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Abstract

Background & Aims—\Variants in the tumor necrosis factor superfamily member 15 gene
(TNFSF15, also called TL1A) have been associated with risk for inflammatory bowel diseases
(IBD). TL1A affects expression of multiple cytokines to promote mucosal inflammation. Little is
known about the TL1A-response pathways that regulate cytokine expression. We investigated T-
cell gene expression patterns to determine the mechanisms by which TL1A regulates cytokine
production, and whether these associate with outcomes of patients with Crohn’s disease (CD).

Methods—~Peripheral T cells isolated from normal donors were cultured with TL1A. We
performed gene expression profile analysis, by RNA sequencing, of subsets of interferon gamma
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(IFNG)-producing and non-producing cells, purified by flow cytometry. Unsupervised hierarchical
clustering analysis was used to identify gene expression differences between these subsets.
Ribonuclease T2 gene (RNASET2) expression and methylation were assessed by quantitative trait
loci analyses. Clinical characteristics of patients (complications, resistance to therapy, recurrence
time) were associated with single nucleotide polymorphisms in RNASETZ2. We performed motif
screening to identify polymorphisms that disrupt transcription factor binding sites. Levels of
RNASET2 were knocked down with small interfering RNA in CD4* T cells and the effect on
protein expression was determined by proteomic analysis and cytokine production. Cell
aggregation was measured by flow cytometry.

Results—We identified 764 genes with at least a 2-fold difference in TL1A-mediated expression
between IFNG-secreting and non-secreting T cells (P<1 x 107°). Many of these genes were
located near IBD susceptibility variants. RNASET2 was the only IBD risk-associated gene with
greater than 5-fold downregulation in the IFNG-secreting subset. RMASETZ2 disease risk variants
were associated with decreased expression in peripheral and mucosal tissues and DNA
hypermethylation in CD patients requiring surgical intervention. RANIASE T2 disease risk variants
were associated in CD patients with more complicated disease or resistance to therapy, defined in
part by failed response to treatment, increased length of intestinal resection, shorter time to repeat
surgery, and high Rutgeerts score (>2) in post-operative endoscopy. The RNASET2 variant
rs2149092 was predicted to disrupt a consensus binding site for the transcription factor ETS within
an enhancer region. Expression of RNASET2 correlated with expression of ETS. RNASET?2
knockdown in T cells increased expression of IFNG and ICAM1 and induced T cells aggregation.
A blocking antibody against LFAL, disrupting the LFA1-ICAML interaction, reduced T-cell
production of IFNG.

Conclusions—We identified decreased expression of RNASET2 as a component of TL1A-
mediated increase in production of IFNG and as a potential biomarker for patients with severe CD.
Further study of the role of RNASET?2 in regulating mucosal inflammation may lead to
development of novel therapeutic targets.

Keywords
SNP; prognosis; genetics; risk factor

Introduction

IBD is believed to be triggered in genetically susceptible individuals by an inappropriate
immune response to the commensal flora. Extensive clinical heterogeneity and complex
overlapping genetic associations suggest that the underlying biological pathways differ in
subgroups of patients within ulcerative colitis (UC) and CD. Optimal development of
targeted therapeutics hinges on subpopulation stratification and prognostic biomarker
identification. Although over 200 IBD susceptibility loci have been identified,12 little is
known regarding their functional significance. Genetic variation in TAVFSF15is associated
with CD in multiple populations,3 and the protein it encodes, TL1A, is a key mediator of
mucosal inflammation.# > TNFSF15/TL1A are associated with complicated and severe IBD
in humans and animal models, # 6-11 and is a therapeutic target with compounds currently in
development. In vitro, TL1A synergizes with interleukin 12 (I1L-12) and interleukin 18
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(1L-18), leading to rapid enhancement of IFN-y production,12 another key mediator of
mucosal inflammation. Nevertheless, the pathophysiological mechanism by which TL1A
augments inflammatory cytokine secretion by T cells remains unknown.

In this report we identify RMASETZ, also an IBD susceptibility gene, as a component of
TL1A-mediated enhancement of IFN-y production. We demonstrate a functional association
of RNASETZ disease-risk SNPs with decreased expression and hyper-methylation in T cells
isolated from CD patients and an association with clinical parameters suggestive of
complicated/resistant disease behavior and rapid recurrence of disease. We show the
regulatory potential for ETS TF in modulating RMASE T2 expression and the involvement of
homotypic T cell aggregation via ICAM1 as a component of RMASE T2 mediated
upregulation of IFN-y production. The data distinguish RMASETZ as a potential therapeutic
biomarker and identify unique pathways for additional therapeutic modulation within a
defined IBD population.

