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ABSTRACT

Background/Aims: Intestinal strictures in Crohn’s disease (CD), driven by fibrosis remain challenging
to treat. Current treatments focus on inflammation, but are less effective against fibrosis.
Endoplasmic Reticulum Stress-Related Proteins, including Protein disulfide isomerases (PDls), may
contribute to fibrosis; their roles in CD remain unclear. This study investigated the distribution of
AGR2, BiP, PDIA6, ERP44 in intestinal epithelium and their association with fibrosis and inflammation
in pediatric and adult CD.

Methods: We retrospectively analyzed 224 patients (2009-2023). CD patients with and without
strictures, non IBD controls, and ulcerative colitis patients were compared. Immunohistochemistry
assessed Endo- plasmic Reticulum Stress-Related protein distribution in epithelium. H&E and
Masson’s trichrome staining evaluated inflammation and fibrosis. Correlations between protein
distribution, inflammation and fibrosis were examined.

Results: AGR2 and BiP were increased in fibro-inflammatory and fibrotic intestinal epithelial tissues,
especially in pediatric-onset CD. ERP44 was associated with fibrosis exclusively in pediatric CD. PDIA6
was upregulated in CD compared to non IBD, without fibrosis association. Distinct protein
distribution patterns were observed between pediatric and adult CD, and between ileum and colon.
Conclusions: Distinct patterns of AGR2, BiP, PDIA6, and ERP44 in fibrotic and inflammatory intestinal
tis- sues suggest potential roles in CD-associated fibrosis, warranting exploration as biomarkers or

therapeutic targets.

1. Introduction

Intestinal strictures are a common and debilitating complication of Crohn’s disease (CD) in both
adult and pediatric populations [1,2]. Managing strictures is challenging due to the lack of
antifibrotic drug treatments [3], often leading to surgery, with a high risk of recurrence [4-6].
Although surgery rates decline with immunomodulators and biologics [7-9], these mainly control

inflammation without significantly affecting fibrosis progression [10-12].



The pathophysiology of intestinal fibrosis remains poorly understood, partly due to the absence
of suitable animal models [13-18]. While chronic inflammation contributes to fibrosis, why some
injuries heal while others progress remains unclear. This process involves various cellular types,
cytokines, growth factors, and epithelial/endothelial-to-mesenchymal transitions (EMT/EndoMT)
[17, 19], promoting fibroblast differentiation into activated myofibroblasts, leading to extracellular
matrix (ECM) deposition, and stricture formation [11, 13, 20-22].

Exploring the epithelium’s role in fibrosis development is essential, as epithelial cells maintain
homeostasis and mucosal barrier integrity, particularly after injury [23]. A pilot proteomic study
comparing ileal epithelial proteomes from regions with varying fibrosis and inflammation degree
[24], identified increased expression of endoplasmic reticulum stress (ERS)-related proteins, notably
some with protein disulfide isomerase (PDI) activity [24]. However, this study was limited to adults,
and the mechanisms of fibrosis in children remain largely unexplored. Pediatric-onset CD is often
more severe, with earlier complications, yet histopathological differences between pediatric and
adult cases remain unclear [25-27 ].

This study characterizes the distribution of four ERS-related proteins (Anterior Gradient 2 [AGR2],
Binding Immunoglobulin Protein [BiP], Protein Disulfide Isomerase Family A Member 6 [PDIA6], and
Endoplasmic Reticulum Protein 44 [ERP44]) inileal and colonic tissues from non IBD and IBD patients
with varying inflammation and fibrosis, comparing their distributions between pediatric- and adult-

onset CD.

