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Abstract

Background & Aims—\Very early onset inflammatory bowel disease (VEO-1BD), IBD
diagnosed <5 y of age, frequently presents with a different and more severe phenotype than older-
onset IBD. We investigated whether patients with VEO-IBD carry rare or novel variants in genes
associated with immunodeficiencies that might contribute to disease development.

Methods—~Patients with VEO-IBD and parents (when available) were recruited from the
Children's Hospital of Philadelphia from March 2013 through July 2014. We analyzed DNA from
125 patients with VEO-IBD (ages 3 weeks to 4 y) and 19 parents, 4 of whom also had IBD.
Exome capture was performed by Agilent SureSelect V4, and sequencing was performed using the
Illumina HiSeq platform. Alignment to human genome GRCh37 was achieved followed by post-
processing and variant calling. Following functional annotation, candidate variants were analyzed
for change in protein function, minor allele frequency <0.1%, and scaled combined annotation
dependent depletion scores <10. We focused on genes associated with primary
immunodeficiencies and related pathways. An additional 210 exome samples from patients with
pediatric IBD (n=45) or adult-onset Crohn's disease (n=20) and healthy individuals (controls,
n=145) were obtained from the University of Kiel, Germany and used as control groups.

Results—Four-hundred genes and regions associated with primary immunodeficiency, covering
approximately 6500 coding exons totaling > 1 Mbp of coding sequence, were selected from the
whole exome data. Our analysis revealed novel and rare variants within these genes that could
contribute to the development of VEO-IBD, including rare heterozygous missense variants in

/L 10RA and previously unidentified variants in MSH5and CD19.

Conclusions—In an exome sequence analysis of patients with VEO-IBD and their parents, we
identified variants in genes that regulate B- and T-cell functions and could contribute to
pathogenesis. Our analysis could lead to the identification of previously unidentified IBD-
associated variants.

Keywords

IBD; inherited defects; common variable immune deficiency; CVID; innate and adaptive
immunity

Introduction

Inflammatory bowel disease (IBD) is a multigenic and environmentally triggered disease
resulting in a dysregulated immune response. The genomic contribution of IBD has been
extensively evaluated through genome wide association studies (GWAS), and over 163 IBD-
associated risk loci® have been identified. However, these studies were primarily performed
in adult onset IBD and children 10 years of age and greater and thus did not include children
with very early-onset IBD (VEO-IBD), diagnosed at less than 5 years. Furthermore, GWAS
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often do not capture rare variants, specifically those with minor allele frequency (MAF) less
than 5%. VEO-IBD is a heterogeneous disease with different degrees of disease severity,
including some children who have a relatively mild disease course.? However, a subset of
patients with VEO-IBD present with a distinct phenotype, including extensive colonic
involvement and more severe disease than older children and adults. In addition, due to poor
response to conventional therapies, severity of inflammation, and greater duration of disease,
there are higher rates of morbidity in this population.3-> There is currently no standard of
care in the evaluation and treatment for this population. While IBD is a complex disease
involving an environmental trigger, it is thought that the host genetics plays a more
prominent role in this young population. In both mice 69 and humans, single gene defects
are known to be associated with severe IBD phenotypes.5 For example, several /L-1019 and
/L-10receptor® gene mutations have been associated with a phenotype of severe perianal
disease and colitis in patients with VEO-IBD, particularly in infants.11:12 In general, single
gene defects are hypothesized to be enriched in the VEO-IBD population.11:13.14

In addition to IL-10 defects, additional underlying immunodeficiency or genetic disorders
have been associated with VEO-IBD.1415 These include common variable
immunodeficiency (CVID), Wiskott-Aldrich syndrome (WAS), Immunodysregulation,
Polyendocrinopathy and Enteropathy, X-linked (IPEX), and chronic granulomatous disease
(CGD) as well as many others.3 Identifying the driving forces in patients with particularly
severe early-onset disease may lead to group-specific therapeutic approaches.

