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ABSTRACT

Multiple monogenic disorders present as very early onset inflammatory bowel disease
(VEOIBD) or as IBD with severe and atypical features. Establishing a genetic
diagnosis may change patients’ management and prognosis. In this study, we
describe the diagnostic approach to suspected monogenic IBD in a real clinical setting,
discussing genetic and phenotypic findings and therapeutic implications of molecular
diagnosis. Monogenic VEOIBD diagnostic approach changed over time, especially
after the advent of next generation sequencing (NGS) techniques. NGS should be
preferred in patients with nonspecific phenotypes. Nevertheless, Sanger sequencing
is still effective in patients with suggestive clinical and immunological findings. In a
multicentric collaboration with Bambino Gesu Children’s hospital, we developed a
target gene panel sequencing (TGPS) including the most common monogenic
diseases presenting with IBD symptoms, as first line of genetic approach for patient
with non-specific phenotypes and negativity to this panel, we performed WES with an
in silico analysis of 400 genes responsible for primary immunodeficiencies. 94 patients
were included, and 13 (14%) reached a genetic diagnosis. Candidate sequencing was
performed in 47 patients (50%), and NGS was performed in 85 patients (90%).
Candidate sequencing had a good diagnostic performance only when guided by
clinical features specific for known monogenic diseases, whereas NGS helped finding
new causative genetic variants and would have anticipated one monogenic diagnosis
(XIAP) and consequent bone marrow transplant (BMT). Genetic diagnosis impacted
patient management in 11 patients (92%), 7 of whom underwent BMT. Although we
identified 14% of monogenic disease in our cohort, the majority of cases remains
without a genetic diagnosis. We hypothesized that transcriptome analysis by RNA
sequencing (RNAseq) could help grouping multifactorial cases and correlating profiles
with those found in distinct monogenic forms. We proposed a disease-similarity
method for patients’ stratification and the detection of possible biomarkers. 13 out of
94 patients, depending on RNA availability (4 monogenic and 9 nonmonogenic)
described in the previous genetic workup, performed gene expression analysis by
RNAseq of peripheral blood cells. We compared gene expression profile of the 4
monogenic IBD (XIAP, TTC37, DKC1, and LRBA) with nonmonogenic IBD and

performed cluster analysis. The most evident impact on peripheral blood cells came



from XIAP and DKC1. TTC37 and LRBA did not show enriched pathway probably due
to wrong sampling. Few nonmonogenic patients that presented extraintestinal
manifestations (feature suggestive of monogenic defect) had a hybrid expression
profile between monogenic and nonmonogenic IBD. Cluster and machine learning
analyses might be applied to group patients by gene expression patterns in an
unbiased manner. We performed an unsupervised analysis including our monogenic
IBD, the nonmonogenic IBD from the cohort of Trieste and the first 13 genetically
undefined VEOIBD and EOIBD enrolled within the collaborative project with University
of Brescia, whose clinical collection data and genetic investigations are in progress.
However, this data should be complemented by clinical reports and therapeutic
management at the time of sampling to get more precise results and evaluate the
obtained functional subgroups. Nevertheless, the characterization of more monogenic
forms is a crucial point to expand this analysis and obtain more reliable results. The
implementation of this knowledge may allow the use of monogenic disorders as
prototypical diseases for the stratification and the therapeutic management of likely

multifactorial cases towards a tailored therapy.
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Introduction

1 INTRODUCTION

1.1 INFLAMMATORY BOWEL DISEASE: HISTORY, CLASSIFICATION,
AND ETIOPATHOGENESIS

Inflammatory bowel disease (IBD) defines a group of complex chronic intestinal
diseases, which includes ulcerative colitis (UC), Crohn’s disease (CD), and IBD
unclassified (IBD-U).

UC is characterized by intestinal mucosal inflammation, mainly limited to the colon,
bloody diarrhea, abdominal pain and tenesmus [1].

Sir Samuel Wilks was the first physician who used the term “ulcerative colitis”, referring
to a condition similar to the one intended today [2].

The recognition of CD, as a different condition from UC, came in 1932 as the result of
a publication by Crohn et al., after which the condition was named with the eponymous
name of Crohn’s disease [3, 4].

CD may involve any part of the gastrointestinal tract; the most common locations are
the terminal ileum or the perianal region. The inflammatory lesions are transmural,
involving all the layers of the intestine with a segmental and noncontinuous distribution
characterized by the alternation of inflamed and non-inflamed regions [5]. The
discontinuous inflammation is probably a consequence of a vicious circle arising from
mucosal barrier defect, translocation of bacteria and inflammation. Moreover, a
distinctive feature of CD is the presence of a chronic granulomatous inflammatory
reaction.

Similarly to UC, the main symptoms are diarrhea, rectal bleeding, fatigue, and weight
loss.

Even though CD clinical features are mostly limited to the gut, also extraintestinal
manifestations are characteristic of this chronic inflammatory disorder, as uveitis,
erythema nodosum, and arthritis.

The term indeterminate colitis, progressively replaced by IBD-U, was originally used
referring to a pathological diagnosis related to colectomy biopsies, in which a specific
diagnosis of UC or CD was difficult to reach [6]. More recently, IBD-U classification
has been used when clinical, endoscopic and biopsy testing do not meet the diagnostic
criteria of either UC or CD [7-9].
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IBD can occur at any age with a higher prevalence in young adults, particularly
between 30-40 years of age in the case of UC and between 20-30 years of age in the
case of CD and can affect about one in 200 people in the developed countries [10,
11].

Although the pathogenesis of IBD is complex and not yet well established, recent
studies indicated an involvement of various factors such as genetic susceptibility,
external environment, and intestinal dysbiosis, contributing together to the
development of the disease [12].

Epidemiological and molecular genetics studies of monozygotic twins highlighted the
importance of genetics in the pathogenesis of IBD [13]. The models of inheritance are
in most cases different from mendelian monogenic diseases but comparable to
genetically complex disorders.

Genome-wide association studies (GWAS), based on linkage analyses, have
identified more than 163 risk loci for IBD, encompassing about 300 potential candidate
genes, such as locus IBD1 on chromosome 16, in which is located NOD2, the first
gene discovered to correlate with IBD but especially with CD [14]. More recently,
immunochip genotype data showed the implication of additional 38 loci in IBD risk,
shared among different ethnic group [15].

Various genetic variants in NOD2 increase the probability to develop CD: from two to
four times in people carriers for only one “risk allele”, heterozygous for a defined
variant, and until forty times in individuals homozygous for a specific mutation.

Some loci contain risk variants associated both with both in UC and CD, as in the case
of interleukin 23 receptor (IL23R)(Figure 1) [16].
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Figure 1.
Loci associated with IBD. Overlapping genes between CD and UC reported in black, gene
associated to UC in green and genes associated with CD in blue [13].

Pathway enrichment analyses of candidate genes, within susceptibility /oci, pointed
out the involvement of three major biological processes, implicated in the activation of
Th17 cells, in modulation of autophagy, and in immune-mediated responses.

About 70% of IBD susceptibility loci are shared with other complex autoimmune and
autoinflammatory diseases, like psoriasis and ankylosing spondylitis, that often occur
as extraintestinal manifestations of UC and CD [17, 18].

The identification of genes and risk /oci associated with the development of IBD, is
crucial to better understand the molecular pathways that underpin the disease and to
help the therapeutic choice. However, only about 25% of IBD could be explained by
genetic and molecular studies [19]. Other factors, like environment conditioning, have
to be considered in the etiopathogenesis of the disease. Indeed, new epidemiological
research, conducted in industrialized countries, suggested a key role of environmental
factors (diet, nonsteroidal anti-inflammatory drug) in IBD development in genetically
susceptible subjects [19, 20]. These aspects, synergistically with predisposing
mutations, could lead to an alteration in the homeostasis between commensal bacteria
and immune system, due to an imbalance of antimicrobial peptides (e.g. alpha-
defensins by Paneth cells) [21], and dysregulated cytokine productions. In this context
and thus in IBD pathogenesis, the transcription factor NF-kB seems to play a crucial

role since it is involved in pro-inflammatory signaling.
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Genetics might have a pivotal role in patients presenting an early onset IBD. The
slogan goes: the earlier the onset, the higher is the probability to have a Mendelian

disease (Figure 2).
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Figure 2.
Genetics and environmental weight from birth to adulthood.
Figure adapted from [22].

1.2VERY EARLY ONSET INFLAMMATORY BOWEL DISEASES
(VEOIBD) and MONOGENIC VEOIBD: WHEN SUSPECTING A
MONOGENIC DEFECTS?

Even though most cases of IBD present as multifactorial disease, a broad spectrum
of rare Mendelian disorders may occur with an IBD-like phenotype. The probability to
develop a monogenic disease is higher when the disease manifests during the first
years of life. A prompt diagnosis of such diseases is essential to determine the correct
prognosis and the treatment strategy, which in some cases may include bone marrow
transplantation (BMT) [23]. The age of onset is one of the first “red flag” to suspect a
monogenic condition, alongside IBD location, progression, familial component, and
response to therapies [24-31]. Monogenic defects are likely to be studied as
prototypical diseases for a better understanding of IBD as they allow to analyze the
effects of the dysregulation of single mechanisms [18, 32].

Pediatric IBD can be summarized mainly in five subgroups according to the age of
onset (Table 1); pediatric IBD, early-onset IBD (EOIBD), very early onset IBD
(VEOIBD), infantile IBD (IOIBD) and neonatal IBD.
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The Montreal and the Pediatric Paris classifications defined, at first, two distinct
subgroups, pediatric-onset IBD (children between 10 and 17 years of age, Paris A1b)
and EOQOIBD (children younger than 10 years of age, Paris A1a) presenting a more
severe disease compared to the one that occurs in adulthood [33].

Several literature records reported a relative enrichment of patients with a monogenic
IBD in children with disease onset before 6 years of age, leading to propose VEOIBD
as a new age group. However, more rarely monogenic defects, such as XIAP
deficiency or other neutrophil defects, have been observed, also, in later onset IBD
[34, 35] (Figure 3).

EOIBD and VEOIBD will be the focus of this thesis from here on out.
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Montreal/Paris

Group classification

Age range of onset

(¥)

Phenotype notes

Pediatric onset IBD Montreal A1

<17

EOIBD Paris A1a

<10

More severe
phenotypes than
adolescence and

adults

VEOQOIBD

<6

Enrichment of
monogenic IBD,
some case if IBD-U,
resistance to
conventional
therapies

Infantile onset IBD

<2

Higher familial
component rate with
increased lethality,
resistance to
conventional
therapies, risk to an
underlined primary
immunodeficiency.

Neonatal IBD

First 28 days of
age

Extreme phenotype

Table 1. Pediatric IBD subgroups. Table adapted from [31].



Introduction

Montreal
Paris classification Ala Alb A2 A3

EQIBD
VEOIBD

PN |

Infantile IBD

pein
IL10
IL10RA
IL10RB
TTC7A
PLCG2-e
ADAM17
Atypical SCID
Hoyeraal Hreidarsson Syndrome-{® ©
IPEX ocoo 8 o
WAS o 9 [
TTC37/SKIV2L4{e o o
DOCK84 o
BTKA ©
MVK ]
AICDA - °
PIK3R1 o
Chronic granulomatous disease§% o° © ]
ITGB2 -
LRBA A
ICOS -
STXBP2-
MEFV-
G6PC3
SLC37A4 -
IKBKG -
XIAPA
Hermansky Pudlak syndrome-
GUCY2CH

Oxford IBD cohort-

L,

| N e |

12345678910 20 30 40 50 60 70 80
Age of onset IBD-like symptoms / diagnosis [year]

Figure 3.
Age of onset of IBD-like diseases in patients with a monogenic disease.
Genetic defects associated to IBD-like symptoms are summarized in this figure in comparison
with an unselected IBD population (Oxford IBD cohort). Each dot represents one patient and
bar represents the age of range of case series when individual data are not available. At the
top of the figure, age range and Montreal/Paris classification are shown as reference [31].