2. Methods

2.1.Patient enrolment
This work was approved by the Ethics Committee of the University Hospital of Lieége in 2014 and
renewed in 2017 (reference: 2014-156). Additional approvals were obtained from the French Personal
Protection Committee (reference: ECH 19/07) and the Medical Ethics Committee of the MontLégia

Hospital (reference: 19/02/969).
Patients were retrospectively selected from databases of 4 hospitals between 2009 and 2023:

University hospital, Regional Hospital Center and MontLégia Hospital of Liege (Belgium), and



University hospital of Lille (France). We identified pediatric (< 17years) and adult (=17years) CD
patients who underwent intestinal resection. Patients with radiological or endoscopic strictures and
corresponding clinical manifestationswere included. Control populations included tissues from
adult and pediatric patients without IBD or stricture-free CD (no endoscopic or radiological evidence
at sampling). Based on preliminary results, ulcerative colitis (UC) patients were also included to
study PDIA6 distribution. Tissues (ileum and colon) were obtained from intestinal resections or
biopsies.

For all patients, we collected clinical data: gender, age at sampling and IBD diagnosis, endoscopic
and histological findings, disease location and duration, history of strictures if present, treatment

history, current treatments and inflammatory markers at sampling [28].

2.2.Scoring of inflammation and fibrosis

Tissues were formalin-fixed, paraffin-embedded (FFPE) [29] and 4 ulm sections stained with
Hematoxylin & Eosin (H&E), Masson’s Trichrome (MT), and Immunohistochemistry (IHC).

Inflammation (I) and fibrosis (F) were scored on H&E sections by an expert gastrointestinal
pathologist (N.B.), blinded to clinical characteristics [28]. As no validated histological inflammation
score exists in CD, we applied a detailed grading approach (aligned with ECCO key principles) [30].
Lymphoplasmocytic and neutrophils infiltrates were independently scored in the lamina propria, to
quantify chronic and acute inflammation, respectively (0 = none, 1 = mild, 2 = moderate, 3 = severe)
[31-33]. Crypt injuries, edema, granuloma and ulcerations were also reviewed as previously
described [28, 34, 35].

Fibrosis was first graded on H&E sections [24], then confirmed on MT-stained sections to highlight
collagen accumulation (Staining Kit VWR 1004850001). A four-grade scaling system was used,
integrating parameters from previous works [34-38] : FO: no architectural distortion, no ECM
deposition or myofibroblast accumulation, F1: ECM and myofibroblast accumulation, preserved
layers, increased submucosal thickness, F2: ECM and myofibroblast accumulation with preserved
layers, densified ECM network, increased submucosal thickness, F3: massive ECM and
myofibroblasts deposition extending into smooth muscle, disrupting layers with trans- mural
fibrosis. Fibrosis scoring was applied to resection specimens only, as biopsies were too shallow for

accurate fibrosis assessment [13].



2.3.Characterization of immunohistochemical signal of ERS-related proteins

Based on the pilot proteomic study [24], the proteins AGR2, BiP, ERP44 and PDIA6 were selected
for IHC characterization. IHC was performed as previously described [24, 39] using commercial
antibodies targeting AGR2 (Novus, Rabbit Dako-Agilent, 1:250), BiP (Cell Signaling, Rabbit Dako-
Agilent, 1:500), ERP44 (Cell Signal ing, Rabbit Dako-Agilent, 1:1000) and PDIA6 (Sigma, Rabbit Dako-
Agilent, 1:2000). Positive and negative controls ensured techical staining reliability between batches.
IHC scores were determined by at least two independent observers (EB, M-AM, CM and CS), blinded
to clinical information, inflammation or fibrosis scores.

Due to differences in cellular distribution along the crypt epithelium, three zones were
characterized in both colon and ileum: 1-surface epithelium (SE), 2-upper and intermediate portion
of the crypts, and 3-bottom of crypts, each graded separately (Fig. 1. A). Staining intensity was scored
using a semi-quantitative brown shading scale (0 to 4), where 0 =no staining,and 1,2, 3 and 4 = weak,
moderate, strong and very strong staining, respectively, as described by others [39-41] (Fig. 1. B).
Immunostaining signals were evaluated manually by two independent observers, reaching a
consensus on the final score for each zone. The Intra-class Correlation Coefficient (ICC) was 0.995,
indicating excellent reliability of the scoring method [42]. In cases of disagreement, scores were
averaged. When several tissue slices (and therefore different blocs) could be obtained from the same
patient’s gut location and showed identical inflammation and fibrosis grades, the IHC scores were
averaged to avoid overfitting. The Bonferroni correction was applied to control for type | error across
multiple com- parisons ( n = 12), adjusting the alpha threshold accordingly.

