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Chapter 1

1. Background

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is
characterized by chronic relapsing intestinal inflammation. It is a worldwide health-care problem
with increasing incidence. It is thought that IBD results from an aberrant and continuing immune
response to the microbes in the gut, catalyzed by the genetic susceptibility of the individual.
Although the etiology of IBD remains largely unknown, it involves a complex interaction between
the genetic, environmental or microbial factors and the immune responses. Recently, most rapid
progress has been made in the genetic study of gut inflammation.

However, the fact that genetic factors account for only a portion of overall disease variance
indicates that microbial and environmental factors may interact with genetic elements in the
pathogenesis of IBD. Meanwhile, the adaptive immune response has been classically considered to
play a major role in the pathogenesis of IBD, although new studies in immunology and genetics
have clarified that the innate immune response maintains the same importance in inducing gut

inflammation.

Genetics

Over the past decades, there have been huge advances in our understanding of genetic contributions
to IBD™. This is due to the technological advances in DNA analysis and sequencing and the use of
huge multinational databases?. Advances in genetic testing and analyzing technologies have allowed
for the completion of many genome-wide association studies (GWAS) which identify single
nucleotide polymorphisms (SNPs). Recent studies have brought the number of IBD-associated gene
loci to 163, of which 110 are associated with both diseases, 30 CD specific and 23 UC specific®.
Studies of gene loci shared by UC and CD may provide new way to find their common
pathogenesis.

The IBD genetic research began in 2001 with the discovery of NOD?2 (nucleotide-
bindingoligomerization domaincontaining 2), the first susceptibility gene for CD*. The NOD2 gene
codes for a protein that was originally described as an intracellular receptor recognizing the
muramyl dipeptide (MDP), a conserved motif present in peptidoglycan from both Gram-positive
and -negative bacteria®. MDP stimulation induces autophagy which controls bacterial replication

and antigen presentation ®’, and modulates both innate and adaptive immune responses® °.



Genetic analyses have shown an indispensable role for autophagy in immune responses in IBD, and
reported two autophagy-related genes named ATG16L1and IRGM***. Autophagy is a degradation
mechanism originally implicated in the recycling of damaged proteins and provision of amino acids
during nutrient starvation.* More recent studies have shown that the process is also involved in the
degradationof intracellular pathogens and resistance against infection'?. ATG16L1 is essential for all
forms of autophagy, and the coding mutation T300A is associated with an increased risk of CD.
IRGM belongs to the p47immunity-related GTPase family. CD-associated polymorphisms in IRGM
lead to reduced protein expression.

Epithelial cells and dendritic cells containing ATG16L1 and NOD2 variants show defects in
antibacterial autophagy’**. GWAS have also pointed out a significant associatiom between I1BD and
the IL23R gene ™. The IL23R gene encodes a subunit of the receptor for the pro-inflammatory
cytokine interleukin (IL)-23, a peptide involved in the generation of Th17 cells. The Th17 and IL-
23 pathway is well established in the pathogenesis of IBD, with susceptibility gene loci IL23R,
IL12B, JAK2, and STAT3 having been identified in both UC and CD***®. Variants in I1L12B, which
encodes the p40 subunit of IL-12 and I1L-23, have been associated with IBD and other immune
disorders. Defects in the function of 1L-10 have also been associated with CD and UC*’. Other
susceptibility genes that regulate immune function include CARD9,IL1R2, REL, SMAD3 and
PRDML1. The expanding numberof susceptibility gene loci described in IBD indicates that genetic
influences are critical components of the disease pathogenesis; however the susceptibility loci
mentioned above account for only 20%-25% of the heritability. Indeed, more recent theories
emphasize the role of epigenetics, which alter cellular features through specific DNA methylation
patterns and it has been first of all identified to contribute to asthma®®. Direct or indirect influence
on epigenetic patterns in pertinent cell types may explain the gap in IBD heritability left after
GWAS studies. The genetic susceptibility of a human remains constant during lifetime. In contrast,
epigenetic changes occur permanently, induced by microbiota components or directly by
environmental triggers *®. These new insights into genetics and heritability of IBD implicate that
future explorations of gene-gene interactions, gene-pathway interaction and gene-environment

interactions are likely to give us more insights into IBD pathogenesis than finding new rare variants.

Environment

There is no doubt that environmental factors play an important role in the pathogenesis of IBD. A
large number of environmental factors are considered risk factors for IBD, including smoking, diet,
drugs, geography, socialstress, and psychological element*®. So far in addition to familial

aggregation, which is the most important IBD risk factor, only tobacco smoking and appendectomy
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have been demonstrated to be strongly associated with IBD incidence®°. The contribution of other
potential environmental risk factors, proposed as important in IBD predisposition (including oral
contraceptives and diet), has not yet been demonstrated because of discordant results®’. An
emerging and interesting theory is the “hygiene hypothesis, which correlates the epidemiological
rise in IBD incidence over the 20th century, both in developed and developing countries, with the
improvement in general hygienic conditions (i.e. free access to clean water, smaller family size,
etc.)?®L. This theory asserts that exposure to poor hygiene or infections during childhood can
protect from developing IBD or other kind of autoimmune and allergic diseases later in life?>%.
Moreover, several epidemiological studies suggested a role of perinatal or early life events in the
etiology of IBD'®**2 such as non-specific (gastroenteritis and other non-specific infections) and
specific (vaccines, passive smoking) exposures. A possible explanation is that a decreased
prevalence of infections during childhood could lead to a major individual susceptibility in
developing IBD later in life. However, there are no definitive data demonstrating a final role of
hygiene in IBD development. Understanding the role of environmental factors is important not only
for the possible preventive interventions in genetically predisposed individuals, but also to offer a

better disease care to those already suffering with IBD.

Microbial factors

The whole human gut microbiome consists of approximately 1150 bacterial species, with each
individual host having roughly 160 species®®. Gut microbiome is established within the first 2 wk of
life and then usually remains remarkably stable thereafter. Recent studies have shown disease
associations with dysbiosis or abnormal compositions of the gut microbiota 2% 24%?* finding a
significantly reduced biodiversity in faecal microbiome in IBD patients compared to that in healthy
controls®.

Dysbiosis includes increases in bacterial numbers, a decreased bacterial biodiversity,a increased
abundance of the phyla Proteobacteria and Bacteroidetes, and a decreased abundance of
Firmicutes®?. Changes to the composition of the microbiome and its interaction with the immune
system play a crucial role in the pathogenesis of CD and UC. Genetic susceptibility leads to a
dysregulation of the mucosal immune system that result in excessive immunologic responses to
normal flora, however in addition also an imbalance exists in the composition of the microbiota
elicits a pathologic response from the normal mucosal immune system 2’. In healthy intestine, the
Firmicutes and Bacteroidetes phyla predominate, and contribute to the production of epithelial

metabolic substrates. In contrast, the microbiota is characterized by a relative lack of Firmicutes and



Bacteroidetes, and an over-representation of enterobacteria in CD; whereas in UC it has been
reported a reduction in Clostridium spp. and an increase in Escherichiacoli (E. coli) % .

Future research needs to further clarify whether the intestinal dysbiosis in IBD patients is a cause or
a result of intestinal inflammation , it is likely that such alterations in bacterial populations has a
knock on effect on gut immune system; perhaps disrupting the delicate balance that is maintained in

the healthy gut and further contributing to pathology.

Immunological factors

Most studies in the last two decades have focused on the role of abnormal adaptive immune
responses in the pathogenesis of IBD.

The focus on the adaptive immune response has ultimately led to the notion that the two main types
of IBD represent clearly distinct forms of gut inflammation: CD has long been considered to be
driven by a Thi response and UC has been associated with a non-conventional Th2 response®®*,
The newly described Th17 cells are also involved in the gut inflammatory response in IBD*,
However, immunological studies have recently focused on the mucosal innate immune responses,
such as epithelial barrier integrity, innate microbial sensing, autophagy and unfolded protein

response.

Innate immunity

The innate immune response represents the first line of defense against pathogens and it is initiated
by the recognition of microbial antigens by pattern recognition receptors including toll-like
receptors (TLRs) on the cell surface and NOD lik ereceptors in the cytoplasm®. Recent studies have
found that the behavior of the cells mediating innate immunity and the expression and function of

both TLRs and NOD proteins are altered signicantly in individuals with |BD. GWAS reveal that

the NOD2 muta- tions most commonly associated with CD induce a defective ability of the gut to
respond to LPS, and this defect may contribute to disease susceptibility 3. Although the functional
role of NOD2 mutations is still controversial, available evidence suggests that they represent loss-
of- function mutations that lead to reduced activation of NF- kB®.This lacking response might
result in reduced antibacterial agent production and pathogenic microbial invasion®. Other studies
suggest that the loss of function of NOD2 may result in the lack of inhibition of TLR2 stimulation,
leading to activation of inflammatory pathways and excessive Th-1 responses®’. Furthermore,
NOD?2 also contributes to immune tolerance. These effects are impaired in cells from patients with
NOD2 mutation 3020insC*®. I1L-23 is a key cytokine both in innate and adaptive immunity and

7



possesses a central role in driving early responses against microbes. IL23R polymorphisms have
been associated with both CD and UC, suggesting that IL-23 may represent a shared inflammatory
molecule in chronic intestinal inflammation. Recent studies have shown that, besides its activity on
Th17 cells, IL-23 can also act on cells of the innate immune system. IL-23 has been shown to
induce Th17 cytokine production by innate lymphoid cells (ILCs) that share the phenotype of
lymphoid tissue-induced cells**. CD has also been associated with ATG16L1 and IRGM genes,
which are involved in autophagy. Recent studies have shown that autophagy is also involved in the
degradationof intracellular pathogens. In patients with mutations in NOD2 or Atgl6L1 it has been
described decreased bacterial handling. Moreover, also dysregulation of the unfolded protein, which
is linked to autophagy and innate immunity response, may contribute to IBD pathogenesis. This
response is induced by endoplasmic reticulum stress and induces apoptotic cell death, contribuiting
to IBD pathogenesis®. In addition, defective epithelial barrier and increased intestinal permeability
have been observed in IBD patients**. The first physical barrier against intestinal bacteria and food
antigens e is represented by the mucous layer that covers the intestinal epithelium and it is
important in the prevention of bacterial invasion and intestinal inflammation **. The second line of
defense is formed by the intestinal epithelium, which form a physical barrier against bacteria, and
can secrete different antimirobial peptides. Defective expression of antimicrobial peptides has been

observed in patients with CD*.

Adaptive immunity

As opposed to the innate immune response, the adaptive immunity is highly specific, often takes
several days to respond and depends on the type and number of T cells. Thl cells, induced by IL 12,
produce a high amount of IFN-y, whereas Th2 cells release IL-4, IL-5 and IL-13*. An abnormal
Th1 immune response is thought to cause intestinal inflammation in CD, and it has been observed
that mucosal T cells from CD patients produce higher amounts of 1L-2 and IFN-y than T cells from
UC patients or controls*®. Whereas in UC it has been shown that a typical NK T cells release higher
amounts of the Th2 cytokine 1L-13 than T cells from controls or CD patients “®*". Therefore, CD has
been thought to be characterized by a Th1 immune response, while UC has been considered as a
Th2-mediated disease*®. Although, there have also been different observations about mucosal Thil
and Th2 cytokines in IBD. Both UC and CD biopsies cultured in vitro release high and comparable
amounts of IFN-y*°. Lower levels of 1L-13 are found in the colonic mucosa of UC patients
compared to those in CD patients and subjects of the control group. Collectively, these data should
lead us to reconsider the Th1/Th2 paradigm in CD and UC*.



Th17 cells are a T cell subset characterized by the production of large amounts of IL-17A, IL-17F,
IL-21 and IL-22. They are induced by a combination of IL-6 and transforming growth factor (TGF)-
B, and their ex- pansion is promoted by 1L-23. High transcript levels of IL-17A have been
detected both in CD and UC mucosa in comparison to normal gut®**?. Moreover, the inflamed IBD
mucosa cultured in vitro produces higher levels of IL-17A than the control*. Furthermore, Th17
cells are an important source of IL-21, an IL-2-related cytokine which is up-regulated in inflamed
IBD mucosa. >



1.2 The main aims of this PhD thesis are:
The main aim of this PhD thesis are:
e Deepen the knowledge of IBD pathogenesis:

v Investigate clinical and functional implication of impaired autophagy in
inflammatory bowel disease

v Study the relation between the exposure to environmental factors and the risk to
develop UC and CD in a cohort of pediatric patients in Southern Italy.

v’ Correlate serum levels of hepcdin, a protein that controls the amount of iron entering
the blood circulation,with disease activity, inflammatory markers, and iron
absorption in patients affected by paediatric IBD

v Dissection of the cross-talk between the different mucosal compartments to evaluate
the cytokine production profile and the activation status of both lamina propria and
epithelium cell compartments through an ex vivo analysis of colon biopsies obtained
from pediatric patients with IBD.

e Investigate genetic susceptibility in inflammatory bowel disease

v Clarify the molecular basis of an early onset ulcerative colitis in an 18-mo-old
affected child with consanguineous parents.

v/ Conduct a case-control association analysis between the common CB2-Q63R
functional variant of the cannabinoid receptor 2 and IBD in a pediatric cohort of
children and evaluate possible correlations between the CB2-Q63R variant and the
clinical features .

e Describe peculiar clinical features of pediatric inflammatory bowel disese

v' Investigate prevalence and disease course of paediatric IBD patients presenting with
pancreatitisin a multicenter study.

v' Evaluate by endoscopy and histology the prevalence of periappendiceal
inflammation in children affected by UC.

v’ Study the occurrence and the natural history of C. difficile infection in a multicenter

pediatric study.

e Propose new therapeutic strategies for the treatment of IBD.
v Analyze the effects of a mixture of 3 Bifidobacterium strains (B. longum, B. breve,
B. infantis), on the phenotype and on antigen processing of monocyte-derived DCs
in a pediatric cohort with IBD.
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v' Evaluate the efficacy of a cow’s milk protein elimination diet on induction and
maintenance of remission in UC and define the associationwith atopy in children
with UC

v Provide a consensus based recommendations specifically for paediatric

gastroenterologists treating children with IBD regarding the use of biosimilars.
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Chapter 2
2.1 New insights in the pathogenesis of Inflammatory Bowel disease
2.1.1 Impaired autophagy leads to abnormal dendritic cell-epithelial cell interactions.

Genome wide association studies have linked SNP in various autophagy related genes to the
occurrence of Crohn's disease.® Autophagy is a degradation mechanism originallyimplicated in the
recycling of damaged proteins and provision of amino acids during nutrient starvation.* More recent
studies have shown that the process is also involved in the degradationof intracellular pathogens
such as Salmonella enterica and Mycobacterium tuberculosis.>® The polymorphisms associated
with Crohn's disease result in decreased levels of autophagy,leading to decreased bacterial handling.
Additionally, ATG16L1 hypomorphic animals display Paneth cell abnormalities, resulting in a
deceased release of antimicrobial peptides into the intestinal lumen.” The current theory of how
autophagy-related SNP contribute to Crohn's disease is therefore based on an indirect effect, where
a decrease in bacterial handling results in an altered microbiome.®*®

In addition to the function of autophagy in innate immunity, we have recently shown that autophagy
also modulates adaptive responses through regulation of DC-T cell interactions.'® When autophagy
levels are insufficient, these interactions are hyperstable, resulting in increased activation of the
adaptive immune system. Whether autophagy is also involved in the regulation of other cellular
interactions has not been studied thus far.

A particular type cellular interaction which is interesting in the context of Crohn's disease is that
between the intestinal epithelium and local DC. It has been shown that DC can sample luminal
antigens by extending protrusions in between epithe-lial cells and into the lumen.** During this
process, epithelial barrier function is maintained because the DC form tight junctions with the
surrounding epithelial cells.”*™® The proper ratio between tight junction formation and release is
important for the efficacy of antigen sampling. Additionally, since tight junction protein bonds have
been implicated in the activation status of DC, the regulation of tight junction may also influence
the induction of tolerance versus immunity by DC.** We hypothesized that autophagy is involved in
the regulation of DC—epithelial interactions, and thereby influences the ability to sample luminal
antigens and the maintenance of a tolerogenic status.

In the intestine, DC form protrusions in between the epithelial layer, while maintaining barrier
function through the continuous formation of tight junction like structures with epithelial cells. We

started our investigations by determining whether the level of autophagy regulates the expression of

17



tight junction proteins. Intestinal epithelial cells and dendritic cells express various tight junction
proteins, including ZO-1 and occludin. Upon activation of autophagy using the mTOR inhibitor
rapamycin, occludin levels were decreased in both cells tipe, whereas levels of ZO-1 did not
change.

Previous studies implicated E-cadherin in formation of intestinal tight junctions. We therefore
determined the levels of E-cadherin expression in the presence and absence of autophagy.
Rapamycin stimulation resulted in decreased protein levels of E-cadherin, both in epithelial cells
and DC. The decreased expression of E-cadherin after activation of autophagy suggests that
autophagy functions as a degradation mechanism for this protein. To further confirm this, we
performed colocalization analysis with confocal microscope between E-cadherin and the
autophagosomal marker LC3 in cultured DC. However, after activation of autophagy, the number of
co-localizing spots was significantly enhanced, supporting the hypothesis that autophagy is
involved in E-cadherin degradation.Finally to confirm the importance of E-cadherin in DC—
epithelial cell interactions, we co-cultured these two cell types and studied the localization of E-
cadherin in the resulting cell clusters. Indeed, E-cadherin was found to localize to the site of the
interactions. Interestingly, an accumulation was seen at the outer edges of the interaction,
suggesting a role in “sealing” the interaction from the environment.

The data described above indicate that autophagy is involved in the degradation of tight junction
proteins. As these proteins play an important role in the regulation of cell—cell interaction, we
hypothesized that autophagy also regulates DC- epithelial interactions.

To test this,we used a model system for the DC sampling of luminal antigens which has been
described previously.™® Decreased autophagy resulted in a decreased number of protrusions whether
autophagy was knocked down in DC, epithelial cells or both. Since formation of these protrusions is
important for antigen sampling, decreased protrusions might lead to decreased antigen uptake by
DC. To test this, fluorescently labeled E. coli derived particles were applied to the apical side of the
transwell culture system. Indeed, when autophagy was knocked down in DC, the amount of antigen
taken up by these cells was decreased . When autophagy was decreased in epithelial cells, antigen
uptake was decreased in the cultures using Caco-2 cells. To mimic the physiological situation in
patients, in whom autophagy defects are present in all cell types, both DC and epithelial cells were
treated with siRNA. Under these conditions, the formation of protrusions was impaired and the
level of antigen uptake by DC was reduced, indicating that the net outcome of the opposing effects
is a decrease in antigen sampling.

In summary, these data show that decreased levels of autophagy result in decreased antigen

sampling of intestinal DC, but increased capacity to activate the adaptive immune system. Since
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impaired innate immunity but increased adaptive immunity is exactly the phenotype seen in
Crohn'sdisease patients, this mechanism may be contributing to the inflammation seen in patients

carrying mutations in the autophagy pathway.
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DC as well as a reduction in antigen sampling. Moreover, when autophagy was inhibited in the
co-culture model, DC expressed increased levels of HLA-DR and costimulatory molecule CD86.
Furthermore, decreased levels of autophagy resulted in lower IL-10 production by DC and these
cells induced significantly more T-cell proliferation in an allogeneic mixed lymphocyte reaction.
Conclusions: In intestinal DC-epithelial cell interactions, autophagy deficiency leads to
decreased antigen sampling, increased DC maturation and a more pro-inflammatory type of DC.
© 2012 European Crohn's and Colitis Organisation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Genome wide association studies have linked SNP in various
autophagy related genes to the occurrence of Crohn's
disease.’? Autophagy is a degradation mechanism originally
implicated in the recycling of damaged proteins and provision
of amino acids during nutrient starvation. * More recent studies
have shown that the process is also involved in the degradation
of intracellular pathogens such as Salmonella enterica and
Mycobacterium tuberculosis.>® The polymorphisms associated
with Crohn's disease result in decreased levels of autophagy,
leading to decreased bacterial handling. Additionally, ATG16L1
hypomorphic animals display Paneth cell abnormalities,
resulting in a deceased release of antimicrobial peptides into
the intestinal lumen.” The current theory of how autophagy-
related SNP contribute to Crohn's disease is therefore based on
an indirect effect, where a decrease in bacterial handling
results in an altered microbiome.®*?

In addition to the function of autophagy in innate immunity,
we have recently shown that autophagy also modulates
adaptive responses through regulation of DC-T cell interac-
tions.'® When autophagy levels are insufficient, these in-
teractions are hyperstable, resulting in increased activation of
the adaptive immune system. Whether autophagy is also
involved in the regulation of other cellular interactions has
not been studied thus far.

A particular type cellular interaction which is interesting in
the context of Crohn's disease is that between the intestinal
epithelium and local DC. It has been shown that DC can sample
luminal antigens by extending protrusions in between epithe-
lial cells and into the lumen.'? During this process, epithelial
barrier function is maintained because the DC form tight
junctions with the surrounding epithelial cells. '*'* The proper
ratio between tight junction formation and release is impor-
tant for the efficacy of antigen sampling. Additionally, since
tight junction protein bonds have been implicated in the
activation status of DC, the regulation of tight junction may
also influence the induction of tolerance versus immunity by
DC.' We hypothesized that autophagy is involved in the
regulation of DC-epithelial interactions, and thereby influ-
ences the ability to sample luminal antigens and the mainte-
nance of a tolerogenic state.

2. Materials and methods

2.1. Cell culture (incl. transfection and T cell
activation)

Monocytes and lymphocytes were isolated from buffy coats
using Ficoll and Percoll density gradients according to a

previously described protocol.'® For generation of DC, mono-
cytes were then cultured for 6-8 days in AIM-V culture medium
(Invitrogen, Carlsbad, CA) in the presence of recombinant
human GM-CSF and IL-4 (both 100 ng/ml, RnD Systems, Inc.
Minneapolis, MN). When applicable, DC were labeled with
5(6)-carboxyfluorescein diacetate N-succinimidyl ester (Sigma
Aldrich, Deisenhofen, Germany). HT29, Caco-2 and HCT116
colorectal carcinoma cells were obtained from ATCC and
maintained in Dulbecco’s modified Eagle’s Medium (DMEM)
supplemented with 10% fetal calf serum. For transwell
experiments, Caco-2 cells were seeded onto transwell insert
filters and allowed to differentiate for a minimum of two weeks.

ON-TargetPlus ATG16L1 specific siRNA pools were obtained
from Dharmacon (Epsom, United Kingdom) and transfected
using Dharmafect reagent (Dharmacon) according to the
manufacturer's protocol. Off target effects were controlled
by using non-specific control siRNA. Knockdown efficacy was
determined by RT-PCR in every experiment and typically
ranged 35-70%. Plasmid encoding eGFP-LC3 fusion protein
was described previously (Addgene plasmid 11546'7) and was
transfected using Lipofectamine 2000 reagent (Invitrogen).
Where applicable, cells were treated using rapamycin (50 nM,
Sigma Aldrich), 3-methyladenine (3-MA, 10 uM, Sigma Aldrich)
or vehicle control.

For mixed lymphocyte reactions, DC were co-cultured with
allogeneic lymphocytes for 72 hours. Proliferation was mea-
sured by>H-thymidine incorporation assay. Cytokine levels
were determined using cytometric bead array (BD Biosciences,
San Jose, CA).

2.2. Transwell system

Transwell experiments were performed as described previous-
ly. ' Briefly, HT29 cells were grown to confluency in the upper
chamber of a 3 pm pore transwell insert (Falcon, Franklin
Lakes, NJ). Transwell inserts were inverted and monocyte
derived DC were applied to the basolateral side of the filter for
two hours. Inserts were then reverted and stimuli were applied
to the apical surface for 2 hours. Stimuli were applied where
indicated and consisted of FITC labeled-Escherichia coli
Bioparticles (20 ug/ml, Invitrogen) or fMLP (100 nM, Sigma
Aldrich). Subsequently, stimuli were removed and cells were
further incubated for 20 hours and processed for further
analysis.

2.3. Confocal analysis

For confocal analysis of transwell cultures, inserts were
incubated in 4% paraformaldehyde for a minimum of 60 mi-
nutes and then mounted using SlowFade Gold (Invitrogen). For
confocal analysis of cell cultures, cells were adhered to
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poly-L-lysine (Sigma Aldrich) coated coverslips, fixed in 4%
paraformaldehyde, stained in permeabilisation buffer (PBS
containing 0.05% Triton X-100) and embedded in SlowFade Gold
(Invitrogen). Images were obtained on a Leica TCS SP2 confocal
system equipped with 405 nm UV, 488 nm argon and 543 HeNe
lasers (Leica, Mannheim, Germany) and processed using ImageJ
software. Antibodies used included anti-E-cadherin (BD),
anti-GFP (Invitrogen), anti-pancytokeratin (Santa Cruz).

2.4. Flow cytometry

Anti-CD86, anti-HLA-DR-FITC and isotype controls were
obtained from BD Biosciences. For flow cytometric analysis
of transwell experiments, DC were harvested from the
basolateral side of the transwell insert. Cells were then
washed and stained in PBS/0.5% BSA when applicable,
washed again and fixed in 2% PFA. Samples were analyzed
using a FACSCalibur (Becton Dickenson) and FlowJo software
(Tree Star Inc., Ashland, OR).

2.5. Immunoblotting

Anti-E-cadherin was obtained from BD Biosciences and
anti-Z0-1, anti-occludin and anti-claudin-1 were obtained
from Cell Signaling Technologies (Beverly, MA) and all were
used in a 1:500 dilution. Secondary antibodies were obtained
from DAKO (Glostrup, Denmark) and used in a 1:1000 dilution.
For Western Blot analysis, cells were lysed in lysis buffer (Cell
Signaling Technologies) containing Protease Inhibitor Cocktail
(MP Biomedicals Inc., Solon, OH), and homogenized by
ultrasound sonication. Samples were run on SDS-PAGE gels
under reducing conditions and transferred to an Immobilon-P
membrane (Millipore, Billerica, MA). Membranes were blocked
by incubation in 5% blocking powder (Bio-Rad, Hercules, CA)
and incubated with primary and secondary antibodies in 1%
blocking powder (Bio-Rad). Expression was detected by
Lumilight Plus (Roche, Woerden, The Netherlands).

2.6. Statistical analysis

Statistical analyses were performed using GraphPad (GraphPad
software Inc., La Jolla, CA). For statistical comparison, Mann—
Whitney U-test was used. Data were considered significant if
P<0.05. Due to normal donor-to-donor variability, for graphs
containing data from multiple experiments data were normal-
ized per individual donor. The siRNA sample was set to 1
(relative units, relU=1), and the other values were calculated
accordingly.

3. Results

3.1. Activation of autophagy reduces protein levels
of several tight junction proteins

In the intestine, DC form protrusions in between the epithelial
layer, while maintaining barrier function through the contin-
uous formation of tight junction like structures with epithelial
cells. We started our investigations by determining whether
the level of autophagy regulates the expression of tight
junction proteins. Intestinal epithelial cells express various

tight junction proteins, including ZO-1 and occludin. Upon
activation of autophagy using the mTOR inhibitor rapamycin,
occludin levels were decreased, whereas levels of ZO-1 did not
change (Fig. 1A/B). Thisis in line with the previously described
differences in regulation between these proteins.'® Treat-
ment of DC or epithelial cells using rapamycin in the presence
of the autophagy inhibitor 3-MA rescued the expression level
of occludin, emphasizing the autophagy dependence of the
degradation (Fig. 1A).

As previously described, DC expressed occludin, but not
Z0-1 (Fig. 1A/B). Also in these cells, activation of autophagy
resulted in the degradation of occludin levels, which could
be rescued using 3-MA (Fig. 1B).

Previous studies implicated E-cadherin in formation of
intestinal tight junctions. We therefore determined the levels
of E-cadherin expression in the presence and absence of
autophagy. Rapamycin stimulation resulted in decreased
protein levels of E-cadherin, both in epithelial cells and DC
(Fig. 1C). In addition, we tested the involvement of autophagy
using DC treated with siRNA against ATG16L1. These cells
display impaired autophagy, and in line with our hypothesis,
rapamycin stimulation did not result in decreased E-cadherin
levels after ATG16L1 siRNA treatment (Fig. 1D).

3.2. E-cadherin co-localizes with autophagosomes

The decreased expression of E-cadherin after activation of
autophagy suggests that autophagy functions as a degradation
mechanism for this protein. To further confirm this, we
performed co-localization analysis between E-cadherin and
the autophagosomal marker LC3 in cultured DC. In resting cells,
very little E-cadherin and LC3 co-localization was observed
(Fig. 2A, top). However, after activation of autophagy, the
number of co-localizing spots was significantly enhanced
(Fig. 2A, bottom), supporting the hypothesis that autophagy is
involved in E-cadherin degradation.

To confirm the importance of E-cadherin in DC-epithelial
cell interactions, we co-cultured these two cell types and
studied the localization of E-cadherin in the resulting cell
clusters. Indeed, E-cadherin was found to localize to the site
of the interactions (Fig. 2B). Interestingly, an accumulation
was seen at the outer edges of the interaction, suggesting a
role in “sealing” the interaction from the environment.

3.3. Effect of decreased autophagy on DC—epithelial
interactions: protrusion and sampling

The data described above indicate that autophagy is involved
in the degradation of tight junction proteins. As these proteins
play an important role in the regulation of cell-cell interac-
tion, we hypothesized that autophagy also regulates DC—
epithelial interactions. To test this, we used a model system for
the DC sampling of luminal antigens which has been described
previously. ' In this system, DC are cultured on the basolateral
side of a transwell containing colonic epithelial cells. Stimuli
can then be added to the apical side of the epithelial layer,
leading to the formation of dendritic protrusions and sampling
of antigen (Fig. 3A). In this system, we treated either DC,
epithelial cells with siRNA against ATG16L1, thus decreasing
the level of autophagy in the respective cell types. Decreased
autophagy resulted in a decreased number of protrusions,
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Figure 1

(A-C) Autophagy regulation of tight junction protein expression. HCT116 colonic epithelial cells or monocyte derived DC

were cultured in the presence of rapamycin (50 nM) and/or 3-MA (10 uM) or vehicle control for 24 hours. Protein expression levels
were determined by Western blotting. (D) Monocyte derived DC were treated with siRNA for ATG16L1 or control for 48 hours and then

stimulated using rapamycin for 24 hours. Representative image of 3-4 experiments is shown.

whether autophagy was knocked down in DC, epithelial cells
or both (Fig. 3B). Similar data were obtained both for the HT29
cell line and the more differentiated Caco-2 cells, although
data for the latter did not reach statistical significance.
Since formation of these protrusions is important for
antigen sampling, decreased protrusions might lead to
decreased antigen uptake by DC. To test this, fluorescently
labeled E. coli derived particles were applied to the apical

E-Cadherin

B

Figure 2

E-Cadherin

Epithelium

E-cadherin co-localizes with autophagosomes in cultured DC. (A) Monocyte-derived DC were transfected with GFP-LC3

side of the transwell culture system. Indeed, when
autophagy was knocked down in DC, the amount of antigen
taken up by these cells was decreased (Fig. 3C). When
autophagy was decreased in epithelial cells, antigen uptake
was decreased in the cultures using Caco-2 cells, but
remained unaltered in the HT29 system, possibly due to
the less differentiated phenotype of the latter cell type. To
mimic the physiological situation in patients, in whom

and cultured in the presence of either rapamycin (50 nM) or 3-MA (10 uM) for 24 hours. DC were then stained for E-cadherin (red) and
LC3 (green) and analyzed by confocal microscopy. Representative image of 3 experiments shown. (B) Monocyte derived DC were
co-cultured with RFP expressing HCT116 for 24 hours. Cells were stained for E-cadherin (green) and analyzed by confocal microscopy.

Magnification 400 x.
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C. Strisciuglio et al.

Impaired autophagy results in decreased transepithelial antigen sampling by DC. HT29 or differentiated Caco-2 epithelial

cells were cultured on a transwell insert. Monocyte-derived DC were treated with siRNA and adhered to the basolateral side of the
filter. Stimuli (B: fMLP, C: E. coli particles) were added to the apical side for 2 hours. (A,B) Filters were fixed and analyzed by
confocal microscopy. (A) 3D reconstruction of DC protruding through the epithelial cell layer. (B) Image analysis of the amount of
protrusions detectable on the apical side of the filter. (C) DC were harvested from the transwell insert and analyzed by flow
cytometry. * indicates P<0.05, ** indicates P<0.01. Error bars represent s.e.m.
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C. Strisciuglio et al.

Impaired autophagy results in decreased transepithelial antigen sampling by DC. HT29 or differentiated Caco-2 epithelial

cells were cultured on a transwell insert. Monocyte-derived DC were treated with siRNA and adhered to the basolateral side of the
filter. Stimuli (B: fMLP, C: E. coli particles) were added to the apical side for 2 hours. (A,B) Filters were fixed and analyzed by
confocal microscopy. (A) 3D reconstruction of DC protruding through the epithelial cell layer. (B) Image analysis of the amount of
protrusions detectable on the apical side of the filter. (C) DC were harvested from the transwell insert and analyzed by flow
cytometry. * indicates P<0.05, ** indicates P<0.01. Error bars represent s.e.m.
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autophagy defects are present in all cell types, both DC and
epithelial cells were treated with siRNA. Under these
conditions, the formation of protrusions was impaired and
the level of antigen uptake by DC was reduced (Fig. 3B/C),
indicating that the net outcome of the opposing effects is a
decrease in antigen sampling.

3.4. Effect of decreased autophagy on DC activation
and T cell proliferation

DC sampling of luminal antigens has been shown to occur under
non-inflammatory, steady-state conditions, and is therefore
thought to be involved in the maintenance of intestinal immune
tolerance. Therefore, we determined the activation status of
DC in our model system. Under conditions of decreased
autophagy in epithelial cells, DC displayed a moderately more
activated phenotype with higher expression levels of CD86 and
HLA-DR (Fig. 4A). Decreasing autophagy in DC alone did not
alter their activation status, which is in agreement with our
previous data.'® In addition, production of IL-10 was also
decreased in DC, especially after inhibition of autophagy in DC
themselves (Fig. 4B). As expected, the net outcome of
decreasing autophagy in both epithelial cells and DC was a
moderate increase in expression of HLA-DR and CD86 combined
with a clearly decreased production of IL-10 (Fig. 4C). Together
this suggests a less regulatory phenotype of DC.

To test the functional consequences of this altered
phenotype, DC were isolated from the transwell culture and
placed in a secondary co-culture with allogeneic T cells. In
accordance with our previous data, DC in which autophagy was
knocked down induced more T cell proliferation, probably at
least in part due to increased T cell interactions (data not
shown). However, DC obtained from cultures where autophagy
was knocked down in epithelial cells only also induced stronger
T cell proliferation, supporting a more pro-inflammatory
phenotype of these cells (Fig. 4C).

4. Discussion

In mice, various intestinal DC subsets have been described,
each with their own function and phenotype.'’ Commonly, a
distinction is made between CD103+ DC, which are mainly
present in the mesenchyme, and CX3CR1 + DC which are located
directly under the epithelial layer.'® CX3CR1+ DC form the
majority of intestinal DC, and are considered the more resident
population.’® They sample luminal antigens, but are rather
refractory to TLR stimulation. '2 Instead, this subset is involved
in a two step bacterial clearance. After ingestion of luminal
pathogens such as Salmonella, CX3CR1+ DC migrate into the
lumen, while at the same time digesting the pathogen.?° In our
model system, DC are placed directly under the epithelial
layer, mimicking the positioning of CX3CR1+ DC. Indeed, these
cells form protrusions through the epithelial layer, and sample
luminal antigen, all reminiscent of the DC performing in situ
functions. When autophagy was decreased in this system, both
formation of transepithelial protrusion and antigen sampling
was decreased. Others have shown previously that autophagy
deficient DC are also less capable of degrading pathogens once
ingested.®?! In combination, the decreased sampling and
decreased bacterial degradation may result in bacterial
overgrowth in the intestine.

In addition, DC display a more activated phenotype after
antigen uptake when autophagy was decreased in the culture
system. These cells expressed more CD86 and HLA-DR, and
produced less IL-10 resulting in increased T cell stimulatory
capacity. This indicates that while innate immune functions
such as bacterial uptake are decreased, stimulation of adaptive
immunity is increased by the same cell type. Interestingly, this
combination is precisely what has been implicated in the
pathogenesis of Crohn's disease.®? We have previously shown
that decreasing autophagy in DC in itself does not alter the
activation status of these cells.'® Therefore, the altered DC
phenotype may be a secondary effect, resulting from altered
cell—cell interactions. Similar to the data describing the
maturation of DC after disruption of homotypic E-cadherin
bonds, ' DC show increased expression of activation markers,
but no increased expression of pro-inflammatory cytokines.
These data suggest that the increased activation seen in this
model may also be the result of mechanical disruption of
E-cadherin bonds. During DC-T cell interactions, autophagy is
induced and molecules associated with the interaction are
taken up by the autophagosome. '° When autophagy can not be
induced properly, for example as a consequence of SNPs in the
ATG16L1 alleles, the interactions are hyperstable and result in
increased T cell activation. Along these lines, it can be
envisaged that in the current DC—epithelial model, E-cadherin
would be partially degraded by autophagy, leaving less
molecules available for bond formation. Indeed, activation of
autophagy results in increased co-localization of E-cadherin
with autophagosomes. Under autophagy'®™ conditions, this does
not occur, and the level of homotypic bonds may increase. Since
DC are highly motile cells, the bonds will still be disrupted, but
with more mechanical force, resulting in the increased mat-
uration phenotype observed.

Our data suggest that in DC, decreased autophagy results in
decreased antigen processing, but increased T cell activation.
This is in contrast to earlier reports, which show that both
antigen handling and presentation are decreased. The differ-
ence between these results and ours is most likely due to
differences in the experimental set-up. For example, Cooney
et al. show that expression of the ATG16L1 T300A allele in DC
results in decreased T cell responses to specific pathogens.2?
Indeed, this paper also shows that DC carrying the risk allele
display less maturation upon activation with MDP, but not upon
activation by a TLR2 ligand. This suggests that responses to
certain pathogens may be hampered, whereas others are not.
In addition, Lee et al. have shown that in mice lacking Atg5
specifically in their DC, autophagosome-to-lysosome fusion is
impaired, also resulting in decreased antigen presentation and
T cell activation.? In this system, autophagy is completely
blocked in DC, whereas our model is a partial deficiency. The
complete knockout is a good system to determine whether a
gene has any role in a given biological system, but our model
may be more reflective of the situation in human Crohn's
disease patients, who have hypomorphic alleles.

Our data implicate autophagy in the regulation of tight
junction proteins, as activation of autophagy results in lower
protein levels. Previously, it has been shown that the various
tight junction molecules do not all show similar patterns of
regulation. For example, upon stimulation by TNF-alpha,
occludin is internalized by intestinal epithelial cells, while ZO-1
is not. '® In this model, occludin internalization is mediated by
caveolin-1 and co-localization of caveolin-1 and the autophagic
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Figure 4

Impaired autophagy results in DC with a more pro-inflammatory phenotype. Colonic epithelial cells were cultured on a

transwell insert (A: Caco-2, B/C:HT29). Monocyte-derived DC were adhered to the basolateral side of the filter. fMLP (100 nM) was
added to the apical side for 2 hours. DC were harvested from the inserts. (A) DC were analyzed by flow cytometry, (B) DC were placed
in culture for 24 hours, supernatant was removed for analysis of cytokine production, (C) DC were co-cultured with allogeneic T cells
for 96 hours and proliferation was determined by 3H-thymidine incorporation assay. * indicates P<0.05, ** indicates P<0.01. Bars
represent means of 3-4 separate experiments in individual donors, and error bars represent s.e.m.

marker LC3 has been described.?* Interestingly, a recent study
showed that autophagy is involved in degradation of gap
junctions, another type of cellular interaction.?®> Whether
autophagy is involved in the trafficking of tight junction
molecules to autophagosomes in the context of the intestine
is a topic of current investigation.

In summary, these data show that decreased levels of
autophagy result in decreased antigen sampling of intestinal
DC, but increased capacity to activate the adaptive immune
system. Since impaired innate immunity but increased
adaptive immunity is exactly the phenotype seen in Crohn's
disease patients, this mechanism may be contributing to the
inflammation seen in patients carrying mutations in the
autophagy pathway.
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2.1.2 T300A variant of autophagy ATG16L1 gene is associated with decreased antigen sampling

and processing by dendritic cells in paediatric Crohn’s disease.

We have previously shown that if autophagy is impaired, DC form hyperstable interactions with T
cells™, and their antigen sampling through epithelial cell monolayers is greatly decreased™. In these
studies, autophagy was inhibited by the use of sSiRNA or by pharmacological inhibitors, and though
very informative, it remains an indirect reflection of the physiological condition in subjects carrying
the risk allele of the ATG16L1.

In the present study we aimed to investigate the physiological relevance of an impaired autophagy
machinery for human disease by analysing phenotype and function of DC obtained from CD
patients carrying the risk allele of ATG16L1 gene. In particular, since very little is known on the
role of autophagy in paediatric inflammatory bowel disease (IBD), we have investigated the
phenotype and antigen sampling capacity of DC in children carrying the ATG16L1 T300A variant.
In this study we demonstrate that the monocyte-derived DC from paediatric patients with Crohn’s
disease carrying the ATG16L1 polymorphism T300A, associated with a defective autophagy, are
impaired in proper antigen sampling and processing. We found a marked reduction of bacteria
particle localization in DC from CD children with the ATG16L1risk variant compared to DC of
children with ATG16L1 wild type variant, indicating an impairment of particulate antigen sampling.
DC from CD patients with ATG16L1risk variant were also impaired in processing of soluble
antigen, as shown by reduced intracellular degradation of ovalbumin. Furthermore, we found that
DC from the risk group almost completely failed in up-regulating the HLA-DR and CD86, the early
activation markers, after a brief incubation with particulate or soluble antigens.

Interestingly, the DC from children that were heterozygous for ATG16L1T300A polymorphism
were hampered in bacteria particles, but not ovalbumin, phagocytosis. Moreover, DC from the
ATG16L1 heterozygous group did not upregulate HLA-DR on the surface membrane after exposure
to bacteria particles or to ovalbumin. The impairment of het DC functionality suggested a dose
dependent effect of the T300A allele that has never been described, if excepted only one study that
reported a dose effect of this allele with CD risk.'” One possible explanation of this difference in
antigen handling by DC from risk variant and heterozygous groups is the structure of the processed
antigens, requiring a more complex degradation machinery for bacteria compared to the a soluble
protein of dietary origin, such as ovalbumin.

DC sampling of luminal antigens has been shown to occur under non inflammatory, steady state
conditions, and is therefore thought to be involved in the maintenance of intestinal immune

tolerance. In line with this, and with the finding that autophagy is involved in the degradation of
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tight junction proteins, we showed that autophagy also regulates DC—epithelial interactions in the
model system.'® Others have shown previously that DC form protrusions through the epithelial
layer, and sample luminal antigen.® We found that DC of patients carrying the T300A allele of
ATG16L1 form less transepithelial protrusion through the Caco2 monolayer compared to wild type
and heterozygous patients. In addition, it is known that autophagy deficient DC are also less capable
of degrading pathogens sampled through the intestinal mucosa. % In line with these observations,
we found that DC from risk children are less efficient in sampling bacteria particulate fragments
when added to the apical side of the transwell filter in a co-colture system with Caco2 epithelial
cells. Furthermore, upon bacteria mucosal load, these DC were highly impaired in upregulating DR
and CD86, two key molecules for activating T cell-mediated immune response.

In conclusion, our data indicates defects in DC antigen sampling and activation in pediatric CD
patients carrying the T300A ATG16L1 allele. The fact that there are a number of autophagy
stimulating compounds already in clinical practice, makes us more confident that this may be a new
therapeutic option, and a viable pathway, for intervention in CD, in particular for those patients
carrying one, or more, SNPs associated with the autophagy machinery (approximately 40% of the

total CD population) .**
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T300A Variant of Autophagy ATGI6LI Gene is Associated with
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Caterina Strisciuglio, MD,* Erasmo Miele, MD, PhD,* Manon E. Wildenberg, Dr Biol Sc, PhD,"
Francesca P. Giugliano, MD,* Marialuisa Andreozzi, MD * Alessandra Vitale, Dr Biol Sc,*
Francesca Capasso, PhD,* Alessandra Camarca, PhD,** Maria V. Barone, MD, PhD,*
Annamaria Staiano, MD,* Riccardo Troncone, MD,* and Carmela Gianfrani, Dr Biol Sc**

Background: The single-nucleotide polymorphism T300A of ATGI6LI, a Crohn’s disease (CD) iated gene, is responsible for d d
autophagy. This study aimed to investigate the effects of this singl leotide polymorphism on the uptake and processing of antigens by dendritic
cells (DCs) and the interaction between DC and intestinal epithelium in pediatric patients with CD.

Methods: Pediatric patients who homozygously carry either the protective (wild type, n = 7) or risk allele (risk, n = 13) of ATGI6LI, as well as
heterozygous patients (het, n = 13) were enrolled. The mOnOCy(L-dLﬁVCd DC were analyzed for phcnutypc antigen sampling, and processing by flow
cytometry, whereas the capability of DC to form ithelial prot was d ined by confocal microscopy.

Results: DC generated from wild type patients showed higher bacteria samphng and antigen processing compared with risk patients. Additionally, after exposure
to either bacteria particles or the antigen DQ-ovalbumin, wild type DC showed a significant increase in the expression of the HLA-DR and CD86 when compared
with risk DC. Interestingly, also het patients showed an impairment in bacteria uptake and expression of activation marker when compared with the wild type. In

the Caco2/DC coculture, the ion of ithelial p ions were less in risk DC pared with wild type and the antigen uptake decreased.
Conclusions: DC of pediatric patients with CD carrying the T300A allele showed a marked impairment of antigen uptake and processing and defective
interactions b DC and i inal epitheli Collectively, our results suggest that an autophagy defect is associated with an impairment of

intestinal innate immunity in pediatric CD.
(Inflamm Bowel Dis 2013;19:2339-2348)

Key Words: autophagy, Crohn’s disease, immunity

S ignificance of this study 3. The current view, that children with IBD are a patient popu-
What is already known about this subject? lation with specificities different from adult IBD, strongly en-
courages the analysis of intestinal immunity in pediatric IBD.

4. The ATGI16L1-mediated autophagy has been shown to be
required for both bacteria handling and antigen presentation
in dendritic cells (DCs) from adult patients with CD.

. Genetic variation in the autophagy gene ATG/6L1 (T300A)

has been associated to Crohn’s disease (CD) susceptibility.
2. Functional studies have confirmed a dramatic alteration of
autophagy capability in adult inflammatory bowel disease
(IBD) patients, whereas little is known on this cellular deg- What are the new findings?
radation machinery in pediatric IBD.

5. DC of pediatric patients with CD carrying the T300A allele
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How might it impact on clinical practice in the foreseeable
future?

8. The DC of pediatric patients with CD carrying the risk allele
of the ATG16L1 T300A polymorphism showed an impaired
functionality, as well as already reported in adults. This
finding, together with the fact that there are a number of
autophagy stimulating compounds already in clinical prac-
tice, makes us more confident that this may be a viable
pathway for intervention in CD, especially for children
who may have a worse disease phenotype.

An altered immune response to intestinal antigens, particu-
larly from microflora, is hypothesized to play a key role in Crohn’s
disease (CD), a chronic inflammatory bowel disorder.' Recently,
genome-wide association studies indicated that ATG/6L1 is one of
the main susceptibility genes of CD and suggested a role for au-
tophagy in its pathogenesis.” Autophagy is a lysosome-dependent
degradation pathway through which the cells metabolize proteins of
cither external or internal sources.* 47G 1611 when bound to phag-
osomal vesicle is responsible for the proper function of the autoph-
agy machinery." Firstly described as a cell survival mechanism
under nutrient starvation,” autophagy in the recent time has been
implicated in immune defense against microorganisms.* ATG16L1
hypomorphic mice display Paneth cell abnormalities, resulting in
a deceased release of antimicrobial peptides into the intestinal
lumen,® and an increased susceptibility to dextran sulfate
sodium-induced colitis.”* Additionally, even if the ATGI6LI
T300A variant is not clearly associated with a classical autophagy
defect,” a decreased level of autophagy was associated with
a marked decrease of bacteria handling in patients with CD homo-
zygously carrying the risk allele of the ATG/6L1 single-nucleotide
polymorphism (SNP) rs2241880."°

The intestinal mucosa is continuously exposed to a large
amount of foreign (non-self) substances, such as bacteria, viruses,
and food antigens. The balance between immune activation and
tolerance is maintained by a variety of cells, including enterocytes
and immune competent cells, such as dendritic cells (DCs) and
T lymphocytes." Changes in the specific interactions between
these various cell types may affect the outcome of the response
to antigens, and therefore lead to a lack of immunity or an exag-
gerated response to nonharmful substances, as it occurs in CD."!

DCs resident in the intestinal mucosa have an important role in
maintaining immune balance in the gut. Lamina propria DC sample
luminal antigens by protruding their dendrites in between the
enterocytes while the epithelial barrier function is maintained.'? '
We have previously shown that if autophagy is impaired, DCs form
hyperstable interactions with T cells,'” and their antigen sampling
through epithelial cell monolayers is greatly decreased.' In these
studies, autophagy was inhibited by the use of siRNA or by phar-
macological inhibitors, and although very informative, it remains an
indirect reflection of the physiological condition in subjects carrying
the risk allele of the ATG/6L1.

In this study, we aimed to investigate the physiological
relevance of an impaired autophagy r y for human di

2340 | wwwibdjournalorg

by analyzing phenotype and function of DC obtained from
patients with CD carrying the risk allele of ATG/6L1 gene. In
particular, because very little is known on the role of autophagy in
pediatric infl. ry bowel di (IBD), we have investigated
the phenotype and antigen sampling capacity of DC in children
carrying the ATGI6L1 T300A variant.

MATERIALS AND METHODS

Study Population and Genotyping

The study population included a total of 34 children (mean
age 14 yr: range 1-18 yr; female/male: 8/25). Demographic and
clinical characteristics of enrolled patients are described in Table 1.
For each patient, clinical activity of the disease was evaluated at the
time of diagnosis using the Pediatric Crohn Disease Activity
Index.'"” Children were genotyped for the SNPs ATGI6LI
152241880, NOD2 rs2066844, NOD2 rs2066845, and NOD2
152066847 variants using the TagMan system (7900HT sequence
detection system; Applied Biosystems, Foster City, CA), as pre-
viously described.' Patients were stratified into 3 groups on the basis
of ATG16L1 polymorphism: (1) the AA homozygous wild type (wild
type) group, (2) the GG homozygous risk (variant risk) group, and
(3) the AG heterozygous (het) group. Genotype analysis is summa-
rized in Table 2. Written informed consent was obtained from par-
ticipants’ parents or from patients themselves if older than 10 years
of age. The study was approved by the Institutional Ethical Com-
mittee of the University “Federico II" of Naples (Protocol 67/12).

Cell Culture

DCs were generated from peripheral blood mononuclear
cells according to a well-established procedure.” Briefly, adhered
monocytes were cultured for 6 to 8 days in complete culture
medium (RPMI supplied with penicillin/streptomycin, nonessen-
tial amino acids, and 10% fetal calf serum, thereafter indicated as
complete medium) in the presence of recombinant human GM-
CSF and IL-4 (both 100 ng/mL; RnD Systems, Inc., Minneapolis,
MN). In experiments set-up to evaluate protrusions, DC were
labeled with 5(6)-Carboxyfluorescein diacetate N-succinimidyl
ester (Sigma-Aldrich, St. Louis, MO). Colorectal carcinoma cells
Caco2 were maintained in complete medium supplemented with
penicillin/streptomycin and 10% fetal calf serum.

Antigen Uptake

Monocyte-derived DC were suspended at 3 to 5 x 105/mL
in compl dium and incubated in the p or absence of
20 pg/mL Alexa-488-labeled E. coli bioparticles (hereafter indi-
cated as bacteria particles; Invitrogen, Carlsbad, CA). After
2 hours of incubation, cells were extensively washed and analyzed
by flow cytometry or at the confocal microscope, as previously
described.'” In the experiments eval g antigen prc g
DCs were incubated with DQ-ovalbumin (DQ-OVA; Molecular
Probes, Eugene, OR) 90 pg/mL for 4 hours. After antigen puls-
ing, cells were washed and analyzed at flow cytometry.

Copyright © 2013 Crohn’s & Colitis Foundation of America, Inc. Unauthorized reproduction of this article is prohibited.
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DCs in Pediatric CD

TABLE 1. Demographic and Clinical Characteristics in
33 Children with CD

Flow Cytometry

Fluorochrome-conjugated anti-CD86, anti-CD1lc, anti-
HLA-DR, and isotype control antibodies were obtained from BD
Biosciences (San Jose, CA) or Miltenyi Biotec (Bologna. Italy).
DCs used in transwell experiments were harvested from the

t al side of the insert. Cells were washed and stained in
phosphate buffered saline/0.5% bovine serum albumin and ana-
lyzed at FACSCalibur (Becton Dickenson, Franklin Lakes, NJ)
using the CellQuest software.

Confocal Microscope Analysis

For confocal analysis of transwell cultures, inserts were
incubated in 4% paraformaldehyde for a minimum of 60 minutes
and then mounted using SlowFade Gold (Invitrogen). For confocal
analysis, cells were adhered to poly-L-lysine—coated coverslips

AA Wild
Characteristics Type GG Risk AG Het S
Patients (n) 7 13 14
Sex
Male/Female 473 9/4 1212
Age, mean (range), yr 13.85 (1-22) 16.7 (8-21) 14.6 (8-24)
Duration of disease 36+32 4937 33%£25
(mean = SD, yr)
Therapy (n)
Aminosalicylates 8 5 8
Immunosuppressants 2 1 3
Aminosalicylates and 3 1 3
immunosuppressants

Pediatric Crohn Disease 27.8 £ 9.57 24.7 £ 9.27 264 + 9.54

Activity Index (mean * SD)

Caco2-DC Transwell Experiments

Transwell experiments were performed as described pre-
viously." Briefly, Caco2 cells were grown for 10 days in the upper
chamber of a 3-pum pore transwell insert (Falcon, Bedford, MA) until
the cells reached the confluence and transepithelial electric resistance
of approximately 300 Ohm was achieved. Thereafter, transwell in-
serts were inverted, and DCs were applied to the basolateral side of
the filter for 2 hours. Inserts were then reverted and stimuli, either
bacteria particles or 100 nm formyl-methionyl-leucyl-phenylalani
(fMLP; Sigma-Aldrich), were applied to the apical surface for an
additional 2 hours. Subsequently, stimuli were removed by washing
the insert, and cells were further incubated for 20 hours before the
flow cytometry and confocal analysis were done.

TABLE 2. Genotype Analysis of 34 Children with CD

Wild type Risk Het

NOD?2 Genotypes ATGI6L1 ATGI6LI ATGI6LI
NOD?2 152066844,

n (%)

Wild type 7 (100%) 13 (100%) 13 (93%)

Risk 0 (0%) 0 (0%) 0 (0%)

Het 0 (0%) 0 (0%) 1 (8%)
NOD?2 rs2066845,

n (%)

Wild type 5 (71%) 12 (92%) 14 (100%)

Risk 0 (0%) 0 (0%) 0 (0%)

Het 2 (28%) 1 (8%) 0 (0%)
NOD?2 152066847,

n (%)

Wild type 6 (86%) 13 (100%) 10 (71%)

Risk 0 (0%) 0 (0%) 0 (0%)

Het 1 (14%) 0 (0%) 4 (28%)

(Sigma-Aldrich), fixed in 4% paraformaldehyde, stained in perme-
abilization buffer (phosphate buffered saline containing 0.05% Tri-
ton X-100) and embedded in SlowFade Gold (Invitrogen). Images
were obtained on a LSM Zeiss 510 confocal system equipped with
405 nm UV, 488 nm argon, and 543 HeNe lasers (ZEISS Germany)
and processed using AIS Zeiss software. Anti-pancytokeratin
(Dako, Carpinteria, CA) allowed detection of Caco2 cells.

Statistical Analysis

Statistical analysis was performed using SPSS statistical
software package for Windows (version 13.0; SPSS, Chicago, IL).
The x? and Fisher’s exact tests for categorical variables, the Stu-
dent’s 7 test, and the Mann—-Whitney U test for normally distributed
variables were used where appropriate. Statistical significance was
predetermined because P < 0.05 was considered significant.

RESULTS

Effect of T300A Allele on Direct DC Bacteria
Particle Uptake

Since it has been shown that in adult CD the presence of
specific SNP in autophagy related genes is associated with defective
bacteria handling by DC, we aimed to investigate if this also occurs
in DCs of pediatric patients with CD. DC were cultured from
peripheral blood and defined as the HLA-DR and CD11c double
positive population. Bacteria particle uptake was measured in the
HLA-DR*CDI11c" cells obtained from each subject (Fig. 1A).
Although we found that the majority of DCs from all 3 groups were
able to sample particulate antigens, as indicated by the high per-
centage of stained cells (Fig. 1A), the amount of particles taken up,
evaluated as the mean fluorescence intensity was much lower in
risk (mean = SD: 1558 * 1747) and in het patients (mean * SD:
1728 = 1760) compared with wild type (mean = SD: 3892 *
2581) (P = 0.01 and 0.03, respectively; Fig. 1B, C). These flow
cytometry findings were next confirmed by confocal microscopy in
which the images showed a reduced uptake of bacteria particles by
DC from risk children with CD (Fig. 1D).

wwwibdjournalorg | 2341
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FIGURE 1. Uptake of bacteria particles is reduced in DC from pediatric patients with CD with ATG16L1 risk allele. Monocyte-derived DCs were
obtained from pediatric patients with CD carrying the AA homozygous allele (wild type), the GG homozygous allele (risk), or the AG heterozygous
allele (het) of the autophagy-associated gene ATG16L1. The DCs were incubated for 2 hours with Alexa-488-labeled E. coli bioparticles and soon
after stained for surface phenotype, fixed, and analyzed by flow cytometry and confocal microscope. DC population are analyzed in gate of HLA-
DR*CD11c* cells. A, Staining of DC positive for bacteria particles uptake, the numbers indicate the percentage of positive cells. B, Intensity of
bacteria particles uptake in DC of a representative patient from each group (numbers indicate MFI). C, Overall bacteria particles staining in 7 wild
type, 13 risk, and 13 het patients. Data are shown as MFI (mean = SD). D, Confocal image of DC from a representative patient from each group
after 2 hours of incubation with Alexa fluor 488-coniugated bacteria particles (green). DCs were stained for CD11c (in red). Dot plots (A), his-
tograms (B), and confocal images (D) are representative of DC from 1 patient of each group. *P < 0.05. MFl, mean fluorescence intensity.

Effect of T300A Allele on DC Maturation

To further examine whether the presence of the ATG/6LI
T300A variant might affect the maturation of DC occurring upon
particulate antigen exposure, we determined the expression of acti-
vation markers HLA-DR and CD86 after 2 hours of bacteria particle
incubation. The expression of HLA-DR in DC from wild type pa-
tients markedly increased after exposure to the bacteria particles
compared with unstimulated cells (P = 0.02); by contrast, the mem-
brane levels of HLA-DR remained almost unchanged in DC from
either risk or het patients. Furthermore, the HLA-DR expression

2342 | wwwibdjournalorg

induced on exposure to bacteria particles in wild type DC was
significantly higher compared with the levels induced in either risk
or het DC (P = 0.008 and 0.006, respectively), (Fig. 2A, B).

We next looked at the expression of CD86, another marker
of early immune activation. In contrast to HLA-DR, the basal
levels of CD86 in DC surface membrane did not substantially
differ among the 3 groups. Notwithstanding, the exposure to
bacteria particles induced a marked increase of CD86 expression
in the DC from wild type children for ATGI6LI (P = 0.04),
whereas the CD86 level observed in the DC from the risk group
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FIGURE 2. Both HLA-DR and CD86 expression is reduced in DC from ATG16L1 risk children with CD after uptake of bacteria particles. DCs
stimulated with bacteria particles as described in Figure 1 were analyzed by flow cytometry for the expression of HLA-DR (A and B) and CD86
(C and D) on surface membrane. A, HLA-DR was evaluated before and after bacteria particles exposure among the HLA-DR*CD11c* cells. Data are
shown as mean fluorescence intensity (MFI) (mean * SD) of DC obtained from 7 wild type, 13 risk, and 14 het patients. B, Representative his-
tograms of HLA-DR expression on DC from an individual patient. C, CD86 expression in DC from 5 wild type, 7 risk, and 11 het pediatric CD patients
and (D) representative CD86 MFI in DC for each analyzed group. *P < 0.05, **P < 0.01.

T ined almost hanged (P = 0.6), (Fig. 2C, D). In contrast to
the HLA-DR findings, in heterozygous patients, the expression of
CD86 significantly increased after bacteria handling compared
with the levels of the unexposed cells (P = 0.02). To strengthen
this observation, the expression of CD86 in both wild type and het
DC detected after the brief bacteria exposure resulted in signifi-
cantly higher levels compared with the CD86 level in risk DC
(P = 0.03 and 0.008, respectively: Fig. 2C, D). Collectively, these
findings show that the T300A SNP is associated with a dysregu-
lated membrane mobilization of the immune activation markers
HLA-DR and CD86 in DCs from pediatric patients with CD.

Effect of T300A Allele on DC
Antigen Processing

Uptake of an antigen is the first step for its presentation to
immune competent cells and is followed by a proteolytic process-
ing. To study this second process and to further investigate whether
the T300A polymorphism affects the processing of the antigens, as
well as the uptake, we tested the ability of DC to phagocytize and
process DQ-OVA, a dietary protein labeled with a quenched
fluorochrome that becomes detectable only on proteolytic degra-
dation in antigen-presenting cells. As expected, DC from wild type
patients showed a statistically significant increase of uptake and
processing compared with the risk group (P = 0.04). Interestingly

the het group, displayed a more efficient DQ-OVA uptake when
compared with the risk group, although the difference did not reach
a statistical significance (P = 0.09; Fig. 3A, B).

When we looked at the expression of the HLA-DR and
CD86 after 4 hours of DQ-OVA sampling, significant upregula-
tion of both the activation markers occurred only in the wild type
DCs when compared with unstimulated cells, consistent to the
findings obtained after bacteria particle exposure (P = 0.02 and
0.04 for DR and CD86, respectively: Fig. 3D, F).