Methods

Study Subjects

Subjects were recruited through the Cedars-Sinai MIRIAD IBD Biobank at the F. Widjaja
Foundation Inflammatory Bowel and Immunobiology Research Institute. Control subjects
had no known personal or family history of autoimmune disease or IBD. Informed consent
(approved by the Cedars-Sinai Institutional Review Board) was provided by all participating
subjects. Clinical characteristics were collected from 564 CD patients who had undergone
surgical resection (index surgery) and who were followed prospectively thereafter. Subjects
recruited in the IBDGC cohort were as described.l 213

Isolation of Purified Lymphocyte Populations

CD3™* T cells were isolated using CD3-immunomagnetic beads (Miltenyi Biotech, Auburn,
CA) and CD4* T cells using negative selection with magnetic beads (Stemcell Technologies,
Vancouver, BC, Canada) and were at least 95% pure.

Infinium 450K Bead Chip Assay

DNA samples from CD3* T cells were bisulfite converted using the Zymo EZ DNA
Methylation kit (Zymo Research). The assay was carried out as per the lllumina Infinium
Methylation instructions, using the Infinium HumanMethylation450 BeadChip Kit (Illumina
Inc., San Diego, CA). Data were visualized using the GenomeStudio software. The
methylation  values were recalculated as the ratio of (methylated probe signal)/(total
signal).

IFN-y Assay
IFN-y was measured by amplified ELISA as previously described.®

Gene Expression Assay for CD3* T cells

Expression analysis of CD3* T cells was performed using the Illumina genome-wide
expression BeadChip (HumanHT-12_V4_0_R2) (lllumina) or Nugen human FFPE RNA-seq
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library system. Illumina gene expression data were processed using BRB array tools
(brb.nci.nih.gov/BRB-ArrayTools) and lumi package in R. The data were log,-transformed
and normalized using robust spline normalization. Libraries for RNA-Seq were prepared
with Nugen human FFPE RNA-seq library system. Reads were mapped to the UCSC
transcript set using Bowtie2 version 2.1.0. Gene expression level was estimated using RSEM
v1.2.15 and normalized using FPKM.

siRNA Inhibition and Quantitative Proteomic Analysis

CD4* T cells (15 x 10%) were electroporated in the presence of 150 pmole of RNASETZ
SiRNA or control siRNA using a BTX Electro Square Porator ECM 830 (Genetronics, Inc.,
San Diego, CA). RNASETZ siRNA-sequence forward 5'-
GCAAGAGAAAUUCACAAACUGCAGC-3’ and reverse 5'-
GCUGCAGUUUGUGAAUUUCUCUUGCUU-3’. Control siRNA-sequence forward 5’-
CUUCCUCUCUUUCUCUCCCUUGUGA-3" and reverse 5’-
UCACAAGGGAGAGAAAGAGAGGAAGGA-3’.

Tandem mass tagging (TMT)-based quantitative proteomics analysis was conducted as
described.1* A stringent 1% false discovery rate was set to filter peptide and protein
identifications. Peptides with >30% precursor ion interference were excluded from protein
quantification.

Flow cytometry and analysis of Cellular Aggregation

IFN-y-secreting CD4* T cells were isolated by flow cytometry following activation with
recombinant human IL-12 (500 pg/ml, R&D Systems, Minneapolis, MN), IL-18 (50 ng/ml,
R&D Systems) and TL1A (100 ng/ml, Fitzgerald Industries International, Acton, MA) for
8h. IFN-y-secreting cells were detected using an IFN-y secretion assay cell enrichment and
detection kit (Miltenyi Biotec, San Diego, CA) and sorted on a FACS Aria Il (BD
Biosciences, San Jose, CA).

Intracellular IFN-y production and analysis of cellular aggregation was conducted
essentially as described.1® Cells were either rested or stimulated for 24h with 1L12/1L18 and
TL1A and Brefeldin A (10ug/ml) was added for the last 4h. Cells were fixed and stained for
intracellular IFN-y (brilliant violet 421-1FN-v, eBioscience) or isotype control. Samples
were washed and stained for cellular aggregation (propidium iodide). Cells were acquired on
a LSRII Flowcytometer (BD Biosciences, San Jose) and analyzed with FlowJo software
(TreeStar Inc., Ashland, OR). For LFAL blocking analysis cells were pre-incubated
overnight with monoclonal control mouse IgG1k (15ug/ml) or anti-LFA1 (TS1/18) followed
by stimulation with 1L12/IL18 and TL1A for 24h.

Genotyping

Genotype data were obtained using lllumina Humanlmmuno BeadChip array. Markers were
excluded based on: test of Hardy—Weinberg Equilibrium with significance threshold of p <
1073; if genotyping rate was < 100% (for eQTL and mQTL associations) or <98% (for
GWAS) and if minor allele frequency was <5%. ldentity-by-descent was used to exclude
related individuals (Pi-hat scores >0.25) using PLINK1® ADMIXTURE was used to
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perform analysis to obtain ethnicity proportion estimation for individuals. An individual
with Caucasian proportion = 0.75 was classified as Caucasian. Independent Caucasian
samples were identified based on relatedness check (using cut-off pi-hat scores) and
ethnicity analysis from admixture and all subsequent associations were performed using
these samples. Principal components in genotype data for independent Caucasian samples
were generated using TRACE.18 L DHeatmap R package was used to generate a linkage
disequilibrium (LD) plot for the SNPs in RAMASETZ2 locus using genotype data for 139
subjects. Details of the QC and genotyping in IBDGC cohort can be found in previous
reports.l: 2 Of the CD cases from IIBDGC, 13,511 have disease behavior information based
on Montreal classification as reported previously!3 (described as B1, non-stricturing, non-
penetrating, B2, stricturing and B3, penetrating diseases).

