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ABSTRACT

Background: Enteric glial cells (EGC) play a crucial role in gut barrier maintenance but their role in ulcerative colitis (UC)-
related inflammation is largely unknown. This study investigated EGC and related proteins in patients with UC in inflamed and
non-inflamed segments during clinically active disease and remission following anti-inflammatory treatment.

Methods: Colorectal biopsies were obtained from inflamed and non-inflamed segments of 14 patients with UC before and after
initiating anti-inflammatory therapy and achieving clinical and endoscopic remission. Control biopsies were collected from 16
healthy controls (HC). EGC markers: glial fibrillary acidic protein (GFAP") and S100 calcium-binding protein 8 (S1008™") were
assessed by immunofluorescence. Relative estimates of inflammatory proteins in biopsies were analyzed using Olink tech-
nology. The EGC cell line CRL-2690 was exposed to interleukins (IL)-4 and IL-6 at varying concentrations and durations, and
analyzed by western blotting.

Results: EGC°F*"" and EGCS'"F" were more abundant in inflamed colonic segments during active UC compared to remission
(p < 0.001) and HC (p < 0.0001). In non-inflamed segments, EGC*F" decreased significantly with remission (p < 0.001),

whereas EGCS1006+

remained stable. Interleukin stimulation modulated GFAP expression in vitro, with IL-6 increasing and IL-4
decreasing in a dose and time-dependent manner. EGC-associated proteins, including cytokines, neurotrophic factors and
chemokines were elevated in inflamed segments during active UC, normalizing towards HC levels upon remission.

Conclusion: Elevated EGC counts, and associated pro-inflammatory proteins characterize inflamed mucosa during clinical
active UC. These novel findings suggest that EGC may be clinically relevant for identifying novel biomarkers for disease

monitoring.

Plain Language Summary
Ulcerative colitis (UC) is a chronic intestinal disease where the lining of the colon and rectum is chronically inflamed, but the
role of enteric glial cells (EGC) in the inflammatory process, is not well understood. In this study, we examined tissue samples
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from 14 patients with UC during active disease and after anti-inflammatory treatment from the inflamed and non-inflamed part

of the colon, as well as from healthy controls. We focused on two proteins markers of EGC and measured EGC inflammation-

related proteins. We found that EGC were much more abundant in inflamed tissue during active UC compared to tissue in

remission or from healthy controls. In non-inflamed tissues, one EGC marker decreased after treatment, whereas the other

stayed stable. In addition, our study shows that specific immune signals (interleukins) could change the activity of EGC, with

IL-6 increasing and IL-4 decreasing levels of one marker. Overall, inflamed tissue in UC showed higher levels of EGC and

related inflammatory proteins, which returned closer to healthy controls after treatment. These findings suggest that EGC are

closely linked to inflammation in UC and could potentially serve as useful biomarkers to monitor disease activity and treatment

response.

1 | Introduction

Ulcerative colitis (UC), one major subtype of inflammatory
bowel disease (IBD), is an immune-mediated disorder charac-
terized by chronic mucosal inflammation of the colon and
rectum. The disease typically progresses through relapses,
alternating between episodes of active inflammation and pe-
riods of remission, during which there is no disease activity.
During flares patients often experience symptoms of bloody
diarrhea, abdominal pain and cramping [1, 2].

Although the exact pathophysiology of UC remains unclear,
evidence suggests that chronic intestinal inflammation can
cause structural and functional changes within the enteric
nervous system (ENS) [3]. Enteric glial cells (EGC) are non-
neuronal cells of the ENS that play a crucial role in maintain-
ing gut barrier homeostasis by secreting factors, such as cyto-
kines and neurotrophic factors [4, 5]. Notably, they constitute a
heterogeneous population, distinguished by the expression of
various markers including glial fibrillary acidic protein (GFAP),
S100 calcium-binding protein  (S10083), proteolipid protein 1
(PLP1), and transcription factor Sox10 [4]. Patients with IBD
display defects in EGC networks [6] and their reactions, char-
acterized by phenotypic and functional alteration may
contribute to inflammation, a dysfunctional intestinal barrier
[6-8], and impaired neuronal integrity [9].