Effect of T300A Allele on DC-Epithelial
Interactions: Transepithelial Protrusions

We have reported that autophagy regulates the interaction
of DC with enterocytes in a model system for intestinal antigen
sampling.'® In this model, DCs are cultured on the basolateral
side of a transwell containing differentiated Caco2 cells. Stimuli
in the form of chemotactic molecules or antigens are then
applied to the apical surface to induce the DC antigen sampling
through the epithelial layer.'® By using this system, we tested the
ability of DC from patients with CD to form protrusions through an
epithelial cell layer and to take up antigen. DC from wild type, het,
and risk CD groups were stained with carboxyfluorescein succini-
midyl ester and were adhered to the basolateral side of the filter with
differentiated CaCo2 cells. Formyl-methionyl-leucyl-phenylalanine
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FIGURE 3. Processing of soluble protein (DQ-OVA) is unpaired in DC from ATG16L1 risk children with CD. DCs were incubated for 4 hours with
a fluorochrome-labeled ovalbumin (DQ-OVA) and thereafter stained, fixed, and analyzed by flow cytometry. Mean fluorescence intensity (MFI) of
DQ-OVA (A and B), HLA-DR (C and D), and CD86 (E and F) stainings in DC was assessed either at basal level (unstimulated) or after DQ-OVA
incubation. Histograms are representative of 1 patient of each group. Graphs indicated the overall MFI (mean * SD) of DQ-OVA, HLA-DR, and
CD86 expression in DC obtained from 6 wild type, 8 risk, and 9 het pediatric CD patients. *P < 0.05, **P < 0.01. DQ-OVA, DQ-ovalbumin.

was added as a stimulus to allow formation of protrusions. Confocal
analysis showed that risk DC displayed a decreased formation of
transepithelial protrusions compared with those from the wild type
and the het patients (P = 0.03; Fig. 4A, B).

Effect of T300A Allele on DC-Epithelial
Interactions: Sampling

To test the functional consequences of the decreased
formation of transepithelial protrusions by risk DC, we repeated
the experiments adding fluorescent bacteria particles to the apical
side of the Caco2 monolayer. After 24 hours, uptake of particles by
DC was measured by flow cytometry. The results indicated that in
patients from the risk group, sampling was severely compromised
(P = 0.01). The het DC appeared to have an intermediate pheno-
type, with less sampling than wild type but more than risk, although
the difference did not reach statistical significance (Fig. 5A, B).

Similarly to the experiments done with DC alone, phenotypic
analysis did not show differences in HLA-DR expression between

2344 | wwwibdjournalorg

Copyright © 2013 Crohn'’s & Colitis Foundation of America,

the various genotypes of DC after coculture with epithelial cells
alone. However, addition of bacteria particles to the system resulted
in an increase in the expression of HLA-DR in wild type DC, but
not in risk or het DC (Fig. 5C, D). As a result, staining of mem-
brane HLA-DR after bacteria load was markedly higher in wild
type DC than that in risk DC (P = 0.01) or in het DC (P = 0.01).

Interestingly, after coculture with epithelial cells, expression
of CD86 was significantly higher in wild type DC compared with
risk DC (P = 0.04), even in the absence of an antigenic stimulus
(Fig. SE, F). Although the exposure to the bacteria particles resulted
in an increased expression of CD86 in all genotypes, the levels
detected in wild type and het DC were significantly higher than
in risk DC (P = 0.004 and 0.009, respectively; Fig. SE, F).

DISCUSSION

In this study, we demonstrate that the monocyte-derived
DC from pediatric patients with CD carrying the ATGI6LI

Inc. Unauthorized reproduction of this article is prohibited.
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FIGURE 4. DCs from ATG16L1 risk children with CD form less transepithelial protrusions through CaCo2 layer. CaCo2 epithelial cells (red) were
cultured on transwell inserts, and monocyte-derived DCs (green) were adhered to the basolateral side of the filter. Stimuli (formyl-methionyl-
leucyl-phenylalanine) were added to the apical side for 2 hours. Filters were fixed and analyzed by confocal microscopy. A, Confocal images of DC
protrusions trough the epithelial cell layer. White arrows indicate the DC protrusions through the CaCo2 epithelial layer. B, Image analysis of the
amount of protrusions detectable on the apical side of the filter. Data are shown as the mean = SD of the protrusions of DC obtained from 5 wild

type, 4 risk, and 3 het pediatric patients with CD. *P < 0.05.

polymorphism T300A, associated with a defective autophagy, are
impaired in proper antigen sampling and processing. We found
a marked reduction of bacteria particle localization in DC from
children with CD with the ATG/6L] risk variant compared with
DC of children with ATGI6L1 wild type variant, indicating an
impairment of particulate antigen sampling. DCs from patients
with CD ATGI6L1 risk variant were also impaired in processing
of soluble antigen, as shown by reduced intracellular degradation
of ovalbumin. Furthermore, we found that DC from the risk group
almost completely failed in upregulating the HLA-DR and CD86,
the early activation markers, after a brief incubation with partic-
ulate or soluble antigens.

Genome-wide association studies have shown a strong
association of CD with genes encoding for A7G16L1, NOD2 family
proteins, JRGM1, and ULKI, involved in autophagy machinery,
either in adult or, more recently, in pediatric patients.”' ** ATG16L1
protein has been implicated in the clearance of intracellular patho-
gens, such as Mycobacterium tubercolosis, Salmonella spp, and
more recently Helicobacter pylori?'***
organisms have been suggested to be one of the causes responsible
of the bowel inflammation,' it is likely that an alteration of autoph-
agy process might lead to an uncontrolled microorganism growth in
the intestine of patients with IBD.

Some, but not all, functional studies have next confirmed
a dramatic alteration of autophagy capability in adult patients with
IBD carrying the T300A polymorphism, whereas little is known on
this cellular degradation machinery in pediatric IBD.” However, the
distinction between adult and pediatric IBD is a current argument

Because intestinal micro-

due to the rising in the incidence of pediatric IBD.?* Children with
IBD seem to be a distinctive population with specificities requiring
highly skilled and specialized approach for diagnosis and
treatment.”’

Because only a subset of patients affected by CD are mutant
for the ATGLI6L1 gene, we have analyzed the autophagy in DC
from either children with CD not carrying the ATG/6L] risk allele
(wild type) and in those carrying the T300A SNP allele in homo-
zygous (risk) or heterozygous (het) combinations.

To our knowledge, very little is known about the phenotype
and function of DC from pediatric CD, and our study aimed to
investigate the ability these key cells to phagocytize, process, and
present particulate antigens of microbial origin. We found that DCs
are markedly impaired in antigen sampling and processing in
children homozygous for CD-associated T300A ATGLI6LI poly-
morphism. Besides A7G6L1 T300A, additional variants, indepen-
dent of rs2241880, could be the causative allele implicated in CD
pathogenesis.” Also, because it has been reported that NOD?2 in-
teracts with ATGI6L1 in the activation of autophagy process,” we
have genotyped all the 34 patients recruited in the study for the 3
most frequent NOD2 SNPs (NOD?2 rs2066844, NOD2 rs2066845,
and NOD? rs2066847) previously found associated to genetic risk
of CD, other than for ATGI16L] SNP rs2241880, as shown in
Table 2. We found that the majority of our study children
(>86%) were wild type for the 3 main NOD2 SNPs, and none
of them carried in homozygosity any of the 3risk alleles analyzed.
In particular, in the children with CD carrying the ATGI6L1 risk
polymorphism T300A (rs2241880), only 1 child was heterozygous
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removed from the filter, stained, and analyzed by flow cytometry. A, Intensity of bacteria particles uptake in representative DC (HLA-DR*CD11c*
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fluorescence intensity (MFI). *P < 0.05, **P < 0.01.

for the NOD2 rs2066845 SNP: therefore, we assume that the defect
in antigen sampling and processing, seen on the DC, is most likely
due to the ATGI6L1 T300A allele.

Interestingly, the DC from children that were heterozygous
for ATG16L1 T300A polymorphism were hampered in bacteria
particles, but not ovalbumin, phagocytosis. Moreover, DC from
the ATG16L1 heterozygous group did not upregulate HLA-DR on
the surface membrane after exposure to bacteria particles or to
ovalbumin. The impairment of het DC functionality suggested
a dose-dependent effect of the T300A allele that has never been
described, except only 1 study that reported a dose effect of this
allele with CD risk.*” One possible explanation of this difference
in antigen handling by DC from risk variant and heterozygous

2346 | wwwibdjournalorg

groups is the structure of the processed antigens, requiring a more
complex degradation machinery for bacteria compared with the
a soluble protein of dietary origin, such as ovalbumin.

Cooney et al,'” in their work on adult patients with IBD,
showed that both NOD2-mediated and ATG/6LI-mediated
autophagy is required for both bacteria handling and generation
of antigen-specific CD4" T-cell responses, because homozygous
risk patients had an impaired DC activity. In fact, in this elegant
study, monocyte-derived DC from T300A CD patients showed
aberrant bacteria handling and were defective in the upregulation
of surface DR after 24 h of bacteria exposure. Our results are in
complete ag with these findi although we have ana-
lyzed a pediatric CD population.
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DC sampling of luminal antigens has been shown to occur
under noninflammatory steady-state conditions and is then:fom
thought to be involved in the of i 1
tolerance. In line with this, and with the finding that autophagy is
involved in the degradation of tight junction proteins, we showed
that aulophagy also gul DC-epithelial i ions in the
model system.'® Others have shown previously that DCs form
protrusions through the epithelial layer and sample luminal anti-
gen.*’ We found that DCs of patients carrying the T300A allele of
ATGI16LI form less transepithelial protrusion through the Caco2
monolayer compared with wild type and heterozygous patients. In
addition, it is known that autophagy-deficient DC are also less
capable of deg g | led through the intestinal
mucosa.”'* In line with these observations, we found that DC
from risk children are less efficient in sampling bacteria particu-
late fragments when added to the apical side of the transwell filter
in a coculture system with Caco2 epithelial cells. Furthermore, on
bacteria mucosal load, these DC were highly impaired in upregu-
lating DR and CD86, the 2 key molecules for activating T-cell-
mediated immune response. Indeed, the physiological environ-
ment in the gut includes, besides enterocyte, a large variety of
cells, such as goblet cells, Paneth cells, and the connective tissue
of the lamina propria. The ideal model, of course, would be the
use of entire highly viable human intestinal specimens in culture.
Therefore, it would be highly interesting to expand such an anal-
ysis to intestinal DC derived from biopsies of childhood CD.

Little information exists at present about the degree to which
combinations of CD susceptibility variants contribute to specific
cellular pathways or clinical phenotypes in CD. Cleynen et al** by
a large multicenter study found that NOD2 and early immunomod-
ulator use are the clinically most ingful predictors for CD
clinical course. However, preliminary data in our pediatric cohort
of patients affected by CD suggested that the T300A SNP is asso-
ciated with a more aggressive di: course, including ch in
clinical behavior, a higher number of relapses, and an earher use of
immunosuppressant (Strisciuglio et al, submitted). Additional mul-
ticenter studies will be required to confirm this information in the
future and to help in identifying molecular pathways that could be
used as therapeutic targets in CD.

In conclusion, our data indicate defects in DC antigen
sampling and activation in pediatric patients with CD carrying
the T300A ATGI6LI allele. The fact that there are a number of
autophagy stimulating compounds already in clinical practice
makes us more confident that this may be a new therapeutic option
and a viable pathway for intervention in CD, in particular for those
patients carrying 1, or more, SNPs associated with the autophagy
machinery (~40% of the total CD population).™*
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2.1.3 Authophagy Genes Variants and Pediatric Crohn’s disease phenotype: a single-center

experience.

The molecular basis of the pathogenesis of CD is not completely understood. Strong
epidemiological evidence for a genetic predisposition has stimulated recent efforts to identify the
susceptibility genes.???® In 1996 the discovery of NOD2/CARD1S5, the first gene identified to be
associated to CD ?*, represented one of the first success story in the genetics of a complex polygenic
disease. Genome wide association studies (GWAS) have provided evidence for several
determinants, including genes encoding ATG16L1 (autophagy-related 16-like 1) and IRGM1
(immunity-related GTPase family M), providing further insights into disease pathogenesis.” These
genes are involved in a biological process known as autophagy, which plays a role in protein
degradation, antigen processing, regulation of cell signaling, and many other pathways essential to
the regulation of inflammation.?® Different studies found in pediatric patients a strong association
between NOD/CARD15 SNPs and an early-onset disease as well as a major ileal or ileo-colonic
localization of CD.?"® However, regarding ATG16L1, a correlation between ATG16L1 risk allele
and a more frequent ileal involvement of CD has been described in adults %, but there are no
evidences in children. In addition, only one pediatric study *° analysed the recurrence of IRGM1
SPNs and CD risk, but no associations were found between these SPNs and the clinical course of
the disease. The purpose of our study is to evaluate the relationship between the main risk alleles of
NOD2/CARD15 (rs2066844; rs2066845; rs2066847), ATG16L1 (rs2241880) and IRGM1
(rs13361189; rs4958847), and the clinical features in our cohort of children affected by CD.

To our knowledge, this is the first pediatric study reporting an association between the presence of
rs2241880 risk polymorphism of ATG16L1 in children with CD and a more severe phenotype of
disease. We clearly demonstrated that patients carrying the homozygous risk allele show a
significant trend to change from an inflammatory to a structuring behaviour. Hypothetically, the
more severe phenotype may be somehow linked with the early development of fibrosis. In line with
this phenotype, we demonstrated an association of rs2241880 risk polymorphism and the lack of
perianal disease, suggesting that the ATG16L1 risk allele may exert a protective effect on the
development of this manifestation in CD children. To support the hypothesis of worst phenotype in
homozygous patients, we found that rs2241880 risk polymorphism was related to a major incidence
of clinical relapses and with the introduction of immunosuppressants. In addition, children carrying
rs2241880 risk allele show higher values of fecal calprotectin and CRP at diagnosis compared with
patients carrying ATG16L1 heterozygous or wild type variants. Although, the role of fecal and

serologic markers in predicting IBD disease course is still controversial, the hypothesis that higher
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values at diagnosis could predict a more severe disease course has been claimed. Our data were
strengthened by either a discriminant function, either a multivariate logistic regression analysis.
Indeed, the multivariate logistic regression analysis demonstrated that development of structuring
behaviour, followed by relapse during the first year of disease and absence of perianal disease, were
respectively the most significant variables associated with ATG16L1 risk allele. In accordance with,
Our data from functional studies are in accordance with these genotype-phenotype results, indeed
we show that the monocyte-derived dendritic cells (DC) from pediatric patients with CD carrying
the ATG16L1 risk polymorphism are impaired in the proper antigen sampling and processing.
Furthermore, we found that DC from the risk group almost completely failed in upregulating the
HLA-DR and CD86, the 2 key molecules for activating T-cells mediated immune response. Since
intestinal microorganisms have been suggested to be one of the causes responsible of the bowel
inflammation, it is likely that an alteration of autophagy process might lead to an uncontrolled
microorganism growth in the intestine of IBD patients.> The IRGM1 gene has been recently
identified to play a role in the development of CD and also shown to be involved in autophagy. In
contrast, however, the extensive amount of work that has been accomplished in identifying and
characterizing the complex network of ATG molecular mechanisms, there is much less known
about the role of the IRGM1 related autophagic pathways.*?> We found that the presence of IRGM1
rs13361189 variant allele was associated with a lower use of immunosuppressant therapy,
highlighting a possible role on the development of a milder phenotype. However, none of the
associations were confirmed at the multivariate logistic regression analysis and further studies are
needed to provide definitive conclusions about IRGM1 rs13361189. Several studies supported the

concept of more frequent small bowel disease in children and adolescents 3***

and a significant
association between ileal disease and the carriage of one or more NOD2/CARD15 variant alleles.
According to the current evidences, our analyses of genotype-phenotype correlation showed that
patients carrying the NOD2/CARD15 rs2066847 (1007fs) heterozygous allele had a more frequent
ileal involvement than children showing the wild type variant for the same SNP. Our study has
some limitations, including the small cohort of patients. However, the associations were confirmed
with powerful statistical tests in order to avoid potential bias.

In conclusion, we assume that genetic susceptibility may have a more important role in the etiology
of pediatric-onset 1BD. *% IBD has certainly a multifactorial origin, and the importance of
environmental is widely recognized. However, if genetic susceptibility is greater, than pediatric
IBD patients can be expected to have a more severe clinical course of the disease. Within pediatric-
onset CD, specific genotype-phenotype associations can be found. In our pediatric cohort, ATG16L

homozygous risk allele resulted to be associated with a more aggressive disease course, including
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development of structuring behaviour, early relapse and premature use of immunosuppressants. As
previously demonstrated, the presence of heterozygous allele of NOD2/CARD15, significantly
correlated with major ileal disease. These data stress the importance of genetic susceptibility
research in larger pediatric onset IBD cohorts in order to find new genes and to allow an early

treatment stratification of these patients.
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Background and aims: Little evidence demonstrating the correlation between several single nucleotide
polymorphisms and a specific phenotype of Crohn's disease has been reported in children. We inves-
tigated the relationship between autophagy genes variants and clinical features in our children with
Crohn's disease.

Methods: Genotyping for ATG16L1, NOD2/CARD15, and IRGM1 was performed in 80 consecutive patients
with Crohn’s disease (median age: 11 years; range: 0.7-17.9 years). Crohn’s disease location and
behaviour were classified using the Paris classification. Additional data were collected from clinical
records on patients’ demographics, age at symptom onset and diagnosis, extraintestinal manifestations,
therapy, clinical relapses, and need of surgical intervention.

Results: Patients homozygous for the risk allele ATG16L1 (T300A) showed a trend towards switching to a
stricturing phenotype during the course of disease compared to children either homozygous for the wild-
type allele or heterozygous for the ATG16L1 single nucleotide polymorphism (p=0.01). Homozygosity for
the ATG16LI risk allele was associated with a major recurrence of clinical relapses and earlier introduction
of immunosuppressants (p=0.006 and p=0.04, respectively). Heterozygosity for the NOD2 rs2066847
allele was associated with major ileal involvement (p=0.01).

Conclusion: In patients carrying the T300A variant, Crohn's disease follows a more aggressive clinical

course.

© 2014 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The molecular basis of the pathogenesis of Crohn’s disease (CD)
is not completely understood. Strong epidemiological evidence for
agenetic predisposition has stimulated recent efforts to identify the
susceptibility genes [1,2]. In 1996, the discovery of NOD2/CARD15,
the first gene identified as being associated with CD [3], represented
one of the first success stories in the genetics of acomplex polygenic
disease. Subsequently, in 2001, the characterization of the gene
at the IBD1 locus as NOD2/CARD15 was a landmark observation

* Corresponding author at: Department of Translational Medical Science, Section
of Pediatrics, University of Naples “Federico 11", Via S. Pansini, 5 80131 Naples, Italy.
Tel.: +39 081 746 2679; fax: +39 081 546 9811.

E-mail address: staiano@unina.it (A. Staiano).
! These authors participated equally in this study.

http://dx.doi.org/10.1016/j.d1d.2014.02.016

[4]; since then, a large number of replication studies confirmed the
association of the NOD2/CARD15 variant alleles with an increased
susceptibility to CD in adults [5]. Genome-wide association stud-
ies (GWAS) provided evidence for several determinants, including
genes encoding ATG16L1 (autophagy-related 16-like 1) and IRGM1
(immunity-related GTPase family M), providing further insights
into disease pathogenesis [6]. These genes are involved in a bio-
logical process known as autophagy, which plays a role in protein
degradation, antigen processing, regulation of cell signalling, and
many other pathways essential to the regulation of inflamma-
tion [7]. The group of Hampe et al. was the first to implicate
the autophagy pathway in CD pathogenesis [8]. An association of
NOD2|CARD15, ATG16L1, and IRGM1 risk alleles with CD suscep-
tibility has already been confirmed both in adults and children;
however, there is little evidence describing a possible correlation
between these single nucleotide polymorphisms (SNPs) and a spe-

1590-8658/© 2014 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.
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Table 1
Clinical features of 80 paediatric patients with Crohn's disease.
Clinical features Total n (%)
Median age at diagnosis (years; range) 11(0.7-17.9)
Gender
Male 53(66.2)
Median disease duration (months; range) 36.4(12-154)
Positive family history 2(25)
Location of disease
Tleum only (L1) 17(21.2)
Colon only (L2) 27(33.8)
lleum and colon (L3) 35(43.8)
Upper gastrointestinal tract (L4a) 1(1.2)
Perianal disease 20(25)
Extraintestinal manifestation 15(18.7)
Disease behaviour
Inflammatory (B1) 68 (85)
Stricturing (B2) 8(10)
Fistulizing (B3) 4(5)
Change in clinical behaviour 12(15)
Need for surgery 10(12.5)

cific CD phenotype in children. Various studies found a strong
association, in paediatric patients, between the NOD/CARD15 SNPs
and early-onset disease, as well asa major ileal or ileo-colonic local-
ization of CD [9,10]. However, as regards ATG16L1, a correlation
between the ATG16L1 risk allele and a more frequent ileal involve-
ment of CD has been described in adults [11], but not in children.
In addition, only one paediatric study [12] analyzed the recur-
rence of IRGM1 SPNs and CD risk, and no associations were found
between these SPNs and the clinical course of the disease. The pur-
pose of our study is to evaluate the relationship between the main
risk alleles of NOD2/CARD15 (rs2066844; rs2066845; rs2066847),
ATG16L1 (rs2241880),and IRGM1 (rs13361189; rs4958847) and the
clinical features in our cohort of children affected by CD.

2. Materials and methods
2.1. Study population

The study population included 80 children diagnosed with CD
between January 2001 and August 2013. Demographic and clinical
data of each patient were retrospectively collected from medical
records (Table 1). Only children with at least 1 year of follow-up
were included in this study. Diagnosis of CD was based on clini-
cal, endoscopic, radiological, and histopathological criteria [ 13]. For
the diagnosis, all children underwent ileo-colonoscopy, upper GI
endoscopy, and imaging analyses, including abdominal ultrasound
and entero-MRI or small bowel follow-through.

2.2. Phenotype analysis

CD disease location was categorized using the Paris classifi-
cation: L1 for cecal and distal ileum involvement, L2 for colonic
disease, L3 for ileocolonic disease, L4a for upper disease proxi-
mal to the ligament of Treitz, and L4b for upper disease distal to
the ligament of Treitz. Perianal disease was defined by the pres-
ence of fissures, perianal ulcers, abscesses or fistulae, and skin
(tags). Disease behaviour based on clinical history, was categorized
as fistulising, stricturing, or inflammatory using the Paris classi-
fication guidelines criteria [14]. Stricturing disease referred to the
presence of a constant luminal narrowing diagnosed radiologically,
endoscopically, or surgically. Penetrating disease referred to radio-
graphic, endoscopic, surgical, or clinical evidence of an abscess
or fistula in any location. Patients who had neither stricturing
nor fistulising disease at diagnosis and throughout follow-
up were classified as having inflammatory disease behaviour.
Moreover, information regarding changes from the inflammatory

to the fistulising or stricturing patterns, as well as any clinical
relapses, was collected.

For each patient, clinical activity of the disease was evaluated
at the time of diagnosis using the paediatric Crohn’s disease activ-
ity index (PCDAI) [15]. Clinical remission was defined as a PCDAI
score of <10, while clinical response to the induction treatment
was identified by a change in the PCDAI score of at least 15 points
from baseline. Clinical relapse was defined as the occurrence or
worsening of symptoms accompanied by a PCDAI score of >10
points, sufficient to require rescue treatment with corticosteroids,
azathioprine/immunosuppressive agents, or surgery [16]. Family
history was defined as positive if at least one first or second-
degree relative was diagnosed with Inflammatory Bowel Disease
(IBD). We also considered clinical therapy at disease onset and dur-
ing follow-up. Two expert paediatric gastroenterologists (AS and
EM) made all decisions regarding therapeutic interventions, in line
with the validated international guidelines [17]. Exclusive enteral
nutrition for 6-8 weeks or oral steroid treatment (oral methyl-
prednisolone: 1 mg/kg/day, max 40 mg/day per 4 weeks) was used
as induction therapy in all patients. Aminosalicylates (mesalazine
50 mg/kg/day) were used as maintenance therapy in patients with
mild disease. Patients in whom standard induction therapy had
failed or patients with early relapse (<6 months) were treated
with azathioprine (2-2.5 mg/kg/day). Methotrexate was used as
second-line immunosuppressant in those patients intolerant or
refractory to azathioprine. infliximab (5 mg/kg/dose at weeks 0, 2
and 6, and then 8-weekly) was given as a first biological agent in
patients refractory or intolerant to steroids and immunomodula-
tors. Patients refractory or intolerant to infliximab therapy were
treated with adalimumab (loading dose: 160/80 mg or 80/40 mg at
weeks 0 and 2, respectively in patients weighing =40 kg or <40kg;
maintenance dose: 80 mg and 40 mg every 2 weeks, respectively in
patients weighing >40 kg or <40 kg). Extraintestinal manifestations
included eye, joint, skin, or liver involvement and persistent fever,
defined as temperature >38 °C for 3 days during the week before the
treatment. The laboratory tests used for inflammation parameters
included: erythrocyte sedimentation rate (ESR), C-reactive protein
(CRP), haemoglobin concentration, and faecal calprotectin. Writ-
ten, informed consent was obtained from the participants’ parents,
and assent was obtained for all patients older than 10 years of age.
The study was approved by the Institutional Review Board of the
University of Naples “Federico II".

2.3. Genotype analysis

Genomic DNA was isolated from 10ml of peripheral venous
blood anticoagulated with EDTA and extracted using the modified
salting out technique [ 18]. DNA samples of the patients were ana-
lyzed for the following gene variants: NOD2/CARD15 rs2066844
and rs2066845 (gene accession number: NC.000016.9, region:
50721584.50772911), IRGM1 1513361189 and rs4958847 (gene
accession number: NC_.000005, region: 150225762.150228552),
and ATG16L1 rs2241880 (gene accession number: NC.000002.11,
region: 234153601.234210934). The PCR allelic discrimination
assay was performed using a predesigned TagMan SNP genotyping
assay (Applied Biosystems, Foster City, CA, USA) performed in
20-p.L reactions consisting of 5ng of genomic DNA and including
primer, probes, and Universal PCR Master Mix. Cycling conditions
were: 5min at 95°C, followed by 40 cycles of 15s at 95°C, and
30s at 60°C. The implemented software (Eppendorf) automat-
ically called and plotted genotypes based on a two-parameter
plot using fluorescence intensities of carboxyfluorescein (FAM)
and 2-chloro-7-phenyl-1,4-dichloro-6-carboxyfluorescein (VIC).
Indeterminate calls were excluded from the analysis. A combina-
tion of PCR, SSCP, and direct sequencing of amplified fragments
was used to analyze NOD2/CARD15 rs2066847. A fragment of
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Table 2
Genotype frequencies based on Hardy-Weinberg equilibrium.
Polymorphism Wild-type Heterozygous Risk X2 test P
AA AG GG
ATG16L1rs2241880 8(10%) 46 (57.5%) 26 (32.5%) 35 0.06
T TC cc
IRGM rs13361189 45 (56.3%) 22(27.5%) 13 (16.3%) 95 0.002
GG GC cC
IRGM rs4958847 50 (62.5%) 27(33.8%) 3(3.8%) 0.07 0.7
cc CG
NOD2/CARD15 rs2066844 70(87.5%) 10 (12.5%) 0.5 035
GG GC cC
NOD2/CARD15 rs2066845 67 (32.5%) 10 (47.5%) 3(10%) 74 0.006
cc CG
NOD2/CARD15 rs2066847 58 (78.4%) 16 (21.6%) 0.08 0.2

202bp in molecular weight was amplified using the following
primer pairs: NOD2-rs2066847-FPGGACAGGTGGGCTTCAGTAG;
NOD2-rs2066847RPGCCTTACCAGACTTCCAGGAT. The oligonu-
cleotides used were designed with the primer-BLAST software
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). PCR-SSCP
analysis was performed as previously described [19]. Sequencing
analysis was performed in a 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). For nucleotide numbering, the
first A of the initiator ATG codon is nucleotide +1 of the NOD mRNA
sequence (GenBank accession number: NM_022162.1).

2.4. Statistical analysis

Statistical analysis was performed using the SPSS statistical soft-
ware package for Windows (13.0; SPSS, Chicago, IL). The patients’
allele frequencies were tested for Hardy-Weinberg equilibrium
(HWE) by comparing expected and observed genotypes with the
Fisher's exact test. All markers showed no statistically signif-
icant deviation from the HWE, except for IRGM1 rs13361189
(p=0.002) and NOD2/CARD15 rs2066845 (p=0.006) (Table 2). The
Student’s t-test and the Mann-Whitney test were used for com-
parison of continuous variables, and the x’ and Fisher's exact tests
were used for categorical variables, as appropriate. In order to
explore the weight of clinical and laboratory factors, discriminating
homozygous patients from wild-type and heterozygous patients, a
stepwise discriminant analysis was performed. Multivariate con-
ditional logistic regression analysis was used to explore the odds
associated with each polymorphism status. ATG16L1, IRGM1, and
NOD2[CARD15 were used as dependent variables, while the effect
of all the above mentioned parameters for phenotype/expression
was analyzed by a stepwise procedure.

3. Results
3.1. Clinical features

A total of 80 consecutive CD patients were included in the study
[males: 53 (66.2%); median age: 11 years, range 0.7-17.9 years].
Clinical features of the study population are summarized in Table 1.
Eighteen out of 80 patients (22.5%) underwent induction treatment
with steroids at diagnosis, while 58 (72.5%) received nutritional
therapy, and 4 (5%) had both steroid and nutritional therapy. Thirty-
one out of 80 patients (38.7%) relapsed during the first year of
disease. The median time of relapse was 6 months (range, 15 days
to 12 months). At diagnosis, 68 out of 80 patients (85%) showed
inflammatory disease behaviour, while 8 presented with a strictur-
ing phenotype, and 4 with a fistulising pattern. During the course of
disease, 12 out of 68 patients (17.6%) with an initial inflammatory
disease changed their clinical phenotype: 8 (66.6%) switched to a
stricturing CD, while 4 (33.4%) developed a penetrating phenotype.
The median period in which patients switched their phenotype was

29 months (range 9-132 months). Twenty-nine patients (36.2%)
needed to start immunosuppressant therapy for relapse of dis-
ease during the first year of follow-up. Sixteen patients (57%) were
treated with azathioprine (AZT), 4 (14%) with methotrexate (MTX),
and 8 (28%) firstly with AZT and then, due to lack of response,
with MTX. Ten out of 80 patients (12.5%) needed to start biological
therapy with infliximab for refractoriness to conventional ther-
apy, and in 3 of them (30%) infliximab therapy was later replaced
with adalimumab due to a lack of efficacy. In 10 out of 80 patients
(12.5%) surgical intervention was needed for complications of dis-
ease. Fifteen out of 80 patients (18.7%) presented extraintestinal
manifestations, 8 (53.3%) were affected by arthropathy, 3 (20%) by
erythema nodosum, and 2 (13.3%) by persistent fever. Moreover, 1
of these 15 patients (6.6%) suffered from pancreatitis, while another
presented with vaginal ulcers.

3.2. Genotype/phenotype correlation

3.2.1. ATGI6L1

The evaluation of the ATG16L1 polymorphism, rs2241880, was
performed in 80 CD patients. The overall frequency of the G allele
was 61%. Homozygosity for the risk allele G was found in 26 out
of 80 patients (32.5%), while the number of subjects carrying the
wild-type and the heterozygous alleles was 8 (10%) and 46 (57.5%),
respectively. The ATGI6L1 genotype/phenotype correlations are
summarized in Table 3. The presence of the rs2241880 risk poly-
morphism was significantly associated with the development of
stricturing behaviour. Six out of the 8 patients (75%) who devel-
oped stricturing behaviour were homozygous for the ATG16L1 risk
allele (p=0.01). This mutation was more greatly associated with the
occurrence of relapses during the first year of disease and with the
use of immunosuppressant therapies than were the wild-type and
heterozygous variants (p=0.006 and p =0.04, respectively). More-
over, homozygosity for the risk allele was significantly associated
with a higher value of CRP and faecal calprotectin at diagno-
sis (p=0.05, p=0.007, respectively). Conversely, homozygous risk
allele carriers showed a trend towards a lower risk of developing
perianal disease than heterozygous and wild-type patients (p = 0.06
for both). Homozygosity for the risk allele occurred more frequently
in males than in females, with a trend towards statistical signifi-
cance (p=0.07). Furthermore, the rs2241880 risk polymorphism of
ATGL16L1 was associated with earlier age at diagnosis, specific clini-
calbehaviour, changein fistulising phenotype, family history of IBD,
disease localization, PCDAI and ESR scores at diagnosis, surgery, and
the start of biological therapy (Table 3).

3.2.2. IRGM1

All enrolled patients were genotyped for the IRGMT risk alleles
rs13361189 and rs4958847. Thirteen out of 80 patients (16.3%)
were homozygous for the rs13361189 risk allele of IRGM1, while 22
(15%) were heterozygous, and 45 (68.7%) carried only the wild-type
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Table 3
Characteristics of patients with Crohn's disease according to ATG16L1 2241880
gene status,

Table 4
Characteristics of Crohn's disease patients according to NOD2/CARD15 1007 fs gene
status,

Variables (n, %) Risk Het+WT P Variables (n, %) Risk WT P
Sex 0.07¢ Sex 0.7¢
Male 21/26(80.8) 32/54(59.3) Male 12/16(75) 39/58 (67.2)
Median age at diagnosis 11(2.7-17.9) 11(0.7-1638) 04° Median age at diagnosis 10.3(64-157) 11.2(2-17.9) 02*
(years, range) (years, range)
Family history 1/26 (4) 1/54(2) 1 Family history 0/16(0) 2/58(3.4) 1 L4
Disease behaviour at 07" Disease behaviour at 04"
diagnosis diagnosis
Inflammatory (B1) 23/26(88.4) 45/54(83.3) Inflammatory (B1) 15/16(93.8) 47/58(81)
Stricturing (B2) 3/26(11.5) 5/54(9.3) Stricturing (B2) 116 (6.2) 7/58 (12.5)
Fistulizing (B3) 0/26 (0) 4/54(7.4) Fistulizing (B3) 0/16 (0) 4/58 (6.9)
Development of stricturing 6/26(23.1) 2/54(3.7) 001" Development of stricturing 5/16(8.6) 3/58(18.8) 0.1°
phenotype phenotype
Development of fistulising 2/26(7.7) 2/54(3.7) 05" Development of fistulising 4/16 (6.9) 0/58 (0) 05"
phenotype phenotype
Localization of disease at 06" Localization of disease at 0.008 "
diagnosis diagnosis
Tleum only (L1) 7/26(26.9) 10/54 (18.5) Tleum only (L1) 8/16(50) 8/58(13.8)
Colon only (L2) 7/26(26.9) 2054 (37) Colon only (12) 1/16(6.2) 22/58 (37.9)
lleum and colon (L3) 12/26 (46.2) 23/54(42.6) lleum and colon (L3) 7/16(43.8) 27|58 (46.6)
Upper gastrointestinal 0(0) 1/54(1.9) Upper gastrointestinal 0/16(0) 1/58 (1.7)
tract (L4a) tract (L4a)
Perianal disease 3/26(11.5) 17/54(31.5) 0.06" Perianal disease 4/16(25) 16/58 (27.6) 13
Extraintestinal 5/26(19.2) 10/54(18.5) I Extraintestinal 1/16(6.2) 13/58 (22.4) 02"
manifestations manifestations
Relapse during the first year 16/26 (61.5) 15/54(27.8) 0.006" Relapse during the first year 5/16(31.2) 25/58 (43.1) 05"
of disease of disease
Immunosuppressants 13/26 (50) 13/54(24.5) 0.04" Immunosuppressants 5/16(31.2) 21/58(36.2) 0.7"
Biologic therapy 4/26 (15.4) 5/54(9.3) 04" Biologic therapy 2/16(12.5) 7/58 (12.1) 1
Surgery 3/26 (115) 7/54(13) 1 Surgery 2/16(12.5) 8/58 (13.8) 1
PCDAI score (median, range) 28.7(10-48) 27.7 (5-60) 06" PCDAI score (median, range) 25(18-50) 27.5 (5-60) 06"
CRP (median, range) 9.7 (0-174) 4.8 (0-165) 0.05" CRP (median, range) 1.8 (0-61) 5.8(0-174) 02°
ESR (median, range) 33(2-90) 25(2-102) 0.1* ESR (median, range) 30(2-84) 25(3-102) 09°
Calprotectin (median, range) 500 (150-1470) 375 (15-790) 0.007* Calprotectin (median, range) 418 (15-500) 450 (60-1470) 0.5

Het: heterozygous; WT: wild type; PCDAI: paediatric Crohn disease activity Index;
CRP: C-reactive protein; ESR: erythrocyte sedimentation rate,

2 Mann-Whitney test.

b Fisher's test.

< x? test.

allele. The overall frequency of the risk allele was 30%. Homozygos-
ity for the risk allele was significantly associated with less frequent
relapse during the first year of the disease and with a lower use of
immunosuppressant therapy (p=0.001 and p =0.05, respectively).
Among the 80 patients, 3 (3.8%) were homozygous for the IRGM1
154958847 risk polymorphism, 27 (33.8%) were heterozygous, and
50 (62.5%) carried only the wild-type allele. IRGM1 rs4958847 was
not associated with any of the clinical features analyzed.

3.2.3. NOD2/CARD15

The evaluation of the NOD2/CARD15 polymorphism, rs2066847,
was possible in 74 of the CD patients. The overall frequency of the G
allele was 10.8%. Fifty-eight (78.4%) out of 74 patients carried only
the wild-type allele, while 16 (21.6%) were found to be heterozy-
gous for the rs2066847 polymorphism. The heterozygous variant
was significantly associated with an ileal localization of the dis-
ease (p=0.01, Table 4). Allelic variants of rs2066844 and rs2066845
were not significantly associated with any of the clinical features
analyzed.

3.3. Discriminant analysis

In order to explore the weight of the clinical and laboratory
parameters discriminating homozygous patients from wild-type
and heterozygous patients, we attempted a discriminant analy-
sis to progressively select the factors that can best distinguish
patients, having considered all the other factors in a multivari-
ate fashion. Wilks-Lambda is an estimate of the discriminant

WT: wild type; PCDAI: paediatric Crohn disease activity index; CRP: C-reactive pro-
tein; ESR: erythrocyte sedimentation rate.

4 Mann-Whitney test.

b Fisher's test.

© x?test.

capacity of each factor, while the variance rate, F, assigns a weight to
each discriminant factor. Once the discriminant function is devel-
oped, a discriminant score is assigned to each subject, regardless
of his phenotype. The classification analysis shows the efficiency of
the discrimination based on the selected variables. Development
of stricturing behaviour, relapse during the first year of life, fae-
cal calprotectin, and male gender correctly classified 77.5% of the
ATG16L1 rs2241880 allele-carrying patients. In order to validate
the analysis, ajack-knifing procedure was applied (Table 5). Consid-
ering the few variables involved in discriminating NOD2/CARD15
152066847 and IRGM1 rs13361189 and rs4958847 it was not feasi-
ble to outline a discriminant function.

3.4. Multivariate logistic regression analysis

In a multivariate logistic regression model, the ATGI6L1
152241880, NOD2/CARD15 rs2066847, and IRGM1 rs13361189
polymorphisms were used as dependent variables. The variables

Table 5

Discriminant analysis - Wilk's Lambda for ATG16L1 polymorphism.
Variables WL F P
ATG16L1
Development of stricturing phenotype 0.87 125 0.001
Faecal calprotectin 0.76 116 0.0001
Relapse during the first year of disease 071 103 0.0001
Gender 06 94 0.0001

WL: Wilk's-Lambda; F: variance rate F.
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Table 6
Multivariate logistic regression analysis.
OR C195% p
ATGI16L1
of stricturing behavi 184 2.5-135 0.001

Relapse during the 1st year of disease 1.2 1-14 0.002
Perianal disease 02 0.05-1 0.05
NOD2/CARD15 1007 fs
lleal disease 54 1.6-18 0.01

OR: odds ratio; Cl: confidence interval.

that were still significantly associated with the presence of the
ATG16L1 risk allele in homozygosity were the development of stric-
turing behaviour (OR=18.4; p=0.004) and the relapse during the
first year of disease (OR=1.2; p=0.002) (Table 6). The presence of
perianal disease was independently associated with homozygosity
of the ATG16L1 risk allele as a protective factor (OR 0.2; p=0.05)
(Table 6). The sole variable found to be associated with heterozy-
gosity of the NOD2/CARD15 allele was the presence of ileal disease
(OR=5.4; p=0.001) (Table 6). None of the variables were indepen-
dently correlated with the presence of the IRGM1 rs13361189 and
154958847 risk alleles in homozygosity.

4. Discussion

To our knowledge, this is the first paediatric study reporting an
association between the presence of the rs2241880 risk polymor-
phism of ATG16L1 in children with CD and a more severe phenotype
of the disease. It was not the aim of our paper to reassess the
role of ATG16L1 in susceptibility to paediatric Crohn's disease,
since it has already been widely described in paediatric literature
[20-23]. Nonetheless, in our cohort of paediatric CD patients, the
frequency of the G allele (61%) was comparable with that reported
by the single Italian multicentre study published by Latiano and
colleagues (59%) [20]. Instead, we here tried to look for possi-
ble phenotypic associations, and we clearly demonstrated that
homozygous risk allele carriers show a significant trend towards
changing from inflammatory to stricturing behaviour, suggesting
that the ATG16L1 risk allele may be somehow linked with the early
development of fibrosis. This finding is in agreement with those of
Fowler and colleagues [24]. These authors genotyped a large pop-
ulation of Australian adults with CD and found that the GG variant
was independently associated with some more complicated dis-
ease courses, such as the development of stricturing disease and
intra-abdominal penetrating disease. Consistent with Fowler's data
|24], we here demonstrated an association between the rs2241880
risk polymorphism and the absence of perianal disease, suggesting
that the ATG16L1 risk allele may exert a protective effect at least
on this manifestation in CD children. To support the hypothesis of
a more severe phenotype in homozygous patients, we found that
the rs2241880 risk allele was related to a higher incidence of clini-
cal relapses and also to the introduction ofimmunosuppressants. In
addition, children carrying the rs2241880 risk allele showed higher
values of faecal calprotectin and CRP at diagnosis compared to het-
erozygous and wild-type ATG16L1 patients. However, the role of
faecal and serologic markers in predicting IBD disease course is
still controversial, and the hypothesis that higher values of these
markers at diagnosis could predict a more severe course of disease
has been claimed [25]. Our data were strengthened by both a dis-
criminant function and a multivariate logistic regression analysis.
Indeed, our multivariate logistic regression analysis demonstrated
thatdevelopment of stricturing behaviour, followed by relapse dur-
ing the first year of disease and absence of perianal disease, were
the most significant variables associated with the ATG16L1 risk
allele. In accordance with these genotype-/phenotype correlations,
our data from functional analyses show that the monocyte-derived

dendritic cells (DC) from paediatric patients with CD carrying the
ATG16L1 risk polymorphism are antigen-sampling and processing
impaired. We found a marked reduction of bacteria particle local-
ization in DC from CD children with the rs2241880 risk variant of
ATG16L1 compared to DC of children with the wild-type variant.
Furthermore, we found that DC from the risk group almost com-
pletely failed to upregulate HLA-DR and CD86, the 2 key molecules
for the activation of the T-cell-mediated immune response [26].
Since intestinal microorganisms have been suggested to be one of
the causes responsible for bowel inflammation [27], it is likely that
an alteration of the autophagy process might lead to uncontrolled
microorganism growth in the intestine of IBD patients [26].

In agreement with Lauriola et al., we found that the ATGI16L1
risk allele is not associated with a positive family history or
with the presence of extraintestinal manifestations [28]. The asso-
ciation between the rs2241880 risk polymorphism of ATGI16L1
and CD localization is controversial. The rs2241880 variant was
described as being associated with an ileal CD phenotype in
children [11,22,29], while, according to Lakatos et al., ATG16L1
homozygosity for rs2241880 was associated with colon disease
only [30]. In our study population we did not find any specific dis-
ease localization according to the stratification of CD with the Paris
classification.

The IRGM1 gene has been recently identified as playing a role
in the development of CD and has also been shown to be involved
in autophagy. In contrast to the extensive amount of work that has
been accomplished in identifying and characterizing the complex
network of ATG molecular mechanisms, little is known about the
role of IRGM1-related autophagic pathways [31]. No Italian study
has ever assessed the IRGM1 frequency in a CD population. We
found that the presence of the IRGM 1 rs13361189 variant allele was
associated with a lower use of immunosuppressant therapy, high-
lighting a possible role in the development of a milder phenotype.
However, none of the associations were confirmed by the multi-
variate logistic regression analysis; thus, further studies are needed
to provide definitive conclusions regarding IRGM1 rs13361189.

Several studies supported asignificant association betweenileal
disease and the carriage of one or more NOD2/CARD15 variant
alleles [32-34]. In our cohort of paediatric CD patients, the fre-
quency of the G allele for NOD2/CARD15 rs2066847 (10.6%) was
comparable to that reported by an Italian multicentre study by
Annese and colleagues (9.3%) [35]. According to the current evi-
dence, our analyses of genotype/phenotype correlation showed
that patients heterozygous for the NOD2/CARD15 rs2066847
(1007 fs) allele had more frequent ileal involvement than chil-
dren showing the wild-type variant for the same SNP. In contrast
with previous studies [36,37], we did not find any significant rela-
tionship between the three NOD2/CARD15 risk genes studied and
parameters such as a specific pattern of CD, positive family history,
extraintestinal manifestations, perianal disease, or surgery. Our
study has some limitations, including the small cohort of patients;
despite this, the associations were confirmed by powerful statistical
tests as to avoid potential bias.

In conclusion, we believe that genetic susceptibility may have
a very important role in the aetiology of paediatric-onset IBD.
Certainly, IBD has a multifactorial origin, and environmental fac-
tors are crucial in the development of the disease. Nevertheless,
if genetic susceptibility is greater, paediatric IBD patients can be
expected to have a more severe clinical course of the disease.
Within paediatric-onset CD, specific genotype/phenotype associ-
ations can be found. In our paediatric cohort, homozygosity for
the ATG16L risk allele was associated with a more aggressive dis-
ease course, including development of stricturing behaviour, early
relapse, and premature use of immunosuppressants. As previously
demonstrated, heterozygosity for the NOD2/CARD15 was signifi-
cantly correlated with major ileal disease. These data highlight the
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importance of genetic susceptibility research in larger paediatric-
onset IBD cohorts in order to find new genes and allow an early
stratification for the treatment of these patients.

Conflict of interest
None declared.

References

[1] TrinhTT, Rioux JD. Understanding association and causality in the genetic stud-
ies of inflammatory bowel disease. Gastroenterology 2005;129:2106-10.

[2] Mathew CG. New links to the pathogenesis of Crohn disease provided by
genome-wide association scans. Nature Reviews Genetics 2008;9:9-14,

[3] Hugot JP, Laurent-Puig P, G Cetal of a susc
locus for Crohn’s disease on chromosome 16. Nature 1996;379:821-3.

[4] OguraY, Bonen DK, Inohara N, et al. A frameshift mutation in NOD2 associated
with susceptibility to Crohn's disease. Nature 2001;411:603-6.

(5] Economou M, Trikalinos TA, Loizou KT, et al. Differential effects of NOD2
variants on Crohn’s disease risk and phenotype in diverse populations: a meta-
analysis. American Journal of Gastroenterology 2004;99:2393-404,

[6] VanLimbergen ], Russell RK, Nimmo ER, et al. The genetics inflammatory bowel
disease. American Journal of Gastroenterology 2007;102:2820-31.

[7] Klionsky DJ. Crohn’s disease, autophagy, and the Paneth cell. New England
Journal of Medicine 2009;360:1785-6.

(8] Hampe ], Franke A, Rosenstiel P, et al. A genome wide association scan of

SNPs i ifies a susce ity variant for Crohn disease in
ATG16L1. Nature Genetics 2007;39:207-11.

[9] Weiss B, Shamir R, Bujanover Y, et al. NOD2/CARD15 mutation analysis and
genotype-phenotype correlation in Jewish pediatric patients compared with
adults with Crohn's disease. Journal of Pediatrics 2004;145:208-12.

[10] De Ridder L. Weersma RK, Dijkstra G, et al. Genetic susceptibility has a more
important role in pediatric-onset Crohn's disease than in adult-onset Crohn’s
disease. Inflammatory Bowel Diseases 2007;13:1083-92,

[11] Prescott NJ, Fisher SA, Franke A, et al. A nonsynonymus SNP in ATG16L1 pre-
disposes to ileal Crohn's disease and is independent of CARD15 and IBDS.
Gastroenterology 2007;132:1665-71.

[12] Wagner ], Sim WH, Ellis JA, et al. Interaction of Crohn's disease suscepti-
bility genes in an Australian paediatric cohort. PLoS ONE 2010;5:15376,
http://dx.doi.org/10.1371/journal.pone.0015376.

[13] IBD Working Group of the European Society for Paediatric Gastroenterology.
Hepatology and Nutrition. Inflammatory bowel disease in children and adoles-
cents: recommendations for diagnosis - the Porto criteria. Journal of Pediatric
Gastroenterology and Nutrition 2005;41:1-7.

[14] Levine A, Griffiths A, Markowitz J, et al. Pediatric modification of the Montreal
classification for inflammatory bowel disease: the Paris classification. Inflam-
matory Bowel Diseases 2011;17:1314-21.

[15] Hyams ]S, Ferry GD, Mandel FS, et al. Development and validation of a pedi-
atric Crohn's disease activity index. Journal of Pediatric Gastroenterology and
Nutrition 1991;12:439-47.

[16] Hyams ], Crandall W, Kugathasan S, et al. Induction and maintenance infliximab
therapy for the treatment of moderate-to-severe Crohn's disease in children.
Gastroenterology 2007;132:863-73.

[17] Biancone L, Michetti P, Travis S, et al. European evidence-based consensus on
the management of ulcerative colitis: special situations. Journal of Crohn's and
Colitis 2008;2:63-92.

[18] Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Research 1988;16:1215.

[19] De Rosa M. Scarano MI, Panarello L, et al. The mutation spectrum of the APC
gene in FAP patients from southern Italy: detection of known and four novel
mutation. Human Mutation 2003;21:655-6.

[20] Latiano A, Palmieri O, Valvano MR, et al. Replication of interleukin 23 recep-
tor and autophagy-related 16-like 1 association in adult- and pediatric-onset
inflammatory bowel disease in Italy. World Journal of Gastroenterology
2008;14:4643-51,

[21] Van Limbergen J, Russell RK, Nimmo ER, et al. Autophagy gene ATG16L1 influ-
ences susceptibility and disease location but not childhood-onset in Crohn's
disease in Northern Europe. Inflammatory Bowel Diseases 2008;14:338-

[22] Gazoull M, Pachoula I, Panayotou |, et al. NOD2/CARD15, ATG16L1 and IL23R
gene and childh t of Crohn’s disease. World Journal of
Gastroenterology 2010;16:1753-8.

[23] Lacher M, Schroepf S, Ballauf A, et al. Autophagy ATG16L1 rs2241880 G
allele is associated with Crohn's disease in German children. Acta Paediatrica
2009;98:1835-40.

[24] Fowler EV, Doecke J, Simms LA, et al. ATG16L1 T300A shows strong associ-
ations with disease ps in a large At i further
support for significant disease heterogeneity Ehzabcth V American Journal of
Gastroenterology 2008;103:2519-26.

[25] Lewis ]D.The utility of biomarkersin th is and therapy ofil y
bowel disease. Gastroenterology 2011;140:1817-26.

[26] Strisciuglio C, Miele E, ME, et al. T300A variant of autophagy
ATG16L1 gene is associated with decreased antigen sampling and processing
by dendritic cells in pediatric Crohn's disease. Inflammatory Bowel Diseases
2013:19:2339-48.

[27] Blumberg R, Cho J, Lewis ], et al. Inflammatory bowel disease: an update
on the fundamental biology and clinical management. Gastroenterology
2011;140:1701-3,

(28] Areola M, Ugolini G, Rivetti S, et al. IL13, NOD2/CARD15, ATG16L1 and PHOX2B
polymorphisms in a group of patients with Crohn's disease and correlation with
sub-phenotypes. International Journal of Molecular Medicine 2011;27:469-
77.

[29] Amre DK, Mack DR, Morgan K, et al. Autophagy gene ATG16L1 but no IRGM
is associated with Crohn's disease in Canadian children. Inflammatory Bowel
Diseases 2009;15:501-7.

[30] Lakatos PL, Szamosi T,Szilvasi A, et al. ATG16L1 and 1123 receptor (IL23R) genes
are associated with disease susceptibility in Hungarian CD patients. Digestive
and Liver Disease 2008;40:867-73.

[31] Xavier RJ, Huett A, Rioux JD. Autophagy as an important process in gut homeo-
stasis and Crohn's disease pathogenesis. Gut 2008;57:717-20.

[32] Bonen DK, Cho JH. The genetics of inflammatory bowel disease. Gastroenter-
ology 2003;124:521-36.

[33] Lesage S, Zouhali H, Cezard JP, et al. CARD15/NOD2 mutational analysis and
genotype-phenotype correlation in 612 patients with inflammatory bowel
disease. American Journal of Human Genetics 2002:70:845-57.

[34] Ahmad T, Armuzzi A, Bunce M, et al. The molecular classification of the clinical
manifestations of Crohn’s disease. Gastroenterology 2002;122:854-66.

[35] Annese V, Lombardi G, Perri F, et al. Variants of CARD15 are associated with
an aggressive clinical course of Crohn's disease - an IG-IBD study. American
Journal of Gastroenterology 2005;100:84-92.

[36] Russell RK, Drummond HE, Nimmo EE, et al. Genotype-phenotype analysis
in childhood-onset Crohn's disease: NOD2/CARD15 variants consistently pre-
dict phenotypic characteristics of severe disease. Inflammatory Bowel Diseases
2005;11:955-64.

[37] Helio T, Halme L, Lappalainen M, et al. CARD15/NOD2 gene variants are asso-
ciated with ilially occurring and ct i forms of Crohn's disease. Gut
2003:52:558-62.

49



2.2 Serum Hepcidin and Iron Absorption in Paediatric Inflammatory Bowel Disease

Anaemia is the most frequent extra-intestinal manifestation of in ammatory bowel disease [IBD],
with a great impact on the patient’s quality of life.>"

Hepcidin, a 25 amino-acid peptide mainly secreted by hepatocytes, controls the amount of iron
entering the blood circulation by binding and downregulating ferroportin, a plasma membrane
transporter that pumps iron out of phagocytes and duodenal enterocytes. The hepcidin expression is
regulated transcriptionally in response to changing serum iron levels. Elevated serum iron promotes
hepcidin expression, leading to downregulation of ferroportin and decreased entry of iron into the
circulation.

The role of hepcidin in the mechanisms of anaemia in paediatric IBD is limited and shows con
icting results. Increased urine**or serum “° hepcidin has been reported in two studies, correlating
with the rise of IL-6 levels, ferritin, and disease activity. Conflicting results may suggest that
hepcidin in human IBD is likely to be in uenced by various factors such as age, type of disease, and
disease activity. The primary aim of this study was to correlate hepcidin serum levels in patients
affected by paediatric IBD with disease activity, in ammatory markers, and iron absorption. The
secondary aims were to compare serum hepcidin levels of IBD patients with a group of coeliac and
healthy patients, and to establish which iron parameter better correlates with hepcidin.

To the best of our knowledge, this is the paediatric study evaluating iron absorption and serum
hepcidin levels in IBD paediatric patients. Our data show that IBD children with active disease tend
to have impaired iron absorption, driven through the hepcidin pathway. Indeed, serum hepcidin
levels were signicantly higher in IBD patients with moderate to severe activity as compared with all
other groups, including patients with mild activity or in remission, coeliac patients, and healthy
controls. In addition, a signicant inverse correlation was found between hepcidin levels and iron
absorption.

Despite its relative high prevalence, costs, and impact on patient quality of life, it is rarely
considered and adequately treated.*®***? In our study population, the prevalence of anaemia among
IBD patients was 34%. The development of ACD is caused by numerous factors, among which
hepcidin is now considered the leading actor. Indeed, the decrease in ferroportin expression, which
results from elevated hepcidin levels, would block entry of iron into the circulation, with
consequent erythropoiesis impairment. Furthermore, since intestinal absorption of iron is inhibited
by downregulation of ferroportin on enterocytes, the anaemia would be resistant to oral iron sup-
plementation.**** Therefore, serum hepcidin may represent an useful surrogate marker to
distinguish patients with impaired iron absorption in whom intravenous iron could be used as rst-

line option. Indeed, serum hepcidin may serve as a useful, sensitive, surrogate marker to distinguish
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patients with impaired iron absorption in whom intravenous iron could be used as first line option,
avoiding the waste of time with a futile and possibly harmful cycle of oral iron. Further studies are
needed to better elucidate the role of hepcidin in both iron metabolism and in ammation in IBD, in
order to design new therapeutic strategies for ACD in paediatric IBD.

Though the etiopathogenesis of IBD is still unknown, it has been suggested that the interaction of
environmental factors and host immune response with genetic individual susceptibility play an
important role.*” Both human and animal studies have demonstrated the central role of intestinal
microbiota in flaring up and perpetuating inflammation in IBD patients.*’

IBD are associated with significant shifts in the composition of the normal enteric microbiota
compared to control subjects, with an almost depletion of Lactobacillus and Bifidobacterium *,
normally present in healthy intestinal conditions, and increase of harmful species, such as
Proteobacteria and Actinobacteria.*® This kind of dysbiosis might determine in the host organism

the loss of tolerance towards microbes and induce an inappropriate inflammation.

51



Journal of Crohn's and Colitis Advance Access published January 18, 2016

Journal of Crohn's and Colitis, 2016, 1-9
doi:10.1093/ecco-jcc/jjv242

Original Article OXFORD

Original Article

Serum Hepcidin and Iron Absorption in
Paediatric Inflammatory Bowel Disease

Massimo Martinelli,»' Caterina Strisciuglio,”' Annalisa Alessandrella,®
Francesca Rossi,” Renata Auricchio,® Natascia Campostrini,°

Domenico Girelli,© Bruno Nobili,> Annamaria Staiano,® Silverio Perrotta,”
Erasmo Miele®

“Department of Translational Medical Science, Section of Paediatrics, University of Naples Federico I, Naples,
Italy *Department of Woman, Child and General and Specialized Surgery, 2nd University of Naples, Naples, Italy;
*Department of Medicine, Section of Internal Medicine, University of Verona, Verona, Italy

'Drs Martinelli and Strisciuglio participated equally in this study.

Corresponding author: Annamaria Staiano, MD, Department of Translational Medical Science, Section of Paediatrics,
University of Naples Federico II, Via S. Pansini, 5, 80131 Naples, Italy. Tel.: +39.081.7462679; fax: +39.081.5469811; email:
staiano@unina.it

Abstract

Background and Aims: We sought to correlate hepcidin levels in inflammatory bowel disease [IBD]
children with disease activity, inflammatory markers, and iron load test [ILT] and to compare IBD
patients with coeliac and healthy patients.

Methods: Between December 2012 and June 2013, 145 subjects [50 IBD patients, 45 coeliac
patients and 50 healthy controls] were included in the study. All patients underwent the
following examinations: blood count, iron status, erythropoiesis parameters, serum hepcidin,
C-reactive protein [CRP], and erythrocyte sedimentation rate [ESR]. In order to evaluate the
efficacy of iron absorption, ILT was performed in IBD patients. Disease activity indexes and IBD
duration, localisation, and therapy were also evaluated, and a faecal sample for calprotectin
collected.

Results: Serum hepcidin was significantly higher in IBD patients with active disease compared
with both coeliac and healthy patients [p = 0.005, p = 0.003 respectively]. In a multivariate logistic
regression model, having a Paediatric Crohn'’s Disease Activity Index [PCDAI]/ Paediatric Ulcerative
Colitis Activity Index [PUCAI] > 30 resulted in the only variable independently associated with a
positive serum hepcidin (odds ratio [OR] = 6.87; 95% confidence interval [Cl] 1.4-33, p = 0.01]].
Patients with iron malabsorption [IM] showed higher values of ESR, CRP, and hepcidin [p = 0.02,
p =0.001, and p = 0.06, respectively]. Eight out of 12 [66.7%] children with IM showed an active
disease compared with 6/31 [19.3%] children with normal ILT [p = 0.01]. Hepcidin levels correlated
negatively with ILT [r =-0.451, p=0.002], and positively with ferritin and CRP [r =0.442, p=0.0001;
r=0.243, p=0.009, respectively]

Conclusions: Our study demonstrates that serum hepcidin is increased in IBD children with active
disease and it is responsible for IM.

Keywords: Hepcidin; IBD; iron absorption
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1. Introduction

Anaemia is the most frequent extra-intestinal manifestation of
inflammatory bowel disease [IBD], with a great impact on the
patient’s quality of life.”? The prevalence of anaemia in IBD varies
between 15% and 75%, depending on the definition and the sub-
group of examined patients.** The main types of anaemia in IBD
are iron deficiency ia [IDA], ia of infl y aetiol-
ogy, anaemia of chronic disease [ACD], and combined IDA + ACD.**
IDA is mainly the result of the chronic blood loss from the gastro-
intestinal [GI] tract, due to prolonged inflammation of the small

and large intestine epithelium. On the other hand inflammation,
through an infl y cytoki fiated mechanism, leads to
a decreased iron level in the circulation and thus to a limited avail-
ability of iron for erythroid cells.* Hepcidin, a 25 amino-acid peptide
mainly secreted by hepatocytes, controls the amount of iron entering
the blood circulation by binding and downregulating ferroportin, a
plasma membrane transporter that pumps iron out of phagocytes
and duodenal cytes. The hepcidin expression is regulated
transcriptionally in response to changing serum iron levels. Elevated
serum iron promotes hepcidin expression, leading to downregula-
tion of ferroportin and decreased entry of iron into the circulation.
Conversely, low serum iron leads to reduced hepcidin expression,

elevated ferroportin, and increased movement of iron into the cir-
culation.”® In addition to iron status, inflammatory cytokines can
also influence transcription of the hepcidin gene. Interleukin-6 [IL-
6] has been shown to increase hepcidin expression in vitro and in
vivo, and IL-6 induced hepcidin upregulation has been proposed to
play an important role in the pathogenesis of ACD.™'" The role of
hepcidin in the hanisms of ia in paediatric IBD is limited
and shows conflicting results. Increased urine! or serum™ hepcidin
has been reported in two studies, correlating with the rise of IL-6
levels, ferritin, and disease activity. Conversely, Arnold et al. found
significantly decreased hepcidin levels in IBD patients compared
with healthy controls.” Hepcidin precursor, pro-hepcidin, has also
been evaluated in three different studies in IBD patients, with vari-

able results.'>1*1315 Conflicting results may suggest that hepcidin in
human IBD is likely to be influenced by various factors such as age,
type of disease, and disease activity.

The primary aim of this study was to correlate hepcidin serum
levels in patients affected by paediatric IBD with disease activity,
inflammatory markers, and iron absorption. The secondary aims
were to compare serum hepcidin levels of IBD patients with a group
of coeliac and healthy patients, and to establish which iron param-
eter better correlates with hepcidin.