We hypothesized that rare or novel variants, including mutations in genes associated with
primary immunodeficiencies, are enriched in patients with severe VEO-IBD and may
contribute to the development of disease. Due to the lack of ability to detect rare variants
using the GWAS approach, we utilized next generation sequencing technology in order to
study specific genes or pathways involved in this disease process. Whole exome sequencing
(WES) sequences protein encoding component of the genome and has revolutionized our
ability to study rare variants and determining genetic basis of disease. Here we report our
experience using WES to identify candidate causal variants in 125 patients with VEO-IBD.
The focus of our analysis was on the genes associated with primary immunodeficiences and
related pathways.

Materials and Methods

The Institutional Review Board at The Children's Hospital of Philadelphia (CHOP) approved
the protocol, 2002-07-2805, and all parents of patients provided written informed consent.
Patients with onset of IBD at 5 years of age and younger, and when available their parents,
were recruited. This was an unselected cohort, with a heterogeneous disease presentation
and severity. Patients with a previously identified immunodeficiency were excluded from the
study. All probands had a confirmed diagnosis of IBD by standard methods, including
endoscopy, radiologic, laboratory and clinical evaluation. Phenotypic classification was
based on the Paris Classification (Table 1).16 Disease activity was quantified by the Pediatric
Crohn's Disease Activity Index (PCDAI). Due to early age of onset of disease presentation,
the majority of patients underwent an immunology evaluation for primary
immunodeficiencies with a gastrointestinal presentation. The extent of this work up varied
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among subjects, and is described below (Table 1). Clinical information was obtained from
the electronic medical records and the following information was extracted: date and age of
diagnosis, disease classification and phenotype based on the Paris Classification, disease
severity, surgical history, medication history and family history. After consent was obtained,
blood samples were drawn from study subjects.

Whole exome sequencing

Exome capture was accomplished using the Agilent SureSelect V4, and sequencing was
performed using the Illumina HiSeq platform at an average coverage depth of 100X. Whole
exome library preparation was based on modification of the protocol using the Agilent
SureSelect Whole Exome, version 4 kit (51 MB target size). Sequence read alignments were
completed using Novoalign (V2.07.18) against the human reference genome GRCh37.p10
(http://www.novocraft.com). The Broad Institute's GATK7 best practices for variant
detection were utilized for SNP and InDel calls. Annotation of the variants was performed
with the use of SNPEff,18 using publicly available information from RefSeq (hg19) and
Ensembl (GRCh37.66). Variants with sequence coverage of greater than or equal to 5 and
variant quality score of greater than or equal to 10 were then loaded into CBMI's “Varify’
database (manuscript in preparation). Additional annotations at the variant, exon, and gene
level were obtained using information from the 1000 Genomes Project (www.
1000genomes.org/), NHLBI GO Exome Sequencing Project Exome Variant Server (EVS)
(http://evs.gs.washington.edu/EVS/), Exome Aggregation Consortium (EXAC) (http://
exac.broadinstitute.org; release 0.3), SIFT,19 PolyPhen2,20 dbSNP,21 HGNC,22 HGMD ,23
CADD,?* and HPO . %

Following functional annotation, only variants likely to alter protein function, such as
missense and loss of function mutations, were kept for subsequent analysis. Variants were
further filtered to include only those with a minor allele frequency less than 0.1% in data
from the 1000 Genomes Project, EVS and EXAC. Variant frequencies were also checked
against those reported in the Children's Hospital of Philadelphia’s internal whole exome
cohort (containing >400 exomes). We prioritized our focus on a panel of known genes
associated with primary immunodeficiencies and related pathways. The list of primary
immunodeficiencies associated genes and regions was generated from the NCBI gene
database (http://www.mcbi.nIm.nih.gov/gene/; accessed on 2/23/14) using the terms “homo
sapiens” and “primary immunodeficiency”, resulting in 400 genes and genomic regions. For
each of these, we evaluated the number of probands that carry one or more variants and
examined the parents, when available, for presence of the variant.

