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Abstract

Background & Aims: Crohn’s disease (CD) presents as chronic and often progressive intestinal 

inflammation, but the contributing pathogenic mechanisms are unclear. We aimed to identify 

alterations in intestinal cells that could contribute to the chronic and progressive course of CD.

Methods: We took an unbiased, system-wide approach, performing sequence analysis of RNA 

extracted from formalin-fixed, paraffin-embedded ileal tissue sections from patients with CD 

(n=36) and without CD (controls, n=32). We selected relatively uninflamed samples, based on 

histology, before gene expression profiling; validation studies were performed using adjacent 

serial tissue sections. A separate set of samples (3 controls and 4 CD) was analyzed by 

transmission electron microscopy. We developed methods to visualize an overlapping modular 

network of genes dysregulated in the CD samples. We validated our findings using biopsy samples 

(110 CD samples for gene expression analysis and 54 for histologic analysis) from the UNITI-2 

phase 3 trial of ustekinumab for patients with CD and healthy individuals (26 samples used in 

gene expression analysis).

Results: We identified gene clusters that were altered in nearly all CD samples. One cluster 

encoded genes associated with the enterocyte brush border, leading us to investigate microvilli. In 

ileal tissues from patients with CD, the microvilli were of reduced length and had ultrastructural 

defects, compared to tissues from controls. Microvilli length correlated with expression of genes 

that regulate microvilli structure and function. Network analysis linked the microvilli cluster to 

several other down-regulated clusters associated with altered intra-cellular trafficking and cellular 

metabolism. Enrichment of a core microvilli gene set was also lower in the UNITI-2 trial CD 

samples compared with controls; expression of microvilli genes correlated with microvilli length 

and endoscopy score, and associated with response to treatment.

Conclusions: In a transcriptome analysis of formalin-fixed, paraffin-embedded ileal tissues 

from patients with CD and controls, we associated transcriptional alterations with histologic 

alterations, such as differences in microvilli length. Decreased microvilli length and reduced 

expression of the microvilli gene set might contribute to epithelial malfunction and the chronic, 

progressive disease course in patients with CD.
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INTRODUCTION

Crohn’s disease (CD) is a form of inflammatory bowel disease (IBD) primarily 

characterized by clinical symptoms and pathological signs, such as transmural influx of 

inflammatory cells 1. Even with treatment, CD subjects experience periods of remission and 

periods of active inflammation. Factors driving the chronic, relapsing nature of CD may 

include dysbiosis of the intestinal microbiome, which is a persistent pathological feature of 

CD intestine 2; but it is less clear if analogous persistent defects occur in host cells. We 

propose that uninflamed intestinal tissue regions will be a rich source for uncovering such 

defects that could contribute to the chronic nature of CD.
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We adopted a molecular profiling approach to predict alterations in small intestinal host cells 

because this platform provides an unbiased, system-wide view of disease-associated 

processes and has been successfully applied to personalized medicine approaches for other 

diseases 3. However, the interpretation of transcriptional data from subjects with complex, 

inflammatory diseases is challenging, as the gene expression levels obtained from a 

heterogeneous sample are influenced by disease state as well as proportional abundances of 

constituent cells and relative transcript abundances within these cells 4. Immune cell 

infiltration as well as tissue damage or remodeling that can occur downstream of active 

inflammation influence bulk gene expression data. This confounding effect has been clearly 

demonstrated in molecular profiling studies of several complex inflammatory diseases, 

including scleroderma 5, rheumatoid arthritis 6, and CD 7-9. To overcome this challenge, we 

adopted a molecular profiling approach that allows researchers to match intact tissue 

morphology to gene expression data.

Formalin-fixed, paraffin-embedded (FFPE) tissue is the standard preservation method used 

for routine surgical pathology. Recent technical developments have enabled extraction of 

DNA, RNA and protein from FFPE tissues 10, thereby providing an abundant tissue source 

for genomic analyses of clinical samples. Several studies have compared transcriptional 

profiles generated from fresh frozen and FFPE samples from the same individual and found 

that the two preservation methods produced concordant data, despite the higher degree of 

RNA degradation in the FFPE samples 11-14. A key advantage of FFPE molecular profiling 

for complex, inflammatory disease samples is that it allows for definitive selection using 

histological criteria of the exact samples to be profiled. Traditionally, selection of relatively 

uninflamed intestinal tissues for CD molecular profiling studies relies on gross endoscopic 

evaluation and/or subsequent histological assessment of a tissue site near to the one used for 

RNA isolation. Furthermore, whereas the entire tissue sample is lysed during traditional 

RNA extraction methods, only a small portion of the FFPE tissue sample is used for RNA 

extraction. Thus, serial FFPE tissue sections are available to correlate gene expression 

findings with histological features predicted to be altered.

