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Abstract

Objective: Inflammatory bowel diseases (IBD) cause chronic intestinal damage and extracellular
matrix (ECM) remodeling. The ECM may play an active role in inflammation by modulating
immune cell functions, including cell adhesion, but this hypothesis has not been tested in 1BD.

Design: Primary human intestinal myofibroblast (HIMF)-derived ECM from IBD and controls,
3D decellularized colon or ECM molecule-coated scaffolds were tested for their adhesiveness

for T cells. Matrisome was analysed via proteomics. Functional integrin blockade was used to
investigate the underlying mechanism. Analysis of the pediatric Crohn’s disease (CD) RISK
inception cohort was used to explore an altered ECM gene expression as a potential predictor for a
future complicated disease course.

Results: HIMF-derived ECM and 3D decellularized colonic ECM from IBD bound more T cells
compared to control. Control HIMFs exposed to the pro-inflammatory cytokines linterleukin-1p
(IL-1B) and tumor necrosis factor (TNF) increased, and to transforming growth factor-p1 (TGF-
B1) decreased ECM adhesiveness to T cells. Matrisome analysis of the HIMF-derived ECM
revealed collagen VI as a major culprit for differences in T cell adhesion. Collagen V1 knockdown
in HIMF reduced adhesion T cell as did the blockage of integrin avf1. Elevated gene expression
of collagen VI in biopsies of pediatric CD patients was linked to risk for future stricturing disease.

Conclusion: HIMF-derived ECM in IBD binds a remarkably enhanced number of T cells, which
is dependent on Collagen VI and integrin avpl. Collagen VI expression is a risk factor for a
future complicated CD course. Blocking immune cells retention may represent a novel approach to
treatment in IBD.

Keywords
Inflammatory bowel disease; Extracellular matrix; Intestinal T cells; Cell adhesion

Introduction

Crohn’s disease (CD) and ulcerative colitis (UC), the two major forms of inflammatory
bowel disease (IBD), have an unknown etiology and a chronic variable clinical evolution,
but both lead to structural tissue damage [1]. In addition to the classical notion of immune-
mediated tissue damage, there is now considerable evidence that non-immune cells are
also intimately involved in IBD pathogenesis and the ensuing structural abnormalities [2].
Epithelial, endothelial, and mesenchymal cells all produce and secrete extracellular matrix
(ECM), a complex mixture of glycoproteins and glycosaminoglycans, deposited throughout
the bowel wall in CD and predominantly in the submucosa in UC [3]. Once deposited,
ECM is not static, as it undergoes constant remodeling that alters its composition both
qualitatively and quantitatively, resulting in a dynamic modulation of its biological impact,
as noted during injury and healing of IBD tissue [3,4]. Importantly, in addition to its
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mechanical properties, ECM exerts a series of critical biological activities that modulate
multiple immune cell functions, including leukocyte binding, adhesion and recruitment [5].
Distinct collagen types, the major constituent of the ECM, have diverse roles and are
predominantly located in the interstitial and basement membrane matrix [6]. Among the
28 different types of collagens, collagen VI, a interconnecting collagen, has gained recent
attention as a driver and disease biomarker in inflammation and fibrosis [7].

Regardless of the type of IBD, inflammatory infiltrates develop due to trafficking of immune
cells from the microcirculation into the interstitial space [8] where they end up residing

in direct contact with the ECM. Activated human intestinal myofibroblasts (HIMF) are
considered the major source the intestinal ECM in both non-1BD and IBD tissue [9], and the
key cell type responsible for the structural and functional changes occurring locally in the
ECM [2]. The interaction of immune cells and ECM is mediated by various kinds of cell
surface molecules, among which integrins are of most investigated [10]. However, limited
information is available about the interaction between immune cells and the ECM in IBD.
The observation that current IBD treatments, which fundamentally only target the immune
component of both CD and UC, have reached a therapeutic ceiling makes targeting the ECM
and its immune cell interactions a reasonable and innovative proposition to improve patient
outcomes [11].

We hypothesized that the interaction between ECM and T cells via integrins is altered in
IBD, leading to an excessive binding and retention of T cells in the inflamed mucosa. We
further hypothesized that this adaptation results from a distinctively altered composition of
the ECM in IBD and is mediated by specific integrins. This would help explain the chronic
nature of inflammation in IBD and its subsequent tissue damaging effects.

Materials and methods

Procurement of intestinal tissues

The laboratory standardized process for tissue procurement and isolation and culture of
primary human intestinal myofibroblasts as well as lamina propria T cells (LPT) has

been described previously [12-15]. A detailed description can be found in Supplementary
Materials and Methods.

Generation of primary human intestinal myofibroblast derived 2-dimensional extracellular
matrix-coated plates

Forty thousand HIMFs/well were plated in a 24-well cluster plate (Corning, New York, NY,
USA) and, after reaching confluence, medium was replaced and the culture continued for
additional 10 days. At the end of this period, HIMF were washed with Hank’s balanced
salt solution (HBSS) and sequentially exposed to 0.5% Triton-X (Sigma, St. Louis, MO,
USA) and 0.025 N ammonium hydroxide (Sigma, St. Louis, MO, USA) for 2 min at room
temperature. The residual layer of ECM adherent to the plastic surface was then washed 4
times with HBSS and stored at 4 °C until used (Fig. 1A). In some experiments, ECM was
generated by HIMF stimulated by exposure to various cytokines, including interleukin-1p
(IL-1B) (10 U/mL), tumor necrosis factor (TNF) (10 U/mL), interferon-y (IFN-y) (100
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U/mL) or transforming growth factor-p1 (TGF-B1) (1 ng/mL) (all purchased from R&D,
Minneapolis, MN, USA), which were added during the 10-day period of ECM deposition.