We recently demonstrated an increased number of EGC in the
ileal mucosa of patients with Crohn's disease (CD), another
subtype of IBD [10], by examining the two markers GFAP and
S1008. These findings align with previous research indicating an
increased expression of EGC markers in inflamed segments of
patients with active IBD compared to healthy controls (HC)
[11-13], suggesting increased activation and a potential role in
amplifying inflammatory response [14, 15]. Therefore, under-
standing the role of EGC in inflammatory conditions following
disease state, along with the dynamic interplay between EGC
activation and enteric neuronal function is crucial for advancing
our knowledge of UC-related inflammation.

Based on these considerations, we aimed to study the involve-
ment of EGC in both clinically active and quiescent UC. We
examined the characteristics of EGC and their associated pro-
teins by analyzing inflamed and non-inflamed biopsies from
patients with clinically active UC initiating anti-inflammatory
therapy and from the same patients and biopsy locations after
achieving clinical and endoscopic remission. Additionally, we
compared the results to biopsies obtained from HC.

2 | Materials and Methods
2.1 | Patient Cohort and Ethical Considerations

Patients (8 men and 6 women, median age 38.5 years [range
21-72 years]) with known UC were included in the study
(Table 1). Prior to initiating anti-inflammatory treatment, a
flexible sigmoidoscopy was performed after bowel preparation
with a rectal enema. The study was performed in accordance
with the Declaration of Helsinki and approved by the Regional
Committee of Human Ethics (Dnr 2011/285-31, 2012/216-31,
2013/111-31 and 2013/506-32). All subjects gave their written
informed consent.

2.2 | Endoscopic and Histologic Grading of
Inflammation

The extent of the inflammation was noted as the distance in
centimeters from the anus and graded according to Endoscopic
Mayo score (0-3) [16]. Histological activity was graded accord-
ing to the modified Riley score [17] (range 0-7) and the Robarts
index [18] (range 0-33) and Nancy histology index (NHI) [19]
(range 0-4) by an experienced pathologist (S.I.).

2.3 | Healthy Control Group

Individuals (10 women and 6 men, median age 30 years [range
22-61 years]) with no medical history of chronic gastrointestinal
symptoms and disorders, allergies and no intake of anti-
inflammatory medication were recruited as a control group.

2.4 | Collection of Biopsies

Patients with UC received anti-inflammatory treatment ac-
cording to Table 1. Colorectal biopsies were collected from the
inflamed and non-inflamed segment 5 cm distal to the demar-
cation line and from non-inflamed segment 10 cm proximal to
this line. Both biopsy locations were noted as the distance in cm
from the anal verge. At the first visit, biopsies were collected
both from inflamed distal colon and the non-inflamed proximal
colon during clinically active UC (Figure 1). A follow-up
sigmoidoscopy was performed once patients reached clinical
and endoscopic remission and biopsies were obtained from the
same location as the initial visit as outlined in the study over-
view. Biopsies from the healthy control group were obtained
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TABLE 1 | Characteristics of the 14 patients with ulcerative colitis (UC) included in the study.

Patient Age

Inflamed segment

Anti-
inflammatory

Non-inflamed medication

segment biopsy Ist 2nd

ID (year) Sex Allergy Smoking biopsy location location Disease location visit visit
1 28 M Penicillin No Sigmoideum Sigmoideum Rectosigmoideum 5- 5-
ASA, ASA,
AZA IFX
2 36 F No No Rectum Sigmoideum Rectum 5-ASA  5-ASA
3 21 M No No Rectum Sigmoideum Rectum 5-ASA  5-ASA
4 71 F No No Rectum Sigmoideum Rectum 5-ASA  5-ASA
5 61 F Pollen No Sigmoideum Sigmoideum Rectosigmoideum 5-ASA  5-ASA
and fur
6 61 M No No Sigmoideum Sigmoideum Rectosigmoideum 5- 5-ASA
ASA,
AZA
7 48 F No No Rectum Sigmoideum Rectum Steroids 5-ASA
8 20 F No No Rectum Sigmoideum Rectum None  5-ASA
9 34 No Yes Sigmoideum Sigmoideum Rectosigmoideum 5- AZA
ASA,
AZA
10 21 M Pollen No Sigmoideum Sigmoideum Rectosigmoideum AZA 5-
ASA,
AZA
11 35 M Pollen No Sigmoideum Sigmoideum Rectosigmoideum 5-ASA  5-ASA,
steroids
12 41 M No No Sigmoideum Sigmoideum Rectosigmoideum 5-ASA  5-ASA
13 72 F No No Sigmoideum Sigmoideum Rectosigmoideum None  5-
ASA,
AZA
14 64 M No No Sigmoideum Sigmoideum Rectosigmoideum 5-ASA  5-ASA

