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The precise role of periostin, an extra-cellular matrix protein, in inflammatory bowel disease (IBD)

is unclear. Here, we investigated periostin in paediatric IBD including its relationship with disease
activity, clinical outcomes, genomic variation and expression in the colonic tissue. Plasma periostin
was analysed using ELISA in 144 paediatric patients and 38 controls. Plasma levels were assessed
against validated disease activity indices in IBD and clinical outcomes. An immuno-fluorescence

for periostin and detailed isoform-expression analysis in the colonic tissue was performed in 23
individuals. We integrated a whole-gene based burden metric ‘GenePy’ to assess the impact of
variation in POSTN and 23 other genes functionally connected to periostin. We found that plasma
periostin levels were significantly increased during remission compared to active Crohn’s disease.
The immuno-fluorescence analysis demonstrated enhanced peri-cryptal ring patterns in patients
compared to controls, present throughout inflamed, as well as macroscopically non-inflamed colonic
tissue. Interestingly, the pattern of isoforms remained unchanged during bowel inflammation
compared to healthy controls. In addition to its role during the inflammatory processes in IBD,
periostin may have an additional prominent role in mucosal repair. Additional studies will be necessary
to understand its role in the pathogenesis, repair and fibrosis in IBD.

Tissue repair and remodelling is a key component of the adaptations which occur following injury or
inflammation'. The matricellular protein periostin, encoded in humans by the POSTN gene in the long arm
of chromosome 13, is a key player in tissue repair and remodelling®. The multi-faceted role of this intriguing
molecule has been described in a number of immune-mediated inflammatory conditions*’. Its role in cancer
development and progression has also been well-described*°. Recent studies have implicated its role in inflamma-
tory bowel disease (IBD)”%, however the precise mechanisms through which it influences the immune signalling
pathways in IBD remains unclear, with varying results observed in patients and animal models’~.

The two main categories of IBD include Crohn’s disease (CD) and ulcerative colitis (UC), with an additional
category IBD-unclassified (IBDU), where a clear distinction between the two main categories is not possible due
to overlapping features. CD is characterised by inflammation of any part of the gastro-intestinal tract (GIT) from
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the oral cavity to the anus, whereas UC typically includes inflammation of the colon in a contiguous manner
upstream beginning in the rectum'. IBD is a chronic inflammatory condition associated with a considerable
morbidity and a significantly reduced quality of life'’.

IBD is a complex immune-mediated polygenic disease, in which the dysregulation of key immune signal-
ling pathways has been identified as an important operating mechanism'®!2. Aberrant function of the NF-«xB
pathway, a pivotal mediator of inflammatory immune responses, has long been considered to be a key factor in
the development of IBD'. As periostin is functionally connected to the NF-kB pathway, particularly in inflam-
matory states, investigating the functionality of this rather obscure protein will be an important step forward
for a better understanding of IBD7*>14,

A variety of isoforms of periostin (which differ in the composition of exons 16 to 23) have been described'>'¢.
The expression of these different isoforms depends on the tissue type as well the specific circumstances such as
inflammation, remodelling or repair. Given the involvement of this pleiotropic protein in a number of distinct
functions, it is likely that the different isoforms contribute to the different observed functions of periostin.

Several studies suggest that periostin is a key player in the development of tissue fibrosis through mechanisms
involving complex interactions between the extra-cellular matrix (ECM) and cell-surface av-integrin receptors,
localisation of fibrogenic inflammatory mediators and regulation of mesenchymal growth factors'’~'°. Dysregula-
tion of tissue repair mechanisms following inflammation can result in excessive fibrosis with the formation of
scar tissue?. Scarring of the bowel wall leading to stricture formation is a significant cause of morbidity in IBD,
necessitating surgical interventions and impacting adversely on the quality of life?’. Previous studies have dem-
onstrated altered serum levels of periostin in conditions associated with inflammation and fibrosis*'~**. Although
emerging evidence suggests increased expression of periostin in the mucosal tissue of patients with ulcerative
colitis (UC)”?4, its’ relationship with disease activity or fibrosis has not been investigated?.

Periostin has emerged as a potential biomarker of disease, with altered serum levels observed in various
conditions associated with inflammation, allergy and fibrosis?"**-*. However, in the paediatric age group, stud-
ies have demonstrated a variable trend in the serum levels of the protein with very high levels during infancy,
followed by a decline until age seven, and thereafter an increasing trend until fifteen years of age, in keeping
with active bone metabolism?****!, Hence, this is a major drawback in using this protein as a biomarker of dis-
ease in childhood. Overall, the serum levels of periostin have been observed to significantly higher in children
compared to adults**3!,

Our study explores the feasibility of using periostin to assess disease activity in paediatric inflammatory
bowel disease (pIBD), and its role in inflammation and repair.The study assesses plasma periostin levels in pIBD,
investigating its relationship with disease activity, surgical outcomes and genomic variation. Furthermore, the
study investigates the expression of periostin in the GI tissue in healthy and diseased bowel.

Methods

The subjects described in this study included paediatric IBD patients, paediatric controls and adult controls from
a UK cohort. The study also included paediatric patients from a Kazakh cohort. Informed consent was obtained
from all participants of this study.

UK cohort. This cohort included individuals recruited as part of a prospective observational study ‘Genet-
ics of IBD- Southampton, a registered portfolio member of the NIHR (National Institute for Health Research)
Clinical Research Network (CLRN ID 11158). Individuals included in this study were recruited from October
2010 to December 2016 from the ‘Genetics of IBD-Southampton’ cohort and their biological samples collected
during that period. All patients were actively followed up through the course of their disease and treatment. The
three groups included in the UK cohort were as follows.

Paediatric patients. Patients under the age of 18 years referred to the regional paediatric gastroenterology ser-
vice as suspected IBD were identified and recruited to the ‘Genetics of IBD’ study. The IBD working group- Porto
criteria were used to establish a diagnosis of IBD*.

Paediatric controls. These participants included children, who were referred with gastro-intestinal symptoms
but did not have a diagnosis of IBD, had normal endoscopic/histological examination and remained well for a
minimum period of six months of follow-up.