These patients present a low response rate to conventional anti-inflammatory and
immunomodulatory treatments. Some of them are labelled as IBD-U [36], supporting
the difficulty to endoscopically categorize these “atypical” cases of IBD that could

underline a more severe defect.
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The I0IBD (younger than 2 years of age) and neonatal IBD (first month of age) groups,
are likely characterized by higher presence of affected first-degree relatives with
increased lethality [24-27, 31], as an indication of a stronger genetic component, even
higher than VEOIBD, severe disease progression and resistance to
immunosuppressive drugs with an increased risk to underneath a primary
immunodeficiency.

Even though the spectrum of genotypes manifesting with an intestinal inflammation is
increasing, only a small fraction of patients with VEOIBD (around 15%) may have a
rare monogenic disorder.

The identification of genetic defects in IL10/IL10 receptor signaling as the cause of
severe VEOIBD by family association studies and candidate sequencing, was a
starting point for the identification of multiple monogenic disorders [37-39].

To date, disease causative variants have been identified in more than 50 genes (Table
2), that can be divided within different functional groups [23, 31]:

o Epithelial barrier dysregulation and epithelial response defects, causing Kindler
syndrome, familial diarrhea;

e Neutropenia and defects in phagocyte bacterial killing, including chronic
granulomatous disease (CGD);

e Hyperinflammatory and autoinflammatory disorders, such as mevalonate
kinase deficiency;

e Defects in T and B lymphocytes development of regulation, as the cases of
agammaglobulinemia and immune dysregulation, polyendocrinopathy,
enteropathy, X linked (IPEX) syndrome and Wiskott Aldrich syndrome (WAS);

o Disorders affecting the immunoregulation, as IL10 signaling defects resulting in
intestinal inflammation due to an impairment of the proinflammatory response;

e A group of disorders without a well-defined plausible functional mechanism,
such as the trichohepatoenteric syndrome, which may involve a defect in

epithelial cells causing intractable diarrhea.

10
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Group Disease Gene Inheritance Reference
Epithelial barrier Dystrophic bullosa COL7A1 AR [40]
Kindler syndrome FERMT1 AR [41]
X-linked ectodermal
IKBKG XL [42, 43]
immunodeficiency
TTC7A deficiency TTC7A AR [44]
ADAM17 deficiency ADAM17 AR [45]
Familial diarrhea Gucyzc AD [46]
Phagocyte defects CGD CYBB XL [47]
CGD CYBA AR [48]
CGD NCF1 AR [47]
CGD NCF2 AR [47]
CGD NCF4 AR [49]
Glycogen storage disease
SLC37A4 AR [50]
type 1b
Congenital neutropenia G6PC3 AR [51]
Leukocyte adhesion
ITGB2 AR [52]
deficiency 1
Hyperinflammatory Mevalonate kinase
MVK AR [53]
disorders deficiency
Autoinflammatory
. Phospholipase C-y2 defects PLCG2 AD [54]
disorders
Familial Mediterranean
MEFV AR [55, 56]
fever
Familial hemophagocytic
o . STXBP2 AR [57]
lympgohistiocytosis type 5
X-linked lymphoproliferative
XIAP XL [58]
syndrome 2 (XLP2)
X-linked lymphoproliferative
SH2D1A XL [59]
syndrome 1 (XLP1)
Hermansky-Pudlak 1 HPS1 AR [60]
Hermansky-Pudlak 4 HPS4 AR [61]
Hermansky-Pudlak 6 HPS6 AR [62]
T and B cells defects CVID 1 ICOS AR [63]
CVID 8 LRBA AR [64]
IL-21 deficiency (CVID-like) IL21 AR [65]
Agammaglobulinemia BTK XL [66]
Agammaglobulinemia PIK3R1 AR [67]
Hyper IgM syndrome CD40LG XL [68]
Hyper IgM syndrome AICDA AR [69]
Wiskott Aldrich syndrome WAS XL [70]
Omenn syndrome DCLRE1C AR [71]
SCID ZAP70 AR [72]
SCID/hyper IgM syndrome RAG2 AR [73]
SCID IL2RG XL [74]
SCID LIG4 AR [75]
SCID ADA AR [75]

11
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Group Disease Gene Inheritance Reference
T and B cells defects SCID CD3y AR [76]
Diskeratosis congenita DKC1 XL [77]
Hoyeraal-Hreidarsson
RTEL1 AR [78]
syndrome
Hyper IgE syndrome DOCK8 AR [79]
IPEX FOXP3 XL [80]
Immunoregulation IPEX-like IL2RA AR [81]
IPEX-like STAT1 AD [82]
IL-10 signaling defects IL10RA AR [83]
IL-10 signaling defects IL10RB AR [37]
IL-10 signaling defects IL10 AR [84]
Others MASP deficiency MASP2 AR [85]
Trichohepatoenteric
SKIV2L AR [86]
syndrome
Trichohepatoenteric
TTC37 AR [87]

syndrome

Table 2. Monogenic defects divided into functional subgroups.
AR, autosomal recessive; XL, X-linked; AD, autosomal dominant.

Uhlig et al. [31] summarized in the powerful phenotypic aide-memoire “YOUNG AGE

MATTERS MOST’ the key points suggestive of a monogenic disease:

YOUNG AGE onset;

Multiple family members and consanguinity;

Autoimmunity;

Thriving failure;

Treatment with conventional medication fails;

Endocrine concerns;

Recurrent infections or unexplained fever;

Severe perianal disease;

Macrophage activation syndrome and hemophagocytic lymphohistiocytosis;

Obstruction and atresia of intestine;

Skin lesions and dental and hair abnormalities;

Tumors.

12
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1.3 THE DIAGNOSTIC APPROACH OF VEOIBD IN THE ERA OF
NEXT GENERATION SEQUENCING

1.3.1 GENOMICS IN VEOIBD

In these complex cases, interdisciplinary and multidisciplinary support from a team
with pediatric gastroenterologists, immunologists, geneticists, bioinformaticians, and
biotechnologists is crucial.

Classical approach to VEOIBD diagnosis is based on phenotypic and histological
observations, excluding infections (e.g. CMV), followed by restricted specific-disease

functional screening and genetic confirmation by candidate sequencing (Figure 4).

1 - Functional screening - genetic confirmation strategy

Test Disease group/syndrome
: " —>» CBC -3 Neutropenia
ﬁagsrt:s{tory Thrombocytopenia
L AL Lymphopenia
Establish IBD like —>» Neutrophil oxidative — CGD
pathology burst assay Genetic
»| confirmation
1. Histology i i
" =3 |Immunoglobulins —3 CVID by candidate
g' gxtem of disease IgA, IgG, IgM, IgE -3 Agammaglobulinemia sequencing
. Disease activity —> Hyper-IgM
=3 Hyper-IgE
by upper- and lower-Gl
endoscopy and histology, =3 Lymphocyte subsets -3 SCID,
imaging, agammaglobulinemia
biochemistry (CBC, CRP, §
ESR, albumin, consider 3 FOXP3+CD25+CD4+ T cells === IPEX \ 4
4 . XIAP — XLP2 —
fecal calprotectin) Limited
Consider/exclude L3 IL10 suppression of LPS —> 1110 receptor defect | €| functional
infections (such as induced PBMC activation confirmation
Giardia, CMV,
C difficile, TB, HIV...)
Consider/exclude other Il - Genetic screening functional confirmation strategy
imaascrvaich s Gotoieeisaiy Limited
o « Multiple candidate sequencing Imitex
:ﬁ:;?ci:l:;?t?se&CMP A) —>»| . Whole exome sequencing —>| functional
g « Whole genome sequencing confirmation
Figure 4.

VEOIBD classical and new diagnostic workflow [31].
CBC complete blood count, CRP C-reactive protein, ESR erythrocyte sedimentation rate,
CMPA cow milk protein allergy.

In the last decade, with the advent of Next Generation Sequencing (NGS) technique,
the diagnostic workflow of monogenic IBD changed the first line of diagnostics for
VEOIBD: from deep phenotyping followed by candidate genes Sanger sequencing,
towards multiple genes parallel sequencing using targeted gene panel sequencing
(TGPS), and/or Whole Exome Sequencing (WES) (Figure 4).

13
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In patients with nonspecific clinical phenotype, NGS has the advantage to allow
analyzing simultaneously several genes, with shorter time to response and less
expenses compared with sequential sequencing of single candidate genes [88].

A big edge of WES is to potentially highlight known and new causative variants both
with a supervised approach, by the analysis of a selected gene set guided by a clinical
suspicion, and with an unsupervised approach in the most atypical cases, sometimes
leading to the detection of new candidate genes. To date Sanger sequencing is still
required to confirm NGS output variants. However, when new variants of uncertain
significance are found, further functional assays are essential to assess the role of
newly detected damaging mutations, since computational prediction tools can be
misleading and get false negative or false positive results.

The genomics of VEOIBD has been implemented also by Whole Genome Sequencing
(WGS), useful in particular for some relevant IBD genes, especially for IKBKG and
NCF1 that are difficult to capture by exome sequencing techniques since result
underrepresented [39, 88]. WGS offers high coverage sequencing across the genome
and a much more uniform distribution of sequencing-quality parameters than WES,
including promoters and enhancer binding regions, and allows the analysis of copy-
number variants and the detection of inversions [89-92].

The perspective of genomics analyses implementation in VEOIBD diagnostic workup
is the prompt detection of monogenic diseases, which in some patients can prevent

unnecessary surgeries, severe infection, or tumors aiming to target therapy [39].

1.3.2 FUTURE PERSPECTIVE OF TRANSCRIPTOMICS and MULTI-OMICS
APPROACH IN VEOIBD

The assessment of variant impacts that could affect RNA splicing, or gene expression
levels, might be performed by RNA sequencing (RNAseq), as complementation of
genomic technologies. A multi-omics approach could help the diagnosis of previously
unsolved cases and especially RNAseq will improve the diagnostic yield by the
detection of both the coding and non-coding variants that implicated splicing defects
[39, 93].

Nevertheless, it is possible to use the measure of gene expression to stratify subjects
on different clinical states, for instance, by the identification of prognostic biomarkers
or by detection of cell-type-specific gene-signature, to clinically separate patients

according to different disease courses and guide specific treatments [94].

14
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However, the identification of biomarkers related to IBD is challenging given the high
heterogeneity in disease progression and the variability in therapy response [95].
Indeed, biological specimens at the disease onset, when no therapy has been started,
are available only for a minority of patients.

The majority of gene expression studies have been carried out on intestinal biopsies,
which is the gold standard for assessing disease activity and severity. Intestinal biopsy
sampling presents some drawbacks in terms of costs, discomfort for patients,
procedure complications and in patients with an underneath immunodeficiency it may
not be the most disease-representative tissue [96].

Serological and fecal biomarkers are widely used in clinical practice but present a low
diagnostic accuracy to discriminate among various disease causes [96-98].
Microarray studies led to the development of a non-invasive test for IBD diagnosis,
based on the expression profiles of peripheral leukocytes [99, 100]. Alsobrook et al.
reported a six gene peripheral blood signature (BLCAP, UBE2G1, GPX1, RAP1A,
CALM3, and NONO) able to distinguish patients with IBD from healthy controls with
accuracy, sensitivity, and specificity rates of 84%, 89%, and 75%, respectively [100,
101]. In clinical practice there is no need for such a diagnostic tool, as common
laboratory analysis, together with clinical and image data can easily guide the
diagnostic process and since endoscopic and histologic examination is still required
to study the response to treatments. Thus, the utility of expression profiling of blood
sample is conflicting. J. Ostrowski et al., indeed, re-defined the utility of whole blood
gene expression analysis in IBD diagnostic workup in pediatric and adult patients with
IBD [100]. They identified 15 potential biomarkers (S7100A12, OPLAH, ATP9A,
ANOS1, FCGR1A, ITGB4, UTS2R, MMP9, COX6B2, ANXA3, CACNA1E, GALNT14,
IL18R1, KLRF1, and PFKFB3) by RNAseq and subsequently validated by qPCR
analyses in newly recruited IBD patients and controls. These findings confirmed a
diagnostic potential of this whole blood-based test for pediatric patients with active
IBD, but not for pediatric patients with inactive IBD, or adults with active or inactive
disease [100].