2. Materials and Methods

2.1. Study population

We conducted a comparative, cross-sectional, single-centre study
in paediatric patients with a diagnosis of IBD. Children and ado-
lescents aged from 2 to 18 years with a diagnosis of IBD were
prospectively enrolled between December 2012 and June 2013
at the Department of Translational Medical Science, Section of
Paediatrics, University of Naples ‘Federico 1D, Italy. The diagno-
sis of IBD was established on the basis of clinical, endoscopic,
radiological, and histological criteria according to the Porto cri-
teria.'* During the same study period, we also recruited a group
of children who were referred to our centre with suspected coe-
liac disease due to pathological serum levels of anti-tissue trans-
glutaminase [tTG] [> 7U/ml] and/or positive anti-endomysium
[EMA] antibodies. Only patients with a confirmed diagnosis of

coeliac disease or potential cocliac disease [positive serology and
normal duodenal architecture] were finally included in the study.
In addition, we enrolled a group of healthy children referred to
our primary care centre for routine well-child visits. Exclusion cri-
teria from the study were: age < 2 years or > 18 years; patients
with suspected coeliac disease without confirmation of diagnosis;
the presence of other comorbidities; patients having iron supple-
mentation during the month preceding the enrolment; and inabil-
ity or unwillingness to give informed consent. At the time of the
enrolment, all patients underwent the following examinations: full
blood count, reticulocytes, serum iron, ferritin, transferrin, soluble
transferrin receptor [STfR], total iron-binding capacity [TIBC],
transferrin saturation [Tsat], and inflammatory indexes (C-reactive
protein [CRP], erythrocyte sedimentation rate [ESR]). In addition,
blood samples from all enrolled patients were also obtained for
hepcidin 25 isoform analysis. After being centrifuged, the serum
of all patients was stored at -80°C in aliquots in order to avoid
multiple-frozen thaw. Once collected, all samples were sent to the
Section of Internal Medicine, Department of Medicine, University
of Verona for the analysis. Hepcidin 25 isoform was measured
through a validated mass spectrometry-based assay, as previ-
ously described.!” Synthetic hepcidin 25 [Peptides International,
Louisville, KY] was used for external calibration and a synthetic
hepcidin analogue [Hepcidin 24, Peptides International] as an
internal standard. The lower sensitivity limit of the assay was
0.55nM. All samples were measured in duplicate.”® For the IBD
group, type of IBD, anatomical distribution of disease, symptoms,
disease activity, and treatments, including surgery, were recorded.
For the purpose of this manuscript, disease location was described
according to the Paris classification.” Disease activity was scored
by the Paediatric Crohn’s Disease Activity Index [PCDAI] or the
Paediatric Ulcerative Colitis Activity Index [PUCAI] for CD and
UC, respectively.?® ! In addition, a stool sample for faccal cal-
protectin determination was also obtained. For the coeliac group,
tTG, EMA, and duodenal histology [according to Marsh grading]
were also evaluarted.

2.2. Differential diagnosis of anaemia

Anaemia was defined on the basis of World Health Organization
Criteria *: in boys aged > 15 years, as Hb < 13 g/dl; in non-pregnant
girls aged > 15 years, as Hb < 12g/dl; in children aged 5-11 years,
as Hb < 11.5g/dl; and in children aged < 5 years, as Hb < 11g/dl.
Iron deficiency was defined as a ferritin < 12ng/ml in children aged
< § years, or ferritin < 15 ng/ml in children aged > 5 years, when the
corresponding CRP was < 1 mg/dl and Tsat < 20%.? In the presence
of biochemical evidence of infl ion, the diagnostic criteria for
ACD were a serum ferritin > 100ng/ml and TfS < 20%, whereas if
the serum ferritin level was < 100 ng /ml, a combination of true iron
deficiency and ACD was diagnosed.*

2.3. Iron absorption in IBD patients

In order to evaluate the efficacy of iron absorption, an iron load
test [ILT] was performed in children affected by IBD. We used a
previously described protocol.* After an overnight fast and base-
line serum iron determination, ferrous sulphate [dosed as 1 mg/kg
elemental iron with a 60-mg maximum| was administered orally as
a liquid preparation, followed by determination of serum iron after
2h.The change in iron levels between the baseline and the 2-h period
(A[Fe]2hr) was calculated. Iron malabsorption [IM] was defined
using the normative data, when the increase of serum iron after 2h
from the ILT was lower than the fifth percentile.*
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2.4. Ethical approval

All parents or guardians signed a consent form indicating their aware-
ness of the investigative nature of the study and possible risks. When
appropriate, we also obtained children’s assent. The study was approved
by the Institutional Review Board of University of Naples Federico II.

2.5. Statistical analysis

Variables were screened for their distribution, and appropriate paramet-
ric or non-parametric tests were adopted as necessary. Student’s t-test,
the ANOVA test, and the Mann-Whitney test for continuous variables,
and the chi-square and Fisher’s exact tests for categorical variables, were
used where appropriate. Multivariate I logistic regr
analysis was used to explore the odds associated with a positive serum

e

hepcidin and a pathological ILT. Serum hepcidin and ILT were used as
dependent variables, and the effect of all the parameters was analysed by

Table 1. Demographic and clinical characteristics of enrolled patients.

a stepwise procedure. Serum hepcidin was considered positive for val-
ues higher than the measurable cut-off [0.55 nM]. Correlations between
serum hepcidin and A[Fe]2hr with continuous variables were evaluated
through linear regression and expressed by Pearson’s correlation coef-
ficient. Variables not normally distributed [serum hepcidin and ferritin]
were log-transformed before performing the correlations. Statistical sig-
nificance was predetermined as p < 0.05. Percentages were rounded to
the nearest whole numbers. SPSS version 15 was used for all statistical
analyses. The sample size of 50 children in each group was estimated
with a 90% power to detect a difference of at least 20% between the
three groups, with an alpha of 0.05.

3. Results

Initially, 150 subjects were enrolled between December 2012 and June
2013, comprising 50 IBD patients (UC: 28; CD: 20; IBD-unclassified

Characteristics [n, %] IBD patients Coeliac patients Healthy controls 4
N=50 N=4s N=50
Age, years [range] 12.6+3.5 [4-18] 8+3.2[2-14] 11.1£4.2[3.2-18] 0.01
Gender [n, %]
Male 27 [54] 20 [44.4] 25 [50] 0.6
Cocliac discase diagnosis [n, %] NA
Coeliac disease 38 [84.4] -
Potential cocliac disease - 7 [15.6] -
TG - 110.8 +87.6 [3.4-200] -
EMA positive 41 (91.1] -
Marsh grading [n, %] - -
T1 B 316.6] 5
T2 - 0
T3a - 0
T3b 5 12 [26.6] 2
T3c . 21 [46.6] -
IBD type [n, %] NA
uc 28 (56] - -
CD 20 [40] - -
IBD-U 2(4] - -
IBD disease location [, %] - - NA
uc
Proctosigmoiditis [E1] 9(32] - -
Left-sided colitis [E2] 2(8] - %
Extensive colitis [E3] 6[21] - -
Pancolitis [E4] 11[39] - ®
CD - -
Tleum only [L1] 1[5] - -
Colon only [L2] 51[25] - -
Teum and colon [L3] 14 [70] 3] 2
Upper gastrointestinal tract [L4a] 2[10] - -
IBD discase activity indexes NA
PUCAI 13.8216.4 [0-47.5] - -
PCDAI 11.8=14.4 [0-60] - -
IBD therapy [n, %] NA
Steroids 10 [20] - -
Enteral nutrition 3[6] - -
Azathioprine 11[22] - -
Methotrexate 1(2] - -
Biologicals 21[4] - -
Mesalazine 3162] - -
All continuous variables values are expressed as means = standard deviation [range].
CD, Crohn’s disease; EMA, anti-end tTg, anti 1 IBD, infl. y bowel disease; UC, ulcerative colitis; IBD-U, inflammatory

bowel disease unclassified; PCDALI, Paediatric Crohn’s Discase Activity Index; PUCAL, Pacdiatric Ulcerative Colitis Activity Index; NA, not applicable.
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Table 2. L: Yy par of enrolled

Parameters IBD patients [n = 50] Coeliac patients [n = 45| Healthy controls [z = 50] Pt

Hb, g/dl 12.2:1.7 [8.3-14.9] 12.121[9.1-14.6] 12.8=1[11-16] 0.04
MCV, fl 78.6=8.1 [60-94] 78.5=5.3 [60.3-91] 82.5=4.1[74-92] 0.002
Serum iron, pg/dl 56.6+32.5 [13-148] 60.4233.4 [19-176] 80.7£26.9 [28-138] 0.001
Ferritin, ng/ml 45.8+36.8 [6-217] 33.8+30.5 [6-157] 56.8+31[10-179] 0.0 001
Transferrin, g/l 2.520.6 [1.3-4.3] 2.720.3 [2.1-3.4] 1.40.3 8 [0.7-2.6] 0.02
STR, mg/dl 1.921.2 [0.8-8.5] 1.720.4 [1.1-2.8) 1.420.3 [0.4-2.6] 0.02
Teat, % 16.129.8 [3-41] 1528.6 [5-42] 21.428.3 [6-44] 0.01
TIBC, pg/dl 315.5+77.7 [139-460] 365.1+72.8 [236-576] 350.8=43.8 [268-450] 0.3
Reticulocytes, % 3.823.6 [0.6-9] 4.023.3[1-4] 3.223.4(0.6-9] 0.01
Serum hepcidin, nM 4.328.3[0.55-49.2] 2.123.1[0.55-15.5] 222.6[0.55-11.3] 0.06
ESR, mm 122+11.8 [1-46] 9.5:6.1 [2-23] 6.2+3.9[1-17] 0.03
CRP, mg/dl 1.423.1[0.33-18.6] 0.3520.04 [0.33-0.4] 0.3620.2 [0.33-2] 0.0 001

All values are expressed as means = standard deviation [range].

CRP, C-reactive protein; ESR, eryth
total iron binding capacity; TSat, transferrin saturation.
* ANOVA test.

Table 3. Serum hepcidin levels in different groups of patients.

Groups [n] Serum hepcidin® P

rate; Hb, h lobi

MCYV. mean corpuscolate volumes STHR, soluble transferrin receptor; TIBC,

3.1. Prevalence of anaemia among different
study groups

IBD with PCDAI/PUCAI 2 30 [11]
IBD with PCDAI/PUCAI < 30 [39]

9.4:15.8[0.55-49.2]  0.02
2.8+3.7[0.55-19.2]

IBD type 0.1
UC [28] 3.326.2[0.55-28.5]

CD [20] 5.710.9 [0.55-49.2]

IBD-U [2] 1.821.7 [0.55-3]

IBD with PCDAI/PUCAI = 30 [11]
Coeliac patients [45]

IBD with PCDAI/PUCAI 2 30 [11]
Healthy controls [50]

Coeliac patients [45] 2.1+3.1[0.55-15.5] 0.9
Healthy controls [50] 2.1+2.6 [0.55-11.3]

Cocliac disease group 0.3
Coeliac disease [38] 1.9+3.0 [0.55-15.5]
Potential coeliac disease [7] 3.1£3.3[0.55-8.3]

Patients with anaemia

9.4:15.8[0.55-49.2]  0.005
2.1+3.1[0.55-15.5]
9.4215.8[0.55-49.2]  0.003
2.1+2.6[0.55-11.3]

IDA (8] 0.55 [0.55] 0.001
ACD [2] 25.134 [1-49.2)

ACD [2] 25.1+34 [1-49.2] 0.001
IDA + ACD [12] 1.9+4.3 [0.55-15]

IDA (8] 0.55 [0.55] 0.06

IDA + ACD [12] 1.9+4.3 [0.55-15]

*Values are expressed as means = standard deviation [range].

ACD, anaemia of chronic disease; CD, Crohn’s disease; IDA, iron deficiency
anaemia; IBD, inflammatory bowel disease; IBD-U: inflammatory bowel dis-
ease unclassified; PCDAI, Paediatric Crohn’s Disease Activity Index; PUCAI,
Pediatric Ulcerative Colitis Activity Index; UC, ulcerative colitis.

[IBD-U]: 2; mean age = standard deviation [SD:] 12.6 = 3.5; range 4
to 18 years; M/F: 27/23), 50 children with a suspicion of coeliac dis-
case, and 50 healthy controls [mean age = SD: 11.1 +4.2 years; range
3.2 to 18 years; M/F: 25/25]. Among the coeliac disease group, 5
patients [10%] were subsequently excluded from the study for non-
confirmed positive coeliac serology and therefore only 45 coeliac
patients were included in the study [mean age = SD: 8+3.2 years;
range 2 to 14 years; M/F: 20/25]. Of these 45 children, 38 [84.4%]
were affected by coeliac disease and 7 [15.6%] by potential coeliac
disease. The baseline and laboratory characteristics of all subjects
included in the study are described in Table 1 and Table 2.

The prevalence of in IBD patients was significantly higher
compared with both the coeliac group and the healthy controls (17/50
[34%] versus 5/45 [11.1%]; OR = 4.1; 95% CI 1.3 to 12.3,p = 0.01;
17/50 [34%] versus 0/50 [0%]; p = 0.001; OR 2.5; 95% CI 1.9 t0 2.3,
respectively]. In detail, 3 out of 17 IBD patients [17.6 %] were affected
by IDA, 2/17 [11.7%] by ACD, and in 12 out of 17 [70.5%] IBD chil-
dren a combination of IDA and ACD was identified. All five anaemic
coeliac patients were affected by IDA. In addition, an iron deficiency
status without anaemia was found in 1/50 [2%] IBD patients, 7/45
[14%)] coeliac patients, and 2/50 [4%] healthy controls [p = 0.03].

3.2. Serum hepcidin among different groups

Serum hepcidin was significantly higher in IBD patients with a
PCDAI/PUCAI > 30 compared with patients with PCDAI/PUCAI
< 30, coeliac patients, and healthy controls [p = 0.02, p = 0.005,
p = 0.003, respectively] [Table 3]. In IBD patients with PCDAI/
PUCAI < 30, serum hepcidin values were higher than in coeliac
or in healthy child but statistical significance was not reached
[p = 0.3, p = 0.2, respectively]. No difference was observed when
comparing coeliac patients with healthy controls [p = 0.9] [Table 3].
In addition, serum hepcidin was significantly higher in patients with
ACD compared with children with IDA and ACD + IDA [p = 0.001,
P = 0.001, respectively]. Patients with ACD + IDA showed higher
values of serum hepcidin compared with patients with IDA, with a
trend roward statistical significance [p = 0.06] [Table 3]. In detail,
none of the patients with pure IDA showed hepcidin values higher
than the lower limit of the assay [0.55 nM], whereas 7 out of 12
[58.3%] patients with combined IDA and ACD showed values >
0.55nM. Both of the two patients [100%] with pure ACD showed
values higher than the cut-off.

3.2.1. Multivariate analysis

In a multivariate logistic regression model, serum hepcidin was con-
sidered positive for values > 0.55nM. Having a PCDAI/PUCAI = 30
resulted in the only variable independently associated with a positive
serum hepcidin (9/11 [81.8%] patients with a PCDAI/PUCAI = 30
versus 53/134 [39.5%] of the remaining patients; OR = 6.87; 95%
CI 1.4-33, p = 0.01). None of the other variables was associated
with positive serum hepcidin.
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3.3. Iron absorption in IBD patients

Off 50 IBD patients, 43 [86%] performed the ILT. Twelve of the
43 [27.9%)] patients showed a pathological ILT. Iron absorp-
tion was not associated with patient age or gender [p = 0.6 and
p = 0.3, respectively] [Table 4]. Specific type of IBD and duration
and extension of disease did not associate with the IM [p = 0.1,
p=0.1,and p = 0.7, respectively]. Patients with IM showed signifi-
cant higher values of ESR and CRP compared with patients with
normal iron absorption [p = 0.02 and p = 0.001, respectively].
Active disease was more frequent in children with a pathological
ILT when compared with children with normal iron absorption
(8/12 [66.7%] versus 6/31 [19.3%] [p = 0.01]. In particular, a
PUCAI/PCDALI 2 30 was more common in children with patho-
logical ILT when compared with children with normal ILT (5/12
[41.6%] versus 1/31 [1.3%]; p = 0.004). Mean PUCAI and PCDAI
are shown in Table 4. In addition, IBD children with abnormal
ILT were significantly more often raking immunosuppressive
therapy (9/12 [75%] versus 11/31 [35.5%]; p = 0.03). Baseline
serum iron, haemoglobin, transferrin, and Tsat values were signifi-
cantly lower in patients with IM [p = 0.001, p = 0.005, p = 0.04,
and p = 0.003, respectively] [Table 4]. Although baseline ferritin
and faecal calprotectin were found to be higher in patients with
IM, these differences were not statistically significant [p = 0.2
and p = 0.6, respectively| [Table 4]. Serum hepcidin was higher in
patients with pathological ILT, with a trend toward statistical sig-
nificance [p = 0.06] [Table 4]. In a multivariate logistic regression
model, being affected by active IBD resulted in the only variable

independently associated with a pathological ILT [OR = 15.4;
95% CI 1.4-160.2, p = 0.007].

3.4. Correlations of serum hepcidin and A[Fe]2hr

In order to determine correlations, we included all the patients
[ = 145] in the analysis, except for A[Fe]2hr, PUCAI, PCDAI, cal-
protectin, and tTg, which were determined only in IBD patients or
in coeliac patients. Log-tranformed hepcidin levels correlated nega-
tively with A[Fe|2hr [r = -0.451, p = 0.002] [Figure 1A}, and posi-
tively with log-transformed ferritin and CRP [r = 0.442, p = 0.0 001;
r = 0.243, p = 0.009, respectively] [Figure 1B and CJ. An inverse
relationship was found with serum transferrin [r = -0.249, p = 0.005,
respectively] [Figure 1D]. A direct correlation with a trend toward
statistical significance was found between log-transformed hepcidin
and ESR [r = 0.158, p = 0.09]. No specific correlation was found
comparing log-transformed hepcidin with age, duration of IBD,
serum iron, STfR, TIBC, or reticulocytes. Among coeliac patients,
no significant correlation was identified between log-transformed
hepcidin levels and (TG titres [r = -0.201, p = 0.2]. A[Fe]2hr was
found to be inversely correlated with log-transformed ferritin and
CRP [r = -0.588, p = 0.0001; r = -0.585, p = 0.0001, respectively]
[Figure 2A and BJ. A direct correlation was found between A[Fe]2hr
and transferrin [r = 0.613, p = 0.0001] [Figure 2C]. An inverse cor-
relation with a trend toward statistical significance was found with
ESR, PUCAL, and faecal calprotectin [r =-0.296,p = 0.07;r = -0.292,
p =0.06; r = -0.325, p = 0.08, respectively]. None of the other vari-
ables correlated with A[Fe]2hr.

Table 4. Ch istics with iron malab ion in IBD child:

Characteristics Pathological ILT [n = 12] Normal ILT [» = 31) P
Mean age [years, range| 12.9+3.6 [2-18] 12.323.5 [2-18] 0.6
Gender [, %] 0.3
Male 4[33.3] 17 [54.8]

Duration of disease [months] 25.5+29.6 [0-82] 43.8:36.3 [1-113] 0.1
IBD type [, %] 0.1
cD 6150] 10 [32.3]

uc 5[41.7) 20 [64.5]

IBD-U 1[8.3] 1[3.2]

Active disease [,%] 866.7| 6[19.4] 0.01
PCDAI/PUCAI 2 30 [n, %] 5[41.7) 1[3.2] 0.004
Discase activity indexes

PCDAI 17.117.4 [0-47.5] 3.724.6 [0-10] 0.03
PUCAI 25.8+15.3 [0-40] 7.5+5.1 [0-35] 0.002
Immunosuppressants [1,%] 9[75] 11[35.5] 0.03
Laboratory parameters

Haemoglobin, g/dl 11.3+1.5 [9.1-14.5] 12.8+1.5 [8.3-14.9] 0.005
Pre-load sideraemia, pg/dl 29.7+14.4 [13-52) 71.6=31 [18-148] 0.001
Ferritin, ng/ml 46.8+28 [6-99] 36.7+23.9 [10-115] 0.2
Serum hepcidin, nM 4.8+7.8[0.55-28.5] 2.7+3.9[0.55-19.2] 0.06
Transferrin, g/l 2.3+0.8 [1.3-4.3] 2.7+0.4 [1.6-3.6] 0.04
Tsat, % 9.925.7 [4-21] 19.829.5 [3-41] 0.003
STIR, mg/dl 1.8+0.5 [0.8-2.4] 1.921.5[0.9-8.5] 0.8
TIBC, pg/dl 32151 [220-370] 327.6278.2 [139-460] 0.8
Reticulocytes, % 2,623 [0.8-9] 4.623.9[0.6-9] 0.1
CRP, mg/dl 1.7 [0.2-5.1] 0.4 [0-2.6] 0.001
ESR, mm 16.7=11.4 [5-35] 8.429.6 [1-46] 0.02
Calprotectin, pglg 316 [25-485] 234.1 [30-493] 0.6

All continuous variables values are expressed as means = standard deviation [range].

CD, Crohn’s disease; CRP, C-reactive protein; ESR, erythrocyte

rate; IBD, infl

y bowel disease; IBD-U, inflammatory bowel disease un-

classified; PCDAL, Paediatric Crohn’s Disease Activity Index; PUCAI, Paediatric Ulcerative Colitis Activity Index; STfR, soluble transferrin receptor; TIBC, total

iron binding capacity; Tsat, transferrin saturation; UC, ulcerative colitis.
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serum hepcidin and A[Fe]2hr [r =-0.451, p =0.002] in inflammatory bowel disease [IBD patients]. [A] Correlations

between log-transformed serum hepcidin and log-transformed ferritin [r = 0.442, p = 0.0 001]. [B] C-reactive protein [CRP] [r = 0.243, p = 0.009] and [C] transferrin

[r=-0.249, p=0.005], [D] in all the enrolled patients.

4. Discussion

To the best of our knowledge, this is the first paediatric study evalu-
ating iron absorption and serum hepcidin levels in IBD paediatric
patients. Our data show that IBD children with active disease tend
to have impaired iron absorption, driven through the hepcidin path-
way. Indeed, serum hepcidin levels were significantly higher in IBD
patients with moderate to severe activity as compared with all other
groups, including patients with mild activity or in remission, coeliac
patients, and healthy controls. In addition, a significant inverse cor-
relation was found between hepcidin levels and iron absorption. Our
results are in agreement with the paper from Semrin and colleagues,
the only paediatric study investigating the relationship between iron
absorption and hepcidin.'’ The authors, using urinary hepcidin as a
proxy for serum hepcidin, enrolled 19 paediatric patients with CD
and found that hepcidin was increased in those with active disease
and inversely correlated with iron absorption.'!

Anaemia is a relevant problem frequently occurring during
IBD management. Despite its relative high prevalence, costs, and
impact on patient quality of life, it is rarely considered and ade-
quately treated.>*% In our study population, the prevalence of
anaemia among IBD patients was 34%. It is well known that the
origin of IBD-related anaemia is usually multifactorial.?* Not sur-
prisingly, the majority of the anaemic patients in our study popula-
tion showed a combined IDA and ACD [70.5%]. This finding once

more highlights the difficulties in the therapeutic management of
IBD-related anaemia. Indeed, in those cases with a mixed patho-
genesis, the clinician usually faces the dilemma whether or not to
use oral iron. As previously reported, the treatment with oral iron
has significant limitations in IBD, being less efficacious than the
intravenous route.”’” In addition, absorption of iron from the GI
tract is limited, and unabsorbed iron is exposed to the intestinal
surface. Iron mucosal harm has been described in IBD.?* Studies in
animal models of colitis indicate that luminal iron may exacerbate
disease activity.?**" In a more recent study, iron supplementation
affected microbiota and increased faecal calprotectin.’® Taking
into account this possible warning, the recently published ECCO
guidelines state that the intravenous route should be preferred in
those patients with suspected ACD.? It is therefore important to
detect ACD in order to avoid an unnecessary and possibly harmful
oral iron therapy.

The development of ACD is influenced by numerous factors,
among which hepcidin is now considered the leading actor. Indeed,
the decrease in ferroportin expression, which results from elevated
hepcidin levels, would block entry of iron into the circulation, with

q erythrop P Furthermore, since intestinal
absorption of iron is inhibited by downregulation of ferroportin
on enterocytes, the anaemia would be resistant to oral iron sup-

plementation.”® Therefore, serum hepcidin may represent an useful
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Figure 2. Correlations between A[Fe]2hr and log-transformed ferritin
[r =-0.588, p = 0.0 001]. [A] C-reactive protein [CRP] [r = -0.585, p = 0.0 001]
and (B] transferrin [r = 0.613, p = 0.0 001], [C] in inflammatory bowel disease
[1BD] patients.

surrogate marker to distinguish patients with impaired iron absorp-
tion in whom intravenous iron could be used as first-line option.
To date, no paediatric study has evaluated serum hepcidin sensitiv-
ity and specificity in IBD-related As previously reported
in adult populations, the low specificity together with the lack of
standardisation should be considered the main limitations of this
marker.!”*? Although strongly limited by the small sample of anae-
mic patients, our data suggest that patients with pure IDA have
undetectable hepcidin levels. This finding, if confirmed by larger

series, may at least allow hepcidin use in the differential diagnosis
of pure IDA from ACD. On the other hand, hepcidin’s role in the
diagnosis of combined IDA and ACD is still questionable and needs
to be addressed by further studies.

Based on a recent paper published by Wang and coll hepcidi

may also act beyond the simple role of iron regulator.*® The authors,
inhibiting hepcidin expression in a mouse model of colitis, not only
corrected IBD-related anaemia but also reduced colonic inflammatory
cytokine expression.’ This finding suggests that hepcidin may be some

vy 1

way involved in perp

g ion, rep inga new p
IBD therapeutic target. Our study does not provide information about
hepeidin’s role in the inflammatory process. Nevertheless, IBD children
with pathological ILT showed higher values of disease activity indexes
and acute phase reactants and were more often under immunosuppres-
sive therapy, indicating the more severe phenotype of disease. In addi-
tion, the positive correlations of hepcidin with ESR and CRP, confirming
that inflammation plays a major role in hepcidin induction, may also
indicate that hepcidin could be directly implicated in the IBD inflam-
matory cascade. Anyhow, targeted studies are still necessary to confirm
hepcidin’s role in the p is of IBD’s infl. y course.

Our study was also meant to find out which iron parameters

better correlate with hepcidin levels, and serum ferritin was found
to be the most strictly correlated. This finding is in agreement with
previous literature,'* and once more demonstrates that ferritin is
the primary biochemical marker correlated to hepcidin concentra-
tion. However, 58.3% of patients, with a diagnosis of combined IDA
+ ACD and normal ferritin values, showed an increased hepcidin,
demonstrating that the ferritin value is not sufficient in the differen-
tial diagnosis of IBD-related anaemia.

This study has some limitations. First of all, intestinal iron
absorption was simply determined using the ILT based on the incre-
ment of iron level 2h after administrating an iron load, and this
constitutes a methodological limitation. However, studies using dual
stable iron isotope techniques, which are considered the gold stand-
ard for iron absorption determination, have shown a similar inverse
correlation between serum hepcidin and iron absorption in healthy
controls.* In addition, ILT has already been correlated with uri-
nary hepcidin in IBD." Finally, due to the earlier diagnosis, coeliac
children were not age-matched with IBD and healthy controls and

this may have infl idi

d differences in hep levels.

4.1. Conclusion

In conclusion, this comparative, cross-sectional study demonstrates
that serum hepcidin is increased in IBD children with active disease
and plays an important role in the process of iron malabsorption.
ACD is significantly prevalent in paediatric IBD and should be taken
in consideration before starting oral iron therapy. If confirmed by
further studies, the negative correlation between hepcidin levels and
iron malabsorption during the ILT may have important practical
implications for a tailored management of anaemia in children with
IBD-associated IDA. Indeed, serum hepcidin may serve as a useful,
sensitive, surrogate marker to distinguish patients with impaired
iron absorption in whom intravenous iron could be used as first-line
option, avoiding the waste of time with a futile and possibly harmful
cycle of oral iron. Further studies are needed to better elucidate the
role of hepcidin in both iron bolism and infl in IBD, in
order to design new therapeutic strategies for ACD in paediatric IBD.
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2.3 Impact of Environmental and Familial Factors in a cohort of pediatric patients with

Inflammatory Bowel Disease

In the last years, epidemiological and molecular studies stressed the importance of genetic
susceptibility in causing IBD onset.*”*® However, important features such as the significant
geographical variation in disease incidence, the incomplete penetrance among monozygotic twins,
and the striking rise of IBD over the course of the past century, can’t be explained with genetic
predisposition alone and reinforce the environmental hypothesis for IBD etiology. ***! So far, in
addition to familial aggregation, which is the most important IBD risk factor, only tobacco smoking
and appendectomy have been demonstrated to be strongly associated with IBD incidence.>**
An emerging and interesting theory supporting the environmental influence on IBD onset, is the
“hygiene hypothesis”, which correlates the epidemiological rise in IBD incidence over the 20th
century, both in developed and developing countries, with the improvement in general hygienic
conditions (i.e. free access to clean water, smaller family size, etc.). >

Understanding the role of environmental factors is important not only for the possible preventive
interventions in genetically predisposed individuals, but also to offer a better disease care to those
already suffering with IBD. Therefore, the purpose of our work was to investigate the relation
between the exposure to some environmental factors and the risk to develop UC and CD in a cohort
of pediatric patients in Southern Italy.

Understanding the role of environmental factors is important not only for the possible preventive
interventions in genetically predisposed individuals, but also to offer a better disease care to those
already suffering with IBD. Therefore, the purpose of our work was to investigate the relation
between the exposure to some environmental factors and the risk to develop UC and CD in a cohort
of pediatric patients in Southern Italy. Our study suggests numerous evidences supporting the
influence of environmental factors as possible explanation for the significant increase of IBD
incidence in the last decades.”® To the best of our knowledge this is the first pediatric study
addressing the hypothesis that the development of IBD may be related to a lower adherence to
Mediterranean diet, assessed with a validated questionnaire.

As previously reported, having a first degree relative with IBD represents the single most important
factor determining an individual’s risk for developing the disease™, confirming the importance of
genetic background. However the fact that environmental factors play a major role in IBD
development is corroborated by many of our results. We confirmed that antibiotics areassociated
with increased risk of CD.®*®! The use of antibiotics may alter the composition of the gut

microbiome with the loss of potentially beneficial bacteria and the emergence of potentially
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pathogenic bacteria. Alternatively, the loss of immune interaction with potentially pathogenic
bacteria at an early age fails to prime the immune system to harmful organisms that it may
encounter later in life.**®* Moreover, our study confirms an association between crowded housing
and protection against the development of both IBD forms: owning pets, reduced number of toilets
at home and higher number of siblings were associated with a lower risk for both CD and UC.
Family size can be used to indicate the level of overcrowding in a home, which has been associated
with potential exposure to infection. A small family size and thus a less propensity for exposure to
infections have been associated with a higher risk for IBD.%? Siblings may influence the
development of IBD altering exposure patterns to microorganisms in early life, affecting acute
manifestation of infections, or influencing age of transmission and severity.®®

Above all, the striking difference in Mediterranean diet adherence, between cases and controls, has
to be considered the most innovative finding of our study. Indeed, the Mediterranean diet is perhaps
considered one of the healthiest dietary models currently existing. Numerous epidemiological and
experimental nutrition studies have demonstrated how Mediterranean countries benefit from lower
rates of chronic disease morbidity and higher life expectancy.’® There are several proposed
mechanisms of action to explain the association between IBD and dietary choices. These proposed
mechanisms involve a direct effect of dietary antigens, alteration of gut permeability, and the auto

inflammatory response of the mucosa due to changes in the microbiota
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What’s known in this subject

The increased incidence of IBD over the last decades and the rise of diagnosis in pediatric age
underline the importance of environmental contribution on IBD onset. Smoke and appendectomy
have been demonstrated to be strongly associated to IBD incidence.

What This Study Adds

This is the first pediatric study describing the protective role of adherence to Mediterranean diet on
IBD development. Our study confirms that environmental factors are closely linked to IBD onset
and can explain the rise of IBD in developed countries.
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ABSTRACT

Objectives: The primary role of environment on Inflammatory Bowel Disease (IBD) onset has
been recently stressed. We aimed to investigate the impact of environmental factors in an IBD
pediatric cohort. Methods: A total of 467 subjects [(264 IBD and 203 controls] were enrolled. All
patients underwent a questionnaire including 5 different groups of environmental risk factors:
family history of IBD and autoimmune diseases, perinatal period, home amenities and domestic
hygiene, childhood diseases and vaccinations, diet. Results: In a multivariate model, IBD family
history resulted the most significant factor associated with the risk of being affected by Crohn’s
disease (CD) and Ulcerative Colitis (UC) (Odds Ratio (OR): 79; 95% Confidence Interval 6.6-
946.3; OR: 22.7; 6.8-76, respectively). Mother degree (OR: 8.9; 3.1-25.5), duration of breast
feeding>3‘h month (OR: 4.7; 1.8-12.6), father employment (OR: 4.1; 1.4-11.9), gluten
introduction<6" month (OR: 3.7; 1.7-8.2), number of siblings<2 (OR: 3.2; 1.4-7) and family history
of autoimmune diseases (OR: 2.5; 1-6.1) were significant risk factors for CD. Low adherence to
Mediterranean diet (OR: 3.3; 1.8-6), gluten introduction<6" month (OR: 2.8; 1.6-4.7) and number
of siblings<2 (OR: 1.9; 1-3.2) were significant risk factors for UC. Owning pets (OR: 0.2; 0.07-
0.4) and bed sharing (OR: 0.1; 0.05-0.4) were protective factors for CD, while owning pets (OR:
0.4; 0.2-0.8) and family parasitosis (OR: 0.07; 0.01-0.4) resulted protective factors for UC.
Conclusions: Our study confirms that environmental factors are closely linked to IBD onset and
may partly explain IBD rise in developed countries.
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Introduction

Inflammatory bowel diseases (IBD) represent a group of inflammatory conditions involving
the gastrointestinal tract, whose etiology remains still unknown. Ulcerative colitis (UC) and
Crohn’s disease (CD) are the most common forms of IBD, both associated with high morbidity [1,
2]. In the last years, epidemiological and molecular studies stressed the importance of genetic
susceptibility in causing IBD onset [3, 4]. However, important features such as the significant
geographical variation in disease incidence, the incomplete penetrance among monozygotic twins,
and the striking rise of IBD incidence over the course of the past century, can’t be explained with
genetic predisposition alone and reinforce the environmental hypothesis for IBD etiology [5-7]. So
far, in addition to familial aggregation, which is the most important IBD risk factor, only tobacco
smoking and appendectomy have been demonstrated to be strongly associated with IBD incidence
[8-10]. The contribution of other potential environmental risk factors, proposed as important in
IBD predisposition (including oral contraceptives and diet), has not yet been demonstrated because
of discordant results [11, 12]. An emerging and interesting theory is the “hygiene hypothesis”,
which correlates the epidemiological rise in IBD incidence over the 20th century, both in developed
and developing countries, with the improvement in general hygienic conditions (i.e. free access to
clean water, smaller family size, etc.)[13-15]. This theory asserts that exposure to poor hygiene or
infections during childhood can protect from developing IBD or other kind of autoimmune and
allergic diseases later in life [16, 17]. Moreover, several epidemiological studies suggested a role of
perinatal or early life events in the etiology of IBD [5, 7] such as non-specific (gastroenteritis and
other non-specific infections) and specific (vaccines, passive smoking) exposures. A possible
explanation is that a decreased prevalence of infections during childhood could lead to a major
individual susceptibility in developing IBD later in life. However, there are no definitive data
demonstrating a final role of hygiene in IBD development. Understanding the role of environmental

factors is important not only for the possible preventive interventions in genetically predisposed
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individuals, but also to offer a better disease care to those already suffering with IBD. Therefore,
the purpose of our work was to investigate the relation between the exposure to some environmental

factors and the risk to develop UC and CD in a cohort of pediatric patients in Southern Italy.

Materials and Methods

Case identification

A case-control study was undertaken at the Department of Translational Medical Science, Section
of Pediatrics, University of Naples Federico II, in Campania, Southern Italy. Cases corresponded to
IBD pediatric patients attending our Department for clinical management from 2000 to 2014 and
with an age <18 years at the time of IBD diagnosis. The diagnosis of CD and UC was based on

clinical, endoscopic, radiological and histo-pathological criteria [18].

Controls

Controls were chosen both from local public schools (n=111; 54.6%) in Campania, Italy,
representatives of the general population, and from the outpatient clinic (n=92; 45.4%) at the
Department of Translational Medical Science, Section of Pediatrics, University of Naples Federico
11, Campania, Italy. Only children with functional gastrointestinal disorders, gastrointestinal reflux

or constipation were enrolled.

Definition of Questionnaire

Investigators personally interviewed both the study subjects and their mothers (if the subject was
<10 years old). A copy of the questionnaire (Supplemental file) was given to each subject to
carefully think about each answer and, if necessary, to discuss it with other family members.
Patients and their parents filled the questionnaire between January and June 2014. Questions
covered the period from birth to the date of diagnosis for cases and the corresponding period for

control (from birth to age of the enrollment). The questionnaire was a multi-item-questionnaire
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related to five different areas: 1) family history of IBD and of autoimmune diseases; 2) perinatal
period (gestational age at birth, mother diseases during pregnancy, infections or hospitalization
during the first month of life); 3) home amenities (presence of bathrooms, hot water), water
consumption (tap or bottle water), type of housing (flat, house or other), personal hygiene, presence
of animals (pets, other animals), number of siblings, sharing the bed or the room with other family
members, active and passive smoking, mother and father degree and employment, stressing events
susceptibility (generalized anxiety, social anxiety, panic disorders, bereavement, divorce); 4)
childhood infections (measles, mumps, rubella, chicken pox, whooping cough, croup,
gastroenteritis, respiratory infections during the first years of life), other childhood diseases (atopy),
use of antibiotics, appendectomy and vaccines (both compulsory such as measles-mumps-rubella
vaccine, diphtheria, tetanus, poliomyelitis, pertussis and optional such as pneumococcus and
meningococcal vaccines); in the latter category positive history for other infective diseases, both in
the patients or in the family components, [such as Helicobacter Pylori (H. Pylori), parasites] were
also included; 5) infants and children diet (breast-feeding, age of introduction of gluten). In
addition, a separate validated questionnaire was designed to assess the adherence to Mediterranean
diet, as previously described [19] (Table 2). The total duration of the interview was approximately

one hour.

Ethical Considerations
The Institutional Review Board of the University of Naples “Federico II” approved the study

protocol and questionnaire, and all participants gave informed written consent.

Statistics
The association between potential risk factors and IBD, CD or UC, was explored by Pearson’s Chi-
Square test for categorical variables. A p value of <0.05 (p*) was considered to denote a statistically

significant difference. A Bonferroni correction was applied to correct for multiple comparisons. A
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multivariate model was performed in order to consider the effect (Odds Ratio) of each single factor,
after having considered the contribution of all other factors. We selected a stepwise forward
conditional procedure to identify the strongest risk factor and then we added the factors that
contribute independently to further risk. We compared CD and UC cases versus controls to
estimate the odds of being a control (not affected) by a Logistic Regression Model. Since
environmental risk factors might be related to the socio-economic level of the family, we included
in the first step of the multivariate model, mother’s education and father’s occupation, considered as
the best markers of the socio-economic status and positive IBD family history and autoimmune
diseases, the two strongest IBD-related risk factors. For a case-control study, a p value<0.05, a
power of 80%, a mean risk factor prevalence of 30% and expected relative risk of 2.5 (selected for
biological significance), the required sample size for cases and controls separately was estimated

around 80 [20].

Results
Description of IBD cohort and controls

All IBD cases and controls agreed to participate in the study. A total of 467 subjects aged
between 1 and 18 years, were enrolled. Among these 102 were affected by CD (median age: 11
years; range: 4-17 years; M/F: 58/44) and 162 by UC (median age: 10 years; range: 2-17 years;
M/F: 80/82). In the IBD groups no case of indeterminate colitis was present. In addition, 203
controls (median age: 12 years; range: 5-17; M/F: 118/85) were also enrolled. Baseline
characteristics of enrolled patients were not significantly different among cases and controls, as

reported in Table 1.

Univariate Analysis (Table 3, Table 4)

Family history of IBD and autoimmune diseases
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A family history of IBD was significantly associated with both CD (CD: 16.2% versus (vs)
Controls: 2%; y%: 21.4; p<0.001) and UC (UC: 29.6% vs Controls: 2%; x%: 55.5; p<0.001). The
presence of concomitant autoimmune diseases was associated to the risk of developing IBD, with a
significant difference compared to controls both for CD (CD: 37% vs Controls: 19.4%; xz: 10.85;

p=0.002) and UC (UC: 40%; Controls: 19.4%; x*: 19.7; p<0.001).

Perinatal period
Gestational age, mothers’ diseases during pregnancy and infections or hospitalization during the

first month of life were similar between cases and controls.

Home amenities, domestic and personal hygiene

A higher percentage of stressing events in the family was found in both group of cases compared
with controls (CD: 46.1% vs Controls: 34.5%; x%: 3.9; p=0.05; UC: 54.7% vs Controls: 34.5%; xZ
14.9; P<0.001). Bed sharing was significantly more frequent in controls patients when compared
with CD patients (Controls: 37.1% vs CD: 17.6%; x* 12.1; p<0.001); this finding was not
confirmed in UC patients (UC: 30.8% vs controls: 37.1%; x% 1.6; p=0.1). The number of siblings
resulted to be lower (< 2 siblings) in the CD group (CD: 69.3% vs Controls: 50.7%; xZ: 9.5;
p=0.002) and UC group (UC: 67.7% vs Controls: 50.7%; x* 10.6; p=0.001) when compared to
controls. A higher (>1) number of toilets was found in cases’ houses compared to the controls both
for CD (CD: 73.5% vs Controls: 61.6%:; %% 4.3; p=0.04) and UC (UC: 77.6% vs Controls: 61.6%;
%x%10.8; p=0.001). Furthermore, owning a pet was more frequent in controls compared to both
group of cases (CD: 17.6% vs Controls: 34.7%; %% 9.5; p=0.001; UC: 23.5% vs Controls: 34.7%;
%% 5.4; p=0.02). In CD families tobacco smoking was statistically more frequent than in control’s

families (CD: 52.5% vs Controls: 41.9%; x% 3.1; p=0.05).
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Childhood diseases, vaccinations

No statistical significant difference was found in the exposure to vaccination or incidence of
childhood exanthema (measles, mumps and rubella) between cases and controls. A positive family
history for intestinal parasitosis and H.Pylori infection resulted more frequent in controls than in
CD and UC cases (Parasitosis: CD: 3.1% vs Controls: 16%; )(2: 10.6; p=0.001; UC: 1.3% vs
Controls: 16%; % 22.136; p<0.001; H.Pylori: CD: 9.2% vs Controls: 17.9%; x* 3.8; p=0.03; UC:
8.9% vs Controls: 17.9%:; % 5.8; p=0.02). A higher use of antibiotic therapy was found in the CD
group compared to controls (CD: 30.4% vs Controls: 21.2%; %% 3.1; p=0.05). Recurrence of
intestinal parasitosis and H.Pylori infection was not significantly different in cases (both CD and
UC) compared to the control group. No difference was found regarding atopy (eczema, asthma),

appendectomy and consumption of non-steroidal-anti-inflammatory drugs.

Infants and children diet

The number of subjects who showed a low adherence to Mediterranean diet was higher for CD
(CD: 29.4% vs Controls: 17.3%; x*: 5.9; p=0.01) as well as for UC (UC: 37.7% vs Controls: 17.3%;
%% 19; p<0.001) when compared to controls. CD patients (CD: 78.2% vs Controls: 57.1%; %%
10.2; p=0.001) showed a higher frequency of prolonged breastfeeding (>3 months) compared to
controls. Gluten was introduced in child’s diet more frequently before the 6th month of age in both
CD (CD: 54% vs Controls: 29.3%; %% 17.3; p<0.001) and UC (UC: 55.3% vs Controls: 29.3%; %*:

24.77; p<0.001) compared to controls.

Multivariate logistic regression analysis
IBD versus Controls
In a multivariate logistic regression model being affected by CD or UC were used as dependent

variables. IBD family history resulted the most significant factor associated with the risk of being
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affected by CD and UC (OR: 79; 95% CI 6.6-946.3; p=0.001; OR: 22.7; 95% CI 6.8-76; p<0.001,
respectively). Mother degree was among the most significant variables associated with CD (OR:
8.9; 95% CI 3.1-25.5; p=<0.001), while a low adherence to Mediterranean diet resulted
significantly associated with UC (OR: 3.3; 95% CI 1.8-6; p<0.001). Owning pets and bed sharing
were independent protective factors for CD development (OR: 0.2; 95% CI 0.07-0.4; p<0.001; OR:
0.1; 95% CI 0.05-0.4; p<0.001). Owning pets and family parasitosis resulted significant protective
factors for UC (OR: 0.4; 95% CI 0.2-0.8; p=0.01; OR: 0.07; 95% CI 0.01-0.4; p=0.002). All
variables independently associated with the risk of being affected by CD and UC after multivariate

analysis are showed in Table 5.

Discussion

Our study suggests numerous evidences in favor of the Hygiene Hypothesis as possible
explanation for the significant increase of IBD incidence in the last decades [21]. To the best of our
knowledge this is the first pediatric study addressing the hypothesis that the development of IBD

may be related to a lower adherence to Mediterranean diet, assessed with a validated questionnaire.

As previously reported, having a first degree relative with IBD represents the single most
important factor determining an individual’s risk for developing the disease [22], confirming the
importance of genetic background. However the fact that “hygiene hypothesis” has a major role in
IBD development is corroborated by many of our results. We confirmed that antibiotics are
associated with increased risk of CD [23, 24]. The use of antibiotics may alter the composition of
the gut microbiome with the loss of potentially beneficial bacteria and the emergence of potentially
pathogenic bacteria [23, 24]. Alternatively, the loss of immune interaction with potentially
pathogenic bacteria at an early age fails to prime the immune system to harmful organisms that it
may encounter later in life [23, 24]. Moreover, our study confirms an association between poor

domestic hygiene and protection against the development of both IBD forms: owning pets, reduced
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number of toilets at home and higher number of siblings were associated with a lower risk for both
CD and UC. Family size can be used to indicate the level of overcrowding in a home, which has
been associated with poor hygiene and potential exposure to infection. A small family size and thus
a less propensity for exposure to infections have been associated with a higher risk for IBD [25].
Siblings may influence the development of IBD altering exposure patterns to microorganisms in
early life, affecting acute manifestation of infections, or influencing age of transmission and
severity [26]. Therefore, it is not surprising that H. Pylori infection and parasitosis were
significantly more frequent in the families of the control group. In a recent meta-analysis H. Pylori
infection was inversely associated with IBD [27, 28]. Also helminthes are thought to have an
immunoregulatory role within the intestinal microbiome, and may have potentially protective effect
in IBD development [28, 29], as demonstrated in a recent case control study conducted in South
Africa [30]. Another strong finding supporting the hygiene hypothesis is that a higher educational
level and a better social class according to mother degree and father occupation were significant

risk factors for CD development, as previously reported by Lopez-Serrano et al. (31).

Interestingly, in our pediatric population we found a more frequent incidence of stressing
events in life compared to controls. The exact mechanism behind the effect of stress on intestinal
inflammation is unclear, however the evidence that stress can modulate the course of IBD is
provided by clinical observations and by animal models of colitis and neuro-immune studies [32].
Depression, anxiety, and stress have also been associated with increased rates of relapse and surgery

for IBD patients [33].

Above all, the striking difference in Mediterranean diet adherence, between cases and
controls, has to be considered the most innovative finding of our study. Indeed, the Mediterranean
diet is perhaps considered one of the healthiest dietary models currently existing. Numerous
epidemiological and experimental nutrition studies have demonstrated how Mediterranean countries

benefit from lower rates of chronic disease morbidity and higher life expectancy (19). There are
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several proposed mechanisms of action to explain the association between IBD and dietary choices.
These proposed mechanisms involve a direct effect of dietary antigens, alteration of gut
permeability, and the auto inflammatory response of the mucosa due to changes in the microbiota
[34]. In a case control study of children published in 2008, a positive association with CD was
found in girls with a diet rich in meats, fatty foods, and desserts; whereas, a diet of vegetables,
fruits, olive oil, fish, grains, and nuts was inversely associated with CD in both genders. As a matter
of fact, we found that traditional Mediterranean dietary patterns characterized by elevated intakes of
fruits and vegetables, olive oil, bread and cereals may exert a protective role in the development of
IBD. However, diet is difficult to study as it is a multifactorial exposure, and patients may alter
dietary habits based on symptom onset prior to diagnoses or as a result of increased disease activity
[35]. Unfortunately, there is still a large gap in knowledge due to limitations of retrospective data
collection and recall bias for dietary histories [36]. As reported from Baron et al [37] we found that
breast-feeding was associated with an increased risk for CD. It is known that breast-feeding
provides immunological protection to the newborn, therefore Baron et al speculated that when
weaning occurs, delayed infections may lead to an inappropriate immune response and persistence
of intestinal inflammation. However, the authors conclude that short and long term benefits of
breast-feeding overrule by far the increased risk of IBD that was observed in the study [37]. We
also explored the age of gluten introduction and we confirmed the results from Lopez-Serrano et al
who found that the first exposure to wheat before 6 months of age was a significant risk factor for
IBD in the univariate and multivariate analysis [31]. Lammers et al. demonstrated that gliadin is
able to induce a direct increase in small intestinal permeability [38]. It is therefore hypothesizable
that a longer exposure to gluten may be responsible of a detrimental effect on the gut barrier,
participating in the chronic inflammatory process that leads to IBD onset. Moreover the duration of
exposure to gluten has been related to an increase in the risk of other autoimmune disorders in
patients with celiac disease [39]. As previously reported [40], we found that passive tobacco

smoking contributes to an increased risk for CD, but we didn’t observe a protective effect on UC.
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On the other hand, we didn’t find any association with appendectomy, which is considered an
important and strong protective factor for UC and a risk factor for CD [41]. One of the reasons may

be the relative small sample size of our patients.

The main limitations of this study are certainly related to the retrospective nature, and
therefore, the possibility of recall biases has to be taken into account. Moreover, due to a lack of a

pediatric validated questionnaire, we referred to the main risk factors previous analyzed.

Conclusions

Our study strongly supports the role of Hygiene Hypothesis in IBD pathogenesis. In
addition, we reported for the first time the low adherence to Mediterranean diet as a possible risk
factor for developing IBD. Considering the retrospective nature, there is a strong need for future
prospective studies. Indeed, it is impossible to rule out the possibility, that the relationship between
IBD and hygiene related factors, is not an indirect effect that may serve as a mechanism for other
yet unknown lifestyle factors. Future research should also be targeted for the identification of
potential mechanisms underlying associations with hygiene related factors in order to provide new

clues for a better comprehension of IBD etiopathogenesis.
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Table 1. Baseline characteristics of the enrolled patients

1BD CONTROLS

VARIABLES (n,%) cD uc oP SC P

(n=102) (n=162) (n=92) (n=111)
Median age (y; range) 11 (4-17) 10 (2-17) 10.9 (5-17) 14.4 (5-17) 0.3
Median age at diagnosis (y; range) 9 (2-16) 10 (2-17) - NA
Male Gender (n, %) 58 (56.8) 80 (49.3) 56 (60.8) 62 (55.8) 0.22
Living area (n, %) 0.08
Urban 73 (11%) 106 (65%) 64 (69%) 89 (80%)
Rural 29 (28%) 56 (34%) 28 (30%) 22 (20%)

Legend:

CD: Crohn's disease

IBD: Inflammatory Bowel disease
OP: Outpatients

SC: School children

UC: Ulcerative Colitis
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Table 2. Association of Crohn’s di cases with childhood factors

Variables (n/ %) cD Controls OR IC (95%) P
(n=102) (n=203)
CD Family history 3(3) 0(0) 3.0 26-36 0.03
Autoimmune diseases 37 (37.0) 38(19.4) 2.4 1.4-41 0.002
Mother degree 90 (88.2) 121 (60.5) 4.8 25-95 <0.001
Father employment 87 (85.3) 150 (74.6) 19 1.0-3.7 0.02
Family Stress 47 (46.1) 70 (34.5) 1.6 1.0-26 0.05
Bed sharing 18 (17.6) 75 (37.1) 0.3 0.2-06 <0.001
N° Siblings<2 70 (69.3) 102 (50.7) 21 13-36 0.002
N° Toilets> 1 75 (73.5) 125 (61.6) 1.7 1.0-29 0.04
Pets 18 (17.6) 70 (34.7) 0.4 0.2-0.7 0.001
Family Smoke 53 (52.5) 85 (41.9) 1.5 09-24 0.05
Family Parasitosis 3(3.1) 32 (16.0) 0.1 0.04-0.5 0.001
Family H.Pylori 9(9.2) 35(17.9) 0.4 02-1 0.03
Antibiotic therapy 31 (30.4) 43 (21.2) 1.6 09-27 0.05
Low adherence to 30 (29.4) 34(17.3) 1.9 1.1-35 0.01
Mediterranean diet
Breast feeding >3 months 61 (78.2) 93 (57.1) 21 14-5 0.001
Gluten < 6" month 54 (54.0) 58 (29.3) 2.8 1.7-46 <0.001
Sent

** Significance after Bonferroni correction
CD: Crohn's disease; HC: Healthy Controls
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Table 3. Association of Ulcerative Colitis cases with childhood factors

Variables (n/ %) uc Controls OR IC (95%) P [
(n=162) (n=203)
UC Family history 5(3.1) 0(0) 23 20-25 0.016 -
Autoimmune diseases 65 (40.0) 38(19.4) 2.8 1.7-46 <0.001 +
Father employment 140 (87.5) 150 (74.6) 2.3 1.3-41 0.002 +
Family Stress 88 (54.7) 70 (34.5) 2.2 14-35 <0.001 +
N° Siblings< 2 109 (67.7) 102 (50.7) 20 1.3-3.1 0.001 +
N° Toilets> 1 125 (77.6) 125 (61.6) 21 1.3-34 0.001 +
Pets 38(23.5) 70 (34.7) 0.5 03-09 0.02 -
Family Parasitosis 2(1.3) 32 (16.0) 0.06 0.01-0.2 <0.001 +
Family H.Pylori 14 (8.9) 35(17.9) 0.4 0.2-08 0.02
Low Mediterranean diet 61 (37.7) 34 (17.3) 2.8 1.7-47 <0.001 +
adherence
Gluten < 6 months 88 (55.3) 58 (29.3) 2.9 1.9-4.6 <0.001 i
et

** Significance after Bonferroni correction
UC: Ulcerative Colitis; HC: Healthy Controls
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Table 4-Multivariate Logistic regression analysis for IBD children

Variables OR Cl 95% P

CD

Mother's degree 5.5 2.5-11.6 0.01
Breast feeding> 3" month 4.3 1.6-10.5 0.002
Father's employment 3.7 1.2-8.7 0.008
Gluten introduction < 6™ month 2.8 1.5-5.0 0.001
N° Siblings<2 2.8 1.5-5.3 0.01
Autoimmune diseases 2.7 1.4-5.3 0.003
Pets 0.3 0.1-0.7 0.007
Bed sharing 0.2 0.1-0.6 0.001
uc

Low adherence to Mediterranean diet 2.3 1.2-4.5 0.01
Gluten introduction < 6 month 2.8 1.6-4.9 <0.001
N° Siblings< 2 2.0 1.1-3.6 0.01
Pets 0.4 0.2-0.8 0.004
Family Parasitosis 0.07 0.01-0.4 0.01
Legend

IBD: Inflammatory Bowel Disease
CD: Crohn’s Disease
UC: Ulcerative Colitis
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2.4 Enterocytes and dendritic cells both contribute to the intestinal inflammation in pediatric

inflammatory bowel diseases.

Gut inflammation occurring in patients with IBD is characterized by the infiltration and activation
of either adaptive branch, as T and B lymphocytes, and innate system, as macrophages and dendritic
cells, which in turn produce massive amounts of proinflammatory cytokines contributing to the
typical mucosal lesions.®® It is well known that in CD cytokines released by T helper (Th)-1 cells
are dominant, as interferon (IFN)-y, tumor necrosis factor (TNF)-a and interleukin-12 (IL-12),
whereas the Th2 cytokines, IL-5 and 1L-13, are predominantly found in UC ®® However, in recent
times several evidences have underlined the role of enterocytes asnon immune inflammatory cells
in the pathogenesis of IBD.®® Enterocytes have a pivotal role in maintaining the integrity of
intestinal mucosa, and guarantee the gut homeostasis by sampling the luminal agents through the
several receptors expressed on their surface.”

Therefore, the aim of our study was to evaluate the cytokine production profile and the activation
status of both lamina propria and epithelium cell compartments through an ex vivo analysis of colon
biopsies obtained from pediatric patients with IBD.

Our ex vivo analysis of biopsies mainly obtained from the unaffected colonic area revealed an
increased densities of cells producing TNFa in CD mucosa and IFN-y in UC mucosa compared to
control gut, although in both cases the percentage of positive cells was low and the differences were
slight. Of note, we found a marked increase of cells expressing IL-15 in biopsies from both forms of
IBD. Interestingly, when we determined the cell source of these pro-inflammatory cytokines by a
multiparametric flow cytometry analysis, we found that both immune and nonimmune cells
displayed an inflammatory phenotype in pediatric IBD intestine. EpCam+ enterocytes expressing
IL-15, HLA class | and TNF-a were found more frequent in IBD compared to control biopsies.
Moreover, in fresh intestinal tissues from both CD and UC young patients we observed a higher
infiltrates of CD11c” dendritic cells co-expressing TNF-o and the activation marker HLA-DR than
the healthy mucosa, whilst CD11c¢* DC producing INF-y were more abundant in the gut of UC
subjects. In steady state the biopsies from UC patients had an increased density of INF-y" T
lymphocytes, whilst T cells producing TNF-a were prevalently found in the mucosal explants of
both CD and UC patients.

In conclusion, we demonstrated that in young subjects either immune competent cells, as T
lymphocytes and dendritic cells, and nonimmune cells as enterocytes, have a pro-inflammatory
phenotype in intestinal mucosa of pediatric cohort of patients with IBD. Our study underlines the
relevance of gut epithelial cells as one of central mediators of mucosal inflammation in IBD. It is
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becoming clearer that enterocyte has a role in intestinal mucosa much more active than it has been
considered so far. Taking into account that intestinal epithelium cells represent a central node of
mucosal cell networks, and that their dysfunction has been related with IBD pathogenesis, these
cells could be a new therapeutic target for IBD. Indeed many studied reported that epithelial cells
respond to TNF-o. "%, and are a target of TNF-a inhibitors *"*As prominent source of intestinal IL-
15 in IBD, monoclonal anti-1L-15 antibodies’ or pharmacologic agents that can selectively block
IL-15 signal transduction pathways, could be considered a new strategic target for biological
therapies directed to these gastrointestinal diseases.” However further studies are needed to
improve the knowledge of the role of epithelial cells in IBD pathogenesis in order to better state
the possible efficacy of epithelial cells-based therapeutic opportunities and their application. On the
other hand, the marked rising in the incidence of IBD in childhood®, renders of particular interest
such studies, evaluating ex vivo the phenotype and the cytokine profile of innate and adaptive
immune cells in young IBD patients. Pediatric patients with IBD seem to be a distinctive population

with specificities requiring highly skilled and specialized approach for diagnosis and treatment.
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ABSTRACT

Introduction: Both innate and adaptive immunity contribute to the mucosal lesions in
inflammatory bowel diseases (IBD). Recent evidences have also underlined the role of enterocytes
in the IBD inflammatory cascade. IBD is dramatically increasing in young subjects, however
pediatric IBD pathogenesis is poorly investigated.

Methods: The phenotype and cytokine profile of intestinal cells from uninflamed area of pediatric
patients with Crohn’s disease (CD), ulcerative colitis (UC), and non-IBD controls (HC) were
investigated through an ex-vivo analysis. IL-15, TNF-a and INF-y production was evaluated in
enterocytes (EpCam), dendritic cells (CD1lc), and T lymphocytes (CD3) subsets, either in
unstimulated (basal) or stimulated (polyclonal mitogens) conditions by flow cytometry and ELISA.
Results: A higher frequency of IL-15 and TNF-a expressing enterocytes, as well as of TNF-a and
INF-y producing dendritic cells was observed in IBD mucosa. Enhanced density of enterocytes was
detected in UC biopsies, whilst no differences were found in dendritic cells(DC) or T cell infiltrates
among the three groups. A few T cells producing TNF-a and IFN-y were detected in HC mucosa, in
the steady state condition, although the PMA/ionomycin stimulation induced a marked expansion of
these T cells. By contrast, TNF-o and IFN-y were found highly secreted by intestinal IBD cells after
the phytohaemagglutinin polyclonal stimulus.

Conclusions: Our study demonstrates a pro-inflammatory phenotype mainly in intestinal epithelial
and dendritic cell subsets in pediatric IBD. A pathogenic function of IL-15 in addition to TNF-a is

also reported, thus suggesting that IL-15 is a potential therapeutic target in pediatric IBD.
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Study Highlights:
WHAT IS THE CURRENT KNOWLEDGE
e The adaptive immune response has a central role in IBD intestinal inflammation.
e Emerging role of enterocytes as non immune pathogenic cells in the intestinal inflammatory
disorders.
¢ In Crohn’s Disease the Th1-mediated response is dominant, whereas Ulcerative colitis has
been mainly associated to Th2 cells.
e IL-15 is a pleiotropic cytokine involved in mucosal inflammation of chronic and
autoimmune intestinal disorders.
e Very little is known concerning the cellular and cytokine pathways occurring in pediatric

IBD.

WHAT IS NEW HERE
o Analysis of activation and cytokine profiles of different cellular subsets in ex-vivo intestinal
mucosa from pediatric IBD.
o Enhanced number of enterocytes producing IL-15 and TNF-a in IBD mucosa.
o Increased infiltration of TNF-a and IFN-y secreting dendritic cell in IBD mucosa.
e Innate immune pathways mediated by epithelial and dendritic cells contribute to the
intestinal mucosa inflammation in pediatric IBD.

e IL-15 could be a target of new therapeutic strategy for IBD.
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INTRODUCTION

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory bowel diseases
(IBD) in which an abnormal immune response against the luminal microflora is thought to be the
main causative factor [1]. Gut inflammation occurring in patients with IBD is characterized by the
infiltration and activation of both adaptive branch, as T and B lymphocytes, and innate system, as
macrophages and dendritic cells, which in turn produce massive amounts of proinflammatory
cytokines contributing to the typical mucosal lesions [2, 3, 4]. It is well known that in CD cytokines
released by T helper (Th)-1 cells are dominant, as interferon (IFN)-y, tumor necrosis factor (TNF)-a
and interleukin-12 (IL-12), whereas the Th2 cytokines, IL-5 and IL-13, are predominantly found in
UC [5], the great majority of them being produced by lamina propria mononuclear cells [6].

Dendritic cells (DC) are the most potent professional antigen-presenting cells, and in
mucosal immunity DC have an important role in maintaining the fragile equilibrium between
tolerance and inflammatory response to mucosal antigens [7]. The involvement of mucosal DC in
IBD pathogenesis has been also documented [8], though very little is known on their functions in
pediatric IBD.