Adult controls.  Control subjects for plasma assessment also included healthy adult individuals over the age of
eighteen years recruited as part of the control arm of the ‘Genetics of IBD’study.

Kazakh cohort. Paediatric patients with an established diagnosis of IBD were also recruited from the
National Research Center for Maternal and Child Health, Nazarbayev University, Republic of Kazakhstan. Only
gastro-intestinal (GI) tissue specimens were utilised for periostin analysis from the Kazakh cohort. The GI speci-
mens were obtained during routine endoscopy performed on the GI unit for clinical reasons.

Measuring disease activity. At the time of specimen collection, disease activity was recorded using validated
assessment tools, Paediatric Crohn’s Disease Activity Index (PCDAI) and Paediatric Ulcerative Colitis Activity
Index (PUCAI) for CD and UC respectively?****, with a disease score < 10 indicating clinical remission in both
conditions. The scoring indices for defining active disease were as follows: PUCALI (scores range from 0 to 85;
remission or inactive disease < 10, mild disease 10-34, moderate 35-64, severe >65) for UC and PCDALI (scores
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range from 0-100; remission or inactive disease < 10, mild 10-29, moderate-severe > 30) for CD. See Table S1A,B
in the supplementary for further details.

Plasma analysis. Plasma specimens were collected from patients and controls at the point of recruitment to the
study. Of the 142 patients who had their plasma samples analysed for periostin, eleven patients had their samples
taken at diagnosis before commencement of any treatment. The remaining patients already had an established
diagnosis of IBD at the time of plasma sample procurement. The disease activity scores were recorded at the time
of plasma collection in order to group patients into those with active disease and those in clinical remission. All
the eleven patients who had their samples taken at diagnosis had active disease. These eleven patients also had a
GI specimen taken during endoscopy for immunofluorescence alongside their plasma collection. Plasma levels
of periostin were measured using ELISA technique according to manufacturer’s instructions (Human Periostin/
OSF2 DuoSet ELISA, R & D systems). See online supplementary- SM Section 1.

Immuno-fluorescence and isoform analysis on GI specimen. Mucosal biopsies taken during routine lower GI
endoscopy were assessed for periostin expression in twenty-three individuals, two biopsies each from apparently
normal looking areas of the colon and two from the mucosa with macroscopic features of inflammation (where
appropriate). GI biopsy specimens were available for immunofluorescence and isoform expression analysis in all
of the twenty-three individuals. In the UK patient cohort, GI biopsy specimens were obtained at diagnosis prior
to commencement of treatment for IBD. A whole thickness colonic specimen was obtained from one individual
with an established diagnosis of CD. This patient had shown poor response to medical treatment and underwent
a right hemi-colectomy for severe ileo-caecal stricturing disease. In the Kazakhstan cohort, GI biopsy specimens
were also obtained during routine GI endoscopy. However, all patients had an established diagnosis of IBD and
were on treatment for their disease. Detailed steps of the immuno-staining procedure and periostin isoform
analysis are included in the online supplementary material- SM sections 2 & 3.

Genomic methods. 'Whole exome sequencing (WES) was performed using peripheral blood samples or from
saliva collected at the time of recruitment to the study. WES data were analysed using a whole gene-based
pathogenicity score, ‘GenePy’ as previously described®. This whole gene-based score was applied across a panel
of prioritised genes which were selected for their functional relevance to periostin. For the selection of genes, an
electronic search was conducted through ‘PathCards) an online database of human biological pathways*. The
combined GenePy scores for the selected genes were compared between groups of patients to determine the
impact of genetic variants, which could potentially influence periostin levels and the need to undergo surgical
interventions. Further details on DNA extraction and WES data analysis is included in the online supplemen-
tary- SM sections. 4-6.

Patients treated with surgical interventions. ~ All patients undergoing plasma analysis had their electronic medi-
cal records analysed to check if they ever needed a surgical intervention for the treatment of their disease during
the period of follow up. The indications for surgical or endoscopic interventions included strictures/fibro-ste-
nosing disease, as well as severe luminal disease refractory to standard medical treatments. Surgical treatments
included dilatation of strictures, stricturoplasty and resection of the diseased portion of the bowel including
colectomy. Given the predominant role of periostin in tissue repair and remodelling, these surgical interven-
tions were used as proxy markers for fibrosis/scarring of the bowel and dysregulated mucosal repair®. Periostin
parameters were compared between patients needing surgical treatments (including endoscopic therapeutic
procedures) and those who did not need these interventions for their disease.

Statistical analysis. Descriptive statistics were presented with numbers and percentages where applicable, and
numerical data as mean with 95% confidence intervals or median with interquartile ranges (where appropriate).
Statistical analysis was performed using Prism software (GraphPad- V7). The significance of comparisons for
quantitative parameters was determined using 2-tailed t-tests and regression analysis. Differences with p <0.05
were considered statistically significant.

Ethical considerations. 'The study protocol was approved by the South Central- Hampshire B Research Eth-
ics Committee (09/H0504/125) in February 2010. A written consent was obtained from all study participants,
including their parents/legal guardians where appropriate. Recruitment of individuals from the Kazakh cohort
to the study was ethically approved by the ethical board from the National Research Center for Maternal and
Child Health affiliated to the Nazarbayev University Medical Center (UMC) and Nazarbayev University Institu-
tional Research Ethics Committee (IREC), Nur-Sultan, Republic of Kazakhstan. The study protocol conforms to
the ethical guidelines of the 1975 declaration of Helsinki.

Results

Cohort characteristics for periostin plasma levels analysis. The patient cohort (n=144) included
65% males (n=93) and 35% females (n=>51), median age = 14 years (range 4-17 years), 71% (n = 102) accounting
for CD and 29% of the patients with UC (n=42). Observational follow-up since the first diagnosis of IBD was
for a median period of 32 months. For baseline patient and control characteristics see Table 1. Tables S2A,B in
the supplementary include details on the phenotypic description of the disease in individual patients as per the
Paris classification® for IBD and the disease activity state where available.
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Male (%) | Female (%) | Total | Median age in years (age range)
Crohn’s disease 71 (70) 31 (30) 102 14 (5-17)
Ulcerative colitis 22 (52) 20 (48) 42 14.4 (4-16)
Paediatric controls 9 (69) 4(31) 13 13.3 (4-16)
Adult controls 10 (40) 15 (60) 25 24 (19-40)

Table 1. Cohort characteristics undergoing plasma periostin analysis.

