (GLM) algorithm was designed based on probabilities obtained from the first-layer machines for each sample using the R 
packages caret and caretEnsemble. This ensemble model operates through the below function (Equation (6)): 

glmensemble = aLDA ± bRF ± cKNN ± dNN 6 

The a, b, c, and d factors are coefficients of the single machines in the ensemble model. If the outcome of the above equation is 
positive, the patient is predicted to be UCN. The power of this ensemble machine was measured by the mean accuracy, sensitivity, and 
specificity for each gene set by using the following formula (Equation (7)): 

: 

Accuracy=
True Positive + True Negative

True Positive + True Negative + False Positive + False Negative
7  

Sensetivity=
True Positive

True Positive + False Negative  

Specificity=
True Negative

True Negative + False Positive 

Finally, the Receiver Operating Characteristic (ROC) curve was constructed for each gene set, and the Area Under Curve (AUC) was 
calculated to visualize the predictive performance of the models using the R package pROC. 

2.4.1. In silico panel development 
At first, the performance of the ensemble machine for each gene set was analyzed on the discovery cohort through a 10x repeated 

10-fold cross-validation method. In this manner, first, discovery samples were divided into ten folds. Each time, the stack ensemble 
machine was trained by nine folds and tested on the 10th fold. This process was repeated ten times by new randomly resampled folds to 
obtain more accurate and reliable results. Afterward, to further test the model performance for each gene set, the stack ensemble 
machine was trained with all discovery samples and then tested on the independent test cohort (GSE73661). Finally, the ROC curve 
was constructed, and AUC was calculated to visualize the predictive potentiality of the panels. 

2.4.2. Experimentally panel development 
In order to explore the predictive potentiality of our multi-mRNA panel and also further evaluate the performance of the stack 

ensemble machine in patients’ classification based on possible response to adalimumab; another type of anti-TNF mAb, a real-life 
patient’s cohort at the gastrointestinal and liver diseases clinic of Taleghani hospital, associated with Shahid Beheshti University of 
Medical Sciences, was employed. In this cohort, UC patients were diagnosed with moderate-to-sever active disease, had an endoscopic 
Mayo subscore of 2 or 3, were refractory/dependent to corticosteroids, and had to be naïve for anti-TNF agents. All patients received 
160 mg, 80 mg, and 40 mg of adalimumab biosimilar; CinnoRa (CinnaGen, Tehran, Iran), on weeks 0, 2, and 4, respectively. After the 
4th week, participants were treated with 40 mg dose every two weeks until the response evaluation. Patients were evaluated after 14 
weeks and six months by a gastroenterologist, and those who had improved clinical symptoms, achieved complete mucosal healing 
with endoscopic Mayo subscore 0 or 1, and the histologic grade of 0 or 1 was determined as the responders to anti-TNF therapy. 
Subsequently, mucosal biopsies were taken colonoscopically from the active lesions at the baseline before the first treatment and were 
snap-frozen in liquid nitrogen before storage at − 80 ◦C. Based on the manufacturer’s guidelines, the total RNA was isolated from the 
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mucosal biopsies using TRIzol reagent (Qiagen, USA). Before cDNA synthesis, RNA quality and concentration were determined using 
the Denovix-DS11 Spectrophotometer/Fluorometer (DeNovix, USA). According to the manufacturer’s guidelines, the cDNA was 
synthesized using the cDNA synthesis kit (Parstous, Tehran, Iran) and stored at − 20 ◦C. Then, quantitative real-time reverse tran
scription PCR (qRT-PCR) was performed to verify the expression changes of the target genes as well as potential predictive biomarkers 
using a Rotor-Gene 6000 real-time PCR cycler (Qiagen Corbett, Hilden, Germany). The primers’ sequences manufactured by the 
Pishgam (Tehran, Iran) were shown in Supplementary Table 1. The data were normalized to the housekeeping GAPDH gene, and the FC 
was calculated according to the 2− ΔΔCT formula. Then, Kolmogorov-Smirnov and the Shapiro-Wilk tests were applied to analyze the 
normality of the output data. UCN and UCR groups were compared using the Mann-Whitney u-test, and p < 0.05 was considered 
statistically significant. The data were expressed by the ±standard error of the mean (SEM) and analyzed by the GraphPad Prism. Next, 
the ensemble machine learning approach was applied through the same 10x repeated 10-fold cross-validation algorithm to the 
expression profiles of biomarkers in qPCR, and the performance was reported using accuracy, sensitivity, specificity, and AUC which 
was calculated by ROC curve construction. 