Enterocytes have a pivotal role in maintaining the integrity of intestinal mucosa, and they
guarantee gut homeostasis by sampling luminal agents through several receptors, such as the
pathogen recognition receptors (PPRs) expressed on their surface [9]. Given the prominent role of
enterocytes in the intestinal immune homeostasis, dysfunctions within the epithelial layer can be
associated with IBD pathogenesis. Interestingly, very recent evidences underlined a prominent role
of enterocytes as non immune inflammatory cells in the IBD mucosal lesions [10]. IL-15 is a
pleiotropic cytokine that is expressed on the surface of monocyte, macrophages, dendritic cells and
is markedly expressed on intestinal epithelial cells [11] in response to inflammatory stimuli.. IL-15
is involved in several inflammatory mechanisms mediated by both adaptive and innate immune

systems [12, 13], and , furthermore , it is a key mediator of intestinal mucosa damage in celiac
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disease [14]. IL-15 has various functions due to its complex mechanisms of action: it binds different
IL-15 receptors (IL-15R) with specific affinities and signal transduction pathways [15]. IL-15 is an
important growth and activator factor for mucosal intraepithelial lymphocytes [16], and it has also a
marked anti-apoptotic function, as previously shown [17]. Quite recently, it has been demonstrated
a higher expression of IL-15 in IBD colonic mucosa, thus suggesting a role of this cytokine in the
IBD pathogenesis [18, 19].

The contribution of the adaptive, T cell-mediated response against luminal components in
IBD intestinal lesions has been observed in many studies [20]. Particularly, the role of cytokines
released by bacterial-primed T cells is undoubted, and several therapeutic approaches to block
cytokine-mediated inflammatory cascades are currently under investigation [21]. While it has been
proved the crucial function of T cells in IBD, many aspects of the inflammatory process in IBD
mucosa still need to be clarified, in order to develop more appropriate and disease-specific
therapeutic strategies. A deeper dissection of the cross-talk between the different mucosal
compartments, such as enterocytes, dendritic cells and T lymphocytes, especially with regard to the
cytokines mediating the interaction of both innate and adaptive immune cells, will represent a step
forward in the knowledge of IBD intestinal inflammation [9].

Therefore, the aim of our study was to evaluate in pediatric patients with IBD the cytokine
production profile and the activation status of both lamina propria and epithelial cells

compartments, through an ex vivo analysis of intestinal mucosal explants.
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PATIENTS AND METHODS

Study population

The study population included a total of 59 young subjects divided into 3 groups on the
basis of the clinical diagnosis: 21 (mean age 13.1 yr; range 7.8-18 yr) were affected by CD, 19
(mean age 14 yr; range 8.6-18.4 yr) affected by UC, and 19 (mean age 10.4 yr; range 3.4-18.5 yr)
were non-IBD controls (HC). HC were subjects affected by functional gastrointestinal disorders,
who performed blood analysis to exclude any organic disease or an inflammatory condition. For the
IBD diagnosis, all children underwent ileo-colonoscopy, upper GI endoscopy and imaging studies,
including abdominal ultrasound and entero-MRI, or a small bowel follow-through. The diagnosis of
CD and UC was based upon conventional clinical, radiological and endoscopic features and was
confirmed by histopathological examination of the resection specimens [22]. Demographic and
clinical characteristics of enrolled subjects are described in Tablel. Written informed consent was
obtained from participants’ parents, or from patients themselves if older than 10 years of age. The

study was approved by the Institutional Review Board of the University of Naples “Federico II”.

Intestinal cell isolation and stimulation

Intestinal biopsies were taken from macroscopically uninflamed areas of ileum and colon
traits. Biopsy samples were washed in saline solution and digested with collagenase A of
Clostridium hystolyticum (1 mg/mL; Roche, Mannheim, Germany) in 2 mL of culture medium,
RPMI-1640 (Lonza Group Ltd, Basel, Switzerland), supplemented with 1% penicillin/streptomycin
antibiotics for 1 hour and 30 minutes at 37°C and 5% CO; stirring the plate every 15 minutes. The
cellular suspension was then passed through a 40-um cell strainer filter (BD Falcon, Durham,
USA), the median value of intestinal cells isolated was 5.73x10° cells and the range was 1.8-13x10°

cells.
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To ensure that all the samples had the same treatment, intestinal cells (from 13 CD, 12 UC
and 11 HC individuals) were cultured for 16 hours at the cellular density of 1x10°- 1.4 x10° cells in
24-wells plates (Sarstedt; Newton, NC, USA) in complete medium (RPMI-1640 with 10% fetal calf
serum and supplements), with 100 ng/mL GM-CSF and 50U/mL of IL-2 (both from R&D System,
Minneapolis, MN, USA). In order to analyze the spontaneous cytokine production (in a steady state
condition), brefeldin A (5 pg/ml; Sigma-Aldrich) was added to cell culture for 5 hours of
incubation, whilst the mitogen-induced cytokine production was analyzed by adding a mixture of
phorbol 12-myristate 13-acetate (stock 40.5 pM), ionomycin (stock 670 pM), brefeldin A (stock 5.3
mM), monesin (stock 1 mM) at the final dilution 1:500, as indicated by the manufacturers’
instruction (Cell Stimulation Cocktail, eBioscience Inc. SanDiego, CA) for 5 hours. Then,
stimulated and unstimulated cells were harvested and treated for flow cytometry analysis.

In the experiments, to measure cytokine production in the culture supernatants, intestinal
cells (2x10° cells/well) obtained from 8 CD, 7 UC and 8 HC, were plated in triplicates in 96-wells
plates (BD Bioscience, Oxford, UK) and stimulated with medium alone or with
phytohaemagglutinin (PHA, 2 pg/ml; Sigma-Aldrich, Stockholm, Sweden). After 48 hours of

incubation, cell supernatants were stored at 20°C until the use.

Flow Cytometry

Intestinal cells were stained with fluorochrome-labeled monoclonal antibodies against the
following surface markers (-specific fluorochrome): CD3-PerCP-Vio700, CD11c-PE, HLA-DR-
PerCP, CD326 (EpCam)-APC, HLA Class I-PE-Cy5, IL-15-PE. Intracellular cytokine staining was
performed with the fluorochrome-conjugated monoclonal antibodies IFN-y-APC and TNF-o-
APC/CyT. Appropriate isotype-matched control monoclonal antibodies were included in all staining
experiments. All antibodies were purchased from BD Biosciences (San Jose, CA), or Miltenyi
Biotec (Bologna, Italy), and used at concentration according to the manufacturer’s instructions. At

least 1x10° viable cells (assessed at microscope by trypan blue dye exclusion) were used for each
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staining done in phosphate saline (PBS)/0.5% bovine serum albumin (BSA) buffer. Surface-staining
of cells was carried-out at 4°C for 30 minutes; then the cells were fixed with 2% paraformaldehyde
and intracellular staining was performed in permeabilization buffer (PBS/BSA 0,5% with 0,5%
saponin). All multi-color flow cytometry analyses included the appropriate fluorescence-minus-one
control (FMOC) sample. Samples were acquired with FACS Canto II flow cytometer (BD
Biosciences) and results analyzed with FlowJo software (Miltenyi Biotec). All analyses of cytokine-
stained cells were done within a gate based on their forward-scatter/side-scatter characteristics that

excluded dead cells, as assessed by propidium iodide staining run in parallel.

Cytokine quantification in culture supernatants

The concentrations of TNF-a and IFN-y were analyzed in cell supernatants, collected after
48 hours of incubation with the mitogen. The cytokines production was measured using
commercially available sandwich ELISA kits provided by Mabtech, (Nacka Strand, Sweden),
according to the manufacturer’s instructions. The sensitivity of ELISA kit was 12 pg/mL for TNF-a

and 2 pg/mL for IFN-y.

Statistical Analysis
Statistical analysis was performed using SPSS software package for Windows (version 13.0;
SPSS, Chicago, IL). The Mann Whitney U test/Wilcoxon test for normally distributed variables

were used where appropriate. A p value < 0.05 was considered statistical significant.
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RESULTS

Cytokine production profile in intestinal IBD mucosa

By an ex-vivo approach, we have analyzed the frequency of intestinal mucosal cells that
spontaneously produced cytokines in uninflamed area of young patients with IBD or non-disease
controls. We detected the frequency of cells spontaneously producing IL-15, IFN-y or TNF-a by
flow cytometry in colonic biopsies from 13 CD, 12 UC, and 11 HC pediatric patients, without
further in vitro stimulation with mitogen.

In particular, the evaluation of IL-15-positive cells was determined by a membrane surface
staining, whilst the number of IFN-y- and TNF-o-positive cells was assessed by intracellular
staining with specific monoclonal antibodies. The percentage of IL-15-cells resulted significantly
higher in the mucosa of CD and UC patients compared to non-IBD controls (CD: median 3.41,
range 1.4 - 9.9%; UC: 6.14, 2.3 - 11.8%; HC: 2.3, 0 - 6.6%; p<0.03 UC vs HC, p< 0.05 CD vs HC),
Figures 1A&B. An increase of cells producing IFN-y was observed in UC though no statistical
significant differences were found compared to other two groups, Figure 1C. Surprisingly, when
we looked at the intracellular TNF-a positive cells, no marked differences were observed between

the IBD and non-inflamed mucosa, Figure 1D.

Levels of TNF-a and IFN-y secreted by intestinal mucosa cells

To further investigate the cytokine production profile in intestinal mucosa of IBD pediatric
patients, we measured the IFN-y and TNF-a secreted by intestinal cells either at basal condition
(unstimulated) or after a mitogen stimulation (PHA) by enzyme-linked immunosorbent assay
(ELISA). In agreement with FACS analysis, we found no differences in the levels of IFN-y in
unstimulated conditions among the three groups (CD: 204.4, 0 - 285 pg/mL; UC: 101.6, 0 - 406.3

pg/mL; HC: 151.1, 0 - 376.3 pg/mL; p=ns). Notably, upon the activation with PHA mitogen, a
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marked IFN-y production was detected in cell supernatants from IBD patients (CD: 1194.8, 188 -
3991.2 pg/mL; UC: 2062.4, 89.7 - 3767.5 pg/mL, p<0.01 CD stimulated vs CD unstimulated,
p<0.03 UC stimulated vs UC unstimulated), whilst the IFN-y level measured in cultures from HC
intestinal mucosa (HC: 221.8, 65.8 - 405.1 pg/mL) resulted much lower compared to IBD mucosa
(p<0.02, CD vs HC; p<0.04, UC vs HC), Figure 2A. A sustained production of TNF-a upon PHA
stimulation was observed in both CD and UC mucosal cells (CD: 584.5, 346.7 - 691.2 pg/mL; UC:
316, 91.7 - 677.8 pg/mL) compared to unstimulated cells (CD: 255.2, 0 - 461.2 pg/mL; UC: 58.7, 0
- 577.8 pg/mL), though the statistical significance was only reached in CD intestinal cells (p<0.05).
Unexpectedly, high levels of TNF-a were found in cell supernatants from HC biopsies despite the
experimental conditions (348.4, 0 - 712 pg/mL; 423.4, 105.3 - 751.7 pg/mL, respectively in baseline
or PHA-stimulated cultures), Figure 2B.

IL-15 was not measured in cell supernatants, since this cytokine is biologically active when

bound to its specific receptor on the cell membrane surface [23].

Phenotype of inflammatory cytokine producing cells in colonic mucosa

To further dissect the phenotype and the activation status of various cell types producing
cytokines in intestinal mucosa of young patients with IBD, we performed additional ex-vivo flow
cytometry analysis. By using specific cell markers, we investigated enterocytes as EpCam
(Epithelial Cell Adhesion Molecule) positive cells, dendritic cells as CD11c positive cells, and T
lymphocytes defined as CD3 positive cells. More specifically, we performed the following
fluorochrome multicolor staining combinations: i) EpCam, IL-15, TNF-a, HLA Class I; ii) CDl1Ic,

HLA DR, TNF-q, IFN-y; iii) CD3, TNF-a, IFN-y.

i) Enterocytes
We first assessed the level of enterocyte expansion in uninflamed mucosal tissues, by

detecting the percentage of EpCam+ cells. We found that the proportion of EpCam+ cells was
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significantly higher in UC compared to the healthy mucosa (UC: 10.02, 5.1 - 16.5%; HC: 6.3, 1.9 -
10.3%, p<0.05). Interestingly, the number of EpCam stained cells isolated from UC mucosa
resulted also greater than the level found in CD mucosa (CD: 6.7, 3.4 - 12.3%, p<0.06), Figure 3A.
Several studies have reported that enterocytes are an important intestinal source of inflammatory
IL-15 both in healthy and in food related disorders, as celiac disease [24, 25]. We next evaluated
whether the enhanced levels of IL-15 expression we found in IBD mucosa (Figure 1A&B) could be
specifically produced by enterocytes. Interestingly, a greater number of EpCam and IL-15 double
positive cells was observed in intestinal samples from IBD patients, and particularly from those
with UC (CD: 1.5, 0.5 - 3.2%; UC: 1.9, 1.2 - 5.4%; HC: 0.9, 0.2 - 2.7%; p<0.02 UC vs HC and
p<0.06 CD vs HC), Figures 3B&C.

Because it has been shown that the intestinal epithelial cells are able to produce TNF-a. [26],
we next looked at TNF-o. production in the EpCam+ cells subset. An increased density of EpCam+
cells producing TNF-o was found in IBD mucosa compared to healthy colonic tissues (CD: 0.7, 0.3
- 2.4%; UC: 0.8, 0.5 - 1.1%; HC: 0.3, 0.1 - 0.61%; p<0.02 UC vs HC and p<0.05 CD vs HC),
indicating that enterocytes are a source of proinflammatory TNF-a in colonic tissues of young
patients with IBD, Figures 4A&B.

Next, we looked at the Human Leukocyte Antigen (HLA) Class I expression on enterocytes,
as this molecule is constitutively expressed on almost all cells either of immune or nonimmune
systems, but strongly upregulated in response to infection or stress signals [10,27]. Consistently
with above findings (Figure 3A), UC mucosa displayed an increased number of HLA Class I-
expressing enterocytes in comparison to the non inflamed mucosa (UC: 6, 4.6 - 7.7%; HC: 3.9%,
2.1 - 5.1%; p<0.04), Figures 4C&D.

Dendritic cells

The majority of studies addressing the phenotype and function of mucosal DC have used the

CD11c expression as specific surface marker of dendritic cell lineage [28], though macrophages,

monocytes, neutrophils, and some B cells may express this molecule [29]. We found similar
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percentages of CD11c positive dendritic cells (CD: 4.5, 3.1 - 10.4 %; UC: 3.9, 1.9 - 7.1%; HC: 3.5,
2.1 - 7.4%, p=ns) in mucosal samples from the IBD and control mucosa, Figures 5A&B.
Nevertheless, when we focused the analysis to the specific region of CDIllc positive
dendritic cell subsets, we observed that DC were more activated in IBD than in healthy mucosa, as
they expressed the activation marker HLA-DR, as well as the pro-inflammatory cytokines TNF-a
and IFN-y. More specifically, we found within the CD11c+ subset a higher density of cells
expressing HLA-DR in IBD mucosa than in control mucosa at the basal, “steady” state, condition
(CD: 45, 27.2 - 57.5%; UC: 47.7, 26.3 - 62.4%; HC: 38.7, 24.3 - 47.2%) with a statistical
significant increment in UC versus HC (p<0.04), Figure 5C, as well as an enhanced frequency of
activated cells producing TNF-a (CD: 9.2, 7.8 - 19.5%; UC: 9.2, 6.7 - 24.8%; HC: 5.1, 2.6 - 18.9%;
p<0.03 CD vs HC and p<0.06 UC vs HC) and IFN-y (CD: 8.5, 2.7 - 20.1%; UC: 12.6, 4.1 - 15.6%;
HC: 6.1, 3.5 - 7.2; p<0.03 UC vs HC), Figures 5D&E. Notably, these findings are in accordance
with our previous report on peripheral blood monocyte-derived DC, showing a pro-inflammatory

phenotype of dendritic cells in pediatric IBD [30].

iii) T cells

Finally we expanded the ex vivo analysis to T (CD3+) cells. As observed in mucosal DC
subset, we did not find differences in the percentage of T lymphocytes among the three pediatric
groups (CD: 55.4, 49.6 - 73%; UC: 53.7, 33.1 - 74.8%; HC: 55.7, 42.6 - 68.5%), Figure 6A.
Similarly, no differences in the frequency of CD3+ cells spontaneously producing TNF-a (CD:
2.87,0.2 - 6.2%; UC: 3.2, 1.1 - 7.9%; HC: 2.2, 0.5 - 5.6%), and IFN-y (CD: 0.9, 0.1 - 2.7%; UC:
1.5,0.4 - 4.3%; HC: 0.9, 0.2 - 2.1%), were detected among the three groups (Figures 6B&C).

To further analyze the production of these two inflammatory cytokines in T lymphocytes
infiltrating the pediatric IBD mucosa, we did additional experiments to examine the cytokine
production in CD3+ cells induced by a strong mitogenic stimulus PMA/Ion as described in M&M.

Unexpectedly, we observed an increased percentage of CD3+ cells positive for both TNF-a
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(Figures D&E) and IFN-y (Figures F&G) in control mucosa with a significant difference in the
frequency of CD3+ TNF-a+ cells between HC and UC patients (TNF-o, CD: 18.4, 6.0 - 27%; UC:
17.2, 6.5 - 25.4 %; HC: 24.6, 15.9 - 32.1%, p<0.04 HC vs UC; IFN-y, CD: 5.4, 1.7 - 22.8%; UC:

8.2,2.9-25.5%; HC: 9.6, 7.7 - 15.7%, p=ns).

DISCUSSION

Through an ex-vivo analysis we have investigated the cytokine profile and the phenotype of
cells producing cytokines in the intestinal mucosa of pediatric subjects with Crohns’ disease and
ulcerative colitis, the main forms of inflammatory bowel diseases. The cell subsets, such as
enterocytes, dendritic cells, and T cells, were observed in fresh mucosal explants by an
experimental approach based on flow cytometry analysis and enzyme-linked immunosorbent assay.
Furthermore, we investigated the density and the pattern of cell cytokines release of both lamina
propria and epithelium cell subsets, and we specifically compared the unaffected areas of IBD
intestinal tissues to healthy mucosa of non-IBD young subjects. We found a marked increase of
cells expressing IL-15 in both CD and UC in comparison with healthy mucosa. *In addition, TNFa
and IFN-y producing cells were slightly enhanced in IBD compared to control gut. By using
specific cell markers and a multiparametric flow cytometry analysis, we revealed that both immune
and non-immune cells were source of these pro-inflammatory cytokines in pediatric IBD intestine.
EpCam+ enterocytes expressing IL-15, HLA class I and TNF-o were more frequent in IBD
compared to non-IBD controls biopsies, as well as CD11lc+ dendritic cells co-expressing the
activation marker HLA-DR and producing TNF-a or INF-y, that were more abundant in the IBD
mucosa. Interestingly, these findings reflected the steady state cytokine production most likely
induced by in vivo intestinal microenvironment stimuli. Of note, in our experimental basal
condition, no marked differences were observed in TNF-a and INF-y producing T cells subset
among the three groups.
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It is known that there is an enhanced expression of pro-inflammatory cytokines in gut mucosa from
both UC (mostly Th2 cytokines:, IL-5, IL-9, IL-13) and CD (mostly Thl cytokines: IFN-y, TNF-f)
[5], and it has been postulated these cytokines are directly responsible of tissue injury [6, 31, 32].
Most studies have investigated the pathological events occurring in inflamed areas of IBD intestinal
mucosa, however, it is unclear the status of cells activation and the cytokine profile in unaffected
IBD tissues, though high levels of pro-inflammatory cytokines in the unaffected areas of IBD
intestine were also reported [33, 34]. In particular, Leon et al found that several cytokines, such as
IFNy, TNFq, IL-6, IL-15, IL-18 and IL-23, were increased in both affected and unaffected areas
from IBD gut specimens compared to healthy controls, measured by ELISA and mRNA expression
[34].

It has been documented that in IBD patients, the intestinal homeostasis system is disrupted
and an innate immune response occurs at the level of the enterocytes barrier [35], with tight
junction weakening as well as oxidative and immune stress, and inhibition of homeostatic signals
secretion[36]. Recent data have highlighted the role of IL-15 as a key player in IBD mucosa lesions,
in similar extent to TNF-o and INF-y [19]. Herein, we demonstrated that there is a higher density of
cells producing IL-15 in both CD and UC pediatric intestine. Furthermore, a sustained fraction of
these IL-15+ cells is represented by EpCAM+ enterocytes. To the best of our knowledge, this is the
first study reporting a IL-15+ cells infiltration in the gut mucosa of young subjects with IBD. IL-15
is a type I cytokine [37, 38] expressed by non- lymphoid cells and that shares the B chain receptor
with IL-2 (IL-15/IL-2R) [39]. A large body of findings have indicated that IL-15 is an important
mediator of intestinal immune homeostasis, as it exerts an important growth and anti-apoptotic
function on intraepithelial TCRy8+ T cells [40], NK/NKT [41], and cytotoxic CD8+ T cells [42,
43]. However, an IL-15 overexpression has been reported in several pathological gut conditions, as
celiac disease [14, 24, 44, 45] and chronic inflammatory disorders [18, 19, 34, 46, 47]. In these
latter cases the vast majority of studies, investigating the pathogenic role of mucosal IL-15, has
looked at the total amount of mRNA transcripts, protein levels by ELISA and western blot in
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intestinal specimens from adult IBD patients. More specifically, Nishiwaki and co-workers found
an increased expression of mRNA of both IL-15 and IL-15Ra receptor in the mucosal tissues of
IBD patients, especially in subjects with ulcerative colitis [19]. Interestingly, more recently, Leon
et al. showed higher levels of IL-15 in intestinal biopsies from UC and CD patients [34], thus in line
with our current findings.

Along the intestinal tract, the enterocytes are one of the main source of cells expressing IL-
15, [11]. By taking advantage of the specific epithelial cell marker EpCam, we monitored the
density and the phenotype of intestinal epithelial cells in mucosal biopsies of pediatric IBD patients.
Both in CD and UC the enterocytes produced TNF-o and expressed IL-15, and furthermore, a
higher number of Epcam+ cells was found in the gut mucosa of UC patients in comparison to CD
and control subjects. The increased frequency of enterocytes in UC mucosa could be due to an
intestinal epithelium regeneration, as reported in UC patients [48]. Indeed, our results are in
accordance to previous studies suggesting that the intestinal epithelium has a strategic role in gut
inflammation, not only as a protective physical barrier to luminal microbiota, but it actively
contributes to the activation and proliferation of different cellular components of mucosal immune
systems [10].

Within the gut mucosa, DC have a principal role to guarantee the tissue integrity, the
protection from pathogens, as well as the tolerance to dietary components [49]. In IBD, DC
recruited at the lamina propria have an activated phenotype, they capture and present mucosal
antigens to proinflammatory T lymphocytes. These latest cells secrete cytokines and are involved in
tissue injury and in the loss of immune tolerance [50]. In the gut mucosa of pediatric IBD patients
the DC, identified as CD1lc positive cells, had a pro-inflammatory phenotype, indeed they
expressed HLA-DR and produced TNF-o and INF-y. Of note, we did not find a DC subset
expansion in both CD and UC mucosa. One possible explanation is that we analyzed the phenotype
and cytokine profile of DC taken from uninflamed mucosal areas and in steady state condition. The

peculiar changes in gut bacterial profiles associated with these diseases in contrast to the “healthy
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microbiota” presented in controls, may trigger the DC activation observed in pediatric IBD mucosa
[51].

As T lymphocytes are key player in the IBD inflammatory process, by the ex-vivo analytical
approach we looked at the cytokine production profile of T lymphocyte infiltrates in IBD mucosa.
Similarly to the DC findings, we did not observe an enhanced density of CD3+ T cells in IBD
compared to healthy samples. By contrast, we found a slight increase of T cells from uninflamed
areas of IBD gut spontaneously producing TNF-a and INF-y. Quite unexpectedly, after a strong
stimulation, such as with PMA/ionomycin, a higher number of activated T cells producing TNF-o
and INF-y was found in control compared to IBD patients.. These data, in evident contrast with the
baseline findings, markedly highlighted that pro-inflammatory T cells are also present in healthy
mucosa and they are prone to release TNF-o. and /or INF-y upon strong intestinal stimuli, which
overcome the regulatory pathways occurring in healthy mucosa. Therefore, the presence of T
regulatory cells controlling the immune responses in healthy gut, or alternatively the intestinal
microenvironment favoring the dysbiosis and the inflammatory reaction in IBD could explain our
results.

However, the secretion of T cells cytokines can be influenced by the mitogens, chosen for T
cell activation, and the different production profile may depend on the methods and the conditions
used in the experimental approaches [52].

The importance of the specific stimuli influence in determining the cytokine profile of
intestinal cells was further confirmed, when we measured the levels of TNF-a and INF-y secreted
upon PHA incubation, which is a stimulus less powerful than PMA/ionomycin for the Th1 cytokine
secretion, as showed by previous studies [53, 54]. A higher production of these two cytokines were
detected both in CD and UC cells, but not in healthy controls. The latest results re-marked a
dysregulated activation of mucosal cells related to a specific local stimuli, that occurs in IBD

patients.
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In conclusion, we demonstrated that both immune competent cells, such as T lymphocytes
and dendritic cells, and nonimmune cells such as enterocytes, have a pro-inflammatory phenotype
in intestinal mucosa of pediatric patients with IBD. Our study underlines the relevance of gut
epithelial cells as one of the central mediator of mucosal inflammation in IBD. It is becoming
clearer that the enterocytes have a role in intestinal mucosa much more active than it has been
considered so far. Taking into account that intestinal epithelium cells represent a central node of
mucosal cell networks, and that their dysfunction has been related with IBD pathogenesis, these
cells could be a new therapeutic target for IBD. Indeed many studied reported that epithelial cells
respond to TNF-a. [55], and they are a target of TNF-a inhibitors [56, 57 ]. Moreover since there is a
prominent production ofIL-15 in IBD intestinal mucosa, monoclonal anti-IL-15 antibodies or
pharmacologic agents, that can selectively block IL-15 signal transduction pathways, could be
considered as an alternative biological therapy[58]. However, further studies are needed to improve
the knowledge of the role of epithelial cells in IBD pathogenesis, in order to better state the possible
efficacy of epithelial cells-based therapeutic opportunities and their applications. On the other hand,
the marked rising in the incidence of IBD in childhood [59], renders of particular interest such
studies, evaluating ex vivo the phenotype and the cytokine profile of innate and adaptive immune
cells in young IBD patients. Indeed, pediatric patients with IBD seem to be a distinctive population

with specificities requiring highly skilled and specialized approach for diagnosis and treatment.
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Abbreviations:

List of abbreviations: IBD: inflammatory bowel disease, CD: Crohn’s disease, UC: ulcerative
colitis, HC: non-IBD children, PPRs: pathogen recognition receptors, IFN-y: interferon-y , TNF-o:
tumor necrosis factor-o, IL-12: interleukin-12, PBS: phosphate buffered saline, BSA: bovine serum
albumin, FMOC: fluorescence-minus-one control, ELISA: enzyme linked immunosorbent assay,
PHA: phytohaemagglutinin , EpCam: Epithelial Cell Adhesion Molecule, HLA: Human Leukocyte

Antigen, DC: dendritic cells.
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Table 1. Clinical features of 59 pediatric patients enrolled

Characteristics CD uc HC
Patients, n 21 19 19
Gender, male/female 11110 10/9 13/6
Mean age (range), yr 13,1(7,8-18) 14(86-184) 104 (3,4-18)5)
Mean age at diagnosis (range), yr 10,5(2,9-18) 11,5(5-15,8) na
Mean disease duration (range), mo 2,30(0-6,2) 2,6(0-11,5) na
Therapy, n: na
Aminosalicylates 5 7
Immunosuppressants 5 7
Aminosalicylates and immunosuppressants 4 0

Monoclonal antibodies 1 0

No therapy 6 5
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FIGURE LEGENDS

Figure 1. Increased densities of IL-15 producing cells and no marked differences in the
frequencies of TNF-u and IFN-y producing cells in the intestinal mucosa of pediatric patients
with inflammatory bowel disease (IBD).

Ex-vivo analyses for the spontaneous cytokine production by the multi-color flow cytometry of
colonic mucosal cells from pediatric patients with Crohn’s disease (CD), ulcerative colitis (UC) and
non-IBD healthy controls (HC).(A) The densities of IL-15+ intestinal cells were assessed by a
surface staining. (B) Representative flow cytometry dot plots from each group of patients were
shown. (C) The frequencies of intestinal cells producing TNF-a and (D) IFN-y were evaluated by
intracellular staining. Each point represented the percentage of positive cells in intestinal mucosa of

one single subject. Horizontal bars were the median values. The Mann-Whitney U test was applied.

Figure 2. Enhanced levels of IFN-y and TNF-a secreted by intestinal cells from young patients
with inflammatory bowel disease (IBD) after in vitro phytohaemagglutinin (PHA) stimulation.
(A) IFN-y and (B) TNF-a were measured by ELISA in the culture supernatants of intestinal cells
isolated from IBD (CD, UC) intestinal or controls (HC). After the isolation from mucosal tissues,
cells (2x105/well) were stimulated for 48 hours with phytohaemagglutinin (PHA) in triplicates.
Each point represented the cytokine concentration (pg/ml) produced in absence or presence of PHA
stimulation (2 pg/ml). Horizontal bars were median values. The Mann-Whitney U /Wilcoxon test

was applied.

Figure 3. Higher number of enterocytes and enterocytes expressing IL-15 in gastrointestinal
mucosa from young patients affected by inflammatory bowel disease (IBD).

Enterocytes were identified as intestinal cells EpCam expressing by ex-vivo flow cytometry
analysis. (A) The percentage of EpCam positive cells and (B) double positive IL-15 EpCam cells
were evaluated in basal condition. Each point represented the percentage of positive cells in
intestinal mucosa of one single subject. Data were shown as median percentages (horizontal bars) of
EpCam+ and EpCam+IL15+ cells detected in biopsies from each disease (CD, UC)/control group
(HC).(C) Representative flow cytometry dot plots from double (IL-15, EpCam) stainings in
intestinal cells of each group were illustrated. The Mann-Whitney U test was applied.
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Figure 4. Increased densities of enterocytes producing TNF-a+ and expressing HLA Class I
molecules in gut mucosa of pediatric patients with inflammatory bowel disease (IBD).

Enterocytes were identified as intestinal cells EpCam expressing by ex—vivo analysis. (A)
Percentages of Epcam+ cells spontaneously producing TNF-a in biopsies from Crohn’s disease
(CD), ulcerative colitis (UC), or non-IBD healthy control(HC) young subjects were shown. Double
positive cells were detected in freshly isolated intestinal cells by flow cytometry. Each point
represented the percentage of positive cells in intestinal mucosa of one single subject. Horizontal
bars were the median values. (B) Representative dot plots from double (EpCam TNF-q) stainings in
intestinal cells from each group were shown. (C) EpCam and HLA-Class I double positive cells
were detected in intestinal biopsies from CD, UC and HC patients. Horizontal bars were the median
values. (D) Representative flow cytometry dot plots from double (EpCam HLA-Class I) stainings in

intestinal cells from each group were shown. The Mann-Whitney U test was applied.

Figure 5. Dendritic cells infiltrating the intestinal mucosa of young patients with
inflammatory bowel disease (IBD) produced TNF-¢ and IFN-y.

Intestinal dendritic cells (DC) from Crohn’s disease (CD), ulcerative colitis (UC), patients, and non-
IBD controls were analyzed for the expression of HLA-DR and CD11c surface markers, and
intracellularly for TNF-a and IFN-y production by multicolor flow cytometry, as described in
methods. (A) Percentages of CD11c positive dendritic cells infiltrating the mucosal tissue of each
single subject were assessed. (B) Representative flow cytometry dot plots from CD11c staining in
intestinal cells from each group were shown.

The densities of (C) HLA DR+ cells, (D) HLA DR+ producing TNF-a and(E) IFN-y cells in
CDl1lc+ DC at basal, steady state, condition were reported. Each point represented the percentage
of positive cells in intestinal mucosa of one single subject. Horizontal bars were the median values.

The Mann-Whitney U test was applied.

Figure 6. T lymphocytes producing TNF-a or IFN-y were present in gut mucosa from both
inflammatory bowel disease (IBD) and non-IBD pediatric subjects.

Intestinal cells were co-stained with anti-CD3 antibodies, anti-TNF-a and anti-IFN-y monoclonal
antibodies. (A)The proportions of T lymphocytes ex-vivo evaluated and (B&C) the percentage of T
cells spontaneously producing TNF-o. and IFN-y were shown. (D-G) In a different set of
experiments intestinal cells were stimulated in vitro for 5 hours with a cocktail of PMA/Ionomycin
before the intracytoplasmic cytokine staining. Each point represented intestinal CD3+ and CD3
TNF-o or -IFN-y double positive cells detected in intestinal biopsies from Crohn’s disease (CD),

ulcerative colitis (UC), and non-IBD controls (HC). Horizontal bars were median values.
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Representative flow cytometry dot plots from double stainings CD3 TNF-a and CD3 IFN-y in

stimulated intestinal cells from each group were shown. The Mann-Whitney U test was applied.
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Chapter 3.

3.1 Synergistic effect of interleukin-10-receptor variants in a case of early-onset

ulcerative colitis.

A recent study has demonstrated that IBD with an early onset can be monogenic. Mutations in
IL10 or its receptor lead to a loss of IL10 function and cause severe intractable enterocolitis in
infants and small children.!

IL10R consists of two a (IL1I0RA) and two beta (ILIORB) molecules. ILI0RA and ILIORB
genes have been mapped on chromosomes 11g23.3 and 21g22, respectively, and many single-
nucleotide polymorphisms (SNPs) have been identified.” Recently, Moran et al identified
IL10Rs polymorphisms that confer risk for developing very early-onset IBD.?

The aims of this work were to clarify the molecular basis of UC in an 18-mo-old affected
child. To this aim, we investigated the pathogenetic mechanisms of 1L10 pathway alteration in
the onset of UC in the proband, and we clarified the molecular changes associated with them.
Moreover, we propose [B-catenin and tumour necrosis factor a receptors-l1 (TNFRI) as
molecular bio-markers of subclinical disease among apparently healthy family members of the
index case. Finally, we have investigated the effect of mesalazine and azathioprine, the main
pharmacological therapy used for IBD treatment, on the expression of IL10 receptors, TNFa,
and TNFa receptors.

As suggested by Moran et al * and also described for other human diseases *, our results
confirm that early-onset IBD could be attributed to a synergistic effect of several variant
alleles of the genes encoding IL10 receptors. These variants, alone, could only give rise to a
sub-clinical manifestation of the disease. In fact, the proband’s father and his brother, both
carriers of homozygous A/A polymorphism E47K for the IL10RB gene but without the -
413G->T promoter mutation in the ILIORA gene, were apparently not affected. The proband’s
mother shows a genotype very similar to the proband. In fact, they are both heterozygous for
the E47K IL10RB gene polymorphism and for the -413G->T promoter mutation in the
IL10RA gene. Possibly due to the different ILIORA mRNA expression, the proband’s mother
has not developed the disease.

Unexpectedly, we observed B-catenin and TNFRI protein over-expression in the peripheral
blood cells of the proband’s apparently healthy relatives more than in the proband himself.
Therefore, we suggest that these proteins could represent a good candidate for molecular

markers of sub-clinical disease in relatives of patients with UC.
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Because no therapeutic approach was successful in patients who are carriers of IL10 pathway
alterations, we investigated the effect of mesalazine and azathioprine on the expression of
IL10 receptors, TNFa and TNFa receptors. In agreement with our hypothesis, we found
TNFRI under-expression and TNFRII and IL10RB over-expression in primary fibroblasts
incubated with mesalazine and azathioprine, in both the UC and FAP patients. In the UC
patient only, azathioprine, but not mesalazine, induces a TNFa decrease.

These observations could suggest that these drugs are only able to partially restore 1L10
pathway function in UC, by activation of IL1ORB, but not ILL0RA, transcription. On the other
hand, under-expression of TNFRI and over-expression of TNFRII could increase the risk of
colorectal cancer-associated colitis in UC patients. As described by Chang et al °, TNFRI has
tumour suppressor activity in the context of colitis-associated cancer, and the role of TNFRII
in cell proliferation is well known.

In conclusion, our results, in agreement with data from recently published literature®>#,
indicate that early-onset UC could be caused by a synergistic effect of more variant alleles of
the IL10 receptors gene, resulting in alteration of the IL10 pathway. In our opinion, a dosage
model of nonallelic non-complementation fits well with this case, whereby mutations in two
different genes can behave as alleles of the same locus by causing or exacerbating the same
phenotype. However, we cannot exclude, as described for others syndromes, that different
mechanisms, such as alternative splicing mechanisms’®or allelic variants of modifier genes,
could contribute to the observed phenotypic variability.*

In addition, we suggest that the expression of B-catenin and TNFRI protein could represent
molecular markers of sub-clinical disease in apparently healthy relatives of patients. Recent
findings suggest that chronic inflammation in 1L10-/- mice increased P-f-catenin expression.
Moreover, TNFRI exerts its tumour suppressor activity by modulating activation of 3-catenin
and controlling epithelial proliferation.’ It clearly appears that classical therapeutic approaches
do not seem adequate for IBD patients who are carriers of IL10 pathway alterations because
under-expression of TNFRI signalling would confer increased risk of developing colitis
associated-carcinoma. Allogenic hematopoietic stem cell transplantation could represent a
causal therapeutic approach for IL10R-deficient patients, useful for the treatment of the

intractable ulcerating enterocolitis of the infant, as recently suggested.>*%*
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Abstract

AIM: To investigated the molecular cause of very early-
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onset ulcerative colitis (UC) in an 18-mo-old affected
child.

METHODS: We analysed the interleukin-10 (ZZ10) re-
ceptor genes at the DNA and RNA level in the proband
and his relatives. Beta catenin and tumor necrosis
factor-a. (TNFo) receptors were analysed in the proteins
extracted from peripheral blood cells of the proband,
his relatives and familial adenomatous polyposis (FAP)
and PTEN hamartoma tumor syndrome (PHTS) pa-
tients. Samples were also collected from the proband’
s inflamed colorectal mucosa and compared to healthy
and tumour mucosa collected from a FAP patient and
patients affected by sporadic colorectal cancer (CRC).
Finally, we examined mesalazine and azathioprine ef-
fects on primary fibroblasts stabilised from UC and FAP
patients.

RESULTS: Our patient was a compound heterozygote
for the ZL10RB E47K polymorphism, inherited from his
father, and for a novel point mutation within the ZL10RA
promoter (the -413G->T), inherited from his mother.
Beta catenin and tumour necrosis factor o receptors-
1 (TNFRI) protein were both over-expressed in periph-
eral blood cells of the proband’s relatives more than the
proband. However, TNFRII was over-expressed only in
the proband. Finally, both TNFu-receptors were shown
to be under-expressed in the inflamed colon mucosa
and colorectal cancer tissue compared to healthy colon
mucosa. Consistent with this observation, mesalazine
and azathioprine induced, in primary fibroblasts, /L 10RB
and TNFRII over-expression and TNFRI and TNFo un-
der-expression. We suggest that p-catenin and TNFRI
protein expression in peripheral blood cells could repre-
sent molecular markers of sub-clinical disease in appar-
ently healthy relatives of patients with early-onset UC.

CONCLUSION: A synergistic effect of several variant
alleles of the /10 receptor genes, inherited in a Mende-
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lian manner, is involved in UC onset in this young child.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Inflammatory bowel disease; Ulcerative
colitis; Interleukin 10 receptors; Tumour necrosis fac-
tor o receptors; Beta catenin

Core tip: We identified a novel point mutation within
the interleukin-10 (ZZ10) receptor genes promoter (the
-413G->T), associated with mRNA under-expression.
We propose that this mutation has a synergistic effect
with other variant alleles of ZZ 10 receptor genes in very-
early ulcerative colitis (UC) onset in this young child.
[-catenin and tumour necrosis factor o receptors-I
(TNFRI) protein were both over-expressed in peripheral
blood cells of proband relatives, whereas TNFRII was
over-expressed only in the proband. We suggest that
-catenin and TNFRI protein expression could represent
molecular markers of sub-clinical disease in apparently
healthy relatives of patients with early-onset UC.

Galatola M., Miele E, Strisciuglio C, Paparo L, Rega D, Delrio
P, Duraturo F, Martinelli M, Rossi GB. Staiano A, 1zzo P. De
Rosa M. Synergistic effect of interleukin-10-receptor variants
in a case of early-onset ulcerative colitis. World J Gastroenterol
2013: 19(46): 8659-8670 Available from: URL: http:/svww.wjg-
net.com/1007-9327/full/v19/i46/8659.htm  DOI: http://dx.doi.
org/10.3748/wjg.v19.146.8659

INTRODUCTION

Inflammatory bowel diseases (IBD) are chronic relaps-
ing inflammatory disorders thought to result from an
inappropriate and continuing inflammatory response to
commensal microbes in a genetically susceptible host",
Crohn’s disease (CD) and ulcerative colitis (UC) are the
two main clinicopathological subtypes of IBD, common
in developed countries, affecting the quality of life of
approximately 1.4 million individuals in the United States
and 2.2 million people in Europe® .

Accumulating data suggest that these disorders result
from an inapproprate inflammatory response to intes-
tinal microbes in a genetically susceptible host'™. Active
IBD is defined as an infiltration of the lamina propria by
innate immune cells (neutrophils, macrophages, dendritic
and natural killer T cells) and adaptive immune cells
(B and T cells). Increased numbers and activation of
these cells in the intestinal mucosa enhance local levels
of tumour necrosis factor-o. (TNFa) and several pro-
inflammatory interleukins (IL)PY,

Genome-wide association studies (GWAS) have
been successful in IBD, identifying 99 non-overlapping
genetic risk loci, including 28 that are shared between
CD and UC™. Analyses of the genes and genetic loci
implicated in IBD show several pathways that are cru-
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cial for intestinal homeostasis, including barrier func-
tion, epithelial restitution, microbial defence, innate
immune regulation, reactive oxygen species generation,
autophagy, adaptive immunity regulation, endoplasmic
reticulum stress and metabolic pathways associated
with cellular homeostasis. Early studies have suggested
the existence of both protective and predisposing al-
leles™". Again, many genetic changes might affect ge-
netic regions other than coding regions, indicating that
allele-specific %genc—cxprcssion changes contribute to
the discase risk.

The relative importance of each individual pathway
in the pathogenesis of IBD has not been determined.
There is enthusiasm for a model in which mucosal in-
flammation results from defective activity of Treg cells.
In this model, effector T cells that react to the microbial
flora or other GI antigens are kept in check by a popula-
tion of regulatory cells; defects in these cells lead to GI
inflammation. TL10 production by Treg cells appears to
be required for suppression of colitis".

A recent study has demonstrated that IBD with an
carly onset can be monogenic. Mutations in [1.70 or its
receptor lead to a loss of I1.10 function and cause severe
intractable enterocolitis in infants and small children™".

IL.70R consists of two o (IL70RA) and two beta (IL-
10RB) molecules. IL710RA and IL70RB genes have been
mapped on chromosomes 11q23.3 and 21q22, respec-
tively, and many single-nucleotide polymorphisms (SNPs)
have been identified"”. Recently, Moran er al'" identified
IL70Rs polymorphisms that confer risk for developing
very early-onset IBD. Each novel, nonsynonymous SNP
was identified only in the heterozygous state, and none
of the resulting amino acid changes were predicted to be
deleterious by SIFT or Polyphen.

The aims of this work were to clanfy the molecular
basis of UC in an 18-mo-old affected child. To this aim,
we investigated the pathogenetic mechanisms of IL10
pathway alteration in the onset of UC in the proband,
and we clarified the molecular changes associated with
them. Moreover, we propose f-catenin and tumour ne-
crosts factor o receptors- | (TNFRI) as molecular bio-
markers of subclinical disease among apparently healthy
family members of the index case. Finally, we have in-
vestigated the effect of mesalazine and azathioprine, the
main pharmacological therapy used for IBD treatment,
on the expression of 1110 receptors, TNFo and TNFo
receptors.

MATERIALS AND METHODS

Patients

The proband, exhibiting UC, was referred by paediatric
gastroenterologssts to the laboratory for genetic analyss.
He was admitted to the hospital for bloody diarrhoea,
asthenia, fever and a severe anaemia (haemoglobin 3.7
g/dL). He underwent upper and lower GI endoscopy.
The upper GI endoscopy did not reveal any macro-
scopic and/or microscopic sign of disease. Ileocolo-
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noscopy showed a severe ulcerative pancolitis, (E4-S1)
according to the Paris classification”. The colonoscopic
grade of inflammation was characterised by the presence
of marked erythema, absent vascular pattern, friability
erosions, associated with spontaneous bleeding and ul-
cerations, suggesting a grade 3 according to the Mayo
endoscopic score!. A severe grade of inflammation
was confirmed histologically by the diffuse presence of
a large number of neutrophilic leukocytes (> 50/HPF)
with crypt abscesses and significant acute inflamma-
tion with ulcerations in lamina propria. The presence of
granulomas was excluded at any colonic levels, as well as
atlevel of the distal leum.

The child was treated with blood transfusions, antibi-
otics and steroid therapy without improvement. A rescue
therapy with cyclosporine followed by mesalazine and
azathioprine was then started. His following clinical his-
tory was characterised by relapsing-remitting symptoms
and by the lack of response to drugs. The proband’s
mother referred episodes of bloody diarrhoea, but she
refused colonoscopy.

Blood samples from proband and healthy family
members were collected at the same hospital as the pa-
tient. Normal colorectal mucosa and colorectal cancer
tissues were sampled from patients with FAP or sporadic
colon cancer operated on the “Istituto Nazionale dei Tu-
mori” in Naples.

Samples from all subjects who participated in the
study were collected after being granted authorisation
from the “Comitato etico per le attivita Biomediche -
Carlo Romano” of the University of Naples Federico
I, with protocol number 120/10. Such authorisation is
given only once the study has received ethical approval,
and participants’ informed and written consent has been
obtained.

Molecular analysis of IL10RA and IL10RB messenger
Reverse transcription polymerase chain reaction of
IL70RA and ILL70RB of full length coding regions:
Total RNA was extracted from 3 mL of peripheral blood
cells of the UC patient and his healthy family members,
using Trizol reagent (Invitrogen, Life Technologies, CA),
c¢DNA was synthesised and 1 pL of the cDNA was am-
plified by reverse transcription polymerase chain reaction
(RT-PCR) as previously described"”, using the follow-
ing pairs of oligonucleotides: IL710RA-5’UTR-FP/IL-
10RA-3UTR-RP; IL710RB-5UTR-FP/IL10RB-3’UTR-
RP. Two fragments of 2023 bp and 1197 bp, respectively,
were produced. The PCR products were analysed on a
1% agarose gel in a tris-acetic acid (TAE)-EDTA stand-
ard buffer, and visualised by ethidium bromide staining
(Table 1).

Sequence analysis of JLIORA and ILIORB mRNA:
Sequence analysis of ILL7ORA and IL70RB full length
coding regions was performed on amplified fragments
from the cDNA of the proband and his healthy fam-
ily members, using the following primer pairs, localised
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inside these regions: IL.710RA-5UTRb-FP; IL70RA-3’
UTRb-RP; IL70RA-3cFP; IL10RA-4cRP; IL70RA-
6¢FP; IL10RA-TcRP; IL70RB-5’UTRb-FP; IL70RB-3’
UTRb-RP; IL70RB-4cFP; IL70RB-5cRP (Table 1). The
analysis was performed in a 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA). For nucleotide
numbering, the first A of the inittator ATG codon 1s
nucleotide +1 of ILL70RA and IL.70RB mRNA sequenc-
es [GenBank Accession numbers: NN_001558.3 and
NM_000628.3, respectively]; all oligonucleotides were
obtained with primer-BLAST Software (http://www.
ncbinlm.nih.gov/tools /primer-blast/).

Real time RT-PCR quantification analysis: Real time
PCR quantification analysis was performed for IL.70RA
and JL70RB messengers. The relative expression was
calculated with the comparative Ct method. Patient num-
bering corresponds to that adopted in Figure 1A. Three
millilitres of peripheral blood cells from the UC patient,
his healthy family members and 8 healthy subjects were
pelleted after erythrocyte lysis and resuspended in Trizol
reagent. The mean value across all of the healthy sam-
ples (His) was used as a calibrator to measure the relative
expression. IL70RA and IL70RB mRNA quantification
was carried out by amplifying fragments spanning the
junctions between exons 3-4, for ILL70RA messenger
and exons 4-5 for IL.7ORB messenger, compared to the
glucuronidase transcript fragment, using the oligonucle-
otides described above: IL.70RA-3cFP/IL.10RA-4cRP;
I1.70RB-4cFP/IL10RB-5cRP (Table 1). The quantitative
real time assays were performed using the iCycler iQ
Real Time Detection System BIO-RAD as previously
described"”,

Molecular analysis of IL10RA gene

Genomic PCR and sequencing: Genomic DNA was
extracted from 3 mL of perpheral blood cells of UC
patient, using Nucleon BACC2 Kit (Amersham Biosci-
ences). Genomic PCR and sequencing of all exons was
performed for IL70RA gene, using oligonucleotides
complementary to intronic neighbouring boundary re-
gions of each exon, described in Table 1. The GenBank
Accession number of IL.70RA genomic sequence is:
(NC_ 000011.9/gi:224589802). Mutational analysis of
IL.70RA promoter region, from bp -2159 to bp +1, was
performed by PCR and sequencing. This region was
amplified into three ovedapping fragments of 788, 782
and 788 bp in molecular weight, respectively, using the
following primer pairs: IL.70RAp1-FP/IL10RAp1-RP;
IL70RAp2-FP/IL10RAp2-RP; IL710RAp3-FP/IL-
10RAp3-RP (Table 1).

Amplification refractory mutation-PCR of the 413G->T
IL10-RA promoter mutation: We set up an amplification
refractory mutation-PCR (ARMS-PCR) reaction to ana-
lyse 200 DNA extracted from blood samples of control
subjects apparently healthy, for the -413G->T promoter
mutation identified in the UC proband and his mother.
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ble 1 Oligonucleotide sequences

IL10RA-5'UTR-FP: GTCCCAGCCCAAGGGTAG

IL10RA-3'UTR-RP: CACCCACATACCCTGCACTA
IL10RB-5'UTR-FP: GTCGTGTGCTTGGAGGAAG
IL10RB-3'UTR-RT: GTGGCTAAGTCCAGGGTCTG

IL10RA-5'UTRb-FP: TCAGACGCTCATGGGACA
IL10RA-3"UTRb-RP: CCCAGTGGACTTGCAGAAA
IL10RA-3¢FP; AACTGGACCGTCACCAACAC
IL10RA-4¢cRP: AATCTTCCCGAGGATGAAGC
IL10RA-6¢FP: AGCTACCCAGTGTCCTGCTC
IL10RA-7cRP: CAAAAAGGCCTCCTCATCAA
IL10RB-5"UTRb-FP: CATGGCGTGGAGCCTT
IL10RB-3'UTRb-RP: GATGGTCTTGGCCCTTGTT
IL10RB-4cFP: GTGCAATACTGGAAAAACGGT
IL10RB-5¢RP: CCCTCGAACTTGAACACAATAA
Genomic PCR and sequencing
IL10RAp1-FP: GCGGTTTGAGGCTCAGC
IL10RAp1-RP: CAAGACGGAGGCTGAGGA
IL10RAp2-FP: CTAGCAGGGGAAGAGCAGC
IL10RAp2-RP: AACCTTCGTCTCCCAGGTTC
IL10RAp3-FP: TGAGCCAAGTGACACAGAGG
IL10RAp3-RP: TTGAACATATACCCTGCTGAAGAG
IL10RA-1FP: CTGTCAGTCCCAGCCCAA
IL10RA-1RP: TCTCCACTGGATGGAGAACTTTA
IL10RA-2FP: TTGGTAAAATTGGGGTCATCA
IL10RA-2RP: GCCCTCAGGCACTCACTTC
IL10RA-3FP: AAGCTCGTTTCCAGTGCCTA
IL10RA-3RP: GGCAGACATGGTGAGCTATG
IL10RA-4FP: ACAAACCTGTGGCCAAGTTT
IL10RA-4RP: CACACAAGGGTGCTITCCAG
IL10RA-5FP: ATCACCTCTAAAGGCCCACC
IL10RA-5RP: GGATGCAGAGCTATGTGAAGC
IL10RA-6FP; TTTCATGGGACCAGAGTCCT
IL10RA-6RP: CTGGCTGGGAGGAAAAGAG
IL10RA-71FP: GCTCTCCTCCTGGGCCT
IL10RA-7.1RP: CGGCCCTCAGAGTTTTGA
IL10RA-7 2FP: ACCTGGGAGCAACAGGTG
IL10RA-7 2RP: CGTGCCTAACTTCTGCCC

IL10RA-ARMS-FP-N:
IL10RA-ARMS-FP-M:

quantification analysis

RT-PCR of ILI0RA and IL10RB of full length coding regions

[NM_001558.3; start: + 5]
[NM_001558.3; start: + 2027]
[NM_000628.3; start: + 57]
[NM_000628.3; start: + 1223]

Sequence analysis of ILIORA and IL1I0RB messenger /real time RT-PCR

[NM_0015583; start: + 132]
[NM_001558.3; start: + 1938]
[NM_001558.3; start: + 405]
[NM_001558.3; start: + 506]
[NM_001558.3; start: + 871]
[NM_001558.3; start: + 983]
[NM 000628 3; start: + 9]
[NM_000628.3; start: + 1177]
[NM 000628 3; start: + 565]
[NM_000628.3; start: + 678]

[NC_000011.9; start: + 117856447]
[NC_000011.9; start: + 117857234]
[NC_000011.9; start: + 117855574]
[NC_000011.9; start: + 117856355]
[NC_000011.9; start: + 117855023]
[NC_000011.9; start: + 117855810]
[NC_000011.9; start: + 17857104]

[NC_ 000011.9; start: + 117857327]
[NC_ 000011.9; start: + 117859029]
[NC_000011.9; start: + 117859328]
[NC_ 000011.9; start: + 117860120]
[NC_ 000011.9; start: + 117860439]
[NC_000011.9; start: + 117863822]
[NC_000011.9; start: + 117864202]
[NC_000011.9; start: + 117864629]
[NC_000011.9; start: + 117864993]
[NC_000011.9; start: + 117866223]
[NC_ 000011.9; start: + 117864993]
[NC_000011.9; start: + 117869338]
[NC_000011.9; start: + 117869854]
[NC_000011.9; start: + 117869775]
[NC_0000119; start: + 117870445]

ARMS PCR of the -413G->T IL10-RA promoter mutation

CCGGCACGCCAGGCAAAAGCGGCTCGGTCG
CCGGCACGCCAGGCAAAAGCGGCTCGGTCT

IL10RA-ARMS-RP: GCCTCCAGTGCCTTCGGATCAA
Gene copy number quantification of IL10R,
IL10RA-4cFP: TCCTCGGGAAGATTCAGCTA
IL10RA-4c2RP: TGCGAATGGCAATCTCATAC
IL10RA-7cFP: ACTGAAGAGCCCCAGTTCCT
IL10RA-7¢2RP: GCTGTCTGTGCTATTGCTGC

[NC_000011.9; start: + 117856738]
[NC_000011.9; start: + 117856738]
[NC_000011.9; start: + 117856897
A gene

[NM_001558.3; start: + 493]
[NM_001558.3; start: + 594]
[NM_0015583; start: + 1065]
[NM_001558.3; start: + 1187]

RT-PCR: Reverse transcription poly merase chain reaction; IL10: Interleukin-10.

This ARMS reaction was performed with following oli-
gonucleotide primers: IL.7ORA-ARMS-FP-N; IL70RA-
ARMS-FP-M; I1.70RA-ARMS-R (Table 1).

Gene copy number quantification of ZLIORA gene:
For the genomic quantification of IIL70RA gene, spe-
cific amplified fragments were compared to a fragment
of the exon 15 of MUTYH gene. For IL.70RA specific
quantification, two short fragments, one inside exon 4
and the other inside exon 7, were amplified, using the
following primer pairs: II.70RA-4cFP/IL10RA-4c2RP;
IL70RA-TcFP/IL10RA-Tc2RP (Table 1). Patient num-
bering corresponds to that adopted in Figure 1A,
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In silico analysis

In silico analysis of the -413G->T point mutation was
performed using the Patch 1.0 software. Patch 1s a pattern-
based program for predicting transcription factor binding
sites (TFBS) in DNA sequences. It uses the set of bind-
ing sites from TRANSFAC® Public 6.0 and is free online
available at the web site: http://wwwbiobase-internation-
al.com/.

p-catenin, TNFRI and TNFRII protein analysis in
peripheral blood cells of UC patients

Western blotting assay of [3-catenin, TNFRI and TN-
FRII proteins: Total protein was extracted from 3 mL

December 14, 2013 | Volume 19 | Issue 46 |

131



Galatola M et a/. Interleukin-10-receptor in early-onset UC

A A wt/wt
B:AG |
C: A/G 1
D: A/G
E: A/A

A A
MA AN

LV ETRVVTIVVYY

A: -413G->T/w.t. A wt/wt
B: G/G B: A/G

C: A/G

D: A/G

E: A/A

b A Pedi-

Figure 1 Molecular characterisation of variant alleles within interleukin-10 receptor genes in the
gree of the inflammatory bowel diseases (IBD) family and genomic single-nucleotide polymorphisms identified: interleukin-10 (IL10) RA: - 413G->T (A); IL10RA-rs

2256111 Esone 4 ¢ 549A->G (p.153Ala->Ala) (B); IL10RA-rs.:2229113 Esone 7 ¢.1051A->G (p.351Arg->Gly) (C); IL10RA-rs..9610 3UTR ¢.2543G->A (D); IL10RB-
rs.: 2834167 Esone 1 ¢ 139G->A (p 47 Lys ->Glu) (E); B: Sequence analysis of IL10RA promoter region. Sequence analysis was performed on amplified fragments
from gDNA of the patients. Reported here are the electropherogram around the identified mutation - 413G->T. The specific mutated nucleotide is shown within the
black box; C: Gel-electrophoresis of the amplification refractory mutation-polymerase chain reaction performed for the - 413G->T IL 10RA promoter mutations. Patient

y bowel d family

numbering corresponds to that adopted in the shown above pedigree

of peripheral blood cells (approximately 5-7 x 10°/mL
cells) using Trizol reagent (Invitrogen, Life Technologies,
CA) following the manufacturer’s instructions. Concen-
trations were determined and Western blotting assay
was performed as previously described"”. The primary
antibody against amino-terminal B-catenin was from Cell
Signaling Technology (Beverly, MA). Primary antibodies
against TNFRI and TNFRII were from R&D System
(R and D System, Minneapolis). The antibody 2
actin was from Santa Cruz (Santa Cruz, CA). H1-5 and
H6-10 are mixes of healthy subjects. PHTS and FAP
are two patients affected by PI'EN hamartoma tumour
syndrome and adenomatous polyposis coli syndrome, re-
spectively. 1 -1, [ -2, TI-1 and II-2 are UC family mem-
bers as reported in Figure 1A.

Real time PCR quantification analysis of COXZ mRNA:
Real ime PCR quantification analysis was performed for
COX2 messengers. Relative expression was calculated with
the comparative Ct method and normalised against the Ct
of Glucuronidase (GUS) mRNA. The quantitative RNA
real time assays were performed as described before. To
better normalise the healthy values, we used three blood
mixes as controls, each contaning five samples collected
from healthy subjects, for a total of fifteen controls. H1-5,
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8663

H6-10, H11-15 are mixes of healthy subjects. Hm is the
mean value among all healthy samples used as calibrator to
measure the relative expression. Patient numbering corre-
sponds to that adopted in Figure 1A.

[3-catenin, TNFRI and TNFRII proteins expression in
colorectal mucosa

Western blotting assay of [3-catenin, TNFRI and TN-
FRII proteins: Total protein was extracted from the
mjured colorectal mucosa of the IBD proband and from
healthy and tumour mucosa collected from patients af-
fected by FAP and sporadic colorectal cancer using Trizol
reagent (Invitrogen, Life Technologies, CA) following the
manufacturer’s instructions. Western blotting analysis of
B-catenin (amino-terminal antigen), TNFRI and T’
was performed as previously described.

Incubation with mesalazine and azathioprine of es-
tablished colon fibroblast culture: Samples of colorectal
mucosa from IBD proband and one FAP patient were
washed three times in PBS containing 300 U/mL pentcillin,
300 ;,Lg/nﬂ, streptomycin, and 2.5 pg/ml‘ amphotericin B
(all from Gibco BRI, Karsruhe, Germany), finely minced
with scissors (tissue picces of approximately 30 mm?) and
digested in 2 mL 0.1% collagenase II (Boehringer Man-
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Figure 2 Real time polymerase chain reaction analysis of interleukin-10

and COX2 perf d on peripheral blood cells. A: Copy number
quantification of interleukin-10 (IL10) gene. Real time polymerase chain reaction
(PCR) quantification analysis was performed for IL10RA. IL10RA-exon4: Ampli-
fied fragment at the boundaries of exon 4 and IVS4 of the gene; IL10RA-exon7
Amplified fragment at the boundaries of exon 7 and IVS7 of the gene; Patient
numbering corresponds fo that adopted in the pedigree shown in Figure 1A. B
Real ime PCR quantification analysis of IL10RA and IL10RB mRNA. Real time
RT-PCR quantification analysis was performed for /L10RA and IL10RB mRNA
C1-8: Mean value between all healthy samples used as calibrator to measure
the relative expression; C1 to C8: Healthy subjects. Patient numbering corre-
sponds to that adopted in the pedigree shown in Figure 1A. C: Real Time PCR
quantification analysis of COX2 messenger. H1-5, H6-10, H11-15: Mixes of
healthy subjects; Hm: Mean value between all healthy samples used as calibra-
tor to measure the relative . Patient beri ds to that
adopted in the pedigree shown in Figure 1A

nheim, Mannheim, Germany) in DMEM-15% FBS for 2 h
at 37 C, 5% COz. The cell suspension was then collected
by centnfugation, washed twice with serum-free DMEM
medium, and subsequently cultured for 7 d in DMEM-15%
FBS/CHANG C medium (1:1), 100 U/mL penicillin, 100
pg/mL streptomycin, and 2.5 pg/ml. amphotericin B (all
from Gibco BRL, Karlsruhe, Germany). Primary fibrob-
lasts from IBD and FAP patients were stabilised, cultured
on plates, and incubated with mesalazine (30 mmol /L) and
azathiopnine (30 mmol/L) for 12 h, altematively. A com-
bimation of real ime PCR of IL.70 receptors and Western
blotting analysis of TNFo and TNFo receptors were per-
formed as previously described.
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RESULTS

Variant alleles of the IL10 receptor genes act in a
synergistic manner in the onset of UC

Molecular screening of I1.70RA and IL.70RB, performed
on the proband and his relatives, revealed the presence
of multiple SNPs in the patient, inhenited from his par-
ents, as shown in Figure 1A.

Specifically, the proband was heterozygous for the
IL70RB E47K polymorphism (rs2834167, A/G geno-
type), inhernted from his father, described to be associat-
ed with a low level of specific mRNA expression (to the
A allele). As shown in Figure 1, he was also carrier of an
IL.70RA promoter point mutation (the -413G->T point
mutation), inherited from his mother and not previously
described in literature. In silico analysis of this mutation,
performed using the Patch 1.0 software, shows that it
alters a binding site for the Sp1 transcription factor. This
genomic variant represents a specific mutation of this
IBD family because it was not identified in 200 healthy
subjects. The proband’s father and his brother were
both homozygous for IL.7ORB E47K polymorphism (rs
15.:2834167 A/A genotype; 47K/K), whereas his mother
was heterozygous A/G. Only the proband and his moth-
er were carriers of the -413G->T point mutation identi-
fied in the promoter region of the IL.70RA gene. For the
following SNPs of IL.70RA, the rs2256111, localised in
the exon 4 (¢.549A->G; p.153Ala->Ala), the 15.:2229113,
localised in the exon 7 (c.1051A->G; p.351Arg->Gly)
and the 15.:9610, localised in the 3UTR (c.2543G->A),
the proband was homozygous G/G, G/G and A/A, re-
spectively. These tree polymorphisms were A/G hetero-
zygous in all other family members (Figure 1A). Using
DNA real-time PCR for gene dosage of IL/0RA gene,
we ruled out the presence of intragenic or whole gene
deletion (Figure 2A).