In this study, we generated RNA-seq transcriptional profiles using standard, archival FFPE 

pathology tissue specimens from CD and control subjects who underwent ileo-colic 

resection surgery. We chose resection samples because these contain whole-thickness tissue, 

including the muscularis propria, and thus all intestinal host cells could be examined (in 

contrast to biopsy samples). Histological assessment prior to molecular profiling was 

performed to select samples only from tissue regions uninvolved in active inflammatory 

disease based on the current clinical guidelines used by pathologists. We surmised that this 

pre-screening process would minimize molecular signatures driven by altered proportional 

abundances of cell subsets and potentially unmask those driven by underlying defects in host 

cells, especially if these consisted of small magnitude gene expression changes. Such defects 

might contribute to the chronic, progressive nature of CD. We identified several common 

gene signatures altered in CD intestine compared to controls, one of which led us to identify 

previously unrecognized morphometric features of CD, reduced length and altered 

ultrastructure of epithelial microvilli. We validated the reduced enrichment of this gene 

signature and its correlation with microvilli length in an independent cohort of CD patients 
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with biopsy samples. Together, these data supported the hypothesis that there are persistent 

alterations of host cells in relatively uninflamed CD intestinal tissue.

METHODS

Additional details are provided in Supplementary Methods.

Study subjects and histological sample selection

We retrospectively obtained de-identified FFPE tissue samples and demographic data from 

subjects who underwent their first ileo-colic resection surgery at Barnes-Jewish Hospital, St. 

Louis between 2006 and 2010. The set of H&E-stained tissue sections from each resection 

were examined by two pathologists to identify the terminal ileum, which was subjected to 

additional histological criteria to select samples with intact mucosa and minimal to absent 

active or chronic inflammatory disease. For transmission electron microscopy (TEM), ileal 

tissues were obtained from resection or biopsy specimen regions that were visually and 

endoscopically uninvolved with active disease. For the UNITI-2 cohort 15, ileal biopsies 

from patients with ileal or ileo-colonic CD were obtained from representative regions as 

determined by endoscopy. One set of biopsies was prepared for microarray and the other for 

FFPE H&E-stained tissue sections. Ileal biopsies from 26 healthy subjects were used as a 

control group for the gene expression analysis. Written informed consent was obtained from 

all study participants prior to inclusion in these studies, which were approved by the IRB.

Molecular profiling

For the resection specimens, two unstained 5-μm FFPE tissue sections were used for RNA 

extraction and DNase treatment with the RNeasy FFPE kit (Qiagen) according to the 

manufacturer’s instructions. The Genome Technology Access Center (GTAC) at Washington 

University performed RNA-seq library preparation, sequencing and read alignment. 

Sequencing was performed on an Illumina HiSeq2000 SR42 using single reads extending 42 

bases. Microarrays were performed as previously described 16. For the biopsy specimens, 

ileal biopsies were stored in RNAlater at −80°C until RNA extracti on with the RNeasy 

Fibrous Tissue Mini Kit (Qiagen) and hybridization to Affymetrix GeneChip Human 

Genome U133 PM arrays.

Partitional clustering and functional enrichment analyses

The mapped gene-level transcript matrix file was filtered to exclude transcripts with a mean 

of 0 cpm and those that were “non-protein coding and non-annotated”. An unpaired 

twotailed Mann-Whitney t test was used to identify annotated, protein-coding transcripts 

with an unadjusted P <.05 between CD and Non-IBD to use as the input for principal 

components analysis (PCA) and fuzzy c-means partitional clustering, which were performed 

with Partek® Genomics Suite® software v6.6 Copyright © 2017 (St. Louis, MO, USA). 

Enrichr (http://amp.pharm.mssm.edu/Enrichr/) 17, the Human Protein Atlas (HPA) v16.1 18 

and published brush border proteomics studies 19, 20 were used to assess functional 

enrichment.
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Imaging

Image acquisition and quantification was performed in a blinded fashion for all histological 

metrics. Brightfield images were acquired with an Olympus BX51 microscope equipped 

with UPlanFL 10X/0.30, 20X/0.50, 40X/0.75, and 100X/1.30 Oil Iris objective lenses, an 

Olympus DP70 or DP22 camera and DP Controller or cellSens Standard v1.17 software. 

Confocal images were obtained with a Zeiss LSM880 laser scanning confocal microscope 

equipped with a 63X/1.4 Zeiss Plan Apochromat oil objective lens. TEM images were 

acquired with a JEOL model 1400EX electron microscope and AMT Advantage HR 

(Advanced Microscopy Technology) high definition CCD, 11 megapixel TEM camera. 

Adobe Photoshop CS6 was used to adjust brightness and contrast, sharpen and crop images.

Co-expression module network

A co-expression network was constructed using a novel approach termed correlation 

graphlet analysis (CGA). A full description of CGA as well as the computer code and 

sample data are provided as supplementary materials. The correlation gene network 

contained 1,326 nodes and 39,567 edges prior to compression into modules. Module 

construction resulted in 84 modules (29 of which contained at least 10 genes) connected by 

87 edges. The networks were visualized with Cytoscape 21 using a force-directed layout.