3. Results 

3.1. Study design and patient information 

In this study, the pretreatment mucosal biopsies were analyzed from a total of 79 corticosteroid-refractory or -dependent anti-TNF 
naïve UC patients who were diagnosed with moderate-to-sever active diseases confirmed by the Mayo subscore 2 or 3. Among them, 31 
UC patients were detected as responders according to clinical symptom improvement, endoscopic activity, and histologic scores. 
Among 79 UC patients, 57 cases from GSE12251, GSE16879, and GSE73661, who were subjected to receive infliximab, were screened 
via in silico approaches, and 22 were monitored experimentally. To find proper datasets, eight keywords, including inflammatory 
bowel disease, IBD, ulcerative colitis, colitis, anti-TNF, adalimumab, golimumab, and infliximab, were explored in GEO and 
ArrayExpress databases. The gene expression profiles of UC patients in GSE12251 and GSE16879 were integrated as a discovery cohort 
(Supplementary Fig. 1 and Supplementary Table 2) to perform functional enrichment analysis, identify potential biomarkers, and 
develop an ensemble machine learning approach that can predict the response to anti-TNF therapy. Moreover, the colitis samples in 
GSE73661 (Supplementary Table 3) were used as an independent test cohort to evaluate the designated ensemble machine’s per
formance. To further examine the predictive power and reproducibility of findings, the panel was also experimentally evaluated using 
gene expression data of the mucosal biopsies obtained from 22 patients before receiving adalimumab at Taleghani hospital (Table 1). 
The workflow of the study is illustrated in Fig. 1. 

3.2. Accumulation of neutrophils and reduction of Tregs in the inflamed tissue of non-responders to anti-TNF treatment 

In order to estimate the contribution of distinct immune cell types to anti-TNF unresponsiveness, CIBERSORTx was used to 
determine the global immune cell landscape of UCN and UCR patients before anti-TNF treatment by deconvolution of gene expression 
microarray data (Fig. 2A and Supplementary Table 4). It was observed that neutrophils were more infiltrated in the inflamed region of 
non-responders relative to responders (Fig. 2B), while T regulatory cell populations were substantially reduced (Fig. 2C). Moreover, no 
significant differences were found between other immune cell subsets of UCR and UCN. 

Table 1 
Clinical and demographic characteristics of real-life patient cohort at Taleghani hospital.  

Clinical Factors UCN (n = 10) UCR (n = 12) 

Sex (Male/Female) 7 Males/3 Females 6 Males/6 Females 
Disease Duration, Median years (IQR) 3 (0.5–9) 5.5 (0.7–16) 
Age, Median years (IQR) 35 (18–58) 32.5 (18–62) 
Stool Calprotectin, mg/kg, (IQR) 2655.4 (1091–3048.4) 2502 (444–2960.6) 
Erythrocyte Sediment Rate, mm/hr, (IQR) 30 (13–65) 25 (5–60) 
C-Reactive Protein, mg/dl, (IQR) 17.5 (11–96) 12 (8–47.2) 
Background Disease 1 Patient 2 Patients 
Hb, g/dl, (IQR) 12.7 (6.8–14) 13.2 (8.9–15.8) 
WBC, × 1000/mm3, (IQR) 7.8 (6.2–9.2) 8.4 (6.6–13.6) 
Vitamin D, ng/ml, (IQR) 18.5 (12–36) 29.5 (14.5–54) 
Smoking History 1 Patient 1 Patient 
Alcohol History 1 Patient 1 Patient 
Drug Resistance 3 CS Refractory 

7 CS Dependent 
4 CS Refractory 
8 CS Dependent 

*IQR: Inter Quartile Range. 
*UCN: Ulcerative Colitis Non-responder (to anti-TNF therapy). 
*UCR: Ulcerative Colitis Responder (to anti-TNF therapy). 
*CS: Corticosteroids. 
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3.3. Identification of statistically significant altered genes 

Using the discovery cohort that was previously created by preprocessing, removing batch effect, and integrating GSE12251 and 
GSE16879, gene expression profiles of UCN were compared to UCR, and 313 DEGs were identified using |Log2FC| > 1 and FDR <0.05 
as the criteria, among which 282 genes were upregulated while the expression levels of 31 ones decreased. Among the DEGs, the mRNA 
levels of CSF3 and TFPI2 were detected more than nine times in UC baseline tissues that belong to anti-TNF non-responders. 
Furthermore, more than six-fold changes in the expression of IL11, INHBA, PROK2, IL24, PI15, and IL13RA2 were observed in these 
patients. On the other hand, CHP2, BEST4, GUCA2B, and GUCA2A were illustrated to be suppressed at least three times in UCN 
compared to the UCR mRNA profiles (Fig. 3A). A correlation heatmap coupled with hierarchical clustering was constructed based on 
the expression values of the 313 altered genes to show the similarity of samples (Fig. 3B). We noticed a remarkable correlation and a 
high degree of consistency among intragroup samples. However, few UCN samples whose responses to the drug had been assessed at 
week 4 or 6 were placed among UCR which could be due to too early response evaluation or disease severity. 