To date, no whole blood signature has been demonstrated useful to sub-group
subjects within the varied spectrum of VEOIBD, while it could be desirable to find gene
expression profiles able to predict the response to distinct treatments.

The need to approach these highly heterogeneous diseases led, indeed, to the

increasing generation and availability of digital data. The use of “big data” (intended
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as large-volume and high-diversity biological, clinical, and lifestyle information) might
be helpful in the approach to highly heterogeneous diseases, to define distinct
subgroups of patients for the purpose of therapeutic stratification. Another method to
analyze complex data and to stratify patients is a “machine learning” approach.
Machine learning is a branch of statistics, well employed in finding specific patterns,
making predictions and classifications or inferring new knowledge [102]. This method
includes the unsupervised and supervised machine learning algorithms that aim to
classify samples without or with a priori knowledge of their division into a specific
category. Specifically, supervised algorithms are suited to solve classification
problems where a known group is used as a training set to classify subsequent
samples of unknown class.

The integration of unsupervised and supervised algorithms has been already used
successfully in medicine and biology for example in cancer subtype identification and
the discovery of novel drugs [103-107].

This approach has been applied to discriminate, for example, pediatric CD and UC
patients based on endoscopic and histological disease location [107] but not in the
diagnosis of VEOIBD.

This thesis project aims to stratify patients with VEOIBD, by RNAseq and machine
learning approaches. In particular we will, if it is possible, separate cases with a higher
genetic involvement from subjects with a multifactorial disease by exploiting gene

expression profiles in peripheral blood from patients.

1.4 TREATMENTS and PRECISION THERAPIES IN VEOIBD

The most dramatic application of clinical genetics with the subsequent identification of
pathogenic genetic variants is observed in IBD patients with prevalent immune defects
that can be treated almost exclusively by BMT, as in the cases of IL1T0RA and IL10RB
mutations [39]. Conversely, patients with epithelial defects (e.g TTC7A mutations)
should not be treated with BMT since they might present a poor outcome [108].

Despite an increased detection of disease-causing gene variants associated with IBD-
like symptoms, thanks to the advent of NGS technology (e.g. TGPS, WES, WGS),
many subjects with a strong suspicion of a monogenic disorder, remained without a
genetic diagnosis. In some cases, negative results may reflect low sensitivity of assays

because of low sequencing coverage, epigenetic changes, and small noncoding
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molecules impacting gene expression. In other cases, the disease can be a polygenic
one presenting with severe symptoms that could resemble a mendelian disorder
profile.

In these cases, a tailored therapy might be more difficult to develop and instead,
symptomatic treatments are usually employed.

Historically, several small-molecule drugs (SMDs), including corticosteroids,
immunomodulators (such as azathioprine, 6-mercaptopurine and methotrexate) and
aminosalicylates have been used in the medical management of IBD [109, 110]. IBD
treatment has been revolutionized by the introduction of biologic anti-tumour necrosis
factor-a (TNF-a) drugs, like infliximab and adalimumab, within the first years of this
century [110]. The link between TNF and IBD has been shown by several publications
that reported patients with IBD presenting increased level of TNF in serum, stool or
mucosal biopsies [111-113]. The remission rate by using anti-TNF-a drugs is about
60% [114], reaching mucosal healing of inflammation and restoration of intestinal
epithelial integrity.

Due to its involvement in pro-inflammatory signaling, NF-kB became another attractive
therapeutic target in IBD management. Corticosteroids, sulfasalazine, methotrexate
and anti-TNF-a antibodies indirectly inhibit NF-kB-mediated inflammation [115-117].
Selective NF-kB inhibition can be obtained by drugs able to reduce the expression of
this factor (e.g. specific antisense oligonucleotides) or modulator of NF-kB signaling
by ubiquitylation and degradation of its regulator proteins.

Despite the potentiality of blocking NF-kB activities in IBD intervention, it is important
to remember, also, its involvement in normal physiological cell functions. For this
reason, to avoid severe side effects, it is crucial to attempt targeting specific cell types,
as immune cells within the inflamed intestinal mucosa, or to block specific NF-kB
subunits to minimize systemic toxic effects [117].

Another drug used for its immunomodulatory property in IBD, is thalidomide.
Originally, thalidomide was used as an antiemetic agent in pregnancy but was
withdrawn from the market due to its teratogenic effect. This drug has been re-
introduced to treat various autoinflammatory diseases and it is shown to be effective
and safe in treating refractory paediatric IBD. One of its mechanisms of action can
exploit the inhibition of NF-kB activation. The molecular mechanism of thalidomide

remained unclear for a long time. However, more recent research showed
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that cereblon (CRBN) was found to be a direct target of thalidomide and to function as
a substrate receptor of E3 ubiquitin ligase, creating, indeed, the complex thalidomide-
CRBN-E3 ubiquitin ligase. These findings opened the doors to target new potential
substrates leading to their ubiquitination to obtain the desirable anti-inflammatory
effect [118].

This thesis project aims to describe a workflow to diagnose monogenic IBD in our
cohort of patients and how establishing a genetic diagnosis may impact therapeutic
management. Furthermore, we explored the possibility that monogenic diseases
might be used as prototypical disease to understand similar deregulated mechanism

in multifactorial forms.
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2 OBJECTIVES

2.1 IDENTIFICATION OF MONOGENIC DISEASE WITHIN OUR
EOIBD/VEOIBD GROUP and SET UP OF A GENETIC
DIAGNOSTIC WORKFLOW

The early detection of monogenic diseases, manifested with IBD symptoms, is crucial
to guide a precision therapy.
In this study we aim:

o Todescribe the diagnostic workup to suspected monogenic IBD in a real clinical
multicentric setting during a 10-year period, focusing on the advantages and
disadvantages of different diagnostic strategies;

o To provide the rate of monogenic diagnoses compared to previous literature
studies conducted in other VEOIBD cohorts.

2.2 TRANSCRIPTOMICS AS GENETIC WORKUP
COMPLEMENTATION AND AS PATIENTS’ STRATIFICATION
TOOL

Literature studies, about genetic VEOIBD analysis, reported that only 15/20% of

patients with VEOIBD has a monogenic disease. The majority of cases remains

without a genetic diagnosis, and thus likely multifactorial.

We hypothesized that transcriptome analysis by RNAseq:

e could help identifying VEOIBD subgroups guided by the comparison of gene
expression profiles of prototypical monogenic diseases;

« could help distinguish nonmonogenic patients from distinct monogenic form;

o could be useful in the identification of functional profiles and enriched pathway

characteristic of specific subgroups.

19



Materials and Methods

3 MATERIALS AND METHODS
3.1 PATIENT POPULATION and STUDY

1st analysis: Genomic study in VEOIBD

This was a multicenter observational cohort study. Patients diagnosed with VEOIBD
and patients with early onset IBD with severe/atypical phenotypes (EOIBD s/a)
managed at 2 main pediatric gastroenterology centers, Institute for Maternal and Child
Health IRCCS Burlo Garofolo of Trieste and the Bambino Gesu Children’s Hospital of
Rome, in the last 10 years (2008 to 2017) and patients referred for a genetic workup
from 9 external gastroenterology facilities were included.

The definition of severe/atypical phenotype was applied when at least one of the
following clinical findings were present: severe perianal disease, recurrent/atypical
infections, skin/annexes abnormalities, abnormal immune status, associated
multiple/severe autoimmunity, history of macrophage activation syndrome or
hemophagocytic lymphohistiocytosis, intestinal atresia, or early development of
tumors. Demographic data and information on gastrointestinal disease, extraintestinal
manifestations, and treatments were retrieved from medical records. In the first part of
the study, information of interest was retrospectively collected from medical records
and included in a dedicated database. Starting from 2015, newly diagnosed patients
with VEOIBD and EOIBD s/a and patients without a previous definite genetic diagnosis
were prospectively recruited for genetic workup. The work was conducted in
accordance with the revised Declaration of Helsinki and was approved by Institute for
Maternal and Child Health IRCCS Burlo Garofolo of Trieste and the Bambino Gesu
Children’s Hospital of Rome Ethics committee. Written informed parental consent was

obtained for genetic analysis [119].

2nd analysis: Transcriptomic study in VEOIBD

Patients with VEOIBD and EOIBD s/a, either with a genetic diagnosis or
prospectively recruited for transcriptomics analysis, in the last period (early 2019),
coordinated by 2 main centers Institute for Institute for Maternal and Child Health
IRCCS Burlo Garofolo of Trieste (RNAseqg-Dataset 1, Trieste) and Asst degli Spedali

Civili di Brescia/University of Brescia and patients referred for a transcriptomics
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workup from 9 external gastroenterology (RNAseq-Dataset 2, Brescia) facilities were
included.

The work was performed as complementation of the previous genetic workup of
patients recruited at Institute for Institute for Institute for Maternal and Child Health
IRCCS Burlo Garofolo of Trieste, if RNA were available at our biobank, and as new
prospective study involving mainly patients from the cohort of Brescia.

A set of 4 young-age healthy individuals, 2 males and 2 females, was used as
reference to compare patients’ gene expression profiles.

The work was conducted in accordance with the revised Declaration of Helsinki and
was approved by Burlo Garofolo and Asst degli Spedali Civili di Brescia.

Written informed parental consent was obtained for genetic and gene expression
analyses.

The three cohort of patients and the group of controls are summarized in Table 1s

(supplementary material).

3.2 DIAGNOSTIC WORKFLOW

In the prospective phase of the study, patients enrolled for genetic workup were
screened using NGS technologies, with the exception of patients with well-defined
phenotypes, suggestive of a specific monogenic disorder, for whom single gene
sequencing was chosen. An IBD targeted gene panel sequencing (TGPS) analysis
was performed in the majority of patients as the first line diagnostic tool. This IBD
TGPS includes genes causative for the main monogenic diseases associated to IBD
symptoms. Patients with a suspect of an IPEX-like performed also an extra TGPS
panel containing LRBA and CTLA4. Beginning in 2017, WES replaced TGPS due to
a significant decrease in WES costs. Whole exome sequencing analysis was initially
restricted to a set of 400 genes plus the list of genes associated with primary
immunodeficiency and related pathways as described by Kelsen et al [120]. Trio-WES
was used in selected cases of patients with IOIBD and severe disease when parental
DNA was available. Basic immunological workup included complete blood count,

immunoglobulin levels, lymphocyte subsets, and neutrophil function studies [119].