Note: Biopsies were collected from 14 patients with clinically active UC (1st visit). Patients were given anti-inflammatory medication and returned for follow-up biopsies
when in clinical and endoscopic remission (2nd visit). Biopsies were taken in October-December that is outside pollen season in Sweden.
Abbreviations: 5-ASA, 5-aminosalicylic acid; AZA, azathioprine; F, female; IFX, infliximab; M, male. Biopsies were taken in October-December that is outside pollen

season in Sweden.

from the sigmoid colon during sigmoidoscopy. All biopsies were
collected with forceps without a central lance and directly put in
ice-cold oxygenated Krebs buffer [20].

2.5 | Immunofluorescence

Colorectal biopsies from all study groups were used for immu-
nofluorescence studies of EGC markers as previously described
[10]. Briefly, after fixation in 4% paraformaldehyde, biopsies were
embedded in paraffin, sectioned (5 um), and incubated at 60°C for
3 h. Standard deparaffinization and rehydration were followed by
antigen retrieval in citrate buffer (10 mM, pH 6, with 0.5% Tween
20) through boiling and permeabilization in PBS-0.1% Triton
100X for 10 min. Sections were blocked with 1% BSA in PBS-0.5%
Tween and 300 mM glycine for 30 min. Sections were stained with
rabbit-anti-GFAP (1:500; Dako Cytomation, Denmark) or rabbit-
anti-S1008 (1:200; Abcam, Netherlands), followed by Alexa
Fluor 546-conjugated secondary antibodies (1:1000; Invitrogen,

Netherlands). Prolong Gold DAPI (Thermo Fisher, Sweden) was
used for mounting. Secondary antibody specificity was confirmed
by omitting primary antibodies. For quantification of glial cell
bodies expressing GFAP (EGCCTAP) or S1008 (EGCS1°% ), five
63x magnification images per sample were captured, using the
same imaging settings, with a Leica DMi8 microscope (Leica
Microsystems CMS, Wetzlar, Germany) equipped with Hama-
matsu ORCA Flash 4 (SCMOS) camera (Hamamatsu, Hama-
matsu City, Japan) and Leica software (Leica Microsystems CMS,
Wetzlar, Germany). Manual counting was performed in a blinded
manner using Fiji/ImageJ software [21] with results expressed as
mean number of cells per mm?.

2.6 | Protein Analysis and Protein Selection

For protein extraction, 196 pL of radioimmunoprecipitation
assay (RIPA) buffer (Sigma, St. Louis, MO, USA) was combined
with 4 uL of protease inhibitor (SigmaFast 50X) in an Eppendorf
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FIGURE1 | Study design and biopsy sampling from 14 patients with ulcerative colitis (UC) and 16 healthy controls (HC). Patients with UC were

recruited during a clinical flare up of the disease (active disease). Colorectal biopsies from UC were collected by sigmoidoscopy from the inflamed and

non-inflamed segment during clinically active disease and in clinically and endoscopic remission after following anti-inflammatory medication.

Biopsies from HC were collected by sigmoidoscopy from the distal colon only for a one-time visit.

tube. Biopsy samples were then added after carefully removing
any residual Allprotect from the tissue. The mixture was soni-
cated on ice using 10 times 1-s pulses at 15% amplitude
(Chemical Instrument AB, Lidingd, Sweden) to lyse cells and
homogenize the sample. The homogenate was subsequently
centrifuged at 16,000 g for 10 min at 4°C. The resulting super-
natant was transferred to a cryotube and stored at —80°C.

Biopsies were analyzed by proximity extension assay using the
Proseek Multiplex Inflammation I and Oncology II Probe kit
(Olink Proteomics, Uppsala, Sweden), which includes 162
inflammation and oncology related proteins (see Table S1). Data
normalization and standardization were performed using the
Olink Wizard for GenEx (Multid Analysis, Sweden). In these
steps, the Ct values of the qPCR were transformed into the
arbitrary unit, normalized protein expression (NPX), which
represents the relative protein levels on log2 scale [22]. In
addition, total protein concentration of lysed material was
determined using the Bio-Rad DC protein assay kit (Bio-Rad,
Sweden) and the Modulus Microplate reader (Turner Bio-
Systems, USA). A linear model was applied to adjust for dif-
ferences because of varying total protein concentrations
between lysates. The model was fitted for each protein i, using
the measured total protein concentration c of each sample j with
the intercept u, coefficient 8, and error «.