To identify candidate causative alleles, we utilized as a further filter criterion the Combined
Annotation Dependent Depletion (CADD) score,?4 and only included variants with scaled
CADD of at least 10. The CADD system, a recently described annotation score, is unique in
that it scores the deleteriousness of single nucleotide variants as well as insertions/deletions
variants through integration of multiple networks and functions.2*
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Control Whole Exome Sequencing Data

An additional 210 exome samples from pediatric IBD (n=45), adult-onset Crohn's disease
(n=20) and healthy controls (n=145) were obtained from the Institute of Clinical Molecular
Biology, Christian-Albrechts-University of Kiel, Germany, and were used as control groups.
Age of onset for pediatric IBD ranged from 6-18 years. The Illumina TruSeq exome kit was
used for library preparation and sequencing was performed using the lllumina HiSeq2000.
The same filtering criteria for identifying variants in primary immunodeficiency genes in our
VEO-IBD data were applied to the different controls groups. Variants were limited to those
with 1) a minor allele frequency less than 0.1% in the 1000 Genomes Project, EV'S and
EXAC, 2) a minimum CADD score of 10, and 3) a high or moderate effect determined using
SNPEff. The total number of variants in the primary immunodeficiency genes satisfying
these conditions was calculated for each of the three groups. The average sample variant rate
was computed by dividing the total number of variants in a group by the number of samples
in that group.

Permutation Bioinformatics Analysis

To assess the enrichment of primary immunodeficiency genes in our VEO-IBD data, we
simulated the variant data in the healthy control group, where the sample size was larger
than 125. A hundred variant matrices were simulated by randomly assigning the total
number of variants observed across the samples in that group. We then randomly selected
125 samples from each of the generated matrixes, equal to the number of VEO-IBD patients
in our study, repeating the sampling process 100 times for a total of 10,000 permutations for
each dataset. The total number of variants observed in the 125 selected samples was
calculated for every iteration and a normal distribution was fit into each dataset to calculate
the significance of the number of variants in our cohort compared to the healthy control

group.

Sanger sequencing

Sanger sequencing of purified PCR products was performed in the Applied Biosystems 3730
DNA Analyzer and analyzed using Sequencher (GeneCodes, Ann Arbor, MI). Potential
novel variants and rare variants identified in this cohort were validated by resequencing in
the forward and reverse directions.

IL1ORA analysis

Biopsy samples were obtained from the terminal ileum, transverse colon and rectum during
colonoscopy from the patient. Two punch biopsies were obtained and the lamina propria
cells were isolated following a digestion protocol.28, 27 Peripheral blood was also obtained
and peripheral blood mono-nuclear cells (PBMCs) were isolated on a Ficoll gradient (Ficoll-
Paque Plus, GE Healthcare). Single cell suspensions were then viably cryopreserved until
the day of the experiment. On the day of the experiment, cells were thawed and restimulated
with 50 ng/ml PMA and 750 ng/ml lonomycin in the presence of 10ug/ml of Brefeldin A
(all obtained from Sigma-Aldrich) for 4 hours. Cells were then stained intracellularly for
cytokines and transcription factors and analyzed on a flow cytometer. Cells were stained
with antibodies to the following markers: anti-CD3 PE-Cy7 (clone UCHT1, eBioscience),
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and anti-CD4 PE-texas red (clone S3.5, Life Technologies). For intracellular staining, cells
were fixed and permeabilized utilizing a commercially available kit (eBioscience) and
stained with anti-FoxP3 eFluor 450 (clone 236A/E7, eBioscience), anti-TNFa Alexa 700
(clone Mab11, eBioscience) and anti-IFNg FITC (clone GZ-4, eBioscience).

For pSTAT3 analyses, T cells were expanded from PBMCs using anti-CD3 and anti-CD28
coated Dynabeads and recombinant IL-2, according to the manufacturers protocol for 7-10
days (Invitrogen). T cells were then rested for approximately 16 hours and stimulated with
200 ng/mL recombinant (r)IL-10 (eBioscience) for 15 minutes. Cells were then stained for
pSTAT3 Y705 Alexa Fluor 647 (clone 4/P-STAT3) using BD Phosphoflow buffers.