3.2.1 TARGETED GENE PANEL DESIGN

Two custom-made panels for IBD TGPS were designed: the first panel, designed and

performed by us, at Burlo Garofolo, included 30 genes (Panel A); the second panel,
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designed and performed at Bambino Gesu Hospital, included 43 genes (Panel B). The
full list of genes included in the panels and gene coverage is illustrated in Table 3.
Gene selection for both panels was based on lists of genes suggested by
Kammermeier et al, [88] Uhlig et al, [31] and Christodoulou et al. [121]. Genes
associated with diseases presenting with well-defined phenotypes that had valid
structured functional tests, such as Wiskott-Aldrich syndrome and Hyper IgM
syndrome (HIGM), were not included in the panels. An extra small TGPS panel (data
not shown) containing LRBA and CTLA4 was designed, at a later time, for the
diagnosis of IPEX-like subjects [119].
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i Coverage %
Functional Condition Gene Chromosome Inheritance gen
Group Panel A Panel B

ADAM-17-deficiency ADAM17 2p25 AR 98,78
o GUCY2c 12p13 AD 98,75
Familial diarrhoea EPCAW -y AR 100
Epithelial P
barrier Kindley syndrome FERMT1 20p12 AR 98,29
dysfunction i '
y Neonatql inflammatory skin and EGFR 7o11 AR 9713
bowel disease 2
Gastric cancer, familial diffuse, with
or without cleft lip and/or palate CDH1 16022 AD 100
Leucocyte adhesion deficiency
Phagocyte Type 1 ITGB2 21g22 AR 99,71
defects Severe Congenital neutropenia4 ~ G6PC3 17q21 AR 99,17
Phospholipase Cy2- deficiency PLCG2 16923 AD 98,25
Familial haemophagocytic
Lymphohistiocytosis Type 5 STXBP2 1913 AR 9,02
X-linked lymphoproliferative XIAP Xq25 YR 80,84
syndrome Type 2
_Hyperlaut_o- Hermansky-Pudlak syndrome HPS1 10923 AR 92,71
inflammation |\ mansky-Pudiak syndrome~~ HPS4. 22912 AR 95,21
Hermansky—Pudlak syndrome HPS6 10q24 AR 85,16
Automﬂarlnlmanon with infantile NLRCA 2022 AD 100
enterocolitis
Mevalonate kinase deficiency MVK 12q24 AR 100
X-linked immune dysregulation,
Polyendocrinopathy, Enteropathy ~ FOXP3 Xp11 XLR 98,93
(IPEX) syndrome
Immune-
regulation IL10 pathway defects IL10 1932 ND 79,99
IL10 pathway defects IL10RA 11923 AR 96,46
IL10 pathway defects IL10RB 21g22 AR 85,85
Autoimmune disease, multisystem
Disor(tier_of with facial dysmorphism ITCH 20911 AR 9,64
aPOPIOSIS 1 1AsP2 deficiency MASP2 1p36 AR 100
Trichohepato-enteric syndrome TTC37 5q15 AR 97,11
Trichohepato-enteric syndrome SKIV2L 6p21 AR 97,5
Multiple intestinal atresia TTC7A 2p21 AR 97,5
Inflammatory bowel disease 1 NOD2 16q12 Mu 100
0 Inflammatory bowel disease 1 TRIM22 11p15 NA 99,14
thers
Inflammatory bowel disease 10 ATG16L1 2q37 NA 100
Inflammatory bowel disease 17 IL23R 1p31 NA 90,43
Inflammatory bowel disease 12 MST1 3p21 NA 93,72
prolidase deficiency PEPD 19913 AR 89,28
Dyskeratosis congenita, X-linked ~ DKC1 Xq28 XLR 96,76

Table 3. Genes included in targeted gene panels and gene coverage.
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3.2.2 DNA LIBRARY PREPARATION AND RAW DATA ANALYSIS

DNA library were constructed using lon Ampliseq Library Kit 2.0 and each sample was
labelled with an lon Xpress Barcode Adapters Kit (Life Technology, CA, USA)
according to manufacturer’s protocol. The sequencing step was performed on the lon
TorrentTM platform after the libraries’ amplification on lon Sphere Particles (ISP) using
the lon OneTouchTM 2 system (Life Technology, CA, USA).

The signal processing derived from the lon sequencer was analyzed by the Torrent
SuiteTM software v5.2 that also performed the base calling, the alignment of the
trimmed reads to the human genome reference (GRch38/hg38) and the variant calling.
The output file was further annotated using WANNOVAR software
(http://wannovar.wglab.org/) [119, 122].

3.2.3 WES AND DATA ANALYSIS

For 6 patients, WES data were available besides the TGPS data and for 11 patients
was performed directly the WES.

The library preparation and sequencing were carried out by the outsourced service
from Macrogen Inc (Korea).

The exomes were enriched with SureSelect Human All Exon v4 Kits (Agilent
Technologies, Santa Clara, CA, USA) and the sequencing of 2 X 150bp were made in
lllumina HiSeq 2500 systems.

Data were analyzed using the Genome Analysis Toolkit (GATK), SAMtools, and
Picard, according to documented best practices
(https://software.broadinstitute.org/gatk/best-practices/). The annotation of VCF was

performed using Annovar [119, 123]

3.2.4 VARIANT SELECTION AND VALIDATION

Data were filtered selecting nonsynonymous, nonsense, frameshift, splicing (about 10
nucleotides from the splice site), and variants, which were either absent or had a minor
allele frequency (MAF) <0.02 (in case of recessive model) or MAF <0.001 (in case of
dominant inheritance model and in case of de novo variants). Minor allele frequency
selection was based on 1000 GenomesProject (1000genomes.org) database and
ExAC browser (exac.broadinstitute.org). Moreover, all variants were interrogated by
Genomic Evolutionary Rate Profiing (GERP) score [124] as a measure of the

conservation of the genomic position. Genetic variants were classified according to
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the American College of Medical Genetics (ACMG) guidelines [125] into “pathogenic,”
“likely pathogenic,” or “variants of uncertain significance” using dedicated tools [126].
Nonsynonymous variants were further selected according to 5 different in silico
prediction tools, namely CADD (score > 15) [127], Mutation Taster [128], Polyphen-2
[129], SIFT [130], and LRT [131]. Among the selected variants, those with a
pathogenic prediction in at least 2 out of the 4 tools were retained. Human Splicing
Finder v3.1 (umd.be/ HSF3) was used to predict the effect of splicing variants.

The clinical significance of variants, already described in public databases, and the
association with specific phenotypes were investigated using OMIM (omim.org),
ClinVar (ncbi. nim.nih.gov/clinvar), and HGMD (Human Gene Mutation Database)
professional. For novel mutations, pathogenicity was established with a functional
assay, when available, or inferred from similar mutations with known clinical
significance or based on the presence of highly specific clinical features [119].

Variants considered to be causative, according to the clinical phenotype and the mode
of inheritance, were validated by Sanger Sequencing in patients and their parents,
when available, after visualizing the read coverage of each mutation using the
Integrative Genomics Viewer (IGV) (software.broadinstitute.org/software/igv) [132,
133]. Primers were designed using Primer Blast tool (ncbi.nim.nih.gov/tools/primer-
blast) and synthesized by Eurofins Genomics (eurofinsgenomics.eu). DNA regions
were amplified by standard PCR protocols and sequenced in both directions.

Sequences were evaluated using CodonCode Aligner 6.0.
3.2.5 STATISTICAL ANALYSES

Statistical analyses were made using GraphPad Prism version 8. Categorical
variables were summarized as frequency and percentage and were compared across
independent groups by the Fisher exact test. Numerical variables with asymmetrical
distribution were summarized by median and interquartile range (IQR) and were

compared by the Kruskal-Wallis test. A P value <0.05 was considered for significance.
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3.3 RNAseq WORKFLOW

3.3.1 RNA EXTRACTION AND RAW DATA PROCESSING

Peripheral blood was collected in PAXgene Blood RNA Tubes (PreAnalytiX,
Hombrechtikon, Switzerland) and, after two-hours incubation at room temperature,
tubes were frozen at —20 °C until processing. Total RNA was extracted with PAXgene
Blood RNA Kit (PreAnalytiX, Switzerland), following the manufacturer’s instructions,
and quantified with NanoDrop Spectrophotometer (Thermo Fisher, Waltham, MA,
USA). RNA integrity was checked using an Agilent Technologies 2100 Bioanalyzer.
Transcriptome sequencing was performed using the TruSeq Stranded mRNA Sample
Preparation kit (lllumina, San Diego, CA, USA) and sequenced on a NovaSeq 6000
platform (lllumina, San Diego, CA, USA), generating 2X100 bp paired-end reads (30
million reads per sample).

RNAseq raw data workflow was conducted as follows: quality control by FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), quality filtering by Trim
Galore  (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), read
alignment to hg38 using annotation from GENECODE v.31
(https://www.gencodegenes.org/) with STAR [134], reads counting into genes by
featureCounts [135].

3.3.2 DIFFERENTIAL GENE EXPRESSION ANALYSIS

Differential gene expression analysis was performed in R by the Bioconductor
package DESeq2 [136] both compared with healthy individual group and within
different VEOIBD subgroups. Genes have been chosen by fold change greater than
2-fold increase/decrease and adjusted p-value < 0.05, according to the Benjamin-
Hochberg method. Selected gene have been analyzed for pathway enrichment
running the R package pathfindR (p-value 0.1) [137].

Principal component analysis (PCA), useful for data visualization, was conducted with
DESeq2, to define the overall variability between samples. Before running PCA
gender difference correction has been performed since the focus of the analysis was
to highlight changes due to variability between individuals unrelated from gender. This

step was performed by running the R function removeBatchEffect (“limma package”).

26



Materials and Methods

Differential gene expression profile was conducted to make different comparisons that
will be better described in Results and Discussion session:

- VEOIBD patients vs healthy individuals

- monogenic vs nonmonogenic VEOIBD

- XIAP_1TS vs 2 healthy individuals

- TTC37_4TS vs 2 healthy individuals

- DKC1_5TS vs 2 healthy individuals

- LRBA_6TS vs 2 healthy individuals

The DEGs output between monogenic and nonmonogenic VEOIBD was visualized by
an heatmap in the Results and Discussion session. The heatmap plotted the 5000
most variable genes across all sample, calculated by the R function rowVars that

estimate the sample variance within each row of a matrix.

3.3.3 CLUSTER ANALYSIS TO CLASSIFY PATIENTS INTO DIFFERENT
SUBSETS

Unbiased patients subdivision, considering both genetically assessed and
undiagnosed individuals, has been performed by an unsupervised non-hierarchical

cluster (K-Means clustering) provided by R (http://www.R-project.org/). This analysis

algorithm partitions patients into subgroups characterized by similar observations
considering, in this case, the expression of coding protein genes. Clustering results
were visualized employing the R functions fviz_cluster (“factoextra package”) that
performs principal component analysis (PCA). Random sets were set on 40 and the
number of centers have been choosen previously according to the "silhouette" method

by fviz_nbclust (“factoextra package”).

3.3.4 MACHINE LEARNING APPROACH FOR SIGNATURE DISCOVERY

The identification of possible signatures, characterized different VEOIBD subgroups,
has been performed by a machine learning approach that includes three binary
classifiers: Partial Least Square Discriminant Analysis (PLS-DA), Random Forest (RF)
and Support Vector Machines (SVM).

Gene expression data have been transformed by rlog function by DESeq2 package

that converts the count data to the log2 scale in a way which minimizes differences
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between samples for rows with small counts, and which normalizes with respect to
library size.

This algorithm has been run in R by the package Biosigner [138] to detect possible
genes or functional patterns, able to distinguish different VEOIBD clusters. Relevant
features are found by this technique splitting into training and testing subsets (by
bootstraping, controlling class proportion) [138]. In this analysis the number of
bootstraps for resampling has been set to 50 and an adjusted p-value < 0.1 was
considered. The output returns a level of each feature for the chosen classifiers, level
S corresponds to the final signature that means to features which have been found
significant in all the selection steps; features with level A have been found significant
in all but the last selection, and so on for level B to D. Level E regroup the previous
selection cycles.

Candidate genes have been analyzed calculating the z-score, to compare different
population, from the rlog transformed values. Statistical analyses were made using
GraphPad Prism version 8 ordinary one-way Anova for multiple comparisons or t-test
when considering two groups.

A P value <0.05 was considered for significance.
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4 RESULTS and DISCUSSION

4.1 PATIENTS
A total of 94 patients diagnosed with VEOIBD and EOIBD s/a were collected

mainly by the 2 pediatric gastroenterology centers, Institute for Maternal and Child
Health IRCCS Burlo Garofolo of Trieste and the Bambino Gesu Children’s Hospital of
Rome, and in lower portion from other 9 external gastroenterology facilities; of these,
55 patients (58.5%) had disease onset within the first 2 years of life, and 6
patients (6.4%) had disease onset between 2 and 6 years. 56 patients (59.6%)
were males; 7 patients (7.4%) had a family history of IBD among first degree
relatives; 2 patients (2.1%) had a sibling who had died in infancy or early
childhood [119].