3.4. IL6, the key protein in UC tissue lacking response to anti-TNF treatment 

Enrichment analysis was conducted to understand the biological actions of genes whose expression levels are associated with anti- 
TNF responsiveness. GO analysis in GOR indicated secretory granule membrane, cytokine activity, and cytokine-mediated signaling 

Fig. 1. The workflow. The pretreatment biopsies of 35 ulcerative colitis patients were analyzed in a discovery cohort to identify alternative 
therapeutic targets and predictive biomarkers of anti-TNF response using feature selection and machine learning algorithms. In addition, an in
dependent in silico cohort with 22 UC samples was used to test the predictive performance of multi-mRNA gene sets. Finally, the introduced anti-TNF 
response predictive panel was experimentally validated on a real-life cohort. UCR: Ulcerative Colitis Responders and UCN: Ulcerative Colitis Non- 
responders (to anti-TNF therapy). 

Fig. 2. Immune cell subpopulation analysis in UC patients prior to anti-TNF therapy. (A) The immune cell landscape of UC patients prior to 
commencing anti-TNF therapy was identified using the CIBERSORTx database. (B) Neutrophil accumulation and (C) T cell regulatory reduction 
were significantly observed in UCN patients. UCR: Ulcerative Colitis Responders and UCN: Ulcerative Colitis Non-responders (to anti-TNF therapy). 
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pathway as hallmarks for CC, MF, and BP, respectively (Fig. 4A). Subsequently, signature pathway analysis demonstrated that in
flammatory response and TNF-α signaling via NF-kB are two critical pathways involved in unresponsiveness to anti-TNF mAb (Fig. 4B). 
Among all DEGs, IL6 was found in the most enriched pathways (Supplementary Table 5 and Table 6). Analyzing the microarray mRNA 

Fig. 3. Distinct gene expression profiles between UCN and UCR patients. (A) The most significant differentially expressed genes in UCN and 
UCR patients (*, **, and *** refer to the adjusted p-value <0.05, <0.01, and <0.001, respectively). (B) Pearson correlation analysis, along with the 
hierarchical clustering of the 313 differentially expressed genes, revealed a remarkable correlation among intragroup samples. UCR: Ulcerative 
Colitis Responders and UCN: Ulcerative Colitis Non-responders (to anti-TNF therapy). 

Fig. 4. Functional enrichment analysis. (A) Enriched gene ontologies and (B) pathways in biopsies of anti-TNF non-responders using GOR and 
MSigDB databases, respectively. (C) Microarray and (D) qRT-PCR analysis showed the overexpression of IL6 in UCN patients. The * refers to 
adjusted p-value <0.01, and p-value <0.05. UCR: Ulcerative Colitis Responders and UCN: Ulcerative Colitis Non-responders (to anti-TNF therapy), 
MEL: Microarray Expression Level. 
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profiles of discovery patients showed a 5-fold increase in IL6 expression in anti-TNF non-responders (Fig. 4C). Likewise, the over
expression of IL6 in our patient cohort was experimentally analyzed using qRT-PCR and was confirmed (log2FC = 4.07, p < 0.05) 
(Fig. 4D). Furthermore, GO analysis illustrated that IL6 is involved in the cytokine-mediated signaling pathway (BP) as a protein with 
cytokine activity (MF). Regarding these outcomes, the upregulation of IL6 as a cytokine may contribute to the lack of response to anti- 
TNF mAb therapy in UC patients. 

3.5. Upregulation of INHBA and KRAS signaling in non-responsive patients 

A co-expression-based biological network, which also included protein interactions, was constructed in Cytoscape, containing 154 
nodes communicated through 716 interactions. The models of the top 100 nodes were then constructed based on degree, radiality, and 
centrality factors using CentiScape2.2 and CytoHubba plugins. By intersecting these models, 51 essential genes were represented with 
258 interactions, containing co-expression and PPI (Fig. 5A). In this network, SAMSN1 and CSF2RB were illustrated as key genes due to 
the highest number of interactions and their central role (Supplementary Table 7). Pathway analysis was applied to the final network 
using MSigDB to discover the critical pathways contributing to the anti-TNF treatment failure (Fig. 5B). The involvement of over
expressed INHBA, PTGS2, IL7R, LCP1, LY96, FCER1G, and TLR8 genes in the network as KRAS downstream targets indicates the 
remarkable activation of KRAS signaling in non-responders. Also, the inflammatory response was manifested as another critical 
pathway in UCN patients. According to enrichment analysis, INHBA, a member of the TGF-beta (transforming growth factor-beta) 