2.4.Statistics

Inflammation and fibrosis scores were correlated with the IHC scores of each protein across all
available ileal and colonic tissues. These correlations were based on IHC score distributions in the
following groups: normal tissues (N) (neither inflammation nor fibrosis), tissues with pure
inflammation (I), pure fibrosis (F) and/or tissues with both inflammation and fibrosis (IF).
Additionally, comparisons of protein distributions were performed between patient groups:

pediatric CD versus adult-onset CD, CD patients versus non IBD controls, and CD versus UC.



Figure 1. A. Representative pictures illustrating the different histological areas studied: 1: lleum; 2: Colon. Surface
epithelium (yellow); crypts (blue); bottom of crypts (red). B. Examples of Masson’s Trichrome-stained tissues
showing fibrosis grades F1 to F3, alongside IHC staining scores for AGR2 (in brown) in the ileum and colon (1: lleum,
F1 with AGR2 score = 1; 2: lleum, F3 with AGR2 score = 2.5 to 4; 3: Colon, F1 with AGR2 score = 0.5; 4: Colon, F3 with
AGR2 score = 3.5). C. Illustration of PDIA6 distribution (in brown) in normal tissues (without inflammation nor

fibrosis) in a healthy control and a CD patient tissues taken in the ileum (1) and colon (2).
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GraphPad Prism (version 10.0.2) was used for graphical illustrations and statistics. IHC scores,
inflammation and fibrosis scores were compared between patient groups and tissue groups using
ANOVA, Kruskal-Wallis or Tukey’s post hoc tests. PDIA6, distribution in CD, UC and non IBD patients
were compared using MannWhitney or Welch’s t -tests. Correlations between inflammation, fibrosis

grades and IHC scores, were assessed via Spearman’s test. Contingency tables and Fisher’s exact



tests evaluated the discriminatory power of the PDIA6 IHC score in differentiating CD, UC, and non
IBD controls, using thresholds of <1 or =1.
Results were considered significant after Bonferroni correction for multiple testing. Adjusted

significance thresholds were defined as follows: p <0.0042 (*), p <0.001 (**), p <0.0001 (***).

3. Results

3.1.Clinical and sampling data

We included 224 patients and 815 tissue samples in this multicenter study: 119 CD, 31 UC and 74
non IBD controls. Within the CD cohort, 72 patients had a pediatric-onset disease (< 17years). Surgical
resection specimens from stenosis and surgical margin (68 patients) and endoscopic biopsies away
from stenosis (51 patients), were analyzed. Clinical characteristics (CD, UC and non IBD) and key
findings from the comparisons are summarized in Table 1 (Supplementary). Significant clinical
differences were observed between pediatric- and adult-onset populations, including treatment at
sampling, stricture location and the primary or anastomotic nature of the stenosis.

As multiple tissue slices were available per patient, 4518 tissue slices were analyzed. Table 2

(Supplementary) summarizes the tis- sue samples.

3.2.Comparison of the distributions of ERS-related proteins and association

with fibrosis in CD

We conducted a systematic analysis of AGR2, BiP, PDIA6 and ERP44 IHC signal distributions.
Illustrations are shown in Supplementary Figure 1.
3.2.1. AGR2
AGR2 IHC staining distribution across groups is shown Fig. 2 and Supplementary Figure 2-3. AGR2
was significantly higher in the colonic than ileal surface epithelium, especially in adult controls and
normal (no inflammation nor fibrosis) CD samples (Supplementary Figure 2).
In the ileal and colonic crypts of CD patients, AGR2 distribution was increased in the epithelium

adjacent to inflammatory and fibrostenosing tissues, compared to non IBD and CD tissues without



inflammation or fibrosis (Fig. 2. A-B). A similar pattern was observed between purely fibrosing tissues