For macrophage experiments, macrophages were isolated from PBMCs and stimulated with
LPS as previously described?8 in the presence or absence of rlL-10 200 ng/mL. Cells were
analyzed by intracellular cytokine staining as described above.

Immunologic assessments

Results

The extent of the immunonology evaluation at baseline was variable among the subjects as
depicted in Table 1. Upon evaluation of identified variants, it was evident that many patients
had variants related to lymphocyte function and we developed a screen to evaluate for
evidence of lymphocyte dysfunction. We focused on B cells where low switched memory B
cells are seen in many T cell defects, B cell defects and myeloid defects. A research protocol
was developed to analyze these subsets. In addition, many patients had clinical testing of T
cell subsets. B cells were identified by physical characteristics and CD19. B cell subsets
were identified by additional antibodies: IgM, 1gD, CD27, CD38, CD21. Cells were
analyzed on a LSR Fortessa (BD Biosciences) in the CHOP Flow Cytometry Core. We
defined transitional B cells as IgM+CD27-CD38++, naive mature B cells as CD27-CD38+,
non-switched memory B cells as CD27+IgM+, switched memory B cells as CD27+IgM-
and naive B cells as CD27-1gM+. Plasmablasts were defined as IgM— CD38++ or CD27++.

A total of 125 patients with VEO-IBD were enrolled, including two sets of siblings. We also
had access for this analysis, to DNA from 19 parents (both parents for 8 children). The range
of age of onset of the affected children was from 3 weeks to 4 years, with the majority (21 or
84%) under 2 years of age. Briefly, 37 (29.6%) of patients had ileocolonic disease, and the
remainder had primarily colonic distribution of disease. Disease activity was severe as
measured by PCDAI or PUCALI in 76 patients (61%). Forty-six (37%) patients had been
treated with anti-TNF Therapy, 76 with immunomodulator (61%). 14 patients had
undergone colectomy 15 had diverting ileostomies and 2 had perianal disease requiring
surgical intervention (Table 1). There was a positive family history in first-degree relatives in
13 patients (10%), and in second-degree relatives in 23 patients (18%).

Approximately 40% of patients had testing for chronic granulomatous disease with a DHR.
A subset of patients had quantitative immunoglobulins (42%) and/or vaccine titers (37%), to
identify CVID and immunoglobulin defects. In addition, B and T cell lymphocyte analysis
was performed in 33% and 36% of the cohort, respectively, for the evaluation of SCID, WAS
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or specific B and T cell defects. Specific genetic defect analysis was performed on 6%.
(Table 1). There were no identified genetic defects in any subject prior to enroliment in this
study.

Analysis of variants in primary immunodeficiency pathways

Four hundred genes (Supplementary Table 2) and genomic regions associated with primary
immunodeficiency covering approximately 6,500 coding exons totaling more than 1 Mbp of
coding sequence. In these regions, 86.9% of coding exons were fully covered at more than
20x. Percentages of partially covered (between 40-99%) and not covered exons (<40%) were
7.4% and 5.7% respectively. Analysis revealed novel and rare putative causative variants
within these genes in multiple patients as described below. Variants remained in this analysis
if they were rare (MAF <0.1%) or novel in EVS, 1000 Genomes and EXAC. To meet criteria
for potential pathogenicity, we only included variants that were predicted to be deleterious,
by altering amino acids or splicing patterns, and had CADD scaled scores of at least 10. In
addition, variants in HLA genes were removed due to the inherent variation in their
sequence. After applying these filters to the initial 400 genes and regions associated with
primary immunodeficiencies, 473 missense and 12 nonsense variants in 267 different genes
fulfilled our filter criteria (Supplementary Table 1). There were 204 novel variants identified.
All variants occurred in heterozygosity except for 4 homozygous variants found in three
different patients. Of the 485 variants, 464 were detected only once each. Four variants,
TINF2 Ala436Val, HIVEP3 Glu813GIn, ACOTEGlul82Lys and RNASEHZA Phel39L eu,
were each present in two affected siblings. Of the remaining variants, 13 were found in 2
unrelated patients and 2 in 3 unrelated patients. In addition, the MUC21 Gly386Arg and the
ANKS1A Gly49Ser variants were seen in 5 and 8 unrelated patients, respectively. The
number of variants per patient ranged from 1 to 17. In the 8 cases in which both parental
samples were available, the variants were also detected in one of the parents for 7 out of the
8 children (all heterozygous except two). In the remaining case, all except for one variant
were detected in one of the parents. However, reads containing the variant represented only
9% of all reads at that position and therefore the variant is likely to be a sequencing error. Of
the 43 variants collectively found in these 8 patients, 5 variants in 3 children came from
affected parents.