Decellularization of colonic tissue sections

Using a slightly modified previously described decellularization protocol [16], fresh tissues
harvested from surgical specimen were rinsed in HBSS and mucus and blood clots removed.
They were then immersed in double-distilled water (ddH,0) with penicillin, streptomycin
and amphotericin B (PSF, Loza, Basel, Switzerland) at room temperature overnight and
subsequently incubated in ddH,O with PSF for 8 hours. They were then immersed in 4%
sodium deoxycholate (SDC, Abcam, Cambridge, MA, USA) at 4°C overnight with an 7h
wash in ddH,0 the following day. Tissues were then incubated with 0.2mg/ml RNase and
0.1mg/ml DNase (both Worthington-Biochem, Lakewood, NJ, USA) in 50mmol/L MgCl,
(Sigma, St. Louis, MO, USA) at 37°C overnight, followed by sterile phosphate-buffered
saline (PBS) washes twice a day for 10 days. Decellularized tissues were embedded in
optical coherence tomography compound (OCT) and frozen at —80 °C. OCT embedded
blocks were sectioned at 10um and attached into 3-well chamber slides (IBIDI GMBH,
Martinsried, Germany) for future adhesion experiments. Decellularized I1BD tissue was
obtained from the inflamed bowel segments.

Adhesion assay

HIMF derived 2D ECM-coated plates, ECM-coated plates and decellularized tissue were
overlaid with 1 x 10%/ml T cells (MOLT4 or peripheral blood T cells [PBT]) in Roswell Park
Memorial Institute 1640 medium (RPMI 1640). In specific experiments, 5 ng/ml phorbol
12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA) was added for 1 h. After 3

h at 37 °C, non-adherent T cells were removed by gentle aspiration and wells rinsed 3
times with Ca**- and Mg**-containing HBSS. T cells were either pre-labeled by calcein
(Thermo Fisher Scientific, Waltham, MA, USA) or were stained after adhesion and fixation
(Diff Quick Stain Set, Dade Diagnostics, Aguada, PR). All experiments were performed in
duplicates or triplicates. At least 3 random high-power fields (Olympus IX71 microscope,
Olympus Scientific Solutions Technologies Inc, Waltham, MA) in each well were obtained.
Number of cells were counted using ImageJ (version 1.8.0, National Institutes of Health &
LOCI, Madison, WI).

Matrisome analysis of human intestinal myofibroblast derived extracellular matrix

The ECM derived from HIMF was generated as described above. Deposited ECM from
untreated NL, UC and CD HIMF as well as NL HIMF that were untreated or stimulated with
10 U/mL TNF and 1 ng/mL TGF-p1 was digested in 8M urea Tris-HCI buffer (Sigma, St.
Louis, MO, USA) and subjected to liquid chromatography mass spectrometry (LC-MS) as
previously described [12]. The protein false discovery rate (FDR) rate was set to 1%. Label-
free quantitation (LFQ) intensities were determined using PD2.2. In order to focus on the
function of ECM components in T cell adhesion, the whole dataset identified by proteomics
was then matched with the matrisome database (MatrisomeDB), for further analysis[17]. A
detailed description of the proteomics workflow can be found in Supplementary Materials
and Methods.
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Isolation and purification of peripheral blood T cells, calcein labelling, RNA interference,
ECM coating, blocking experiments, immunohistochemistry, immunofluorescence,
quantitative reverse transcriptase polymerase chain reaction, the cohort description of the
Rapid Disease Progression in Children with Crohn’s Disease (RISK) study and statistical
analysis can be found in Supplementary Materials and Methods.

Enhanced adhesiveness of T cells to extracellular matrix derived from IBD intestinal
myofibroblasts

To investigate whether ECM produced by HIMF from the IBD mucosa displayed a different
capacity to bind T cells compared to ECM produced by non-IBD control (NL) HIMF, we
generated 2-dimensional (2D) ECM scaffolds from NL, UC and CD HIMF (Fig. 1A). Given
that the focus of this investigation was on the HIMF derived ECM properties, we used the
well characterized MOLT4 T lymphoblast cell line for most of the experiments. MOLT4
was originally derived from human acute lymphoblastic leukemia [18]. ECM deposited by
UC and CD HIMF bound a greater number of MOLT4 cells compared to ECM generated
by NL HIMF (Fig. 1B). Comparable results were also found for PBT and CD derived

LPT adhesion to the HIMF derived 2D ECM (Fig. 1B). To rule out the possibility that the
enhanced T cell binding of IBD ECM was simply due to a greater proliferation of HIMF
while producing ECM, the numbers of NL, UC and CD HIMF were measured at various
time points. Similar numbers of HIMF were present in all groups at 3, 7 and 10 days of
culture (Fig. 1C, left). We additionally measured the amount of ECM protein produced by
HIMF, and no differences could be detected for ECM produced by NL, UC and CD HIMF
(Fig. 1C, right). Together, these results suggest that ECM produced by IBD HIMF has a
higher adhesiveness to T cells compared to NL HIMF derived ECM. Due to the comparable
results in the adhesion assay using MOLT4, PBT or CD LPT, we used MOLT4 as the
representative cell line for further experiments (unless otherwise stated). While not the focus
of this investigation we performed preliminary experiments testing adhesion of LPT derived
from NL, UC and CD patients on HIMF derived 2D ECM scaffolds. Those results can be
found in Supplementary Fig. 1B and Supplementary Results.