(without inflammation) and normal non IBD and CD tissues. Similar differences were also found in

the ileal surface epithelium and crypt bottoms in both the ileum and

3).

colon (Supplementary Figure

Figure 2. (A) (B) Distribution of AGR2 IHC scores in ileal and colonic crypts of normal tissues (N- no inflammation

nor fibrosis), tissues with pure inflammation (1), pure fibrosis (F) or tissues with both inflammation and fibrosis

(IF) in non IBD cases and CD patients. (C) (D) Distribution of AGR2 IHC scores in ileal and colonic crypts according

to fibrosis grades.
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AGR2 IHC staining increased with higher fibrosis grades in ileal and colonic crypts (Fig. 2. C-D).
Similar findings were noted in the surface epithelium and crypt bottoms (Supplementary Figure 4).

Correlation analyses (Supplementary Figure 5) showed a weak but significant association
between AGR2 IHC scores and fibrosis in colonic crypts and crypt bottoms in both adult and pediatric
CD cases, but no significant correlation with acute or chronic inflammation. In the ileum, AGR2 IHC
scores correlated more strongly with fibrosis than in the colon, particularly in the surface epithelium
and crypts. No correlation was found between AGR2 expression and chronic or acute inflammation.

3.2.2. BIP

BiP IHC staining is shown in Supplementary Figure 6 for controls and normal CD samples. BiP
distribution was lower in adult colonic tissues compared to ileal tissues and colonic and ileal
pediatric tissues.
BiP IHC staining distribution is illustrated in Fig. 3. A-B and Supplementary Figure 7. BiP was
significantly increased in the epithelium adjacent to inflammatory and fibrostenosing tissues,
compared to non IBD and CD tissues without inflammation or fibrosis. Unlike AGR2, BiP distribution
was also elevated in tissues with pure inflammation (without fibrosis), but not in tissues with pure

fibrosis.



Figure 3. (A)(B) Distribution of BiP IHC scores in ileal and colonic crypts of normal tissues (N- no inflammation nor
fibrosis), tissues with pure inflammation (1), pure fibrosis (F) or tissues with inflammation and fibrosis (IF) in non

IBD cases and CD. (€)(D) Distribution of BiP IHC scores in ileal and colonic crypts according to fibrosis grades.
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BiP IHC scores was positively associated with fibrosis degree in the ileal and colonic crypts ( Fig. 3.
C-D). Significant results were also found in the surface epithelium and crypt bottoms (Supplementary
Figure 8). Correlation studies revealed a significant association between BiP intensity and
inflammation, unlike the other proteins (Supplementary Figure 5 and 9). BiP signal intensity also

correlated with fibrosis, showing strong inflammation-fibrosis associations.



3.2.3. PDIA6

The PDIA6 IHC staining distribution is represented in Supplementary Figure 10. In controls and
normal CD samples, PDIA6 distribution was lower in adult colonic tissues compared to pediatric
colonic tissues. Overall, PDIA6 IHC scores were lower in the colon than in the ileum for both pediatric
and adult cases.

PDIA6 distribution was not increased in fibro-inflamed tissues compared to those without
inflammation or fibrosis, in either colon or ileum (Fig. 4. A-B, Supplementary Figure 11). However,
PDIAG6 distribution was significantly higher in CD tissues compared to non IBD tissues, regardless of
location, age of onset or inflammation/fibrosis presence.

Correlation analyses showed no significant association between PDIA6 and inflammation or

fibrosis in any population.

3.2.4. ERP44
ERP44 IHC stainingis shown in Fig. 5 and Supplementary Figures 12-15. Adult and pediatric-onset

populations are presented separately due to significant group differences (see 3.d).



Figure 4. (A)(B) Distribution of PDIA6 IHC scores in ileal and colonic crypts, including normal tissues (N- no
inflammation nor fibrosis), tissues with pure inflammation (1), pure fibrosis (F) and tissues with both inflammation
and fibrosis (IF) in non IBD cases and CD patients. (C)(D) Distribution of PDIA6 IHC scores in normal ileal and

colonic crypts (without inflammation nor fibrosis) based on IBD phenotype (CD or UC) or healthy controls.
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fibrosis in either population.