We also considered gene combinations, where the same two or more genes contained
variants in multiple unrelated probands. We found 11 gene combinations (Supplementary
Table 3), each harboring different variants found in 2 unrelated probands. Of the 11
combinations, 10 were gene pairs comprised of variants in two genes and one was a three-
gene combination, with variants found in H/VEP3, TNXB and GNA/1. However, the
significance of these gene combinations cannot be determined without further insight into
the inheritance mode of the different variants.

Enrichment of Variants in Primary Immunodeficiency Genes in VEO-IBD

The same filtering criteria were applied to three different control groups: pediatric IBD
(N=45), adult IBD (N=20), and healthy controls (N=145), to obtain a total count of variants
in primary immunodeficiency genes in each of these cohorts (Table 2). The variant rate in
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our VEO-IBD cohort was 4.14 variants per child, compared to 3.69, 3.45 and 3.44 variants
per sample in pediatric IBD, adult-onset IBD, and healthy controls, respectively. These
results support the enrichment of variants in primary immunodeficiency genes in VEO-IBD,
as there were 1.12-1.20 times more variants on average per child in our cohort, compared to
the older IBD onset and healthy controls.

To further test our hypothesis, we randomly generated 100 datasets from the observed data
in the healthy controls. For each iteration, we performed 100 random selections of 125
samples to calculate the expected total number of variants observed in a sample size
equivalent to that of our VEO-IBD cohort. The resulting data followed a normal distribution
with a mean (standard deviation) of 430.22(%7.74) in the healthy controls data. Comparing
the 518 observed variants in our cohort with the expected number of variants in the healthy
control groups resulted in a p-value less than 1x10~4, thus confirming the over-
representation of variants in primary immunodeficiency genes in our cohort.

Functional analysis of IL10RA variant in terminal ileum biopsy

A known rare /L10RA missense variant (rs143538561; Arg412Trp) was detected in
heterozygosity in a male patient born to non-consanguineous parents, who presented during
the first few months of life with diarrhea. At 15 months of life he was diagnosed with CD
after undergoing endoscopy and colonoscopy. His disease was classified as ileocolonic,
characterized as inflammatory with multiple granulomas present throughout the
gastrointestinal tract. By 2 years of age, he developed atopic dermatitis and keratosis that
was difficult to control. This patient had a normal immunology evaluation, including
dihydrorhodamine (DHR) study, T-cell function analysis, immunoglobulin analysis and
appropriate vaccination titers. His intestinal disease course progressed and he proved to be
refractory to multiple medical therapies, including 5-ASA, antibiotics, immunomodulators
and infliximab, to which he developed an anaphylactic reaction at the second dose. This
patient had a second variant in a gene of interest, /L21R. This was a novel non-synonymous
coding variant (Val341Met).

After Sanger sequencing was used to verify variant genotypes in the proband, we sought to
determine the functional effect of the /LZ0RA variant. Analysis of immune cells in the
PBMCs and terminal ileum biopsies through gating live, CD4* CD3" T-cells revealed a
trend towards a reduction in FoxP3* regulatory T cell frequency in both compartments of the
patient as compared to a non-1BD healthy control and a patient with IBD (who lacked the
variant) (Fig 1A).