NPXi,j =u; + ﬁi . log Z(Cj) + €.
We used the following formula to calculate the adjusted
normalized protein expression (NPX) value of each protein i and
sample j:

NPXadj;; = NPX;; — (; + B; - 1og 2(cj)) + mean(NPX;).

Only proteins with significant positive correlation between
their NPX value and the total protein concentration were

adjusted. Proteins exhibiting significant negative correlation
were excluded from the analyses due to concerns about data
reliability issues, such as measurements exceeding the upper
limit of detection. Data analyses were performed using R'7,
version 4.05 and the packages ggplot2 [23], tidyverse [24], and
ggrepel [25]. When no significant correlation was observed, the
original values were kept. Relevant packages listed below were
used for analysis. We further highlight a subset of proteins that
were associated with EGC through a literature search using
PubMed, including the ones having > 2 hits when searching the
term: “Enteric + glial 4 cells and gene symbol,” where the gene
symbol was provided in the Olink manifest (see R code, Sup-
porting Information S1). Proteins associated with EGC were
further analyzed in inflamed segments from patients with
clinically active UC, those in remission and HC.

2.7 | In Vitro Experiments

The enteroglial rat cell line (ATCC, CRL-2690) was cultured
according to standard operating procedures until sub-confluent
in six well-plates (1 x 10° cells/mL). Cells were stimulated with
Dulbecco's modified Eagle’s medium (DMEM) (Invitrogen,
Sweden) containing interleukins (IL)-4 or IL-6 at a concentra-
tion of 1, 10 or 100 ng/mL for 6 and 24 h. As controls, cells were
added DMEM only. At the end of the timepoint, supernatants
were collected, and cells were harvested using 0.25% trypsin
[26]. The cell pellet and supernatant were stored for further
analyses at —80°C.

2.8 | ELISA

Sandwich ELISA kits were used according to standard operating
procedures to measure GFAP and S1008 levels in supernatants
from interleukin stimulated cells [26]. Briefly, samples were
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added to plates pre-coated with primary antibodies, incubated at
37°C for 90 min, followed by secondary antibody addition and
further 60-min incubation. Plates were processed according to
manufacturer's instructions (Nordic Biosite, Sweden), and
absorbance read at 450 nm using a VersaMax Microplate reader
with SoftMax Pro 5 (Molecular Devices).

2.9 | Western Blot

Protein was extracted from frozen EGC and used for western
blotting, as previously described [10]. Briefly, equal amounts of
protein (10 ug per sample, assessed by DC protein assay [Biorad,
USA]) were separated on a 4%-20% tris-glycine gel (Thermo
Fisher, Sweden), transferred onto a nitrocellulose membrane,
and blocked with 5% non-fat dry milk (Bio-Rad, USA). Mem-
branes were incubated overnight at 4°C with specific primary
antibodies (anti-GFAP, 1:1000, Dako Cytomation, Denmark;
anti-S100f, Abcam, Netherlands; anti-g-actin, 1:10,000 [Cell
Signaling, BioNordika, Sweden]). After washing, membranes
were incubated with fluorescently labeled secondary antibodies
(Alexa Fluor 790 anti-rabbit and Alexa Fluor 680 anti-mouse,
1:20,000 [Thermo Fisher, USA]). Fluorescent bands were
detected using the Odyssey CLx system and quantified with
Image Studio software (LI-COR Biosciences). The levels of
GFAP, and f-actin loading control were corrected to their
brightest signal within each membrane, and GFAP protein was
then normalized to $-actin corrected values. Values are given as
GFAP/B-actin standardized to control wells.

2.10 | Statistical Analysis

Data were analyzed using GraphPad Prism 10.0.2 (GraphPad
Software 1Inc). Data normality was assessed using the
Shapiro-Wilk test. Depending on normality, group comparisons
were performed using ANOVA or Kruskal-Wallis, and com-
parisons between active UC and remission were analyzed using
Student's t-test or Wilcoxon test. Significance was set as p < 0.05
with results expressed as mean + SEM or median and inter-
quartile range (IQR). For protein data, the analysis was per-
formed using RY?, version 4.05, and relevant packages as listed
in the method.