3.3.Differential study of pediatric versus adult-onset cases

3.3.1. AGR2

AGR2 IHC scores were higher in adult than pediatric colonic crypts (Supplementary Figure 2).

In pediatric-onset cases, AGR2 distribution significantly increased with fibrosis grade in both ileal
and colonic crypts (Fig. 6. A-B), surface epithelium and crypt bottoms (Supplementary Figure 16.1-
4).

In adults, an increase was observed only in ileal tissues (Fig. 6. C, Supplementary Figure 16.5-6),
but not in the colon (Fig. 6. D, Sup- plementary Figure 16.7-8).

3.3.2. BIP

In crypts without inflammation or fibrosis, colonic BiP distribution was lower in adult than in
pediatric tissues (Supplementary Figure 6). BiP distribution in the surface epithelium and crypt
bottoms were similar in both groups.

In both ileum and colon, BiP distribution according to fibrosis grade were similar in pediatric- and

adult-onset CD (Supplementary Figures 17-18).



Figure 5. (A)(B) Distribution of ERP44 IHC scores in ileal and colonic crypts, including normal tissues (N- no
inflammation nor fibrosis), tissues with pure inflammation (1), pure fibrosis (F) and tissues with both

inflammation and fibrosis (IF) in pediatric non IBD cases and pediatric-onset CD patients. (C)(D) Distribution of

ERP44 IHC scores in ileal and colonic crypts according to fibrosis grades in pediatric-onset cases.
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3.3.3. PDIA6
PDIA6 distribution was lower in adult colonic tissues compared to pediatric colonic tissues
without inflammation or fibrosis, though no difference was seen in the ileum (Supplementary Figure
10).
The difference observed between CD and non-IBD tissues was consistent across both age groups,

with no significant variation in results between pediatric and adult populations.



3.3.4. ERP44

In control and normal CD tissues, ERP44 distribution was higher in adult-onset compared to
pediatric-onset-cases, with significant differences in the colon (Supplementary Figure 12).

In the ileum, no significant difference was observed between non-inflammatory and inflamed-
fibrosing tissues in either adult-onset or pediatric-onset CD, although a trend toward increased
expression was noted in the pediatric group (Fig. 5. A, Supplementary Figure 13-14).

In pediatric cases, ERP44 IHC scores were higher in fibroinflammatory CD tissues than in
inflammatory non IBD tissues in colonic crypts (significant in the bottom) (Fig. 5. B, Supplementary
Figure 13). In adults, ERP44 colonic distribution was more widespread and not influenced by
inflammation or fibrosis (Supplementary Figure 14-15).

In pediatric-onset ileal crypts, ERP44 distribution increased with fibrosis grade (Fig. 5 -C.), though
no significant change was seen in surface epithelium or crypt bottoms (Supplementary Figure 13.2,
13.6).

In pediatric colonic epithelium, ERP44 distribution increased with fibrosis grade (Fig. 5 -D.,

Supplementary Figure 13.4 and 13.8).

3.4.PDIA6 specific distribution in normal tissues of CD, UC and non IBD

controls

In tissues without fibrosis nor inflammation, PDIA6 IHC scores were higher in CD compared to non
IBD cases in theileum, and to UC and non IBD cases in the colon (Fig. 1. C., Fig. 4. C-D, Supplementary
Figure 19).

These results were similar when including inflamed and/or fibrotic cases, with no difference
between adult and pediatric tissues.

Contingency analyses using a threshold of PDIA6 IHC staining intensity < 1 for normal tissues vs.
>1 from normal CD tissues are provided in Supplementary Figure 20.A-D. Sensitivity, specificity and

accuracy were established for each segment and location (Supplementary Figure 20.E).