Consistent with a potential reduction in FoxP3* regulatory T cells, these analyses also
revealed that there was an increase in pro-inflammatory cytokine production from CD4* T
cells as measured by an increased frequency of TNFa* and IFNy* CD4™ T cells in the
patient with the /L 10RA variant as compared to a non-1BD healthy control and a patient
with IBD, but without the variant (Fig 1B). Further analysis showed expanded T cells from
all patients can phosphorylate STAT3 in response to IL-10 stimulation in vitro (Fig. 1C),
suggesting that it is not a complete loss of function of the IL-10R. However, 1L-10 was less
efficient at reducing TNF production from LPS-stimulated, blood-derived macrophages in
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the patient with the IL-10R variant relative to control patients (Fig 1. D). These findings
suggest that in the heterozygous state, there may not be complete loss of function, however
there are still potential consequences on IL-10-1L-10R function, which is associated with
reduced regulatory T cells, increased pro-inflammatory cytokine response and impaired
regulation of macrophages. These studies are consistent with the recently identified role for
macrophage-intrinsic IL-10R in regulating intestinal homeostasis. 2230 Additional analyses
will be required to determine the exact effects of the variant on immune cell function.

Analysis of variants in CVID associated genes MSH5 and CD19

The genes CD19and MSHS5 were previously identified to be involved in the common
variable immunodeficiency (CVID) pathway, a disease whose main phenotype is loss of B
cell function and humoral immunity.31

A rare non-synonymous variant in the MSH5 gene (rs370037482; Ser537Thr) was detected
in heterozygosity in a 3 year old male subject with severe ileocolonic IBD and fistulizing
perianal disease. Laboratory evaluation demonstrated low 1gG and IgM, and low end of
normal IgA and IgE.

A non-synonymous novel variant (GIn345His) in CD19was detected in 1 female patient
with VEO-IBD diagnosed at the age of 2. This variant is inherited from her unaffected
father. This subject had low 1gG, IgM and IgE levels.

Following Sanger sequencing confirmation of the variants, we sought to investigate the B
cell function in the patients with these variants utilizing the B cell assay described in Fig 2.
Fig 3 demonstrates stages of B cell development of the patients with variants in MSH5and
CD19, also associated with CVID. There is a decrease in memory B cells (CD27+ / IgM+),
switch memory cells (CD27+/IgM-) and plasmablasts (CD38hi/lgM-) cells. In addition,
there is an increase in CD21lo/CD38lo, indicative of naive transition cells, seen often in a
stressed state. Together, these findings suggest that in a subset of patients with VEO-1BD,
there may be potential effects on the B cell pathway, associated with B cell differentiation
functional deficits. Additional analyses will be required to determine the exact effects of
these variants in the CVID pathway on immune cell function.

Discussion

VEO-IBD in young children is challenging to both evaluate and treat. This is likely due to
the unique genomic and immune triggers of the disease that do not respond to conventional
approaches utilized in older-onset IBD. WES provides a method to identify some of the
underlying genetic defects and may allow for targeted therapy in these children. We
performed a candidate analysis using WES on 125 patients with VEO-IBD to detect
causative variants, and subsequent functional analysis on 2 primary immunodeficiency
pathways in 3 subjects. This was a heterogeneous unselected cohort, included in this
analysis based on age of diagnosis alone. The variants we identified highlight the spectrum
of immunological defects potentially relevant in this population, including T cell and
regulatory pathways, as well as pathways involving B cell differentiation. Of interest, the
relationship between IL-10R and CVID has been explored in several studies, specifically
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regarding the link between T cell deficiency and subsequent B cell function via impaired
IL-10. 32