Expression data for Small Bowel Surgical Samples

Single channel microarray expression data extracted using Agilent feature extraction
software were received from Genome Technology Access Center at Washington University,
St. Louis!9. Raw expression data available in technical duplicates were normalized using
LIMMA packageZ® implemented in R version 3.2.2. The expression data preprocessing
included background correction of the expression data, followed by log2-transformation and
quantile-normalization.

EQTL and mQTL mapping

EQTL and mQTL mapping were implemented in Matrix eQTL R package.?! Independent
Caucasian samples were used for eQTL and mQTL mapping. Associations between
genotype and probe expression level (for eQTL) or methylation p values (for mQTL) were
performed using a linear regression model with additive genotype effects. All associations
were conducted with gender and first two principal components in genotype data as
covariates along with genotype. Around 200 genetic variants within 200 KB of RNASETZ2
TSS were used to perform associations with RNASETZ gene expression or methylation
levels.

Motif Analysis and Identification of Candidate Regulatory SNPs

All variants exhibiting eQTL and mQTL were analyzed for predicted disruption of TF
binding motifs using the bioconductor motifbreakR package.22 Only T cell specific TFs
identified as being expressed using RNA-seq data from CD patients, were carried forward.
Candidate regulatory SNPs were then analyzed for potential functionality based on
Roadmap Epigenomics Mapping Consortium (REMC) data.23 Potential active enhancer
regions were determined based on overlap of the histone modification H3K4mel with
H3K27ac signals. Potential functionality of TF regulation was determined based on REMC
CHIP-seq binding signal and Regulome data.

Pathway Analysis

Pathway analysis was accomplished through the use of Qiagen’s Ingenuity® Pathway
Analysis (IPA®, Qiagen, Redwood City, www.giagen.com/ingenuity) and The Database for
Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov).
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Statistical Analysis

Results

Modeling, data analysis, and data mining were performed using the BRB array tools and R-
program (version 2.2.2; www.r-project.org). Class prediction analysis used compound
covariate predictor, diagonal linear discriminant analysis, k-nearest neighbor (using k=1 and
3), nearest centroid, and support vector machines, based upon a minimum p value of 0.001.
Cluster analysis was performed using Cluster 3.0 and Java Treeview 1.1.6r4. Tests for
statistical significance were determined using JMP Statistical Software (Cary, NC). Logistic
regression was performed in IIBDGC cohort to evaluate the association with disease and
disease severity with PCs included as covariates. Test for clinical association between of
rs1819333 and rs9355610 SNPs and therapeutic failure, ANCA sero-positivity, resected
bowel length and time to reoperation were calculated by parametric Student’s T test and
Pearson correlation; test of association and trend using Fisher’s exact test and Kaplan-Meier
Survival Curves. Association with endoscopic recurrence was calculated by Cochran-
Armitage trend test. All authors had access to the study data and reviewed and approved the
final manuscript.

Decreased RNASET? is Associated with TL1A-Mediated Enhancement of IFN-y Production

To identify the underlying molecular pathways involved in TL1A-mediated enhancement of
IFN-y production, CD4* T cells from normal donors were treated with TL1A, sorted into
IFN-y-secreting and non-secreting subsets and analyzed by RNA-seq (Supplementary Fig.
S1, A and B). Unsupervised hierarchical clustering of the set of expressed genes clearly
distinguished TL1A-mediated IFN-y-secreting and non-secreting groups (Supplementary
Fig. S1C). Seven hundred and sixty-four “predictor” genes with at least two-fold differential
expression between the IFN-y secreting/non-secreting subsets (p value <1 x 107°) (Fig. 1A)
were identified. Gene ontology analysis indicated that differentially expressed genes were
enriched in pathways associated with T cell receptor signaling, apoptosis, and RNA
expression, and were downstream targets of infliximab, an anti-TNF biologic drug widely
used in IBD (Fig. 1B). Predictor genes were significantly enriched in regions flanking
GWAS identified 1BD susceptibility variants:=3: 24 (0.25 MB upstream or downstream of the
SNP compared to other regions (14% vs. 9%, pvalue is 3.3 x 1076, hypergeometric test)).
The data suggest that these genes contribute not only to TL1A-mediated modulation of IFN-
vy expression, but also overlap with IBD risk-associated loci. Of the IBD-risk associated
predictor genes, expression of /FNG was confirmed as the most significantly upregulated
and RNASETZ as the most significantly downregulated gene (Fig. 1C). RNASETZ2 was the
only IBD risk associated gene with greater than 5-fold downregulation in the IFN-y
secreting CD4™ subset.