Statistics

Graphpad Prism v7 was used to perform statistical analysis with P <.05 considered to be 

significant, unless otherwise indicated. Parametric or nonparametric statistical tests were 

applied as appropriate after testing for normal distribution of data, as described in the figure 

legends. Transcriptional enrichment scores for the UST phase 3 microarray dataset were 

computed with Gene Set Variation Analysis (GSVA) 22 and correlated to the Simple 

Endoscopic Score for Crohn’s Disease (SES-CD) with Spearman correlation. Differences in 

enrichment scores between phenotypes were analyzed using parametric tests in ArrayStudio 

v10 (OmicSoft Corp).

RESULTS

Selection of tissue samples for transcriptional profiling

We retrospectively procured FFPE intestinal tissue from CD subjects and control subjects 

without IBD (Non-IBD) who underwent surgical resection at Washington University. 

Histological screening of H&E-stained tissue sections was performed to identify ileal tissue 

regions with relatively uninflamed mucosa, which we surmised would be most likely to 

harbor early molecular changes contributing to disease chronicity. We identified 68 samples 

(one per subject) with absent to minimal active or chronic inflammatory disease as defined 

by well-accepted clinical pathology parameters (Figure 1A; Figure S1A) and passed RNA 

quality control metrics (Figure S1B-E). There was no difference in the proportion of Non-

IBD (n=32) and CD (n=36) samples that passed quality control (P =.4747 by Fisher’s exact 

test). The demographic data for these CD subjects were comparable to the spectrum of data 

previously reported 23, 24 (Table S1). The average age at the time of surgery was 

significantly different between the Non-IBD and CD groups (Table S1); however, no 
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significant differences in transcript abundances were identified within either diagnosis group 

based on this variable. Principal components analysis (PCA) of the gene expression data 

showed distinct but overlapping grouping of the samples based on diagnosis (Figure 1B). No 

further subgroups were apparent.

Identification of common molecular features in Crohn’s disease

To gain biological insight into the molecular features that distinguished the CD from the 

Non-IBD samples, we used a broad set of differentially expressed genes as input for fuzzy 

cmeans partitional clustering. Of the 9 gene clusters generated, 4 were relatively up-

regulated (1, 3, 6, 8) and 5 were relatively down-regulated (2, 4, 5, 7, and 9) in CD vs. Non-

IBD (Figure 1C, Table S2). Although this algorithm allows genes to belong to multiple 

clusters, we observed very little overlap (Table S3). Human transcriptional profiling data 

reflects inter-individual variation due to genetics, environmental exposures, disease state, 

etc. 4, 25. Thus, as expected, the cluster genes were variably expressed among the samples, 

resulting in varying cluster representation. We were most interested in identifying common 

host cell alterations, so we assessed cluster representation first by calculating the average 

normalized expression of the genes forming each cluster (Figure 1D). Clusters 4, 5 and 7 

were most commonly altered in CD samples (i.e. had the greatest degree of separation 

between Non-IBD and CD). We next determined whether the average cluster gene 

expression resulted from many genes with potentially small but consistent expression 

changes or from a small number of genes with large expression changes. For this, we 

generated an arbitrary, binary cut-off for the cluster representation of each sample: a highly 

represented cluster had at least 40% of its genes with >∣0.2∣ normalized gene expression 

difference (Figure 1E). This analysis again showed that Clusters 4, 5 and 7 were most 

commonly altered in CD, with 97%-100% of the samples meeting or exceeding these 

criteria, indicating many genes having potentially small, but consistent, changes in 

expression. Functional enrichment analysis (selected results in Table 1; full results with 

statistics in Table S4) showed that Clusters 4 and 7 were enriched for gene ontology (GO) 

cellular component terms related to mitochondria and pathways related to the tricarboxylic 

acid (TCA) cycle. Cluster 7 was also enriched for terms related to cellular trafficking. 

Cluster 5 was enriched for several metabolism pathways, cell-cell junction organization, and 

the GO cellular component terms plasma membrane, brush border and cell-cell junction.