Disease activity scores for plasma analysis. At the time of plasma sample collection, PUCAI scores
were available in all patients with a score indicative of active disease (>10) recorded in 21 patients (50%). The
median PUCALI score in patients with active UC was 22.5 (IQR 16.25-43.75). Generation of PCDAI scores was
possible in only 68% (n=69) of the CD patients. Of these, active Crohn’s disease with a PCDAI score > 10 was
recorded in 48 individuals (median score 25; IQR 20-35).

Comparison of peripheral blood periostin levels. As shown in Fig. 1, significantly higher levels of
plasma periostin were observed in paediatric controls (median age=13.3, range: 4-16) compared to adult
controls (median age =24, range: 19-40). Due to the significant differences between the adult and paediatric
controls, measurements from adult controls were excluded from further comparative analysis. Crohn’s disease
patients in remission showed significantly higher levels compared to those with active disease (Fig. 1C), with a
linear regression plot demonstrating an inverse association between disease activity scores and periostin levels
(r*=0.1196, p=0.003) (Fig. 1E). However, no relationship was observed between the disease activity scores and
periostin levels in patients with UC (Fig. 1F). Plasma levels were also not significantly different between patients
and paediatric controls. Also, there was no significant association between the age of patients and periostin levels
(Fig. S1 in the supplementary).

Patients treated with surgical interventions. The group of patients with CD who underwent surgical
interventions for the treatment of their disease (n=17) showed no significant differences in their plasma levels
compared to non-surgical patients (n=85). Likewise, periostin levels did not differ significantly in UC patients
who needed surgery (n=6) for the treatment of their disease compared to the non-surgical group (n=36). (See
Fig. S2 in the supplementary. Details of the surgical procedures are described in Table S3 in the supplementary.

Immuno-fluorescence on colonic biopsies. Immuno-fluorescence for periostin was performed on
colonic tissue in seventeen individuals from the UK cohort (median age 14 years) and six individuals from
the Kazakh cohort (median age 14 years). In the UK cohort, ten patients had CD, two patients had UC and
five individuals were non-IBD paediatric controls. All specimens except one (individual Soton-CD1 from the
UK cohort), were collected at diagnosis before commencement of any treatment. In the individual Soton-CD],
whole thickness bowel tissue was obtained following a right hemicolectomy for an ileo-caecal stricturing CD
and immuno-fluorescence was performed on the whole-thickness tissue. In the remaining individuals, mucosal
biopsies taken during endoscopy were utilised for immuno-fluorescence. The Kazakh patient cohort for the
immuno-fluorescence analysis included two individuals with CD and four with UC. Disease activity scores were
not available in the Kazakh cohort, however, all six patients had clinically active disease at the time of sample
procurement (see Table 2).

Immuno-fluorescence staining for periostin showed a localisation pattern around the epithelium lining the
crypts with a characteristic ‘peri-cryptal ring’ appearance in the mucosal tissue of IBD patients in the active state,
with CD patients in general showing a slightly more intense staining compared to UC patients (see Fig. 2A,B).
Whilst an intense peri-cryptal localisation was observed in the inflamed areas of the mucosa of CD patients (see
Fig. 2C), the localisation pattern was apparent even in biopsies taken from macroscopically spared areas of the
colon (see Fig. 2D). Compared to patients, there was a low ubiquitous stromal distribution observed in controls
(see Fig. 2E). In the surgically resected specimen with a stricture and histologically proven fibrosis, a very intense
and diffuse staining of the epithelium and stromal tissue was observed (see Fig. 2F).

Periostin isoforms expressed in paediatric IBD patients and controls. Periostin isoform specific
PCR was performed on ¢cDNA derived from UC and CD patients as well as non-IBD controls. As stated in the
supplementary methods section, primers in exon 16 and 23 were used for the splice variant PCR reaction. There
is no alternative splicing in exons 1-16 and only exons 17-22 show alternative splicing!®*. In all cases, four spe-
cific fragments could be observed (see Fig. 3). The pattern was identical in patients as well the non-IBD controls
indicating that even though there are distinct localisation patterns of periostin in IBD compared to non-IBD-
controls (see Fig. 2), there seems to be no shift in the expression of isoforms.

Polymerase chain reactions were used to clone all present fragments. We were not able to sub-clone any
additional variants other than the four that were clearly visible in the gel analysis. Fragments one to four were
sequenced to verify the exact exon composition of all four different isoforms (see Fig. 4).

Sequencing data analysis. Exome sequencing data were available in 78% (n=112) of the patient cohort. A
list of twenty-seven genes were prioritised for investigating deleterious mutations in the periostin-linked genes.
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Figure 1. Plasma periostin levels against disease activity. (A) Significantly lower levels in adult controls in
comparison to paediatric controls (p=0.003). (B) Higher levels during remission (combined for both CD &
UC) than active disease (p=0.002). (C) Statistically significant differences in periostin levels during remission
driven by CD; remission (31,338 +2144) compared to active disease (25,074 £ 1108); p=0.005. (D) Patients with
UC show no significant differences during remission compared to active disease. (E) An inverse relationship
between periostin levels and PCDAI scores (F) No relationship between periostin and disease activity in UC.
This figure was, as also mentioned in the methods/stats section, generated through PRISM https://www.graph
pad.com/scientific-software/prism/ Version 7. Abbreviations: CD- Crohn’s disease; PCDAI- paediatric Crohn’s
disease activity index; PUCAI- Paediatric ulcerative colitis activity index; pIBD- paediatric inflammatory bowel
disease (includes both Crohn’s disease and ulcerative colitis); UC- ulcerative colitis.