Effect of cytokines on T cell adhesiveness to ECM derived from intestinal myofibroblasts

Knowledge of the modulatory effect of cytokines on ECM composition and ECM biological
activity is extremely limited. We hence investigated the effect of various cytokines on the
adhesive function of ECM produced by NL and IBD HIMFs. While it is not feasible

to test all cytokines known to be differentially regulated in IBD we deliberately selected
four of them, with established major roles in inflammation and ECM deposition: TNF
[19,20], IFN-y [21,22] and IL-1B [23,24] are major pro-inflammatory cytokines in IBD,
while TGF-p1 [2,25] has well established matrix remodeling properties. NL HIMFs
exposed to the pro-inflammatory activity of IL-1p and TNF, produced an ECM with
marked increase in adhesiveness, but IBD HIMF activated by the same two cytokines,

did not further increase the ECM adhesive capacity (Fig. 1D). IFN-y and TGF-B1 are two
cytokines abundantly produced in the inflammatory milieu of the IBD mucosa, but with
distinct immunomodulatory activities and effects on ECM production [26], with IFN-y

Matrix Biol. Author manuscript; available in PMC 2023 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal.

Page 6

downregulating and TGF-p1 upregulating ECM production. Surprisingly, treatment of NL
HIMF with IFN-y had no effect on the ability of the secreted ECM to bind T cells.

In contrast, ECM produced by UC and CD HIMF exposed to IFN-y exhibited reduced
adhesive capacity compared to that of untreated IBD HIMF (Fig. 1D). Finally, HIMF
exposed to TGF-B1, the main pro-fibrotic growth factor, induced a drop of T cell binding
capacity by the ECM from all groups, and this was particularly evident for ECM generated
by IBD HIMF (Fig. 1D). This indicates that the increased adhesiveness of ECM derived
from IBD HIMF could be reproduced by exposure of NL HIMF to TNF and 1L-1p.
Surprisingly, ECM from HIMF exposed to TGF-B1, despite being the major profibrotic
growth factor, showed reduced adhesiveness to T cells, suggesting that not the amount of
ECM, but potentially its composition may be relevant for T cell binding.

Collagen VI is associated with the T cell to extracellular matrix adhesion pattern in
myofibroblast derived matrix scaffolds

HIMF derived ECM is complex mixture of multiple proteins. We next determined which
components in HIMF-derived ECM could contribute to its enhanced adhesiveness in IBD to
derive candidates that may portend the adhesiveness to T cells. For this purpose, we used
proteomics analysis focusing on the core matrisome [17] (Fig. 2A), the main constituent of
the interstitial ECM. It comprises a collection of ECM proteins [17], such as glycoproteins,
collagens and proteoglycans. Principal component analysis (PCA) of 2D HIMF derived
ECM scaffolds, revealed limited global differences among NL, UC and CD ECM (Fig. 2B).
Most of the top 25 abundant matrisome protein components were shared between groups,
but unique expression was found for LAMC1, NID2 in NL, LAMA4, THBS1, COL18A1,
PXDN in UC and COL3A1, LTBP2 in CD (Fig. 2C). Fibronectin and tenascin were the top
two ECM proteins identified in all conditions (Fig. 2F). Given the observed differences in T
cell adhesion pattern observed between NL and IBD ECM and to identify ECM candidates
that may contribute to this adhesion we first focused on the matrisome components showing
an increase in UC and CD compared to NL. This was done as IBD HIMF derived ECM had
an increased adhesives to T cells compared to NL HIMF. In total, 13 matrisome factors were
identified to be elevated in IBD ECM compared to control, namely COL6A1, COL6A2,
COLG6A3, COL4AL, COL5AL, COL8AL, COL12A1, COL18A1, EDIL3, CTGF, FNDC1,
NTN1 and SRPX2.

To further elucidate the matrisome candidates responsible for an increase in T cell adhesion
we cultured NL HIMF with TNF (increased T cell adhesion) or TGF-p1 (decreased T cell
adhesion) and again performed a matrisome analysis. PCA revealed limited differences,
with most core matrisome components being shared by untreated or stimulated HIMF

(Fig. 2D and E). Untreated HIMF uniquely produced CYR61, COL14A1 and FBN2, only
TNF-treated HIMF produced LAMB1 and NID1, and only TGF-B-treated HIMF produced
THBS1 and COL3AL1 (Fig. 2E). Again, fibronectin and tenascin were the top two ECM
proteins that were identified in all conditions (Fig. 2G). We next aimed to recapitulate

the originally observed T cell adhesion patterns (Fig. 1B and D). We hence selected
matrisome factors that were elevated in the UC and CD ECM (Fig. S2A). Among those,
we identified specific factors produced by NL HIMF that increased with TNF treatment and
those that decreased with TGF-B1 treatment (Fig. S2B). COL6A1, COL6A2 and COL6A3
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followed this pattern (Fig. 2H and 1), and their relative abundance matched the adhesion
profiles observed in Fig. 1B and D. Of note, COL6A4, COL6A5 and COL6A6 were not
detectable in our matrisome analysis. The entire set of ECM molecules that were identified
in different groups are summarized in Fig. S2A and B. Hence the proteomic matrisome
analysis rendered collagen VI as one possible candidate leading to the increased T cell
adhesion to IBD HIIMF derived ECM. This provided our rationale for further exploring the
expression and functional relevance of collagen VI in T cell adhesion in IBD.

To confirm our findings of collagen VI upregulation in HIMF derived ECM we performed
immunofluorescence staining for collagen VI al in HIMF monolayers using selective
antibodies. Collagen VI a1 was elevated in both freshly isolated UC and CD HIMF
compared to NL HIMF (Fig. 2J) supporting our proteomics results. This expression analysis
also confirms HIMF as a source of collagen VI in IBD.

To evaluate, whether the spontaneous cytokine expression by HIMF is different between
NL, UC and CD we performed a flow cytometry cytokine assay of HIMF supernatants that
were conditioned for 48h. We found expression of IL-6, IL-8 and MCP-1 with no significant
difference between NL, UC or CD. A trend was noted for increased MCP-1 expression in
UC and CD compared to NL. IL-1pB, IL-10 and TNF were not detectable (Fig. S3A).