IL10 receptor variants are associated with mRNA under-
expression

Associated with these genomic varants, we observed a
under-expression of IL70RA and IL70RB mRNA in the
proband compared to the average values of 8 healthy
subjects, which segregates with each specific variant
among the family members. In fact, as revealed by
mRNA real-time quantification of both mRNAs of I1.70
receptors shown in Figure 2B, only the proband and his
mother, carders of the -413G->T promoter point muta-
tion, showed a decrease in ILL70RA mRNA. In contrast,
the proband’s father and his brother, both homozygous
A/A for the ILL70RB E47K polymorphism, show very
low levels of IL7ORB mRNA expression (fold change
of approximately 0.19 and 0.18, respectively), whereas
the proband and his mother, who were heterozygous
A/G for this polymorphism, showed approximately
50% mRNA expression of the IL.70RB compared to the
mean value across eight healthy samples used as a cali-
brator (fold change of approximately 0.5 and 0.7 for the
proband’s mother and the proband himself, respectively).
Furthermore, only the proband and his mother showed
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Figure 3 (-catenin, tumour is factor o | and Il protein expi L d on peri blood cells and colon mucosa. A: Western

blotting assay of B-catenin tumour necrosis factor « receptors-| (TNFRI) and TNFRII performed on protein extracts from peripheral blood cells. Familial adenomatous
polyposis (FAP): Patient affected by adenomatous polyposis coli; PHTS: Patient affected by PTEN hamartoma tumour syndrome; |-1, |-2, II-1, II-2; Patient numbering
corresponds to that adopted in the pedigree shown in Figure 1A. H1-5, H6-10: mixes of healthy subjects; B: Western blotting assay of B-catenin TNFRI and TNFRII
performed on protein extracts from colon mucosa. FAP: Patient affected by adenomatous polyposis coli; colorectal cancer (CRC)1, CRC2, CRC3: Patients affected
by sporadic colorectal mucosa; inflammatory bowel diseases (IBD): Affected proband; N: Healthy colon mucosa; T: Colon tumour; P: Colon polyp; I: Inflamed colon

mucosa

COX2 overexpression, analysed in peripheral blood cells
(Figure 2C).

Alteration of WNT/3-catenin pathway and TNFo.
receptors expression in the UC patient

As shown in Figure 3A, B-catenin and TNFRI protein
were both over-expressed in the peripheral blood cells of
the proband’s relatives more than the proband. In con-
trast, TNFRII was over-expressed only in the proband.
None of these proteins were detectable in healthy con-
trols. When investigated in colon mucosa, both TNFo
receptors were observed to be under-expressed in the in-
flamed colon mucosa and colorectal cancer compared to
healthy colon mucosa. In the FAP patient, normal colon
mucosa and polyps express TNFo receptors at the same
level. Furthermore, as expected, 3-catenin expression is
much higher in the polyp than in normal mucosa. (Figure
3B)

Effects of mesalazine and azathioprine on primary
fibroblasts
Finally, we show that after incubation with mesalazine

3,,'..:4’,,,, WIG | www.wjgnet.com

and azathioprine of primary fibroblasts of the proband
and of a FAP patient, drugs induce II.70RB mRNA and
TNFRII protein over-expression, whereas TNFRI pro-
tein was under-expressed. A decrease of TNFo. expres-
sion was also observed after incubation with azathio-
prine but not with mesalazine only in the IBD patient.
Fibroblasts isolated from an FAP patient did not show
any signal for TNFo hybridisation in our experimental
conditions (Figure 4).

DISCUSSION

A recent study demonstrated that mutations in /.70 or
its receptor lead to a loss of IL10 function and cause
severe intractable enterocolitis in infants and small chil-
dren™"). In another approach to determining the genet-
ic basis for these disorders, Moran ¢7 /" identified risk
SNPs for very eatly onset IBD. Two SNPs, rs2228054
and rs2228055, were frequently found in the heterozy-
gous state among IBD patients and inhented as a hap-
lotype. The authors propose that the conferred risk may
be due to one or both SNPs. Alternatively, the increased
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Figure 4 Effects of [ and azathioprine on infl y bowel
diseases and familial ad polyposis primary fibrobl A: Real
time polymerase chain reaction (PCR) g analysis of kin-10

(IL10) mRNA; Real time RT-PCR quantification analysis was performed for
IL10RB mRNA on primary fibroblasts extracted from an inflammatory bowel dis-
eases (IBD) and a familial adenomatous polyposis (FAP) patient and incubated
with mesalazine and azathioprine; B: Western blotting assay of tumour necrosis
factor a receptors-| (TNFRI) and TNFRII and tumour necrosis factor a. (TNFa)
performed on protein extracts from primary fibroblasts of an IBD and of a FAP
patient. IBD-1: Protein extract of the IBD proband primary fibroblasts incubated
with 0.1% DMSO only; IBD-2: Protein extract of the IBD proband primary fibrob-
lasts incubated with 0.1% DMSO and mesalazine; IBD-3: Protein exiract of the
IBD proband primary fibroblasts incubated with 0.1% DMSO and azathioprine
FAP-1: Protein extract of the FAP patient's primary fibroblasts incubated with
0.1% DMSO only; FAP-2: Protein extract of the FAP patient's primary fibrob-
lasts incubated with 0.1% DMSO and mesalazine; FAP-3: Protein extract of the
FAP patient's primary fibroblasts incubated with 0.1% DMSO and azathioprine

risk may reside in a regulatory region (eg., promoter) in
linkage disequilibrium with these SNPs and suggest that
this risk haplotype exerts a mild phenotype in the gen-
eral population resulting in disease only in the presence
of other genetic variants or environmental triggers"®.

As suggested by Moran ez a/* and also described for
other human diseases™, our results confirm that early-
onset IBD could be attributed to a synergistic effect
of several variant alleles of the genes encoding I1.70
receptors. These vanants, alone, could only give rise to
a sub-clinical manifestation of the disease. In fact, the
proband’s father and his brother, both carriers of homo-
zygous A/A polymorphism E47K for the IL70RB gene
but without the -413G->T promoter mutation in the IL-
10RA gene, were apparently not affected. The proband’s
mother shows a genotype very similar to the proband. In
fact, they are both heterozygous for the E47K IL.70RB
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gene polymorphism and for the -413G->T promoter
mutation in the ILL70RA gene. They show different
mRNA expression for the IL7ORA gene and quantita-
tive real-time PCR revealed a 0.1 and 0.6-fold change
for the IL7ORA mRNA in the proband and his mother,
respectively. This different gene expression could be due
to other intragenic SNPs in the II.70RA gene whose al-
leles are different, such as, the rs.:2256111, localised in
exon 4 (¢.549A->G; p.153Ala->Ala), the 15.:2229113, lo-
calised in exon 7 (c.1051A->G; p.351Arg->Gly) and the
15.:9610, localised in the 3UTR (c.2543G->A), that were
homozygous G/G, G/G and A/A in the proband but
A/G heterozygous in all other family members. How-
ever, we cannot rule out other gene expression regula-
tory mechanisms. Possibly due to the different II.70RA
mRNA expression, the proband’s mother has not devel-
oped the disease. However, she referred to an episode
of rectal bleeding and shows increased levels of COX2
mRNA expression in peripheral blood cells.

In a recent study, 66 early onset IBD patients were
analysed. The authors identified 16 patients with loss-
of-function mutations in the IL70 or IL70R genes. A
variety of mutations were discovered. Most patients
were born from consanguineous parents and they car-
ried homozygous biallelic mutations (point mutations or
deletions). However, some patients also presented com-
pound heterozygous mutations. Genotype/phenotype
correlations were not clearly observed. In fact, siblings
sharing the same homozygous II.70RB mutation showed
a remarkably distinct level of disease severnty, suggest-
ing that the phenotypic manifestation is dependent on
other intrinsic or extrinsic factors that remain presently
unknown®'*.,

Non-coding single nucleotide polymorphisms (SNPs)
can be associated with qualitative and quantitative chang-
es. Furthermore, genetic changes may affect transcrip-
tion-factor-binding sequences, locus accessibility, transla-
tional efficiency and trans-regulators such as noncoding
RNAs and microRNAs". Cis- or trans-expression quan-
titative trait loci are detected for approximately half of
the IBD nsk regions, indicating that allele-specific gene-
expression changes contribute to disease risk”™".

Unexpectedly, we observed B-catenin and TNFRI
protein over-expression in the peripheral blood cells of
the proband’s apparently healthy relatives more than in
the proband himself. FAP and PHTS patients, but not
healthy subjects, also expressed this protein, as previ-
ously described"”. Therefore, we suggest that these
proteins could represent a good candidate for molecular
markers of sub-clinical disease in relatives of patients
with UC. Previous studies showed that faecal calprotec-
tin concentration in patients with CD and relatives dif-
fered significantly from controls, suggesting that there
is a high prevalence of subclinical disease in first-degree
relatives of these patients. This result conforms to an
additive inheritance pattern in which the genetic basts
for this abnormality may represent a risk factor for CD
and UCH),
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Because no therapeutic approach was successful in
patients who are carriers of T1L10 pathway alterations, we
investigated the effect of mesalazine and azathioprine
on the expression of IL10 receptors, TNFo and TNFa
receptors. In agreement with our hypothesis, we found
TNFRI under-expression and TNFRIT and IL70RB
over-expression in primary fibroblasts incubated with
mesalazine and azathioprne, in both the UC and FAP
patients. In the UC patient only, azathioprine, but not
mesalazine, induces a TNFo, decrease.

These observations could suggest that these drugs
are only able to partially restore I1.10 pathway function in
UC, by activation of IL.70RB, but not IL.70RA, transcrip-
tion. On the other hand, under-expression of TNFRI and
over-expression of TNFRIT could increase the risk of
colorectal cancer-associated colitis in UC patients. As de-
scribed by Chang er /", TNFRI has tumour suppressor
activity in the context of colitis-associated cancer, and the
role of TNFRIT in cell proliferation is well known.

Current therapeutic strategies for paediatric IBD
include the use of exclusive enteral nutrition, cortico-
steroids, mesalamine, sulfasalazine, immunomodulators
(azathioprine, 6-mercaptopurine, methotrexate) and
anti-TNFo-antibodies™*. Aminosalicylates are the
undisputed first-line option for treating and maintain-
ing remission in UC?. However, the role that these
drugs may play in the management of Crohn’s disease
has been controversial. Thiopurine drugs, azathioprine
and mercaptopurine, have been shown to be effective
in inducing and maintaining remission in IBD". Most
epidemiological studies have shown that the chronic use
of 5-ASA in IBD has chemopreventive effects on the
development of CRC!1, although some studies failed
to show this, as described by Velayos ez ™.

TNF signals 27a two cell surface receptors, TNFRI
and TNFRII, resulted in several, sometimes oppos-
ing, cellular responses that vary by context and cell na-
ture™ ", In the colonic mucosa, TNF is involved in both
cell survival and cell death®. Additionally, increased
levels of TNF have been found in the setting of cancers,
including those of the pancreas, skin, and ovaries™
With specific regard to colon carcinogenesis, TNF activ-
ity has been shown both to promote and to protect from
neoplastic transformation®” and there are case studies
of development of cancer in other organ systems (lym-
phatic and skin) following the use of anti-TNF for IBD
or rtheumatological disease!"”. For this reason, we inves-
tigated protein expression of TNF receptors in colon
mucosa of the UC patient compared to that of normal
and cancer colon mucosa from patients affected by FAP
and sporadic colorectal cancer. In agreement with the
hypothesis suggested by Chang e7 @/ about the tumour
suppressor activity of TNFRI in the context of colitis-
associated carcinogenesis, we found not only a decrease
in the expression of TNFRI but also of TNFRII in
colorectal cancer when compared to normal colon mu-
cosa for each patient. The expression of TNF receptor
proteins in colon mucosa of our UC patient was at an
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intermediate level between that observed in colorectal
tumour tissue and normal mucosa of CRC patients.

In conclusion, our results, in agreement with data
from recently published literature 1022 indicate that
eatly-onset UC could be caused by a synergistic effect of
more variant alleles of the I1.70 receptors gene, resulting
in alteration of the TL10 pathway. In our opinion, a dos-
age model of nonallelic non-complementation fits well
with this case, whereby mutations in two different genes
can behave as alleles of the same locus by causing or ex-
acerbating the same phenotype. However, we cannot ex-
clude, as described for others syndromes, that different
mechanisms, such as alternative splicing mechanisms!**”
or allelic variants of modifier genes, could contribute to
the observed phenotypic variability™.

In addition, we suggest that the expression of -catenin
and TNFRI protein could represent molecular markers of
sub-clinical disease in apparently healthy relatives of pa-
tients. Recent findings suggest that chronic inflammation
in IL10-/- mice increased P-B-catenin552 expression.
Moreover, TNFRI exerts its tumour suppressor activity
by modulating activation of B-catenin and controlling
epithelial prolifemtionw[ Tt clearly appears that classical
therapeutic approaches do not seem adequate for IBD
patients who are carriers of TL10 pathway alterations
because under-expression of TNFRI signalling would
confer increased risk of developing colitis associated-
carcinoma. Allogenic hematopoietic stem cell transplan-
tation could represent a causal therapeutic approach for
IL10R-deficient patients, useful for the treatment of the
intractable ulcerating enterocolitis of the infant, as re-
cently suggested!**==,

COoM
Background

Inflammatory bowel diseases (IBD) are chronic relapsing inflammatory dis-
orders thought to result from an inappropriate and centinuing inflammatory
p to | ina ptible host. M
in interleukin-10 (IL10) or its receptor lead to a loss of IL10 function and cause
severe intractable enterocolitis in infants and small children
Research frontiers
Increased numbers and activation of immune cells in the intestinal mucosa
enhance local levels of tumour necrosis factor-o. (TNFe) and several proinflam-
matory IL. Recent work has demonstrated that IBD with an early onset can be
monogenic and /L 10 polymorphisms have been associated with IBD in genome-
wide association studies. The aims of this work were to clarify the molecular
basis of disease in this young child, shedding light on a synergistic effect of
IL10RA and IL10RB polymorphisms. The authors also assessed the possible
presence and inh of subclinical | infl n I
healthy relatives of this patient with ulcerative colitis (UC)
Innovations and breakthroughs
Recent studies have shown that loss-of-function mutations in IL10RA, IL10RB
and /L10 genes, in immunodeficient patients, are associated with severe,
infantile-onset IBD. In particular, literature reports have highlighted the role of
IL10RA pol h in the risk for developing very early onset UC. This is
the first study reporting that IL10RA polymorphisms could have synergistic ef-
fect with those of IL10RB. The authors propose that these risk polymorphisms
exert a mild phenotype in the general population resulting in disease only in the
presence of other genetic variants in the IL10RA or [L10RB. Furthermore, these
observations would suggest an inherited abnormality of beta catenin and TNFRI
in the proband's relatives

TS
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Applications

This work expands the ding of the complex e pattern of very
early onset ulcerative colitis, It seems possible that the subclinical phenotypic
manifestations identified in the first-degree relatives of the proband represents
the consequence of inherited defects of IL10R genes, which then represent one
of the risk factors for the disease. This study could contribute to identifying at-
risk families for very early onset UC allowing clinicians 1o perform genetic tests
and appropriate care

Terminology
IL10 is an anti-inflammatory cytokine secreted by a variety of cell types and is
critical for immune h in the | tract. IL10

activates downstream signalling by binding to IL10R, comprised of two & sub-
units (encoded by /L 10RA) and two beta subunits (encoded by IL10RB)

Peer review

The authors investigated the molecular cause of very early-onset inflammatory
bowel disease in an 18-mo-old child as well as his relatives. They concluded
that a synergistic effect of several variant alleles of the IL10 receptor genes
inherited in a Mendelian manner, is involved in IBD onset in this young child
This study supports a special enthusiasm about the potential power of genom-
ics to define the aetiology and/or phenotype of diseases. When a single specific
case or family is studied, the discovery of new functional polymorphisms and
the fi q of these mutations deserves attention even if the
fi | ch and the real contribution of susceptible
genes are hard to assess in complex disorders such as IBD
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3.2 Cannabinoid receptor 2 functional variant contributes to the risk of pediatric

inflammatory bowel disease

The endocannabinoid (EC) system has been recently indicated as a possible therapeutic target
in IBD. 2

The EC system includes the EC endogenous lipid transmitters, their G-protein-coupled
cannabinoid receptors type 1 and 2 (CB1 and CB2), and the enzymes for EC metabolism. ECs
are synthesized and immediately released “on demand”, although they can also accumulate in
intracellular adiposomes .=

Common variant, rs35761398 (CAA/CGG), of the CNR2 gene, encoding for the CB2
receptor, is associated to autoimmunity unbalance. ***°

In particular, the presence of the arginine (R) at codon 63 significantly reduces the EC-
induced inhibition of lymphocyte proliferation, suggesting the R variant as the less
functional

This less functional variant CB2-R63 has been associated with increased risk of chronic
immune thrombocytopenic purpura and celiac disease, in childhood.

We conducteda case-control association analysis between the common CB2-Q63R functional
variant and IBD in a cohort of 221 lItalian children with IBD comparedto 600 controls
previously recruited from the same geographic area. Moreover, we evaluated possible
correlations between the CB2-Q63R variant and the clinical features of our pediatric IBD
patients.

We describe, for the first time, the association between the CNR2 rs35761398 polymorphism
(CB2-Q63R variant) and the risk of pediatric UC and CD. Of note, we also found an
association between the aforementioned SNP and specific clinical CD and UC sub-
phenotypes. Taken together, our data highlight the involvement of CB2 in the pathogenesis of
pediatric IBD and provide insight into its possible role inthe clinical features of chronic
intestinal inflammation. We found that the GG/GG genotype (RR homozygous subjects) was
highly prevalent in IBD children. Interestingly, when CD and UC patients were analyzed
separately in comparison with controls, a significant over-representation of the RR genotype
and of the R allele was observed for the CD children.

This finding is in line with the fact that ECs produce a bias in the balance between the two
types of Th cells, suppressing Thl and enhancing Th2, and that the CB2-Q63R variant
isinvolved in this process exerting a different inhibition of these cells according to the

presence of Q or R 20. This bias has several mechanisms. It has been partly explained by
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different expression of cannabinoid receptors on subpopulations and on antigen-presenting
cells. It could be due to modulation of cytokines generated by dendritic cells. *®

In addition, the induction of Th2 associated cytokines can after wards inhibit Thicells. *°
Recentdata show that ECs, via CB2 receptor, can directly induceB-cell class switching from
IgM to IgE in favor of a Th2 type immunity. *°

Therefore it is reasonable that this CB2 variant, which has been related to decreased
immunomodulatory response and the development of autoimmune disease'®, is mainly
associated with a Thl-mediated disease, such as CD.

Indeed, in many previous studies, cytokine profiles of CD patients displayed Th1l dominance
characterized by higher levels of IFN-y and TNF-a and lower amounts of IL-4 in the intestinal
mucosa and serum of CD patients compared with healthy controls. %2

Finally, it has been suggested that a shift towards the Th1l profile may contribute to the onset
of CD by activating macrophages, which produce pro-inflammatory cytokines causing
intestinal damage. %

In both CD and UC children, the R63 variant was strongly associated with moderate to severe
activity of the disease calculated with PCDAI and PUCAI score, respectively. Moreover, in
UC patients, the CB2-R63 variant was associated also to a higher incidence of early clinical
relapse, further suggesting an association with a more severe phenotype of disease. Indeed, an
impaired functionality of CB2 receptor could determine a decreased suppression of activated
macrophages and mast cells and stimulate the secretion of pro-inflammatory cytokines such as
TNF-0 %% causing an exacerbation of intestinal inflammation and worsening disease course.
The marked rising in the incidence of IBD in childhood"’, renders of particular interest our
study since in a paediatric population with IBD the genetic susceptibility could be greater and
influence a more severe disease course.The present results also support the concept that the
CB2 receptor on immune effector cells may represent a potential molecular target for selective
CB2 agonist therapies that could suppress autoreactive, pro-inflammatory innate and adaptive
immune responses.Further investigation as well as targeted functional studies are needed to
understand how Q63R genotype contributes to disease susceptibility in pediatric 1BD, and

whether presence of these polymorphic markers might have clinical therapeutic implications.
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Abstract

Background: Endocannabinoids may limit intestinal inflammation via cannabinoid receptor 1
and/or 2 (CB1, CB2). We conducted a case-control association analysis to establish the role of a
common CB2 functional variant, Q63R, in the susceptibility to inflammatory bowel disease (IBD).
Methods: We genotyped 217 pediatric IBD patients (112 Crohn’s disease (CD), 105 ulcerative
colitis, UC), and 600 controls for the CB2-Q63R variant by Tagman assay. The disease activity was
measured with Pediatric Crohn Disease Activity Index or Pediatric Ulcerative Colitis Activity
Index. Additional data were collected from clinical records on age at diagnosis, disease duration and
location, extraintestinal manifestations, therapy, clinical relapses, and need for surgery.

Results: We found a significant association of the CB2-R63variant with IBD (allele frequencies
p=0.04; genotype distributions p=0.0006), in particular with CD (allele frequencies p=0.002;
genotype distributions p=0.00005) and with UC only for genotype distributions (p=0.03). RR-
carriers showed an increased risk to develop a kind of IBD (OR=1.82; CI 95%; p=0.0002 for IBD;
OR=2.02; CI 95%; p=10* for CD; OR=1.63; CI 95%; p=0.02 for UC). Upon genotype-phenotype
evaluation, RR patients showed an increased frequency of moderate-severe disease activity in both
CD and UC (p=0.01 and p=0.02, respectively) and also an earlier clinical relapse in UC (p=0.04).
Conclusions: The CB2-Q63R variant contributes to the risk of pediatric IBD, in particular CD. The
R63 variant is associated with a more severe phenotype in both UC and CD. Taken together, our
data suggest the involvement of CB2 receptor in the pathogenesis and in the clinical features of

pediatric IBD.

Keywords: inflammation; Th1/Th2 balance; Crohn’s disease; Ulcerative Colitis; rs35761398
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Introduction

Inflammatory bowel disease (IBD) is an inflammatory condition of the gastrointestinal tract that
comprises two main forms: Crohn's disease (CD) and ulcerative colitis (UC). IBD are characterized
by chronic inflammation, remitting and relapsing episodes, and a progressive course at diagnosis.
IBD prevalence has been increasing among children and adolescents .

The etiology and pathogenesis of IBD remain elusive, although accumulating evidence indicate that
sustained intestinal infections, mucosal barrier defects, immune dysregulation, genetic and
environmental factors are involved. Among these factors, the dysfunction of the mucosal immune
system plays a pivotal role in the pathogenesis of IBD % Innate and adaptive immunity contribute to
trigger and maintain inflammatory events, resulting in IBD *. Furthermore, the production and
release of cytokines and chemokines represent an important underlying mechanism, able to drive
inflammatory events at local and systemic levels **.

Despite the therapeutic advances related to an improved knowledge of the disease pathogenesis,
alternative therapeutic approaches are necessary since IBD patients are often resistant to treatment.
The endocannabinoid (EC) system has been recently indicated as a possible therapeutic target in
IBD ®’. The EC system includes the EC endogenous lipid transmitters, their G-protein-coupled
cannabinoid receptors type 1 and 2 (CB1 and CB2), and the enzymes for EC metabolism. ECs are
synthesized and immediately released “on demand”, although they can also accumulate in
intracellular adiposomes ®.Common variant, rs35761398 (CAA/CGG), of the CNRZ gene, encoding
for the CB2 receptor, is associated to autoimmunity unbalance '°. The relative glutamine-arginine
substitution at codon 63, Q63R, affects the response of CB2 to ECs, resulting in a different
modulation of its effectors cells . In particular, the presence of the arginine (R) at codon 63
significantly reduces the EC-induced inhibition of lymphocyte proliferation, suggesting the R
variant as the less functional °. This less functional variant CB2-R63 has been associated with

increased risk of chronic immune thrombocytopenic purpura and celiac disease, in childhood '*'*,
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We conducted a case-control association analysis between the common CB2-Q63R functional
variant and IBD in a cohort of 221 Italian children with IBD compared to 600 controls previously
recruited from the same geographic area. Moreover, we evaluated possible correlations between the

CB2-Q63R variant and the clinical features of our pediatric IBD patients.

Materials and methods

Study population

The study population included 221consecutive children diagnosed with IBD between January 2001
and August 2015. Moreover 600 Italian healthy controls, previously recruited and genotyped for
the CB2-Q63R variant were included *. Demographic and clinical data of each patient were
retrospectively collected from medical records (Table 1). Only children with at least 1 year of
follow-up were included in this study.

Diagnosis of IBD was based on clinical history, physical examination, radiologic studies,
endoscopic appearance, and histologic findings, according to Porto criteria'*.

Physical examination for each patient and control included: body weight, measured by a balance
beam scale; height, measured by a Harpenden stadiometer ; BMI, calculated by dividing the weight
for the height square; z-score-BMI, calculated by using the LMS method; pubertal stage, assessed
according to Tanner criteria. All measurements were taken by the same operator.

A blood sample was drawn from each patient at 8 a.m. after an overnight fast. Erythrocyte
sedimentation rate and C-reactive protein were measured. Fecal samples were collected for

Calprotectin levels measurements. Analyses were all performed in the same laboratory.

Ethical Considerations
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The Institutional Review Board of the University of Naples “Federico II” approved the study
protocol and questionnaire with the registration number 58/16. All participants gave informed

written consent.

Phenotype analysis

CD and UC disease location were categorized using the Paris classification.

For CD: L1 for cecal and distal ileum involvement; L2 for colonic disease; L3 for ileocolonic
disease; L4a for upper disease proximal to the ligament of Treitz; L4b for upper disease distal to the
ligament of Treitz.

For UC: El, ulcerative proctitis; E2, Left-sided UC (distal to splenic flexure); E3, Extensive
(hepatic flexure distally); E4, Pancolitis (proximal to hepatic flexure). Perianal disease was defined
by the presence of fissures, perianal ulcers, abscesses or fistulae, and skin tags. Disease behaviour
based on clinical history, was categorized as fistulising, stricturing, or inflammatory using the Paris
classification guidelines criteria °. Stricturing disease was referred to the presence of a constant
luminal narrowing radiologically, endoscopically, or surgically diagnosed. Penetrating disease was
referred to radio- graphic, endoscopic, surgical, or clinical evidence of an abscess or fistula in any
location. Patients who had neither stricturing nor fistulising disease at diagnosis and throughout
follow- up were classified as having inflammatory disease behaviour. Moreover, informations
regarding changes from the inflammatory to the fistulising or stricturing patterns, as well as any
clinical relapses, were collected. Disease activity at the diagnosis was scored by the Paediatric
Crohn’s Disease Activity Index (PCDAI) 16 or the Paediatric Ulcerative Colitis Activity Index
(PUCAI) ' for CD and UC, respectively. Clinical remission was defined as an activity score of the
disease < 10, while clinical response to the induction treatment was identified by a change in the
score of at least 15 points from the baseline. Clinical relapse was defined as the occurrence or

worsening of symptoms accompanied by a clinical score of >10 points, sufficient to require rescue
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treatment with corticosteroids, azathioprine/immunosuppressive agents, or surgery '°®. Family
history was defined as positive if at least one first or second- degree relative was diagnosed with
IBD. We also considered clinical therapy at disease onset and during the follow-up. Two expert
pediatric gastroenterologists (AS and EM) made all decisions regarding therapeutic interventions, in

line with the validated international guidelines '°. Extraintestinal manifestations included eye, joint,

skin, or liver involvement and persistent fever, defined as temperature >38 °C for 3 days during the
week before the treatment. The laboratory tests used for inflammation parameters included:
erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), hemoglobin concentration, and
fecal calprotectin. Written, informed consent was obtained from the participants’ parents, and assent
was obtained for all patients older than 10 years of age. The study was approved by the Institutional

Review Board of the University of Naples “Federico II”.

Molecular screening

After informed consent from parents and assent from children were obtained, genomic DNA was
extracted from 10 ml peripheral whole blood anticoagulated with EDTA (Wizard Genomic DNA
Purification Kit, Promega, Madison, WI, USA).

Genotype for the rs35761398 polymorphism was assigned for each patient by using a Tagman
Assay (Real Master Mix Probe, Eppendorf, Italy). Primers and probes were the following: Sense
primer 5’-GTGCTCTATCTGATCCTGTC-3’/Anti-sense primer 5’-TAGTCACGCTGCCAATC-
3’;AA-Probe 5’-CCCACCAACTCCGC-3’/GG-Probe 5’-CCCACCGGCTCCG-3’(PRIMM, Milan,
Italy). Random samples were genotyped by polymerase chain reaction followed by direct
sequencing. The PCR, consisted of an initial denaturation at 94 °C for 4 min followed by 31 cycles
of 94 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s, and generated a 280 bp amplimer (forward
primer 5’-GAGTGGTCCCCAGAAGACAG-3’; reverse 5’-CACAGAGGCTGTGAAGGTCA-3).

PCR products were analyzed by using an ABI PRISM 310 automated sequencer (Applied
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Biosystem, Foster City, CA). All primers were picked by using Primer3 software.

Statistics

The patients’ allele frequencies were tested for Hardy-Weinberg equilibrium (HWE) by comparing
expected and observed genotypes with the Fisher’s exact test.

A linear logistic regression or a cross tabulation was performed to analyze clinical data with respect
to the CB2 Q63R variant. The Tukey post-hoc test and the Mood’s Median test were used for
comparison of continuous variables, and the chi-square test for categorical variables, as appropriate.
Data were normalized for age, sex, z-score BMI and pubertal stage. A p value < 0.05 was
considered to be statistically significant. All of the analyses were performed using StatGraphics
CENTURION XV.II (Adalta, Arezzo, Italy; STATPOINT TECHNOLOGIES INC., Virginia,

USA).

Results

Association between CB2 polymorphism and IBD

We analyzed a cohort of 217 consecutive children with IBD (males 50%; median age 13.1 years,
range 6-16). Clinical features of the study population are summarized in Table 1.

By using the control frequencies of 600 previously genotyped controls (males 46%; median age
12.5 years, range 4-16.8) 13 (allele frequency of the minor AA-allele, encoding for Q, was 0.42), we
estimated that genotype frequencies of IBD patients were not distributed according to Hardy-
Weinberg (p=0.009). Stratifying with respect to the type of IBD (CD or UC) the observed
frequencies of CD patients significantly differed from those expected (p=0.0004), whereas UC were
distributed in equilibrium (p=0.24) (Table S1).

Accordingly, the allelic frequency of the AA-allele was significantly decreased in CD patients

respect to controls (x’=9.484; df 1; p=0.002) and comparison between patient and control genotype
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distributions revealed a statistically significant difference both in total IBD and CD patients
(p=0.0006 and p=0.00005, respectively). Interestingly, also when comparing CD to UC the
frequency of CB2-R63 variant was significantly higher both for allelic and genotype distribution
(Table 2). Indeed, in UC the allelic frequency of the AA-allele was not significantly different
respect to control, although when considering the genotype frequencies a statistically significant
difference compared to control was observed (Table 2). In particular, the GG/GG genotype (RR
homozygous subjects) was highly prevalent in IBD children resulting in a frequency of about 50%
compared to the 32% in controls with an increased susceptibility for RR homozygous subjects to
develop a kind of IBD, in particular CD (OR=1.82 at CI 95%, p = 0.0002 for general IBD; OR=2.02
at CI 95%, p=0.001 for CD; OR=1.63 at CI 95%, p=0.02 for UC). Moreover, considering the
presence of the GG allele alone (homozygous RR plus heterozygous QR subjects vs QQ subjects)

the risk for developing CD was significantly higher (OR = 6.92 at C.I. 95%; p = 0.0002) (Table 3).

Association between CB2 polymorphism and disease phenotype

Analysis of genotype-phenotype was performed, investigating, in each patient, the following
clinical features: gender, age at diagnosis, IBD family history, severity and disease localization,
presence of perianal fistulas, extra intestinal manifestations, previous abdominal surgery, use and
response to medical therapy (mesalamine, corticosteroids, immunosuppressive drugs, azathioprine,
6-mercaptopurine, methotrexate, cyclosporine and infliximab).

Stratifying clinical features with respect to CB2-Q63R we found in both IBD forms an increase of
disease activity index in RR homozygous patients. In particular, an increased frequency of moderate
to severe PCDAI was observed in CD patients carrying the risk genotype (p=0.01) compared with
QQ and QR patients (Table 4). Similarly, UC patients homozygous for the R63 variant showed a
more active disease (PUCAI>35, p = 0.02) compared with Q63 carriers (Table 5). Moreover, in UC

RR patients a significant anticipation of disease relapse was observed (p=0.04).
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No other significant correlations of the CB2 genotype with either clinical features of patients with

CD and UC or efficacy of medical therapy, were found.

Discussion

We describe, for the first time, the association between the CNRZs35761398 polymorphism (CB2-
Q63R variant) and the risk of pediatric UC and CD. Of note, we also found an association between
the aforementioned SNP and specific clinical CD and UC sub-phenotypes. Taken together, our data
highlight the involvement of CB2 in the pathogenesis of pediatric IBD and provide insight into its
possible role in the clinical features of chronic intestinal inflammation.

The EC system is involved in immune regulation by suppression of cell activation, modulation of
balance of T helper cell types 1 and 2 (Th1 and Th2 balance) %, inhibition of pro-inflammatory

cytokine production ?!, and nuclear factor- B-dependent apoptosis .

CB2 receptor, which is
expressed at higher levels than CB1 receptors on many types of immune cells, is thought to be the
principal cannabinoid receptor that mediates immune modulation by endocannabinoids *. In the
field of gastroenterology, the CB2-Q63R variant has been shown to modulate hepatic inflammation
and the risk of liver damage in obese children *. Moreover, the Q63R polymorphism seems to
increase more than six-fold the risk for developing celiac disease '*. Regarding IBD, a recent
association study on Turkish patients, failed to find any association between the CB2-Q63R
polymorphism and susceptibility to IBD or disease phenotypes % _ A different allele frequencies and
genotype distributions of the CB2-Q63R variant among Turkish and Italian populations could
account for these discrepancies. Indeed, an impact of the race and the ethnicity on the incidence and
the phenotype of IBD has been reported 2°. Moreover, the Turkish group analyzed an adult
population whereas it has been pointed out that Pediatric patients with IBD seem to be a distinctive

population with specificities requiring highly skilled and specialized approach also for diagnosis

and treatment 2’.
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Numerous evidences based on rodents models of IBD [i.e. tri-nitro-benzene-sulphonic acid
(TNBS)] suggest that ECs may limit intestinal inflammation via CB1 and/or CB2 receptor
activation **%". Moreover, human preclinical experiments show an up-regulation of both CB
receptors expression and EC levels in intestinal biopsies of patients with inflammatory diseases of
the gastrointestinal tract, such as UC, CD, diverticulitis and coeliac disease ***2**3,

Finally, the importance of both CB1 and CB2 receptors in modulating inflammatory processes has
been highlighted also by in-vitro studies demonstrating that ECs promote epithelial wound healing
in the human colon by the activation of CB] receptor 32 and inhibit the release of interleukin (IL)-8
in human colonic epithelial cells by the activation of CB2 receptor **.

We found that the GG/GG genotype (RR homozygous subjects) was highly prevalent in IBD
children. Interestingly, when CD and UC patients were analyzed separately in comparison with
controls, a significant over-representation of the RR genotype and of the R allele was observed for
the CD children.

These findings are in line with the fact that ECs produce a bias in the balance between the two types
of Th-cells, suppressing Thland enhancing Th2, and that the CB2-Q63R variant is involved in this
process exerting a different inhibition of these cells according to the presence of Q or R . This bias
has several mechanisms. It has been partly explained by different expression of cannabinoid
receptors on Th subpopulations and on antigen-presenting cells. It could be due to modulation of
cytokines generated by dendritic cells *’. In addition, the induction of Th2 associated cytokines can
afterwards inhibit Th1 cells *'. Recent data show that ECs, via CB2 receptor, can directly induce B-
cell classs witching from IgM to IgE in favor of a Th2 type immunity *2.

Therefore it is reasonable that this CB2 variant, which has been related to decreased
immunomodulatory response and the development of autoimmune disease °, is mainly associated

with a Th1-mediated disease, such as CD.

10
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Indeed, in many previous studies, cytokine profiles of CD patients displayed Thl dominance
characterized by higher levels of IFN-yand TNF-o and lower amounts of IL-4 in the intestinal
mucosa and serum of CD patients compared with healthy controls ***’. Finally, it has been
suggested that a shift towards the Thl profile may contribute to the onset of CD by activating
macrophages which produce pro-inflammatory cytokines causing intestinal damage **.

In both CD and UC children, the R63 variant was strongly associated with moderate to severe
activity of the disease evaluated with PCDAI and PUCAI score, respectively. Moreover, in UC
patients, the CB2-R63 variant was associated also to a higher incidence of early clinical relapse,
further suggesting an association with a more severe phenotype of disease. Indeed, an impaired
functionality of CB2 receptor could determine a decreased suppression of activated macrophages
and mast cells and stimulate the secretion of pro-inflammatory cytokines such as TNF-a *%
causing an exacerbation of intestinal inflammation and worsening disease course.

This study has some limitations. Firstly, we enrolled only patients from Southern Italy, thus our
result cannot be generalized to the whole Italian population or to other ethnicity. Another limitation
is that this study cannot provide data about the disease progress with respect to the CB2-Q63R
genotype. Moreover, the genotype distribution in CD cohort, that resulted in very few QQ patients,
could have masked further genotype-phenotype correlations.

Although these limitations, the marked rising in the incidence of IBD in childhood %, gives
particular interest to our study since in a paediatric population with IBD the genetic susceptibility
could be greater and influence a more severe disease course.

The present results also support the concept that the CB2 receptor on immune effector cells may
represent a potential molecular target for selective CB2 agonist therapies that could suppress
autoreactive, pro-inflammatory innate and adaptive immune responses.

Nevertheless, further investigation as well as targeted functional studies are needed to understand

how Q63R genotype contributes to disease susceptibility in pediatric IBD, and whether this genetic

11
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variant might represent a disease marker and have therapeutic implications.
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Table 1

Clinical and demographic characteristic of 217 children and adolescents with IBD

CD uc
Patients, n 112 105
Males, n (%) 67 (59.8) 42 (40)
Median age at diagnosis, years (range) 9.9 (6-14) 12.5 (7-14)
Median disease duration, years (range) 2.7(0.6-4.2) 6.4 (2-8)
Positive family history, n (%) 7 (6.2) 10 (9.5)
Extraintestinal manifestation, n (%) 19 (16.9) 11 (10.5)
Location of disease, CD, n (%)
L1 13 (12)
L2 24 (21)
L3 45 (40)
L4 30 (27)
Perianal disease, n (%) 23 (20.5)
Disease extent, UC, n (%)
El 24 (23)
E2 24 (23)
E3 ‘ 24 (23)
E4 33 (31)
Disease behaviour, CD, n (%)
Inflammatory, B1 99 (88)
Stricturing, B2 8(7)
Fistulizing, B3 5(5)
Change in clinical behaviour, n (%) 18 (16)
Need for surgery, n (%) 12 (10.7) 2(1.8)

IBD = Inflammatory Bowel Disease; CD = Crohn’s Disease; UC = Ulcerative Colitis
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Table 2

Allelic and genotype distribution for CB2-Q63R variant in IBD Italian paediatric patients

IBD CDh ucC Controls *
Individuals, n 217 112 105 600
AAAA Homozygous (%) 22 (10) 3(3) 19 (18) 96 (16)
AAGG Heterozygous (%) 94 (43) 54 (48) 40 (38) 310 (52)
GGGG Homozygous (%) 101 (47) 55 (49) 46 (44) 194 (32)
Minor allelic (AA) frequency, % 32 26.8 37 42
Allele frequencies

IBD vs Controls

¥’ =4.105; 1 df; p=0.04

CD vs Controls

x’=9.484; 1 df; p=0.002

UC vs Controls

x’=1.026; 1 df; p=0.31

CD vsUC

x’=4.463; 1 df; p=0.03

Genotype frequencies

IBD vs Controls

¥’ = 14.950; 2 df; p= 0.0006

CD vs Controls

1= 19.859; 2 df: p=0.00005

UC vs Controls

x’="17.013; 2 df; p=0.03

CD vsUC

x’= 14.152; 2 df; p=0.00008

# data from previously genotyped controls **

IBD = Inflammatory Bowel Disease; CD = Crohn’s Disease; UC = Ulcerative Colitis
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Table 3

0Odd ratio for susceptibility to IBD for CB2-R63 carriers

IBD cD ucC Controls *
Genotype | Frequency Relative Frequency Relative Frequency Relative Frequency Relative
Frequency Frequency Frequency Frequency
QQ 22 0.1014 3 0.0268 19 0.1809 96 0.1600
QR 94 0.4332 54 0.4821 40 0.3809 310 0.5167
RR 101 0.4654 55 0.4911 46 0.4382 194 0.3233
RR vs (QQ+QR) Odds Ratio I 95% p
IBD vs Controls 1.822 1.311-2.533 0.0002
CD vs Controls 2.019 1.316-3.099 0.001
UC vs Controls 1.632 1.047-2.540 0.026
CD wsUC 1.238 0.700-2.190 0.496
(QR+RR) »QQ Odds Ratio I 95% P
IBD vs Controls 1.723 1.029-2.906 0.033
CD vs Controls 6.921 2.072-27.857 0.0002
UC vs Controls 0.862 0.487-1.541 0.569
CD vs UC 8.027 2.149-35.330 0.0002

* data from previously genotyped controls '*

IBD = Inflammatory Bowel Disease; CD = Crohn’s Disease; UC = Ulcerative Colitis
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Table 4

Clinical characteristic of 112 children and adolescents with CD stratified for CB2-Q63R variant

cD QQ QR RR 7~
Patients, n (%) 3(3) 54 (48) 55 (49)

Males, n (%) 2 (18) 31 (27.7) 34 (30.4) 0.61°
Median age at diagnosis, years (range) 13.9 (13-14) 10.6 (6.2-12.6) 11.3 (9.9-13.1) 0.27°
Median disease duration, years (range) 0.9 (0.6-1.0) 2.4 (1.84.2) 2.5 (1.9-3.8) 0.357
Positive family history, n (%) 0 (0) 5(0.9) 2 (0.4) 0.43*
Extraintestinal manifestation, n (%) 0 (0) 9 (1.7) 10 (1.8) 0.71*
Disease Location, n

L1 1 5 7

L2 0 13 11 0.66*
L3 2 20 23

L4 0 16 14

Perianal disease, n % 1(33.3) 10 (18.5) 11 (20) 0.82*
Disease behaviour, n

Inflammatory, B1 3 48 48 .
Stricturing, B2 0 4 4

Fistulizing, B3 0 2 3

Change in clinical behaviour, n (%) 0 (0) 11(2) 8 (1.4) 0.52*
Relapse, n (%) 2 (66.6) 29 (53.7) 38 (69) 0.25°
Relapse during the first year of disease, n (%) 1 (50) 18 (62) 18 (47.4) 0.27*
First relapse, years, mean+SD 1.00+0.00 1.39+1.85 1.72+2.36 0.65 ¢
Immunosuppressant therapy, n (%) 2 (66.6) 24 (44.4) 34 (61.8) 0.17°
Steroid therapy, n (%) 1(33.3) 16 (3) 27 (4.9) 0.11*
Biologic therapy, n (%) 1(33.3) 4(7.4) 9 (16.4) 0.20°
Need for surgery, n (%) 1(33.3) 6(1.1) 5(0.9) 0417
Median PCDALI, (range) 25 (25-30) 27.5 (22.5-35.0) 30 (25-35) 0307
PCDAL n

<10 1 0 3

>10<30 1 31 23 e
=230 1 23 31

Median Calprotectin, ug/g, (range) 500 (500-500) 416.5 (350-459) 375 (299-438) 0.187
Median CRP, mg/dl (range) 13 (7-13) 5.75 (3.0-13.4) 7.75 (3.8-20.6) 0.727

CD = Crohn’s Disease; PCDAI = Pediatric Crohn’s Disease Activity Index; CRP = C Reactive Protein

“Chi-Square Test; *Mood’s Median Test: “Tukey post-hoc Test
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Table 5

Clinical characteristic of 105 children and adolescents with UC stratified for CB2-Q63R variant

uc QQ QR RR P
Patients, n (%) 19 (18) 40 (38) 46 (44)

Males, n (%) 10 (52.6) 15 (37.5) 17 37) 0.46
Median age at diagnosis, years (range) 13 (7.3-14.3) 11 (8.6-13) 10 (8.3-12) 0.43°
Median disease duration, years (range) 4.0 (2.0-8.0) 6.5 (3.7-7.7) 5.2 (3-6.6) 0.61°
Positive family history, n (%) 3 (15.9) 3(7.5) 4 (8.7) 0.58°
Extraintestinal manifestation, n (%) 1(5.3) 4 (10) 6(1.3) 0.64*
Disease extent, n

E1 4 7 13

E2 1 11 12

E3 6 10 8 Bt
E4 8 12 13

Relapse, n (%) 14 (73.7) 29 (72.5) 32 (69.6) 0.93"
Relapse in the first year of disease, n (%) 8 (57.1) 12 (30) 21 (45.6) 0317
First relapse, years, mean+SD 2.21+2.65 1.86+2.25 1.07+0.90 0.04°
Immunosuppressant therapy, n (%) 11 (57.9) 21 (52.5) 20 (43.5) 0.51"
Steroid therapy, n (%) 15 (79) 24 (60) 33 (72) 0.28"
Biologic therapy, n (%) 1(5.3) 1(2.9) 0 (0) 0.357
Need for surgery, n (%) 0(0) 0 (0) 2 (4.4) 0.27*
Median PUCAI (range) 35 (30-40) 30 (25-40) 40 (34-40) 0.27°
PUCAL n

inactive/mild <35 6 24 15
moderate/severe =35 13 16 31 aaer
Median Calprotectin, ug/g (range) 300 (101-500) 336.5 (274-500) 418 (270-500) 0.45”
Median CRP, mg/dl (range) 0.6 (0.3- 6.0) 0.6 (0.3-2.6) 0.6 (0.3-3.0) 1.00"

UC = Ulcerative Colitis; PUCAI = Pediatric Ulcerative Colitis Activity Index; CRP = C Reactive Protein
“Chi-Square Test; *Mood’s Median Test; “Tukey post-hoc Test
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Table S1
Hardy-Weinberg for CB2 Q63R distribution in IBD Italian paediatric patients

Observed Expected *
Genotype IBD cD uc IBD CcD uc
QQ 22 3 19 38 20 19
QR 94 54 40 106 54 51
RR 101 55 46 73 38 35
TOT 217 112 105 217 112 105
Hardy-Weinberg
Observed vs Expected Chi-squared df p
IBD vs Controls 9.492 2 0.009
CD vs Controls 15.673 2 0.0004
UC vs Controls 2.823 2 0.24

* with respect to data from previously genotyped controls (96 QQ, 310 QR, 194 RR; n=600)"*

IBD = Inflammatory Bowel Disease; CD = Crohn’s Disease; UC = Ulcerative Colitis

165



3.3 Genetic sharing and heritability of paediatric age of onset autoimmune diseases.

nature
COMMUNICATIONS

ARTICLE
Received 14 Feb 2015 | Accepted 21 Aug 2015 | Published 9 Oct 2015 OPEN

Genetic sharing and heritability of paediatric
age of onset autoimmune diseases

Yun R. Li"2, Sihai D. Zhao?, Jin Li!, Jonathan P. Bradfield!, Maede Mohebnasab', Laura Steel', Julie Kobie?, Debra J. Abrams',
Frank D. Mentch, Joseph T. Glessner', Yiran Guo', Zhi Wei"®, John J. Connolly!, Christopher J. Cardinale!, Marina Bakay',
Dong Li', S. Melkorka Maggadottir'®, Kelly A. Thomas', Haijun Qui', Rosetta M. Chiavacci', Cecilia E. Kim!, Fengxiang Wang',
James Snyder!, Berit Flate’, @ystein Farre’, Lee A. Denson®, Susan D. Thompson®, Mara L. Becker'®, Stephen L. Guthery",
Anna Latiano'?, Elena Perez'3, Elena Resnick'4, Caterina Strisciuglio'®, Annamaria Staiano'®, Erasmo Miele'®, Mark S. Silverberg'®
Benedicte A. Lie'’, Marilynn Punaro'®, Richard K. Russell'®, David C. WilsonZ%, Marla C. Dubinsky?', Dimitri 5. Monos22-23,
Vito Annese??, Jane E. Munro?>26, Carol Wise?’, Helen Chapel?8, Charlotte Cunningham-Rundles'#, Jordan S. Orange?®
Edward M. Behrens2339, Kathleen E. Sullivan®23, Subra Kugathasan', Anne M. Griffiths32, Jack Satsangi33, Struan F.A. Grant"23,
Patrick M.A. Sleiman"23, Terri H. Finkel34, Constantin Polychronakos3°, Robert N. Baldassano?33¢, Eline T. Luning Prak3’,
Justine A. Ellis3®3°, Hongzhe Li%, Brendan J. Keating'23 & Hakon Hakonarson'23:40

Autoimmune diseases (AIDs) are polygenic diseases affecting 7-10% of the population in the Western
Hemisphere with few effective therapies. Here, we quantify the heritability of paediatric AIDs (pAIDs),
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individuals living in the Western Hemisphere, represent-

ing a significant cause of morbidity, chronic disability and
health-care burden. High rates of sibling recurrence and twin-
twin concordance, both within and across multiple independent
Al diseases, coupled with recent results from genome-wide
association studies (GWAS), suggest that a set of shared genetic
risk factors underlie paediatric Al disease (pAID) aetiology' .
Moreover, a number of Al diseases show clear familial clustering,
such as inflammatory bowel disease (IBD)?, whereas others (for
example, type 1 diabetes (T1D), Al thyroiditis (THY) and celiac
disease (CEL) may manifest as comorbid diseases in
polyglandular AI syndromes®. Although the concept of genetic
sharing among Als is intriguing, it remains unclear if this is due
to ‘pleiotropic’ risk factors that predispose to multiple Al diseases
via shared mechanisms or if multiple, independent risk factors are
responsible.

GWAS  have identified single-nucleotide polymorphisms
(SNPs) across hundreds of loci as being associated with an
increased risk of developing AI°~12. These findings, coupled with
those from epidemiological studies, strongly support the existence
of (i) an overlapping ‘Al disease genetic landscape’’>'* and
(i), consequently, a shared heritability across these diseases.
Heritability, in the broad-sense (H?), is defined as the entirety of
an individual’s phenotypic variation explained by genetic
variance, but in practicality, it can be difficult to quantify and
partition precisely!®. A major contribution to H? is the narrow-
sense or additive heritability (h?), which can be more accurately
quantified.®. Recently, a new method was established to estimate
the total phenotype variance attributable to additive genetic
variations using genome-wide SNP genotyping data'®'®, The
method has been since applied to dozens of GWAS-examined
traits and extended to examine jointly the co-heritability of
related diseases®.

We systematically quantified the narrow-sense heritability, h?,
as well as the pairwise joint heritability of pAIDs attributable to
common genomic variation using a single-centre accrued cohort
of over 5,000 unrelated cases composed of nine independent
pAIDs and 36,000 shared, population-based healthy controls. We
first report the genome-wide SNP genotype-derived heritability
estimates (referred to as SNP-h?) and then the genetic correlation
(SNP-rG) across pairs of the nine investigated pAIDs. We
contextualize these findings alongside a comprehensive review of
available literature and epidemiological data sets, illustrate a
method for quantifying genetic risk factor sharing across pAIDs,
and provide considerations for how such genetic data can aid
disease prediction.

ﬂ utoimmune (AlI) diseases affect approximately 1 in 12

Results

Quantifying the heritability of paediatric Al diseases. To
quantify the SNP-h? of the nine pAIDs, we utilized genome-wide
SNP genotypes ascertained from DNA samples of patients of
each pAID cohort along with samples from population-based
control subjects with no known diagnosis of autoimmunity
or immunodeficiency. Following extensive quality control (QC),
removing SNPs of lower minor allele frequency (MAF),
missingness and differential missingness in cases and controls,
and deviation from Hardy-Weinberg equilibrium (see Methods),
we retained 461,301 SNPs. We excluded samples for low geno-
typing rates, cryptic relatedness and genetic outliers, leaving a
cohort consisting of 4,956 cases distributed across nine pAIDs
and 27,451 unrelated shared population-based controls (Table 1).
We also included, for comparison, a non-immune-mediated
dichotomous trait, paediatric-onset epilepsy (EPI); this cohort of
~800 case subjects was recruited and genotyped at our centre
using the same platforms over the same time period.

2 A COMMUNICATION

Table 1| S y of cohorts included.
Disease Full disease name  Cases Controls GIF* P i
(] Crohn's disease 1848 27,457 1086 3.00E-03
CEL Celiac disease 137 27,435 1.006 1.00E-02
CvIiD Common variable 304 27,492 1010 1.00E-04
immunodeficiency
disorder
EPI Epilepsy 754 26122 1027 100E-04
JIA Juvenile idiopathic 1M2 27131 1.000 2.00E-03
arthritis
PS Psoriasis 85 27,474 1.012 1.00E-03
SLE Systemic lupus 252 27525 1019 1.00E-04
erythematosus
SPA Spondyloarthropathy 98 27,483 1.020 100E-04
TID Type 1 diabetes 664 27395 1.062 5.00E-03
uc Ulcerative colitis 854 27,482 1041 100E-03
GIF, genomic inflation factor; SNP, single-nucleotide polymorphism
*GIF i provided for each cohort and included all SNPs (including ChrX and the extended MHC).
tPrevalence estimates used here are those made based on observations at our center.

We used a previously described method for estimating disease
variance explained by additive genetic factors using GWAS data
(referred to as SNP-based heritability or SNP-hZ)”. We
transformed the SNP-h? estimates from the observed to the
liability-scale using respective observed disease prevalence. To
assess if our SNP-h? estimates are consistent with previously
published findings and other population-based heritability
estimates (POP-h), we performed a systematic literature search
followed by manual curation of prevalence and heritability
estimates for each of the nine pAIDs (Fig. 1a and Supplementary
Tables 1 and 2).

Among the pAIDs examined where the SNP-h? estimates were
at least nominally significant (P<0.05), TID and juvenile
idiopathic arthritis (JIA) were the most highly heritable
(Fig. 1b). Considerably lower estimates were observed for
ulcerative colitis (UC) and Crohn’s disease (CD; Supplementary
Fig. 1A), suggesting that environmental factors may play a much
larger role in IBD aetiology (Fig. 1d). We also observed relatively
low SNP-h? estimates for systemic lupus erythematosus (SLE;
0.205 £ s.e. 0.076).

Contribution of the MHC region and ChrX to SNP-h2. Given
the known association of variants across the MHC with Al
diseases, we quantified their contribution to the SNP-h? for each
of the nine pAIDs. We first performed HLA imputation®!, to
identify the most strongly associated SNP, amino acid or HLA
allele with each pAID (Supplementary Table 5) and we estimated
POP-K attributable to the extended MHC based on previous
analyses (Supplementary Tables 6 and 7). The MHC-specific
SNP-h? estimates correlated well with the strength of lead MHC
P-value. For example, variations across the extended MHC region
accounted for 32.7% of the total autosomal SNP-h? in T1D
and 24.7% of that in CEL, with no significant contribution to the
SNP-h? estimates in psoriasis (PS), SLE, CD or the non-pAID,
EPI. Despite the pervasive association between SNPs within the
MHC and both JIA and UC, contributions of the extended MHC
to their total SNP-h? (10.7% and 5.8%, respectively) were limited
(Fig. 1c and Table 2). Despite the known association with
HLA-DRB1*0103 and HLA-B*52 in UC'3, we observed that
removing the extended MHC did not significantly reduce the
observed SNP-A? for either UC or, the related IBD phenotype, CD
(Supplementary Table 8). As expected, the contribution of ChrX
to the overall SNP-h? was small across all pAIDs (Supplementary
Table 2). These estimates are consistent with expectations as
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Figure 1| i disease p I and heritability estimates. (a) Mean population-based Al disease prevalence (orange) and heritability (blue)

estimates (mean +s.d.). Data are curated from epidemiological surveys among Caucasian populations in Europe or North America based on studies
indexed in PubMed between 1975 and 2015. Where multiple sources of data are available for a given trait, we reported a simple non-weighted arithmetic
mean and provided as error bars the standard deviation. Most heritability estimates were based on twin concordance rates. Raw data used and references
can be found in Supplementary Tables 1and 2. (b) Univariate SNP-heritability (SNP-h2, orange) compared with estimates reported by prior studies. (SNP-h?
(lit), blue) based on variations across the autosomes compared with population-based estimates (POP-h2, red) as reported in the literature (lit). Raw data
used from prior GWAS SNP-h? estimates are provided in Supplementary Table 3. Error bars denote standard error. (¢) Univariate SNP-heritability
(autosomal) estimates with (Light green, wide) and without the extended MHC (orange, narrow). Results are compared with corresponding heritability
estimates reported using population-based (red, narrow) versus other published SNP-heritability estimates (blue, narrow), when available for a given
disease. Literature data used and references can be found in Supplementary Table 2 and Supplementary Tables 6 and 7. Error bars denote standard error.
(d) Partitioning phenotypic variance to genetic and non-genetic (ENV, green) components in the four largest pAID cohorts. Genetic components include
contributions from the entire autosomal regions excluding the MHC (exMHC, orange), the extended MHC (MHC, blue) alone as well as from the
X-chromosome (ChrX, red).

Table 2 | Contribution of I | with ded MHC d (exMHC) and ChrX variations to pAID
heritability (h?).

Disease h(auto) s.e. P h?(exMHC) s.e. P %MHC* ChrX s.e. P

cDb 0.454 0.025 <1.00E-04 0.447 0.025 <1.00E-04 1.54 0.014 0.004 2.35E-04
CEL 0.447 0.362 1.06E-01 0337 0.361 1.74E-01 2472 0.048 0.058 1.89E-01
cvipt 0.181 0.063 1.72E-03 0.167 0.063 3.66E-03 812 NA NA NA
EPI 0.168 0.027 1.05E-10 0.163 0.027 3.90E-10 291 0.010 0.005 1.21E-02
JIA 0.727 0.037 <1.00E-04 0.650 0.037 <1.00E-04 10.66 0.027 0.007 491E-06
PS 0.949 0.381 5.90E-03 0.949 0.380 5.87E-03 -0.02 0.003 0.061 4.82E-01
SLE 0.206 0.076 3.16E-03 0.202 0.076 3.74E-03 1.89 0.013 0.013 1.60E-01
SPA 0.370 0.192 2.45E-02 0.310 0.191 4.91E-02 16.17 -0.029 0.028 1.74E-01
TID 0.863 0.070 <1.00E-04 0.581 0.069 <1.00E-04 32,66 0.028 0.012 5.27E-03
uc 0.386 0.041 <1.00E-04 0.363 0.041 <1.00E-04 5.84 0.012 0.007 3.38E-02
€D, crohn's disease; CEL, celiac disease; CVID, common variable immunodeficiency disorder; EPI, epilepsy; JIA, juvenile idiopathic arthritis; NA, not applicable; pAID, paediatric autoimmune disease; PS,
psoriasis; SLE, systemic lupus er SPA, TID, type 1 diabetes; UC, uicerative colits.

P-values (P) are based on results from the restricted maximum likelihood estimate (likelihood ratio test). Error bars represent standard error.

*Percentage contribution of the extended MHC to total autosomal SNP-H?

REML estimates could not be made due to limited common SNP variability among this cohort on the X-chromosome

ChrX makes up only about 5% of the total genome??, has variations in predicting pAID disease risk, using a SVM model-
comparatively fewer coding bases and is less polymorphic®. based approach. Using a tenfold cross-validation study design, we

built a linear SVM model using the top GWAS signals observed

using nine out of ten of the total samples and tested this
Disease prediction using support vector machines (SVM)s. SVM predictor in the remaining 10% of the samples. Based on
Given that we observed relatively high rates of heritability across  previous analyses in both case-control*! and quantitative traits®>,
many of the pAIDs, we evaluated the utility of common genomic  we expect that disease prediction accuracy to behave as function
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Figure 2 | Prevalence of Al disease co-morbidities and estimates of genetic correlation (co-heritability) across pAIDs. (a) Observed prevalence of pAID
comorbidity observed in Caucasian populations in Europe and North America as curated from large-scale cohort studies. For each pairwise combination
(for example, Disease 1-Disease 2), the rate (y axis) indicates the percentage of patients with Disease 2 who have also been diagnosed with Disease 1.
Literature data used and references can be found in Supplementary Table 9. (b) Bivariate estimates of genetic correlation (pairwise co-heritability) across
pAIDs. The heritability (SNP-2) for the first and second disease are shown for each pAID pair (blue and green bars, respectively) along with the genetic
correlation (rG) for the pair estimated based on total autosomal common genetic variants (orange) and based on autosomal variants excluding the MHC
(red). Displayed are those pairs for which the rG estimates reached nominal significance (P<0.05). P-values are based on restricted maximum likelihood
ratio test. Error bars represent standard error. (€) Genetic sharing using the genome-wide pairwise sharing statistic (GPS). Correlation plot of the P-values
obtained from the genome-wide pairwise shared analysis. Significant P-values support evidence of genetic sharing based on the correlation of significant

association findings reported by GWAS for each pair of diseases.

of heritability, sample size and the number of causal variants.
We assessed the mean and maximum area under the receiver
operating characteristic curve (AUC) achieved, showing that
our SVM predictor was most effective for JIA and TI1D
(AUC 105> 0.9; AUC,;¢qn>0.85), although satisfactory results
was also seen in CEL (AUC, ;x> 0.8 and AUC,,can>0.7). These
findings are consistent with that recentlzy reported by Speed et al.
using an independent adult CEL cohort?®. The predictability of all
nine pAIDs was fairly robust to range of P-value thresholds used
for selecting SNP predictors in building the SVM model (Fig. 3
and Supplementary Table 11).