RNASET?2 Variants Displaying eQTL and mQTL Overlap with GWAS Disease-Risk
Associated Variants

RNASETZis the only human member of the Rh/T2/S family of ribonucleases and its
expression is decreased in ovarian cancer,2> melanoma2® and non-Hodgkin lymphoma.2’
The functional role of RNASETZ in regulation of IFN-y secretion is unknown. Considering
the key role IFN-vy plays in pathogenesis of IBD, 28 RNASETZ2 expression was examined in
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freshly-isolated, unstimulated peripheral CD3* T cells from NL, CD and UC. Because DNA
methylation is understood to impact gene expression, particularly in disease-associated
genetic variants that map outside transcribed exomes, we examined the DNA methylation
status across the RNMASETZ2 locus. RNA-seq analysis demonstrated an inverse correlation
between 7TNFSF15expression levels and RNASETZin peripheral T cells from two
independent cohorts (a combined total of 138 CD patients, Fig. 2A). Results remained
consistent even when each cohort was analyzed separately (Fig. S2). Moreover, there was a
significant negative correlation between expression and methylation (Fig. 2B), mainly within
50 kb upstream and downstream from the TSS (Fig. 2C). The strongest correlation of
methylation and expression (o= 8.5 x 107°) was observed at a CpG site (1.4 kb) within the
first intron of RNASETZ (Fig. 2C). Additionally, CD genetic risk variants, including the
IBD risk SNP tagging the RNASET2locus in European ancestry populations, rs1819333,1
overlapped with regions correlative for methylation and expression levels (Fig. 2D).

RNASET?2 Disease-Risk Alleles are Associated with Decreased RNASET2 Expression and
Increased DNA Methylation in CD Patients Requiring Surgical Intervention for Disease
Management

Gene expression quantitative trait loci (eQTL) analysis was performed to characterize the
functional correlation between RNASETZ2 gene variation and the gene expression level. The
disease-associated SNPs for IBD risk in Europeans, rs1819333 and the risk SNP associated
with Graves’ disease, rs9355610 2%(LD R? = 0.53), are located —13 kb from the
transcriptional start site of RNASETZ. The functional correlation between RNASETZ2 IBD-
risk genotypes and the gene transcript expression levels were established in unstimulated
peripheral CD3* T cells isolated from CD and UC patients requiring surgical intervention
for disease management. The data demonstrated significantly decreased RNASET2
expression in T cells from subjects carrying the RMASETZrisk alleles rs1819333 and
rs9355610 (Fig. 2E). These findings were confirmed with significant eQTL observed for
MRNA extracted from uninvolved small bowel tissue obtained from CD subjects at surgical
resection (Fig. 2F). The correlation between RNMASETZ2 gene variation and methylation,
mQTL was also examined. A significant mQTL was observed with an increase in
methylation in CD patients requiring surgical intervention for disease management (Fig.
2G). In contrast, no mQTL was detected in cells isolated from CD patients who were
responsive to IBD therapeutics or in normal subjects (Fig. 2H).

Gene expression (eQTL) and DNA methylation (mQTL) were mapped across all informative
SNPs spanning the RNASETZ2 locus (LD plot, Fig. 3A). In T cells isolated from patients
requiring surgical intervention for disease management, there is strong overlapping eQTL
and mQTL from 10 kb downstream of RMASETZTSS to —170 kb upstream, spanning
fibroblast growth factor receptor 1 oncogene partner (FGFR1OP) to the first intron of
chemokine (C-C motif) receptor 6 (CCR6). Likewise, there was a significant overlap in
eQTL when comparing RNASETZ expression from unstimulated peripheral T cells to small
bowel surgical resection in CD patients requiring surgical intervention for disease
management. In contrast, few mQTL associations were detected in CD patients who were
responsive to IBD therapeutics or in normal subjects (Fig. 3B). No eQTL association was
detected for FGFR1OP or CCR6. These data were further validated in peripheral T cells
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from a separate cohort of CD patients requiring surgical intervention for disease
management. There was significant overlap between RNASETZ2risk variants associated with
CD and corresponding eQTL (Fig. 3C), suggesting a functional role for RMASETZ in
mediating disease.

RNASET?2 Disease-Risk Alleles are Associated with Complicated and Resistant Disease

Behavior

To evaluate the association between RNASETZ and disease activity and severity we utilized
a cohort of 564 CD patients who had undergone surgical resection and were followed
prospectively. Clinical characteristics including indication for surgery were assessed for
association with RMASETZrisk variants (rs1819333 and rs9355610). At the time of index
surgery, patients with RMASETZ2 disease-risk SNPs were associated with therapeutic failure
of thiopurine or anti-TNF therapy, ANCA sero-positivity (a marker associated with lack of
response to anti-TNF therapy39), and an increased length of intestinal resection
characteristic attributed to overall disease severity (Table 1 and Figures $S3-54).31 No
association was observed for therapeutic failure on steroids. Moreover, patients with
RNASE T2 disease-risk SNPs who required more than one resection for disease management
exhibited a shorter time between surgeries (Fig. 4A).