Microvilli gene expression and length are reduced in uninflamed Crohn’s ileum

We performed a more focused analysis of Cluster 5 because it was commonly altered in CD 

and associated with small intestine tissue. Many of the Cluster 5 genes are well-known to be 

specifically or highly expressed in enterocytes, including alkaline phosphatase (ALPI) 26, 

epithelial cell adhesion molecule (EPCAM) 27, fatty acid binding protein 2 (FABP2) 28, 

keratin 20 (KRT20) 29 and villin 1 (VIL1) 30. To determine if there was indeed an 

enrichment for enterocyte genes in this gene set, we utilized the HPA 18 and published 

literature to examine the products of a subset of Cluster 5 genes with reliable protein 

localization data in the small intestine (see Supplementary Methods; Table S5). Of these 172 

proteins, all were expressed in epithelium, with 171 expressed in enterocytes and 1 

expressed in goblet cells. The majority (79%; 136/172) were enriched in epithelial compared 

to non-epithelial cells, and 44% (75/172) were enriched specifically at the enterocyte brush 
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border. The brush border membrane is organized into apical F-actin-supported protrusions 

called microvilli that increase the surface area and functional capacity of enterocytes lining 

the intestinal tract 31. This analyses strongly indicated microvilli as a feature for further 

exploration. We further validated the brush border enrichment by comparing Cluster 5 to a 

gene set identified from 2 proteomic studies of mouse brush border 19, 20. We observed 

significant overlap between these gene sets (P <1.66 × 10−45 by hypergeometric distribution 

test) (Figure S2A). The formation, organization and stabilization of microvilli is achieved 

through several molecular mechanisms, including F-actin bundling, membranecytoskeleton 

crosslinking, and intermicrovillar adhesion 31 (Figure 2A). Nearly all of the genes known to 

participate in these molecular functions had decreased expression in CD compared to Non-

IBD samples (Figure 2B), which we confirmed by microarray (Figure S2B), and belonged to 

Cluster 5.

To determine if the transcriptional alterations in microvilli-associated genes corresponded to 

histological alteration of microvilli, we performed a quantitative analysis of microvilli length 

using serial tissue sections adjacent to those used for transcriptional analysis. CD 

enterocytes had a ~11% decrease in average microvilli length compared to Non-IBD (Figure 

4A, B). To support our ability to precisely determine average microvilli length, we 

performed rigorous statistical validation of our sampling method (Figure S3 and Figure S4) 

and demonstrated high inter-observer reproducibility (Figure S5). We next performed 

transmission electron microscopy (TEM) of enterocytes from a separate set of Non-IBD and 

CD uninvolved ileal samples to determine if there might be an underlying ultrastructural 

alteration of microvilli in CD. In CD samples, we observed a significant reduction in the 

density of the microvilli rootlets, which are bundles of actin filaments that extend into the 

apical cytoplasm (Figure 3C, D and Figure S6A, C), whereas other ultrastructural features 

were similar compared to Non-IBD (Figure S6B). Microvilli rootlets were easily 

identifiable, electron dense structures in Non-IBD enterocytes; however, the electron dense 

nature of the rootlets appeared qualitatively reduced in the CD samples (Figure 4C, Figure 

S6A), potentially reflective of reduced actin bundling. As a staining control, desmosomes 

appeared similar between CD and Non-IBD. Accordingly, we next assessed protein 

localization of the actin bundling protein VIL1 with confocal microscopy using serial tissue 

sections to those used for FFPE RNA extraction (Figure 3E, F). VIL1 protein staining was 

intensely and consistently localized to the epithelial brush border in Non-IBD samples. In 

contrast, VIL1 staining was strongly reduced in many CD samples, despite these samples 

being stained at the same time and imaged with the same settings as the Non-IBD samples. 

This observation was consistent with the reduced VIL1 mRNA expression (Figure 2B) and 

potential alteration in microvilli rootlet actin bundling in CD samples. Overall, these data 

suggest that the microvilli gene expression and length phenotypes might be indicators of a 

potentially multi-factorial defect occurring at the enterocyte apical surface in CD.

Correlation of microvillar gene signature expression and length

A deeper probe into the relationship between our gene expression and histological findings 

showed that microvilli length was directly correlated to the average Cluster 5 gene 

expression in CD samples (Figure 4F) and inversely correlated to the average gene 

expression of Clusters 2 and 9 (Figure S7A). In contrast, average enterocyte cell height was 
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similar between CD and Non-IBD samples and did not correlate with Cluster 5 gene 

expression (Figure S7B, C). Because altered gene expression patterns associated with a 

particular cell type can arise if the proportion of constituent cells are altered within 

heterogeneous tissues, we investigated whether a proportional change in enterocytes or other 

cell type could account for Cluster 5. Our histological inclusion criteria selected for samples 

with generally intact epithelium, and, supporting this, we identified several enterocyte 

marker genes in our RNA-seq data set which were not changed in CD compared to Non-IBD 

(Figure S8). We also examined the proportions of goblet cells and Paneth cells, which have 

been implicated in CD pathogenesis 32 and are the next most common epithelial subsets in 

the small intestine. Neither the number of these cells nor the gene expression of their 

markers correlated with Cluster 5 (Figure S9, Figure S10). Taken together, these data 

highlight the specificity of the correlation between Cluster 5 and microvilli length.

Network analysis shows common molecular features of Crohn’s disease are linked

To investigate potential co-regulation of diminished and elevated gene expression in CD 

relative to Non-IBD samples, we performed network analysis. We first constructed a gene 

correlation network with a more stringent cutoff than used for the partitional clustering. 