These genes were selected through an electronic search on ‘Pathcards’ (online database of human biological path-
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Paris
Tissue Tissue Classification
Disease/ status on obtained at | Disease Disease (disease
ID Number | Gender | Age (years) | Control GI Tissue | macroscopy | diagnosis Scores status location) Drugs
Cohort | Crohn’s Disease
1 UK Soton-CD-1 | M 14 CD Surgical Scarred tissue | No 10 Active L3 AZA
2 UK Soton-CD-2 | M 16 CD Mucosal ch’ll;?;l & Yes 30 Active L3 None
3 UK Soton-CD-3 | F 14 CD Mucosal f?llfllamme d Yes 40 Active L3L4a None
4 UK Soton-CD-4 | M 11 CD Mucosal ij?llfllamme d Yes 25 Active L3L4a None
5 UK Soton-CD-5 | M 15 CD Mucosal E(f)]rn‘:?l & Yes 30 Active L3 None
6 UK Soton-CD-6 | M 12 CD Mucosal il?llfllamme d Yes 25 Active L2L4a None
7 UK Soton-CD-7 | M 13 CD Mucosal E%ﬁ‘;l & Yes 25 Active L3 None
8 UK Soton-CD-8 | M 16 CD Mucosal E%ﬁlgl & Yes 35 Active L3 None
9 UK Soton-CD-9 | M 12 CD Mucosal E%ﬁ;l & Yes 35 Active L3L4a None
10 UK Soton-CD-10 | M 13 CD Mucosal Normal Yes 20 Active L3 None
11 Kazakh | Kaz-CD-1 M 16 CD Mucosal N/Av No N/Av Active N/Av None
12 Kazakh | Kaz-CD-2 F 16 CD Mucosal N/Av No N/Av Active N/Av None
Ulcerative Colitis
1 UK Soton-UC-1 | M 14 uC Mucosal All inflamd Yes 75 Active E4 None
2 UK Soton-UC-2 | F 15 uc Mucosal E‘f’l?l‘;l & Yes 70 Active E4 None
3 Kazakh | Kaz-UC-1 F 12 ucC Mucosal N/Av No N/Av Active N/Av AZA
4 Kazakh | Kaz-UC-2 F 14 ucC Mucosal N/Av No N/Av Active N/Av Infliximab
5 Kazakh | Kaz-UC-3 F 8 ucC Mucosal N/Av No N/Av Active N/Av Steroids
6 Kazakh | Kaz-UC-4 F 8 ucC Mucosal N/Av No N/Av Active N/Av Infliximab
Controls
1 UK Soton-C- 1 M 14 Control Mucosal Normal Yes N/Ap N/Ap N/Ap None
2 UK Soton-C- 2 M 10 Control Mucosal Normal Yes N/Ap N/Ap N/Ap None
3 UK Soton-C- 3 F 11 Control Mucosal Normal Yes N/Ap N/Ap N/Ap None
4 UK Soton-C- 4 M 14 Control Mucosal Normal Yes N/Ap N/Ap N/Ap None
5 UK Soton-C- 5 F 13 Control Mucosal Normal Yes N/Ap N/Ap N/Ap None
Table 2. Immuno-fluorescence staining for periostin: patients and controls. Immuno-fluorescence staining for
periostin was performed in 23 individuals including 5 non-IBD controls. PUCAI or PCDAI are disease activity
scores for UC and CD respectively at the time of tissue procurement. AZA—azathioprine. Disease location/s
as per Paris classification for Crohn’s disease: L2 (colonic), L3 (ileo-colonic) & L4 (upper GI disease; L4a-
proximal to the ligament of Treitz, L4b- distal to the ligament of Treitz); disease location E4 for UC indicates
pancolitis. (Abbreviations: N/Av—Not available, N/Ap—Not applicable).
ways)*® and expert review/consensus within our research group®®. See Fig. 5 for the selected network of genes,
functionally connected to periostin. Mutational analysis in the selected gene panel was conducted using whole
gene pathogenicity score ‘GenePy’”, as previously described. For the final analysis, the gene list was narrowed
down to twenty-four as GenePy scores were available only for twenty-four of the twenty-seven selected genes in
the cohort. Regression analysis across the twenty-four prioritised genes using GenePy scores per patient did not
show any association between the plasma periostin levels and the mutational burden in the selected genes (Fig. S3
in the supplementary). Regression analysis was conducted individually for all of the 24 genes as well as after
combining the GenePy scores for all these genes. Furthermore, using unpaired t-tests of GenePy scores, no signifi-
cant differences in the mutational burden were observed between patients who underwent surgical interventions
compared to those who did not need surgical interventions. (see Fig. S3 in the supplementary). Tables S4-5 in the
supplementary include details of the GenePy scores for the selected genes in the CD and UC cohort respectively.
Discussion
In this study, we observe an inverse association between circulating periostin and disease activity index in
Crohn’s disease, suggesting a more prominent role in repair rather than fuelling inflammatory cascades in this
immunologically driven disease. The precise mechanisms to explain the significantly increased plasma levels
of the protein during remission compared to active disease remain unclear. Disease activity scores in IBD are
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Figure 2. Immuno-fluorescence staining for periostin in colonic tissue. The figure shows representative
immuno-fluorescence for periostin on the colonic tissue obtained from controls and IBD patients in the active
state. Note the distinctly localised peri-cryptal rings that can be seen in CD (A, C, D) and UC (B) patients but
not in the healthy control tissue (E). Interestingly, the peri-cryptal rings can be seen also in the macroscopically
unaffected but histologically inflamed colonic mucosa in CD patients (D). These high intense areas appear more
pronounced in CD patients compared to UC patients. Also note the very intense and diffuse staining of the
epithelium and stromal tissue in the surgically resected bowel segment of a CD patient (F). Scale bar is 50 um.

based on a combination of clinical and laboratory parameters, which do not incorporate information on mucosal
histology®***%. In a previously symptomatic patient with active disease, resolution of symptoms reflects the onset
of clinical remission or inactive disease, which often precedes endoscopic and histological remission®. Therefore,
the higher plasma levels of periostin during clinical remission may reflect ongoing tissue repair and remodelling
which continue even after clinical symptoms have resolved**!. Another explanation could be the upregulation
of periostin by transforming growth factor beta (TGF-p), which plays a key role during mucosal healing®*.
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Figure 3. Periostin isoforms in the colonic tissue. The gel shows the isoforms present in tissue biopsies of CD
patients (lanes 1-5), UC patient (lanes 6-7) and non-IBD controls (lanes 8-11). Lane 12 shows the negative
control. Please note that there are minor fluctuations between the intensities of the different fragments that do
not show any correlation between diseases CD (1-5) or UC (6-7), or controls (8-11). Fragment 1 (188 bp) is
just below the 200 bp marker while fragment 4 (452 bp) is between 400 and 500 bp.