Fig. 6. (A-B) Distribution of AGR2 IHC scores according to fibrosis scores in pediatric-onset cases and (C- D) in

adult-onset cases in ileal and colonic crypts. The same shape and color coding has been used for all the

figures.
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4. Discussion

We investigated the expression of AGR2, BIP, PDIA6, and ERP44 proteins using IHC on intestinal
tissue samples from non IBD tissues, as well as non-inflammatory non-fibrotic, inflammatory, fibro-

inflammatory and fibrotic CD tissues, in pediatric and adult- onset cases. The analyses focused on



the surface epithelium and crypts. Our results show significant heterogeneity in the distribution of
these proteins, despite their shared chaperone functions. This suggest that although involved in ERS
response, their expression patterns differ based on tissue features, disease phenotype and location.
The underlying factors driving this heterogeneity - such age, disease stage, or segmental localization
- remain incompletely understood.

ERS plays a crucial role in inflammatory and fibrotic diseases in multiple organs [43-45], including
the intestine [11, 24, 46- 49]. PDIA6 and ERP44 are members of the PDI family, whereas BiP functions
as a chaperone rather than a typical PDI. AGR2, though part of the thioredoxin family and lacking
isomerase activity, shares structural traits with PDIs and is often grouped with them [50, 51].
Intestinal epithelial cells, Paneth and goblet cells are all susceptible to ERS due to microbiota
exposure [52]. Although the specific roles of these ERS-related proteins remain poorly understood,
their expression is influenced by factors like cell type, tissue location, pH, microbial activity [53, 54]
and developmental stages [55, 56]. Secretory cells like goblet and Paneth cells require more ER
chaperones [57]. Inflammatory and metabolic stress further regulate their expression [53, 58]. The
observed differences between adult and pediatric tissues may reflect tissue maturation. Importantly,
Eletto et al. showed that ER proteins are not uniformly regulated, with multiple distinct ERS response
pathways affecting the PDI expression [59]. However, a full understanding of these differences lies
beyond IHC and requires functional validation.

The significant increase of AGR2 in fibro-inflammatory and fibrotic tissues - absent in purely
inflammatory ones - suggests its crucial role in CD fibrosis. AGR2 overexpression has been identified
in CD and other fibrotic conditions like idiopathic pulmonary fibrosis and fibrolamellar cancers [48,
60, 61]. An increase in cytoplasmic AGR2 has been associated with elevated levels of its extracellular
form (eAGR2) and associated with ECM in cancer [62]. Our findings suggest cytoplasmic AGR2
upregulation may also reflect increased eAGR2 release. Indeed, functional assays on epithelial and
fibroblast models showed that eAGR2 produced by HT29 epithelial cells was indeed increased along
with cytoplasmic AGR2, inducing a paracrine transition of intestinal fibroblasts into myofibroblasts
(FMT), as also observed in lung fibroblasts [24, 63]. Furthermore, AGR2’s interaction with 3-catenin

promotes pro-fibrotic gene expression, and its role in fibroblast recruitment supports its



involvement in fibrosis [63, 64]. This is also true in cancer-associated fibroblasts [66], as eAGR2
promotes epithelial proliferation and co tributes to endo-MT and EMT, both implicated in intestinal
fibrosis [62, 65, 67-70]. The correlation between AGR2 and fibrosis in both colon and ileum in
pediatric cases, but only in the ileum in adults, could be due to higher eAGR2 levels in the colon of
pediatric CD patients. However, functional assays and evaluation of local/systemic eAGR2 levels, are
beyond the scope of our retrospective IHC characterization and require a dedicated research.

BiP, chaperone involved in the unfolded protein response, was elevated not only in fibrotic but
also in purely inflammatory tissues which is expected knowing its role in ERS. The significant
correlation between BiP staining intensity and inflammation severity is a relationship not found with
the other studied proteins. This observation aligns with studies addressing HSPA5 (BiP gene)
expression in pediatric and adult IBD [71-73]. IL-10 regulates gut inflammation by suppressing BiP
expression in intestinal epithelial cells and dysfunction in IL-10 signaling has been associated with
chronic inflammation, and very early-onset IBD with higher fibrosis risk [74- 77]. These findings
suggest that impaired regulation of ERS, due to IL-10 deficiency, may worsen IBD progression. BiP
distribution among tissues in both adult and pediatric tissues probably reflect the inflammation and
ER stress degrees rather than an effective direct role in fibrotic process as its role in ER stress is rather
restricted to intracellular process and that it is not observed secreted by epithelial cell, on the
contrary to AGR2.