However, interactions were still difficult to visualize or interpret due to the complexity of the 

network (Figure 4A). Therefore, we developed a novel network analysis approach termed 

correlation graphlet analysis (CGA). With this approach, simpler networks are produced by 

empirical selection of a correlation threshold followed by collapsing correlated genes into 

modules and constructing the modules into a network where edges represent overlapping 

genes between modules (see Supplementary Methods and Figures S11 and S12). The 

resulting module network consisted of a large, primary component composed of three highly 

connected regions as well as some smaller, isolated components (Figure 4B and Table S6).

We used the module network to perform an independent validation of the partitional 

clustering results and to investigate relationships between the gene clusters by determining 

which network modules significantly overlapped with the cluster genes (Figure 4B, Figure 

S13). Several interconnected modules were highly enriched for Cluster 5 genes, including 

the microvilli structural component genes. The Cluster 5-enriched region connected to a 

second network region containing modules with overlapping enrichment for the genes of the 

commonly down-regulated Clusters 2, 4, 7 and 9, which were functionally enriched for 

cellular trafficking, cellular metabolism, TCA cycle and mitochondria-related genes. The 

interconnectedness of these regions suggests these gene expression alterations and cellular 

functions might be coupled to each other and potentially to microvilli length. The third 

region of the large, connected component of the module network was enriched for Cluster 1, 

a cluster relatively up-regulated in CD and enriched for immune-related terms, including 

innate immune response as well as TNF and IFN signaling. This region was indirectly 

connected to the Cluster 5-enriched region through the Cluster 2-4-7-9-enriched region. As 

Cluster 1 was represented only in ~53% of the CD samples in contrast to the down-regulated 

clusters being represented in nearly all CD samples, it is unclear whether these up-regulated 

genes were a cause or consequence of the down-regulated gene modules. Supporting a lack 

of direct linkage between Clusters 1 and 5, only a few subjects demonstrated an inverse 

correlation between partitional Cluster 1 and Cluster 5 average gene expression, whereas the 
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majority of the samples did not exhibit this relationship (Figure 4C). Therefore, the evidence 

does not support the gene expression differences in Cluster 1 being causal of those in Cluster 

5.

The microvilli signature associates with microvilli length and CD clinical parameters in an 
independent cohort with biopsy samples

Our findings with the resection cohort raised several questions: can these findings be 

corroborated in an independent cohort; can biopsy material be utilized; and what is the 

potential clinical relevance of this transcriptional signature and microvilli defect in CD? To 

address these questions, we performed a post hoc analysis of gene expression and microvilli 

length data from biopsy specimens obtained from the UST phase 3 studies in CD patients 

who had failed conventional therapies (UNITI-2 cohort). UST phase 3 studies established 

that UST, a monoclonal antibody to the p40 subunit of interleukin-12 and interleukin-23, is 

an effective treatment for moderate-to-severe CD 15. Here, we analyzed two subsets of 

patients from the full UNITI-2 cohort that had ileal or ileal-colonic disease and had 

endoscopic biopsy samples that had been processed for gene expression and/or histological 

analyses. These patient subsets had similar demographics and disease characteristics to the 

full UNITI-2 cohort (Table S7), with the exception that fecal calprotectin levels were 

significantly lower in the two subsets. Additionally, the histological subset had significantly 

lower endoscopic disease activity in the terminal ileum compared to the gene expression 

subset, likely a result of the inclusion criteria used to select these subsets.

Gene set variation analysis (GSVA) is a method to assess the enrichment of a gene set across 

a study population in an unsupervised manner 22. We performed GSVA using the gene set 

generated by the overlap of Cluster 5 with the co-expression module network (herein 

referred to as the core Cluster 5 gene set; Table S8) because the latter had been generated 

with more stringent criteria than the partitional clustering. The enrichment score for the core 

Cluster 5 gene set was significantly lower in CD versus healthy control biopsies (Figure 5A) 

and was also significantly correlated with microvilli length (Figure 5B). These results using 

biopsy samples corroborated the findings in the resection specimens.

An additional advantage of the UNITI-2 cohort is that longitudinal samples and robust 

clinical information are available. For example, disease severity was determined 

endoscopically by the SES-CD score 33 at three time points: induction baseline (I-Wk0), 

induction week 8 (I-Wk8), and maintenance week 44 (M-Wk44). The SES-CD score 

negatively correlated with the core Cluster 5 gene set enrichment score at all 3 time points 

(Figure 5C), demonstrating that worse disease (i.e. high SES-CD score) was associated with 

de-enrichment of the core Cluster 5 gene set. Conversely, minimal disease activity (i.e. lower 

SES-CD score) was associated with gene set enrichment scores more similar to the healthy 

control samples. We observed a stronger correlation at M-Wk44 compared to I-Wk8 or I-

Wk0, likely due to the larger dynamic range of the data following UST treatment.