3 | Results

3.1 | Evaluation of Disease Activity and
Histological Grading

At the first visit, during clinically active UC, all patients showed
active disease with a median Full Mayo score of 7.5 (range 4-8)
and Endoscopic Mayo score of 2 (range 1-2). At follow-up, all
were in clinical (Full Mayo score < 2) and endoscopic remission
(Endoscopic Mayo score < 1) (Table 2). Biopsies from non-
inflamed segments had minimal histologic inflammation at
both visits (median modified Riley score 0, Robarts 1 or 0, NHI
0). Inflamed areas during active disease showed higher
inflammation (Riley median 4, Robarts 10; NHI 3 p < 0.001)

compared to non-inflamed and remission samples. At follow-up,

TABLE 2 | Mayo score and histological grading of biopsies from the 14 patients with ulcerative colitis (UC) included in the study.

Mod Riley Mod Riley Robarts Robarts Nancy score
score score non- score score non- Nancy score non-
Full Mayo Endoscopic inflamed inflamed inflamed inflamed inflamed inflamed
score Mayo score area area area area area area

Patient 1st 2nd 1st 2nd Ist 2nd 1st

2nd Ist 2nd 1st 2nd 1st 2nd 1st 2nd

ID visit visit wvisit wvisit visit wvisit wvisit wvisit visit wvisit visit visit visit wvisit visit visit
1 8 0 2 0 — 0 — 0 — 1 — 1 — 0 — 0
2 8 2 1 4 0 0 0 13 9 1 1 2 0 0 0
3 8 0 1 0 4 0 0 0 10 1 1 0 3 0 0 0
4 4 0 1 0 5 4 0 0 21 4 1 0 3 2 0 0
5 5 0 2 0 5 0 0 0 15 1 0 0 3 0 0 0
6 8 0 2 0 — 0 — 0 — 1 — 1 — 0 — 0
7 8 0 2 0 1 0 0 0 10 1 1 1 2 0 0 0
8 5 0 2 0 0 0 0 0 2 0 1 0 0 (0] 0 0
9 5 0 2 0 7 4 0 0 19 10 0 0 4 2 0 0
10 6 0 2 0 4 0 0 0 16 1 1 1 2 0 0 0
11 8 0 2 0 4 4 0 0 9 6 1 0 3 2 0 0
12 8 0 2 0 5 0 0 0 10 1 1 1 3 0 0 0
13 7 0 2 0 4 0 0 0 8 1 0 0 2 0 0 0
14 7 0 2 0 5 0 0 0 15 0 0 0 3 0 0 0

Note: The extension of the inflammation was noted as distance in cm from the anus and graded according to endoscopic Mayo score. Histological grade of inflammation
was graded according to the modified Riley score, Robarts index and Nancy score. Evaluation was done in biopsies collected from 14 patients with clinically active UC
(1st visit) and at follow-up when in clinical and endoscopic remission (2nd visit). Missing data is indicated with —.
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Robarts scores remained slightly higher in previously inflamed
versus non-inflamed segments (p < 0.05), while Riley scores and
NHI did not differ (Table 2).

3.2 | EGCS¥AP* and EGCS'%** in Active Disease
and Remission Compared to HC

The numbers of EGCST™F" were increased in the inflamed
segment of the colon during clinically active UC compared to
clinically and endoscopic remission (p < 0.001) (Figure 2A,B).
Both EGCC™ P+ and EGCS'°%®" were higher in the inflamed
segment of the colon during active UC compared to non-
inflamed segment (EGC°™™* p < 0.05, EGCS'°** p < 0.0001)
in active disease and remission (p < 0.001) (Figures 2A,B and
3A,B). Of note, levels of EGCSFAPY after reaching remissions
were reduced compared to the non-inflamed segments during
active UC (p < 0.05) (Figure 2A). A reduction in inflamed seg-
ments for both markers was observed in 13 out of 14 patients
reaching remission (p < 0.001) (Figures 2C and 3C). EGCEFAP*+
decreased in non-inflamed segments, when patients reached
remission, p < 0.001 (Figure 2C), whereas levels of EGCS1006+
remained unaltered (Figure 3C). When compared to HC,
EGCCFAP* and ECGS%+ numbers were elevated in inflamed
segments of patients with active UC (p < 0.0001) and in those in

UC non-infl rem

UC non-infl act

GFAP* (cells/mm?)

remission (EGC®FF", p < 0.05, EGCS'°°%F* p < 0.01) (Figures 2B
and 3B). Only EGCCF*P* was increased in non-inflamed seg-
ments of patients with active UC (p < 0.001) and remission
(p < 0.05) when compared to HC (Figure 2B). No difference was
observed in levels of EGCS'°°®* in the non-inflamed segments of
UC as compared to HC (Figure 3B).