Collagen VI increases adhesion of T cells

To corroborate our findings of the relevance of collagen VI for T cell adhesion we
investigated its direct interaction with MOLT4 /n vitro. In fact, T cells adhered to collagen
VI-coated plates in a concentration-dependent manner compared to uncoated plates, and
adhesion dramatically increased by 30-fold in T cells pre-activated with phorbol myristate
acetate (PMA) (Fig. 3A and B). As a control we used collagen I and 1V, which are both
known to be increased in IBD and which also increased adherence of T cells to a comparable
degree in our adhesion assay (Figs. 3B and S3B and C). However, neither collagen | nor
IV showed differences in the proteomics results that matched the originally observed T
cell adhesion patterns (Fig. 1D). We next used LPT isolated from a CD patient and tested
their adhesion to collagens I, IV and VI. We found increased adhesion of LPT to all three
collagens, with the strongest adhesive capacity exerted by collagen VI (Fig. S3D).

We then silenced the central COL6A1 chain in HIMF via siRNA knockdown prior to
submitting the HIMF produced ECM to the T cell adhesion assay. Knockdown efficiency
can be found in Fig. S3E. COL6A1 depleted HIMF derived 2D ECM scaffolds reduced T
cell adhesion by ~50% compared to scrambled siRNA control (Fig. 3C).

T cells bind to the intestinal myofibroblast derived extracellular matrix via integrins

To assess mechanisms of T cell binding, we next blocked integrin function on the surface of
T cells, first by using the tripeptide Arg-Gly-Asp (RGD), a conserved amino acid sequence
occupying a binding site for specific integrins [27]. RGD dose-dependently inhibited
MOLT4 adhesion to 2D HIMF derived 2D ECM scaffolds. The non-integrin binding Arg-
Gly-Glu (RGE) peptide served as negative control (Fig. 4A). We next blocked the central
RGD binding integrin [27], integrin B1, which dose-dependently and robustly reduced T
cell with ECM adhesion (Fig. 4B). Testing all potential integrins would not be feasible
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within the scope of this investigation. Hence, among the integrin 1 binding partners we
selected integrins av (due to its ability to form heterodimers with multiple -integrins),
integrin a5 (integrin p1 and RGD binding) and as a control integrin a3 (integrin 1 but not
RGD binding) (Fig. 4C to E). Integrins av, a3 and a5 were present on MOLT4 as shown
by flow cytometry (Fig. S4A). Intergin avv, but not a.3 or a5 dose dependently reduced T
cell binding to HIMF ECM. As an additional control and given their involvement in IBD
pathogenesis we blocked integrins a4 and 7 on MOLT4 prior to their adhesion to HIMF
derived 2D ECM. No difference in adhesion was noted whether integrins a4 or 7 were
inhibited (Fig. S4B) compared to isotype control antibody. This set of experiments shows
that integrin binding sites of the HIMF deposited ECM are responsible for T cell adhesion,
further corroborating our finding that the type of deposited ECM is responsible for the
adhesiveness to T cells.

After identifying Integrins av and 1 as a candidate for T cell to ECM binding we next
wondered whether those integrins are also relevant for T cell binding to collagen VI. This

is plausible since collagen VI contains an RGD motif [28]. Consistent with our earlier
findings, blocking integrins av and p1 on MOLT4 T cells dramatically suppressed their
adhesion to collagen VI (Fig. 4F). We again confirmed these findings with LPT derived from
NL and CD patients, in which blocking integrin B1 reduced their adhesion to collagen VI
(Fig. S4C). This data supports that T cells bind to HIMF derived collagen V1 via an integrin
mediated mechanism and that collagen VI is one ECM molecule mediating T cell to ECM
adhesion in I1BD.

Increased expression of collagen VI in inflammatory bowel disease tissues

We then explored the expression of collagen VI as well as its cellular source in intestinal
tissues. Immunohistochemistry (IHC) staining of IBD and control tissues for collagen VI al
indicated consistently stronger expression in all tissue layers of UC and CD compared to NL
by automatic quantification as well as blinded scoring using a prespecified semiquantitative
expression scale (Figs. 5A,B and S5A). We additionally detected an upregulation of
collagens VI a2 and a3 in UC and CD (Fig. S5B). The major source of collagen VI

were mesenchymal cells located in the muscularis mucosa, submucosa and around vessels
and their number as well as individual staining intensity were increased in UC and CD
compared to NL (Figs. 5B and S5B). In UC and CD, abundant CD3 positive immune

cells (brown color) encased by collagen VI al-positive ECM (red color) were identified

in the submucosa, suggesting a close T cell with ECM interaction (Fig. 5B, black arrows).
Analysis of a publicly available single-cell RNA sequencing dataset derived from 18 patients
with UC and 12 healthy controls [29] validated our results, by showing exclusive expression
of COL6AL, COL6A2 and COL6A3 in stromal cells but not epithelial or immune cells

(Fig. 5C). Inflammatory fibroblasts and myofibroblasts were a major source of COL6A1,
COL6A2 and COL6A3 (Fig. 5C, red boxes). A second single-cell RNA sequencing dataset
confirmed that stromal cells had a high expression of collagen V1 [30] (Fig. S6).

Matrix Biol. Author manuscript; available in PMC 2023 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal. Page 9

Increased adhesion of T cells to decellularized IBD tissue is increased in inflammatory
bowel disease and is inhibited by av and B1 integrin blockade

We next assessed whether the identified integrins responsible for the adhesion of T cells to
HIMF ECM and collagen VI are also relevant in the setting of native intestinal wall ECM.
To mimic /in vivo adhesion events we generated decellularized 3-dimensional (3D) IBD
colonic tissue sections. Decellularization of intestinal resection tissues was confirmed by a
sharp loss of GAPDH and p-actin mRNA in the decellularized compared to native tissues
and loss of immunofluorescence staining for DAPI (cell nuclei) while retaining structure and
amount of collagen VI (Figs. 6A and S7). In concordance with and reproducing our initial
findings (Fig. 1), CD and UC tissue ECM sections displayed an increased capacity to bind

T cells compared to non-IBD controls (Fig. 6B). Strikingly, again blockade of both av and
B1 integrins decreased T cell adhesion by ~70% compared to controls (Fig. 6C). This lends
relevance to our finding of selective integrins being important for T cell with ECM adhesion.