4.2 GENETIC WORKUP AND DIAGNOSIS

Genetic analyses have been performed in collaboration with Bambino Gesu Children’s
Hospital. We identified that about 15% of patients with VEOIBD has a rare monogenic
disorder. The spectrum of monogenic diseases with intestinal inflammation could be
caused by mutations in several genes mainly involved in immune system functions,
inflammatory homeostasis, and intestinal epithelial barrier.

An integrative approach between molecular genetics and clinical workup is pivotal to
diagnose monogenic IBD.

Over time, the use of NGS has become most common in clinical practice, particularly
in patients with non-specific clinical and immune phenotypes, given the possibility to
screen multiple genes simultaneously.

In our cohort, 47 patients (50%) underwent Sanger sequencing of 1 or multiple genes
over time. In 8 patients, single gene sequencing was guided by the presence of
supportive clinical and immunological features. Next generation sequencing was
performed in 85 patients (90%) and consisted of TGPS in 70 of 85 patients (82%),
“clinical WES”, i.e. WES performed in the sole proband followed by in silico analysis
of 400 target genes described by Kelsen et al [120], in 16 (19%), and trio-WES, with
analysis of likely pathogenic variants in any gene, in 5 (6%). Of the patients who
underwent NGS, 40 (45%) had been studied previously with a single gene approach

with negative results. The proportion of patients who underwent NGS as the first
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molecular analysis has increased over time. Among patients diagnosed with IBD
before the year 2011, only 25% (7 of 29 patients) underwent NGS as the first genetic
analysis; the proportion raised to 45% (16 of 35) between 2011 and 2014 and to 79%
(23 of 29) after 2015.

NGS data interpretation required a variant selection process set-up. Figure 5 shows
the variant selection workflow and reports the mean number of variants among all
patients evaluated by NGS after each sequential step: total detected variants; variants
filtered by allele frequency and/or in silico target analysis; variant filtered by
consequence type; variant predicted pathogenic by bioinformatics tools; variants
validated by concordance of clinical features, mode of inheritance and previous

literature findings.

TGPS n=260

Total variants
WES n=33230
TGPS n=25 TGPS MAF < 0.02
Allele frequency WES MAF < 0.02 and in silico
and WES gene in silico target WES n=25 target of 400 genes
TGPS n=2,5 ; ;
. ’ missense, stopgain,
Variant consequence type WES n=12 splice-site, frameshift
2 2 Damaging among
Varant oredicted kmpact TGPS n=1 SIFT, Polyphen-2,
ariant predicted impa WES n=4 LRT, Mutation Taster
| and CADD > 15
| I l
Probably pathogenic variant Concordance Mode of inheritance Literature data
validation clinical features (MAF < 0.1% reported AD)

Figure 5.
Variant selection workflow. It shows the mean number of variants among all patients
evaluated by NGS techniques.

Overall, genetic analysis revealed 13 cases (14%) of monogenic IBD. Table 1(a,
Institute for Institute for Maternal and Child Health IRCCS Burlo Garofolo of Trieste
(TS); b, Bambino Gesu Children’s Hospital [119].
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Patient IBDonset Initial . . . . Lab work- Genetic Variants Impact of
Gl disease Extraintestinal findings Treatment ,
(Sex) (months)  endoscopy up (zygosity) genotype
Extensive Persistent fever = sAtetr'o'i:[\T |’:AZA, e
1TS (M) 2 Al colitis DR TWBC nt- TN RefSeq NM_001167, HSCT
ADODIOS] CMV infection, HLH tacrolimus, c.1021_1022delAA:p.N341Yfs
poplosIs colectomy, X7 (hem)
Steroids, anti-TNF,
» i JPLT, MTX cyclosporine, WAS Anti IL-1,
2TS (M) 108 CD-like Coltis, p. A“Z:'/Z?t’is"’a::”ﬂ:'ifig PG, tigaLigh, thalidomide, I gene
,» nep ; 9G fistulotomy, Gene inversion (hem) therapy
colectomy
WAS
3TS (M) 0 EOS EXtelr_‘f'Ve CMV infection WPLT Steroids RefSeq HSCT
colitis NM_000377¢.257G>A
:p-R86H (hem)
Trichorrhexis nodosa, TTC37 Genetic
4TS (F) 96 CD-like Colitis, p syndromic facies, TIg A Anti-TNF RefSeq NM_014639, c¢.4497- .
— ’ counselling
hepatopathy 1G>A (hom)
y Leukoplakia, nail Steroids, 5-ASA, DKC1:RefSeq
. Enterocolitis, ) anti-TNF, _ Danazol
5TS (M) 16 CD-like ) dystrophy, skin INK, B o NM_001363,c.146C>T:p.T49M
apoptosis ticulat thalidomide,
reticulate colectomy rs121912304 (hem)
Autoimmune IRTE Prednisone LRBA; Refseq NM_006726:
6TS (M) 36 Gastric CD gastrits Autoimmunity ADNT tacrolimus, c.C6415T:p.R2139X Abatacept
lansoprazole ¢.C7315T:p.R2439X (c-het)
Enterocolitis Recurrent respirato VTregB CD40L: RefSeq
7TS (M) 20 CD-like VErocottis, TOMY TOSPIFAIOTY MgM.ulgA,  EN,ileostomy  NM_000074,c.585dupA;p.L19  HSCT
p, ileal fistulas infections ’ ’ ’
1gG 5fs (hem)

Table 4a. Monogenic IBD patients diagnosed at for Institute for Maternal and Child Health IRCCS Burlo Garofolo of Trieste.
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Patient IBDonset Initial Gl Extraintestinal . Impact of
. . Lab work-up Treatment Defective gene
(Sex) (months)  endoscopy disease findings genotype
Sclerosing CD40L: RefSeq
1RM (M) 48 BD-U  Colis ~_°%@ndls: g g tEos EN, steroids, NM_000074, c.410- FSCT, liver
cryptosporidiu 2A>T (hem) transplant
m
Enteroc  Liver ascess CYBA RefSeq
2RM (M) 10 IBD-U M ’  DHRdefective EN, steroids, 5-ASA  NM_000101 del ex6 Prophylaxis
olitis eczema
(hom)
; ; } CYBB NM_000397,
3RM (M) 30 CD-like  Colitis, p Skin DHR defective EN, steroids, 5 ¢.252G> A 3’ exon Prophylaxis
granulomas ASA, AZA 3++(hem)
. . XIAP RefSeq
4RM (M) 70 CDike ~ CNtérop  Complicated Ug EN, steroids, AZA, - \M 001167, ¢.566T>C HSCT
athy EBV, HLH anti-TNF
:p.L189P (hem)
Enteroc Ca;‘::g:;'s- FOXP3 RefSeq
5RM (M) 1 CD-like olitis o P ortunistic JPLT EN, steroids NM_014009:ex11,c.107 HSCT
pporiu 8C>T :p.L360F (hem)
infections
Arthritis, :
6RM (M) 1 CDdike ~ EMErOC itections, UPLT, JWBC EN, steroids, 5- WAS, na (hem) HSCT
olitis cczema ASA, cyclosporine.

Table 4b. Monogenic IBD patients diagnosed at Bambino Gesu Children’s Hospital of Rome.

Abbreviations: Al, autoimmune enteritis; AC, allergic colitis; EOS, eosinophilic enteropathy; p, perianal disease; PG, pyoderma gangrenosum,
PLT, platelets, WBC, white blood cells; EN, enteral nutrition; AZA, azathioprine; MTX, methotrexate; BMT, bone marrow transplantation; MBC,

Memory B cells; ++splice-site mutation; na, not available.
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A subdivision of monogenic patients according to functional defect category is
illustrated in Figure 6. A single gene approach was diagnostic in 8 out of 47 patients
(2WAS, CYBA, CYBB, FOXP3, 2CD40L, XIAP). In 7 out of the 8 patients diagnosed
by Sanger sequencing, the analysis was guided by the presence of disease specific
features. One patient with XIAP deficiency (1TS) who had nonspecific presentation
underwent sequential sequencing of multiple genes over a period of 15 months. During
this time, the patient experienced recurrent bouts of HLH, failed several
immunosuppressive therapies, became dependent on parenteral nutrition, and
ultimately underwent a total colectomy. After the diagnosis of XIAP deficiency (1TS),

he received BMT that led to a complete cure [139].

O T or B cell defects
(3 WAS 2 CD40L 1 DKC1 1 LRBA)

[ Phagocyte defects (2 CGD)

B Hyper/auto inflammatory disorders (2 XIAP)
B Immunoregulaon disorders (1 FOXP3)
[ Other (1 TTC37)

Total=13

Figure 6.
Functional defect category of monogenic patients [119].

Next generation sequencing was performed as a first step in 46 patients and revealed
causative genetic defects, all of them through TGPS, in 3 patients (6.5%) (i.e.
TTC37_4TS, DKC1_5TS, XIAP_1TS defects). 40 patients underwent NGS as a
second step. Among them, 2 patients with WAS (2TS, 3TS) and LRBA deficiency
(6TS), in whom Sanger sequencing or IBD TGPS had not revealed mutations, were
diagnosed by whole genome sequencing (elsewhere) that showed a large genomic
inversion [140] and by a small TGPS including LRBA and CTLA4 respectively.
Additionally, with the use of WES, a rare homozygous variant on NOD2 nucleotide-
binding domain was found in one male patient with IBD onset at the age of five months
and associated arthritis. The role of such variant has been studied through
bioinformatics and functional studies, which demonstrated that the consequence of

the mutation was an auto-activation of NOD2-mediated NF-kB signaling, similar to that
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described in patients with Blau Syndrome [141]. However, these findings were not
enough to confirm a monogenic disease. The diagnostic steps and the rates of

monogenic diagnosis with the different diagnostic approaches are summarized in

Figure 7.
Patients
n=94
|CIinicaI/Immune phenotype |
Specific Non-specific
n=38 n= 86
Saniger Sanger 39 undiagnosed NGS
n=8 n=40 n=_85
Diagnosis Diagnosis Diagnosis
n=7 n=1 n=4#
Genetic 2 WAS 2 CGD, XIAP XIAP, DKC1,
diagnosis FOXP3, 2 HIGM TTC37, LRBA
Overall Sanger n =48
] Diagnosisn=8 ]
Dla'ga:::tlc 87.5% 25% 4.7%

Figure 7.
Diagnostic steps and rates of monogenic diagnoses with the different diagnostic approach.
(#plus 1 patient diagnosed elsewhere with WAS gene inversion through whole genome
sequencing).

Genetic diagnosis impacted patient management in 12 patients (92.3%): 7 patients
(2XIAP (1TS, 6RM), 2WAS (3TS, 4RM), 2CD40L (7TS, 1RM), FOXP3 (5RM))
underwent BMT; 1 patient with WAS (2TS) gene inversion introduced anti IL1
antagonist (anakinra), which led to the resolution of severe pyoderma gangrenosum
and arthritis before undergoing gene therapy [140]; 2 patients (2RM, 3RM) with chronic
granulomatous disease (CGD) introduced anti-infective prophylaxis; the patient (5TS)
with dyskeratosis congenita (DKC1) introduced danazol as a telomere elongating
therapy; the patient (6TS) with LPS-responsive beige-like anchor (LRBA) deficiency

introduced cytotoxic T-lymphocyte—associated antigen 4-immunoglobulin (abatacept)
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which led to an improvement of vomit episodes, evidence of lymphadenomegaly and
fever [119].
The distribution of patients with a monogenic diagnosis according to age at IBD onset

is illustrated in Figure 8.
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20%- = 8/55 11/88
19% = e
00’/" 1 1 1 1 1
<1mo < 6mos S2yrs <6 yrs >6 yrs

Age at IBD onset

Figure 8.
Distribution of patients with monogenic IBD within different age groups [119].