Fig. 5. Systematic network construction and analysis. (A) The network of crucial genes was constructed using CytoHubba and CentiScape2.2 
plugins, containing 51 genes that were communicated through 258 interactions. (B) and (C) represent the KRAS expression among UCR and UCN 
patients in both discovery and real-life validation cohorts, respectively. No significant differences were identified. UCR: Ulcerative Colitis Re
sponders and UCN: Ulcerative Colitis Non-responders (to anti-TNF therapy), MEL: Microarray Expression Level. 
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superfamily of proteins, was found to be involved in both KRAS activation and inflammatory response pathways highlighting its 
possible role in unresponsiveness to anti-TNF mAb treatment. These findings suggest a correlation between the severe inflammation in 
non-responders and their resistance to anti-TNF therapy and KRAS-induced function, which may be the output of overexpression or 
point mutations of the KRAS gene. Therefore, the expression level of this gene was examined in the in silico discovery cohort, revealing 
that KRAS was not significantly overexpressed among non-responders (Fig. 5C). To ensure this finding, the expression of KRAS was 
evaluated in our patient cohort by qRT-PCR, and no significant change in KRAS expression was observed between the two groups. 
(Fig. 5D). Hence, the potential role of point mutations in KRAS overactivation and anti-TNF unresponsiveness is suggested to be 
considered in further studies. 

3.6. Identification of a multi-mRNA panel to predict anti-TNF response 

To nominate specific mRNAs that could predict the response of UC patients to anti-TNF therapy, different cut-offs of adjusted p- 
value and FC were selected and applied to gene expression data (data not shown). Principle component analysis (PCA) showed that | 
Log2FC| ≥ 2 could be the best cut-off by which 31 genes were detected to able to properly separate UCR from UCN patients of the 
discovery cohort (Supplementary Fig. 2 and Supplementary Table 8). Then, a 50x repeated 10-fold cross-validation LASSO algorithm 
was employed to lessen these 31 signature genes and find accurate predictors of anti-TNF therapy failure. In this regard, five upre
gulated genes were identified with the ALAC value ≥ 1, including IL13RA2, MMP1, HCAR3, CSF3, and INHBA (Table 2). 

IL13RA2 was the most powerful indicator of the UCN class that was observed in 49 times run of 10-fold cross-validation LASSO with 
ALAC of 3.577. According to the ALAC value, different combinations of 3–5 gene sets were developed based on the n + 1 formula (top 
3, top 4, and top 5 features). Then, a stack ensemble machine learning approach was used, in which in the first layer LDA, NN, KNN, 
and RF operated to generate probabilities for the second layer in which a GLM machine operated. At first, the ensemble machine 
functioned in a 10x repeated 10-fold cross-validation manner to monitor the performance of three-, four-, and five-mRNA panels in 
predicting the response to infliximab therapy in discovery cohort patients. For all gene sets, the GLM indicated higher accuracy and 
reliability compared to the single-machine classifications (Fig. 6A). Having mentioned that, GLM showed the five-mRNA panel with 
more powerful and reproducible predictive potentiality with an accuracy of 97 % (sensitivity 97 %, specificity 95 %, AUC of 0.991), 
compared to four - and three-biomarker sets with accuracies of 89 % (sensitivity 91 %, specificity 86 %, AUC of 0.969) and 92 % 
(sensitivity 94 %, specificity 88 %, AUC of 0.982), respectively (Fig. 6B). In order to further evaluate the predictive performance of 
three-, four-, and five-gene sets, the ensemble machine was trained using all of the samples in the discovery cohort and then tested on 
an independent cohort (GSE73661) with 22 infliximab pretreatment mucosal biopsies. The five-featured panel was consistently 
observed to predict the response to anti-TNF with higher accuracy of 95 % (sensitivity 100 %, specificity 88 %, AUC of 0.981), in 
comparison with four - and three-mRNA panels which showed accuracies of 73 % (sensitivity 85 %, specificity 56 %, AUC of 0.819) and 
77 % (sensitivity 86 %, specificity 62 %, AUC of 0.848), respectively (Fig. 6C). 

3.7. Experimental validation of the predictive performance of mRNA panels in a real-life patient cohort 

To authenticate the expression alterations and discriminative potentiality of the predictive biomarkers, qRT-PCR was employed for 
mucosal biopsies of patients referred to Taleghani hospital. At first, the statistically significant higher expression of IL13RA2, HCAR3, 
CSF3, INHBA, and MMP1 was verified in active lesions of non-responsive UC patients (Fig. 7A). To explore the capacity of gene sets for 
predicting the response to adalimumab, another type of anti-TNF mAb, the ensemble classifier was used through a 10x repeated 5-fold 
cross-validation algorithm. The heterogeneity in the type of anti-TNF mAb in the in silico and experimental cohorts can help identify a 
more robust and accurate panel. Anticipatedly, compared to each single machine learning method, the ensemble showed higher ac
curacy (Fig. 7B) which is in line with previous results in this study. The GLM findings indicated the five-featured set as the optimal 
predictive panel with an accuracy of 94 % (sensitivity 89 %, specificity 98 %, AUC of 0.948). The accuracy of three- and four-featured 
gene sets were 91 % (sensitivity 89 %, specificity 93 %, AUC of 0.964) and 79 % (sensitivity 76 %, specificity 81 %, AUC of 0.878), 
respectively, which are not promising as the five-mRNA panel (Fig. 7C). 