Likewise, RNASETZrisk SNPs were also associated with a more severe disease recurrence.
Postoperative endoscopies revealed an association of RMASETZ2risk SNPs in patients with a
high Rutgeerts score (> 2) who were not receiving postoperative prophylaxis (Table 1).
Decreased expression of RNASET2 was also associated with ASCA sero-positivity (Fig.
4B) and a penetrating disease phenotype (Fig. 4C). These data were further confirmed in a
separate cohort of CD patients (IIBDGC cohort) in which RAMASETZ2 disease-risk SNPs
were associated with a complicated stricturing/penetrating phenotype (Montreal
classification B1 vs. B2 and B3), (Table 1). These data support an association of RNASET2
disease-risk SNPs with clinical parameters suggestive of complicated and resistant disease
behavior.

RNASET2 Variant in LD with Disease-Tagging SNP Disrupts ETS Transcription Factor
Binding Motif

The data presented above demonstrate significant overlap between more than a hundred CD
RNASETZrisk variants, many in linkage disequilibrium, associated with eQTL and mQTL
creating difficulty in determining functionality/causality. Since the majority of RNASETZ
risk variants associated with CD are located in hon-coding regions, it is likely that these
SNPs alter expression through modulation of regulatory functions. Furthermore, studies
suggest 32 that SNPs associated with disease often exist within active enhancer regions of
cell types relevant to disease and can disrupt TF binding motifs. REMC data demonstrate
that the RMASETZ locus is marked in primary T cells, compared to other tissues, by putative
active enhancer histone modifications and active gene expression (Fig. S5). To gain insight
into the molecular pathways regulating RNASE T2 expression and prioritize the number of
candidate functional SNPs, we performed motif analysis to predict TF motif disruptions22
across all SNPs which were associated with eQTL/mQTL. We then selected variants
disrupting motifs of TFs expressed in T cells and focused on candidate variants in LD with
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the RNASETZ disease index SNP rs1819333. The rs2149092 SNP disease-risk variant,
located =569 bp from the index SNP (LD R2 = 1), lies within the highly conserved TTCC
motif, utilized by most ETS transcription factors, and is predicted to disrupt TF binding.
Sequence analysis suggests an overlap of IRF4 and SPI1 binding sites adjacent to a JUN
binding site (Fig. 5A). Regulome and REMC data confirm TF occupancy of ETS1, IRF4 and
SPI1binding in lymphoblastoid cell lines (Fig. 5B) which overlaps with histone
modifications indicative of an active enhancer element. Moreover, there is a strong
correlation between expression of RNASE 72 with multiple members of £7Sand JUNTF
(Fig. 5C and S6). No correlation was observed for /RF4 (Fig. S6). These data strengthen the
relevance of RNASETZ expression in the immune compartment and support a functional
role for ETS and JUN transcription factors in regulating transcription of RNASETZ.

Silencing of RNASET2 Enhances IFN-ySecretion via Upregulation of ICAM1 Expression
and Homotypic T Cell Aggregation