| exon 16 | exon 17 | exon 18 [ exon19 [ exon 20 | exon 21 | exon 22 | exon 23 |
Fragment 1 [ 0] L1 [T ]
Fragment 2] e

L [ ]
Fragment 3 [T [ T T 1] [ T |
Fragment4[ | [ | | | | | |

Figure 4. Sequencing of the periostin isoforms. Based on sequencing the exon usage of the four periostin
isoforms isolated from the GI tissue in patients and healthy controls is shown. No alternative splicing occurs in
exons 1-16 and the last exon 23 with the stop codon is also present in all variants. Fragment 1 contains exons
16, 20, 22 and 23 and is exactly 188 bp long, while fragment 2 contains additionally exon 19 and is 278 bp long.
Fragment 3 additionally has exon 18 present and is 368 bp long and fragment 4 contains also exon 21 and is
452 bp long. Interestingly, we did not identify any trace of the full-length fragment that also retains exon 21 and
would be expected to be 536 bp in length.

Plasma periostin levels differed significantly between the paediatric and adult control participants, despite a
difference of only 10.7 years between the median age for the two groups. This is in keeping with previously pub-
lished literature, demonstrating higher levels in childhood consistent with the activity of bone metabolism?*3%31,
It has been shown previously that periostin levels show differing trends within the paediatric age group, with
a sharp decrease from infancy until five years of age and a mild increase from seven years onwards until age
fifteen. In our study, regression analysis did not show a significant association between periostin levels and age
among the paediatric patients.

Our observations on immunofluorescence showing enhanced localisation of periostin around the crypts are
in keeping with previously described findings in patients with UC”%. Our study presents immunofluorescence
findings in both UC and CD, with a similar peri-cryptal distribution pattern in both conditions. Furthermore,
persistence of the enhanced peri-cryptal ring pattern was observed in the macroscopically unaffected but his-
tologically inflamed colonic mucosa in CD patients. As a hypothesis, we propose that periostin expression in
the GI mucosa could potentially complement routine diagnostic histology as a proxy marker of inflammation.
However, further studies will be required to explore this concept in a clinical setting.

Different isoforms were shown to be expressed in different cell types and different circumstances. In our
study, no statistically significant difference in the type and the abundance of the different isoforms was observed
between UC, CD and healthy controls. However, the possibility that a specific isoform may be responsible for
the enhanced peri-cryptal ring pattern observed in paediatric IBD patients cannot be excluded. Also, periostin
in these peri-cryptal ring structures may be more stable, what could explain the immuno-histochemistry and
PCR findings that there is no dramatic shift in the expressed variants and overall expression levels in inflamed
bowel tissue. We also cannot exclude that changes in the expression levels of periostin-binding partners may
be responsible for the specific shift in localisation that we observed. To address this specific question, further
studies using isoform specific antibodies will be required. If a specific isoform of periostin is responsible for the
characteristic signal observed in IBD patients, the specific isoform could potentially be a target for the develop-
ment of new treatment options.
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Figure 5. Network of genes for periostin. Screenshot from PathCards displaying seventeen SuperPath genes
(black text) functionally connected to periostin and ten additional genes, known to be related to or influencing
periostin signalling (red text). The protein nodes and the inter-connections within the retrieved network are
automatically coloured for visual clarity and also to indicate the type of functional connectivity. The genes
displayed in this figure are: C-X-C Motif Chemokine Receptor 4 (CXCR4); Cytohesin 1 Interacting Protein
(CYTIP); Endothelial PAS Domain Protein 1 (EPAS1); Jagged Canonical Notch Ligand 1 (JAG1); Lymphoid
Enhancer Binding Factor 1 (LEF1); Periostin (POSTN); Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Gamma (PIK3CG); SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase (SRC); Tenascin
C (TNC); Transcription Factor 7 (TCF7); Transcription Factor 7 Like 1 (TCF7L1); Transcription Factor 7

Like 2 (TCF7L2); Vascular Cell Adhesion Molecule 1 (VCAM1); Von Hippel-Lindau Tumor Suppressor
(VHL); Wnt Family Member 2 (WNT2), Rho-associated protein kinase 1 (ROCK1), Ras Homolog Family
Member A (RHOA), C-C chemokine receptor type 5 (CCRS5), C-C Motif Chemokine Ligand 5 (CCL5),
Matrix metalloproteinase-2 (MMP2), Matrix metalloproteinase-9 (MMP9) Signal transducer and activator of
transcription 3 (STAT3), Interleukin 6 (IL-6) Integrin alpha V beta 1 & 3 (ITGA5B1&3). The screenshot was
taken from the following url in April 2018. https://pathcards.genecards.org/Card/amplification_and_expan
sion_of_oncogenic_pathways_as_metastatic_traits?queryString=POSTN The screenshot database is based on a
publication from Belinky et al.*® and was modified based on results in recent publications®®.

A major drawback of our study was that the majority of patients were recruited after an established diagnosis
of IBD and plasma samples collected at a random time point during the course of the disease. Validated disease
activity scores were used to group patients into those with active disease and remission. Given the variability
trends observed within the different paediatric age groups as per published literature*’, an ideal approach would
be to compare paired plasma specimens per patient both during active disease and in remission. However, with
the unpredictable nature of IBD and given that some patients can remain in prolonged remission (for years), this
approach can be challenging. For future research, we propose collecting plasma specimens at diagnosis and at
various time points of the disease course in order to assess the differences during active disease and remission.