Table 2 
Five robust predictive biomarkers are achieved through 50x repeated 10-fold cross-validation LASSO.  

Gene 50x-AC ALAC Log2FC FDR 

IL13RA2 49 3.577101 2.598922418 2.23E-05 
MMP1 43 3.082295 2.032687021 0.01018 
HCAR3 34 2.007405 2.44543932 0.012008 
CSF3 35 1.424827 3.214592423 0.002381 
INHBA 9 1.1094 2.793163178 0.001794 

*50x-AC: 50x Appearance Number. 
*ALAC: Average LASSO Absolute Coefficient. 
*FC: Fold Change. 
*FDR: False Discovery Rate. 
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4. Discussion 

Although anti-TNF mAbs are considered efficient medications for treating UC, many cases do not respond to them, and the 
inflammation progresses in this condition [10]. Therefore, it is imperative to diagnose non-responders before treatment initiation and 
subject them to other therapeutic guidelines to avoid time and cost consumption. In the present study, the CPN method was followed 
by which transcriptome profiles of two in silico cohorts from two different hospitals, including 35 infliximab naïve UC biopsies, were 
integrated and considered as a discovery cohort to identify alternative therapeutic targets and predictive biomarkers. Integrating 
datasets using the CPN method has been shown not only to improve sample size and overall heterogeneity and reduce the individual 
study bias [22] but also lead to the identification of more specific biomarkers, as integrating genomics data has been proven to boost 
clinical diagnosis and precision medicine [23]. At first, the immune cell landscape of UCN and UCR patients was analyzed by 
CIBERSORTx which showed the significant accumulation of neutrophils and reduction of Tregs in UCN patients. Similarly, an increase 
in neutrophils subpopulation has been reported in UC inflamed mucosa compared to uninflamed and healthy intestinal tissues [24]. 
Neutrophils are the cells known to increase intestinal inflammation and tissue damage in UC [25]. Not only has the essentiality of 

Fig. 6. Predictive potentiality of three-, four-, and five-mRNA panels in microarray datasets based on accuracy and ROC curve using the 
ensemble machine learning. (A) The accuracy for every single machine and the ensemble machine for three-, four-, and five-featured panels 
showed improved performance for the ensemble machine learning approach compared to single machines in the discovery cohort. The ROC curve 
and AUC of the three (blue line), four- (green line), and five-featured (red line) panels in the (B) discovery and (C) in silico impendent test cohorts. 
The AUC was shown in the plot. ROC: Receiver Operating Characteristic curve. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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neutrophils in UC pathogenesis been proven [25], but also previous research demonstrated that anti-TNF therapy reduces the 
neutrophil infiltration into the inflamed mucosa of IBD patients [26]. Likewise, the accumulation of neutrophils has been recognized to 
intensively correlate with more severe inflammatory conditions in UC [25]. Interestingly, the decreased population of Treg cells re
inforces neutrophile function to augment the inflammation in the colon mucosa since Treg cells negatively regulate inflammation in 
different conditions [27]. 

To identify the molecular mechanisms involved in non-responders prior to anti-TNF therapy, gene expression analysis was per
formed using baseline discovery mucosal samples, and 313 significant DEGs were detected. Functional annotation revealed that 
secretory granule membrane, cytokine activity, and cytokine-mediated signaling pathway were hallmarks of CC, MF, and BP, 
respectively. Furthermore, inflammatory response and TNF-α signaling via NF-kB were identified as two remarkable pathways 
involved in the unresponsiveness to anti-TNF therapy, which may be in part due to disease severity and duration of inflammation in 
UCN patients as reported in clinical studies [28,29]. IL6, a cytokine that is secreted at sites of inflammation, was found to be a common 
member among most of the enriched pathways associated with anti-TNF unresponsiveness. IL6 is a mediator of fever and acute phase 
immune responses [30], playing major roles in the survival and differentiation of T cells, cytokine production, and regulation of 
Th17/Treg balance in a dose-dependent manner [31]. The involvement of IL6 in the pathophysiology of IBD with a profound influence 
on the disease progression has been demonstrated in numerous previous studies [32], one of which has reported that the expression 
level of IL6 as the predominant central cytokine significantly elevates and controls the pro-inflammatory cytokine and immune re
sponses in UC [33]. In line with the well-recognized role of IL6 in the inflammation progression, it seems that IL6 overexpression would 
be a main regulatory factor in anti-TNF therapy failure. 