In our cohort the diagnostic approach to suspected monogenic IBD has changed over
time. Most of the patients with IBD onset before 2011 underwent a single gene
approach. However, more recently, NGS is used as the first line diagnostic step in
most of the patients. In our study the molecular diagnostic yield of NGS was 6.5%
when performed as a first step (XIAP (1TS), DKC1 (5TS), TTC37 (6TS) defects) and
4.7 % overall. These rates are lower in comparison to previous VEOIBD work by
Kammermeier et al. that reported a diagnostic yield of 16% performing a TGPS of 40
genes [88] and Charbit-Henrion et al who, using a TGPS with 66 genes, reported a
variable diagnostic yield of 14% to up to 26.5% when TGPS was used either as a
second line investigation or as a first screening, respectively [142]. This rate
discrepancy could be due to a few factors. Firstly, in both cohorts there are some
biases of patient selection: the majority of patients had a disease onset before the age
of 2 years and the study by Charbit-Henrion et al [142] included only patients with a

severe disease course and thus a likely higher probability for monogenic diseases.
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Secondly, our TGPS do not include genes known to be associated with recognizable
phenotypes or have valid functional tests for which we used a clinically and
immunologically driven single gene approach. Including these genes in the TGPS
panels might have increased the NGS diagnostic yield in our series. In our study, a
single gene approach, indeed, lead to a good diagnostic performance only when
guided by clinical and/orimmunological features specific for known monogenic defects
(detection of causative mutation in 7 out of 8 cases), such as CGD and WAS, and
unsatisfactory results in patients with nonspecific phenotypes. In the latter subgroup,
only 1 out of 40 patients (2.5%) could reach a molecular diagnosis of XIAP deficiency,
and the diagnostic process in this case implied multiple single-gene-sequencing over
15 months. The use of NGS could have led to an earlier diagnosis and avoided the
development of several complications in the period from the first symptoms
manifestations and the molecular diagnosis.

Overall, in our cohort, a monogenic diagnosis has been reached in 14% of patients
considering the combination of various genetic approaches. This result agrees with
previous reports in which monogenic form were diagnosed in 12% of VEOIBD and
15% of 10IBD [88, 143]. However, we reported an increased rate of monogenic
diagnosis among patients with disease onset before 6 months of life and particularly
among patients with a disease onset during the first month of life; in these subgroups,
a monogenic diagnosis could be established in 19% and 75% of patients, respectively.
A molecular diagnosis was made also in two patients who manifested IBD symptoms
after 6 years of age (WAS (2TS), TTC37 (4TS) defects), but probably they developed
disease specific features earlier than IBD.

Interestingly, differently from other works, no patient with IL10 or IL10R defects were
found in our cohort. Even though, the frequency /L70 or IL10R mutations in the Italian
population is unknown, it should be noted that most patients with IL10 pathways defect
reported so far were of Arab, with a high frequency of history of consanguinity, or Asian
descent. A possible explanation for our observation is that in our cohort, only 3 patients
of non-white ethnicity (2 Arab and 1 Asian) were included, and parental consanguinity
was not reported in any of the patients [38, 144].

From a clinical point of view, monogenic and nonmonogenic patients do not seem to
differ in inflammatory bowel diseases severity. However, the presence of
extraintestinal manifestation were present in all patients with a genetic molecular

diagnosis.
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Establishing a genetic diagnosis had an impact in the majority of cases. The most
frequent consequence was BMT. BMT is a treatment of choice for example in XIAP
defects that could lead to the intestinal inflammation remission. However, BMT is not
suggested for epithelial barrier defect, since it fails to correct the epithelial disorder
and patients had a poor outcome after BMT [145, 146]. In our cohort we identified 2
patients with a defect impacting the epithelial barrier (TTC37 (4TS), DKC1 (5TS)) that
indeed were not treated with BMT [119]. Treatments targeted to correct epithelial
dysfunction in these patients have not been developed so far. However, at least in the
case of DKC1 defect, it could be reasonable to evaluate the potential of hormones

stimulating gut epithelia (such a teduglutide, developed for short bowel syndrome).

4.3 RNAseq WORKUP
4.3.1 PATIENT DESCRIPTION

13 out of 94 patients who already conducted the previously described genetic workup,
performed also gene expression analysis by RNAseq of peripheral blood cells. The
choice of sample size was dependent on patients’ RNA collection, which was available
only for 13 subjects collected at Institute for Maternal and Child Health IRCCS Burlo
Garofolo of Trieste (RNAseg-Dataset 1, Trieste). 4 had a diagnosis of monogenic
disease (XIAP_1TS, TTC37_4TS), DKC1_5TS and LRBA_6TS defects). All of them,
except for the patients with TTC37 defect, had disease onset within the first 6 years of
life. 8 were males.

Extraintestinal findings were reported in all monogenic IBD and in 4 out of 9
nonmonogenic IBD, as discussed above.

The laboratory workup showed an altered white blood cells count (WBC) in 2 patients,
immunoglobulin impairment in 2 patients, c-reactive protein (CRP) increased in 4,
fecal calprotectin (FCP) increased in 6 patients.

Table 5a reports patients’ clinical, laboratory, and genetics findings.

An extra cohort of 13 patients with VEOIBD or EOIBD s/a were enrolled, in the last
year, as the first part of a collaborative project with Spedali Civili di Brescia/University
of Brescia (RNAseq-Dataset 2, Brescia, Table 5b). 2 patients had disease onset within
the first 2 years of life and 4 had disease onset above 6 years. 6 patients were males.

The genetic diagnostic workup is still in progress.
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Treatment at

Patient BDonset Initial Extraintestinal findings Lab work- RNA sampling Genetic results
(Sex) (months)  endoscopy up time
Persistent fever, ) XIAP
1TS (M) 2 Al . ] TWBC Anti-TNF )
CMYV infection, HLH (monogenic)
Trichorrhexis nodosa, TTC37
4TS (F) 96 CD-like syndromic facies, TIgA Anti-TNF )
hepatopathy (monogenic)
. . DKC1
Leukoplakia, n.all Danazol
5TS (M) 16 CD-like dystrophy, skin INK, B ) , (monogenic)
reticulate Thalidomide
IRTE Prednisone LRBA
6TS (M) 36 Gastric CD Autoimmunity Tacrolimus, (monogenic)
TDNT Lansoprazole
TCRP Nedat
iti ia- egative
8TS (F) 37 cD Hyperferritinemia TFCP Anti-TNF 9 _
cataract syndrome (honmonogenic)
TPLT
TCRP . Negative
9TS (F) 13 IBD-U None Mesalazine )
TFCP (nonmonogenic)
{WBC
TIgA ]
Negative
10TS (M) 68 CD MAS LigM No therapy )
(nonmonogenic)
TFCP
LPLT
TCRP Negative
11TS (F) 27 uc NEC 30 weeks Vitamin B12 g _
gestational age TFCP (honmonogenic)
) Negative
12TS (M) 3 uc Axillary hydrosadenitis Normal Anti-TNF )
(nonmonogenic)
. Negative
13TS (M) 57 uc None Normal Mesalazine )
(nonmonogenic)
Negative
14TS (M) 3 EOS None TFCP No therapy )
(nonmonogenic)
Anti-TNF,
. i Negative
15TS (M) 68 CD None TFCP Thalidomide, )
) (nonmonogenic)
Salazopyrin
Negative
16TS (F) 2 IBD-U None LPLT AZA

(nonmonogenic)

Table 5a. RNAseq Dataset 1, Trieste

Patients’ clinical, laboratory, genetics finding. Each patient is labelled with a specific number.
1TS, 4TS, 5TS, 6TS are monogenic IBD previously described in Table 4a, the other patients
8TS-16S are nonmonogenic IBD firstly reported in this table.
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Clinical and genetic characteristics of patients from RNAseq-Dataset 1, Trieste. Abbreviations:
Al autoimmune enteritis; CMYV, cytomegalovirus;,  HLH, hemophagocytic
lymphohistiocytosis; WBC, white blood cells; NK, natural killer cells, B, B cell; CRP, C-reactive
protein; FCP, fecal calprotectin; PLT, platelets; MAS, macrophage activation syndrome; NEC,
necrotizing enterocolitis; EOS, eosinophilic enteropathy; AZA, azathioprine; RTE, recent
thymic emigrants; DNT, double negative T cell.

Patient Genetic

n (Male/Female) IBDonset (n/n tot) analysis Lab work-up
<2yrs (2/13)

13 (6/7) <6yrs (7/13)  Inprogress  In progress

> 6 yrs (4/13)
Table 5b. RNAseq Dataset 2, Brescia.

4.3.2 VEOIBD SUBGROUPS: THE WEIGHT OF THERAPY

The majority of patients with VEOIBD remains without a genetic diagnosis and thus
probably likely multifactorial. The study of expression profiles by RNAseq may
contribute to identify the defective mechanisms underlying nonmonogenic VEOIBD in
comparison with monogenic IBD, allowing the definition of subgroups that present
similar features.

We performed gene expression profile and clustering in monogenic IBD and
nonmonogenic IBD from RNAseq-Dataset 1 compared to a group of four young-age
healthy individuals.

Besides genetics, different factors may influence gene expression, such as gender
and pharmacological treatments. The first step was to determine possible differences
due to therapies.

Table 6 summarizes the therapeutic management. 4 of 13 patients took anti-TNF drug
at the time of RNA sampling. 2/5 had monogenic IBD (TTC37_4TS and XIAP_1TS).
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n (%)

Anti-TNF
Danazol
Thalidomide
Prednisone
Tacrolimus
Lansoprazole
Mesalazine
Salazopyrin
AZA
Vitamin B12

No therapy

4(31)
1(8)
1(8)
1(8)
1(8)
1(8)

2 (15)
1(8)
1(8)
1(8)

2(15)

Table 6. Summary of therapeutic approach for thirteen RNAseq-Dataset 1 patients.
Abbreviations: AZA, azathioprine.

PCA allowed to summarize and visualize the distribution of patients with VEOIBD

considering protein-coding gene expression according to their pharmacological

treatments. Legend of Figure 9 reported therapies shared from at least 2 subjects and

the remaining are included in “other”.

Although patients that had “minimal therapies” (i.e. mesalazine), one patient with no

therapy and healthy subjects clustered closely, no evident drug-specific groups are

delineated, indicating a possible secondary role of therapies in influencing gene

expression profiles in this cohort of patients. Gender differences were already

corrected before running PCA.
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Figure 9.
PCA protein-coding gene expression focused on patients’ distribution according to their
pharmacological treatments. In red patients treated with anti-TNF, in light green healthy
subjects, in dark green patients treated with mesalazine, in light blue patients without any
treatments and in magenta single patients treated with other drugs (Danazol, Thalidomide,
Prednisone, Tacrolimus, Lansoprazole, Salazopyrin, AZA and vitamin B12).
Each dot represents one patient.

4.3.3 VEOIBD SUBGROUPS: HEALTHY SUBJECTS COMPARISON (VEOIBD vs
healthy subjects)

Given that the differences recorded among samples seemed only partially due to
therapies, 2 unsupervised clustering algorithms (hierarchical and k-means) were ran
to group patients with similar features. In this analysis were also included healthy
individuals.

The choice of considering protein-coding genes, results from no variation detection in
the overall distribution of patients after PCA (data not shown) when including all the
polyA transcriptome or just the protein-coding subset.

The heatmap below (Figure 10a) plotted the 5000 most variable genes across all
samples. Rows and columns are sorted by hierarchical clustering trees. Dendrograms,
on the top of the figure, get close patients with similar features.

Before running the k-means algorithm, the optimal number of clusters was defined by
the average silhouette method that measure the quality of clusters (Figure 10 b,c).

PCA analysis showed similar results (Figure 10d).
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Figure 10.
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Figure 10a. Protein-coding genes unsupervised hierarchical clustering: healthy subjects in
grey, monogenic patients in red, and honmonogenic patients in turquoise.