Integrin av is elevated in CD4+PD1+ and CD8+IL17+ T cells in ulcerative colitis

Given that the expression of integrin subsets on T cells in the inflamed intestinal mucosa
has been described prior, we performed an analysis of a single-cell RNA sequencing dataset
derived from patients with uninflamed, inflamed UC and healthy controls [29]. The integrin
av gene, one integrin we identified to be mediating T cell with ECM adhesion (HIMF
derived ECM as well as 3D decellularized intestinal ECM), was expressed at low levels

in T cell subsets in the healthy intestinal mucosa. Levels of integrin av remained low

in T regulatory cells, irrespective of uninflamed or inflamed ulcerative colitis (UC). They
however increased in frequency and average expression in CD4+ PD1+ T cells in the
inflamed UC mucosa compared to uninflamed UC and healthy and in addition an increase
in frequency and average expression was noted in CD8+ IL17+ and CD4+ Activated Fos-lo
T cells in UC compared to healthy (Fig. S8). Integrins a.3 and a5 had a lower expression in
this group compared to integrin av (Fig. S8). This re-analysis of available datasets indicated
that integrin av is present on intestinal T cells and is upregulated in intestinal inflammation
in T cell subsets with pro-inflammatory properties, but not in T regulatory cells.

Collagen VI gene expression is associated with fibrostenotic Crohn’s disease

Finally, to investigate a possible pathogenic implication of collagen VI-mediated increased
adhesiveness for T cells we examined its expression in ileal biopsy tissue of CD patients

by probing the transcriptomes of the RISK inception cohort [31,32]. Patients with an purely
inflammatory CD phenotype were followed until development of complications (internal
penetrating disease: Montreal classification B3 or B2+B3) or stricturing disease (Montreal
classification B2; Table S1). Given the focus of our paper, our analysis was restricted to core
matrisome genes corresponding to our proteomics analysis (Fig. 2). PCA showed modest
discrimination between the control and the future stricturing groups (Fig. 7A). However,
COLB6A1, COL6A2 and COL6A3 were among the top 20 contributing variables associated
with complications, and explaining 80.8% of the variations by contribution plot (Fig. 7B).
Both COL6A2 and COL6A3 gene expression were increased in those that went on to
develop stricturing CD, while COL6AL showed a non-significant nominal increase (p =
0.068; Fig. 7C and Table S2). Cox regression analysis indicated that both COL6A1 and
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COLBA2 were risk factors for future stricturing complications (Fig. 7D and Table 1). This
human observational study suggests that collagen V1 gene expression is linked with future
complicated disease courses.

Discussion

Trafficking controls multiple functions of immune cells, including homing, adhesion,
retention and recirculation [8]. The process of trafficking is tightly regulated by multiple
molecules like integrins, chemokines and endothelial cell adhesion molecules which
maintain homeostasis and prevent excessive immune responses in the gut [33]. This balance
is perturbed in states of chronic inflammation as occurs in IBD. The pathogenesis of IBD

is believed to include adhesion of T cells to endothelial cells, their migration from the
circulation into tissues, and their retention /n situ [34]. Mechanisms underlying enhanced T
cell retention in IBD remain unclear and understanding its modulation may lead to a novel
therapeutic approach to control inflammation in 1BD.

The ECM is a group of proteins universally expressed in different tissues and organs,
providing physical support and structural integrity [35]. Despite increasing evidence from
other organs indicating the ECM serving not only a structural role but also actively
participating in disease initiation and progression [36-38], the biological functions of the
ECM in IBD have been largely overlooked [5]. This is surprising, as in IBD, an altered
amount and composition of the ECM are present, mainly due to activation of HIMF exposed
to the chronic inflammatory mucosal milieu [9]. As a major component of the interstitial
and basement membrane ECM, collagens exert both structural and bioregulatory roles in the
tissue, including cell adhesion, proliferation, migration and differentiation [6,7]. Alteration
of the collagen amount, type of collagen present or spatial relationship with immune

cells could fuel pathological conditions, especially fibrosis, which is characterized by the
remodeling and excessive deposition of ECM within tissues [6,7]. Among the multiple
functions of collagens, cell adhesion mediated via collagen adhesion receptors has been
found of importance in fibrogenesis [6,39], lending conceptual support to cell with ECM
interactions being critical in IBD pathogenesis.

Our results show an increased adhesiveness of T cells to IBD HIMF-derived ECM, which is
neither due to different proliferative capacities of HIMF, nor the produced total amount of
ECM, but rather due to distinct ECM composition. Importantly this increased adhesion was
observed when not only the T cell line MOLT4, but also when PBT and LPT were used.
HIMF exposed to TNF, IFN-vy, IL-1p and TGF-a.1 change both the quantity and quality

of the ECM they secrete [9], but its functional relevance is unknown. NL HIMF exposed

to pro-inflammatory TNF and IL-1p produced an ECM more adhesive for T cells, and to

a degree comparable to spontaneously increased baseline adhesion of ECM secreted by
IBD HIMF. This suggests that inflammation is a driver altering ECM functional properties.
Surprisingly, IFN-y and TGF-B1 did not alter or decreased ECM adhesiveness, respectively.
Since TGF-B1 is a major activator of HIMF to produce ECM [40] this indicates that not
only the amount, but also the composition of the ECM leads to functional abnormalities.
While the implications of this finding for intestinal fibrosis need to be determined one may
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speculate that the increased amount of ECM per se may not drive further T cell adhesion, but
that TGF-B1 may rather mediate the opposite.