In addition, the construction of a network based on the expression correlation and experimentally confirmed protein interactions 
illustrated that KRAS activation and inflammatory response were crucial enriched pathways in non-responders to anti-TNF therapy. 
Inhibin-β A or INHBA, which had the highest expression change amongst other network genes, was determined to be involved in KRAS 
activation and inflammatory response, suggesting its possible role in anti-TNF unresponsiveness. INHBA is a member of the TGF-β 
superfamily [34], known as pleiotropic cytokines, which have both anti- and pro-inflammatory activities, depending on the cellular 

Fig. 7. Real-life cohort evaluation of predictive biomarkers and the ensemble machine learning method. (A) Experimental validation of the 
predictive biomarkers in the real-life cohort. The expression levels of biomarker candidates were measured in UCN and UCR patients of Taleghani 
hospital by RT-qPCR. *, **, and *** refer to the p < 0.05, <0.01, and <0.001, respectively. (B) The accuracy for the single machines and the 
ensemble machine for three-, four-, and five-featured panels showed improved performance for the ensemble machine learning approach compared 
to single machines in the real-life cohort. (C) The ROC curve for the three- (blue line), four- (green line), and five-mRNA (red line) gene sets for the 
discrimination of UCN from UCR patients in the real-life validation. The AUC was shown in the plot. ROC: Receiver Operating Characteristic curve. 
UCR: Ulcerative Colitis Responders and UCN: Ulcerative Colitis Non-responders (to anti-TNF therapy). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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and environmental condition. It has been reported that blockade of TGF-β signaling in both TGF-β1 knockout and T cell-specific TGF-β 
receptor II knockout mice resulted in the development of severe autoimmunity, highlighting its modulatory effect on T cells’ activities 
[35,36]. Furthermore, TGF-β induces peripheral tolerance by maintaining the survival of naïve T cells and inhibiting the proliferation 
and differentiation of CD4+ and CD8+ self-reactive T cells [37]. However, in the presence of inflammation and overexpressed IL6, 
TGF-β acts differently and leads to an increase in T helper 17 (Th17) cell differentiation, reduction of Treg cells, further inflammation 
[38], and exacerbation of autoimmune conditions [37]. Our findings are in accordance with these studies, and it seems that INHBA, a 
regulator of the TGF-β pathway, in cooperation with IL6, would increase the severity of the inflammation in the mucosa of UCN 
patients by reducing the population of Treg cells, which ultimately leads to anti-TNF therapy failure. Future mechanistic studies should 
be performed to further investigate the role of these potential therapeutic targets in anti-TNF unresponsiveness. In addition to INHBA, 
six other genes of the network, including PTGS2, TLR8, IL7R, LCP1, LY96, and FCER1G, were involved in activated KRAS signaling in 
non-responders. Overexpression of these genes has been previously reported in both Crohn’s disease (CD) and UC and even pediatric 
IBD patients [39–42]. 

Prostaglandin endoperoxide synthase 2 or PTGS2 also known as cyclooxygenase 2 (COX2) is an enzyme that increases prosta
glandin production that generates inflammatory responses and can cause cardinal signs of acute inflammation [43,44]. Higher 
expression of PTGS2 in the mucosa of UC patients leads to a more severe inflammation that might be associated with unresponsiveness 
in these patients. Toll-like receptor 8 or TLR8 not only has been reported to be upregulated in active UC but also has been discovered as 
an X-chromosome linked IBD susceptibility gene with both common predisposing and protecting haplotypes in both CD and UC [45, 
46]. Besides, TLR8 has been identified to induce mucosal inflammation in UC patients by enhancing the expression of TNF-α and IL-1β 
[47]. Another overexpressed gene, IL7R acts as a receptor for IL7 cytokine and is involved in maintaining T cell survival through the 
inhibition of mitochondrial death, upregulation of the anti-apoptotic protein BCL-2, and an increase in glucose uptake and metabolism. 
It has been proven as a fuel for autoimmunity and inflammatory response [48]. In this study, observing the overexpression of IL7R and 
IL6 as T cells saviors together with suppression of Treg subpopulations and involvement of inflammatory response together in UCN 
mucosa may indicate lymphocytosis condition in which Th17 cells are accumulated [49,50]. 