The functional role of RMASETZ in regulation of IFN-y secretion was examined using
siRNA silencing. CD4* T cells that were transfected with RNASET2-siRNA or control NC-
SiRNA, followed by stimulation with TL1A. Cells transfected with siRNA targeting
RNASETZ displayed a 60-70% inhibition of RNASETZ expression (Fig. 6A), and a parallel
significant enhancement (~1.5 fold) in TL1A mediated IFN-vy secretion, compared to control
SiRNA (Fig. 6B, Fig. S7). In order to define the signaling pathways involved in this process,
proteomic analysis was carried out. Candidate targets were selected on the basis of
exhibiting both modulation of expression following siRNA silencing of RNASETZ2 as well
as TL1A-stimulated differential expression when comparing IFN -y secreting and non-
secreting CD4* T cells (data from RNA-seq analysis). ICAM1 was one of the proteins that
was upregulated in response to RNASETZ silencing and differentially expressed in the IFN
vy secreting compared to non-secreting T cells (Fig. S8). /[CAMI was recently identified as a
candidate gene at an IBD susceptibility locus, with upregulated gene expression associated
with the disease-risk variant.33 ICAML1 is a transmembrane adhesion protein commonly
expressed by vascular endothelium and leukocytes. Binding of ICAML1 to the LFA1 receptor
on T cells facilitates and stabilizes cell-cell interactions. Recent studies have demonstrated
increased ICAMZ1 expression on activated T cells34 and proposed a role for ICAM1-LFA1
binding in inducing homotypic T cell aggregation and subsequent T cells
differentiation.34-36 To examine the effect of cell-cell contact on TL1A mediated IFN-y
secretion, cells were incubated in flat bottom and conical bottom microwells. A greater than
3 fold increase in IFN-y production was consistently observed when cells were incubated in
close cell-cell conical geometry (data not shown). Flow cytometry was then used to test the
hypothesis that TL1A mediated enhancement of IFN-y production is facilitated by
homotypic T cell aggregation. Briefly, T cells were stimulated in the presence or absence of
TL1A and then stained with an antibody for intracellular IFN-y (Fig. 6C and 6D, left
panels) and for cellular aggregation using propidium iodide (PI) (Fig 6C and 6D, upper and
lower right panels). The Pl-labeled peaks correspond to number of cells per event allowing
for identifying single cells versus cellular aggregates.1® The first peak in each histogram
corresponds to single cell events (black brackets) and the successive peaks, to multicellular
aggregates (blue brackets). As expected, only a small percentage of the unstimulated T cells
secreted IFN-vy, and these cells were almost equally distributed as single cell events and
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cellular aggregates (Fig. 6E, left panel). Following TL1A stimulation, there was a significant
increase in both the percentage and size of cellular aggregates (upper right panels of Fig. 6C
compared to Fig. 6D) as well as, the overall number of IFN-y producing cells (6-fold) (Fig
6E and 6F) and a 30-fold increase in IFN-y secretion (data not shown). In contrast, the
majority of T cells that do not produce IFN-vy, are comprised of single cell events regardless
of whether they were cultured with or without TL1A stimulation (Fig. 6E, right panel).
These results suggest that cellular aggregation may contribute to both an increase in the
number of cells producing IFN-y and to overall amount of IFN-y production, and TL1A
stimulation may enhance this process. The functional role of TL1A in mediating cellular
aggregation via ICAM1-LFA1 engagement was tested using an LFA-1 blocking antibody. As
seen in figure 6G, there was an overall 43% reduction in IFN-y secretion in response to
blocking LFA-1 engagement, compared to IgG control antibody (p value =0.047). Taken
together these data indicate that TL1A-mediated downregulation of RNASETZand
concomitant enhancement of ICAM1 expression, promotes homotypic T cell aggregation
and augmentation of IFN-y production. It is intriguing to note that an increase in expression
of /ICAMI was associated in CD with ASCA sero-positivity and pre-op therapeutic failure of
anti-TNF and thiopurine (Fig. S9), clinical parameters associated with decreased RNASET2
and disease activity.

Discussion

TL1A (TNFSF15) is expressed primarily on activated cells of the immune system following
stimulation by immune complexes 37 or through interaction with enteric microorganisms. 38
TNFSF15 disease-associated variants are correlated with increased and sustained expression
of TL1A. TNFSF15has been identified and confirmed in GWAS as an IBD-associated genel
and is believed to play a role in modulating the location and severity of intestinal
inflammation®: 7 as well as development of stricturing disease.®: 39 Transgenic mice with
constitutive expression of TL1A developed intestinal inflammation along with ileal and
colonic fibrosis, which was reversed by anti-TL1A treatment.® TANFSF15is associated with
medically refractory UC.” Despite its importance in IBD, the molecular pathways
underlying TL1A enhanced cytokine secretion and inflammation are poorly understood. In
this study we investigated TL1A-dependent molecular triggers that induce cytokine
expression, particularly IFN-y, in T cells. This approach identified down-modulation of
RNASETZas a component of TL1A-mediated enhancement of IFN-y production.

We identified an inverse correlation between the expression of RNASETZ2and TNFSF15
among IBD patients. We also demonstrated a functional association between DNA hyper-
methylation and decreased expression of RNASETZ, and that there was significant eQTL
overlap with RNASETZ21BD risk alleles identified through GWAS in samples isolated from
the peripheral T cells and small bowel surgical resections. One study reported significant
RNASET2eQTL (rs429083) in whole thymic tissue samples,*0 this SNP demonstrated the
most significant eQTL in our data as well. Our study provides clinically relevant evidence
that decreased expression of RMASETZ2 correlated with CD clinical parameters suggestive of
complicated and resistant disease. Notably, CD patients carrying the RMASET2 disease-risk
SNPs exhibited increased penetrating disease behavior. Similarly, RMASE T2 disease-risk
SNPs display decreased expression in SB mucosal samples, and also in peripheral samples
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from CD (9 out of 11 were non-responsive to anti-TNF therapy), requiring surgical
intervention for disease management. Consistent with our finding, a recent study reported
significant RMASET2eQTL in whole blood from patients resistant to anti-TNF therapy.41
Moreover, RNASE T2 disease-associated SNPs correlated with therapeutic failure of anti-
TNF therapy, and intestinal resection of >40 cm clinical characteristic of overall disease
severity.3 In patients with a history of multiple resections, RNASETZ2 disease-risk SNP was
associated with a shorter time to repeat surgery in CD. Likewise, RNASETZ disease-
associated SNPs were associated in patients with endoscopic recurrence characterized by a
more severe (>2) Rutgeerts score, predictive for early clinical recurrence and need for
reoperation.*2