Our systematic investigation into HIMF derived matrisome identified collagen VI as one
matrisome component associated with the pattern of T cell to ECM adhesion observed in
the 2D ECM scaffolds. While this is likely not the only ECM molecule responsible for an
increased adhesion of T cells to the gut ECM, it piqued our interest given its expression
pattern in relation to the adhesive properties of the ECM. In health this molecule is found
mainly in the gut submucosa [41,42], but it is also present in the muscularis propria, secreted
by smooth muscle cells [12]. We confirmed these observations and additionally found that
collagen VI is increased in the IBD mucosa/submucosa and muscularis propria compared to
non-IBD controls, which is consistent with previous studies [43,44]. While not providing a
direct proof, CD3 positive immune cells (T cells) were found in close proximity to collagen
VI in the gut tissue, which is suggestive of a direct physical and biological interaction.
HIMF are the major source of collagen VI in IBD as shown by IHC and interrogating two
publicly available single cell RNA sequencing datasets [29,30]. The highest gene expression
was detected in myofibroblasts and inflammatory fibroblasts, both a-SMA positive, which
is compatible with our in vitro HIMF cultures. HIMF retained their higher expression of
collagen VI in vitro, validating our proteomics results.

Collagen VI is an important component of the interstitial ECM in virtually all tissues

[45]. Mutations in the essential collagen V1 coding genes lead to serious clinical disorders,
including Bethlem myopathy, Ullrich congenital muscular dystrophy and metabolic diseases
[45]. Fibroblasts are the best characterized source of collagen VI [46], which is consistent
with our study findings. Collagen VI production is regulated by multiple factors, including
cytokines, such as IL-1p, IL-4, IL-10, IL-36, granulocyte-macrophage colony-stimulating
factor (GM-CSF) and TGF- p1 with TGF-B1 being considered the main regulator [43,46—
48]. Interestingly our proteomics results did not show an upregulation of collagen VI

by TGF-B1, which supports the prior observation that collagen VI regulation may be
independent of other ECM components, such as collagen I, I11 or fibronectin [46]. Future
work will determine, if and how combinations of cytokines and growth factors drive
collagen VI expression in HIMF. Biological functions of collagen VI have been identified
including cell with ECM linkage [49], interaction with and binding to other ECM molecules
[41] and activating signaling pathways, such as phosphoinositide 3-kinase [49].

The functional role of collagen VI in IBD, especially its interaction with T cells, has

not been explored. A key finding in our study is that collagen VI is one ECM molecule
responsible for a dose dependent adhesiveness of T cells to IBD ECM. Upon its knockdown
in HIMF, the produced ECM reduced T cell adhesion by ~50%. While approximately

half of the adhesive capacity of the ECM was retained, we still feel this is relevant given
that fibronectin and tenascin-C were the most abundantly expressed ECM molecules. The
reduced adhesion upon collagen VI knockdown might be explained by the lower amount

of collagen VI or its changed ability to bind to other ECM components and modulate their
properties [49], e.g. the meshwork of fibronectin created by cultured fibroblasts is altered by
COLG6A1 knock down [50]. It has to be noted that collagen VI is not the only ECM molecule
with the capacity to bind ECM as for instance shown in our study for collagens | and IV.
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Rather, our study identified collagen VI as one important contributor to this phenomenon.
Collagen VI has been initially described as a trimer composed of a1-3 chains, but recently
three additional chains (a4-6) that may replace a3 have been reported [51]. Collagen chains
a5&6 may have important biological functions in Duchenne muscular dystrophy [52]. To
our knowledge no study on the adhesive function of the a4-6 chains to immune cells is
available and those chains were absent in our HIMF proteomics dataset. This could mean
that their expression levels were too low to be detectable or those chains were absent.

Of special interest is the more recently described C-terminus of the released C5 domain

of type VI collagen a3 chain, termed PRO-C6 or endotrophin [7,53-55]. Endotrophin has
been shown to drive fibrosis, inflammation and insulin resistance [7]. These functions may
be highly relevant for IBD pathogenesis. One may speculate that endotrophin is elevated

in IBD and could play a role beyond increase in immune cell binding. Currently ongoing
studies attempt to unravel this phenomenon [7,53,56]. Aside T-cells, other immune cells
adhere to the ECM with important functional implications. This includes roles of the ECM
in neutrophil chemotaxis, degranulation and phagocytosis [57] or the inflammatory response
of macrophages [58]. Ongoing work by our group is assessing the effect of collagen VI on
those cell types.

Our results indicate that the T cell with ECM adhesion is mediated by RGD binding
integrins. This is relevant as triple-helical collagen VI, among other collagens, such as
collagens I, 1V and V [59-62], also contains this motif [28]. Of note, collagen VI contains
11 RGD motifs, with three in the a1 chain, three in the a2 chain and five in the a3

chain [63]. Based on our data we cannot conclude which a-chains are responsible for

the adhesive effect of T-cells to the collagen V1. Specific integrins, such as av and p1,
contain RGD binding pockets [64]. Several different anti-integrin therapies, mainly targeting
integrin a4p7, have been approved for IBD [65-67]. We identified integrin avpl, but not
integrin integrin a4p7, as a key integrin in T cell with ECM adhesion in IBD, including
adhesion to collagen VI. This could be observed not only on HIMF derived 2D matrix

but also on collagen V1 coated surfaces and, importantly, directly on the exact same ECM
environment T cells encounter in the intestinal wall, as modeled through decellularized
intestinal 3D ECM. Further investigations need to show, which integrins and if integrin
avp1 mediates T cell binding to collagens I and 1V. In addition, it would be relevant to
determine which collagen VI chain lends its RGD motif for integrin binding. This supports
the notion that, unlike anti-a4 or anti-a4a7 biologics which prevent T cell homing in the
gut [68], inhibition of integrin avp1 could prevent the adhesion of T cells to the intestinal
interstitial ECM and promote the recirculation of T cells out of the gut. This concept,
however, would need to be confirmed in further studies. A combination of both anti-a4p7
and anti-avp1 therapies could be considered in patients who exhibit poor response to single
anti-integrin therapy by further reducing T cell number and alleviating inflammation locally
in the gut.