Estimation of pairwise co-heritability across pAIDs. To
investigate diseases with shared underlying genetic risk factors,
we assessed the genetic correlation (rG) for each pair of pAIDs

4 " COMMUNICATION

and between each of the nine pAIDs and EPI, which provided a
comparative baseline for non-significant genetic correlation’.
We used both a strict (Pgs) and a more relaxed Bonferroni
correction (Py) to adjust for either 45 (all pairwise
combinations) or 9 comparisons (combinations per pAID); (see
Methods). We observed the highest rG between UC and CD
(rG= +0.66; Pgs<0.001), consistent with the reported sharing
of association loci by several published GWAS, immunochip and
fine-mapping studies'?7-2% (Supplementary Table 10). We also
noted a positive rG between common variable immunodeficiency
disorder (CVID) and JIA (rG= -+ 0.34), although it was more
modest (Pp;<0.01). While we did observe a marginally positive
rG for CD and TID consistent with results from published
GWAS metanalysis®’, although it did not reach significance at a
liberal Bonferroni threshold (rG = + 0.096; Pg; = 0.17). Of note,
we did not observe a significant reduction in rG estimates when
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Figure 3 | Disease prediction using a support vector machine model.
Shown are the mean (orange) and maximum (blue) areas under the curve
(AUC) achieved in the validation set as obtained for each disease in the
ten-fold cross-validation analysis. The mean and maxima refer to the best
AUC's when testing a range of P-value thresholds from which to pick SNPs
in training the linear SVM. SPA, spondyloarthropathy.

the extended MHC was entirely removed from the analysis across
any of the pAID pairs, making it unlikely that the sharing of
common HLA alleles could significantly account for the degree of
co-heritability observed (Fig. 2b).

Discussion

To our knowledge, this is the most comprehensive assessment of
heritability and disease prediction using genome-wide dense
genoty?ing data across multiple pAIDs. The results show that
SNP-h” estimates were significantly higher for the pAID cohorts
as compared with those obtained for the non-immune-mediated
disease EPI (Fig. 1a and Supplementary Tables 1 and 2). Among
the pAIDs examined where the SNP-h? estimates were at least
nominally significant (P<0.05), TID and JIA were the most
highly heritable (Fig. 1b). These results are in keeping with the
SNP-h? estimates reported for TID and Rheumatoid Factor
Positive (RF + ), Rheumatoid Arthritis (RA) in adults, using the
Wellcome Trust Case Control Consortium data sets'72631,
Considerably weaker SNP-h? estimates were observed for UC
and CD, consistent with previous reports in adults®?
(Supplementary Fig. 1A). Although the sample size of CD was
several fold greater than those of T1D and UC, and twice that for
JIA, the SNP-h? estimates are lower in CD, suggesting that
environmental factors play a much larger role in CD disease
aetiology (Fig. 1d). This finding is in keeping with studies
demonstrating a key role for the gut microbiome and faecal flora
in disease-onset and severity in the IBDs' 13334,

As noted, the SNP-h? observed for JIA was high despite the
known heterogeneous nature of this disease, including seven
distinct JIA subtypes®®. Little is known about the heritability of
JIA as it is fairly uncommon. However, in RA, the more common
JIA counterpart in adults, a range of SNP-h? estimates has been
reported 7203136 Some of the heterogeneity in SNP-h? estimates
for RA may be attributable to the different ratios of RF+ vs

RF — patients across different study cohorts, as recent analyses
suggest that RF 4+ RA may be ‘distinct” from RF — forms of RA
in terms of genetic actiology®”. Moreover, the subphenotype of
JIA that is most similar to RF + RA (i.e. RF + JIA) made up only
a small component of our JIA cohort (4.9%). Thus, the high
estimated heritability observed in JIA suggests that despite the
heterogeneous clinical findings, there may be a strongly shared
genetic component contributing to a common aetiology.

We observed relatively low SNP-h? estimates for SLE (Fig. 1b).
Altho these estimates are lower than those reported by So
et al,*®% they are higher than the POP-h2 reported based on
sibling-recurrence?’. These observations are consistent with strong
environmental and epigenetic components to SLE liability*!#2, We
included in our analysis a non-immune-mediated disease, early-
onset EPI, as a comparator cohort. As expected, the SNP-h’
estimates on the liability scale, albeit non-zero, was relatively low
compared with any of the AI diseases. That we observed slightly
higher heritability estimates across our paediatric cohorts than
previously reported in adults is also in keeping with the notion that
paediatric-onset diseases have been noted previously to reflect
disease aetiologies with a stronger genetic component®® and less
confounding due to reduced timespan of environmental
exposure(s). Adult or late-onset Al diseases can be associated
with environmental precipitating factors such as viral infections or
drug exposures, which have been implicated in a range of Al
diseases including T1D, CEL and SLE342,

Although estimates for JIA and TI1D are higher than
SNP-h? estimates reported previously, our estimates for RA and
T1D are more consistent, although still falling short of, than those
reported by population estimates from twin-based or familial
studies (Supplementary Table 2). That these SNP-h2 based
estimates are in general still falling behind estimates made from
epidemiological studies illustrates the ‘missing heritability’ phe-
nomenon. Disparities between POP-h? and SNP-h? estimates may
be at least partially attributable to inflation of population-based
estimates in the presence of ascertainment-bias and/or insufficient
adjustment for confounding effects. The latter tends to occur if
there are significant non-additive or shared environmental factors
that contribute to phenotypic variation®043,

A number of previous epidemiological and genetic studies
have suﬁgested a significant degree of shared risk across Al
diseases™ 47 There are a number of reasons why our results may
differ from these reports. In such population-based studies,
observed sharing of risk in the population is inevitably
confounded by common environmental factors or gene-
environment interactions, neither of which would be parsed out
from purely epidemiological observations. In addition, it can be
challenging to perform these comparisons in heterogeneous
populations because they may be composed of different
underlying genetic backgrounds, and genetic ancestry is known
to dramatically affect the risk for many Al diseases (for example,
greater risk of CEL and JIA in Caucasians)"’m.

Although there are several prior large-scale analyses of genetic
sharing among Al diseases using GWAS data, these are based on
somewhat different analytical approaches or study methodology
than those employed here. A notable example comes from
Cotsapas et al., who derived a Cross-Phenotype Meta-Analysis
test statistic that powerfully combines multiple independent Al
data sets to analyse the likelihood that a SNP is shared across
disease phenotypes. They applied this test statistic to the 140 top
genetic risk variants reported previously by GWAS across seven
Al diseases®”. Although there is no doubt that findings from this
study are informative, the targeted candidate approach has clear
limitations and only summary statistics were available. Another
concern, which is not unique to the study by Cotsapas et al., but a
concern in most large GWAS meta-analyses, is inter-study
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heterogeneity these studies often combine summary data
obtained from independent case-control study cohorts accrued
and genotyped across North America and Europe using different
genotyping platforms and QC/analysis steps, requiring post-hoc
statistical adjustments for heterogeneity, genetic variation and the
use of SNP proxies. Although single-institution study designs can
have limited applicability, in our study, using a common shared
control accrued in the same institution and genotyped on the
same platform does limit the effect of inter-study heterogeneity in
our analysis.

As expected, we found that variations across the extended
MHC strongly contributed to both heritability estimates and
disease risk predictability in T1D and CEL, and more modestly in
UC and JIA. The contribution of the extended MHC to total
phenotypic variance explained correlated with the strength of the
strongest association signal within the extended MHC. However,
as recent reports have shown, this method for estimating h? is
sensitive to the variation in linkage-disequilibrium (LD) across
the genome'®3!, We therefore examined the effect of LD on the
SNP-/? estimates by comparing the results with those obtained
using non-correlated SNP markers (Supplementary Fig. 2B; see
Methods for details). As anticipated, the effect of the pruning is
mostly attributable to the strong role of the MHC in the
heritability of these diseases, as pruning had little effect on the
heritability estimates once the extended MHC was removed.
Thus, the number and degree of LD for the input SNPs used for
calculating h? can be important for diseases where the MHC plays
a major role, consistent with previous studies>! 4847,

The SNP-h? for T1D was most strongly affected by the removal
of the extended MHC, emphasizing the importance of MHC
polymorphisms in T1D pathogenesis. In addition, the estimates
for SPA and CEL both fell significantly when markers across the
MHC were excluded from further analysis. The relatively limited
contribution of the genetic polymorphisms across the MHC to
heritability in IBD was consistent with prior GWAS results,
as the MHC SNP (rs1626392, P<2.27 x 10~ 7) most significantly
associated with CD did not reach genome-wide significance,
defined as P<5 x 10~ % (Supplementary Table 8). Aside from the
MHC, recent work has examined the degree to which functional
or coding loci, for example, DNAse I Hypersensitivity Sites>,
contribute to disease heritability. Such studies, currently
underway, will help delineate biological functions and connect
genetic associations with mechanistic roles of such functional
variants.

A still unrealized, but much anticipated goal of personalized
medicine is to utilize genomic data to accurately predict disease
risk2651-33 We found that for the three pAIDs (T1D, JIA and
CEL) that were most predictable, a range of P-value thresholds
(P<1x10"°%and P<1x 10~ %) could be used to identify the

predictive SNPs without significantly impacting maximum or
mean AUC achieved, suggesting that the SVM model was robust
to this parameter (Fig. 3 and Supplementary Table 11). In
comparison, we obtained fairly modest AUCs for CD, UC and
CVID (AUC,0x>0.7, AUC 00> 0.65). These are in keeping
with our expectation that genetic prediction should rest on
underlying genetic heritability and confirms the value of SNP
heritability analysis.

Indeed, the above observations are perhaps not surprising,
given recent findings that support a strong contribution for
environmental factors in disease susceptibility. For example, host-
microbial interactions have been implicated in the pathogenesis
of IBD and RA'"4, Furthermore, in CVID, it is well-established
that although genetic risk factors play a role in disease risk, there
is significant within-disease heterogeneity in terms of aetiology.
Patients with CVID are often diagnosed in late adolescence,
suggesting that environmental risk factors play a greater role.
Likewise, most cases of paediatric-onset IBD also have a post-
pubescent age of onset. This is in contrast to T1D, JIA or CEL,
which are commonly diagnosed by or before the age of 12 years,
although some degree of variability is observed. This is consistent
with the correlations noted above, in that the three diseases with
more moderate SNP-h? estimates were also less predictable.

Among the three largest cohorts, namely JIA, UC and CD, CD
was by far the largest. However, the heritability estimated for CD
in our data set was the lowest of the three. As we know from prior
studies that disease prediction is a function of heritability, sample
size and the number of causal variants, we might expect the
accuracy of disease prediction for CD to be relatively poor. This is
exactly what we observed. In contrast, we had somewhat limited
sample sizes for SPA, PS and CEL cohorts, and we caution against
the interpretation of the high heritability estimates observed for
PS. Another limitation of the present study is that we have not
considered the role of rare, or potentially de novo, variants in the
overall estimates of genetic heritability. As more sequencing data
using either whole-exome or whole-genome approaches become
available, future studies will help address this question.

A unique opportunity provided by our cohort was the ability
to quantify pairwise pAID genetic correlations as numerous
epidemiological analyses have shown that subsets of pAIDs
co-cluster in families or exhibit high rates of comorbidity®>~>7
(Table 3). As pAID co-heritability has not been systematically
examined using genome-wide SNP data, we aimed to identify
pAIDs showing significantly positive rG (that are consequently
co-heritable) versus diseases that are either genetically unrelated
or negatively correlated (and are consequently ‘mutually-
protective’). We calculated the rG for each pAID pair and
between each of the nine diseases and EPL This latter analysis
provides a ‘control’ or contextual baseline, akin to the inclusion of

Table 3 | pAID joint heritabilities or g ic correlation (rG) reachii inal significance.

pAID pair rG (auto) s.e. Pval rG (exMHC) s.e. P_ P_adj
CVID-JIA 0.343 0127 1.22E-03 0.354 0.142 2.47E-03 2.23E-02
EPI-JIA -0.150 0.079 2.95E-02 -0.142 0.085 4.87E-02 0.44
EPI-UC 0197 0.103 2.77e-02 0.248 0.108 1.06E-02 0.10
PS-T1ID -0.241 0.139 3.29€-02 —-0.282 0.167 3.74E-02 034
PS-UC -0316 0.16% 2.31E-02 —-0.289 07N 3.76E-02 0.34
SLE-CD -0.266 0.120 8.25E-03 —-0.255 0121 1.15E-02 0.10
SPA-CD -0.215 0138 4.64E-02 -0.235 0156 4.67E-02 0.42
TiD-CD 0.096 0.053 3.45E-02 0.142 0.064 1.33e-02 0.2
uc-cb 0.659 0.069 <1.00E-04 0.674 0.072 <1.00E-04 9.00E-04
Auto, autosomal; CD, crohn's disease; CEL, celiac disease; CVID, common variable immunodeficiency disorder; EP, epilepsy; JIA, juvenile idiopathic arthritis; NA, not applicable; pAID, paediatric
autoimmune disease; PS, psoriasis; exMHC, MHC excluded; SLE, systemic lupus SPA, TID, type 1 diabetes; UC, ulcerative colitis.

P-values (P) are based on results from the restricted maximum likelihood estimate (likelihood ratio test). P_adj is made using a Bonferonni-adjustment for nine pairwise tests for each disease
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CD as a ‘null comparator’ phenotype by the Psychiatric Genomics
Consortium?’. We observed a strongly and moderately positive
rG between two pAID pairs, namely UC-CD and JIA-CVID.

Although the MHC made major contributions to the disease-
specific heritability, we found no evidence that variations across
the MHC significantly contributed to the pAID co-heritability for
any of the investigated disease pairs (Fig. 2b). For the pAID pairs
with significantly positive rG’s (UC-CD and JIA-CVID), we did
not observe a significant reduction in rG estimates when the SNPs
within the MHC were removed from the analysis, making it
unlikely that genetic sharing of MHC haplotypes can explain the
genetic correlation observed among pAIDs in this data set
(Fig. 2b). In addition, that the UC-CD and JIA-CVID pairs were
the two with the largest positive rG is also consistent with results
we obtained using an independent genome-wide pairwise sharing
metric for genetic correlation, in which we considered all
genome-wide SNP markers except those within the extended
MHC locus (Fig. 2¢, see Methods for details). Although it may
appear to be surprising given the known association with the
MHC across all pAIDs, these results are in keeping with our
finding that the most significant MHC association signals
identified for each pAID was disease-specific and did not overlap
across the nine pAIDs (Supplementary Table 5).

Somewhat unexpectedly, we observed a negative marginal rG
across several pAID pairs, including SLE-CD, SPA-CD, PS-UC
and PS-T1D. Although none of these was significant following a
Bonferroni correction, in each of the negatively correlated pAID
pairs, one of the two diseases is considered a ‘classic autoimmune’
(that is, SLE, UC, and T1D), whereas the other pAID in the pair
(that is, CD and PS) has been noted to have a strong
‘inflammatory’ component.

Taken together, we report genome-wide SNP genotype-derived
heritability estimates and genetic correlations of disease liability
across pairs of nine investigated pAIDs using common and low-
frequency genetic variants. We contextualized these findings
alongside a comprehensive review of available literature and
epidemiological data sets, illustrate a method for quantifying
genetic risk factor sharing across pAIDs and provide considera-
tions for how such genetic data can aid in disease prediction.
We observed that SNP-h? estimates in pediatric AI diseases tend to
be greater in magnitude when compared to SNP-h? reported
previously based on GWAS data from studies of adult Al disease
cohorts, particularly for T1D, UC, JIA/RA. Moreover, we also
observed that the ‘co-heritability’ across pAIDs was minimally
attributable to shared MHC variations. While genomic screening in
the general population on a large scale is not currently feasible, or
of high utility (given the low disease prevalence and consequently,
limited positive predictive value as well as the limitations in
interpretability), our analysis suggests that there is a high
heritability and disease predictability across the pAIDs. Future
studies in larger sample sizes and in adult cohorts will be helpful in
validating these results and developing new and improved methods
for genome-based disease prediction and for the development of
novel biomarkers that can be used to predict pAID risk.

Methods
Study Information reg: g the patient cohorts have been published
previously and are summarized briefly below.

Cases and controls were either directly ascertained as described in prior
studies?>3338-65 or obtained from de-identified samples and associated electronic
medical records (EMRs) residing in the genomics hmrepoulory at lhe C hnldren s

Hospital of Philadelphia. EMR searches were dy d d
algorithms®®> based on ‘?nhenctype mapping ei!ahhshed usmg PheWAS ICD-9
code mapping tables®*%8% in consultation with qualified physician specialists for
each disease cohort. All DNA samples were assessed for QC and genotyped on the
Illumina HumanHap550 or HumanHap610 platforms at the Center for Applied
Genomics (CAG) at the Children's Hospital of Philadelphia (CHOP, Philadelphia,
Pennsylvania, USA). Note that the patient counts below refer to the total recruited

sample size from which we excluded non-qualified samples/genotypes that did not
pass QC criteria required for inclusion in the genetic analysis (for example, because
of relatedness or poor genotyping rate; see details below).

The IBD cohort comprised 2,796 individuals aged 2-17 years of European
ancestry with biopsy-proven disease, including 1,931 with CD and 865 with UC,
excluding all patients with unclassified type (IBD-U). Affected individuals were
recruited from multiple centres from four geographically discrete countries and

iagnosed before their ni h birthda ding to the standard IBD
diagnostic criteria, as previously reported” 2,

The T1D cohort consisted of 1,120 cases from nuclear family trios (one affected
child and two parents), including 267 independent Canadian T1D cases collected
in paediatric diabetes clinics in Montreal, Toronto, Ottawa and Winnipeg (Canada)
and 203 TID cases recruited at CHOP since September 2006. All patients were
Caucasians by self-report and ranged in age between 3 and 17 years, with 7.9 years
being the median age at onset. All patients have been treated with insulin since
diagnosis. Disease diagnosis was based on these clinical criteria, rather than any
laboratory tests.

The JIA cohort was recruited in the United States of America, Australia and
Norway and comprised of a total of 1,123 patients with onset of arthritis at
< 16 years of age. JIA diagnosis and JIA subtype were determined accurdmg to the
International League of Associations for Rheumalulugy revised criteria®® and
confirmed using the JIA Calculator software®6 (http://www.jra-research.org/
JIAcalc/), an algorithm-based tool adapted from the International League of
Associations for Rheumatology criteria. Before standard QC procedures and
exclusion of non-European ancestry, the JIA cohort was comprised of 464 case
subjects from Texas Scottish Rite Hospital for Children (Dallas, Texas, USA)
and the Children’s Mercy Hospitals and Clinics (Kansas City, Missouri, USA)
of self-reported European ancestry; 196 subjects from the CHOP; 221 subjects
from the Murdoch Childrens Research Institute (Royal Children’s Hospital,
Melbourne, Australia) and 504 subjects from the Oslo University Hospital
(Oslo, Norway).

The CVID study population consisted of 223 patients from the Mount Sinai
School of Medicine (New York City, New York, USA); 76 patients from the
University of Oxford (London, England); 47 patients from the CHOP and 27
patients from the University of South Florida (Tampa, Florida). The diagnosis in
each case was validated against the ESID/PAGID diagnostic criteria, as previously
described®. Although the diagnosis of CVID is most commonly made in young
adults (aged 20-40 years), all of the CHOP and University of South Florida cases
had paediatric age of onset disease, whereas the majority of the cases from the
Mount Sinai School of Medicine and Oxford had onset in young adulthood.

We note that as the number of individuals with adult-onset CVID disease is so
small (less than 5% of all cases presented), and all ten diseases have paediatric age
of onset disease, we have elected to refer to the cohort material as pAIDs.

The balance of the paediatric Al disease subjects’ (SPA, PS, CEL and SLE)
samples were accrued by our biorepository at the CHOP, which includes over
60,000 paediatric patients recruited and enrolled by the Center for Applied
Genomics at CHOP. These individuals were d for having a confirmed
diagnosis of SPA, PS, CEL and SLE in the age range of 1-17 years during time of
diagnosis and were required to fulfill clinical criteria for these respective disorders,
as confirmed by a specialist. Only cases that upon EMR search were confirmed to
have at least two or more in-person visits, at least one of which is with the specified
ICDY diagnosis code(s) were pursued for clinical confirmation (see Supplementary
Table 12 for ICD-9 inclusion and exclusion codes). We used ICD9 codes previously
identified and utilized for PheWAS or EMR-based GWAS*** and agreed upon by
board-certified physicians.

Age- and gender-matched control subjects, including the EPI cohort of both
generalized and focal idiopathic EPI (ICD-9 345.9 and 345.4, respectively),
were identified from the CHOP-CAG biobank and ascertained by exclusion
of any patient with any 1CD-9 codes for disorders of autoimmunity or
immunodeficiency® (http://eicd9.com/). Research Ethics Boards at the CHOP and
each of the collaborating centre, including: the Mount Sinai School of Medicine,
University of Oxford, University of South Florida, the Children’s Mercy Hospitals
and Clinics, Texas Scottish Rite Hospital for Children, Murdoch Children’s
Research Institute, Oslo University Hospital, Cincinnati Children’s Hospital
Medical Center, McGill Umversny. RCCS ‘Casa Sollievo della Soffercnza,
University of Toronto, Uni y of Edinburgh, Emory Uni y» University of
Naples ‘Federico IT', Cedars Sinai Medical Cn.nlcr, Yorkhill Hospn(al for Sick
Children, University of Miami Miller School of Medicine, Careggi University
Hospital, University of Utah School of Medicine and Primary Children's Medical
Center, approved this study.

Written informed consent was obtained from all subjects (or their legal
guardians). Genomic DNA extraction and sample QC before and following
genotyping were performed using standard methods®!. To minimize confounding
because of population stratification, we focused on only individuals of European
ancestry, as determined by both self-reported ancestry and principle component
analysis, PCA) in the present study (see below and Supplementary Fig. 4).

Genotyping and QC. All samples were genotyped at the CAG on the Human-
Hap550 or 610 BeadChip arrays. Although some published ana]yscs usmg GWAS
data to derive heritabili have applied whole-g P
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because of the presence of samples with non-matching platforms, this is not ideal
given (i) added risk of artefacts and (ii) consequent variations in coverage
(genotyping density) across the genome. Without adding significant additional
information, this can result in blased hemahllny esnmales unless careful
corrections are made to ap }) ighting of more
densely imputed regions*'#84% As over 90% of the markers on the two arrays are
shared, whole-genome imputation was not necessary and we utilized only the set of
directly overlapping genotyped SNPs in the analysis (~500,000).

After extracting the overlapping SNPs from the two platforms, SNPs with a low
genotyping rate <95%, low MAF (<0.01) or significantly departing from the
expected Hardy-Weinberg equilibrium (P <0.01) were excluded. Samples with low
average genotyping call rate (<95%) or determined to be of outliers of European
ancestry by PCA (Any of the top ten principal components (PCs) >6.0 standard
deviations as reported by SMARTPCA/EIGENSTRAT®®) were removed. In
addition, one of each pair of distantly related individuals, as determined by
Identify-by-State analysis (> 0.05), was excluded, such that the largest sample size
would be retained in the final cohort.

Web-based access to all novel data included in this manuscript is available
through our website at http://www.caglab.org.

Population stratification correction. The final cohort, following all above-noted
QC, included a total of 4,956 pAID cases inclusive of 9 pAIDs and 27,451
population-matched controls, as well as a cohort consisting of 819 cases of
paediatric-onset EPIL. To avoid confounding, we assigned individuals fitting the
diagnosis criteria for two or more pAIDs to the smaller disease cohort by sample
size. No individual was included twice. To ensure that the markers tested across the
cohorts were consistent, we included only SNPs that passed all QC criteria (461,301
SNPs). The filtered SNPs were tested in cases and controls for association with
disease and used for the esti ion of the genetic relationship matrix (see below).
We used a logistic regression equation to estimate ORs/belas, 95% confidence
intervals and P-values for trend, using addmve codmg for genolypes (0 1,2 minor
alleles). We adjusted for gender and p b g the

each of two diseases; these SNPs are the genetic risk factors sharcd by that pair of
pAIDs. Most existing tests require choosing a signil d
which SNPs are associated with which disease, but it is unknown how best to
choose this threshold. Our method is threshold-free and requires no tuning
parameters. Specifically, for any two diseases, we converted the P-values for all
SNPs in the genome into Z-scores, such that for example:

Xy, ... . X, are the Z scores for D, across n SNPs, (1)

Yy, ... . Y, are the Z scores for D, across n SNPs. 2)
The test statistic, 7, used to detect genetic sharing between two diseases is

), (3)

which is the maximum of the pairwise minima of the signals across all of the

n SNPs. The rationale is that if SNP j is associated with both D, and D,, the
magnitudes of both X; and Y should be large. The more shared SNPs there are, the
greater the likelihood that the maximum of the pairwise minimal values will be
large. Under the null hypothesis that any genetic sharing is due only to chance,
7 should be relatively small. We can obtain the P-value of this statistic by
permuting the labels of the Z-scores relative to each other in order to simulate the
null hypothesis. In fact, these P-values can be calculated analytically using a
hypergeometric distribution, and no actual permutation is needed. Note that no
significance threshold is required. This test was performed for all 45 pairwise pAID
combinations (hence, the reported P-values are Bonferroni-adjusted for 45 inde-
pendent tests).

Disease prediction using a linear SVM. Given that we observed relatively high
rates of heritability across many of PAIDs, we sought to evaluate the utility of
g ide SNP data in predicting pAID disease liability, using a previously
described SVM pipeline that can be 2 applied to GWAS results for a dichotomous

binary gender and the first ten PCs (GCTA) from the PCA calculated from a set of
100,000 pruned SNPs as covariates in the logistic regression analyses®”. From the
results of the association testing, we determined the genomic inflation per disease-
common control cohort. All disease-specific, case-control GWAS had Zgc values at
or below 1.04 with the excephon of CD (1.09), with that p

trait*2,

We identified SNPs to be used as predictors based on the strength of association
with a given disease in a training set, testing §radcd P-value thresholds
(P<1x107%1x107%1x1077,1x 105 1x10~?) for selecting SNP

reported for this data set?’, Final counts from each pAID cohort, mclnded controls
and genomic inflation calculated from median #? association test statistics are
reported in Table 1.

of the for each pAID. Only individuals and

SNPs that passed all QC metrics were used to estimate the variance components
for the ten diseases (nine pAIDs and one non-pAID condition EPI). For disease-
specific analysis, the common set of controls were used for each case-control
analysis cohort, after excluding individuals who are relatives up to within the
5th degree. The genetic relationship between individuals was estimated using
(i) all | SNPs, (ii) all | SNPs excluding the ded MHC
(chr6:26.5-34 Mb) and (iii) SNPs only found on the X-chromosome (ChrX).

We applied the previously described linear mixed model method for estimating
whole-genome SNP-based heritability using both and low-fi

di where the P-value is denved from the case-control association testing
usmg samples in the training data set. We used each set of SNPs passing the tested
threshold to then train the linear SVM model.

‘We then validated the SVM model by testing the accuracy of disease liability
predictions for each of the nine pAIDs in the remaining independent sample set.
We reported the prediction performance as the mean and maximum AUC
achieved in both the training and validation sets (Fig. 3 and Supplementary
Table 11).
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Yun R Li"2, Jin Li!, Sihai D Zhao**3, Jonathan P Bradfield!, Frank D Mentch', S Melkorka Maggadottir!+,
Cuiping Hou!, Debra ] Abrams!, Diana Chang®>®, Feng Gao®, Yiran Guo', Zhi Wei’, John J Connolly!,
Christopher J Cardinale!, Marina Bakay!, Joseph T Glessner!, Dong Li!, Charlly Kao', Kelly A Thomas!,
Haijun Qiu!, Rosetta M Chiavacci!, Cecilia E Kim!, Fengxiang Wang!, James Snyder!, Marylyn D Richie®,
Berit Flato®, Qystein Forre®, Lee A Denson'?, Susan D Thompson!!, Mara L Becker!?, Stephen L Guthery'3,
Anna Latiano'4, Elena Perez'5, Elena Resnick'®, Richard K Russell'7, David C Wilson'®, Mark S Silverberg!®,
Vito Annese?’, Benedicte A Lie?!, Marilynn Punaro??, Marla C Dubinsky??, Dimitri S Monos?425,

Caterina Strisciuglio?®, Annamaria Staiano2®, Erasmo Miele?%, Subra Kugathasan?’, Justine A Ellis?529,

Jane E Munro?%3!, Kathleen E Sullivan*?3, Carol A Wise®2, Helen Chapel®*, Charlotte Cunningham-Rundles!®,
Struan F A Grant!?%, Jordan S Orange®?, Patrick M A Sleiman' 23, Edward M Behrens?>3%, Anne M Griffiths®,
Jack Satsangi®”, Terri H Finkel®®, Alon Keinan®9, Eline T Luning Prak®, Constantin Polychronakos*’,

Robert N Baldassano?#!, Hongzhe Li*, Brendan J Keating!?> & Hakon Hakonarson'»2%42

Genome-wide association studies (GWASs) have identified hundreds of susceptibility genes, including shared associations
across clinically distinct autoimmune diseases. We performed an inverse x2 meta-analysis across ten pediatric-age-of-onset
autoimmune diseases (pAlDs) in a case-control study including more than 6,035 cases and 10,718 shared population-based
controls. We identified 27 genome-wide significant loci associated with one or more pAIDs, mapping to in silico-replicated

tod

didate loci with

4o bliched

1e- i genes (including /IL2RA) and new

immunoregulatory functions such

as ADGRL2, TENM3, ANKRD30A, ADCY7 and CD40LG. The pAlD-associated single-nucleotide polymorphisms (SNPs) were

functionally enriched for deoxyrib | (DNase)-hyp

itivity sites, expression quantitative trait loci (eQTLs), microRNA

(miRNA)-binding sites and coding variants. We also identified biologi
the basis of immune cell expression profiling and found evidence of genetic sharing. Network and p!

lated, pAID- iated candidate gene sets on
tein-int tion

11
y C

demonstrated converging roles for the signaling pathways of type 1, 2 and 17 helper T cells (Ty1, Ty2 and Ty17), JAK-STAT,

interferon and interleukin in multiple autoimmune diseases.

Autoimmune diseases affect 7-10% of individuals living in
Europe and North America! and represent a significant cause of
chronic morbidity and disability. High rates of familial clustering
and comorbidity across autoimmune diseases suggest that genetic
predisposition underlies disease susceptibility. GWASs and immune-
focused fine-mapping studies of autoimmune thyroiditis (THY)?,
psoriasis (PSOR)?, juvenile idiopathic arthritis (JIA)*, primary biliary
cirrhosis (PBC)?, primary sclerosing cholangitis (PSC)®, rheumatoid
arthritis (RA)7, celiac disease (CEL)?%, inflammatory bowel disease
(IBD, which includes Crohn’s disease (CD) and ulcerative colitis
(UC)?), and multiple sclerosis (MS)!%!! have identified hundreds
of autoimmune disease-associated SNPs across the genome'2-14,
SNP associations in certain pan-autoimmune loci, such as PTPN22
c.1858C>T (rs2476601), are evident in independent GWASs across
multiple autoimmune diseases!3-15, whereas others have been
uncovered through large-scale meta-analyses (for example, CEL-RA

and type 1 diabetes (T1D)-CD) or by searches for known loci from
one disease in another (for example, systemic lupus erythematosus
(SLE))". These studies demonstrate that more than half of genome-
wide significant (GWS) autoimmune disease associations are shared
by at least two distinct autoimmune diseases?>!. However, the degree
to which common, shared genetic variations may similarly affect the
risk of different pAIDs and whether these effects are heterogeneous
have not been systematically examined at the genotype level across
multiple diseases simultaneously.

RESULTS

Shared genetic risk associations across ten pediatric
autoimmune diseases

We performed whole-genome imputation on a combined cohort
of more than 6,035 pediatric subjects across ten clinically distinct
pAIDs (Supplementary Table 1) and 10,718 population-based control

A full list of affiliations appears at the end of the paper.
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e

subjects without prior history of autoimmune or immune-mediated
disorders. We performed whole-chromosome phasing and used the
1,000 Genomes Project Phase I Integrated cosmopolitan reference
panel (IKGP-RP) for imputation as previously described (SHAPEIT
and IMPUTE2)?2%3, Only individuals of self-reported European ances-
try and confirmed by principal-component analysis (Supplementary
Figs. 1 and 2) were included (Online Methods). Rare (minor allele
frequency (MAF) < 1%) and poorly imputed (INFO score < 0.8) SNPs
were removed, leaving a total of 7,347,414 variants.

Whole-genome case-control association testing was done using
case samples from each of the ten pAIDs and the shared controls,
and additive logistic regression was applied with SNPTESTv2.5
(ref. 24). There was no evidence of genomic inflation. To identify
shared pAlID-association loci, we performed an inverse x> meta-
analysis, accounting for sample-size variation and the use of a shared
control across the ten pAIDs?>. We identified 27 linkage disequi-
librium (LD)-independent loci, consisting of associated SNPs with
2> 0.05 within a 1-Mb window where at least one lead SNP reached
a conventionally defined GWS threshold (P < 5 x 107%; Fig. 1
and Supplementary Fig. 1b). An additional 19 loci reached a
genome-wide marginally significant (GWM) threshold at or
below Pygra < 1 x 1076, of which 12 mapped to previously reported
autoimmune loci and 7 mapped to putatively novel autoimmune loci
(Fig. 1 and Supplementary Table 2a).

We identified five putatively novel GWS loci: CD40LG
(PumeTa < 8.38 x 10711), ADGRL2 (Pygra < 8.38 x 10-11), TENM3
(Pyera < 8.38 x 10711), ANKRD30A (Pyprs < 8.38 x 10711) and
ADCY7 (Pygra < 5.99 x 1077). For each lead association locus,
we identified the corresponding combination of pAIDs contributing
to the association signal by enumerating all 1,023 unique disease
combinations (for example, one disease, T1D; two diseases, T1D
and SLE; or four diseases, UC, CD, CEL and SLE) and performing
association testing to identify the disease combination that yielded
the maximum logistic regression Z-score (Online Methods)?¢. With
the exception of ANKRD30A, the loci were jointly associated with at
least two or more pAIDs; for example, CD40LG was shared by CEL,
CD and UC (Fig. 1 and Table 1). Among the 27 GWS lead SNPs,
22 had been reported previously as GWS for at least one of the asso-
ciated pAIDs (specifically, for the corresponding adult phenotypes)
identified by our analysis (Supplementary Tables 1b and 2b)!2:27,
The most widely shared locus, chr4q27:rs62324212, mapping to
an intronic SNP in IL21-AS1 and residing just upstream of IL21,
was shared across all ten diseases, and three of these associations
were novel (THY, ankylosing spondylitis (AS) and common vari-
able immunodeficiency (CVID)). For more than 50% of previously
known GWS loci in adult-onset or generalized autoimmune disease,
we identified at least one previously unrecognized pAID association
(Supplementary Table 2¢,d).
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A number of the pAIDs were significantly associated with disease-
specific signals mapping to or near the locus encoding HLA-DRBI.
However, even the two most significant LD-independent variants that
mapped to this locus and were associated with T1D and JIA, respec-
tively, were disease specific (Supplementary Fig. 3), which suggests
that the variants associated with a given disease are distinct. Although
some of these associations were shared by at least two diseases, in no
instance was a single signal associated with any of the diseases shared
across all other diseases, which further underscores the complexity of
signal sharing across the major histocompatibility complex (MHC)
(Supplementary Fig. 3b).

Di pecific and
pAID-associated loci
We performed in silico analysis to test whether the reported associa-
tions could be replicated in an independent data set. We observed
nominally significant replication support for four of the five putatively
novel GWS loci, including three instances of disease-specific replica-
tion (Supplementary Table 1d). Among the replicated loci, chrXq26.3
(rs2807264), mapping within 70 Kb upstream of CD40LG, was notable,
as we observed disease-specific replication in both UC (P < 4.66 x 10~%)
and CD (P < 5.81 x 10~%), as well as cross-autoimmune replication in
AS (P < 9.54 x 1073). Although rs2807264 was not identified in our
analysis as associated with pediatric AS, it is well documented that
adult-onset AS and pediatric AS may be biologically different dis-
eases with independent genetic etiologies?®2°. A third disease-specific
replication (P < 5.99 x 10-6) was identified in CD for the chr16q12.1
(rs77150043) signal mapping to an intronic position in ADCY7. This
third instance and the replication of the CD40LG locus in UC were
both significant, even after a very conservative Bonferonni adjust-
ment for 156 tests (P < 3.21 x 107%). A nominally significant pan-
autoimmune replication signal (P < 1.69 x 10~2) was also observed at
chrip31.1 (rs2066363) near LPHN2 in UC, and a replication signal
(P<3.65x 10-%) was also observed at the chrdq35.1 locus (rs77150043)
in PSOR (Supplementary Tables 1d and 2e).

support for

Sharing of pAID- iated SNPs and bidirecti
some SNPs on disease-specific risk

Of the 27 GWS loci, 81% (22) showed evidence of being shared among
multiple pAIDs. These mapped to 77 different SNP-pAID combina-
tions, 44 of which had been previously reported at or near genome-wide
significance (P < 1 x 107%), whereas 33 represented potentially novel
disease-association signals (Table 1 and Supplementary Table 1).
Although PTPN22 c.1858C>T (rs2476601) increases the risk for T1D,
the variant is protective against CD'7:30-32, We identified eight other
instances (P < 0.05) where the risk allele shared by the model pAID
combination was associated with protection against another pAID
(Fig. 2 and Supplementary Fig. 4).

| effects of

Figure 1 The ten pAID case cohorts and top pAlD-association loci identified. (a) Percentage and relative contribution of cases for the ten pediatric
autoimmune diseases studied. (b) Top pAlD-association signals identified by inverse %2 meta-analysis. The top 27 loci (where at least one lead SNP
reached genome-wide significance: Pygra < 5 x 10-8) are annotated with the candidate gene symbol. (c) Novel and established pAlD-association loci.
Top left: rs706778 (chr10p15.1) is a known DNase | peak and an intronic SNP in /L2RA and was associated with THY, AS, PSOR, CEL, T1D and JIA.
Top right: rs755374 (chr5q33.3) is an intergenic SNP upstream of /L12B and was associated with AS, CEL, UC and CD. Bottom left: rs2807264
(chrXq26.3), mapping near CD40LG, was associated with CEL, UC and CD, and chr15q22.33 (rs72743477), also mapping to an intronic position

in SMAD3, was associated with UC, CD and AS. Bottom right: SNPs are colored according to pairwise LD (r2) with respect to the most strongly
associated lead SNP in the locus. Associated pAlDs are indicated at the upper left. pAlD associations are color-coded according to the key in

each plot. (d) Pleiotropic candidate genes have pleiotropic effect sizes and directions across pAIDs. Although a few pleiotropic SNPs had consistent
effect directions across diseases (e.g., /L21), for many loci (e.g., PTPN22 and CLEC16A), the candidate SNP had variable effect directions across
diseases. The radii of the wedges correspond to the absolute values of the Z-scores (beta/s.e.) for each pAID, and the color indicates whether the

SNP is protective (green) or risk-associated (red) for each disease.
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Biological support of associated loci from the public domain

To integrate our results with experimental and predictive biological
data, we curated four categories of SNP annotations: (1) functional:
variants that are exonic, affect transcription, are miRNA targets or
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Table 1 Twenty p loci hing g ide significance (Pygra < 5 x 1078) after adjustment for the use of shared
controls using an inverse x?2 t lysis across the pAlDs

Chr  Pos (Mb) SNP Region Gene Al MAF Pueta Known P* pAIDs

1 67.7 rs11580078 1p31.3 IL23R G 0.43 84 x 1011 1.0x10-146  CD#

1 82.2 rs2066363 1p31.1 ADGRL2 c 0.34 8.4 x 10-11 Novel CVID, JIA

1 114.3 rs6679677 1pl13.2 PTPN22 A 0.09 8.4 x 10-11 1.1 x 10-88 THY#, PSOR, T1D#, JIA#

2 234.2 rs36001488 2q37.1 ATG16L1 c 0.48 8.4 x10-11 1.0x10-12 PSOR, CD#

3 49.6 rs4625 3p21.31 DAG1 G 0.31 8.4 x 1011 1.0 x 1047 PSOR#, CEL, UC#, CD#

4 123.6 rs62324212 4q27 a1 A 0.42 26x10-8 1.0x10-2 THY, AS, CEL#, CVID, UC#, T1D#, JIA#, CD#
4 183.7 rs7660520 4q35.1 TENM3 A 0.26 8.4 x 10~ Novel THY, AS, CEL, SLE, CVID, JIA

5 40.5 57725052 5p13.1 PTGER4 (o} 0.43 84x10°11  1.4x10°10 CD#

<) 55.4 rs7731626 5q11.2 ANKRD55 A 0.39 1.4 x 1010 2.7 x10-11 JIA#, CD#

5 131.8 rs11741255 5q31.1 L5 A 0.42 1.6x109 1.4 x10-52 PSOR#, CEL, CD#

5 158.8 rs755374 5q33.3 IL12B T 0.32 2.3x10-10 1.4 x 1042 AS#, CEL, UC#, CD#

9 117.6 rs4246905 9q32 TNFSF15 & 0.28 9.5x102 1.2x10-17 Uc#, CD#

9 139.3 rs11145763 9q34.3 CARD9 C 0.40 33x108 1.0x10-6 AS#, UC#, CD#

10 6.1 rs706778 10p15.1 IL2RA ik 0.41 6.3x10-9 1.7 x 10-12 THY, AS, PSOR#, CEL, T1D#, JIA#
10 37.6 rs7100025 10p11.21 ANKRD30A G 0.34 8.4 x 10~ Novel JIA

10 64.4 rs10822050 10q21.2 ZNF365 (o} 0.39 8.4 x 10711 5.0x10717 SLE, CD#

10 81.0 rs1250563 10q22.3 ZMIZ1 (o} 0.29 1.3x10-8 1.1 x10-30 PSOR#, CD#

10 101.3 rs1332099 10q24.2 NKX2-3 = 0.46 9.1x 10711 1.0 x 10-34 UCH#, CD#

11 2.2 rs17885785 11p15.5 INS 1 0.20 8.4 x 1011 4.4 x 108 T1D#

12 40.8 rs17466626 12q12 LRRK2 G 0.02 3.2x10-10 3.0x10-10 AS, CD#

12 56.4 rs1689510 12q13.2 SUoX (o} 0.31 4.0x 102 1.1x10-10 PSOR#, T1D#

15 67.5 rs72743477 15q22.33 SMAD3 G 0.21 84x10-11  2.7x10-19 AS, UC, CD#

16 28.3 rs12598357 16pl1.2 SBK1 G 0.39 4.4 %102 1.0x 10-8 THY, AS#, PSOR, CEL, UC, CD#
16 50.3 rs77150043 16ql2.1 ADCY7 & 0.23 6.0 x 102 Novel PSOR, CD

16 50.7 rs117372389 16ql12.1 NOD2 h 0.02 8.4 x 1011 2.9 x 10759 CD#

21 40.5 rs2836882 21q22.2 PSMG1 A 0.27 4.8x10-8 2.8x10-14 uc#, CD#

23 135.7 rs2807264 Xq26.3 CcD40LG [ 0.21 1.3 x 108 Novel CEL, UC, CD

Chr, chromosome; Pos (Mb), position in /1g19; Region, cytogenetic band; Al, alternative allele; MAF, minor allele frequency (controls); Known P*, lowest P value from published

association studies. Pound symbols (#) denote
time in the present study (to our knowledge).

reported d

reported to be associated with autoimmune diseases or immune func-
tion. Indeed, 100% of the GWS lead SNPs or their nearby LD proxies
(r2 > 0.8 on the basis of 1KGP-RP within 500 Kb up- or downstream)
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Figure 2 Pleiotropic loci with heterogeneous effect directions across pAIDs.
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(a) Disease-specific Z-scores (beta/s.e.) for each SNP identified as having different
effect directions across the ten pAlIDs and as detailed in the figure. Circles (color-coded
by disease as in key) denote diseases where the indicated SNP had an opposite effect
compared with that of the group of pAIDs identified as sharing the lead association on

SNPs. “Novel” denotes new loci (bolded) that reached genome-wide significance for the first

belonged to one or more of these categories (Fig. 3a). Nevertheless,
the majority of the 27 GWS SNPs did not confer direct transcriptional
consequences (51% were intronic variants and 28% were intergenic
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the basis of results of the model search (black triangles). (b) Clustering of pAlDs across
the lead loci on the basis of disease-specific effect sizes. Agglomerative hierarchical clustering across ten pAlDs on the basis of normalized directional
Z-scores (beta/s.e.) resulting from logistic regression analysis in each disease for the 27 lead loci based on those disease combinations identified by the

model search analysis as producing the strongest association-test statistics.
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Figure 3 Integrated annotation of pAID- a l\;' W l‘f

association loci using existing predictive s s VVM s

and experimental data sets. (a) Biological, ; g E - E v h\; f 2 g v \sl v E 5

functional anf:l literature an.notat‘ior?slfor thg 5 v L LCLCSESYV CLEVVSL s cL
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top 27 GWS SNPs. The annotation frequencies
were used to calculate the relative enrichment
of pAID SNPs (blue bars) as compared with that
of 10,000 random 100-SNP sets drawn from
the genome in each annotation category. CpG, b
CpG islands; DNase, DNase-hypersensitivity

| sites; gad, known genetic association;
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annotation categories, we compared its % e oed
annotation percentage with the percentages o jx: F
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We found that pAID-associated SNPs were 1,000 -
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relevance (Supplementary Fig. 1d,e). 2000 g N

Candidate pAID genes share Ly M ek Im

expression profiles across immune o= O i 04 R i
cell types and tissues a1 ’ R <= ’

Recent studies show that gene-based associa-

tion testing (GBAT) may boost the power of

genetic discovery?*-?>. We performed GBAT (with VEGAS?*®) using
genome-wide summary-level Py, values. We identified 182 sig-
nificant pAID-associated genes (simulation-based Py;,, < 2.80 x 10-6)
on the basis of a Bonferonni adjustment for ~17,500 protein-coding
genes in the genome (Supplementary Table 3a). To illustrate the
biological relevance of this set of genes, we examined their transcript
levels in a human gene expression microarray data set consisting of
12,000 genes and 126 tissue and/or cell types*®. pAID-associated gene
expression across immune tissues or cell types (ES-I, 4.05) was notably
higher than that across non-immune types (ES-NI, 2.10) on the basis
of a one-tailed Wilcoxon rank-sum test (P < 1.66 x 10~1?), When all
extended MHC genes were excluded, the average expression of pAID-
associated genes remained significantly higher (P < 1.27 x 1077) for

Percentage annotated

immune (1.043) than for non-immune (0.648) tissues and cell types.
The immune-specific enrichment of pAID-associated gene transcripts
was comparable to that observed in adult cohorts!?; comparatively,
schizophrenia-associated genes showed no such enrichment (Fig. 4a
and Supplementary Table 3b). We observed similar results when we
used the Kolmogorov-Smirnov test (Supplementary Fig. 5).

‘We examined the expression of pAID genes across a whole-tran-
scriptome data set comprising more than 200 murine immune cell
types isolated by flow cytometry (ImmGen?’; Online Methods and
Supplementary Table 3c). Genes associated with pAIDs demonstrated
differential expression across immune cell types (Supplementary Fig. 6)
and showed higher expression than genes associated with non-immune
traits, similar to results observed from human tissue data (Fig. 4b).
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Figure 4 Tissue-specific gene set enrichment

analysis (TGSEA) of pediatric and adult 4 10,0 477CD I schizophvenia E

autoimmune data sets identifies autoimmune- ".‘T"“:m'f.“: § 1.00

associated gene expression patterns across o 75 + Non-mmune 3 Gene set I pAID @ pAID noMHC
immune cells and tissues. (a) Expression u - v % 075 0 W Schiso’ BEMI @ LBL
enri of i genes £ « GBAT z

across human tissues. Distribution of TGSEA g 504 BOPATuoM g 050

enrichment score (ES) values across 126 tissues g ™1

for pAlD-associated genes (center) either with i \‘ é ok

(circles, top curve) or without (triangles, bottom 264 o NG g

curve) the extended MHC. Results for the pAID ‘ \ : £ %

gene set are compared with those obtained & N A ‘\_‘_ 0 5 10 15

for known genes associated with CD (left) and
schizophrenia (right). Tissue and cell types are
classified as immune (red) or non-immune (blue)
and are ranked left to right on the basis

of the magnitude of the ES test statistic.

(b) Enrichment of pAlD-associated gene
expression across diverse murine immune

cell types. Distribution of pAlD-associated

gene ES values across murine immune cell
types either including (red) or excluding the
genes within the MHC (gold); results are
compared with those for genes associated with
CD, schizophrenia (Schizo, turquoise), LDL
cholesterol (LDL, magenta) or body mass index
(BMI, blue) abstracted from the National Human
Genome Research Institute (NHGRI) GWAS
Catalog. (c) Hierarchical clustering based on
the expression of pleiotropic candidate genes
associated with three or more autoimmune
diseases across the murine immune cells. Boxes
outlined in black denote gene clusters enriched
for specific disease associations discussed in
the text. An enlarged version of c is presented in
Supplementary Figure 8.

(2]

As the expression levels of these ‘pleiotropic’
genes varied diversely across immune cell
types, we performed agglomerative hierarchical
clustering to identify sets of genes sharing
similar profiles. Genes that belonged to the
same cluster (and thus shared similar expres-
sion profiles) were found to be enriched for
association with specific individual or multiple
autoimmune diseases (Fig. 4c). For example,
cluster 1 genes, such as ICAM1, CD40, JAK2, TYK2 and IL12B, with
known roles in immune effector cell activation and proliferation, were
enriched for association with PSC and UC and were associated with both
diseases (P < 6.82 x 1074, one-tailed Fisher’s exact test), and the expres-
sion of these genes was highest in a small subset of CD11b* dendritic
cells®. These findings are consistent with the clinical observation that
as many as 80% of patients diagnosed with PSC have been diagnosed
with UC, and that the risk of PSC is approximately 600-fold higher in
patients with UC*?. Cluster 2 genes included genes encoding a number
of cytokines and cytokine-response factors, such as IL19, IL20, STAT5A
and IL2RA, the products of which regulate effector T cell activation, dif-
ferentiation and proliferation. All of these were more broadly expressed
across mature natural killer (NK) cells, NK T cells and T cells, as well as
neutrophils. This cluster of genes was enriched for association with MS
(P<9.8 % 10~*), with CEL (marginally) (P < 0.062) and with both diseases
(P < 3.41 x 10%). Genes encoding nucleic acid-binding proteins, such
as ILF3, CENPO, MED1 and NCOA 3, were enriched in cluster 3. Genes
in this cluster were jointly associated with SLE and PSOR (P < 0.03),
which is consistent with experimental and clinical data demonstrating

———————r———
1 501001 50 1001 50 100

126 human tissues by
rank-order of ES

Immune cell type-specific ES

BaBUWSIS

smdepe/aimeyy

SOdv/@reuu|

that early defects in B cell**4! and T cell*2-4 clonal selection, respec-
tively, may have important roles in the etiology of these diseases.

Quantification of genetic risk factors shared across pAIDs
We developed a novel method to specifically examine genome-wide
pairwise-association signal sharing (referred to as a GPS test) across
the pAIDs (Online Methods). Only data from the genotyped pAID
cohort were used for this analysis. After Bonferroni adjustment for
45 pairwise combinations, the GPS test identified evidence of sharing
between a number of pAID pairs at marginal levels of significance,
as reported previously, including TID-CEL (Py,, < 3.44 x 107%),
TID-THY (Pgyy < 2.03 x 10-3) UC-CD (Pgps < 2.36 x 107%) and
AS-PS (ngs < 8.15 x 1073). We also identified a strong GPS score
for JIA-CVID (Pgps < 6.88 x 1073). The correlations between JIA-
CVID (P, <7.30 x 107%) and UC-CD (Pgps < 7.32 % 107%) were more
significant after the exclusion of markers from within the MHC region
(Supplementary Fig. 4b).

Finally, we examined evidence of sharing across the full range of
autoimmune diseases using ImmunoBase?”. We identified significant
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Figure 5 Genetic variants shared across the ten pAIDs reveal autoimmune disease networks. (a) Quantification of pAID genetic sharing by GPS test

including SNPs within the extended MHC. Correlation plot of results of the

pairwise pAID GPS test; the color intensity and the size of each circle

are proportional to the strength of the correlation as the negative base ten logarithms of the GPS test P values (color-coded numbers in squares).

(b) Quantification of autoimmune disease genetic sharing by locus-specific

pairwise sharing. Undirected weighted network graph depicting results

from the LPS test. Edge size represents the magnitude of the LPS test statistic; labeled nodes for each of the 17 autoimmune diseases are positioned
on the basis of a force-directed layout. Edges represent significant pairs after Bonferroni adjustment (P,4j < 0.05). (c) Protein-protein interaction

network analysis of the top pAlD-associated protein candidates in STRING;

action view of protein interactions observed across the top 46 GWM

(P< 1 x 10-5) signals, of which 44 could be mapped to corresponding proteins. Views were generated on the basis of results for known and
predicted protein interactions produced by the STRING DB Homo sapiens database. The plots shown are results of the ‘action’ view, where the
molecular actions (stimulatory, repressive or binding) are illustrated by arrows.

associations between UC-CD (P < 2.15 x 10~%) and JIA-CVID
(P < 1.44 x 107°), along with a number of novel pairwise relation-
ships that included autoimmune diseases other than the ten in this
study, such as that between Sjogren’s disease (SJO)-systemic sclerosis
(SS) (P < 1.30 x 10728) and PBC-SJO (P < 3.86 x 107'2). We plotted
those relationships that were significant after Bonferroni adjustment
for 153 pairwise tests using an undirected weighted network (Fig. 5
and Supplementary Table 4). Collectively, these results support genetic
sharing between the various autoimmune diseases and allow for further
refinement of the shared signals, potentially enabling the application
of targeted therapeutic interventions at multiple levels, such as along
the CD40L-CD40, JAK-STAT and Ty1/Ty2-Ty17-interleukin signal-
ing pathways.

DISCUSSION

A major goal of this study was to identify shared genetic etiologies
across pAIDs and illustrate how they jointly and disparately affect
pAID susceptibility. Knowledge of shared genetic etiologies may help
pinpoint common therapeutic mechanisms, especially since certain

pAIDs (for example, THY, CEL and T1D) exhibit high rates of comor-
bidity and concordance in twins, and others (for example, CD and
UC) cluster in families® 194546,

Of the 27 GWS pAlD-association loci identified, 81% were
shared by at least two pAIDs (Table 1 and Supplementary Table 1).
Moreover, 5 of the 27 loci were novel signals not previously reported
at GWS levels in association with autoimmune diseases, including
chrlp31.1 (rs2066363), mapping near ADGRL2, a gene that encodes
a member of the latrophilin subfamily of G protein-coupled recep-
tors that regulates exocytosis. Although this signal was associated
with JIA and CVID, a microsatellite study of PBC in a Japanese
cohort localized an association signal to a 100-Kb region enclosing
ADGRL2 (ref. 47). Nominally significant replication support at this
locus was identified in the adult UC cohort from the International
IBD Genetics Consortium. Both JIA and CVID are among the six
pAIDs (THY, AS, CEL, SLE, CVID and JIA) associated with the
chr4q35.1 locus (rs7660520), which resides just downstream of
TENM3. The observed association with a broad range of pAIDs
may be related to eQTL signals in TENM3 SNPs that correlate with
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serum eosinophil counts*® and immunoglobulin G (IgG) glycosyla-
tion rates; the latter was referenced in a study showing a pleiotropic
role for IgG glycosylation-associated SNPs in autoimmune-disease
risk susceptibility?®. The third novel association was identified near
chr10p11.21 (rs7100025), mapping to TF gene ANKRD30A, which
encodes an antigen recognized by CD8* T cell clones®”. The fourth
signal was associated with the inflammatory diseases PSOR and CD
near chr16q12.1 (rs77150043), an intronic SNP in ADCY7. ADCY7
encodes a member of the adenylate cyclase enzyme family; is strongly
expressed in peripheral leukocytes, spleen, thymus and lung tissues®!;
and it is supported by data from studies in mice®2. The fifth novel
signal, rs34030418, mapping near CD40LG and associated with
CEL, UC and CD, is the ligand of the prominent TNF superfamily
receptor CD40 (refs. 53,54). The CD40 ligand is a particularly
compelling candidate, as the locus encoding the CD40 receptor is
an established GWAS locus in RA and MS, has been functionally
studied in cell culture and animal models, and was the focus of a
recent large-scale RA drug-screening effort™,

A set of GWS candidate SNPs were enriched for miRNA and
TF-binding sites. We performed a gene-set enrichment analysis®
using GBAT and identified 39 significant (Pgy < 0.05 (BH, Benjamini-
Hochberg)) miRNAs, including as top candidates two well-known
miRNA families, miR-22 and miR-135a (Supplementary Table 5a).
miR-135a has been shown to target IRS2, a regulator of insulin sig-
naling and glucose uptake, in model systems®’. Our candidate genes
were enriched for targets of dozens of TFs, with the most prominent
being SP1 (Pgy < 2.30 x 10712), NFAT (Pgy; < 8.54 x 10~?) and NFKB
(Pgy < 1.03 x 107%) (Supplementary Table 5b).

Using GBAT with DAVID, GSEA%, IPA® and Pathway
Commons®’, among others, we identified strong enrichment for
proteins that act in cytokine signaling; antigen processing and pres-
entation; T cell activation; JAK-STAT activation; and Ty1-, Tj;2- and
Ty17-associated cytokine signaling (Supplementary Tables 6 and 7).
Of these pathways, JAK2 signaling was particularly compelling (Ppyy
< 6.93 x 1079), consistent with the enrichment of known protein-
protein interactions (Psrring < 1 % 1072°) (Supplementary Fig. 7).
We also uncovered evidence supporting shared genetic susceptibility
for disease pairs that have not yet been well established (for example,
JIA-CVID). The association between JIA and CVID is noteworthy,
given that CVID actually represents a group of complex immunodefi-
ciencies rather than a classic autoimmune disease. When we examined
the overlap between CVID and each of the other pAIDs using both
GPS (Pyg; < 3.10 x 10-3) and locus-specific pairwise sharing (LPS)
(Pyqj < 1.47 x 1078) network analysis tests, we ¢ ly observed
overrepresentation of interaction between CVID and JIA (Fig. 5 and
Supplementary Fig. 4b). Our results show that more than 70% (19) of
the 27 GWS loci we identified were shared by at least three autoimmune
diseases (Table 1), including both previously reported (for
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present feasible options in pAIDs, where these gene networks and
pathways could be targeted in an expedited manner.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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IL2RA (six diseases) and IL12B (four diseases)) and novel (for example,
TENMS3 (six diseases) and CD40LG (three diseases)) signals. Moreover,
using tissue-specific gene set enrichment analysis, we not only
highlighted the expected enrichment of genes associated with CEL
and SLE in Y8 T cells, CD4* T cells and NK T cells but also identified
interesting joint enrichment of genes associated with PSC and UC
inasetof CD11b* dendritic cells (Fig. 4c).

Many of the shared risk variants in pAIDs affect genes encoding
proteins that are established therapeutic targets (for example, CD40L
and CD40 (refs. 54,55)), and a number of the genes identified here
have diverse biological effects and are currently being explored
for clinical uses. Consequently, drug-repurposing approaches may
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ONLINE METHODS
Study population. Affected subjects and controls were identified either
directly as described in prior studies®’=7 or from de- 1denuﬁed samplcs and

least two or more in-person visits, at least one of which was with the specified
ICD-9 diagnosis code(s), were pursued for clinical confirmation (Supplementary
Table 9b presents ICD-9 inclusion and exclusion codes). We used ICD-9 codes

associated electronic medical records (EMRs) in the g i y
at The Children’s Hospital of Philadelphia (CHOP). The predominant ma)onty
(>80%) of the included cases for IBD, T1D and CVID have been described in
previous publications,

Details of each study population are outlined below. EMR

ly identified and used for PheWASs or EMR-based GWASs and agreed

upon by board-certified physicians®263,
Age- and gender-matched control subjects were identified from the CHOP-
CAG hnobank and sclcctcd by exclusion ol any patient with any ICD-9 codes
for di of yori ficiency®! (http://icd9.chrisendres.

were
conducted with previously described algorithms based on phenotype mapping

com/). Research ethics boards of CHOP and other collaboralmg centers approved

blished using ph ide association study (PheWAS) ICD-9 code  this study, and written informed consent was obtained from all subjects (or their
mapping tables®1-6370 jn I with qualified physician specialists for ~ legal g ). Genomic DNA extraction and sample QC before and after
each disease cohort. All DNA samples were assessed for quality control (QC)  genotyping were performed using standard methods as described previously®*.

and genotyped on the [llumina HumanHap550 or HumanHap610 platform
at the Center for Applied Genomics (CAG) at CHOP. Note that the patient
counts below refer to the total recruited sample size from which we excluded
non-qualified samples or genotypes that did not pass QC criteria required for
inclusion in the genetic analysis (for example, because of relatedness or poor
genotyping rate).

The IBD cohort comprised 2,796 individuals between the ages of 2 and 17,
of European ancestry, and with biopsy-proven disease, including 1,931 with
CD and 865 with UC and excluding all patients with unclassified IBD. Affected
individuals were recruited from multiple centers from four g hicall

All samples were genotyped at CAG on HumanHap550 and 610 BeadChip arrays
(Illumina, CA). To minimize confounding due to population stratification,
we included only individuals of European ancestry (as determined by both
self-reported ancestry and principal-component analysis (PCA)) for the
present study. Details of the PCA are provided below.

yping, i testing and QC. Disease-specific QC.

We merged the genotypmg results from each disease-specific cohort with data
from the shared controls before extracting the genotyping results from SNPs
to both Infinium HumanHap550 and 610 BeadChip array platforms

Brap Y
discrete countries and were diagnosed before their 19th birthday according to
dard IBD diag; ly reported®365.

The T1D cohort consisted of 1,120 subjects from nuclear family trios
(one affected child and two parents), including 267 independent Canadian T1D
patients collected in pediatric diabetes clinics in Me I, Toronto, Ottawa
and Winnipeg and 203 T1D patients recruited at CHOP since September 2006.
All patients were Caucasian by self-report and between 3 and 17 years of age,
with a median age at onset of 7.9 years. All patients had been treated with insulin
since diagnosis. Disease diagnosis was based on these clinical criteria, rather
than on any laboratory tests.

The JIA cohort was recruited in the United States, Australia and Norway
and comprised a total of 1,123 patients with onset of arthritis at less than
16 years of age. JIA diagnosis and JIA subtype were determined according to
the International League of Associations for Rheumatology (ILAR) revised
criteria’! and confirmed using the JIA Calculator” (http://www.jra-research.
org/J1Acalc/), an algorithm- based tool adapted from the ILAR criteria. Prior to

dard QCp di and of European ancestry, the JIA cohort
comprised 464 subjects of self-reported European ancestry from Texas Scottish
Rite Hospital for Children (Dallas, Texas, USA) and the Children’s Mercy
Hospitals and Clinics (Kansas City, Missouri, USA); 196 subjects from CHOP;
221 subjects from the Murdoch Children’s Research I (Royal Children

ic criteria, as pi

and performing genotyping QC. SNPs with a low genotyping rate (<95%) or
low MAF (<0.01) or those significantly departing from the expected Hardy-
Weinberg equilibrium (HWE; P < 1 x 107%) were excluded. Samples with low
overall genotyping call rates (<95%) or determined to be of outliers of European
ancestry by PCA (>6.0 s.d. as identified by EIGENSTRAT’#) were removed.
In addition, one of each pair of related individuals as determined by identity-
by-state analysis (PI_HAT > 0.1875) was excluded iall
retained where possible.

Merged-cohort QC. To prepare for whole-genome imputation across the
entire study cohort, we combined case samples across the 10 pAIDs with the
shared control samples. We repeated the genotyping and sample QC with
the same criteria as described above, leaving a final set of ~486,000 common
SNPs passing individual-cohort and merged-cohort QC. We again performed
identity-by-state analysis and removed related samples (in order to remove
related subjects that may have been recruited for different disease studies).
We also repeated the PCA and removed population outliers. The final
cohort, after the application of all QC metrics mentioned above, included
a total of 6,035 patients representing ten pAIDs and 10,718 population-
matched controls.