Prior studies have demonstrated monogenic defects in patients with VEO-IBD, including
mutations identified in /L10°, XIAR>3 NCF2%%, MEF\V/° and LRBA.36 IL 10RA (encoding
IL10R1) homozygous mutations have been associated with VEO-IBD, specifically in
neonatal onset disease with a phenotype of severe enterocolitis and perianal disease.® In
addition, compound heterozygote mutations of /L Z0RA have been reported with neonatal
CD and enterocolitis.3” IL-10 is an anti-inflammatory cytokine secreted by a variety of cells,
including dendritic cells, natural killer cells, eosinophils, mast cells, macrophages, B cells
and CD4+ T cell subsets (including Th2, Th1 Th17 and Treg).38 IL-10 maintains
homeostasis through suppression of an excessive pro-inflammatory response.39 IL-10 exerts
its effect through binding to the tetrametric complex I1L-10 receptor. It is composed of 2
distinct chains, 2 molecules of IL10R1 (a chain) and 2 molecules of IL10R2 (8 chain). IL-10
binding to IL-10R activates the IL-10/JAK1/STAT3 cascade.*? STAT3 activates effector
genes, which subsequently suppresses the pro-inflammatory genes. Our patient presented
here was found to have a rare variant of /L 10RA. Although he had similar phenotypic
findings to /L 10R defects depicted in the literature, such as disease onset in infancy, severe
disease, and skin rashes, notable distinctions were found, particularly the absence of
fistuslae and perianal disease. This novel patient illustrates that varying phenotypic
expression may occur in children with very early-onset IBD who have heterozygous /L10R
mutations.

Common variable immune deficiency (CVID), a primary immunodeficiency, is a complex
and heterogeneous disease, with the responsible mutations known for only a minority of
cases. The association between IBD and CVID has been well recognized. In a large cohort
study of 473 patients with CVID, 20 developed IBD.#! A recent study demonstrated the
importance of the CVID pathway in VEO-IBD, with the identification of 1L-21 defect in 3
children in a consanguineous family. These patients had defects in B cell development.#2
The variants detected in our subjects in genes associated with CVID included variants in
CD19and MSH5. The B cell analysis performed in our study provides further evidence that
these CVID associated genes may be functionally relevant in VEO-IBD.

MSHS5 belongs to the MutS family of proteins that are part of DNA mismatch repair and
meiotic homologous recombination. There are seven known eukaryote MutS homologues,
and MSH5 and MSH4 form an exclusive heterocomplex. This complex has been found to
play a role in DNA damage response and double strand base repair, immunoglobulin
diversity, and has been linked to neoplasia (including colorectal cancer), immune disease
and reproductive disorders.*3 MSH5 has also been associated with systemic lupus
erythematosus, 44, Kawasaki disease, type 1 diabetes, IgA deficiency, and CV1D.434546 |ts
role in immunoglobulin diversity may be associated with the phenotype of VEO-IBD seen in
our subject with the S554T variant, as it relates to B cell function.

The CD19gene is located on the short arm of chromosome 16 (16p11.2).47 Like CD21,
CD19 is a B-cell specific antigen. It is a member of B-cell receptor complex (BCR) together
with CD21 and CD81.4849 B cell development is dependent upon signal transduction
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through this complex. The complex also acts as a link between the innate and adaptive
immune systems.4849 Defects in CD19 demonstrate decrease in serum lg secretion and
defective response to T-cell-dependent antigens.>%:51 Patients with CD19mutations have
been shown to have normal B cell development; however, with the loss of CD19 signal
transduction, they have a poor response to antigenic stimuli and thus are unable to have
effective humoral response.>® The CD19variant in our patient may be important in the
VEO-IBD phenotype due to B cell functional deficits.

These studies and our findings outlined above, demonstrate the importance of genetic
overlap between disease processes. In fact, GWA studies that included multiple disease
processes have identified risk variants that demonstrate significant overlap among different
immune-related diseases.>2 In addition, most complex disorders show a high degree of
genetic heterogeneity, and this also seems to be the case in VEO-IBD. It is therefore likely
that there are more pathways involved in VEO-IBD, and the outcome of these children can
be improved through further study and identification of the associated variants. We identified
518 rare or novel non-synonymous variants in primary immunodeficiency pathways in our
cohort of VEO-IBD. Patient presentation varied, as did severity of disease. The phenotypic
variation in this population is likely secondary not only to the great genetic heterogeneity of
disease causing variants but also to genetic modifiers of disease as well.

We recognize several limitations with this study. Because of the limited sample size, we
focused on the known primary immunodeficiency pathways as they represent strong
candidate genes for VEO-IBD. However, as IBD is a complex genetic disease, it is very
likely that there are variants that affect genes and pathways that are equally important in this
cohort, but have not yet been evaluated. Conversely, while we attempted to use strict filter
criteria, we may determine as we proceed with further functional analyses that some of the
variants we identified may indeed have no effect on gene function.