To this end it is important to note that T cells are crucial in mediating the inflammatory

response, but their functions vary depending on their subtype [69,70]. Interestingly, low
expression of integrin av was noted in healthy intestinal T regulatory cells, a T cell type
important for immunological self-tolerance and negative regulation of the inflammatory
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response8, and integrin av remained low in T regulatory cells in uninflamed and inflamed
UC. To the contrary, integrin av was expressed in the highest proportion and levels in
CD4+ PD1+ and CD8+ IL17+ T cells in UC, but not in the healthy intestinal mucosa, and
both of these T cell subtypes are considered pro-inflammatory [71,72]. One may speculate
that this high expression of integrin av leads to increased adherence to HIMF produced
ECM scaffolds and ultimately the 3D intestinal ECM environment and hence promotes
inflammation. While the scope of this project is focused on the ECM and its composition
mediating T cell adhesion, ongoing studies are exploring, (1) if integrin modulation on T
cells or deletion of collagen V1 in vitroand in vivo alter intestinal inflammation, (2) if the
adhesiveness of distinct T cell subtypes to collagen VI as well as their integrin expression
profile is different when tested on 2D or 3D ECM scaffolds and (3) if the increased
adhesiveness of the IBD ECM for T cells also applies to other cell types, such as B cells or
myeloid cell types.

Of direct clinical relevance, elevated gene expression of collagen V1 in ileal mucosal
biopsies of uncomplicated pediatric CD patients close to diagnosis [32] was associated
with future development of complications. While the predictive ability of collagen VI gene
expression was not strong enough to be used as a clinically relevant test, this data supports
the biologic relevance of collagen VI in IBD. A comparable dataset in adult CD patients

is not available at this time, but one may speculate that, given the often aggressive nature
of pediatric CD compared to adult CD, a different matrisome composition may be found.
This may also have direct impact on disease progression. A multicenter study evaluating
this question is in progress. Data on a functional link between collagen VI and IBD is still
limited and restricted to measuring collagen VI or its split products in the circulation. A
previous study reported elevated expression of the collagen VI a3 chain in the serum of
IBD patients compared to controls [73]. The serum levels of the type VI collagen a.3 chain
fragment C6Ma3 and endotrophin were associated with clinical and endoscopic disease
activity in IBD [53]. Collagen VI or its fragments have also been used as a biomarker for
fibrosis of various organs [7]. For example, TGF-B1 induced the production of collagen VI
in primary human lung fibroblasts [54]. Endotrophin levels in the plasma were associated
with poor prognosis in acute-on-chronic liver failure, with fibrosis progression [55].

Our study, however, not only thoroughly evaluated the levels of collagen V1 in the intestinal
wall and its cellular sources, but also its functional relevance. This, again, does not mean
that collagen VI is the only matrisome component important for IBD inflammation and
prognosis, but given that three collagen VI genes appeared on our unbiased analysis as
relevant, suggests that it may be one important part of the ECM.

Several questions for future research programs remain. First, collagen VI or its split products
may provide outside-in signaling cues to immune cells influencing their intracellular
programs in relation to inflammation. Second, T cells excessively adhered to Collagen VI
could also stimulate the production and deposition of Collagen VI by HIMFs, forming a
positive forward feedback loop promoting the progression of IBD. Third, although the role
of collagen VI in intestinal fibrosis has not been explored, the enhanced adhesiveness of T
cells to collagen VI might be one of the potential mechanisms for fibrogenesis in the gut.
Blockage of T cells adhesion to collagen VI would provide a new target in the future therapy
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for IBD-related intestinal fibrosis. Finally, since the clinical cohort is of pediatric patients
and the event rate is relatively small, the finding of collagen VI association with complicated
future CD courses should be extended to adult patients, and also evaluated in UC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

2D ECM 2 dimensional extracellular matrix
3D ECM 3 dimensional extracellular matrix
CD Crohn’s disease

ddH20 Double-distilled water

DMEM Dulbecco’s modified Eagle medium
DM SO Dimethyl sulfoxide

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
FBS Fetal bovine serum

FCS Fetal calf serum

FDR False discovery rate

FFPE Formalin-fixed, paraffin-embedded
HBSS Hank’s balanced salt solution
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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HIMF Human intestinal myofibroblast

HPLC High performance liquid chromatography

IBD Inflammatory bowel diseases

IFN-y Interferon-y

IHC Immunohistochemistry

IL-1B Interleukin-1p

IL-13 Interleukin-13

LC-MS Liquid chromatrography mass spectrometry

LFQ Label-free quantitation

NL Normal control

OCT Optical coherence tomography compound

PBMC Peripheral blood mononuclear cell

PBS Phosphate-buffered saline

PBT Peripheral blood T cells

PCA Principle component analysis

PMA Phorbol 12-myristate 13-acetate

RPMI 1640 Roswell Park Memorial Institute 1640 medium

PSF 2500U potassium penicillin, 250019 streptomycin sulfate, 625ug
Amphotericin B

gPCR Quantitative polymerase chain reaction

RGD Arg-Gly-Asp

RGE Arg-Gly-Glu

SDC Sodium deoxycholate

SEM Standard error of mean

SIRNA Small interfering RNA

TFA Trifluoroacetic acid

TGF-B1 Transforming growth factor-p1

Th T helper

TNF Tumor necrosis factor
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Treg T regulator

ucC Ulcerative colitis
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Summary Box
What is already known about this subject?