PDIA6 and ERP44 interact with AGR2 and BiP, regulating protein folding and ER homeostasis [78-
81]. They were increased in the proteome cellular fraction of ileal and colonic ulcer edges [82] and in
fibrostenosing CD tissues, as well as in HT-29 cell supernatants after ERS [24]. Higher PDIAG6 level in
CD compared to non IBD, even in non-affected area, suggests a potential role in early pathogenic
mechanism, possibly to stress response or epithelial homeostasis alterations. PDAI6 is more strongly
distributed in pediatric cases, and varies between ileum and colon, potentially reflecting higher
intestinal proliferation rates in children. Its transcript levels have been shown to vary with
development, promoting cell motility and proliferation [83, 84]. Additionally, PDIA6 is upregulated in
hypoxic conditions, suggesting a role in highly oxygen-demanding intestinal regions [85, 86].
However, beyond proteomic results in Vieujean et al. [24]., no direct evidence between PDIA6 and
intestinal fibrosis has been established. Nevertheless, ER stress itself is associated with fibrosis

progression [87]. In a murine model, BiP and PDIA6 were correlated with cardiac interstitial fibrosis



[88]. PDIAG plays a key role in HSC activation and liver fibrosis, potentially serving as a biomarker for
cirrhosis and fibrotic liver diseases [89]. Functional inhibition studies in intestinal epithelial models
as organoids could help clarify their roles in intestinal fibrosis.

ERP44 |HC signal was higher in normal tissues in adults than in children, in the colon compared to
the ileum, and particularly in the surface epithelium and crypt bottoms. ERP44 expression is
influenced by endoluminal and intracellular pH [90-92]. The more acidic pH in the colon, compared
to the slightly alkaline ileum, may explain the higher ERP44 levels [91, 93]. ERP44 expression is
associated with fibro-inflammatory status in both segments only in pediatric-onset CD. However, no
difference was found between normal and inflammatory CD tissues, and increased ERP44 levels
correlate with the severity of fibrosis, further supporting an association which requires other
functional confirmations. Interestingly, studies in renal and cardiac models have suggested that
ERP44 modulates fibrotic remodeling by regulating ER homeostasis and redox balance, potentially
via attenuation of ER stress and down- stream oxidative and inflammasome pathways [94-96].

Our study’s limitations include its retrospective nature and the intrinsic constraints of IHC, though
this remains the gold standard for large tissue panels. Our multicenter study is the first multi-center
characterization of PDIs in pediatric and adult CD. However, our findings are observational, and
further mechanistic validations are required for ERP44, PDAI6 as was performed for AGR2 [24, 62, 63,
70, 97]. Functional studies might help in elucidating the probable complex and interconnected roles
of these proteins in fibrosis-related pathways. Additionally, the heterogeneity of the patient cohorts
in terms of treatment regimens and disease duration, combined with the limited number of
anastomotic strictures, reduces the statistical power for meaningful multivariate adjustments.

Many questions remain about ERS induction and UPR’s role in fibrosis. Current treatments remain
insufficient to prevent or reverse fibrosis or intestinal strictures. Developing effective drugs require a
better understanding of complex interactions between protein produced in response to ER stress and
inflammation as BiP, AGR2 and others PDIs, partially described [51, 78, 79, 98-100], but not fully
understood. Our findings highlight the complexity of ERS protein networks, whose regulation likely
drives distinct cellular outcomes depending on tissue type and disease phenotype. However, given

the observational nature of our study and expression variability, these associations require further



validation. Differences between adults and children, as well as between ileal and colonic tissues,
suggest distinct physiological and pathophysiological mechanisms which should be explored.
Functional studies, including biochemical interaction assays and in vitro fibrosis models, are needed

to clarify these roles and assess their therapeutic potential.
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