Labelled in red (12TS, 11TS, 10TS, 8TS) patients manifested extraintestinal features and
without a genetic diagnosis. The gradient from red to blue represents log2FoldChange gene
expression values from the highest to the lowest values.
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Figure 10b. Protein-coding genes clustering (K-means clustering). Patients’ subgroups
according to their similarities in protein-coding gene expression. This algorithm analyzed rlog
transformed data from DESeq2 R package. Dim1 and Dim2 show the highest differences
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between the main clusters; Cluster 1 in red: all monogenic patients except LRBA_6TS and all
nonmonogenic patients manifested extraintestinal features except 12TS, Cluster 2 in
turquoise: LRBA_6TS, nonmonogenic patients and healthy subjects.

Labelled in red patients without a genetic diagnosis who manifested extraintestinal features.
Each dot represents one patient.

Figure 10c. The optimal number of clusters was determined by running silhouette method.
Higher the average silhouette width, the better the number of clusters.
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Figure 10d. Principal component analysis: in grey healthy subjects, in red monogenic patients
and in turquoise nonmonogenic patients. PC1 and PC2 show the highest differences among
all samples. Each dot represents a patient. Labelled in red patients without a genetic diagnosis
who manifested extraintestinal features.

Clustering divided samples into 2 main groups. The first one is composed of 3 out of
4 monogenic IBD (XIAP_1TS, TTC37_4TS, and DKC1_5T) and, interestingly, 3 out of
4 nonmonogenic IBD that manifested extraintestinal features. However, as clearly
highlighted by hierarchical clustering, the patient with XIAP deficiency (1TS) showed
a diverse pattern compared to the other patients that formed the same cluster. The
second cluster enclosed patient with LRBA deficiency (6TS), the remaining non-
monogenic IBD, and all the four controls.

The presence of patients without any proven monogenic disease and with
extraintestinal manifestation is highlighted in these analyses, since it is a feature highly
supportive of a genetic defect. These patients, indeed, might underlie a disorder in
which the genetic weight is higher than in other likely multifactorial I1BD.

Another possible hypothesis is that subjects with extraintestinal features are more

likely to have systemic features influencing peripheral blood expression profile.
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Overall VEOIBD group presented distinct features than healthy individuals. However,
differential gene expression and pathway enriched analyses didn’t show any statistical

significance.

4.3.4 DIFFERENTIAL GENE EXPRESSION ANALYSIS (monogenic vs
nonmonogenic IBD)

The identification of distinct functional group within VEOIBD patients might be a useful
way for patients’ stratification and to support tailored therapies.

PCA was performed on VEOIBD samples to investigate possible changes in the
overall variation of PC1 and PC2 (Figure 11), compared to the previous assessment
in which the control group was included (Figure 10d). The results obtained were

comparable.
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Figure 11.
Principal component analysis protein-coding genes: monogenic patients (red dots) and
nonmonogenic patients (turquoise dots). PC1 and PC2 show the highest differences among
all samples. Each dot represents a sample. Labelled in red patients without a genetic
diagnosis who manifested extraintestinal features.

Monogenic and nonmonogenic IBD samples underwent to differential gene expression
analysis. Figure 12 displays the significative (adjusted p-value < 0.05) differentially
expressed genes (DEGs) between the two groups. The main pathway enriched is
interleukin pathway, particularly IL10 signaling, according to Reactome database. The
increased secretion of cytokines and chemokines may be the consequence of
pathogens signaling due to an intestinal permeability alteration. A speculation might
be that the inflammatory process, which arises in intestinal cell, is maintained also in

peripheral blood as reflection of genetic alterations.
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Figure 12.
DEGs between monogenic and nonmonogenic patients. DEGs have been selected by fold
change greater than 2-fold increase/decrease and adjusted p-value < 0.05. Labelled in red
patients without a genetic diagnosis who manifested extraintestinal features. The gradient
from red to blue represents log2FoldChange gene expression values from the highest to the
lowest values (range: 3, -1).

4.3.5 PATHWAY ENRICHMENT ANALYSIS of DEGs in MONOGENIC VEOIBD

DEGs monogenic vs nonmonogenic VEOIBD output is swayed mostly by higher gene
expression rates only in two monogenic patients (XIAP_1TS and DKC1_5TS)
mediated with the other values. For this reason, a separate gene expression analysis
of single monogenic IBD, in comparison to the control group (XIAP_1TS vs healthy
subjects, TTC37_4TS vs healthy subjects, DKC1_5TS vs healthy subjects,
LRBA_6TS vs healthy subjects) could give a more realistic picture (data not shown).
A drawback of this analysis is the low statistical significance in comparing a single
non-replicated sample with a group of control. This limitation might be unlikely to be
solved when dealing with rare diseases. However, this method may be used to have
a general overview about gene up or down-regulation under specific condition
compared to healthy individuals. The exact fold change values should be considered

with proper care.
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The most noteworthy results, came from the parsing of XIAP (1TS) and DKC1 (5TS)

defects both in terms of DEGs and enriched pathways (Figure 13 a,b).
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Figure 13.
Figure 13a. Bubble plot. Pathway enrichment analysis (KEGG database) of patient with XIAP defect
(1TS) of DEGs detected in comparison with healthy subject group.

Figure 13b. Bubble plot Pathway enrichment analysis (KEGG database) of patient with DKC1 defect
(6TS) of DEGs detected in comparison with healthy subject group.

The pathway represented are the most significative for p-value and Fold Enrichment. The size of the
dot is directly proportional to the numbers of genes enriched; p-value gradient goes from the most to
the less significative. The fold Enrichment is calculated considering the number of genes enriched in a
specific pathway out the total number of genes present in that pathway. The box highlighted the
pathways described in the main text.

XIAP deficiency (1TS) presented, indeed, a unique gene expression profile with an
alteration of inflammatory cytokines. One of the most representative diseases-related
enriched pathways was NF-kB. These results showed an up-regulation of both target
genes (e.g. IL6) and negative regulators (TNFAIP3) of NF-kB signaling (Figure 13a).
DKC1 defect (5TS) presented an overrepresentation of the cell cycle pathway that
may be attributable to the mutation effect on telomeres shortening and JAK-STAT
pathway (Figure 13b) in agreement with a slightly positive Interferon Signature (data
not shown).

TTC37 defect (4TS) and LRBA deficiency (6TS) didn’t display any significant enriched
pathway.
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TTC37 mutations caused epithelial barrier defect and a translated systemic effect
might be milder and more difficult to detect and resulted in a negative outcome of gene
enrichment analysis in peripheral blood cells.

A lack of specific gene expression pattern of LRBA disorder could be, possibly
explained focusing on LRBA protein function. It plays a role in the intracellular
trafficking of CTLA4 avoiding it from lysosomal degradation and bring it back to the
cell surface. CTLA4 is constitutively expressed on regulatory T cells. Accordingly,
LRBA deficiency may have a higher impact on lymphocytes subset which is hidden by
the overwhelming neutrophil population in peripheral blood.

The characterization of distinct profile of monogenic IBD can be, indeed, a useful tool

to perform a disease-similarity analysis to group patient with common features.

4.3.6 SUBGROUPS IDENTIFICATION WITHIN VEOIBD

K-means clustering helped VEOIBD functional subgroups identifications. Hierarchical
clustering reported similar features (data not shown).

Figure 14 displays the different clusters and, conversely from the previous analysis
(Figure 10b) XIAP deficiency (1TS) standalone. The other two clusters remained
almost unchanged. The within-group differences may be emphasized by the absence
of the control group.

K-means clustering ran a second time within the selected 400 genes described by
Kelsen et al [120], given the large involvement of monogenic IBD causative genes in
primary immunodeficiency and its related pathways. The clustering output was the

same, hypothesizing a possible role of the immune system in bringing group diversity.
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Figure 14a. Cluster analysis results (K-means clustering) considering the expression profile
of protein coding genes that divided into subgroups by gene expression similarities. This
algorithm analyzed rlog transformed data from DESeqZ2 R package. Dim1 and Dim2 show the
higher differences between the main clusters; Cluster 1 grouped 2/4 monogenic patients
(DKC1_58TS and TTC37_4TS) and 2/4 nonmonogenic patients manifested extraintestinal
features, Cluster 2 is composed only by the patient with XIAP deficiency (1TS) and Cluster 3
enclosed patient with LRBA deficiency (6TS), 2/4 nonmonogenic patients manifested
extraintestinal features and nonmonogenic patients. Labelled in red patients manifested
extraintestinal features and without a genetic diagnosis. Each dot represents one patient.
Figure 14b. Determination of optimal number of clusters to better group monogenic and
nonmonogenic patients according to their protein-coding gene expression by running
silhouette method.

Except from XIAP deficiency (1TS) that represented a separate case; which are
effectively the main differences between cluster 1 and 3? (Figure 14a).

Firstly, a distinction is observed in the total number of significant DEGs (adjusted p-
value < 0.05) calculated for each sample in comparison with healthy subjects.
Cluster 1 (10TS, 11TS, DKC1_5TS, TTC37_4TS) had a higher number of genes
deviated from control conditions (Figure 15) than Cluster 2. Moreover, this feature
seemed to be characteristic of monogenic disease, in general (Figure 15, Table 7).
Patient from Cluster 1 slightly shared two common enriched pathways: Th1 and Th2
differentiation and FoxO signaling. This output is consistent with cytokines signaling
revealed from DEGs pathway enrichment between monogenic and nonmonogenic
IBD. This result might suggest a prevalence genetic component also in the two

nonmonogenic patients with extraintestinal manifestations.
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Figure 15.
Significant number of DEGs (adjusted p-value < 0.05 and fold change greater than 2-fold
increase or decrease). nDEGs = number of DEGs. Labelled in red patients manifested

extraintestinal features and without a genetic diagnosis.

Up-regulated Down-regulated

Group Total DEGs DEGs (%) DEGs (%)
Monogenic 856 527 (62) 329 (38)
Nonmonogenic 121 69 (57) 52 (43)
Table 7.

Summary DEGs number in monogenic and nonmonogenic IBD. The table reports the DEGs
average of each group.

4.3.7 MACHINE LEARNING APPROACH TO IDENTIFY POSSIBLE CLUSTER-
SPECIFIC GENES

The use of machine learning approach is widely applied to high-throughput studies
that require effective computational and statistical methods for determining a minimal
subset of biomarkers to discriminate two or more phenotypes, starting from larger

number of candidate biomarkers.
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Given the lack of strong features discriminating different clusters, we addressed the
issue to the random forest algorithm by Biosigner (R package) as a possible method
to identify cluster-specific genes (Cluster 1 and 3, Figure 14a).

Figure 16 reported the gene distinguishing the two clusters: TNF-related apoptosis
inducing ligand, TNFSF10 that was up-regulated in Cluster 1. This was one of the few
genes classified as level S by the algorithm (i.e. corresponds to the final signature)
and related to IBD and immune system. This gene is involved in NF-kB pathway and
several findings referred its possible role in the pathogenesis of IBD contributing to the
disruption of intestinal epithelium integrity by induction of epithelial cells apoptosis
[147]. Its up-regulation is documented during intestinal inflammation. In our cohort, the
real biological impact of TNFSF10 up-regulation should be proven by functional
assays, preceded by gene expression level confirmation by qPCR.

Unfortunately, our cohort was too small to obtain reliable and highly significant results.

Machine learning approach, indeed, is more effective in larger studies.

TNFSF10

rlog
z-scores
o

o
Figure 16.