RNASET?2 is the only human member of the Rh/T2/S family of acidic hydrolases. These
endonucleases are highly conserved among the phyla from viruses to humans suggesting an
important evolutionary function. Altered expression of RMASET2, both increased and
decreased, is associated with various diseases, including cancers?®~27 and autoimmune
diseases,29: 40. 43. 44 g ggesting a role for RNASET? in host immune responses. RNASET2
expression is downregulated and likely involved in the pathogenesis of colorectal cancer,33
melanoma,1? anaplastic large cell lymphoma3* and non-Hodgkin lymphoma.2” In human
ovarian cancer overexpression of RNASET2 is associated with tumor suppression and is
believed to modulate tumor micro-environment cross-talk through recruitment of monocyte/
macrophages to the tumor itself.2> Surprisingly, the ribonuclease catalytic activity of
RNASET?2 is not required for oncosuppressive activity.25 In contrast, vitiligo-enhanced level
of RNASET?2 is detected in patient specimens and can be induced in vitro in cultured
primary human melanocytes and keratinocyte in response to stress.*# Likewise, attenuated
level of RNASET?2 is associated with multi-organ fibrosis, including lung, heart, liver and
kidney.4>

The RNASETZlocus has been implicated by GWAS in susceptibility for vitiligo,** Graves’
disease?® and Crohn’s disease,- 2 although, the functional roles of RNASET? in disease
pathogenesis remain poorly defined. In cancer cell models, stress-induced apoptosis occurs
through the interaction of RNASET?2 with tumor necrosis factor receptor-associated factor 2
(TRAF2), supporting a role in caspase-8 activation.** In ovarian cancer, overexpression of
RNASET?2 attenuates the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
xB) pathway, a key pathway for cell proliferation and differentiation.2> The transcriptional
regulatory regions and factors modulating RNASETZ expression are likewise poorly
defined. The majority of disease-associated variants identified by GWAS reside within
regulatory non-coding regions corresponding to promoters or enhancer sequences. Studies
suggest that alteration in transcriptional regulation via disruption of TFBS may play a role in
the disease process32. In the present study we utilized TF motif analysis to prioritize and
identify, from the large number of variants demonstrating eQTL and mQTL, a prospective
regulatory SNP. The rs2149092 disease-associated SNP alters the conserved ETS consensus
binding sequence and likely disrupts binding of multiple overlapping TF binding sites
including IRF4, SP11 and ELF1. Moreover, there is a strong positive correlation between the
levels of RNASETZ expression and ETS and JUN TF family members. Interestingly, IRF4,
SPI1 and ELF1 have been implicated in T cell development and IRF4 and ELF1 have been
associated by GWAS with IBD? 46, These data support a functional role for rs2149092 as a
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modulator of TF-DNA interactions and set the stage for future studies to determine the
mechanistic pathways by which TL1A attenuates expression of RNASETZin disease.

A role for RNASET?2 has been attributed to modulation of cytoskeletal re-organization, cell
adhesion and motility4>: 4748, In the present study we describe a functional relationship
between RNASETZand the cell adhesion molecule, ICAM1. Enhanced IFN—y secretion in
response to TL1A was accompanied by a decrease in RNASETZ2 expression on the one hand
and an increase in ICAML levels on the other. TL1A-mediated IFN—y secretion was
inhibited by Ab blockade of the ICAM1-LFA1 interaction. Although ICAM1-LFA1
engagement is classically defined as occurring between endothelial and T cells%9, these
interactions have more recently been shown to play a critical role in mediating homotypic
cellular aggregation of activated T cells. Homotypic T-T aggregates have been shown to
promote synaptic-based cytokine delivery of IFN-y and IL2 from one T cell to another,
resulting in 1L-2 receptor ligation and subsequent STATS phosphorylation.32: 36 In this study,
we show that enhanced cellular aggregation is a hallmark of IFN—y producing cells and
TL1A-stimulation increases the number and size of the cellular aggregates. These findings
suggest that RNASET?2 may act through the integrin signaling pathway to modulate
downstream IFN—y secretion. This hypothesis is in fact supported by a recent study
demonstrating that ICAM1-LFAL1 signaling in T cells promotes a Th1-dominant response. 30
Further studies are ongoing to define the downstream mechanism by which decreased
expression of RNASE T2 modulates cytokine secretion in the context of IBD pathogenesis.