Lymphocyte cytosolic protein 1 or LCP1 has previously been reported as a diagnostic biomarker for IBD [51]. Also, an association 
between the expression alteration of this gene and unresponsiveness to anti-TNF therapy in IBD patients was observed by Wang et al. 
[52]. The function of this protein and how it contributes to inflammation have not yet been fully determined; however, a recent study 
by Mahat et al. suggested an inflammatory action by observing neutropenia that is caused by I232F missense mutation in LCP1 [53]. 
Further in vitro and in vivo studies are needed to explore the role of LCP1 in inflammation, especially in autoimmune diseases such as 
IBD. Lymphocyte antigen 96 or LY96, also known as myeloid differentiation 2 (MD2), plays an important role in inflammatory diseases 
such as CD [54]. LY96, a lymphocytic marker has been detected to activate the NF-kB pathway by interacting with TLR4 and inducing 
the production of pro-inflammatory cytokines in colon cancer [55]. Our enrichment analysis also showed the contribution of LY96 to 
TNF-α signaling via the NF-kB pathway in non-responders, suggesting the same role for this gene as discovered in colon cancer. 

FCER1G gene, which encodes a high affinity Fc fragment of IgE receptor I for gamma polypeptide, is widely expressed in immune 
cells and connects adaptive and innate immunity [56]. In the inflammatory condition in the intestinal mucosa, TLRs and FCER1G 
co-stimulate and induce the Th17 polarizing macrophage phenotype, causing the production of inflammatory cytokines [57]. In such 
inflammatory conditions, FCER1G cross-linking with anti-commensal IgG leads to Th17 cell activation and immunity which is 
observed in the development of intestinal inflammation in UC. FCER1G was identified as the key regulator of KRAS signaling in the 
network with the highest number of degrees. The upregulation of INHBA, PTGS2, TLR8, IL7R, LCP1, LY96, and FCER1G together in the 
KRAS signaling pathway significantly aggravates inflammation in the colonic mucosa of UC patients and may cause resistance to 
anti-TNF mAbs. 

The KRAS protein belongs to the RAS small GTPase superfamily that controls various cellular processes such as cell polarization, 
adhesion, and proliferation [58,59]. Among RAS superfamily proteins, KRAS is predominant in colon tissue and accounts for almost 90 
% of RAS proteins in colonocytes [60,61]. Although the central role of KRAS signaling in maintaining the colon homeostasis and 
regeneration of intestinal stem cells has been recently reported [62], to the best of our knowledge, this is the first study that suggests a 
key role of KRAS signaling in anti-TNF treatment failure in UC patients. In this regard, the expression of KRAS was examined in UC 
patients; however, no significant differences were detected between UCN and UCR, suggesting an activating mutation in the KRAS 
gene that should be monitored in further research in a larger population. The inflammatory effects of KRAS mutation have been 
previously observed in lung tumors [63]. Furthermore, KRAS mutations are present in 45 % of patients with colorectal cancers [64]. 
Interestingly, it has been reported that KRAS mutational status is associated with poor response to anti-EGFR therapy in colorectal 
cancer [65]. 

Computational methods were applied to develop a platform based on the expression of several mRNA biomarkers as input by which 
the response to anti-TNF therapy in UC patients could be predicted. In biomedical research, several algorithms and machine learning 
methods have been applied to subset and classify biomolecules in order to identify predictive/diagnostic biomarkers of various 
pathological conditions [66,67]. In this study, the LASSO algorithm, which increases the interpretability and accuracy of linear models 
[68], was applied and repeated 50 times in a 10-fold cross-validation manner. This repetition with random folding of samples allowed 
LASSO to illustrate five specific indicators of UCN class, including IL13RA2, HCAR3, CSF3, INHBA, and MMP1 with a more accurate 
absolute coefficient which later was used to develop predictive gene sets. 

Among these predictors, IL13RA2, which had the greatest ALAC indicating higher potentiality in classifying UCN and UCR patients, 
has been previously reported as a predictive biomarker for the response to anti-TNF mAb in both UC and CD [11–13,69]. Interleukin 13 
Receptor Alpha 2 or IL13RA2 acts as a decoy receptor for IL13 which is a type 2 immunity cytokine. IL31RA2 binds IL13 with higher 
affinity than IL4RA/IL13RA1, thus declining the available IL-13 to drive STAT6-dependent signaling [70]. This signaling has been 
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indicated to be involved in mucosal repair in IBD using murine models [71]. As a result, upregulation of this gene in the active lesions 
of UCN may impair the type 2 immune response mediated by IL13, thus impeding intestinal tissue remodeling. 

MMP1 was also introduced as one of the predictors of anti-TNF treatment failure. Elevated expression of Matrix metalloproteinases 
or MMPs has been reported in various inflammatory conditions in human diseases, and this intemperate inflammation not only does 
not help host defense but also causes further tissue injury [72]. Besides, MMPs are able to cleave IgG antibodies [73]; hence, their 
induced expression could prevent the neutralizing function of anti-TNF IgGs on TNF molecules [74], which may cause anti-TNF mAb 
therapy failure. Of note, the potential role of MMP3, another member of the matrixin family, in predicting the response to infliximab in 
IBD patients has been previously reported [75]. 