Random forest output in the cluster-specific gene identification. Random forest analyzed rlog

transformed data from DESeq2 R package. Before statistical analysis, we performed z-score

calculation of each value to compare the different population. Statistical analysis was

performed by t-test by GraphPad Prism version 8. *** p-value = 0.0007.
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4.3.8 UNSUPERVISED CLUSTERING ANALYSIS TO FIND SIMILAR DISEASES
GROUP OF CLINICALLY AND GENETICALLY UNKNOWN VEOIBD

PATIENTS

Cluster and machine learning analyses might be applied to group patients by gene
expression patterns in an unbiased manner. This method aims to detect undiagnosed
patients’ subgroups by a disease-similarity analysis in comparison to prototypical
monogenic IBD.

RNAseqg-Dataset 2 (Brescia) underwent to PCA and k-means clustering to determine
gene expression variation compared to VEOIBD patients from RNAseq-Dataset 1
(Trieste) with established clinical and genetic data, and healthy individuals.

PCA plot (Figure 17) showed the presence of some outliers close to monogenic IBD
XIAP_1TS and DKC1_5TS: 10TS, 11TS and one genetically undermined patient from
RNAseqg-Dataset 2.
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Figure 17.
PCA protein-coding genes: RNAseq-Dataset 1 monogenic patients (red dots), RNAseq-Dataset 1
nonmonogenic patients (turquoise dots), healthy subject (grey dots) and RNAseq-Dataset 2 (violet
dots). PC1 and PC2 represent show the highest differences among all samples. Each dot represents a
sample. Labelled in red patients manifested extraintestinal features and without a genetic diagnosis.

Clustering identified different subgroups compared to the analysis carried out only on
RNAseqg-Dataset 1 (Figure 18). Monogenic IBD are not closely distributed.
Nevertheless, 3 out of 4 monogenic diseases (XIAP_1TS, DKC1_5TS, and
LRBA_6TS defects) are along the edges of their cluster.
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However, unsupervised and unbiased performance should be complemented by
clinical reports and therapeutic management to get more precise results to the

evaluation of the obtained functional subgroups.
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Figure 18.
Protein-coding genes clustering (K-means clustering). Patients’ subgroups according to their
similarities in protein-coding gene expression. This algorithm analyzed rlog transformed data
from DESeq2 R package. Dim1 and Dim2 show the higher differences between the main
clusters. Each dot represents one patient, no-labelled dots represent patient from RNAseq-
Dataset 2 whose genetic and clinical data are not yet available. Labelled in red patients who
manifested extraintestinal features and without a genetic diagnosis.
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5 CONCLUSIONS

Our data showed that genetic diagnosis was established in almost 14% of patients
with VEOIBD. This result is consistent with previous work that reported a rate of 16%
(88, 148].

The “red flags” highly suggestive of a genetic defect are:

o Early age at disease onset
« Coexistence of extraintestinal manifestations

¢ Male sex

The gender should be considered, since a high number of disease causative genes
presented a X-linked recessive inheritance, almost 10 out of 50 genes (20%)
summarized by Uhlig et al [31].

Monogenic VEOIBD diagnostic approach changed over time, especially more recently
after the advent of NGS techniques. NGS has the advantages to screen
simultaneously multiple genes. For this reason, it should be preferred in patients with
nonspecific phenotypes, especially in infants in whom the probability of a monogenic
condition is higher and for whom timely diagnosis may have an impact on the patient’s
management [119]. Nevertheless, Sanger sequencing is still effective in patients
showing clinical and immunological findings pointing towards a specific diagnosis.
Considering the monogenic diagnostic rate (about 15%), the majority of patients with
VEOIBD remained without causative mutations detection. The reason might be
explained by a few factors, such as ineffective sequencing due to low coverage,
alteration in the non-coding part of the genome and thus not detectable by WES
analysis, or due to the involvement of few/several genes leading to likely multifactorial
conditions.

We proposed a disease-similarity method for patients’ stratification and the detection
of possible biomarkers. The idea behind is to compare gene expression profiles of
undefined/likely multifactorial IBD to those found in distinct monogenic diseases.

To date, expression patterns in peripheral blood cells from monogenic IBD are not well
defined, thus the delineation of distinct profiles could help the characterization of

molecular mechanisms behind. The understanding of mendelian forms might shed
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light on the pathogenesis of nonmonogenic IBD presenting similar pattern to one or
more monogenic disorders.

For this type of analysis large cohorts are required, however dealing with rare
disorders is not always feasible.

In this study, we obtained preliminary data that will be integrated in the future with an
increased number of patients, in the context of the collaboration with University of
Brescia.

We compared gene expression profile of 4 monogenic IBD (XIAP (1TS), TTC37 (4TS),
DKC1 (5TS), and LRBA (6TS) defects) with nonmonogenic IBD and healthy subjects.
In general, VEOIBD and EOIBD s/a presented a different expression pattern
compared to healthy individuals, even though differences weren’t that stark.

A subgroup division was detectable also within VEOIBD.

The main differences were observable between monogenic and nonmonogenic I1BD,
mostly in cytokine production pathways, supporting a possible systemic effect related
to genetic mutations. A distinctive feature of monogenic patients is the presence of a
higher number of DEGs than the other subjects. However, nonmonogenic IBD that
had extraintestinal manifestations, had characteristics more similar to the monogenic
group. Obviously, monogenic forms are not all the same: XIAP and DKC1 defects had
a higher weight on this examination and they might be caused the most effects
observed.

XIAP deficiency presented a unique pattern compared to all the other samples.
Studies conducted in mice proposed that xiap -/- neutrophils may contribute to hyper-
inflammation and progression in certain pathologies seen in X-linked
lymphoproliferative syndrome 2 patients [149]. This finding could suggest that in our
patients the great inflammatory response might be directly related to neutrophils
hyper-activation. The differences between the DKC1 defect is that the systemic effect
observed might be a reflection of a major triggered intestinal inflammation rather than
a direct effect on blood cells. We can hypothesize that the major consequence
detected in peripheral blood cells was due to the impact of the mutation on telomerase
shortening and senescence.

It does not mean that TTC37 defects and LRBA deficiency had normal gene
expression profiles, but their effect could have been mitigated. In these cases, it might
have been more appropriate to sample cells functionally affected by the mutations as

intestinal cells for TTC37 and lymphocytes for LRBA.
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In the context of high-throughput screening, machine learning may be a useful method
to detect subgroups and characteristic signatures also in unbiased manner [150]. Our
unsupervised analysis included our monogenic IBD, the nonmonogenic IBD from the
cohort of Trieste and the first 13 genetically undefined VEOIBD and EOIBD enrolled
within the collaborative project with University of Brescia whose clinical collection data
and genetic investigations are in progress. This performance showed the presence of
some outliers close to monogenic IBD XIAP and DKC1 including one patient from the
cohort of Brescia, suggestive of a potential monogenic disease. However, this data
should be complemented by clinical reports and therapeutic management at the time
of sampling to get more precise results and evaluate the obtained functional
subgroups.

The identification of candidate biomarkers is one of the possible applications of this
analysis and might give the possibility to support the diagnosis and the treatment.

In the light of these considerations we can conclude that:

« Monogenic IBD present a distinct gene expression profiles compared to
nonmonogenic IBD and healthy subjects;

e Monogenic diseases present a higher number of significant DEGs;

« Nonmonogenic IBD that had extraintestinal manifestations present hybrid
genetic and phenotypic characteristics, between monogenic and likely
multifactorial patients;

o« The functional understanding of the underlying mechanism of distinct
monogenic defects might be helpful in the selection of appropriate cell type to
investigate for gene expression analyses.

Nevertheless, the characterization of more monogenic forms is a crucial point to

expand this analysis. The implementation of this knowledge may allow the use of

monogenic disorders as prototypical diseases for the stratification and the

therapeutic management of likely multifactorial cases towards a tailored therapy.
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6 SUPPLEMENTARY MATERIAL

Patient Cohort Genetic result | Sanger | TGPS WES or WGS RNAseq
1TS Trieste monogenic o o
2TS Trieste monogenic o .
3TS Trieste monogenic o
4TS Trieste monogenic . o
5TS Trieste monogenic . o
6TS Trieste monogenic o . o
7TS Trieste monogenic o
8TS Trieste nonmonogenic o . o
9TS Trieste nonmonogenic o . o

10TS Trieste nonmonogenic o . . o
11TS Trieste nonmonogenic o . o
12TS Trieste nonmonogenic o . o
13TS Trieste nonmonogenic o . o
14TS Trieste nonmonogenic o . o
15TS Trieste nonmonogenic o . . o
16TS Trieste nonmonogenic o . o
17TS Trieste nonmonogenic o .

18TS Trieste nonmonogenic o .

19TS Trieste nonmonogenic o .

20TS Trieste nonmonogenic o .

21TS Trieste nonmonogenic o .

22TS Trieste nonmonogenic o .

23TS Trieste nonmonogenic o .

24TS Trieste nonmonogenic o .

25TS Trieste nonmonogenic o .

26TS Trieste nonmonogenic o .

27TS Trieste nonmonogenic o .

28TS Trieste nonmonogenic o .

29TS Trieste nonmonogenic o .

30TS Trieste nonmonogenic o .

31TS Trieste nonmonogenic o .

32TS Trieste nonmonogenic o .

33TS Trieste nonmonogenic o .

34TS Trieste nonmonogenic o .

35TS Trieste nonmonogenic . .

36TS Trieste nonmonogenic . .

37TS Trieste nonmonogenic o .
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Patient Cohort Genetic result | Sanger TGPS WES or WGS RNAseq
38TS Trieste nonmonogenic . .
39TS Trieste nonmonogenic . .
40TS Trieste nonmonogenic o .
41TS Trieste nonmonogenic o .
42TS Trieste nonmonogenic o .
43TS Trieste nonmonogenic o . .
44TS Trieste nonmonogenic o . .
45TS Trieste nonmonogenic .
46TS Trieste nonmonogenic .
47TS Trieste nonmonogenic .
48TS Trieste nonmonogenic .
49TS Trieste nonmonogenic .
50TS Trieste nonmonogenic .
51TS Trieste nonmonogenic .
52TS Trieste nonmonogenic .
53TS Trieste nonmonogenic .
54TS Trieste nonmonogenic .
55TS Trieste nonmonogenic . .
56TS Trieste nonmonogenic . .
57TS Trieste nonmonogenic .
58TS Trieste nonmonogenic . .
59TS Trieste nonmonogenic .
60TS Trieste nonmonogenic
61TS Trieste nonmonogenic .
62TS Trieste nonmonogenic .
63TS Trieste nonmonogenic .
64TS Trieste nonmonogenic .
65TS Trieste nonmonogenic .
66TS Trieste nonmonogenic . .
67TS Trieste nonmonogenic o .
68TS Trieste nonmonogenic . .
69TS Trieste nonmonogenic .
70TS Trieste nonmonogenic .
71TS Trieste nonmonogenic .
72TS Trieste nonmonogenic .
1RM Rome monogenic .
2RM Rome monogenic .
3RM Rome monogenic .
4RM Rome monogenic .
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Patient Cohort Genetic result | Sanger TGPS WES or WGS RNAseq
5RM Rome monogenic .
6RM Rome monogenic .
7RM Rome nonmonogenic .
S8RM Rome nonmonogenic .
9RM Rome nonmonogenic .
10RM Rome nonmonogenic .
11RM Rome nonmonogenic .
12RM Rome nonmonogenic .
13RM Rome nonmonogenic .
14RM Rome nonmonogenic .
15RM Rome nonmonogenic .
16RM Rome nonmonogenic .
17RM Rome nonmonogenic .
18RM Rome nonmonogenic .
19RM Rome nonmonogenic .
20RM Rome nonmonogenic .
21RM Rome nonmonogenic .
22RM Rome nonmonogenic .
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
- Brescia In progress °
CTRL - Healthy subject .
CTRL - Healthy subject .
CTRL - Healthy subject .
CTRL - Healthy subject .
Table 1s.

Summary of patients and controls analyzed in this study (cohort, genetic results, genetic

tests)

Abbreviations: TGPS, target gene panel sequencing; WES, whole exome sequencing; WGS,
whole genome sequencing; RNAseq, RNA sequenging.
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