In this study, the proportion of patients with active CD was approximately 70% compared to 50% of patients
with active UC. Whilst it is possible that we did not detect a statistical significance between active disease and
remission in the UC cohort due to the smaller sample size, we cannot rule out the possibility of modest effect sizes
that could only be detected using a larger sample. Given the lack of significant differences in plasma periostin
between patients and age-matched controls, the clinical utility of periostin as a biomarker of inflammation in
IBD could not be justified. To this end, the limited size of our paediatric control cohort was clearly a disadvan-
tage. Furthermore, although the control group did not have evidence of ongoing GI pathology, these individuals
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Figure 6. Pathophysiology of periostin. In the tissue, periostin is primarily produced by the fibroblasts and
myofibroblasts. It has also been detected in tumour cells, epithelial cells and leukocytes. After engaging with

the av-integrin receptors within the cell membrane, periostin facilitates transmission of signals for cellular
adhesion and activation of various immune-signalling pathways. These include the focal adhesion kinase (FAK)
phosphatidylinositol 3-kinase (PI3K)/AKT, NF-«xB, and RHOA and YAP/TAZ TEAD signalling pathways. These
pathways further fuel inflammation and also contribute to tissue repair and remodelling as well as fibrosis and
tumorigenesis. This figure was generated by TC using the software https://app.diagrams.net. (Abbreviations:
TAZ, transcriptional co-activator with PDZ-binding motif; TEAD, TEA domain family member 1; YAP, Yes-
associated proteinl).

were originally referred with some GI symptoms. Therefore, strictly speaking, they may not be representative
of ‘true healthy controls.

Despite the similarities in the periostin expression patterns in both CD and UC, a statistically significant
difference in plasma periostin levels between the active disease state and remission was only observed in the CD
cohort. Although the peri-cryptal ring patterns observed in the two conditions were very similar, our overall
impression was that the intensity of the rings was more pronounced in CD compared to UC patients. As we
do not have enough immunofluorescence data on patients in remission, we are unclear if explanations for the
disparity in plasma levels could be derived if active disease GI specimens were analysed alongside samples in
remission. This could potentially be the subject of future research. Also, although CD and UC represent the
two distinct phenotypes of IBD, an indistinguishable histological overlap is often present despite the genetic,
immunological and phenotypic heterogeneity in the two conditions**.

Periostin can influence the functioning of the NF-kB and several other immune signalling pathways
Through its interaction with the av-integrin receptors located across the cell membrane, periostin promotes
cellular adhesions to the ECM, activates signal transduction and also regulates the expression of several other
functionally connected proteins (See Fig. 6). The precise molecular pathways and the functional impact of
genomic variation in the periostin network of genes remains elusive. Our paper represents a baseline study
investigating the genomic concepts and the immunological profile of periostin during inflammation and repair

4,6,7,39
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in IBD. The function of periostin as a matricellular protein, its’ interaction with av-integrin receptors and the
multiple immune signalling pathways makes it a potential target for future treatments in IBD*7*. Additional
studies will be necessary to provide further mechanistic insights and a better understanding of its role in IBD.

Received: 7 December 2020; Accepted: 25 February 2021
Published online: 18 March 2021