Note that because of the merged QC, compared with the sum of all ten

with cases p

Hospital, Melbourne, Australia); and 504 subjects from Oslo University Hospital
(Oslo, Norway).

The CVID study population consisted of 223 patients from Mount Sinai
School of Medicine (MSSM; New York, New York, USA), 76 patients from
University of Oxford, (London, England), 47 patients from CHOP, and 27
patients from University of South Florida (USF; Tampa, Florida, USA). The
diagnosis in each case was validated against the ESID-PAGID diagnostic criteria,
as previously described”*. Although the diagnosis of CVID is most commonly
made in young adults (ages 20-40), all of the CHOP and USF subjects had
pediatric-age-of-onset disease, whereas the majority of the subjects from MSSM
and Oxford had onset in young adulthood. We note that as the number of
individuals with adult-onset CVID is so small (less than 5% of all cases
presented) and all ten diseases studied here can present with pediatric age of
onset, we elected to refer to the cohort material as pAID.

The balance of the pediatric subjects’ (THY, AS, PSOR, CEL and SLE ; a full list
of ph Yp iations is provided in Suppl y Table 8) samples were
derived from our biorepository at CHOP, which includes more than 50,000 pedi-
atric patients recruited and enrolled by CAG at CHOP ( y Table

di pecific GWASs, the final case and control counts in the merged
cohort were smaller than the “sum of all cases and controls” (Supplementary
Table 1a). In addition, to avoid the potential for confounding due to the presence
of duplicated samples, we assigned individuals fitting the diagnostic criteria for
two or more pAIDs to whichever disease cohort had the smaller (or smallest)
sample size. No subject was included twice. A total of 160 subjects in the study
cohort fulfilled criteria for two or more diseases but were counted only once in
our reported total of 6,035 unique subjects.

Whole-genome phasing and imputation. We used SHAPEIT?® for whole-
chromosome prephasing and IMPUTE2 (ref. 76) for imputation to the
1KGP-RP (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html, June 2014
haplotype release). For both, we used parameters suggested by the developers
of the software and described elsewhere’*~77, Imputation was done for each
5-Mb regional chunk across the genome, and data were subsequently merged
for association testing. Prior to imputation, all SNPs were filtered using the
criteria described above.

To verify the imputation accuracy, we validated randomly selected SNPs
that reached a nominally significant P value after imputation. Because com-

9a includes details of genotyped subjects within the CAG pediatric biobank).
These individuals were confirmed for diagnosis of THY, SPA, PSOR, CEL and
SLE in the age range of 1-17 years at the time of diagnosis and were required
to fulfill the clinical criteria for these respective disorders, as confirmed by
a specialist. Only patients that upon EMR search were confirmed to have at

ially designed genotyping probes were not readily available, we performed
Sanger sequencing by designing primers to amplify and sequence the 200-bp
region around the imputed SNP markers for two separate 96-well plates.
We 11 lized and ined and ch grams

using SeqTrace’®. Results from this are prescn(cd in Supplementary Table le,
showing >99% mean imputation accuracy.
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In addition, a subset of the IBD and CVID subjects were subsequently

where r is the total number of disease subtypes assigned to cases (for
1

genotyped on the Immunochip (Illumina) platform. We compared the genotyp
concordance of all pAID GWAS imputed SNPs that were directly genotyped on
the Immunochip after performing sample and marker QC as described above.
Results are shown in Supplementary Table 1f.

Disease-specific association testing. We performed whole-genome associa-
tion testing using post-i genotype probabilities with the software
SNPTEST (v2.5)%. We used logistic regression to estimate odds ratios and
betas, 95% confidence intervals and P values for trend, using additive coding
for genotypes (0, 1 or 2 minor alleles). For autosomal regions, we used a
score test, whereas for regions on ChrX we used the ChrX-specific SNPTEST
method Newml. QC was performed directly after association testing,
excluding any SNPs with an INFO score of <0.80, HWE P < 1 x 10-%, and MAF
< 0.01 (overall).

In all analyses, we adjusted for both gender and ancestry by conditioning
on gender and the first ten principal components derived from EIGENSTRAT
PCA”. The Agc values for all cohorts were within acceptable limits; the
highest was observed for the cohort with the largest case sample size, namely,
CD (hge < 1.07), consistent with what was previously reported for this
data set®. In fact, we have previously reported on all the non-CHOP cases
included in the present analysis in individual studies using CHOP controls
and shown that these individual case-control analyses were well controlled for
genomic inflation®-7%, A QQ plot is provided for each independent cohort
in Supplementary Figure 2a.

ple, ranging from one to ten pAIDs) and # is the total number of disease
subtypes (i.e., ten pAIDs). Note that this reduces to 2" - 1 (or 1,023 unique
combinations here), as in this case we considered all possibilities of r across n of
ten diseases. The ASSET algorithm iteratively tests each pAID case combination
using logistic regression to determine whether there is an association between
genotype counts and case status. For each SNP tested, the ‘optimal’ subtype
model is the combination of pAIDs that, when tested against the shared con-
trols in the logistic regression analysis produced the best test statistic after the
DLM method had been used to correct for multiple testing across all subtype
combinations.

Identifi of lead iated variants showing opposite direction of
effect. For each of the top 46 associating loci (Pygra< 1 x 1078), we identi-
fied those loci for which the lead SNP had an effect direction (on the basis
of logistic regression betas) opposite that reported for the disease combination
identified by the subtype model search and whose corresponding associa-
tion P value reached at least nominal significance (P < 0.05). We identified
nine instances.

Candidate gene prioritization. To annotate the lead SNPs to candidate
genes, we prioritized the mapping to candidate genes lly in the
following manner:

1. If the SNP or locus was pi ly reported in diseases at
ide signifi we provided the candidate gene symbol, where

8

Meta-analysis to identify shared pAID association loci. To identify
loci shared across pAIDs, we meta-analyzed the summary-level test statis-
tics from each of the study cohorts after extracting those markers that passed
post-association testing QC for all ten individual disease-specific analyses. To
adjust for confounding due to the use of a shared or pooled control population,
we applied a previously published method to perform an inverse weighted %2
meta-analysis®.

We LD-clumped the results of the meta-analysis (PLINK) and identified
27 LD-independent associations (r? < 0.05 within 500 kB up- or downslrcam
of the lead or most strongly d SNP) hing a ¢ i
wide significance threshold of Pygeys < 5 x 1075, We observed that the calculated
meta-analysis Agc was less than 1.09. As recently discussed by de Bakker and

blicati Age is

colleagues and shown in a number of large-scale GWAS p

ilable, as identified in the GWAS Catalog®! or ImmunoBase®*.

2. Ifan SNP was annotated as coding or fell within the coding DNA sequence
(i.e., intronic or in the UTRs), we reported that gene as identified by the
variant effect predictor (VEP)®3.

If the SNP was we prioritized the
gene by using the best candidate gene |denl1ﬁed with the network tool
DAPPLE®S,

If none of the above was feasible, we manually curated the most ‘likely’ gene
on the basis of the observed LD block and evidence of prior association
signals with autoimmune diseases or other immune-related phenotypes
as presented in the dbSNP or GWAS catalog.

L

dow ori

-

Functional or biological

F or ions and enrich

related to sample size®!. As discussed by Yang et al., A depends on the relative

analysis using publicly acces-
sible resources. Wc annotated the lead pAID-associated SNPs using publicly

contribution of variance due to population structure and true
sampling variance: with no population structure or systematic error, inflation
would still depend on heritability, genetic architecture and study sample size®2.
On the basis of de Bakker et al.’s d we also calculated a sample-
size-adjusted A o0 by interpolating the A that would have been expected if this
study had included only 1,000 cases and 1,000 controls. We performed this only
for the meta-analysis results, as the case and control counts for the meta-analysis
were both significantly greater than 1,000 (Supplementary Table 1a).

Model search to identify pAIDs associated with the lead signals. The meta-
analysis identified SNPs significantly associated with at least one pAID. To
determine which pAIDs each SNP was most strongly associated with, we
performed a model or ‘discase-combination’ search. For the lead SNP in
each pAID-association locus, we searched for the pAID disease combination
that, when the corresponding cases were merged in a mega-analysis, yielded the
largest association test statistic.

To identify the disease phenotypes most likely contributing to each identi-

versus

ilable fi | and biological databases and r s. We d the
top imputed lead SNP for each locus and, in addition, any of its near-perfect
proxies (defined as r > 0.8 within 500 kB up- or downstream) on the basis of
the 1KGP-RP.
We included annotation, expression, interaction and network data from the
following resources:

. Genomic mapping and annotation: SNAP¥7, SNP-Nexus®, Ensemble®?
and UCSC*,

Regulatory annotations: EnCODE (TF-binding sites and DNase-hyper-
sensitivity sites)?!, GTex*? (eQTLs), and a published lymphoblastoid
cell line eQTL data set®.
Functional annotations:
polymorphisms®&%7,
Conservational or evolutionary predictions: GERP%, PHAST++%,
CpG islands!'®,

5. Li e search: GAD'?!, NHGRI GWAS catalog'®?, dbGAP'®, or

1

)

SIFT®, Polyphen®’, miRNA target site

Lo

fied association signal, we applied the “h.types” method as impl. d in the
sub

blished T

R statistical software package ASSET®? to perform an exhaustive dis

type model search. Note that ASSET provides both a method for genotype-level
association testing (h. types used in this study) and a summary-level modified
fixed-effect met lysis approach (“h.traits”) that allows for heterogeneity of
SNP effects across diff phenotypes. Both methods exh ly enumer-
ate each combination of phenotypes that are jointly considered, and therefore
test a total of

r
pAID disease model combinations = 2 —

P hip studies!® (http://www.immunobase.org) for
literature support.

6. Gene exp and enrich : ImmGen!%2 (murine) and
whole-! (ranscnpmme analysis across !26 ussues'CM (human).

7. Protein-prots (PPI) datab DAPPLE®, STRING!%%,

Pathway-based and gene set enrichment analysis: Gene Ontogeny!%,

Webgestalt!?7, Wikipathways!%8, IPA19°, DAVID!, GSEA!!!, and

Pathways Commons!12,

Gene network analysis and visualization: DAPPLE®® and VEP#® to pri-

oritize candidate causal genes and Grail''? for text-mining of PubMed

database for coassociations.

=,

&
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Functional and biological annotations (categories 1-5) for the 27 lead SNPs
are illustrated in Figure 3a; annotations are also provided for the 46 GWM loci
in Supplementary Figure 5. The following annotation types were used:

1. Regulatory: EnCODE consensus TE-binding sites (T), DNase I hypersen-
sitivity sites (S), or published eQTL signals (E)

Functional: known mutations in PolyPhen or SIFT (A), experimen-
tally validated (miRBASE 18.0) and prcdlcled (mlrSNP) miRNA target
sites (R), or SNPs that tag regions b
variation regions reported by the database of genomlc variants (DGV) V)
Conserved: conserved nucleotide sequences based on GERP++/phastCon
(C) or known CpG islands that correlate with epigenetic methylation

L

w

Tissue-specific gene set enrichment analysis. With few exceptions, most genes
that are known to have a causative role in autoimmune disease have been shown
to regulate molecular or subcellul lated
tissues. If candidate pAID- assocmted genes are relevant to autoimmune-disease
biology, then expression of these genes would be expected to be, on average,
higher across i ori d with exp
in non-immune-related tissues). Thus, we compared the ion of candid
pAID-associated genes identified by GBAT with that of non-candidate genes
in a variety of tissues.

We curated the expression of the transcriptome in a broad spectrum of
human tissues using a publicly available data set consisting of summary-level,
normalized gene expression levels for more than 12,000 unique genes across 126
tissues and/or cell types, including a large number of immune tissues and cells!*

ini ori

lated tissues (as

d data set “mean expression data matrix.”

patterns (M)
4. Literature-supported: published association with i orinfl ¥y We downloaded the p
diseases or i lated endophenotypes from candidate studies or

GWASs catalogued in the Genetic Association Database, NHGRI GWAS
catalog, dbGAP, or Immunochip studies (L)

In addition to determining whether the 27 GWS pAlD-associated SNPs
were enriched for a given annotation type, we performed Monte Carlo simu-
lations to resample 10,000 times the SNPs (MAF > 0.01 in Europeans) from
all SNPs in 1KGP-RP. As for the 27 lead SNPs, for each set of 100 randomly
sampled SNPs, we expanded the list by first identifying all nearby SNPs in strong
LD (i.e., LD proxies with r? > 0.8 within 500 kB up- or downstream) within
the IKGP-RP data set filtered for only SNPs with MAF > 0.01 in the European
population. We then annotated each original and any proxy SNPs as above for
each major annotation category. We collapsed the information for all proxies
identified for a given lead such that for any given category, if the lead SNP or
any of its proxies were annotated, the lead SNP was marked as annotated.
We then calculated the frequency of annotation for the 100 SNPs in each set. After

Across the 126 unique tissues, we tested whether the median or cumulative
distribution of expression of pAID-associated gene transcripts as identified by
GBAT was higher than that of the remaining transcripts in the data set using a
one-sided Wilcoxon rank test or a one-sided Kolmogorov-Smirnov (KS) test,
lculated a ti pecific gene exp ES value, which
is the ~logyo (P value) obtained from comparing the relative enrichment in
transcript expression of pAID-associated genes versus the transcripts of the
remaining genes in the data set. The tests were done on a per-tissue basis to
derive a set of KS and a set of Wilcoxon ES values. We performed this per tissue
analysis (1) for the total set of pAID-associated genes from GBAT and (2) when
genes across the extended MHC (chr6 25-34 Mb) were excluded

We performed the dary ive
analysis by plotting the ES values obtained from either Wilcoxon or KS tests in
descending rank order of the respective test statistics, as shown in Figure 4a and
Supplementary Figure 6a for all 126 tissue types. In those figures each point
represents a single tissue and is colored according to its classification as either

respectively. We

sampling and annotating 100-SNP sets 10,000 times, we use the per: ion-
derived distribution of annotation p for each ion type
to calculate an enrichment P value such that

b =1 NUpaD > Feonclusive)

enrich 10,000
where N is the number of permutations, fis the percentage of SNPs in the pAID
set that are annotated and F is the distribution of the percentage of SNPs anno-
tated across 10,000 sets of 100 SNPs resampled from the IKGP-RP using only
markers with MAF > 0.01 in Europeans.

Hierarchical clustering based on effect size and direction of association. We

(red) or (blue), as described previously®. To formally
test whether the overall ES values were higher among immune tissues than
among non-immune tissues, we performed both the Wilcoxon rank sum test
and the KS test on the vector of per-tissue ES values, comparing those derived
from immune and non-immune tissues. We found that the enrichment observed
across immune tissues was specific and not general to any GWAS-identified
signals. We repeated this analysis in two sets of candidate genes, one for CD
and another for schizophrenia, by identifying all associated genes for the two
phenotypes from the NHGRI GWAS Catalog.

Immune cell gene set enrichment analysis. Cells of the immune system are
extremely diverse in fi and gene To more p ly assess the
expression of pAID-associated genes, we d the mRNA expression of
pAID candidate genes across specific immune cell subtypes, as well as during

performed agglomerative hierarchical clustering across the top 27 ind d
loci using the directional Z-score obtained from logistic regression analysis
in each of the ten disease-specific GWASs, defined as

_ beta
s.e.

where beta is the effect size. The standardized and normalized Z-scores were used

as inputs to the agglomerative hierarchical clustering. We used Ward’s minimal-

variance method to identify relatively consistent gene and locus cluster sizes.
Gene-based association testing. Given our interest in genetic overlap across

di devel | time points.

ImmGen provides a publicly available, high-quality murine gene expression
data set. The InmGen data set consists of 226 murine immune cell types across
different lineages at multiple developmental stages, soned by FACS and assayed
at least in triplicate. dard QC and quantil
applied to the data set as described by ImmGenmz‘ The total set of transcripts
mapped to 14,624 homologs in the human transcriptome on the basis of genes
annotated in the hg18/build36 of the human reference genome, which were used
to query the gene expression data.

Some of the cell types were derived from genetically altered animals, and the
results from analysis of those cell types would have been difficult to interpret,

hods were

pAIDs, we sought to identify genes associated with pAIDs in a di \gnosti

manner that was insensitive to locus and phenotypic heterogeneity. We used
VEGAS!, a set-based method, to perform GBAT.

As input, we used the nominal Py, values from the pooled, inverse 2 meta-
analysis for the ten pAIDs across the genome as the input summary statistics for
VEGAS, without considering which specific diseases were identified in the model
search analysis. We assigned SNPs to gene regions and pcrformcd 107 snmulanons

50 we d those cell lines from the analysis. The complete list of cell types
used in the analysis and the category to which we assigned each cell type for the
categorical analysis are presented in Supplementary Table 3c. A total of 176
unique cell lines remained for subsequent analyses using this data set.

As with the human data set, we calculated the ES values by comparing
the expression of the pAID-associated candidate gene transcripts to that of
the remaining transcripts assayed in the data set for each immune cell type

to estimate the gene-based P value as described in VEGAS’s d We
used two thresholds: Py, < 2.8 x 107 to identify significant candidate genes, on
the basis of a Bonferroni adjustment for approximately 17,500 genes tested, and
a false discovery rate (FDR) of <2%, which corresponds to a q value of <0.0205,
which was used only for pathway and gene set enrichment analysis.

d. We plotted the distribution of relative gene expression ES values as
a density plot across the range of ES values from all of the examined cell types
available. We compared the results obtained using the full set of candidate pAID
genes identified by GBAT or obtained when we excluded the genes within the
extended MHC. To ensure that this was not simply a result of selection bias

NATURE MEDICINE

doi:10.1038/nm.3933

188



© 2015 Nature America, Inc. All rights reserved.

e

(as GWASs may be biased toward regions or genes across the genome that are
better sampled or more densely genotyped), we compared the results to those
obtained with the curated gene lists from the GWAS catalog (as above) for CD,
schizophrenia, body mass index and LDL cholesterol.

To determine whether pAID- d candidate genes are exp d at
higher levels (relative to the rest of the genes in the transcriptome) in some

immune cell types than in others, we defined i cell types ding to

plots for the directly d protein candidates (Suppl
represents the “evidence” plot option).

Pathway and gene set enrichment analysis. Webgestalt'®”: For pathway and
gene set analysis, we used the web-based tool Webgestalt to evidence
of shared TF binding, miRNA target-binding sites, and enrichment in specific
Gene Ontology and Pathway Commons categories. The inputs for this analysis

luded all lead gcncs (FDR < 2%) from the GBAT (similar to that for the other

y Fig. 7a-¢

surface marker expression and tissue isolation details provided by ImmGen.
Some categories were further divided into subcategories (for example, B and
T cells) on the basis of developmental stage or lineage into a total of 16 non-
overlapping cell-type categories. To compare the results across the cell-type
categories, we plotted the distribution of ES value ranks for each cell type,
binning the results according to the category each cell type belonged to (again,
we performed the analysis cither with or without the extended MHC region).

’

Expression profiling of p d genes
across specific immune cell types We profiled the expression of genes

that had been identified in at least three autoimmune diseases in our subtype
v oublished I hio fi

model search, pi pping studies, or acom-
bination thereof (for example, identified as associated with JIA and UC in our
analysis but p ly identified as a candidate gene from an Immunochip analy-
sis of alopecia areata). We identified 217 candidate pleiotropic genes, of which 191
could be mapped to unique gene transcripts within the InmGen data sets.

We performed agglomerative hierarchical clustering with the matrix of
gene expression levels from the 191 candidate gene transcripts using Ward’s
minimal-variance method across all 176 immune cell types. The genes and
cell types shown in dendrograms are based on the results of unsupervised
hierarchical clustering analysis and represent four major groups of cells and
six major groups of genes.

We examined whether genes that were clustered on the basis of similar immune
cell-expression profiles were likely to be associated with the same disease(s).

pathway datab below for i ).

DAVID!?: We used the bioinformatics web tool DAVID (v6.7, available
at http://david.abec.nciferf.gov) for functional-annotation analysis of the
significant genes. Significant genes with FDR < 2% in VEGAS, the gene-
based association analysis, were used as input for DAVID. DAVID performed
overrepresentation analysis of functional-annotation terms on the basis of
hypergeometric testing and adjusted for multiple testing. To compare the results
of this analysis with results obtained via other methods, we used BioCarta,
KEGG pathways and GO_BP_FAT as gene set definition files.

IPA1%%: We used IPA software (http://www.ingenuity.com/) for canonical
pathway and network analysis. We inputted all the significant genes in the
VEGAS output (FDR < 2%) for IPA analysis. In the IPA core analysis, we selected
the Ingenuity Knowledge Base (Genes Only) as the reference set, including both
direct and indirect relationships. We used the filter setting of relationships in
human and experimentally observed only. Information regarding canonical
pathways was obtained from IPA output.

GSEA!!5:116; We conducted gene set enrichment analysis with the software
GSEA (http://www.broadinstitute.org/gsea) using as input the pre-ranked gene
list generated on the basis of the ~log(P value) from VEGAS using all genes. We
selected the following settings for our analysis: number of per 5,000
enrichment statistic, weighted; maximum size of gene set, 500; minimum size
of gene set, 15; and with normalization.

Interdisease genetic sharing analysis. To examine the degree of overlap in
genetic risk susceptibility between any two diseases, we developed

20

Specifically, given a set of genes associated with one or more diseas
grouped in cluster i (C;), we asked whether there is an increased likelihood (i.c.,
more so than expected by chance as compared with genes not found within this

cluster) that these genes are also associated with disease j (D)), such that

C; (yes) Ci(no)
Dj (yes) a b
D; (no) c d

where the expected probability of the values observed under the null is given
by the hypergeometric distribution. As some of the cell counts were small
and we were interested only in identifying instances where a >> b, ¢ or d, we
used a one-sided Fisher’s exact test. We first tested each of the 18 autoimmune
diseases across all identified clusters, declaring nominal and Bonferonni-
adjusted significance at P< 0.05and P< 5.6 x 1074, respecuvely Fnr any clusters

where at least two diseases reached inal or margi , we also
tested whether there was an overrep of genes d with both
diseases at P < 0.05.

PPI and network analysis. DAPPLE®: PPIs among the set of either 27 GWS
or 46 GWM candidate regions were identified; the input seeds were defined
as the 100-kB sequences up- and downstream of the most significantly associ-
ated SNP (based on hgl9) in each candidate region. Other input parameters
included 50-kB regulatory region length, a common interactor binding degree
cutoff of 2, and the following specified known genes: IL23R, PTPN22, INS,
NOD2, DAG1,SMAD3, ATG16L1, ZNF365, PTGER4, NKX2-3, ANKRD55 and
IL12B. We performed 10,000 permutations to accurately calculate enrichment
network statistics. Seed scores Pgypple Were used to color the protein nodes in
the network plot.

STRING'%%: We used the Homo sapiens PPI database to query one
of three lists: (1) the GWS loci, (2) GWS and GWM loci or (3) the list of
genes identified by GBAT shown to be enriched for key proteins in the
JAK-STAT pathway. We assessed and reported the evidence of PPI enrich-
ment on the basis of these queries as compared to the results expected
for the rest of the genes in the human genome. We generated network

and/or impl d the following statistical to quantify i
genetic sharing:

1. LPS test, optimized to evaluate whether two pAIDs share more loci in
common than would be expected to occur by chance; the score ‘penalizes’
disease pairs if many of the loci are disease specific. The test is helpful if
only data on whether diseases share specific candidate genes or association
loci in common are known.

GPS test, optimized to assess the correlation between the set of associa-
tion test statistics observed genome-wide across any two pAIDs. This test
is valuable because it is independent of the gene sets chosen and thus
does not require the use of any arbitrary method to define a significance
‘threshold’ of input data.

N

LPS analysis. To quantify the similarity between any two diseases Dy and D, on
the basis of the degree to which Dj and D; share independent genetic risk associa-
tions (i.e., loci, SNPs or candidate genes), we considered the foll g model.

We began with a list of candidate genes, association loci or LD-independent
SNPs n, identified as having reached a predefined GWAS significance threshold
(e.g., GWS or GWM) across one or more SNPs from n, for a set of diseases with
expected or hypothesized sharing (i &y .1.|l autoimmune diseases in this study and
those reported on by the I p studies catalogued by I Base®?).

For any two diseases D) and Dz- a glven candidate gene or SNP x; could be
uniquely classified in one of four ways: associated with Dy and D; (ny,), associ-
ated only with D (n13) or D; (n3;), or associated with neither Dy nor D; (n3;).
For any given list of TOP associations (i.e., n,), the distribution across the four
possible categories can be tabulated as follows:

Locus x; D; (yes) D; (no)
Dy (yes) n niz
D, (no) "1 nn

where nyy + ny3 + nyy + nyy = n,and D) (yes) or (no) means the SNP x; is or is
not associated with that marker, respectively.
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The probability P, that an SNP x; from the list n, is associated with either Dy
or D; can be expressed as

nmy +n
B =% (for D})
r
n + n
p, =2t

]

(for Dy)

for any two pAIDs D) and D,.

Thus, the frequency at which x; should truly be associated with two distinct
disease subtypes is given by n,(P,P;), and the observed number of overlapping
associations is represented by ny;. Therefore, under the null hypothesis Hy, for
a given pair of diseases Dy and D,, the variance of the difference between the
numbers of expected and observed associations of all those tested () shared
by both D; and D, should follow a normal distribution.

We used the one-sided Z-test to examine whether the degree of overlap was
significantly greater than expected, assuming a normal distribution under
the null hypothesis that D; and D, do not share more associations than they
would by chance. We used a Bonferroni adjustment to correct for 45 pairwise
disease-combination tests.

GPS analysis. The GPS test determines whether two pAIDs are genetically
related. For the ith SNP, let X; = 1 if the SNP is truly associated with one disease,
and let X; = 0 otherwise. Similarly, define Y; as the indicator of whether the
SNP is associated with the other disease in the pair. We can therefore consider
the diseases to be genetically related if there are more SNPs with (X;,Y;) = (1,1)
than would be expected to occur by chance. This amounts to testing the
independence of X; and Y.

However, we do not directly observe X; and Y; and instead observe P values
U;and V;, which come from the two GWAS studies for the two diseases. When
X; =1, the P value U; will tend to be small, and otherwise U; will be uniformly
distributed; the same is true of Y; and V;. If U;and V; are independent, then X;
and Y; must be as well. We can therefore test for genetic relatedness by testing
whether the P values are dependent.

Most existing methods may not take advantage of the availability of the full
genome data sel for tesnng genetic sharing using U; and V,. To address this

, we developed a novel, threshold-free method to detect genetic relat-
edness. Our test statistic is defined by

D = sup =
uy VInn

where n is the total number of SNPs, F,,(u,v) is the empirical bivariate distri-
bution function of (U,V;), and F, () and F,(v) are the empirical univariate
distribution functions of U; and V;, respectively. ly, the of
D is motivated by the fact that if U;and V; are truly independent, their bivari-
ate distribution is equal to the product of their univariate distributions. The
denominator of D makes the test capable of detecting even very weak correla-
tions. Under the null hypothesis of no genetic sharing, it can be shown that D is
approximately distributed like the inverse square root of a standard exponential
random variable. This gives us an analytic expression for calculating P values.
Note that no significance threshold is required.

The asymptotic null distribution of D is derived under the assumption that
the genetic markers examined across the genome are statistically independent.
We therefore pruned the SNPs for each pair of diseases before applying our
test. We conducted inverse x> met lyses separately for each pair of diseases
and pruned the resulting P values using a threshold of 2 < 0.5 within a 500-kB
up- and downstream region. This left about 800,000 SNPs for each disease pair
analyzed. The use of more stringent 12 thresholds (for example, 2 < 0.3 or 0.2)
gave comparable results.

Undirected weighted cyclic network visualization of results from the locus-

specific sharing test. In graphic rep ions, pairwise relationship

[Fuy (%) = Fy (), ()
Fy()F,(v) = F ()’ F,(v)*

between autoimmune diseases (nodes) are represented by edges, whose
weights are determined by the magnitude of the LPS test statistic (R statistical
software package q-graph). Specifically, the width and density of the edges are
the standardized transformations of the test statistic, and the colors denote
whether the direction of the test statistic is positive (blue, meaning more sharing
than expected) or negative (red, meaning less sharing than expected). Although
graphs are constructed from all 45 pairwise interactions, for simplicity
and improved visualization, we showed only those edges that rep-
resented a pairwise interaction that reached a Bonferroni-adjusted
or nominal (Supplementary Fig. 4¢) significance threshold (P < 0.05). The
nodes are positioned on the basis of a force-directed layout based on the
Fruchterman-Reingold algorithm.

In silico replication of novel pAID-, loci using p
autoimmune disease cohort data sets. Replication set I: The followmg data
sets were used in the first replication set: CASP!'7, CIDR Celiac Disease!!$,
NIDDK Crohn’s Disease'!', Wellcome Trust Case Control Consortium
(WT) Crohn’s Disease and Type 1 Diabetes!??, WT Ulcerative Colitis'?! and
WT Ankylosing Spondylitis'?2. These data sets were obtained via dbGaP
or the Wellcome Trust Case Control Consortium. In order to maximize the
power, we sought replication for each of the 12 significant SNPs in all of the seven
available data sets. Full results are summarized in Supplementary Table 2e.

Each data set was subjected to strict QC filtering as follows: we removed
individuals that were inferred to be related on the basis of genetic data,
individuals with >10% missing data, individuals with a reported sex that
did not match the observed heterozygosity rates on chr X, and
individuals not of European ancestry. We further removed variants with >10%
missingness, variants not in HWE, variants with missingness significantly cor-
related to phenotype, and variants with MAF < 0.005. Variants to be replicated
that were not observed in the original data set were imputed using IMPUTE2
(ref. 123) and the 1KGP-RP haplotype data!2%. Markers across the X chro-

which were p: ly idered by most of these studies, were
reanalyzed using the XWAS toolset!25:126,

Replication-association analysis was carried out by logistic regression
implemented in PLINK!'?7. The first ten principal components calculated
using EIGENSOFT'?® were added as covariates for all data sets except CASP,
where no population stratification was observed.

Replication set II: The second replication set isted of the following
data sets: Rh id Arthritis met: lysis!2?, IBDG Ulcerative Colitis
meta-analysis'?®®, IBDG Crohn’s Disease meta-analysis!?!, Systemic Lupus
Erythematosus GWAS!'32, and SLEGEN!3, Individuals from these data sets
were of European ancestry. Summary statistics from the original studies
were publicly available and were used for the replication analysis. Details
regarding QC procedures and association analysis can be obtained from the
original studies!?-13,

LD-based replication for replication sets 1 and II: We further assessed
replication in SNPs that were in LD with the significant SNPs in the discovery
set. For each associated SNP, a list of SNPs in LD (2 > 0.5) within 500 kb of the
original SNP was obtained from SNAP®” using the IKGP-RP.
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Chapter 4
4. Peculiar clinical features in inflammatory bowel disease

4.1 Natural history of pancreatic involvement in paediatric inflammatory

bowel disease.

Inflammatory bowel disease (IBD), characterized by chronic, relapsing immune-mediated
inflammation of the gastrointestinal tract is often associated with extra-intestinal manifestations
(EIMs) affecting multiple organs. EIM are reported to occur in 18-47% of paediatric and adult
patients with IBD. *Acute and chronic pancreatitis as well as pancreatic insufficiency have been
reportedas one of EIMs in IBD.%There are only limited published dataon the incidence of acute
pancreatitis in paediatric patients with IBD. "

Despite scattered case reports, the relationship between pancreatic involvement and IBD has not
been further investigated. The primary aim of our study was to investigate prevalence and disease
course of paediatric IBD patients presenting with pancreatitis; secondary aim was to evaluate the
clinical significance of exclusive hyperamylasemia and hyperlipasemia in children with IBD.

To the best of our knowledge our paper represents the first paediatric multicentre IBD registry-
based study, characterizing the natural history of pancreatic involvement. Consistent with the
published literature in the present cohort, the prevalence of pancreatic involvement was 4.1% and
acute pancreatitis was diagnosed in 1.6% of cases.

The question of whether pancreatitis is an EIM of IBD remains unclear.’The aetiology and
pathogenesis of AP (acute pancreatitis) are elusive and seem to be multifactorial in themajority of
IBD patients. It is possible that epithelial cells of the gastro-intestinal tract and pancreatic tissue,
may share similar target molecular or cellular structures vulnerable to injury. To support this
hypothesis in our cohort ofpatients acute pancreatitis was present at IBDonset in 18%, suggesting
that in somecases pancreatic dysfunction is part of a common immune disorder.

As previously described in paediatric literature, in our study AP incidence was not different
according to the IBD type, either CD or UC.” Moreover according to Heikius et al. who
demonstrated a correlation between the lipase increase and the histological activity of the disease,
91% of our patients with pancreatic involvement presented active disease.® Furthermore, patients
with recurrent episodes of AP and hyperamylasemia/hyperlipasemia showed higher PCDAI/PUCAI
scores at 6 and 12 months. These data may suggest that pancreatic involvement could be strictly

related to the activity of disease at least in a 320 subset of patients.
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Interestingly, the majority of our patients with CD and AP showed a colonic involvement, as
previously described.” Nevertheless, It is well known that paediatric patients with CD present with
more colonic involvement.' The association between colonic disease and AP remains obscure. One
possible explanation may be that the colon is considered a major source of the bacteria causing
pancreatic necrosis in AP. Supporting this hypothesis subtotal colectomy before AP in rats was
found to reduce mortality.

Finally female gender resulted to be significantly associated with the onset of pancreatitis in our
patients, also when comparing with the total IBD registry population. Female predominance in the
majority of autoimmune disorders may be one of the possible explanations.

Our study has some limitations besides the retrospective nature. Firstly, we did not have a control
group of patients with AP without IBD; second, we did not evaluate serological markers of
autoimmune pancreatitis. One could argue that the number of IBDpatients with pancreatic
involvement is too small to draw definitive conclusions; furthermore, in this subset of patients it is
difficult to clearly define the aetiology of AP, as IBD itself is a predisposing factor, and
development of pancreatitis is certainly multifactorial.

Nevertheless our data, based on a large paediatric IBD population, highlight once again that
pancreatic involvement has a relatively low prevalence. However, a specific attention has to be paid
to the monitoring of pancreatic function IBD children, considering that in a proportion of patients
the pancreatic involvement tends to persist and in some cases pancreatic damage may evolve.
Future studies on the pathogenesis of pancreatitis and its relationship to the long-term outcome in

IBD are required.
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Background: Few case reports describe the clinical features of pancreatic involvement in inflammatory
bowel disease.

Aim: To investigate prevalence and disease course of inflammatory bowel disease children with pancre-
atitis and with exclusive hyperamyl ia and hyperli; i

Methods: We used a web-registry to retrospectively identify paediatric inflammatory bowel disease
patients with hyper it and hyperli ia. Participants were re-evaluated at 6 months and
1 year.

Results: From a total of 649 paediatric patients, we found 27 with hyperamylasemia and hyperlipasemia
(4.1%). Eleven patients (1.6%) fulfilled diagnostic criteria for acute pancreatitis. Female gender was signif-
icantly associated with acute pancreatitis (p=0.04). Twenty-five children (92.5%) had colonic disease. At
6 months 1/11 children with acute pancreatitis (9%) showed acute recurrent pancreatitis, while 1 patient
(9%) had persistent hyperamylasemia and hyperlipasemia. At 12 months, 1 patient showed chronic pan-
creatitis (9.1%). Of the 16 children with exclusive hyperamylasemia and hyperlipasemia, 4 developed
acute pancreatitis (25%), while 1 patient (6.2%) still presented exclusive hyperamylasemia and hyperli-
pasemia at 6 months. At 12 months, 11/16 patients (68.7%) reached a remission of pancreatic involvement,
whereas 5 remaining patients (32.3%) had persistent hyperamylasemia and hyperlipasemia.
Conclusions: In inflammatory bowel disease children, acute pancreatitis is more common in colonic dis-
ease and in female gender. Pancreatic function should be monitored, considering that pancreatic damage
may evolve.

© 2015 Published by Elsevier Ltd on behalf of Editrice Gastroenterologica Italiana S.r.l.

1. Introduction

Jnflammatory bowel disease (IBD), characterized by chronic,
relapsing immune-mediated inflammation of the gastrointestinal

* Corresponding author at: Department of Translational Medical Science, Section tractis often associated with extra-intestinal manifestations (EIMs)

of Pediatrics, University of Naples “Federico II, Via S. Pansini, 5, 80131 Naples, Italy.

Tel.: +39 081 7464565; fax: +39 081 7464565.
E-mail address: erasmo.miele@unina.it (E. Miele).

http://dx.doi.org/10.1016/j.d1d.2015.01.155

affecting multiple organs. EIM are reported to occur in 18-47% of
paediatric and adult patients with IBD [1-5]. Acute and chronic

1590-8658/© 2015 Published by Elsevier Ltd on behalf of Editrice Gastroenterologica Italiana S.r.l.
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pancreatitis as well as pancreatic insufficiency have been reported
as one of EIMs in IBD [6].

Acute pancreatitis (AP) in children is a costly and increasingly
recognized disease. Several studies have documented an increase
during the past 10-15 years [7]. Estimated incidences range from
3.6 to 13.2 cases per 100,000 children per year [8,9]. The reasons
for the increase are not entirely clear and may be multifactorial.
An Australian study suggests that the increasing number is mainly
due to the complications of systemic illness [9]. Patients with IBD
are at increased risk of developing both acute and chronic pancre-
atitis. Clinical symptoms of IBD-associated pancreatitis are found
in about 2% of patients but the actual frequency of the disease
could be much higher. According to several studies, hyperamy-
lasemia and exocrine pancreatic insufficiency are found in 6-16
and 21-80% of adult patients, respectively, whereas histologi-
cal changes are observed in 38-53% of postmortem pathological
examinations [6,10-12]. There are only limited published data
on the incidence of acute pancreatitis in paediatric patients with
IBD [13,14]. Although pancreatitis can be seen in association to
drugs assumption, biliary lithiasis, Crohn’s disease (CD) duodenal
involvement or sclerosing cholangitis, the contribution of these
etiological factors to histopathology-proved pancreatitis appears
to be low and IBD itself seems to contribute to the pathogene-
sis |5]. In addition, a previous study also indicates that the rarer
variant, autoimmune pancreatitis occurs more often among IBD
patients | 15]. Regards to drugs, several case reports about drug-
induced pancreatitis have been published | 16]. Nevertheless, it is
always difficult to establish a causal role for medications in the
pathogenesis of pancreatitis, but a few medications are clearly asso-
ciated with a high risk for drug-induced pancreatitis. This is true
with regard to some medications used in IBD management. Of the
medications, the possible agents inducing pancreatitis include sul-
fasalazine, 5-aminosalicylic acid (ASA) compounds, azathioprine
(AZA), metronidazole and steroids | 17,18]. Complicating the sce-
nario it appears that IBD-associated pancreatic involvement may
be pften a silent disease in children. Various possible explana-
tions for asymptomatic hyperamylasemia and hyperlipasemia in
IBD patients have been proposed. The pancreatic enzyme eleva-
tion observed in more extensive or active disease can represent the
abnormal passage of pancreatic amylase from the gut lumen to the
blood due to increased permeability of the inflamed mucosa [19]. In
addition, there are several potential mechanisms for the suggested
enzyme leakage from the pancreas. First, the pancreas might be
affected in some way directly by the extent of IBD. Another explana-
tion could be an enzyme increase related to the pancreatic effects of
inflammatory mediators and cytokines released from the inflamed
gut. A third mechanism might be associated with inflammation of
pancreatic ducts [6].

Despite scattered case reports, the relationship between pan-
creatic involvement and IBD has not been further investigated. The
primary aim of the present study was to investigate prevalence and
disease course of paediatric IBD patients presenting with pancre-
atitis; secondary aim was to evaluate the clinical significance of
exclusive hyperamylasemia and hyperlipasemia in children with
IBD.

2. Subjects and methods

We retrospectively reviewed data collected in the IBD web-
registry of the Italian Society for Paediatric Gastroenterology,
Hepatology and Nutrition (SIGENP). Paediatric gastroenterologists
from all the Italian paediatric IBD centers belonging to the SIGENP,
established in 2008 a prospective registry to collect demographic,
clinical, and epidemiologic data from paediatric patients with IBD.
The registry started the 1st January 2009 and included patients

less than 18 years with a new diagnosis of IBD. Data of all pae-
diatric patients enrolled and stored in the registry from January
1, 2009 to November 30, 2012 (data retrieval date) were used for
this study. Nine sites participated to this study; trained investiga-
tors at each centre obtained information from the medical records
(electronic and paper charts) and standardized information was
entered into the registry. Eligible subjects included all patients
with any form of IBD [ulcerative colitis (UC), CD and inflammatory
bowel disease unclassified (IBD-U)]. Diagnosis of IBD was based on
clinical history, physical examination, endoscopic appearance, his-
tologic findings, and radiologic studies, according to Porto criteria
[20]. All patients presenting with serum amylase ~1001U/L (nor-
mal range: 28-1001U/L) and serum lipase 60 IU/L (normal range:
13-601U/L) were included in the study. Participants were addi-
tionally evaluated within 6 months, and 1 year from enrolment.
AP was defined as the presence of 2 of the following criteria: (a)
abdominal pain compatible with AP, (b) serum amylase and/or
lipase values >3 times upper limits of normal, (c) imaging find-
ings of AP [21]. Acute recurrent pancreatitis (ARP) was defined as:
=2 distinct episodes of AP with intervening return to baseline. The
severity of AP episodes was assessed with the Paediatric Acute
Pancreatitis Score (PAPS), developed by DeBanto and colleagues
[22]. The system has eight parameters, scored at admission and at
48 h, The admission criteria include: age <7 years, weight <23 kg,
white blood cell count > 1 8,500/mm?, and LDH > 2000 U/L.The 48-h
criteria are trough calcium <8.3 mg/dl, trough albumin <2.6 mg/dl,
fluid sequestration> 75 ml/kg/48 h, and a rise in BUN > 5 mg/dl. One
point is assigned for each criterion met; a score of >3 is predictable
of a severe course of disease [22]. Chronic pancreatitis (CP) was
diagnosed if one of the following criteria was present: (a) typical
abdominal pain plus characteristic imaging findings; (b) exocrine
insufficiency plusimaging findings; (c) endocrine insufficiency plus
imaging findings. Exclusive hyperamylasemia and hyperlipasemia
was used to describe those patients who did not meet diagnostic
criteria for pancreatitis [20].

The information retrieved for the purpose of this study included
demographic features (age, gender), IBD type (CD, UC, IBD-U),
median lag time period between the diagnosis of IBD and pancreatic
involvement episodes, and disease location. The disease location
at the diagnosis and at follow-up was established by endoscopic
and imaging evaluations in all patients according to the avail-
ability of individual methods for each centre and reported in the
registry. For the purpose of this manuscript, disease location was
described according to Paris classification [23]. Disease activity at
the diagnosis was scored by the Paediatric Crohn’s Disease Activity
Index (PCDAI)|24] or the Paediatric Ulcerative Colitis Activity Index
(PUCAI) | 25] for CD and UC, respectively. Laboratory tests included
full blood count, C-Reactive Protein (CRP), Erythrocyte Sedimenta-
tion Rate (ESR), nutritional, renal, and liver function parameters.
In addition, pancreatic laboratory studies including serum amy-
lase and lipase, were collected. Data on imaging methods used for
the diagnosis of pancreatic involvement including transabdominal
ultrasound (US), magnetic resonance cholangiopancreatography
(MRCP), abdominal computed tomography scan (CT) or endoscopic
retrograde cholangiopancreatography (ERCP), were evaluated. In
patients with CP if available, details on genetic testing (CFTR,
SPINK1, PRSS1) or on exocrine pancreatic function assessed with
the faecal elastase, were recorded. In addition, pancreatic involve-
ment episode characteristics, including drug exposure, severity,
complications, in-hospital stay, actions taken post-pancreatic
involvement were reported.

Institutional review board approval for the registry protocol and
the informed consent and assent forms were obtained at each site
before subject enrolment and data collection. Signed parental and
patient informed consent and signed youth assent when appropri-
ate were required from all patients enrolled.
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300 JTable1
Baseline characteristics of 27 inflammatory bowel disease children with pancreatic
involvement.
250
haracteristics
§ 200 Patients (N) 27
2 Median age (years; range) 12315.4—15‘9)
s Pl onset (years; range) 12.2(0-65)
%5 150 Gender (N, %)
i Males 13/27 (48.1)
BD type (N, %)
E 100 R c 13/27 (48.2)
< jis 12/27 (44.4)
50 1BD-U 2/27(74)
Jaris classification
CD (N, %)
0 — — lleum only (L1) 2/13(15.3)
uc €D 1BD-Y olon only (L2) 0/13(0)
=NPE 290 284 48 ﬁeum and colon (13) 11/13 (846)
“PI 12 13 2 /ypper gastrointestinal tract (L4a) 5/13(384)
C (N, %)
Fig. 1. Prevalence of/p.)ncrcatic in different i y bowel dis- *J Proctosigmoiditis (E1) 2/12(16.6)
ease type. CD: Crohn’s disease; UC: ulcerative colitis; IBD-U: unclassified-IBD; NPE: Jeft-sided colitis (E2) 2(12(16.6)
normal pancreatic enzymes; PI: pancreatic involvement. Xtensive colitis (E3) 2/12(16.6)
§anmlitis (E4) 6/12(50)
P ) ABD therapy (N, %)
2.1 Stansncal/gnalysts 5-ASA 16/27 (59.3)
&CS 327 (11.1)
Statistical analysis was performed using SPSS statistical soft- ZTTX }/2267“(474)4)
ware package for Windows (13.0; SPSS, Chicago, IL). Means and Biologic therapy 2/27(7.4)

medians were calculated for dimensional variables after control-
ling for normality of distribution. Categorical data were expressed
as frequencies and percentages. The Student's f-test and the
Mann-Whitney test for continuous variables and the sz and
Fisher's exact tests for categorical variables were used where
appropriate. A p value of 0.05 or less was considered significant.

3. Results
3.1. Patients characteristics

From 2009 to 2012 we identified 649 paediatric patients with
a diagnosis of IBD, of whom 27 met the inclusion criteria and were
enrolled in the study (4.1%, Fig. 1). Demographic and clinical char-
acteristics for the study group are reported in Table 1. Median lag
time between the diagnosis of IBD and pancreatic involvement was
7 months (range 0-65 months). In 5/27 children (18.5%), pancreatic
involvement was present at time of IBD diagnosis (Table 2). Median
serum amylase level was 196 (range $1-4131U/L), and median
serum lipase level was 299 (range 37-2565 IU/L). Eleven patients
(40.7%) fulfilled diagnostic criteria for AP (6 CD, 4 UC, 1 IBD-U). On
the basis of PAPS all 11 patients presented with an episode of mild
AP (Table 3). The remaining 16 patients (60.3%) presented with
exclusive hyperamylasemia and hyperlipasemia. Median serum
amylase level and median serum lipase level were significantly
higher in AP patients compared with patients with exclusive
hyperamylasemia and/or hyperlipasemia (p=0.009 and p=0.001
respectively; Table 2). Comparing the total IBD registry popula-
tion with patients with pancreatic involvement, female gender
resulted to be significantly associated with AP (p=0.04; OR: 4.8;
95% confidence interval ] -22), whereas no significant difference in
gender was observed in patients with exclusive hyperamylasemia
and/or hyperlipasemia (p=0.7). IBD type, ongoing treatments,
and extension of disease were not significant risk factors when
comparing patients with hyperamylasemia/hyperlipasemia and
children with AP (Table 2). Twenty-three patients (85.1%) with
pancreatic involvement presented with active disease, but no
significant difference was found among children with exclusive
hyperamylasemia and/or hyperlipasemia and subjects with AP
(p=0.6; Table 2). Twenty-five patients (92.5%) with pancreatic
involvement had colonic disease [11 CD, 12 UC and 2 IBDU]. Eight

PI: pancreatic involvement; CD: Crohn’s disease; UC: ulcerative colitis; 1BD-U:
unclassi IBD; 5-ASA: 5 i icylic acid; CCS: cortic ids; AZT: azathio-
prine; MTX: methotrexate,

of the 12 children with UC and pancreatic involvement (66.6%)
were affected by pancolitis (Table 2). Regarding symptoms asso-
ciated with pancreatic involvement, 21 patients (77.8%) reported
epigastric pain as the dominant clinical characteristic, followed
by nausea and/or vomiting (22.2%), and fever (22.2%). No patient
experienced jaundice. No statistical significant difference was
observed when comparing symptoms in patients with exclusive
increase of pancreatic enzymes and AP (Table 2).

3.2. Imaging

All 11 patients with AP underwent abdominal US imaging, 6
also underwent MRCP (54.5%) and 2 a CT scan (18.1%). Pancre-
atic pathological findings were found in all subjects with AP. Main
pancreatic findings were: enlargement of the head and the body
(p=2); tail and head enlargement (j1=2); tail enlargement (1 =3);
diffuse oedema (;1=3) and peripancreatic/pancreatic fluid collec-
tions (j = 1). Primary sclerosing cholangitis (PSC) was diagnosed in
1(9%) out of 11 patients. None of the patients with exclusive hyper-
amylasemia and/or hyperlipasemia showed pathological findings
at imaging studies.

3.3. Treatment

Nine patients (33.3%) were receiving mesalamine (5-ASA), 14
(51.8%) were receiving immunomodulatory therapy [1 steroids,
6 AZA, 5 AZA+5-ASA, 1 methotrexate, 1 infliximab (IFX), and 1
IFX + ASA+AZA), and 4 patients (14.8%) were not treated. Nine of 11
(81.8%) patients with AP needed therapeutic measures compared
to only 5/16 patients with serum hyperamylasemia and/or hyper-
lipasemia (31.2%; p =0.04). Therapeutic measures in children with
AP and hyperamylasemia/hyperlipasemia are reported in Table 4.
None of the patients with AP developed early complications.
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Table

Clinical differences between patients with exclusive hyperamylasemia/hyperlipasemia and acute pancreatitis.

M. Martinelli et al. / Digestive and Liver Disease xxx (2015 ) xxx-xxx

Characteristics Exclusive HA/HL Pancreatitis R
n=16 n=11
Median age (Xears range) 14(6-17) 14.4(10-16.7) 0.07
Gender 0.01
Males 11(68.8) 2(182)
Females 5(31.2) 9(81.8)
Plat BD gisease onset 2(182) 3(188) 1
Symptoms
igastric pain 11(68.8) 10(90.9) 03
ever 2(125) 4(364) 0.2
Nausea/vomiting 3(18.3) 3(273) 0.6
Amylase (median, range) 160 (61-320) 248 (150-413) 0.009
Lipase (median, range) 140! }‘37—508) 817 (512-2565) 0.001
1BD £ e 07
7(43.7) 6(54.5)
8(50) 4(36.3)
N} 1(6.2) 1(9)
edian disease duration ('{nonms, range) 9(0-33) 7(0-65) 04
Active disease 13(81.2) 10(90.9) 0.6
PUCAI (median, range) 20(0-45) 22.5(15-35) 1
PCDAI (median, range) 30?18-54) 28.7 (10-70) 1
Colonic involvement 16 (100%) 9(81.8) 0.1
Disease Jocation
lleum only (L1) 0(0) 1(9) 04
Colon only (L2) 0(0) 0(0) 1
lleum and colon (L3) 7(43.7) 4(36.3) 1
Upper G tract (L4a) 1(6.2) 3(27.3) 0.1
Upper GI tract (L4b) 0(0) 1(9) 04
Proctosigmoiditis (E1) 1(6.2) 1(9) 1
Left-sided colitis (E2) 1(62) 1(9) 1
Extensive colitis (E3) (6.2) 1(9) 1
Pancolitis (E4) 5(31.2) 1(9) 03
IBD therapy
&/;SA 10(62.5) 6(54.5) 0.7
3(183) 1(9) 0.6
AZT 5(312) 6(54.5) 0.3
MTX 0(0) 1(9) 0.4
BIO 2(12.5) 0(0) 0.5
Imaging findings NA
Enlargement of the head and the body x 2(18.1)
Tail and head enlargement 3 2(18.1)
Diffuse pedema - 3(25)
Peripancreatic/pancreatic fluid collections = 1(9)

SASA 5-, lenosaluyhc acid; AP; acute pancreatitis; AZT: azathioprine; BIO: biologic therapy; CCS: Xomcostermds. CD:
BD: i

v bowel disease; IBD-U: unclassified-IBD; MTX:
Activity Index; PCDAI: ﬁedlamc Crohn's Disease Activity Index; UC: Anl(eranve colitis.

Table 3
Paediatric acute pancreatitis score criteria.
Patients with AP
mission criteria
Median age (years; range) 14.5(10-17)
Median weight (kg, range) 43(26-63)
White blood cell count, < 10?/mm (median, range) 69(4.1-148)
LDH, U/L (median, range. 377.5[206-639)
48-h criteria
alcium, mg/dl (median, range) 94 (8.5-10)
bumin, mg/dl (median, range) 44(2.5-48)
Fluid sequestration, mllkg/48p (median, range) 184 (6-54)
Rise in BUN, mg/dl (median, range) 32(1.2-6)
Score (N, %)
0-2 points (mild) 11(100%)
28 points (severe) 0

BUN: blood urea ni LDH: lactic

3.4. Natural history

At 6 and 12 months follow-up evaluations, median serum amy-
lase level was 56 (range 8-2401U/L) and 66.5 (range, 23-4801U/L),
respectively; median serum lipase level was 28 (range 8-633 IU/L)
and 51.1 (range, 12-206 IU/L), respectively. Natural history of pan-

creatic involvement is reported in Fig. 2.

Crohn's

PI: pancreatic

isease; HA/HL: hyperamy-
ICAI: Paediatric Ulcerative Colitis

Table 4
Therapeutic measures in  patients with acute  pancreatitis  and
A
ﬂ}erapeuticxneasures AP(11) HA/HL (16)
Fasting with rehydration (., %) 6(54.5) 0(0)
Antibiotic therapy (. %) 3(27.2) 0(0)
PPIs (1, %) 1(9) 0(0)
Octreotide (1, %) 1(9) 0(0)
AZT suspension 5(45.5) 4(25)
5-ASA suspension 2(18.1) 1(6.3)
None 2(18.1) 11(68.7)
i TPN:

AP: acute pancreatitis; HA/HL: exclusive

total parenteral nutrition; PPIs: proton pump inhibitors; AZT: azathioprine; 5-ASA:

S—Rmi nosalicylic acid.

34.1. Acute pancreatitis

At 6 months of follow-up 1/11 children with AP (9%) was
dlagnosed w1th ARP, while 1 patient presented with hyper-

[hyperlip

At 6 months, patients presenting

wnth recurrent pancreatic involvement showed higher values of

PUCAI/PCDAI scores cc

d with the r

patients with

a trend fowards statistical significance (median: 17.5 vs, 5; range:
0-47.5; p=0.07). At 12 months follow-up 10 patients (90.9%) had
a remission from AP, while 1 patient (9.1%) showed laboratory
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and radiological signs of CP with reduced faecal elastase. The same
patient resulted to carry a F1052V CFTR mutation in heterozygosis.

34.2. Hyperamylasemia/hyperlipasemia

At 6 months follow-up 4/16 children with exclusive increase
of pancreatic enzymes developed AP (25%), while 1 (6.2%) still
presented hyperamylasemia/hyperlipasemia. At 12 months follow-
up, 11/16 patients (68.7%) reached a complete remission of
pancreatic involvement, whereas in the 5 remaining patients
(32.3%) exclusive hyperamylasemia/hyperlipasemia persisted. At
12 months, patients with recurrent pancreatic involvement had
higher PUCAI/PCDAI scores compared to children who did not,
without reaching statistical significance (median: 13 vs, 5; range:
0-30; p=0.08).

4. Discussion

IBD patients are affected by an increased incidence of
pancreatic involvement, including AP and exclusive hyper-
amylasemia/hyperlipasemia, when compared with the general
population [26]. The incidence of pancreatic involvement varies
widely in IBD adult patients, ranging from 5% to 21% [6,11]. A possi-
ble explanation for this wide range is that diagnosis of mild disease
may be easily missed. There are only limited and not recent pub-
lished data on the incidence of pancreatic involvement in paediatric
patients with IBD. To the best of our knowledge our paper rep-
resents the first paediatric multicentre IBD registry-based study,
characterizing the natural history of pancreatic involvement. Con-
sistent with the published literature in the present cohort, the
prevalence of pancreatic involvement was 4.1% and AP was diag-
nosed in 1.6% of cases.

The question of whether pancreatitis is an EIM of IBD remains
unclear [26]. The aetiology and pathogenesis of AP are elusive and
seem to be multifactorial in the majority of IBD patients. It is possi-
ble that epithelial cells of the gastrointestinal tract and pancreatic
tissue may share similar target molecular or cellular structures
vulnerable to injury. To support this hypothesis in our cohort of
patients AP was present at IBD onset in 18%, suggesting thatin some
cases pancreatic dysfunction is part of acommon immune disorder.
The mouse model of trinitrobenzene sulfonic acid-induced colitis
was shown to have concurrent pancreatic lesions [27]. Nausea and
vomiting as associated features often suggest a diagnosis of acute or

27 1BD Children
With PI

Fig. 2. Naturalllis(ory of 27 children with inflammatory bowel disease and pancre-
aticinvolvement at one-year follow-up. /(KP acute pancreatitis; ARP acute re(urrenl
pancreatitis; CP: chronic pancreatitis; HA/HL: hyp y
IBD: inflammatory bowel dlsease NPE: normal pancreatic enzymcs PI pancreatic
involvement; TO: baseline; T6: 6mon(hs T12: 12 months.

chronic pancreatitis. More often in CD than in UC, recurrent abdom-
inal pain is the presenting feature [ 18]. Unfortunately, an elevation
of serum amylase and lipase without symptoms or signs of pan-
creatitis is more frequent in IBD patients than in controls [6,11].
Various hypotheses for exclusive hyperamylasemia and hyperli-
pasemia in IBD patients have been proposed and are still matter of
discussion | 19]. Complicating the picture, symptoms of pancreatitis
often overlap with IBD flares. Indeed abdominal pain in an episode
of pancreatitis may be falsely attributed to active IBD and serum
levels of amylase or lipase never tested resulting in an underesti-
mation of AP incidence [ 18]. According to this finding, in our cohort
of patients symptoms were not able to discriminate patients with
exclusive increase of pancreatic enzymes from patients with AP,
suggesting that pancreatic imaging should be routinely evaluated
in IBD patients.

AP in adults has been reported much more commonly in CD
than in UC [18]. As previously described in paediatric litera-
ture, in our study AP incidence was not different according to
the IBD type, either CD or UC [13]. The relationships between
pancreatitis and the extent and severity of the disease led to con-
troversial conclusions in the recent literature [10]. According to
Heikius et al. who demonstrated a correlation between the lipase
increase and the histological activity of the disease, 91% of our
patients with pancreatic involvement presented active disease [6].
Furthermore, patients with recurrent episodes of AP and hyper-
amylasemia/hyperlipasemia showed higher PCDAI/PUCAI scores at
6 and 12 months. These data may suggest that pancreatic involve-
ment could be strictly related to the activity of disease at least in a
subset of patients.

Interestingly, the majority of our patients with CD and AP
showed a colonic involvement, as previously described [13]. Nev-
ertheless, It is well known that paediatric patients with CD present
with more colonic involvement [28]. The association between
colonic disease and AP remains obscure. One possible explanation
may be that the colon is considered a major source of the bacte-
ria causing pancreatic necrosis in AP. Supporting this hypothesis
subtotal colectomy before AP in rats was found to reduce mortality

[29].

Female gender resulted to be significantly associated with the
onset of pancreatitis in our patients, also when comparing with the
total IBD registry population. Bermejo et al. reported that female
gender was a risk factor for AZA/Mercaptopurine-associated acute
pancreatitis [ 30]. Female predominance in the majority of autoim-
mune disorders may be one of the possible explanations.

Among IBD children with pancreatic involvement needing ther-
apeutic measures, 85% of subjects withdrew AZA and /or suspended
ASA. Indeed, AP is a well-recognized adverse effect occurring in
2-4% of IBD patients receiving thiopurines and it is usually con-
sidered as an absolute contraindication to reintroduction of a
thiopurine [30-32]. However, the actual impact of thiopurines in
AP episodes of IBD children is still questioned. In fact, pancreatic
involvement is much rarer or not associated with AZA therapy in
many other conditions, including rheumatoid arthritis, systemic
lupus erythematosus, or in post-transplant patients [33]. This
finding may suggest that AP could be more likely IBD-related
rather than drug induced. Concerning mesalazine, its association
with AP remains controversial. Munk et al. found no increased
risk for mesalazine using data from a Danish hospital discharge
registry [34]. In contrast, the UK study on AP mentioned above
showed a nine-fold increased risk in patients receiving mesalazine
up to 3 months before the onset of the disease [35].

No paediatric data are reported about the clinical course of
IBD patients with AP. Although in all our cases the severity of
AP episodes was mild and self-limiting, some of them tend to
recur during the follow up. Furthermore, in our cohort, at one-
year follow-up, and-one showed a rapid evolution fowards CP and
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consequent pancreatic insufficiency, suggesting that, in a subgroup
of IBD patients, pancreatic dysfunction has an unfavourable course.
However, the severe evolution of the patient developing CP may be
partially explained by the concomitant CFTR mutation in heterozy-
gosis, not causing cystic fibrosis, but associated with pancreatic
disorders in a subgroup of patients | 36]. This finding highlights the
need for checking other causes of pancreatic involvement in IBD
children. Although the clinical significance of exclusive hyperamy-
lasemia/hyperlipasemia has been questioned, the natural history
of our patients seems not to be always benign. In our cohort, at 6
months follow-up, 25% of children with exclusive increase of pan-
creatic enzymes at the enrolment developed AP and at 12 months
follow-up, 32.3% had persistent hyperamylasemia/hyperlipasemia.

Our study has some limitations besides the retrospective nature.
Firstly, we did not have a control group of patients with AP without
IBD; second, we did not evaluate serological markers of autoim-
mune pancreatitis. One could argue that the number of IBD patients
with pancreatic involvement is too small to draw definitive con-
clusions; furthermore, in this subset of patients it is difficult to
clearly define the aetiology of AP, as IBD itself is a predisposing
factor, and development of pancreatitis is certainly multifactorial.
Nevertheless our data, based on a large paediatric IBD population,
highlight once again that pancreatic involvement has a relatively
low prevalence.

In conclusion, this multicentre, retrospective registry-based
study suggests that prevalence of AP in children is similar to that
reported in adults. AP is more common in colonic disease and
female gender seems to be significantly associated with the devel-
opment of AP in IBD children. This study underlines that specific
attention has to be paid to the monitoring of pancreatic function in
IBD children, considering that in a proportion of patients the pan-
creatic involvement tends to persist and in some cases pancreatic
damage may evolve. Future studies on the pathogenesis of pan-
creatitis and its relationship to the long-term outcome in IBD are
required.
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4.2 Clostridium difficile and Pediatric Inflammatory Bowel Disease: A Prospective,
Comparative, Multicenter, ESPGHAN.