In conclusion, this study identifies a novel functional and biological relationship between
two IBD susceptibility genes, TAVFSF15and RNASETZ. We provide evidence that decreased
RNASETZ expression is functionally implicated in both the TL1A driven pro-inflammatory
cytokine production by activated T cells and functionally associated with the RNASETZ2
IBD susceptibility variants. Likewise, the present study demonstrates an association between
decreased RNASETZ expression and RNASETZ disease-risk variants and a more
complicated and aggressive form of CD inflammation, which might underlie disease
pathology triggered by TL1A and its downstream mediated pathways. Thus, RNASETZ2
expression may serve as a novel disease biomarker of a more severe form of inflammation
identifying a patient population not responsive to current treatment strategies, who may
benefit from additional alternate RNASET2 mediated therapeutic approaches.
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Fig. 1.
Identification of differentially-expressed genes from IFN-y-secreting CD4* T cells. CD4* T

cells were stimulated 8h with 1L-12, IL-18 and TL1A, followed by detection and isolation of
IFN-y-secreting cells. RNA was isolated from sorted cells and analyzed through RNA-
sequencing (A) Heatmap of 764 predictor genes. (B) Gene ontology analysis of 764
predictor genes. (C) Volcano plot of IBD risk predictor genes.
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Fig. 2.

Correlation of RNASETZ and associated SNPs on expression and methylation. (A)
Correlation of RMASET2and TINFSF15expression in CD3* peripheral T cells from 138 CD
patients requiring surgical intervention for disease management, using RNA-seq. (B)
Correlation of RNASETZ expression and methylation (cg25258033, located 1.4 kb within
the first intron) in 21 IBD patients. (C) Correlation of methylation and expression located
within 100 kb of the RNASETZ2 TSS for 21 IBD patients. (D) GWAS p values for the same
RNASETZregion based upon data from 18729 CD, 14331 UC and 34897 controls. (E-F)
eQTL of RNASETZ SNPs (rs1819333 and rs9355610) from (£) CD3* peripheral T cells
from 11 CD and 10 UC patients requiring surgical intervention for disease management,
using an lllumina expression array or (F) lleal surgical resections of 85 CD patients using an
Agilent expression array. (G-H) mQTL (cg25258033) of CD3* peripheral T cells from (G)
20 CD patients requiring surgical intervention for disease management or (A) 16 CD
patients who were responsive to IBD therapeutics and 9 normal controls.
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Mapping of eQTL and mQTL across the RMASETZ locus. (A) Heatmap illustrating pairwise
LD (measured by the squared allelic correlation coefficient /2) for 210 SNPs around
RNASETZ2TSS. Boundaries of region examined are defined by rs1410295 and rs9366096.
(B) eQTL and mQTL were calculated using CD3* T cells from both the peripheral and
mucosal compartments from patients requiring surgical intervention for disease management
compared to those who were responsive to IBD therapeutics or normal controls. (C)
Correlation of GWAS pvalues with eQTL p values over the RNASETZ locus. GWAS values
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are based upon data from 18729 CD and 34897 controls and eQTL based upon data for 71
CD patients requiring surgical intervention for disease management.
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Fig. 4.

Clinical disease parameters associated with RAMASE T2 disease-risk variants and expression
levels. (A) Survival analysis for time between prior and index surgeries based upon carriage
for IBD-risk variant rs9355610 for 154 CD patients who underwent multiple surgeries. (B—
C) Expression of RNASETZ by RNA-seq for 71 CD patients based upon (B) 1gG ASCA
sero-positivity. (C) Montreal disease classification (B1, B2, and B3).
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Fig. 5.
Identification of potential regulatory function of RMASETZ disease-associated variant

rs2149092. (A) Predicted disruption of rs2149092 C/T variation in the binding motifs for
ETS and IRF4 TF. Central ETS invariant motif is underlined. (8) CHIP-seq and histone
modification profiles for ETS1, IRF4 and SPI1 TF binding and histone H3K4mel and
H3K4ac aligned with the genomic sequence surrounding rs2149092 variant. (C) Correlation
of expression of RMASETZand multiple ETS and JUN transcription factors in CD3*
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peripheral T cells from 108 CD patients requiring surgical intervention for disease
management, using RNA-seq.
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Fig. 6.

Effect of RMASETZsilencing on IFN-vy secretion and cellular Aggregation. (A) Silencing of
RNASETZ2 expression by RNASETZ2 or control (NC) siRNA. (B) Effect of RNASETZ2
silencing on IFN-y secretion. Panels A and B are representative of 6 out of 7 experiments
(Fig. S7) with similar results. (C-D) CD4" T cells were either (C) not treated (UT) or (D)
stimulated with TL1A. Intracellular IFN-y staining and cellular aggregation were measured
by flow cytometry. Cells were gated on IFN-vy secreting and non-secreting populations (left
panels) and then using propidium iodide (PI) analyzed for single and aggregate cell fractions
(histograms, right panels). The first peak in each histogram corresponds to single cells
(black bracket) and the remaining peaks to cellular aggregates (blue bracket). Representative
of 4 experiments. (£) Proportion of single cells and cellular aggregates in IFN-y secreting
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(IFN-y*) and non-secreting (IFN-y~) populations following TL1A stimulation. () Fold
increase in number of IFN-vy secreting cells (average of 4 experiments). (G) CD4* T cells
were pretreated with control 1gG or LFA1 blocking Ab (aLFA1) prior to TL1A stimulation.
Overall p value for LFA-mediated blocking of IFN-y secretion, measured by ELISA, was
0.047.
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