Impact of UST on the microvilli gene signature and microvilli length

We next tested if core Cluster 5 gene set enrichment differed between placebo and UST-

treated subjects. In subjects who received UST induction therapy, the enrichment score was 
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higher (i.e. more similar to Non-IBD controls) at I-Wk8 compared to I-Wk0 (Figure 6A). A 

significant increase in the average microvilli length was also observed in the UST-treated 

subjects at I-Wk8 compared to baseline (Figure 6B). Patients who received placebo did not 

show significant alterations in core Cluster 5 gene set enrichment or microvilli length 

(Figure 6B, C). Similar effects were observed with gene set enrichment in patients at M-

Wk44 who received UST maintenance therapy at 8-week intervals (Figure 6C), but the 

sample size (n=5) was insufficient to assess microvilli length at the M-Wk44 time point.

Because the gene set enrichment changed in patients who received UST, we next evaluated 

whether this was associated with clinical response to UST therapy. In the UST phase 3 

study, patients were defined as responders if they experienced a decrease of 100 points from 

their baseline value or a value <150 by the CDAI. We observed that CDAI-defined 

responders had gene set enrichment scores similar to Non-IBD controls at I-Wk0 and I-

Wk8, and thus, these enrichment scores did not significantly change between the I-Wk0 and 

I-Wk8 time points (Figure S14A). Gene set enrichment scores also did not significantly 

change in CDAI-defined responders or non-responders who received placebo (Figure S14A). 

In contrast, gene set enrichment scores improved in the non-responders between these time 

points, despite the lack of clinical improvement. A difference in core Cluster 5 gene set 

enrichment was observed between CDAI-defined responders and non-responders at I-Wk0 

(Figure S14B), prior to UST therapy, whereas CDAI and SES-CD scores were similar 

between these groups at baseline (Figure S14C, D). Sample size was insufficient to perform 

a similar analysis of the NR and R groups at the M-Wk44 time point. These data suggest 

that core Cluster 5 gene enrichment has potential to discriminate between CDAI-defined 

UST responders and non-responders.

DISCUSSION

We performed RNA-seq profiling of ileal tissue from CD and control subjects to determine 

if persistent defects in host cells were present in subjects who underwent resection surgery. 

Such defects may underlie the chronic, relapsing or progressive nature of CD. One advance 

of this study was the use of FFPE molecular profiling technology, which allowed us to 

histologically select samples with relatively uninflamed mucosa and minimize potential 

confounding effects due to the altered cellular proportions. Because only a small portion of 

the tissue sample was required for RNA extraction, serial tissue sections from the same set 

of FFPE tissue blocks could be used for direct histological validation of identified 

transcriptional signatures. The power of such definitive, histological validation is 

exemplified by our discovery of reduced microvilli length in CD subjects, a histologic 

feature that directly correlated to the enrichment for an enterocyte-associated gene signature. 

A similar approach combining histological screening and FFPE transcriptomics could aid 

future studies examining gene expression in heterogeneous tissue samples from subjects 

with complex, inflammatory diseases.

We identified several common molecular signatures in the CD resection tissue samples. 

These signatures were comprised of many genes with small, but consistent alterations in 

expression, a pattern reminiscent of the adult CD genetic landscape, where a large number of 

genetic polymorphisms are thought to have small, but cumulative effects 34. We focused our 
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validation efforts on Cluster 5 because it was a common molecular signature in the CD 

subjects that localized to a unique region in the module network and enrichment analysis 

pointed towards a particular cell type and subcellular location, the enterocyte brush border. 

This gene set was relatively de-enriched in CD compared to controls in our surgical 

resection cohort, and we validated this result in an independent cohort with biopsy samples. 

The extension of our findings to biopsy samples establishes that Cluster 5 gene expression 

de-enrichment is not limited to “late-stage disease” complicated by stenosis or fistula and 

requiring surgical intervention. Furthermore, this observation demonstrates that the gene 

signatures identified by the FFPE transcriptional profiling approach (i.e. purposeful 

sampling normalization via histological selection) can subsequently be assessed in data sets 

generated from samples that did not undergo the same histological selection process. The 

additional analysis with the UNITI-2 UST CD phase 3 trial specimens also suggested that 

core Cluster 5 gene set enrichment and microvilli length may have utility in discriminating 

responses to therapy; however, additional analysis in other drug trial cohorts is required. 

These CD-associated phenotypes should be further explored as potential objective endpoints.

Our analysis of the Cluster 5 gene set led to an informed pathological analysis of enterocyte 

microvilli length, which we discovered to be reduced in CD compared to controls. TEM 

analysis further demonstrated a deficit in the rootlets of CD microvilli. A similar, although 

more extreme, phenotype was observed in a mouse model deficient for expression of Plastin 
1 (Pls1), which had a 20% reduction in microvilli length and lacked microvilli rootlets 35. 