3.3 | EGC-Associated Protein Levels in Clinical
Active Disease and in Remission

Of the 162 proteins analyzed, 10 were identified as EGC-
associated based on > 2 PubMed hits of relevant scientific
publications. These proteins fell into four categories: pro-
inflammatory cytokines (TNF, IL-6, IFN-y, IL-18), neuro-
trophic/neuroprotective factors (NT-3, RET, and GDNF), che-
mokines (CXCL10 and IL-8), and anti-inflammatory cytokine
(IL-4) (Figure 4A). We next tested the differences in the rela-
tive protein levels of these 10 proteins between inflamed and
non-inflamed segments during active disease, remission and
HC. An upregulation was observed in seven out of 10 EGC-
associated proteins in inflamed versus non-inflamed seg-
ments during active disease (Figure 4B). When comparing
inflamed segments in active disease to remission, eight out of
10 proteins were found to be elevated (Figure 4C). When
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FIGURE 2 | Colorectal biopsies from 14 patients with ulcerative colitis (UC) and 16 healthy controls (HC) were sectioned and stained for glial

fibrillary acidic protein (GFAP) and manually quantified. (A) Representative images of EGC®"F" (green, arrowheads) staining in patients with
UC (patients during clinically active disease and clinical remission both from the inflamed and non-inflamed segment), as well as from HC. Scale
bar = 50 um. (B) Number of EGC*F"/mm? in patients with UC during clinically active and remission in the inflamed (orange) and non-
inflamed segment (blue) compared to HC (gray). (C) Levels of EGCCFAP* decreased in 13 out of 14 patients in the inflamed segment and 11 out
of 14 in the non-inflamed segment between clinically active UC and remission. Data are expressed as mean + SEM, one-way ANOVA, Student's
t-test *p < 0.05, **p < 0.001, ***p < 0.001 when compared to HC. *p < 0.05, ***p < 0.001. Act, active; infl, inflamed; rem, remission.
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FIGURE 3 |
calcium-binding protein § (S1008) and manually quantified. (A) Representative images of EGCS100+ (green, arrowheads) staining in patients
with UC (patients during clinically active disease and clinical remission both from the inflamed and non-inflamed segment), as well as from HC.
Scale bar = 50 um. (B) Number of EGC3°**/mm? in patients with UC during clinically active and remission in the inflamed (orange) and non-

Colorectal biopsies from 14 patients with ulcerative colitis (UC) and 16 healthy controls (HC) were sectioned and stained for S100

inflamed segment (blue) compared to HC (gray). (C) Levels of EG

(CS1006-+

decreased in 13 out of 14 patients in the inflamed segment while no

difference in the non-inflamed segment when comparing clinically active disease and remission. Data are expressed as median (IQR),
Kruskal-Wallis test, Wilcoxon test, **p < 0.01, ***p < 0.001 when compared to HC ***p < 0.001, ****p < 0.0001. Act, active; infl, inflamed; ns,

non-significant; rem, remission.

compared to HC, nine out of 10 proteins were upregulated
during active UC in the inflamed segments (Figure 4D). An
upregulation of IL-8 was found when comparing non inflamed
segment during active UC to HC (Figure 4E). All differences in
protein levels observed in the inflamed segment at active dis-
ease returned to levels comparable to the non-inflamed
segment in remission or to HC (Figure S1A,B). There was no
difference in the protein levels of the non-inflamed segment at
active disease versus remission (Figure S1C). However, when
comparing non-inflamed segments in both active disease and
remission (Figure S1D) to HC, a significant downregulation of
IL-8 was observed.