Hydroxy carboxylic acid receptor-3 or HCAR3, another predictor of anti-TNF treatment failure, contributes to the regulation of 
lipolysis during increased β-oxidation and is probably involved in the interaction of gut microbiome-derived metabolites and immune 
cells [76,77]. Until now, evidence is still lacking to indicate a pro-inflammatory function for HCAR3; however, a recent study has 
reported the anti-inflammatory effect of HCAR3 expression in macrophages [78]. While few studies have reported an association 
between the overexpression of HCAR3 and UC pathogenesis [79–81], it is the first time this gene is related to unresponsiveness to 
anti-TNF therapy failure. 

Colony-Stimulating Factor 3 or CSF3, also called Granulocyte-CSF (G-CSF), is a member of the IL-6 superfamily whose receptor is 
mainly expressed on neutrophils [25]. G-CSF, which increases inflammatory conditions [82], inhibits apoptosis in neutrophils in vivo 
and in vitro [83]. Therefore, CSF3 overexpression in the mucosa of UCN patients prevents apoptosis of neutrophils and explains the 
possible reason for neutrophil accumulation in the inflamed lesions, leading to inflammation progression and treatment failure. This 
finding is intriguingly consistent with the higher number of recruited neutrophils in the inflamed colonic mucosa of UCN patients that 
we observed in the immune cell subpopulation analysis. INHBA, which was discussed earlier in KRAS signaling activation, was the final 
significant predictive marker with the lower ALAC. Apart from IL13RA2, four other predictive biomarkers were introduced for the first 
time, and their role in the unresponsiveness of UC patients to anti-TNF mAbs needs to be experimentally clarified. 

While various studies have been conducted to identify predictors of the response to anti-TNF mAbs [13,40,69], few studies have 
introduced a panel that can perform more accurately compared to single biomarkers in anti-TNF therapy response prediction. Using 
the ALAC of these predictive biomarkers given by repeated LASSO algorithm, a combination of three-, four-, and five-mRNA sets were 
defined to develop an input panel for machine learning. Then, a two-layer stack ensemble machine learning was designated, at the first 
layer of which neural network as a function-based classifier, k-nearest neighbor and random forest as rule-based classifiers, and linear 
discriminant analysis as a dimension reducer were employed, and at the second layer, a generalized linear model operated in a 10-fold 
cross-validation manner with 10 times random sampling to produce the most reliable results. Previous computational studies on 
ensemble algorithms have proven that in classification and prediction, not only such an engineered ensemble machine is able to deal 
with small sample sizes and high dimensionality in microarray cohorts better than single machine-learning models [84], but also 
generally has a better performance in terms of accuracy and stability than a single machine learning algorithm [85]. Consistently, our 
ensemble machine had a more accurate performance compared to individual machines in both in silico and real-life cohorts. Moreover, 
since ensemble models are computationally complex, they can overcome some of the problems associated with small sample sizes and 
large dimensionality, which are frequently encountered in bioinformatics research [84]. Although few studies have been accomplished 
to develop predictive panels for the response to anti-TNF mAbs in IBD patients, such an engineered ensemble machine, which is able to 
generate reliable accurate models, has not been previously designated. An in silico recent study by Sakaram et al. [12] has reported a 
prognostic panel of seven genes that predict the response to infliximab and adalimumab with an accuracy of 86 %, based on an 
Anti-TNF Response (ATR) scoring system in conjunction with the ground truth response adjudication. Another study by Arijs et al. [11] 
reported a five-mRNA gene set capable of predicting infliximab therapy response with 89 % accuracy using supervised linear modeling. 
In the current research, for the first time, a five-mRNA panel and an ensemble machine learning algorithm which were designated and 
evaluated using four different cohorts were introduced with the capacity of predicting the response to two types of anti-TNF mAbs, 
infliximab and adalimumab, with an average accuracy of 95.3 % (sensitivity 97.6 %, specificity 92 %). However, there are some 
limitations to this study such as small sample-sized cohorts. The performance of this panel in predicting the response to anti-TNF mAbs 
should be further investigated in larger cohorts to be applied for clinical purposes. 

5. Conclusion 

In this study, we presented a statistical methodology, a combination of high-throughput gene expression analysis and determi
nation of immune cell subpopulation, to decipher pathogenic signals in UCN patients that were mostly concealed from view. We 
suggested important pathological functions for IL6 and INHBA in anti-TNF unresponsiveness in UC patients through decreasing local 
Tregs, promoting distinct inflammatory conditions in the colon mucosa. We additionally proposed the contribution of KRAS signaling 
to anti-TNF treatment failure in UC patients for the first time, which can be monitored in further research. Furthermore, through a 
systematic and comprehensive study design including discovery and validation phases, we introduced an accurate ensemble machine 
with a five-mRNA biomarker panel capable of predicting the response to anti-TNF mAbs in colitis patients that could be developed for 
clinical use. 
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