Despite this relatively subtle microvillar phenotype, the Pls1-deficient mouse displayed 

increased damage in the DSS intestinal injury model. The biological consequence of reduced 

microvilli length in CD subjects could not be inferred from the samples in this study; 

however, the literature supports that reduced microvilli length and stability are also 

detrimental to human intestinal homeostasis. For example, microvillous inclusion disease 

(caused by deleterious gene mutations in Myosin 5b (MYO5B) and in Syntaxin 3 (STX3)) 
presents as patchy loss of microvilli and is associated with persistent diarrhea and failure to 

thrive 36, 37. USH1C, which has recently been reported to be a critical organizer of the 

intermicrovillar adhesion complex that stabilizes the brush border 38, 39, is one of the 

causative genes for Usher syndrome. Usher syndrome is primarily associated with deafness, 

but a subset of patients exhibit enteropathy 40, 41. In this study, PLS1, MYO5B, STX3, and 

USH1C all had diminished expression in CD relative to Non-IBD and belonged to Cluster 5. 

Together, these studies indicate that epithelial microvilli should be explored further to 

determine how defects in these structures might contribute to the chronic, relapsing nature 

CD.

Module network analysis enabled us to intuit relationships between the gene clusters 

identified in this study. We found that the microvilli cluster (Cluster 5) directly connected to 

a network region enriched for the other commonly down-regulated gene clusters in CD, 

suggesting these gene expression alterations occurred in the same cell type or were caused 

by a similar biological driver. As many of the cellular functions associated with these 

modules cannot be measured histologically, the measurement of microvillar length could 

represent a surrogate histological feature that synthesizes the effects of a multitude of gene 

regulatory changes. We were not able to definitively distinguish the biological driver of the 

down-regulated gene expression clusters; however, one possibility is that they are driven by 
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inflammatory mediators originating from regions of active disease elsewhere in the gut in a 

“field effect”. Supporting this notion, the up-regulated genes associated with immune 

activation in Cluster 1 were linked to the down-regulated gene regions in the network. 

Cluster 1 was only strongly represented in about half of the study samples, but a low level of 

inflammatory activity could potentially drive the microvillar alterations. Alternatively, as 

microvilli are plastic and remodel in response to the cellular environment 42, non-host 

factors also represent potential biological drivers of the observed gene expression alterations. 

Nutritional signals, such as the fasting and refeeding cycle in reptiles 43, total parenteral 

nutrition 44, and small bowel resection 45 as well as altered microbiota composition 46 have 

all been reported to affect microvilli length. This study emphasizes the need to develop 

additional experimental model systems to study the biological drivers and consequences of 

microvillar alterations in intestinal disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IBD inflammatory bowel disease

MVID microvillous inclusion disease
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Non-IBD control subjects without inflammatory bowel disease

PCA principal components analysis

TCA tricarboxylic acid

TEM transmission electron microscopy

UST ustekinumab
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Figure 1. Identification of common gene clusters in non-inflamed ileal resection tissue samples 
from CD subjects.
(A) Representative image of H&E-stained ileal resection margin tissue that met the 

histological inclusion criteria for this study. Bar, 100 μm. (B) PCA of the CD (n=36; red) 

and Non-IBD (n=32; blue) samples included in the final gene expression analysis. (C) 

Intensity plot of normalized mRNA expression levels for 6,493 genes grouped by the 9 

clusters (labeled C1-C9) generated with partitional clustering. (D) Graph of the average 

normalized gene expression for each sample for Clusters 1-9. The cluster centroid is at 0; 

values greater than 0 are relatively up-regulated and values less than 0 are relatively down-

regulated in CD compared to Non-IBD. (E) A binary representation of the data in (D). Cells 

are colored gray if the cluster has high representation in a sample (≥∣0.2∣ average normalized 

gene expression in ≥40% of the cluster genes).
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Figure 2. Decreased expression of genes related to microvilli formation in CD intestine.
(A) Schematic of intestinal microvilli structure highlighting the F-actin bundling 

components (1; purple rods), membrane-cytoskeleton crosslinking (2; blue ovals), and 

intermicrovillar adhesion complex (3; green rectangles). (B) Graphs of RNA-seq gene 

expression levels displayed as counts per million (cpm) for the indicated microvilli 

component genes. The same data is displayed side-by-side as scatterplots and box-and-

whiskers plots for CD (n=36; red) and Non-IBD (n=32; blue). **P <.01, ***P <.001, ****p 
<.0001 by unpaired twotailed Mann-Whitney t-test. The exact P-value is indicated for non-

significant comparisons.
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Figure 3. Decreased microvilli length in CD correlates with Cluster 5 average gene expression.
(A) Representative images of H&E-stained ileal tissue regions used to measure microvilli 

length. Bars, 10 μm. A magnified view of the boxed region in each image is shown to the 

right; brackets indicate microvilli length. (B) Graph of average microvilli length (μm) with 

the same data displayed side-by-side as scatterplots and as box-and-whisker plots for Non-