Several proteins were highly upregulated in the inflamed
segment during active UC, and despite not being directly
linked to EGC, they all have known glial and neuronal func-
tions in the central nervous system (CNS). The most elevated
proteins included IL17-A, TNFRSF6B, WISP1, oncostatin M
(OSM) and multiple CXCL protein family (CXCL9, 5, and 11),
particularly when comparing inflamed to non-inflamed seg-
ments (Figure S2A). Some of these (IL-17A, TNFRSF6B,
WISP1, CXCL9, and OSM) were also upregulated compared to
HC. Additionally, ADAM 8, PDL1, and CXCL11 showed
notable increases (Figure S2B).

3.4 | Modulation of GFAP Expression by
Interleukin Stimulation

Stimulation with IL-6 (10 ng/mL) induced a threefold increase
in GFAP expression of the EGC line CRL-2690 at 6 h and a
fourfold increase at 24 h (Figure 5A,C). A similar expression
pattern was observed after stimulation with IL-6 at 100 ng/mL
and reaching a sixfold peak at 24 h. No upregulation of GFAP
expression was observed in response to 1 ng/mL IL-6 at 6 or 24 h
(Figure 5A,C). In contrast, IL-4 at 1 ng/mL reduced GFAP
expression after both 6 and 24 h, whereas stimulation with 10
and 100 ng/mL IL-4 had no effect (Figure 5B). The quantifica-
tion of S10083 by western blotting was detectable but the signal
was not enough to provide accurate results (data not shown).
Quantification of GFAP and S100f in supernatants from stim-
ulated cells using ELISA were under the detection level,
regardless of interleukin, concentration, and time duration of
exposure (data not shown).

4 | Discussion

The present study provides novel insights into the role of EGC
in UC, particularly focusing on the abundance and expression of
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EGCC"P+ and EGCS'°Ft within the same patients across
active inflammation and remission. Notably, we could observe
differences when comparing EGCYFP* and EGCS'*%" levels
for the non-inflamed segment. Because our quantification
approach employed single-marker rather than double-label
staining, we could not determine whether GFAP and S100f8
are co-expressed in the same cell or identify distinct EGC sub-
populations. However, previous studies highlighted that GFAP
and S1008 are expressed differentially and do not consistently
overlap [27]. Further studies incorporating co-localization
techniques and/or immunostaining for additional markers
such as PLP1 and Sox10 would be relevant.

In this study, the observed upregulation of EGCS™*T and
EGCS'P* within the inflamed regions during active UC aligns
with prior studies emphasizing the involvement of EGC in in-
testinal barrier dysfunction and promoting inflammation [12,
14] The abundance of EGC observed in our data suggest both a
reactive response to inflammatory mediators and, a potential
contribution to the propagation of mucosal inflammation which
could lead to perpetuating inflammation in UC.

Previous studies using western blot [28], immunohistochemistry
[11], and immunocytochemistry [12] have reported a GFAP
overexpression in inflamed biopsies from UC patients group
(mixing both active and non-active cases) compared with non-
inflamed areas [11] or HC [12, 28]. Whereas most earlier
studies focused on S100f8 in active UC, none investigated pa-
tients in remission or followed UC states. One study investigated
the role of S1008 using immunohistochemistry from the
inflamed and non-inflamed segment without successful results
[3]. A second study, using the same methodology showed a
reduction in myenteric EGCS°f* when comparing the
inflamed segment to HC [29]. Here, we demonstrated that the
number of EGCS'°"" is upregulated in patients with UC during
active disease. This has not been observed before when using
immunofluorescence and is consistent with our recent findings
in ileum of patients with CD, where EGC were found to be
associated with impaired barrier function and more abundant in
both lamina propria and Peyer's patches areas compared to non-
IBD [10]. Despite methodological differences, these results align
with previous studies reporting increased S1008 protein
expression and release from samples of patients with active UC
compared with HC [9, 30]. Taken together, these findings
indicate that an increased level of EGCFA"* and EGCS'°%F+ are
associated with both UC and CD inflammation and may play a
significant role in both ileal and colonic inflammation. We
observed a significant reduction in the expression of EGC
markers during remission, indicating the potential of anti-
inflammatory treatment to reverse the number of EGC. Of
note, these reductions were observed in the context of minimal
histological inflammation, highlighting the sensitivity of EGC
markers changes to subtle shifts during inflammatory activity.
This supports the hypothesis that upregulation of EGC, and
reactive EGC, is driven by the inflammatory environment and
may not be an inherent characteristic of UC [13, 15].