References
1. Murphy-Ullrich, J. E. & Sage, E. H. Revisiting the matricellular concept. Matrix Biol. 37, 1-14 (2014).
2. Conway, S.J. et al. The role of periostin in tissue remodeling across health and disease. Cell. Mol. Life Sci. 71, 1279-1288. https://
doi.org/10.1007/s00018-013-1494-y (2014).
3. Liu, A. Y, Zheng, H. & Ouyang, G. Periostin, a multifunctional matricellular protein in inflammatory and tumor microenviron-
ments. Matrix Biol. 37, 150-156. https://doi.org/10.1016/j.matbio.2014.04.007 (2014).
4. Bao, S. et al. Periostin potently promotes metastatic growth of colon cancer by augmenting cell survival via the Akt/PKB pathway.
Cancer Cell 5, 329-339 (2004).
5. Gonzalez-Gonzalez, L. & Alonso, J. Periostin: A matricellular protein with multiple functions in cancer development and progres-
sion. Front. Oncol. 8, 225 (2018).
6. Ma, H. et al. Periostin promotes colorectal tumorigenesis through integrin-FAK-Src pathway-mediated YAP/TAZ activation. Cell
Rep. 30(793-806), €796. https://doi.org/10.1016/j.celrep.2019.12.075 (2020).
7. Koh, S.J. et al. Matricellular protein periostin mediates intestinal inflammation through the activation of nuclear factor kappab
signaling. PLoS ONE 11, e0149652. https://doi.org/10.1371/journal.pone.0149652 (2016).
8. Kikuchi, Y. ef al. Periostin is expressed in pericryptal fibroblasts and cancer-associated fibroblasts in the colon. J. Histochem.
Cytochem. 56, 753-764. https://doi.org/10.1369/jhc.2008.951061 (2008).
9. Koh, S.-]. et al. Matricellular protein periostin promotes colitis-associated colon tumorigenesis in mice. Carcinogenesis 40, 102-111
(2019).
10. Khor, B., Gardet, A. & Xavier, R. J. Genetics and pathogenesis of inflammatory bowel disease. Nature 474, 307-317 (2011).
11. Rosen, M. J., Dhawan, A. & Saeed, S. A. Inflammatory bowel disease in children and adolescents. JAMA Pediatr. 169, 1053-1060
(2015).
12. Jostins, L. et al. Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease. Nature 491,
119-124. https://doi.org/10.1038/nature11582 (2012).
13. Masuoka, M. et al. Periostin promotes chronic allergic inflammation in response to Th2 cytokines. J. Clin. Invest. 122, 2590-2600.
https://doi.org/10.1172/JCI58978 (2012).
14. Jackson-Boeters, L., Wen, W. & Hamilton, D. W. Periostin localizes to cells in normal skin, but is associated with the extracellular
matrix during wound repair. J. Cell Commun. Signal 3, 125-133. https://doi.org/10.1007/s12079-009-0057-3 (2009).
15. Cai, L. et al. Distinct expression pattern of periostin splice variants in chondrocytes and ligament progenitor cells. FASEB J. 33,
8386-8405. https://doi.org/10.1096/1.201802281R (2019).
16. Sonnenberg-Riethmacher, E., Miehe, M. & Riethmacher, D. Promotion of periostin expression contributes to the migration of
Schwann cells. J. Cell Sci. 128, 3345-3355. https://doi.org/10.1242/jcs. 174177 (2015).
17. O’Dwyer, D. N. & Moore, B. B. The role of periostin in lung fibrosis and airway remodeling. Cell Mol. Life Sci. 74, 4305-4314. https
://doi.org/10.1007/s00018-017-2649-z (2017).
18. Naik, P. K. et al. Periostin promotes fibrosis and predicts progression in patients with idiopathic pulmonary fibrosis. Am. J. Physiol.
Lung. Cell Mol. Physiol. 303, L1046-1056. https://doi.org/10.1152/ajplung.00139.2012 (2012).
19. Kudo, A. Periostin in fibrillogenesis for tissue regeneration: Periostin actions inside and outside the cell. Cell. Mol. Life Sci. 68,
3201-3207. https://doi.org/10.1007/s00018-011-0784-5 (2011).
20. Rieder, F, Zimmermann, E. M., Remzi, F. H. & Sandborn, W. J. Crohn’s disease complicated by strictures: A systematic review.
Gut 62, 1072-1084. https://doi.org/10.1136/gutjnl-2012-304353 (2013).
21. Ohta, S. et al. The usefulness of monomeric periostin as a biomarker for idiopathic pulmonary fibrosis. PLoS ONE 12, e0174547.
https://doi.org/10.1371/journal.pone.0174547 (2017).
22. Ly, Y. et al. High preoparative levels of serum periostin are associated with poor prognosis in patients with hepatocellular carcinoma
after hepatectomy. Eur. J. Surg. Oncol. 39, 1129-1135. https://doi.org/10.1016/j.ejs0.2013.06.023 (2013).
23. Takahashi, K. et al. Serum periostin levels serve as a biomarker for both eosinophilic airway inflammation and fixed airflow limita-
tion in well-controlled asthmatics. J. Asthma https://doi.org/10.1080/02770903.2018.1455855 (2018).
24. Yamaguchi, Y. et al. Serum periostin levels are correlated with progressive skin sclerosis in patients with systemic sclerosis. Br. J.
Dermatol. 168, 717-725. https://doi.org/10.1111/bjd.12117 (2013).
25. Coelho, T. Inmuno-genomic profiling of paediatric inflammatory bowel disease. University of Southampton Doctoral thesis. 2019.
http://eprints.soton.ac.uk/id/eprint/438671.
26. Izuhara, K. et al. Periostin: An emerging biomarker for allergic diseases. Allergy 74, 2116-2128 (2019).
27. Ly, Y. et al. High preoparative levels of serum periostin are associated with poor prognosis in patients with hepatocellular carcinoma
after hepatectomy. Eur. J. Surg. Oncol. 39, 1129-1135 (2013).
28. Takahashi, K. et al. Serum periostin levels serve as a biomarker for both eosinophilic airway inflammation and fixed airflow limita-
tion in well-controlled asthmatics. J. Asthma 56, 236-243 (2019).
29. Yamaguchi, Y. et al. Serum periostin levels are correlated with progressive skin sclerosis in patients with systemic sclerosis. Br. J.
Dermatol. 168, 717-725 (2013).
30. Fujitani, H. et al. Age-related changes in serum periostin level in allergic and non-allergic children. Allergol. Int. 68, 285-286
(2019).
31. Inoue, Y., Izuhara, K., Ohta, S., Ono, J. & Shimojo, N. No increase in the serum periostin level is detected in elementary school-age
children with allergic diseases. Allergol. Int. 64, 289-290 (2015).
32. Levine, A. et al. ESPGHAN revised porto criteria for the diagnosis of inflammatory bowel disease in children and adolescents. J.
Pediatr. Gastroenterol. Nutr. 58, 795-806 (2014).
33. Dotson, J. L. et al. Feasibility and validity of the pediatric ulcerative colitis activity index in routine clinical practice. J. Pediatr.
Gastroenterol. Nutr. 60, 200-204. https://doi.org/10.1097/MPG.0000000000000568 (2015).
34. Hyams, J. et al. Evaluation of the pediatric crohn disease activity index: A prospective multicenter experience. J. Pediatr. Gastro-
enterol. Nutr. 41, 416-421 (2005).
35. Mossotto, E. et al. GenePy—a score for estimating gene pathogenicity in individuals using next-generation sequencing data. BMC
Bioinform. 20, 254 (2019).
36. Belinky, F. et al. PathCards: Multi-source consolidation of human biological pathways. Database (Oxford) https://doi.org/10.1093/
database/bav006 (2015).
Scientific Reports | (2021) 11:6194 | https://doi.org/10.1038/s41598-021-85096-7 nature portfolio


https://doi.org/10.1007/s00018-013-1494-y
https://doi.org/10.1007/s00018-013-1494-y
https://doi.org/10.1016/j.matbio.2014.04.007
https://doi.org/10.1016/j.celrep.2019.12.075
https://doi.org/10.1371/journal.pone.0149652
https://doi.org/10.1369/jhc.2008.951061
https://doi.org/10.1038/nature11582
https://doi.org/10.1172/JCI58978
https://doi.org/10.1007/s12079-009-0057-3
https://doi.org/10.1096/fj.201802281R
https://doi.org/10.1242/jcs.174177
https://doi.org/10.1007/s00018-017-2649-z
https://doi.org/10.1007/s00018-017-2649-z
https://doi.org/10.1152/ajplung.00139.2012
https://doi.org/10.1007/s00018-011-0784-5
https://doi.org/10.1136/gutjnl-2012-304353
https://doi.org/10.1371/journal.pone.0174547
https://doi.org/10.1016/j.ejso.2013.06.023
https://doi.org/10.1080/02770903.2018.1455855
https://doi.org/10.1111/bjd.12117
http://eprints.soton.ac.uk/id/eprint/438671
https://doi.org/10.1097/MPG.0000000000000568
https://doi.org/10.1093/database/bav006
https://doi.org/10.1093/database/bav006

www.nature.com/scientificreports/

37. Levine, A. et al. Pediatric modification of the Montreal classification for inflammatory bowel disease: The Paris classification.
Inflamm. Bowel Dis. 17, 1314-1321. https://doi.org/10.1002/ibd.21493 (2011).