IBD (n=26; blue) and CD (n=34; red) samples. **P =.0047 by unpaired two-tailed Mann-

Whitney t-test. (C, D) TEM images of enterocytes captured from the upper portion of villi 

from Non-IBD (n=3) and CD (n=4) samples. (C) Representative images of the epithelial 

apical surface. Yellow arrowheads designate rootlet ends and red arrows designate 

desmosomes. Bars, 1 μm. (D) Graph of average microvilli rootlet densities quantified from 

TEM images and displayed as mean ± s.e.m. ***P =.0002 by unpaired two-tailed parametric 

t test. (E) Representative confocal images of Non-IBD and CD intestinal epithelial cells co-

stained for VIL1 (red). Nuclei are visualized with bisbenzimide (blue). Tissue structure is 

visualized with a DIC image overlay (gray). Bars, 10 μm. (F) Contingency graph of Non-

IBD and CD samples with normal or reduced VIL1 staining intensity. ***P =.0004 by 
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Fisher’s exact test comparing Non-IBD and CD (sample size is indicated above bars). (G) X-

Y graph of average microvilli length and Cluster 5 average normalized gene expression for 

the samples in (B). CD: **P =.0018 and r2=.2666 and Non-IBD: P =.1444 (not significant) 

and r2=.0866 by linear regression.
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Figure 4. The common CD gene clusters are connected in a modular network.
(A) Visual organization of the gene correlation network with nodes representing genes and 

edges representing an absolute Spearman correlation of ≥0.75 between genes. (B) Visual 

organization of the co-expression module network with nodes representing modules and 

edges representing shared genes between modules. Node size and edge thickness are relative 

to the number of genes represented by each. The node color indicates significant enrichment 

by one-sided hypergeometric test for partitional cluster genes, as described in the legend. (C) 

Intensity plot of the average normalized gene expression values for partitional Cluster 1 and 

Cluster 5 in CD samples. The samples are arranged in the same order for each gene cluster 

according to their Cluster 1 rank.
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Figure 5. Core Cluster 5 expression and microvilli length correlate in an independent, phase 3 
clinical trial CD cohort with ileal biopsy samples.
(A) Graph of enrichment scores from GSVA of the core Cluster 5 gene set in the UNITI-2 

gene expression subset and healthy controls. (B) X-Y graph of GSVA enrichment scores and 

average microvilli lengths for the UNITI-2 histology subset. (C) X-Y graphs of GSVA 

enrichment scores and SES-CD scores at the indicated time points. An unpaired two-tailed 

parametric t test (A) and Spearman’s correlation (B, C) were used to determine statistical 

significance.
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Figure 6. Ustekinumab (UST) induction and maintenance therapies impact core Cluster 5 gene 
expression and microvilli length.
(A, B) Graphs of the enrichment scores for the core Cluster 5 gene set in Placebo and UST-

treated samples at I-Wk0 vs. I-Wk8 (A) and at I-Wk0 vs. M-Wk44, with two different 

dosing regimens (90 mg q12w or 90 mg q8w) used during weeks 8 to 44 (B). (C) Graphs of 

the average microvilli lengths in Placebo and UST-treated samples at I-Wk0 vs. I-Wk8. (A-

C) An unpaired two-tailed parametric t test was used to determine statistical significance.
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Table 1.

Selected functional enrichment of partitional cluster genes.

Cluster # of
Genes Pathway GO cellular

component Tissue

1 743
Complement cascade, innate immune 

system, response to hypoxia, TNF 
signaling, IFN signaling

Extracellular vesicle, nucleoplasm, cytosol Small intestine, whole blood

2 1103 Chromatin organization, cell cycle, 
gene expression, mRNA processing Nucleolus, cytosol, ribosome CD8+ T cells, CD4+ T cells

3 43 None Mitochrondrion, intracellular organelle None

4 902 Respiratory electron transport, 
glycolysis, TCA cycle Mitochrondrion, intracellular organelle None

5 1056

Metabolic pathways, drug 
metabolism, bile secretion, fatty acid 

degradation, cell junction 
organization, PPAR signaling

Plasma membrane, brush border, cell-cell 
junction Small intestine

6 89 Netrin-1 signaling, complement 
cascade None None

7 1758 TCA cycle, VEGF signaling, 
membrane trafficking

Mitochrondrion, cell-substrate junction, vesicle 
membrane None

8 243
Focal adhesion, extracellular matrix 

organization, integrin-mediated 
adhesion, TGFb signaling

Extracellular matrix, basement membrane Smooth muscle, adipose

9 556 mRNA processing, translation, 
ribosome, spliceosome Nucleolus, cytosol, ribosome None
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