The antigen-presenting potential of EGC, as demonstrated in
the study by Brown et al., adds another layer of complexity to
their role in UC. Emerging evidence suggests that EGC may play
a crucial role in modulating adaptive immunity during

intestinal inflammation [31]. Potentially, by regulating CD8+T
cells via MHCI mediated antigen presentation in inflammatory
conditions. Notably, CD8-+T cells have been identified as key
initiators of the inflammatory process and the development of
gut lesions during CD [32]. This aligns with our present find-
ings, where cytokine-driven modulation of EGC markers was
evident, particularly through IL-6-mediated upregulation of
GFAP. The interplay between EGC and immune cells, such as
CD8+T cells, might contribute to the perpetuation of inflam-
mation in UC [33]. In contrast, IL-4 caused a decrease in GFAP
at 6 and 24 h which is in line with a previous study, where a
slight decrease was observed in rat isolated EGC [34].

Notably, the reactive status of EGC is not only observed when
comparing cell numbers. A protective role of EGC-secreted
factors, seen by an increase of GDNF in the submucosal
plexus of inflamed colonic biopsies, has been described in IBD
[12]. Moreover, a rotavirus study highlights a contrasting role
for neurotrophic factors, such as GDNF, which protects the
intestinal barrier during viral infections by enhancing tight
junction integrity and reducing epithelial permeability [35].
This protective role contrasts with their pro-inflammatory and
barrier-compromising effects in UC, emphasizing the context
dependent functionality of EGC. The persistent barrier
dysfunction observed in the same cohort of patients with UC
during remission compared to HC [36], could influence EGC
reactivity and help explain why no upregulation of GDNF, or its
precursor RET, is observed with proteomic analysis. In UC, it
appears that the inflammatory cytokine milieu skews EGC to
promote barrier dysfunction and contribute to inflammation, as
opposed to the protective roles seen during viral challenges.

Even though the search for gene symbols is conservative and
more associations might be found, the proteomic data in this
study aims to highlight the dynamic nature of EGC involvement
in inflammation. The upregulation of pro-inflammatory pro-
teins during active disease and their reduction during remission
parallels previous observations in irritable bowel syndrome,
where EGC-derived mediators influenced permeability without
a clear inflammatory profile [20]. The specificity of these
changes to UC suggests that EGC are finely tuned to the in-
flammatory context of the disease. However, even though
identified as EGC-associated, proteins are also more or less
expressed by other cell types and known to be elevated during
inflammation. As per example, to the best of our knowledge, no
studies investigated the role of IL-8 with EGC, but IL-8 was
highlighted for its role in UC, as it appeared to be the most
frequently expressed cytokine across all Mayo endoscopic sub-
scores categories, underscoring its potential as a sensitive
marker of mucosal inflammation [37].

Several highly upregulated proteins in inflamed UC segments,
beyond those directly related to EGC, have known glial and
neuronal functions in the CNS. IL-17A has previously shown a
pronounced increase in UC compared to HC [38], and in the
CNS, IL-17A contributes to neuroinflammation via oligoden-
drocytes [39]. Similarly, OSM, also implicated in IBD patho-
genesis [40] and CXCL9, have shown to be produced by
microglia [41, 42]. Protective or regulatory proteins including
ADAMS (neuroprotection) [43] and PD-L1 expression, which
microglia use to modulate T-cell effector function to limit
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damage, were also upregulated [44]. Finally, WISP1 and
TNFRSF6B, known for promoting microglial survival in Alz-
heimer's disease [45, 46] showed increased expression in
inflamed UC segments, emphasizing the context-dependent role
of glial cells. Further research on glial cell function is essential
to determine whether their role in the CNS can be applied
to EGC.

In summary, this study reinforces the duality of EGC functions
in intestinal homeostasis and disease. The upregulation of EGC
markers during UC highlights their role as amplifiers of
inflammation and potential contributors to barrier dysfunction,
by reacting to inflammatory signals, while their downregulation
during remission suggests they could be harnessed in a clinical
perspective. Nevertheless, this study has some limitations,
including the relatively small sample size and single-center
design. In addition, the reliance on marker-based identifica-
tion of EGC subtypes may not fully capture the functional
heterogeneity of these cells. Future research should explore the
molecular pathways driving EGC activation and their in-
teractions with immune cells, to uncover novel interventions
that modulate glial activity and restore gut barrier integrity
in UC.
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