The prevalence of C. difficile infection in pediatric patients with IBD is reported over a broad range
from 3.5% to 69%."° Indeed, despite considerable advances in understanding the epidemiology,
immunology, and pathogenesis, Clostridium difficile (C. difficile) infection is still the most frequent
cause of nosocomial bacterial infectious diarrhea in developed countries. *’

Most of our current knowledge stemsfrom studies in adults with numerous confounding factors.
Despite the association with pediatric IBD, data regarding the health care burden related to C.
difficile infection in children withIBD are limited to few studies. The primary aim of our study was
to investigate the occurrence of C. difficile infection in pediatric patients with IBD and to compare
with a group of children affected by celiac disease; secondary aim of this study was to evaluate
natural history and disease course of C. difficile infection in pediatric patients with IBD.

To the best of our knowledge, this is the first prospective, multicenter pediatric study characterizing
the occurrence and natural history of C. difficile infection/colonization in patients withIBD. We
found that although infection is common in certain countries and rarer in others, it seems to be
associated with approximately 15% of relapses. Clostridium difficile infection was significantly
higherin patients with IBD than patients with celiac disease. We decided to test patients with celiac
as control group, to verify whether another gastrointestinal pathology with described microbiota
alterations, such as celiac disease, may confer a higher susceptibility to C. difficile infection. Our
data confirm that C. difficile increased risk is related to IBD itself.

In addition we found that there was no specific IBD type predisposing to C. difficile colonization.
This is consistent with published pediatric literature.’®'® Our data seem to indicate that colonic
involvement rather than disease type is the explanation for the association with UC. Most patients
with IBD with C. difficile in our cohort (85.7%) showed colonic involvement, independent of the
type of disease, as previouslyreported.?’ In agreement with previous articles, C. difficile was

mainly community-acquired.***® This is a further warning that C. difficile epidemiology is
changing, and classical risk factors are often not involved.

Aside from disease location, other traditional risk factors seem to be less important or have no
association with pediatriciBD. We could not demonstrate that medications such as PPIs or immune
modulators were associated, and hospitalization did notincrease the risk for acquiring C. difficile.

In conclusion, this prospective, multicenter study confirms that pediatric IBD is associated with

increased C. difficile detection.Clostridium difficile is associated with a severe disease course, as
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demonstrated by the escalation of immunosuppressive therapy, the higher frequency of active
disease, the colectomyrate, and the higher number of hospitalizations at 6 months.

A consistent number of patients show an asymptomatic carriage, which should be carefully
evaluated, considering the possibility ofa quick worsening of disease. Future studies will clarify
whether C. difficile has a causative role on IBD course exacerbation or if may simply colonize
those patients with a more severe phenotype.

In addition, the relationship between C. difficile and IBD pathogenesis should be further

investigated.
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Background: Clostridium difficile (C. difficile) infection is ass d with pediatric i vy bowel disease (IBD) in several ways. We sought to
investigate C. difficile infection in pediatric patients with IBD in comparison with a group of children with celiac disease and to evaluate IBD disease
course of C. difficile infected patients.

Methods: In this prospective, comparative, multicenter study, 211 pediatric patients with IBD were enrolled from October 2010 to October 2011 and
tested for the presence of C. difficile toxins A and B in their stools at 0, 6, and 12 months. During the same study period, stool specimens for C. difficile
toxins analysis were collected from 112 children with celiac disease as controls.

Results: Clostridium difficile occurrence was significantly higher in patients with IBD compared with patients with celiac disease (7.5% versus 0.8%;
P = 0.008). Clostridium difficile was associated with active disease in 71.4% of patients with IBD (P = 0.01). Colonic involvement was found in 85.7%
of patients with C. difficile. Antibiotics, proton pump inhibi hospitalization, and IBD therapies were not d with i d C. difficile
detection. At 12 months, a higher number of C. difficile-positive patients at the 1l started i pp /biol | therapy compared with
patients without C. difficile (P = 0.01). At 6 and 12 months, patients with C. difficile were more frequently in active disease than patients without
C. difficile (P = 0.04; P = 0.08, respectively). Hospitalizations were higher at 6 months in C. difficile group (P = 0.05).

Conclusi In this study d ates that pediatric IBD is associated with increased C. difficile detection. Patients with C. difficile tend
to have active colonic disease and a more severe disease course.

(Inflamm Bowel Dis 2014;0:1-7)

Key Words: Clostridium difficile, Crohn’s disease, ulcerative colitis

D espite considerable advances in understanding the epidemi-
ology, immunology, and pathogenesis, Clostridium difficile
(C. difficile) infection is still the most frequent cause of nosoco-
mial bacterial infectious diarrhea in developed countries, and it
has grown in frequency and severity over the 3 decades that has
passed since the identification of the organism as a pathogen.'
Recent changes in the epidemiology of C. difficile infection
include the identification of adult and pediatric patients with

inflammatory bowel disease (IBD) as a group at risk in comparison
with the general population.® The prevalence of C. difficile infec-
tion in pediatric patients with IBD is reported over a broad range
from 3.5% to 69%.°"" It also seems that antibiotic exposure, a uni-
formly identified risk factor in the general population, is frequently
absent in patients with IBD infected with C. difficile. The increased
risk of infection is believed to be due not only to the frequent use
of immunosuppressive agents and hospital based-services but also
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to IBD itself. However, whether the underlying inflammatory
disease process per se confers an additional risk of infection in
patients with IBD is still unclear.'” An additional concer is that
C. difficile infection in patients with IBD seems to be mostly
community-acquired.® ° Clostridium difficile may associate with
the course of IBD in several ways, including triggering disease
flares, sustaining activity, and in some cases, acting as an “inno-
cent” bystander."> Therefore, when a flaring patient with IBD is
found to be infected with C. difficile, the clinician usually faces
a therapeutic dilemma whether to withhold immunosuppression
or alternatively to administer antibiotics along with intensified
immunosuppressant therapy to treat a possible concurrent IBD
exacerbation.'* The complexity of this situation has increased
with recent reports showing that IBD may deteriorate after C.
difficile infection.®'*'>'® Most of our current knowledge stems
from studies in adults with numerous confounding factors.
Despite the association with pediatric IBD, data regarding the
health care burden related to C. difficile infection in children with
IBD are limited to few studies. The primary aim of this study was
to investigate the occurrence of C. difficile infection in pediatric
patients with IBD and to compare with a group of children
affected by celiac disease; secondary aim of this study was to
evaluate natural history and disease course of C. difficile infection
in pediatric patients with IBD.

METHODS

Patient Population

We conducted a prospective, comparative, multicenter
study in pediatric inpatients and outpatients with a diagnosis of
IBD. Patients affected by Crohn’s disease (CD) or ulcerative coli-
tis (UC) were consecutively enrolled between October 2010 and
October 2011 and tested for the presence of C. difficile toxins A
and B in their stools. During the same study period, stool samples
for testing C. difficile toxins A and B were also obtained from
a control group of children, admitted to the outpatient clinic of the
enrolling centers, with a diagnosis of celiac disease. Patients with
IBD were followed as part of normal follow-up necessary to
control the underlying disease and stool samples for detection
of C. difficile toxins A and B were further examined after 6 and
12 months. The control patients enrolled delivered stool samples
for detection of toxins A and B to C. difficile only at the time of
the enrollment and if negative no more. Eight tertiary care sites
from 5 countries participated in this study: the Department of
Translational Medical Science, Section of Pediatrics, University
of Naples “Federico II,” Italy; Pediatric Gastroenterology and
Liver Unit, Sapienza University of Rome, Rome, Italy; Depart-
ment of Pediatric Gastroenterology, Hepatology and Nutrition,
Hospital San Joan De Deu, Barcelona, Spain; Pediatric Gastroen-
terology and Nutrition Unit, Wolfson Medical Center, Tel Aviv
University, Tel Aviv, Israel; Shaare Zedek Medical Center, The
Hebrew University of Jerusalem, Jerusalem, Israel; Children’s
Hospital, Zagreb, Croatia; Department of Pediatrics, Hvidovre
University Hospital, Hvidovre, Denmark; and Semmelweis

2 | wwwibdjournalorg

University, Budapest, Hungary. For all children data on age and
sex, duration of bowel disorder, consistency of feces, presence of
abdominal pain or fever (>38°C), and antibiotic treatments
30 days before the stool collection were recorded. Data were also
obtained about use of proton pump inhibitors (PPIs) and hospi-
talization within the preceding 2 months before C. difficile toxin
collection. For the IBD group, type of IBD, anatomical distribu-
tion of disease, symptoms, disease activity, and treatments, includ-
ing surgery, were recorded at each time point. The diagnosis
of IBD was established on the basis of clinical, endoscopic, radio-
logical, and histological criteria according to the Porto
criteria.'” For the purpose of this article, disease location was
described according to Paris classification.'® Disease activity was
scored by the Pediatric Crohn’s Disease Activity Index or the Pedi-
atric Ulcerative Colitis Activity Index for CD and UC, respec-
tively.'”? Exclusion criteria from the study were age: =2 years
or >18 years; patients with inflammatory bowel disease unclassi-
fied; inability or unwillingness to give informed consent. Children
with C. difficile toxins in the stools and symptoms suggestive of C.
difficile infection were treated according to the physicians’ discre-
tion. The treatment for each patient was recorded. Asymptomatic
patients with a positive test were not treated. Clostridium difficile
recurrence was defined as a stool study positive within 60 days of
the previous infection, with at least 1 stool test negative for C.
difficile between the 2 infections. All parents or guardians signed
a consent form indicating their awareness of the investigational
nature and possible risks of this study. Where appropriate, we also
obtained children’s assent. The study was approved by the institu-
tional review board of each involved center.

Microbiological Methods

Each laboratory of the units involved in the study,
performed the immunoenzymatic test, routinely used. Clostridium
difficile toxins A and B enzyme immunocard (Meridian Biosci-
ence, Cincinnati, OH) was used in Hvidovre, Naples, Rome, and
Zagreb. This qualitative, horizontal-flow enzyme immunoassay
has a sensitivity of 83 * 6.7% and a specificity of 95 * 1.6%.
C. diff Quik Chek Complete (TechLab, Blacksburg, VA) was
performed in Barcelona, Budapest, Jerusalem, and Tel Aviv. This
assay, comprising a dual rapid membrane enzyme immunoassay
for toxins A and B and for glutamate dehydrogenase antigen, has
a sensitivity of 87.8% and a specificity of 99.4%. The assays were
performed according to the manufacturer’s instructions.

Statistical Analysis

Variables were screened for their distribution, and appropri-
ate parametric or nonparametric tests were adopted as necessary.
The Student’s ¢ test and the Mann-Whitney test for continuous
variables and the x? and Fisher’s exact tests for categorical varia-
bles were used where appropriate. Statistical significance was pre-
determined as P < 0.05. Percentages were rounded to the nearest
whole numbers. To evaluate the association between C. difficile
detection and the primary and secondary factors, we conducted
2 tests for matched-pair data along with multivariate conditional

Copyright © 2014 Crohn’s & Colitis Foundation of America, Inc. Unauthorized reproduction of this article is prohibited.
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Clostridium difficile and Pediatric IBD

TABLE 1. Number of Enrolled Children for
Participating Centers

Patients with IBD Patients with Celiac Disease

Centers (n=211) (n=112)
Barcelona 11 8
Budapest 29 26
Hvidovre 28 17
Jerusalem 10 1
Naples 76 41
Rome 24 —
Tel Aviv 14 —
Zagreb 19 19

logistic regression analysis. SPSS version 15 was used for all sta-
tistical analyses. The sample size of 100 children in each group was
estimated with a 90% power to detect a difference of at least 20%,
between the 2 groups with an alpha of 0.05.

RESULTS

Three hundred twenty-three patients met the inclusion
criteria and were enrolled between October 2010 and October
2011, of whom 211 were affected by IBD (UC: 93; CD: 118;
median age: 13.1 yr; range, 2-18 yr; M/F: 121/90) and 112 by
celiac disease (median age: 11.1 yr; range, 2-18 yr: M/F: 53/59).
Number of enrolled patients for participating center and baseline
characteristics are shown in Table 1 and Table 2, respectively. At
the enrollment, C. difficile was detected significantly more often
in patients affected by IBD compared with patients with celiac
disease (16/211 [7.5%] versus 1/112 [0.8%]; P = 0.008; odds
ratio = 9; 95% confidence interval, 1.8-68). One hundred
ninety-six patients completed follow-up at 6 months. Six of 196
patients with IBD (3%) were positive to C. difficile toxins test at 6
months of follow-up. One hundred seventy-three patients com-
pleted the follow-up at 12 months. Two patients (1.1%) were
positive at 12 months. Twenty of 21 C. difficile—positive patients
(95.2%) completed the study. Considering patients completing the
follow-up at 12 months, the overall 1-year occurrence was 11.5%
(20/173 total patients). Clostridium difficile occurrence varied
among different enrolling centers. Geographical distribution of
C. difficile infection is shown in Figure 1. Recurrence rate among
C. difficile-positive patients completing the follow-up was 10%
(2/20 patients). One patient had 2 recurrences. Twelve of 224
patients (5.3%) tested with Meridian Immunocard resulted to be
C. difficile positive compared with 10 of 99 patients (10.1%)
undergoing C. diff Quik Chek Complete, without any statistical
difference (P = 0.1).

Clinical Associations with Clostridium difficile
Detection in Patients with IBD

We did not identify a specific type of IBD predisposing to
C. difficile infection (P = 0.3). Clostridium difficile infection was

TABLE 2. Baseline Characteristics

Patients with Patients with Celiac

Characteristics (n, %) IBD Disease P
Median age (range), yr 13.1 (2-18) 11.1 2-18) 0.01
Gender 0.1
Male 121 (57.3) 53(473)
Female 90 (42.7) 59 (52.7)
C. difficile detection 16 (7.5) 1(0.8) 0.008
IBD characteristics
Type NA
CD 118 (55.9)
uc 93 (44.1)
Discase location NA
CD
Tleum only (L1) 27 (22.8)
Colon only (L2) 30 (25.4)
Ileum and colon (L3) 59 (50)
Upper gastrointestinal 10 (8.5)
tract (L4a)
Upper gastrointestinal 14 (11.8)
tract (L4b)
uc
Proctosigmoiditis (E1) 19 (20.4)
Left-sided colitis (E2) 22(23.6)
Extensive colitis (E3) 12 (12.9)
Pancolitis (E4) 40 (43)
Treatment NA
Steroids 34 (16.1)
Mesalazine 103 (48.8)
Immunosuppressants 85 (40.2)
Enteral nutrition 4(1.8)
Biologics 29 (13.7)

not associated with age of patients at the time of infection and
duration of IBD (P = 0.9 and P = 0.8, respectively). Three of 21
patients with C. difficile (14.2%) detection had new-onset IBD
compared with 24 of 195 patients without C. difficile detection
(12.3%) (P = 0.4). The presence of C. difficile toxins was asso-
ciated with active disease in 15 of 21 patients with IBD (71.4%)
(P = 0.01). In particular, C. difficile infection was found in 15.4%
of all patients with IBD in relapse (15/82). Mean Pediatric
Ulcerative Colitis Activity Index score was significantly increased
in C. difficile infected patients with UC compared with nonin-
fected patients, whereas mean Pediatric Crohn’s Disease Activity
Index score was higher in C. difficile-positive patients with CD,
but statistical significance was not reached (P = 0.01 and P = 0.5,
respectively) (Table 3). Six patients with IBD (28.5%) with pos-
itive C. difficile toxins were totally asymptomatic. Eighteen of 21
patients with IBD with C. difficile infection (85.7%) showed
a colonic disease. However, disease location did not result to be
significant different between C. difficile-positive and negative
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TABLE 3. Clinical Associations with Clostridium difficile
Detection in Patients with IBD

C. difficile Positive C. difficile Negative

Characteristics (n, %) (n=21) (n = 190) P
Gender
Male 15 (71.4) 106 (55.8) 0.2
Female 6 (28.6) 84 (44.2)
Mean age (range), yr 13.4 (2-18) 12.8 (2-18) 0.9
Mean disease duration 28.2 (0-118) 30.3 (0-132) 0.8
(range), mo
Disease onset 3(14.2) 24 (12.3) 04
IBD type 0.3
(@)) 14 (66.7) 104 (54.7)
uc 7(333) 86 (45.3)
Active disease 15 (71.4) 82 (43.1) 0.01
Mean PCDALI (range) 22.7 (5-35) 20.4 (0-45) 0.3
Mean PUCALI (range) 26.2 (0-35) 20 (0-50) 0.01
Disease location
Ileum only (L1) 3(142) 24 (12.6) 0.5
Colon only (L2) 4 (19) 26 (13.7) 0.7
Ileum and colon (L3) 7(33.3) 52 (26.8) 0.2
Upper 2(9.5) 8(4.2) 0.3
gastrointestinal tract
(L4a)
Upper 2(9.5) 12 (6.3) 0.6
gastrointestinal tract
(L4b)
Proctosigmoiditis 0(0) 19 (10) 0.2
(E1)
Left-sided colitis 2(9.5) 20 (10.5) 0.2
(E2)
Extensive colitis (E3) 1(4.7) 11 (5.7) 1
Pancolitis (E4) 4(19) 36 (18.9) 1
Colonic involvement 18 (85.7) 166 (87.4) 0.7
Treatment
Antibiotics 3(14.2) 21 (11) 0.1
PPIs 3(142) 23 (12.1) 1
Immunosuppressants 12 (57.1) 88 (46.3) 03
Recent Hospitalization 2(9.5) 39 (20.1) 0.05

PCDAI, Pediatric Crohn's Disease Activity Index; PUCAI, Pediatric Ulcerative Colitis
Activity Index.

groups (Table 3). Antibiotics, PPIs, and immunosuppressive ther-
apies did not predispose patients to C. difficile infection (P = 0.1,
P =1, and P = 0.3, respectively). Previous hospitalizations were
registered significantly more frequently in patients with IBD with-
out C. difficile infection than in patients with IBD with C. difficile
infection (P = 0.05). Multivariate logistic regression analysis with
the risk of C. difficile detection as the dependent variable, con-
firmed that having IBD was the only factor that significantly
contributed to the development of the infection (odds ratio =

4 | wwwibdjournal.org

2.6; 95% confidence interval, 1.8-7.3; P = 0.03). None of the
other factors resulted to be independently associated to the
infection.

Natural History of Clostridium difficile
Infected Patients

To evaluate the effect of C. difficile detection on IBD
course, we examined the escalation of immunosuppressant and/
or biological therapy, disease activity, rate of surgery, and number
of hospitalizations during the study follow-up in C. difficile-
positive patients at the enrollment. Fifteen of 16 patients with
IBD (93%) C. difficile positive at the enrollment completed the
follow-up at 6 and 12 months. Natural history of C. difficile—
positive patients at the enrollment performing all the follow-up
is shown in Table 4. Within 12 months, there was a higher num-
ber of C. difficile-positive patients who started immunosuppres-
sant or biological therapy compared with patients without C.
difficile (7/15 [46.6%) versus 30/158 [18.9%]: P = 0.01; odds
ratio = 3.7; 95% confidence interval, 1.2-11). In details, among
C. difficile—positive patients, 5 switched from mesalamine to an
immunomodulator, and 2 patients, already under immunosuppres-
sants, started biological therapy. At 6 and 12 months, patients
with C. difficile-positive stools at the enrollment were signifi-
cantly more often in active disease compared with patients with-
out C. difficile (7/15 [46.6%] versus 38/181 [20.9%], P = 0.04; 6/
15 [40%] versus 28/158 [17.7%], P = 0.08, respectively). One of
15 patients with C. difficile detection (6.6%) underwent total co-
lectomy within 12 months compared with 1 of 158 (0.6%), but the
difference was not statistically significant (P = 0.1). Number of
hospitalizations was significantly higher at 6 months in C.
difficile—positive group (4/15 [25%] versus 19/196 [9.6%], P <
0.05) but not different at 12 months (P = 0.4).

Treatment of Clostridium difficile Cases

Fifteen of 21 total patients with IBD with C. difficile—
positive stools (71.4%) showed signs and symptoms compatible
with the infection. Eight of them (53.3%) were treated with oral
vancomycin, whereas 7 patients (46.6%) were treated with oral
metronidazole for 14 days. None of the patients withdrew immu-
nosuppressive therapy. In 2 of 15 patients (13.3%), both treated
with oral vancomycin, C. difficile was not eradicated, and another
cycle of oral vancomycin was needed. The only patient with
positive celiac was totally asymptomatic and therefore was not
treated.

DISCUSSION

To the best of our knowledge, this is the first prospective,
multicenter pediatric study characterizing the occurrence and
natural history of C. difficile infection/colonization in patients with
IBD. We found that although infection is common in certain coun-
tries and rarer in others, it seems to be associated with approxi-
mately 15% of relapses. A number of adult studies®'>?' have
examined the incidence of C. difficile infection, whereas only few
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FIGURE 1. Clostridium difficile occurrence among different enrolling centers.

retrospective pediatric studies®'' tried to assess the prevalence,
with different values. Pascarella et al® first reported a prevalence
of 24.7% in pediatric IBD population, whereas more recently, Pant
ct al'' assessed a rate of 3.5%. In our study population, C. difficile
detection varied hugely among the enrolling centers, ranging from

0% to 24.1%. Clostridium difficile infection was significantly high-
er in patients with IBD than patients with celiac disease. We
decided to test patients with celiac as control group, to verify
whether another gastrointestinal pathology with described micro-
biota alterations,”® such as celiac disease, may confer a higher

TABLE 4. Natural History of Clostridium difficile Infected Patients at the Enrollment Completing the Follow-up

Baseline T6 TI2

Patients Diagnosis C. difficile Act C. difficile Act C. difficile Act
1 CD Positive Moderate Negative Moderate Negative Remission
2 CD Positive Severe Negative Moderate Negative Remission
3 CD Positive Moderate Negative Remission Negative Remission
4 CD Positive Moderate Negative Severe Negative Moderate
5 uc Positive Moderate Negative Remission Negative Remission
6 uc Positive Severe Negative Remission Negative Remission
T CD Positive Mild Positive Remission Negative Remission
8 cD Positive Moderate Negative Remission Negative Moderate
9 CD Positive Remission Negative Moderate Negative Remission
10 uc Positive Severe Positive Moderate Positive Severe (colectomy)
11 (@)) Positive Remission Negative Remission Negative Remission
12 uc Positive Remission Negative Remission Negative Remission
13 CD Positive Mild Negative Moderate Negative Moderate
14 uc Positive Remission Negative Remission Negative Moderate
15 CD Positive Mild Negative Mild Negative Severe

Act, disease activity; T6, 6 months; T12, 12 months.
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susceptibility to C. difficile infection. Our data confirm that
C. difficile increased risk is related to IBD itself. Although adult
studies®*'> documented an increased incidence of C. difficile in
patients with UC, we could not confirm a similar association, and
there was no specific IBD type predisposing to C. difficile coloni-
zation. This is consistent with published pediatric literature.*’ Our
data seem to indicate that colonic involvement rather than disease
type is the explanation for the association with UC. Most patients
with IBD with C. difficile in our cohort (85.7%) showed colonic
involvement, independent of the type of disease, as previously
reported.”® In agreement with previous articles, C. difficile was
mainly community-acquired.®"" This is a further warning that
C. difficile epidemiology is changing, and classical risk factors
are often not involved.

Aside from disease location, other traditional risk factors
seem to be less important or have no association with pediatric
IBD. We could not demonstrate that medications such as PPIs or
immunomodulators were associated, and hospitalization did not
increase the risk for acquiring C. difficile. Freedberg et al** have
recently questioned the role of PPIs. As described by Kelsen
et al,” we found a high percentage of patients with C. difficile at
onset of disease. Although not significant, this result underlines
the possibility of a diagnostic delay and once more raises the
question of a possible role of C. difficile in IBD pathogenesis.
Furthermore, the presence of C. difficile toxins in the stools sig-
nificantly correlated with an active disease, confirming the rele-
vance of testing C. difficile during IBD flares.>® As recently
described, we found a considerable number of patients with
IBD showing an asymptomatic carriage of C. difficile. Clayton
et al' in a prospective evaluation reported that C. difficile was
detected in stool cultures from 8% of patients with IBD in remis-
sion compared with 1% of healthy controls. More recently, Hour-
igan et al*® found that asymptomatic C. difficile carriage was
significantly more frequent in IBD (17%) versus controls (3%).
Although the role of C. difficile carriage in subsequent C.
difficile-associated disease or in IBD relapse needs to be further
elucidated, our study provides important insight. Indeed, C.
difficile—positive patients at the enrollment, including those with
an asymptomatic carriage, seem to show a substantial risk for
subsequent IBD exacerbation. This hypothesis is supported by
the need for immunosuppressant escalation, the higher frequency
of active disease, the increased colectomy rate, and the higher
number of hospitalization at 6 months. Kelsen et al” in a retrospec-
tive analysis demonstrated that C. difficile infection worsened IBD
severity, in terms of longer hospital admission, escalation of ther-
apy, and colectomy rate. More recently, Pant et al'' reported that
C. difficile infected patients with IBD tended to have lengthier
hospital stays, higher charges, and greater need for parenteral
nutrition and blood transfusions. Differently from previous stud-
ies,* we found a high success rate of C. difficile eradication
(86.6%) after treatment. However, this finding should be cau-
tiously interpreted. The low treatment failure may partly reflect
that European C. difficile strains are different from North-
American B1/NAP1/0277%; nevertheless, in most of the cases,
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eradication of the infection did not prevent a subsequent compli-
cated IBD course, suggesting that C. difficile may act more as
a relapse trigger rather than a “leading actor” of the symptoms.
Another possibility is that C. difficile detection may be a expres-
sion of significant dysbiosis,”® and therefore, it should be consid-
ered as an indicator of severe disease course. This study has some
limitations. First, we limited our diagnosis to the use of immu-
noenzymatic assays. However in a recent report by Wang et al,*
the outcomes of C. difficile diagnosed by polymerase chain reac-
tion or enzyme-linked immunosorbent assay, seemed comparable
despite the greater percentage of patients tested positive by poly-
merase chain reaction compared with enzyme-linked immunosor-
bent assay. There seemed to be a selection bias such that over
80% of patients had colonic involvement, which might reflect
differences in phenotypes of disease, or enrollment of more severe
colonic disease because of hospitalizations. It is well-known that
Northern latitudes, such as Scandinavian and Scottish patients
with IBD, as well as younger pediatric patients present with more
colonic involvement in CD.'® In addition, use of PPIs in our
cohort was very limited, and we may have been underpowered
to detect a difference. Furthermore, since the use of PPIs in chil-
dren is low, this is less likely a priori to be a major risk factor in
children. Finally, we did not perform C. difficile strains charac-
terization, which could differ along the different countries.

CONCLUSION

In conclusion, this prospective, multicenter study confirms
that pediatric IBD is associated with increased C. difficile detec-
tion. Clostridium difficile is associated with a severe disease
course, as demonstrated by the escalation of immunosuppressive
therapy, the higher frequency of active disease, the colectomy
rate, and the higher number of hospitalizations at 6 months.
A consistent number of patients show an asymptomatic carriage,
which should be carefully evaluated, considering the possibility of
a quick worsening of disease. Future studies will clarify whether
C. difficile has a causative role on IBD course exacerbation or if
may simply colonize those patients with a more severe phenotype.
In addition, the relationship between C. difficile and IBD patho-
genesis should be further investigated.
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4.3 Periappendiceal Inflammation in Pediatric Ulcerative Colitis

It is classically accepted that inflammation in ulcerative colitis (UC) originates in the rectum and
spreads in continuity to the proximal portions of the colon.?

However, the proximal colon, especially at the base of the appendiceal orifice, is fre- quently
involved by inflammatory infiltrates in patients with UC.*

Several prospective and retroprospective studies have confirmed that periappendiceal inflammation
(PAI), both endoscopically and histologically, is common in UC.?#%*%*

Only one pediatric study® looked at PAI involvement in children who required colonic resection.
The purpose of our prospective study was, therefore, to evaluate, by endoscopy and histology, the
prevalence of PAI in children affected by UC.

In this study, we found that PAI was endoscopically present in 32% of pediatric patients affected by
UC not extending beyond the hepatic flexure. PAI was more frequent in children with new
diagnosis of UC than in patients with pre-existing UC. In our study PAI seems to be related to the
extent of diseaseWe can speculate that in pediatric patients, the disease is more extensive as

reported by Van Limbergen et al,?®

who defined the phenotypic characteristics of pediatric UC. They
found that children were more often affected by pancolitis and suggested a more severe phenotype
in children than in adults. In our population, even if we ruled out children with pancolitis, we found
that immunosuppressive use was significantly more common in children with PAI. This, in
agreement with Van Limbergen’s finding, suggests a more severe pediatric UC clinical picture,
irrespective of the presence of pancolitis.?’

We also found that clinical activity and the use of medical therapy were not involved in PAI.
However, PAI, in our patients, was significantly more frequent in newly diagnosed children.
Whether this finding is related to the efficacy of the medical treatment or to the natural history of
pediatric UC needs to be further evaluated.

At index colonoscopy, we found that the histologic grade of inflammation at the ascending colon
was statistically higher in children with PAI. This higher grade of inflammation suggests that PAI
may be representative of histologically active disease in the endoscopically unaffected proximal
colon, although this involvement does not seem to contribute to clinical activity. Evidently,
colonoscopy alone is unreliable for determining the extent of UC.%

The higher histologic grade in the group A in the ascending colon suggests that the PAI may be a
hallmark for subclinical active disease, identified by histology. The histologic involvement at the
ascending colon, even in the presence of macroscopically normal mucosa, suggests that the number

of pancolitis in children is higher than observed only by endoscopy.
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This study has some limitations. We did not include the findings on colonoscopy re-evaluation at
follow-up because currently we do not have enough data. It is known that there is a little chance in
the pediatric studies to scope all children as planned, in particular when they are on remission. In
addition, we do not provide details on follow-up because its duration in most of the patient is too
limited.

The importance of this study is that it is the first pediatric prospective study having the aim to
define the features of UC with PAI that can be confused with Crohn’s disease. In fact, the occa-
sional patchy areas of mucosal inflammation often left to a change of diagnosis to Crohn’s disease.
Such a change in diagnosis from UC to Crohn’s disease can affect management decision, especially
in regard to surgery.?

In conclusion, to the best of our knowledge, this is the first pediatric study reporting the presence of
PALI in children affected by UC not extending beyond the hepatic flexure. PAIl seems to be more
frequent in newly diagnosed children than in those with pre- existing diagnosis of UC, related to the
extension of the disease and to an higher grade of histologic inflammation at level of the ascending

colon.
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ORIGINAL ARTICLE

Periappendiceal Inflammation in Pediatric Ulcerative Colitis

Caterina Strisciuglio, MD,* Eleonora Giannetti, MD,* Francesca Paola Giugliano, MD,*
Luigi Greco, MD, MSc (MCH), DCH,* Severo Campione, MD," Mariarosaria D’ Armiento, MD,"
Annamaria Staiano, MD,* and Erasmo Miele, MD, PhD*

Background: An involvement of the appendiceal orifice as a distintive skip lesion in adults with left side ulcerative colitis (UC) has been reported. The aim
of our prospective study was to evaluate, by endoscopy and histology, the prevalence of peri diceal infl (PAI) in children affected by UC.
Methods: Fifty of 77 consecutive children undergoing total colonoscopy, who had a diagnosis of UC not extended beyond the hepatic flexure were
enrolled.

PP

Results: PAI was endoscopically present in 16 of 50 patients (32%) with UC. Patients were divided in 2 groups: group A included the 16 patients with
PAL whereas group B included 34 patients without PAL. We found that among the 2 groups, PAI was more frequent in patients with new diagnosis than
in those with pre-existing UC (P = 0.016). At index colonoscopy, the patients of group A had a significant major extent of disease (P = 0.013).
Moreover, the histologic grade of inflammation at the ascending colon was significantly higher in group A than in group B (P = 0.014). Clinical activity,
measured by pediatric ulcerative colitis activity index, and use of medication did not show significant differences among groups (P = 0.464 and
P = 0.723, respectively). The use of i was significantly higher in group A than in group B.

Conclusions: PAI is a frequent skip lesion in children with UC. It seems more frequent in patients with new diagnosis, and it is associated with a major
extent of the disease and with a higher grade of histologic infl at the colon.

-

(Inflamm Bowel Dis 2013;19:1617-1621)

Key Words: ulcerative colitis, periappendiceal inflammation

t is classically accepted that inflammation in ulcerative colitis

(UC) originates in the rectum and spreads in continuity to the
proximal portions of the colon." It is a no specific inflammation
with unknown etiology that affects the mucosa and extends prox-
imally from the rectum, forming a continuous and diffuse lesion
involving the whole colorectal region.” However, the proximal
colon, especially at the base of the appendiceal orifice, is fre-
quently involved by inflammatory infiltrates in patients with
UC.? Although human appendix is considered as a vestigial rem-
nant, recent observations have focused on the role of the appendix
in the pathogenesis of UC.* Many case-control studies suggest
that there is a negative association between previous appendec-
tomy and patients with UC,>” raising the possibility that appen-
dectomy protects against the subsequent development of UC.*'!
Patients with previous appendicectomy also have a delayed onset
of UC,** a reduced need for immunosuppression therapy and
proctocolectomy,®'” and a reduced relapse rate and extent of
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disease.'" In contrast to Crohn’s disease, in which location tends
to be stable over time,'"*" up to 35% of patients with ulcerative
proctitis or distal UC present a proximal progression of their disease
extent."*'> Patchy areas of inflammation have been observed in
a certain proportion of patients with UC'®'” and involvement at
the appendiceal orifice has been demonstrated."'” Several prospec-
tive and retroprospective studies have confirmed that periappendi-
ceal inflammation (PAI), both endoscopically and histologically, is
common in UC.**** Only one pediatric study” looked at PAI
involvement in children who required colonic resection. The purpose
of our prospective study was, therefore, to evaluate, by endoscopy
and histology, the prevalence of PAI in children affected by UC.

PATIENTS AND METHODS

The study population included a total of 50 of 77
consecutive children who underwent total colonoscopy from
August 2011 to May 2012 and who had a diagnosis of UC not
extended beyond the hepatic flexure. Twenty-two of 77 patients
with more proximal involvement of the colon and 5 patients in
whom the proximal extent of UC had not been determined by full
colonoscopy were excluded from the study. In all patients, the
diagnosis of UC was made on the basis of clinical symptoms and
endoscopic and histologic features.

In each patient, clinical activity of the disease was evaluated
at the time of endoscopy by using the Pediatric Ulcerative Colitis
Activity Index.”* Individual scores for each section of the test,
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including symptoms, characteristics of stool, and physical exami-
nation, were computed. Additional information collected during the
visits included demographic data, family history, and symptom
onset. Physical examination was performed by a pediatrician and
included an abdominal examination and evaluation for extraintes-
tinal manifestations of UC. All children underwent ileocolonoscopy
with mucosal biopsies by a videoendoscope after preparation by
ingesting at least 2 L of an oral electrolyte lavage solution. Colono-
scopy report consisted of segmental descriptions (rectum, sigmoid,
descending, splenic flexure, hepatic flexure, transverse and ascend-
ing colon, and cecum), and each segment was independently as-
sessed with regard to endoscopic and histologic grades of UC.
From the information provided on the colonoscopy report, the
extent of disease was described by the Paris classification: EO for
absence of disease, E1 for sigmoid colon/rectum involvement
(proctitis), E2 for descending colon distal to splenic flexure
involvement, E3 for extensive disease distally to hepatic flexure,
and E4 for pancolitis.>® All colonoscopies were performed by a sin-
gle colonoscopist (E.M.). The base of the appendiceal orifice, the
focus of the study, was observed and categorized as either positive
(group A) or negative (group B) according to the presence or
absence, respectively, of macroscopic involvement by UC. Appen-
diceal involvement was characterized colonoscopically by reddish
and friable mucosa with mucinose exudates (Fig. 1). Colonoscopic
grade of inflammation was determined by use of Mayo endoscopic
score: 0 for normal or inactive disease, 1 for mild disease (erythema,
decreased vascular pattern, mild friability), 2 for moderate disease
(marked erythema, absent vascular pattern, friability erosions), and
3 for severe disease (spontaneous bleeding, ulceration).*® Colono-
scopy report system required segmental descriptions (rectum, sig-
moid, descending, transverse and ascending colon, and cecum).
From the information provided on the colonoscopy report, for each
segment of the colon was designated a score, and a mean score for
that colonoscopy was derived.

At least 2 biopsy specimens were obtained from each segment
with an endoscopic forceps regardless of the endoscopic findings and
processed for histologic assessment, stained with hematoxylin and
eosin. Histologic grade of inflammation was determined by

histopathologic assessment of the hematoxylin and eosin-stained
biopsy sections (Fig. 1). Each specimen was graded by an expert
pathologist (M.D.) who was masked to clinical features and endo-
scopic findings. The degree of inflammatory infiltrate and tissue
destruction was graded according to Zhong’s score as follows: 0,
no neutrophilic leukocyte infiltration in lamina propria; 1, a small
number of neutrophilic leukocytes (<< 10/high power field) in lamina
propria with minimal infiltration of crypts; 2, prominent neutrophilic
leukocytes (10-50/high power field) in lamina propria with infiltra-
tion of more than 50% of crypts; 3, a large number of neutrophilic
leukocytes (>50/high power field) in lamina propria with crypt
abscesses; and 4, significant acute inflammation with ulcerations in
lamina propria.”’” Backwash ileitis was not observed in any of the
specimens of children with UC.

All patients underwent abdominal ultrasound, 40 of 50 patients
(80%) underwent upper gastrointestinal (GI) endoscopy, and 21 of 50
patients (42%) underwent either an abdominal magnetic resonance
imaging or a small bowel follow-through. Moreover, for each patient,
we considered the therapy at the time of index colonoscopy.

Statistical analysis was performed using SPSS statistical
software package for Windows (13.0; SPSS, Chicago, IL). The
Student’s 7 test was used for normally distributed variables, and
the Mann-Whitney U test and the x? and Fisher’s exact tests for
categorical variables were used where appropriate. Written
informed consent was obtained from participants’ parents, and
assent was obtained for all patients older than 10 years. The study
was approved by the Institutional Review Board of the University
of Naples “Federico I1.”

RESULTS

An involvement at the appendiceal orifice was found in 16
of 50 patients (32%, group A), whereas it was not present in the
remaining 34 patients (68%, group B). Clinical characteristics of
our patients and clinical activity, according to the pediatric
ulcerative colitis activity index score, are described in Table 1.

We found that among the 2 groups, PAI was more frequent in
patients with new diagnosis than in those with pre-existing UC (P =

FIGURE 1. Typical PAI endoscopically (A) and histologically (B) found in one patient. A, Reddish and friable mucosa with mucinose exudate.
B, Colonic mucosa with active inflammatory infiltrate in the lamina propria, cryptitis, and crypt microabscess.
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TABLE 1. Demographic and Clinic Characteristics in
50 Children with UC

Characteristics Group A Group B P

Patients (%) 16 (32) 34 (68)

Sex, n (%)

Male 6(37) 16 (47)

Female 10 (62) 18 (53) 0.5"
Mean age (range), yr 13.1 (6-18) 14.3 (6-20) 0.2°
Duration of disease 29 %29 42+29 0.1°

(mean *SD, yr)

Medical therapy, n (%) 12 (75) 31091 0.7*
Aminosalycilates 11/12 (91) 27/31 (87) 0.5¢
Immunosuppressant 12/12 (100) 16/31 (52) 0.001¢

PUCAI n (%)

Remission 8 (50) 20 (59) 0.3¢

Mild 2 (12) 4(11)

Moderate 6 (37) 6 (17)

Severe 0 (0) 4(11)

“Calculated by chi-square test.

"Calculated by T-test.

“Calculated by Fisher's exact test.

dCalculated by Mann-Whitney U test.

PUCAL, pediatric ulcerative colitis activity index.

0.016), with an incidence of new diagnosis of 5 of 16 (31%) in group
A and 3 of 34 (9%) in group B. The mean duration of UC from
onset of symptoms until the index colonoscopy was not significantly
(P = 0.12) different between the 2 groups as reported in Table 1.
At index colonoscopy, according to the Paris classification and
the Mayo endoscopic score, an extensive disease and an higher level
of inflammation were significantly more frequent in group A than in
group B, as reported in Table 2 (P = 0.013; P = 0.03, respectively).

TABLE 2. Endoscopic Characteristics in 50 Children
with UC

Characteristic Group A Group B P
Paris classification
EO 3(19) 13 (38) 0.01*
El 2(12) 14 (41)
E2 5(31) 1(3)
E3 6(37) 6(18)
Mayo endoscopic score
0 3(19) 13 (38) 0.03*
1 4 (25) 14 (41)
2 8 (50) 5(15)
3 1(6) 2(6)

Values are represented as n (%).
“Calculated by Mann-Whitney U test.

According to the Zhong’s score, the histologic grade of
inflammation at the ascending colon was significantly (P =
0.014) higher in group A than in group B (mean score: 0.75
versus 0.14). However, there was no statistically significant dif-
ference concerning the histologic grade of inflammation for the
remaining colonic s, as shown in Figure 2.

Forty of our 50 patients underwent upper GI endoscopy to
exclude upper GI involvement. In these patients, there were no
macroscopic and microscopic abnormalities at the level of both
esophagus and duodenum. Five of 40 patients (12%) had
a macroscopically abnormal-appearing stomach, and 9 of 40
patients (22%) had histologically gastric abnormalities. Seven of
these 9 patients showed a diffuse, no specific gastritis containing
mixed inflammatory cells infiltrate without giant cells or granu-
lomas, whereas the remaining 2 patients had a chronic active
gastritis, positive for Helicobacter pylori infection. No one of our
patients showed a focal active gastritis, and no patient showed
small bowel alterations by ultrasound, magnetic resonance imag-
ing, and/or small bowel follow-through.

Concerning medical treatment, 5 patients (31%) in group A
did not receive any therapy being newly diagnosed, 10 patients
(62.5%) received aminosalicylates associated with an immuno-
suppressant, and 1 patient (6.2%) received immunosuppressant
alone. In group B, 3 of 34 patients (9%) were at new diagnosis,
and among the remaining 31 patients, 27 (87%) were treated with
aminosalicylates, 12 (35.3%) of which associated with immuno-
suppressant, and 4 of 31 patients (13%) with immunosuppressant
only. The use of therapy did not show significant differences
between groups A and B (P = 0.723). However, when we con-
sidered individual treatment, we found that in patients with PAI
(group A), the use of immunosuppressant was significantly higher
than in UC children without PAI (group B) (Table 1).

DISCUSSION

In this study, we found that PAI was endoscopically present
in 32% of pediatric patients affected by UC not extending beyond
the hepatic flexure. PAI was more frequent in children with new
diagnosis of UC than in patients with pre-existing UC.

Only one pediatric study® looked at PAI involvement in chil-
dren who required colonic resection. Forty-one children with inflam-
matory bowel disease (24 consistent with Crohn’s disease and 17
with UC) underwent intestinal resection because of failure of medical
therapy. Of 17 specimens of children affected by UC, all appendices
were abnormal. However, this study was conducted using colectomy
specimens. Therefore, the reported higher prevalence of the appen-
diceal involvement might reflect the severity and extent of the dis-
ease. In the colectomy specimen, it is more likely to have pancolitis
than patients in this study, where it was limited to hepatic flexure.

We excluded from our study those children affected by
involvement of the ascending colon and/or pancolitis because it
would have been difficult to evaluate the PAI It is well known that
the proximal margin of inflammation in UC may not be sharply
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FIGURE 2. Comparison of histologic grade of inflammation by colonic site between Group A and Group B. There is a significant difference at the

ascending colon (*P = 0.014).

demarcated, and this may contribute to falsely report the presence
of PAI in children with involvement of the ascending colon.'®%*

In our study PAI seems to be related to the extent of
disease. Yang et al*', in their study on adults patients affected by
UC, reported that the involvement at the appendiceal orifice was
not related to the duration of disease and it was more frequently
observed in patients with less extensive disease. We can speculate
that in pediatric patients, the disease is more extensive as reported
by Van Limbergen et al,>* who defined the phenotypic character-
istics of pediatric UC. They found that children were more often
affected by pancolitis and suggested a more severe phenotype in
children than in adults. In our population, even if we ruled out
children with pancolitis, we found that immunosuppressive use
was significantly more common in children with PAIL This, in
agreement with Van Limbergen’s finding, suggests a more severe
pediatric UC clinical picture, irrespective of the presence of pan-
colitis.*” Time from diagnosis to the first surgery in UC is signif-
icantly shorter in children than in adults: “of the patients who
underwent colectomy, surgery happened within 10 years in 40%
of children and only in 20% of adult-onset UC patients.”’

We also found that clinical activity and the use of medical
therapy were not involved in PAL Matsumoto et al** have shown
that there is no difference between adult patients affected by UC
with PAI and those without PAI, for that concerns clinical activity
and duration of disease as well, as in our study. However, PAI, in
our patients, was significantly more frequent in newly diagnosed
children. Whether this finding is related to the efficacy of the
medical treatment or to the natural history of pediatric UC needs
to be further evaluated.

1620 | wwwibdjournalorg

At index colonoscopy, we found that the histologic grade of
inflammation at the ascending colon was statistically higher in
children with PAIL This higher grade of inflammation suggests
that PAI may be representative of histologically active disease in
the endoscopically unaffected proximal colon, although this
involvement does not seem to contribute to clinical activity.
Evidently, colonoscopy alone is unreliable for determining the
extent of UC.*® The higher histologic grade in the group A in the
ascending colon suggests that the PAI may be a hallmark for
subclinical active disease, identified by histology. The histologic
involvement at the ascending colon, even in the presence of mac-
roscopically normal mucosa, suggests that the number of panco-
litis in children is higher than observed only by endoscopy.
Previous studies considered PAI only as an histologic feature
because they were using colectomy specimens'®?*; whereas more
recently, with the implementation of GI endoscopy, PAI has been
defined only endoscopically®” or both endoscopically and histo-
logically.?' However, according to the unreliability of endoscopy
for determining the extent of UC, we believe that it is more
appropriate to assess PAI both histologically and endoscopically.

Crohn’s disease was excluded on the basis of an absence of:
classical macrosocpical lesions (e.g., skip lesions, snail track
ulcers); no-caseating epithelioid and giant cell granulomas in
any part of the GI tract; histologic findings of focal inflammation,
submucosal or transmural inflammation, lymphocyte aggregates
(without germinal centers), and mucous retention in the presence
of more than minimal inflammation; fistulae and/or perianal
abscesses; and typical stricturing small bowel disease on barium
follow-through and/or magnetic resonance imaging.
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This study has some limitations. We did not include the
findings on colonoscopy ion at follow-up b se currently
we do not have enough data. It is known that there is a little chance
in the pediatric studies to scope all children as planned, in particular
when they are on remission. In addition, we do not provide details on
follow-up because its duration in most of the patient is too limited.

The importance of this study is that it is the first pediatric
prospective study having the aim to define the features of UC with
PALI that can be confused with Crohn’s disease. In fact, the occa-
sional patchy areas of mucosal inflammation often left to a change
of diagnosis to Crohn’s disease. Such a change in diagnosis from
UC to Crohn’s disease can affect management decision, especially
in regard to surgery.’'

In conclusion, to the best of our knowledge, this is the first
pediatric study reporting the presence of PAI in children affected
by UC not extending beyond the hepatic flexure. PAI seems to be
more frequent in newly diagnosed children than in those with pre-
existing diagnosis of UC, related to the extension of the disease
and to an higher grade of histologic inflammation at level of the
ascending colon.
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Chapter 5

5. New therapeutic strategies in inflammatory bowel disease.

5.1 Bifidobacteria Enhance Antigen Sampling and Processing by Dendritic Cells in Pediatric

Inflammatory Bowel Diseas

In the last years, probiotics have bee tested as treatment agents for induction of remission in I1BD,
however the outcome of their use in clinical practice has not always been so encouraging".

The Bifidobacteriahave been largely studied among the probiotic species for their specific
immunoregulatory effect on epithelial cells, lymphocytes and, above all, on DCs?.

A recent study conducted in patients with IBD indicated that oral administration of Bifidobacterium
sub- species have the capability of reducing inflammation in UC, through the increase of regulatory
T cells, and reduction in the serum level of inflammatory markers, such as tumor necrosis factor
(TNF)-a, IL-6, and C-reactive protein.®> However, no experimental studies assessing the role of
Bifidobacterium strains on DC maturation and functionality are available in either adult or pediatric
IBD patients. In the current study, we aimed to analyze the effects of a mixture of 3
Bifidobacterium strains (B. longum, B. breve, B. infantis), on the phenotype and on antigen
processing of monocyte-derived DCs in a pediatric cohort with 1BD.

In this study, we demonstrate that a commercial probiotic mixture (Tribif) composed by 3
Bifidobacteria species (B. longum, B. breve, and B. infantis) is able to ameliorate the impaired
ability of antigen sampling and processing by DC from pediatric patients with CD. We found a
marked reduction in the uptake of cellular fragments from the Enterobacteria E. coli by DC from
children with CD, compared with both DC from either UC or non-IBD children. DCs from patients
with CD were also impaired in processing soluble antigens, as shown by reduced intracellular
degradation of the dietary protein ovalbumin. These results confirmed a defect of particulate antigen
sampling in specialized antigen presenting cells from patients with CD, likely due to an impairment
of autophagy, as we previously reported®.

Interestingly, the probiotic mixture had no significant effect on the antigen uptake in DC from
patients with UC, in which the autophagy functionality is not impaired as in CD. This difference in
antigen handling is probably due to the different molecular pathway at the base of the pathogen-
esis of these 2 intestinal diseases”.

The beneficial effect on DC functionality reported in our study is a specific property of the

probiotics, since the Enterobacterium Salmonella had an opposite effect, reducing significantly the
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sampling efficiency of the DC. Moreover, we found that Tribif ameliorate the antigen phagocytosis
and processing without enhancing the DC maturation or inducing a cytokine production. In
particular, the proinflammatory TNF-a, which was significantly enhanced on the stimulation of
particulate antigens from the Enterobacterium E. coli, was not induced in DC cell supernatant after
the treatment with the BifidobacteriaTribif. This finding indicates that DC from children with CD
are sensitized to produce TNF-a, an important player in CD pathogenesis, in response to specific
bacteria strains®.Most current probiotics are marketed as foods or supplements that improve gut
health and were developed based on ease of production or stability, rather than based on specific
mechanisms of disease prevention or treatment. Many commercial probiotics have limited purity
and viability making difficult conclusions about efficacy in the treatment or prevention of disease®.
“Second generation probiotics” may be a useful term to describe probiotics selected based on
established mechanisms of prevention or treatment of a specific disease. Bifidobacteria would fit in
this category, suggesting mechanistic advantages compared with other probiotics.’Studying
Bifidobacteria and other probiotics for metabolites and ligands that modulate the host immune
function will likely lead to a new class of immunotherapeutic agents for inflammatory states.
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ORIGINAL ARTICLE

Bifidobacteria Enhance Antigen Sampling and Processing by
Dendritic Cells in Pediatric Inflammatory Bowel Disease

Caterina Strisciuglio, MD,* Erasmo Miele, MD, PhD,* Francesca P. Giugliano, MD,* Serena Vitale, Biol Sc,*"
Marialuisa Andreozzi, MD,* Alessandra Vitale, Biol Sc,* Maria R. Catania, Biol Sc,* Annamaria Staiano, MD,*
Riccardo Troncone, MD,* and Carmen Gianfrani, Biol Sc*"

Abstract: Bifidobacteria have been reported to reduce inflammation and contribute to intestinal homeostasis. However, the interaction between these
bacteria and the gut immune system remains largely unknown. Because of the central role played by dendritic cells (DCs) in immune responses, we
examined in vitro the effects of a Bifidobacteria mixture (probiotic) on DC lity from children with infl y bowel disease. DCs obtained
from peripheral blood monocytes of patients with Crohn’s disease (CD), ulcerative colitis, and noninflammatory bowel disease controls (HC) were
: ; 1

bated with fl I gated particles of Escherichia coli or DQ-Ovalbumin (DQ-OVA) after a pr with the probiotic, to
DC phenotype, antigen ling and p: ing. M , cell supernatants were collected to tumor sis factor alpha, interferon gamma,
interleukin 17, and interleukin 10 production by enzyme-linked i rbent assay. DCs from CD children showed a higher bacteria particles uptake
and DQ-OVA p ing after incubation with the p in contrast, DC from both ulcerative colitis and HC showed no significant changes.

Moreover, a marked tumor necrosis factor alpha release was observed in DC from CD after exposure to E. coli particles, whereas the probiotic did not
affect the prod of this proinfl y cytokine. In lusion, the Bifidob ia sigi ly improved the antigen uptake and processing by
DCs from patients with CD, which are known to present an impaired autophagic functionality, whereas, in DCs from ulcerative colitis and HC, no

prominent effect of probiotic mixture was observed. This impi

of antigen

and p ing could partially solve the impairment of

intestinal innate immunity and reduce uncontrolled microorganism growth in the intestine of children with inflammatory bowel disease.

(Inflamm Bowel Dis 2015;21:1491-1498)

a

Key Words: dendritic cells, i y bowel di pi

he spectrum of inflammatory bowel disease (IBD) is repre-

sented by Crohn’s disease (CD) and ulcerative colitis (UC),
which are chronic and relapsing disorders. CD can affect, in a dis-
continuous way, any segment of alimentary canal, although
involving mainly the distal ileum and colon. Instead, inflamma-
tion associated with UC is continuous and confined within the
colon extending from the rectum proximally along the large
bowel. Although the etiopathogenesis of IBD is still unknown,
it has been suggested that the interaction of environmental factors
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and host immune response with genetic individual susceptibility
play an important role.' Both human and animal studies have
demonstrated the central role of intestinal microbiota in flaring
up and perpetuating inflammation in patients with IBD." Gut
microbiota is considered a “metabolic organ” getting energy from
nutrients escaped from the gastrointestinal (GI) absorption.
Together with gut mucosal barrier, the microbiota contributes to
intestinal immune homeostasis and protection against pathogen
invasion.? IBD are associated with significant shifts in the compo-
sition of the normal enteric microbiota compared with control
subjects, with an almost depletion of Lactobacillus and Bifidobac-
terium,” normally present in healthy intestinal conditions, and
increase of harmful species, such as Proteobacteria and Actinobac-
teria.* This kind of dysbiosis might determine in the host organism
the loss of tolerance toward microbes and induce an inappropriate
inflammation. In the past years, probiotics have been successfully
studied as prophylaxis therapy for postoperative infections® and as
adjuvants during broad-spectrum antibiotic treatment.® However,
when tested as treatment agents for induction of remission in
IBD, the outcome of their use in clinical practice has not always
been so encouraging.” There are few evidences of benefit by pro-
biotics in CD either in adult or in pediatric populations, whereas in
UC, only VSL#3, a high-concentrated probiotic mixture, has been
effective as adjuvant therapy.”
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Dendritic cells (DCs) may play a determinant role in IBD
pathogenesis, as they prime T-cell responses against bacteria,
and induce proinflammatory cytokine release by intestinal
mucosa T cells.” In the past years, the Bifidobacteria have been
largely studied among the probiotic species for their specific
immunoregulatory effect on epithelial cells, lymphocytes and,
above all, on DCs."” Hoarau et al found that the supernatant of
a Bifidobacterium breve strain (BbC50) culture can induce pro-
longed DC survival through an upregulated maturation and
interleukin (IL)-10 production, suggesting a regulatory role of
this probiotic on inflammation.!' Moreover, Lopez et al'? found
differences in the immunomodulatory activity on T-helper-
mediated response, which were strictly dependent on the spe-
cific probiotic strain. A recent study conducted in patients with
IBD indicated that oral administration of Bifidobacterium sub-
species have the capability of reducing inflammation in UC,
through the increase of regulatory T cells, and reduction in
the serum level of inflammatory markers, such as tumor necro-
sis factor (TNF)-a, IL-6, and C-reactive protein.I3 However, no
experimental studies assessing the role of Bifidobacterium
strains on DC maturation and functionality are available in
cither adult or pediatric IBD patients. In the current study, we
aimed to analyze the effects of a mixture of 3 Bifidobacterium
strains (B. longum, B. breve, B. infantis), on the phenotype and
on antigen processing of monocyte-derived DCs in a pediatric
cohort with IBD.

MATERIALS AND METHODS

Study Population

The study population included a total of 25 young subjects
(mean age, 13 yr; range, 1-18 yr) stratified into 3 groups on the
basis of the clinical diagnosis: 12 were affected by CD, 7 affected
by UC, and 6 were non-IBD controls (HC). The 12 patients with
CD had been genotyped for the ATGI6L1 polymorphism in
a previous study'; of these, 7 were GG homozygous (risk geno-
type), 4 were AG heterozygous, and 1 was AA homozygous
(wild type). HC were subjects affected by functional GI disor-
ders, who performed blood analysis to exclude any organic dis-
cases and an inflammatory condition. The diagnosis of CD and
UC was based on clinical, endoscopic, radiologic, and histopath-
ologic criteria.’> Demographic and clinical characteristics of
enrolled subjects are described in Table 1. For the IBD diagnosis,
all children underwent ileocolonoscopy, upper GI endoscopy,
and imaging studies, including abdominal ultrasound and entero
magnetic resonance imaging, or a small bowel follow-through.
For each patient, clinical activity of disease was evaluated at the
time of diagnosis using the Pediatric Crohn’s Disease and the
Pediatric Ulcerative Colitis Activity Index.'®'” Written informed
consents were obtained from participants’ parents and from pa-
tients themselves if older than 10 years. The study was approved
by the Institutional Review Board of the University of Naples
“Federico I1.”

1492 | wwwibdjournalorg

TABLE 1. Clinical Features of 25 Pediatric Patients
Enrolled

Characteristics CD uc HC

Patients, n 12 v 6

Gender, male/female 6/6 2/5 42

Mean age (range), yr 13.9 (10-18) 15 (11-18) 10.16 (8-17)

Mean age at diagnosis 10.6 (3-18) 13.8 (3-13) -
(range), yr

Mean disease duration 45 (12-84)  90.8 (12-168) —
(range), mo

Therapy, n
Aminosalicylates 6 7 —
Immunosuppressants 4 0 —
Aminosalicylates and 2 0 —
immunosuppressants

DC Generation and Stimulation

DCs were generated from peripheral blood mononuclear
cells according to a well-established procedure as previously
described.'® Briefly, adherent monocytes were cultured at 2 X
10%mL in 24-well plate (Starstedt, Numbrecht, Germany) for
6 days in complete culture medium (RPMI supplied with penicil-
lin/streptomycin, nonessential amino acids, and 10% fetal calf
serum), in the presence of recombinant human GM-CSF and
IL-4 (both at 100 ng/mL; R&D Systems, Inc., Minneapolis, MN).

Stimulation of Monocyte-derived DCs with
Bifidobacteria Tribif

After 6 days of incubation, DCs were resuspended at 3 to
5 x 105/mL in 48-well flat bottom (Sarstedt) in complete culture
medium. To examine the effects of Bifidobacterium on DC mat-
uration, cell cultures were incubated in the presence of the pro-
biotic mixture Tribif (Valeas s.p.a, Milan, Italy), composed of 3
different Bifidobacterium strains, B. longum, B. breve, and B.
infantis. Live probiotics were reconstituted from lyophilized
samples and used as stimuli at a bacteria:DC ratio of 1:50/100
for 24 hours of incubation. Subsequently, to study the uptake of
particulate antigens, the DCs were treated with 20 pg/mL of
Alexa-488-labeled E. coli bioparticles (hereafter indicated as
bacteria particles; Invitrogen, Carlsbad, CA), or left untreated,
as a negative control. After 2 hours of incubation, supernatants
from these cultures were collected, clarified by centrifugation,
and stored at —20°C for cytokine analysis, whereas DCs were
harvested for phenotypic characterization. In the experiments
evaluating antigen processing, DCs were incubated with DQ-
Ovalbumin (DQ-OVA; Molecular Probes, Eugene, OR) at 90
pg/mL for 4 hours, as previously reported.'* After antigen puls-
ing, cells were washed and analyzed by flow cytometry. In some
experiments, DCs were preincubated for 24 hours with the path-
ogen bacteria Salmonella before adding the bacteria particles.
Salmonella was cultured in XLD Agar medium (Xylose Lysine
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Desoxycholate Agar, Becton Dickinson) selective for gram-
negative pathogen species and added at a final bacteria:DC ratio
of 1:50/100 for 24 hours of incubation.

Cytokine Quantification in
Culture Supernatants

TNF-a, interferon (IFN)-y, and IL-17 were analyzed using
commercially available sandwich enzyme-linked immunosorbent
assay kits provided by Mabtech (Nacka Strand, Sweden) according
to the manufacturer’s instructions. For IL-10 detection, a sandwich
enzyme-linked immunosorbent assay was performed using specific
monoclonal Ab purchased from Mabtech. The sensitivity of each
enzyme-linked immunosorbent assay was TNF-o: 12 pg/mL;
IFN-y: 2 pg/mL; IL-17: 2 pg/mL, and IL-10: 2 pg/mL.

Flow Cytometry and Confocal Microscopy

Fluorochrome-conjugated anti-CD86, anti-CD1lc, anti-
HLA-DR, and isotype control antibodies were obtained from BD
Biosciences (San Jose, CA) or Miltenyi Biotec (Bologna, Italy).
Cells were washed and stained in phosphate buffered saline per 1%
bovine serum albumin and analyzed at FACSCalibur (Becton
Dickenson, Franklin Lakes, NJ), using the CellQuest software. For
confocal microscopy analysis of the bacteria particles uptake, DCs
previously stained for flow cytometry analysis were collected. Cells
were adhered to poly-L-lysine-coated coverslips (Sigma-Aldrich),
fixed in 4% paraformaldehyde, and embedded in SlowFade Gold
(Invitrogen). Images were obtained on an LSM Zeiss 510 confocal
system equipped with 405 nm ultraviolet, 488 nm argon, and 543
HeNe lasers (ZEISS Germany) and processed using AIS Zeiss
software.

Statistical Analysis

Statistical Analysis was performed using SPSS software
package for Windows (version 13.0; SPSS, Chicago, IL). The x?
and Fisher’s exact tests were used for categorical variables, the
Student’s 7 test, the Mann—Whitney U test, and the Wilcoxon test
for normally distributed variables. Differences were considered to
be statistically significant when the P value was <0.05.

RESULTS

Effect of Tribif on Bacterial Particle Uptake
by DCs

of DCs from all 3 children groups (CD, UC, and HC) were able to
sample particulate antigens, the amount of fluorochrome-
conjugated particles taken up was significantly lower in patients
with CD compared with HC (P = 0.04) or UC (Fig. 1A, B). After
the treatment with the probiotic mixture, the amount of particles
taken up by DCs from CD group was significantly higher com-
pared with basal level (P = 0.01). Interestingly, the 3 patients who
showed the highest implementation of the bacteria sampling after
the probiotic treatment carried the A7G16L1 polymorphism T300A
in homozygosis, found to be associated with a defective autophagy
(Fig. 1B, C). By contrast, DCs from both UC and HC phagocyted
bacteria particles more efficiently, even at basal level, compared
with patients with CD and were not affected by probiotic mixture
treatment. The effect of probiotic mixture on the uptake of bacteria
particles was next evaluated at confocal microscopy. The images
showed an increased intracellular bacteria particles