38. Hoersch, S. & Andrade-Navarro, M. A. Periostin shows increased evolutionary plasticity in its alternatively spliced region. BMC
Evol. Biol. 10, 30. https://doi.org/10.1186/1471-2148-10-30 (2010).

39. Noguchi, S., Saito, A. & Nagase, T. YAP/TAZ signaling as a molecular link between fibrosis and cancer. Int. J. Mol. Sci. https://doi.
0rg/10.3390/ijms19113674 (2018).

40. Turner, D. et al. Appraisal of the pediatric ulcerative colitis activity index (PUCAI). Inflamm. Bowel Dis. 15, 1218-1223. https://
doi.org/10.1002/ibd.20867 (2009).

41. Rogler, G., Vavricka, S., Schoepfer, A. & Lakatos, P. L. Mucosal healing and deep remission: What does it mean?. World J. Gastro-
enterol. 19, 7552-7560. https://doi.org/10.3748/wjg.v19.i43.7552 (2013).

42. Beck, P. L. et al. Transforming growth factor-beta mediates intestinal healing and susceptibility to injury in vitro and in vivo through
epithelial cells. Am. J. Pathol. 162, 597-608. https://doi.org/10.1016/s0002-9440(10)63853-9 (2003).

43. Fujitani, H. et al. Age-related changes in serum periostin level in allergic and non-allergic children. Allergol. Int. 68, 285-286. https
://doi.org/10.1016/j.alit.2018.12.006 (2019).

44. Cleynen, L. et al. Inherited determinants of Crohn’s disease and ulcerative colitis phenotypes: A genetic association study. Lancet
387, 156-167. https://doi.org/10.1016/S0140-6736(15)00465-1 (2016).

Acknowledgements
We thank all study participants and their families for their immense support. We are grateful to Nikki ] Graham
and Sylvia ] Diaper for their assistance with DNA and plasma extraction in the research laboratory.

Author contributions

T.C.: Joint first author with ESR, conception and design of the study, data acquisition, data analysis and inter-
pretation, drafting and revising the article for important intellectual content, final approval of the version to be
submitted. E.S.R.: Joint first author with TC, conception and design of the study, data acquisition, data analysis
and interpretation, drafting and revising the article for important intellectual content, final approval of the ver-
sion to be submitted. Y.G.: Data acquisition, data analysis and interpretation, final approval of the version to be
submitted. E.M.: Data acquisition, data analysis and interpretation, final approval of the version to be submitted.
A K.: Data acquisition and analysis, final approval of the version to be submitted. A.G.: Data acquisition, data
analysis and interpretation, final approval of the version to be submitted. I.S.: Data acquisition, data analysis,
final approval of the version to be submitted. S.M.: Data acquisition and analysis, final approval of the version
to be submitted. A.A.: Data acquisition and analysis, final approval of the version to be submitted. R.H.: Data
acquisition, final approval of the version to be submitted. A.B.: Data acquisition and analysis, final approval of
the version to be submitted. J.J.A.: Data interpretation, revising the article for important intellectual content,
final approval of the version to be submitted. A.B.a.: Data interpretation, revising the article for important intel-
lectual content, final approval of the version to be submitted. N.A.A.: Data interpretation, revising the article for
important intellectual content, final approval of the version to be submitted. M.P.S.: Data interpretation, revising
the article for important intellectual content, final approval of the version to be submitted. B.V.: Data analysis
and interpretation, final approval of the version to be submitted. K.A.: Data acquisition, final approval of the
version to be submitted. R.M.B.: Conception and design of the study, data analysis and interpretation, revising
the article for important intellectual content, final approval of the version to be submitted. A.P.W.: Conception
and design of the study, data analysis and interpretation, revising the article for important intellectual content,
final approval of the version to be submitted. S.E.: Joint senior author with DR, Conception and design of the
study, data acquisition, data analysis and interpretation, revising the article for important intellectual content,
final approval of the version to be submitted. D.R.: Joint senior author with SE, Conception and design of the
study, data acquisition, data analysis and interpretation, revising the article for important intellectual content,
final approval of the version to be submitted.

Funding
Crohn’s in Childhood Research Association, UK (RTF/2013/1 to TC). Nazarbayev University Faculty Develop-
ment Grant to DR (090118FD5310). Nazarbayev University Faculty Development Grant to ESR (110119FD4510).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41598-021-85096-7.

Correspondence and requests for materials should be addressed to D.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:6194 | https://doi.org/10.1038/s41598-021-85096-7 nature portfolio


https://doi.org/10.1002/ibd.21493
https://doi.org/10.1186/1471-2148-10-30
https://doi.org/10.3390/ijms19113674
https://doi.org/10.3390/ijms19113674
https://doi.org/10.1002/ibd.20867
https://doi.org/10.1002/ibd.20867
https://doi.org/10.3748/wjg.v19.i43.7552
https://doi.org/10.1016/s0002-9440(10)63853-9
https://doi.org/10.1016/j.alit.2018.12.006
https://doi.org/10.1016/j.alit.2018.12.006
https://doi.org/10.1016/S0140-6736(15)00465-1
https://doi.org/10.1038/s41598-021-85096-7
https://doi.org/10.1038/s41598-021-85096-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:6194 | https://doi.org/10.1038/s41598-021-85096-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Expression profile of the matricellular protein periostin in paediatric inflammatory bowel disease
	Methods
	UK cohort. 
	Paediatric patients. 
	Paediatric controls. 
	Adult controls. 

	Kazakh cohort. 
	Measuring disease activity. 
	Plasma analysis. 
	Immuno-fluorescence and isoform analysis on GI specimen. 
	Genomic methods. 
	Patients treated with surgical interventions. 
	Statistical analysis. 
	Ethical considerations. 


	Results
	Cohort characteristics for periostin plasma levels analysis. 
	Disease activity scores for plasma analysis. 
	Comparison of peripheral blood periostin levels. 
	Patients treated with surgical interventions. 
	Immuno-fluorescence on colonic biopsies. 
	Periostin isoforms expressed in paediatric IBD patients and controls. 
	Sequencing data analysis. 

	Discussion
	References
	Acknowledgements