Despite these limitations, this mode of analysis allows us to begin to understand the complex
genomics of VEO-IBD, and may help to identify the pathways that contribute to the disease
process in this population. While it is now understood that an immunologic evaluation in
children who present with IBD less than 5 years of age is critical, many of the patients in
this study had limited or no immune work up prior to WES. As more is understood the about
the etiology of disease in this population a systematic approach to evaluating the disease
pathogenesis has been suggested.53 As we, and others, have shown, defects in both B and T
cell development, migration and proliferation can drive disease in this population. Therefore,
a framework to identify potential immune defects is an important part of the analysis and
clinical care in these children. We therefore recommend a more complete immunologic
evaluation be performed in patients with VEO-IBD, including studies depicted in
Supplementary Table 3. As we begin to understand the different components of immune
system involved, including B and T cell pathways, we can begin to individualize our therapy
to the specific patient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

VEO-IBD very early onset IBD
WES whole exome sequencing
MAF minor allele frequency
CVID common variable immunodeficiency
EVS Exome Variant Server
CADD Combined Annotation Score
DHR dihydrorhodamine
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Figure 1.

Preliminary functional analysis of immune cells in the IL-10RA variant patient via punch
biopsies from terminal ileum and perhiperal blood. Cells were analyzed intracellularly for
cytokines and transcription factors and analyzed on a flow cytometer. (A) Suggests a trend
towards decreased expression of FoxP3 in CD4" T cells and (B) suggest a trend toward an
increase in pro-inflammatory cytokine expression in gated (live, CD3*, CD4* T cells) in
both compartments of the IL-10RA variant relative to a non-IBD control and a patient with
IBD, but without the variant. (C) CD4 T cells were expanded and rested overnight. Cells
were then stimulated with recombinant IL-10, and pSTAT3 (Y705) was analyzed by flow
cytometry. (D) Macrophages-derived from blood were rested overnight, stimulated with LPS
in the presence of absence of rIL-10, and analyzed for TNF production by flow cytometry.
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Figure 2.
B Cells were identified by physical characteristics and CD19+. Subsets were identified by

additional antibodies: IgM, IgD, CD27, CD38, CD21
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Analysis of (A) B cell function (CD19%), (B) memory B cells (CD27+ / IgM+), (C) switch
memory cells (CD27+/IgM-), (D) naive ransition cells (CD27-1gM+), (E) CD21lo/CD38lo,
and (F) Plasmablasts (CD38hi/IgM) in subjects with variants in MSH5, CD19 as well as
variant in LRBA, also in CVID pathway. Error bars represent the standard error.
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Table 1

Patient Demographics and Baseline Immunophenotyping

n %T

Demographics

Age in years (range)  (0.06-5) -

Male 69 55.2

Disease Location

Perianal 21 16.8
leal 7 5.6
lleocolonic 37 29.6
Colonic 85 68
Upper 12 9.6
Surgery & Therapy
Surgery 17 13.6
Diverted 17 13.6
TNF 59 47.2
Immunomodulators 78 62.4

Immunophenotyping

Immunoglobulins 53 424
Vaccine Titers 46 36.8
T Lymphocytes 45 36

B Lymphocytes 41 328
DHR 52 41.6
NK Cell Counts 41 328
TLR 12 9.6
FOXP3 6 4.8
I1L-10 6 4.8
None 56 44.8

7‘Total sample size = 125
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Table 2

Summary of the primary immunodeficiency variants found in VEO-IBD and the three control groups.

Cohort n  Total #of Variants  Variant Rate \/eo.1BD/ControlT  P-Value
VEO-IBD 125 518 4.14 nfa nfa
Pediatric IBD 45 166 3.69 112 nla
Adult-Onset IBD 20 69 3.45 1.20 nla
Healthy Controls 145 499 3.44 1.20 <1x1074

TRatio of variant rate in VEO-IBD to controls
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