The extracellular matrix (ECM) in inflammatory bowel diseases (IBD) is altered and may
influence response to anti-inflammatory therapy. Immune cell adhesion to the ECM has
been reported in other chronic inflammatory diseases.

What arethe new findings?

Human intestinal myofibroblast (HIMF) derived ECM from IBD patients has a higher
adhesiveness for T cells compared to ECM from non-IBD HIMF. This enhanced
adhesiveness is modulated by different cytokines including TNF and TGF-p1 and
integrin avpl1. Collagen VI is a key ECM component mediating enhanced adhesiveness
and increased Collagen VI gene expression in intestinal biopsies is linked with future
stricturing in pediatric Crohn’s disease.

How might it impact on clinical practicein the foreseeable future?

Targeting T cell adhesion to Collagen V1 or integrin avp1 could be a potential anti-
inflammatory therapy in IBD.
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1duosnuely Joyiny

Inflammatory bowel disease human intestinal myofibroblast-derived extracellular matrix
displays enhanced adhesiveness for T cells.

(A) Diagram of the T cell with extracellular matrix (ECM) adhesion assay. (B) An increased
number of T cells (MOLT4 on the left, peripheral blood T cells in the middle and lamina
propria T cells from a CD patient on the right panel) adhered to inflammatory bowel

disease (IBD) human intestinal myofibroblast (HIMF) derived ECM compared to that from
non-IBD control (7= 5, t test). (C) No differences in cell number (left) or produced
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ECM protein amount (right) between HIMF from normal control (NL), ulcerative colitis
(UC) and Crohn’s disease (CD) groups were noted during cell culture (7= 5, t test).

(D) The adhesiveness of T cells to ECM was increased upon stimulation of NL HIMF

with interleukin (IL)-1p and tumor necrosis factor (TNF) but decreased with transforming
growth factor (TGF)-B1 in matrix derived from NL HIMF. T cell to ECM adhesion
remained unchanged in IBD HIMF exposed to IL-1p and TNF, but was reduced upon HIMF
stimulation with interferon (IFN)-y and TGF-B1 (7= 5, t test). Representative images of T
cells adhering to HIMF derived ECM are shown below. *, p< 0.05, **, p< 0.01, ***, p<
0.001, **** p<0.0001.
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Fig. 2.

Matrisome analysis in human intestinal myofibroblast derived matrix reveals distinct
extracellular matrix production from control to inflammatory bowel disease, and from

untreated to cytokine stimulation.

(A) Schematic overview of the process of matrisome analysis. (B) Principal component
analysis (PCA) analysis of the human intestinal myofibroblast (HIMF) matrisome showing
modest differences among normal control (NL), ulcerative colitis (UC) and Crohn’s disease
(CD) groups. (C) Unique extracellular matrix (ECM) components were identified among
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NL, UC and CD groups. (D) PCA analysis showing minimal differences among untreated,
tumor necrosis factor (TNF) stimulated or transforming growth factor (TGF)-p1 exposed
NL HIMF in respect to matrisome expression. (E) Unique ECM components were identified
among untreated, TNF stimulated, TGF-p1 stimulated NL HIMF. (F) Top 25 abundant
matrisome ECM molecules in NL, UC and CD groups. (G) Top 25 abundant matrisome
ECM molecules in untreated, TNF stimulated and TGF-p1 stimulated groups. (H) Collagen
VI protein expression in UC and CD compared to NL matrisome. (1) Collagen V1 protein
expression in untreated NL HIMF, or NL HIMF exposed to TNF or TGF-p matrisome. (7
=4 in each group). (J) Immunofluorescence staining of cultured HIMFs showed increased
expression of collagen VI al in UC and CD compared to NL (7= 6, t test). ***, p< 0.001.
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Fig. 3.

Cc?llagen VI increases matrix adhesiveness

T cells adhesion to extracellular matrix (ECM) coated plates was tested. (A) The
adhesiveness of T cells was enhanced with increasing concentrations of collagen V1.
Phorbol myristate acetate (PMA) pre-treated T cells showed a higher adherence compared
to untreated T cells. (B) The increased adhesiveness of T cells was not only observed in in
collagen VI coated plates but also in collagen I and collagen 1V coated plates and adhesion
increased in all groups after exposure of T cells to PMA (7= 4~6, t test). (C) Human
intestinal myofibroblasts (HIMFs) were transfected with small interfering (si)RNA targeting
COLG6A1 prior to generation of 2D ECM scaffolds. T cell adhesion was robustly decreased
in the extracellular matrix (ECM) derived from HIMFs which were transfected by COL6A1
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SiIRNA compared to scrambled siRNA (7= 6, t test). *, p< 0.05, **, p<0.01, *** p<
0.001.
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The adhesiveness for T cells is influenced by different cytokines and mediated by integrin

avpl.

T cells adhesion to normal human intestinal myofibroblast (HIMF) derived extracellular
matrix (ECM) was tested in the presence or absence of integrin function modulating factors.
(A) Arg-Gly-Asp (RGD) inhibited the matrix adhesiveness for T cells in a concentration
dependent manner (7= 5, t test). (B)&(C) Blockage of integrin av and B1 inhibited the
adhesiveness in a concentration dependent manner (7= 5, t test). (D)&(E) Blockage of
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integrin a3 and a.5 did not alter the adhesiveness of HIMF derived ECM for T cells (7= 3, t
test). (F) The T cell adhesion to collagen VI coated plates was dramatically inhibited by the

blockage of integrin av or integrin 1 (=8, ttest). **, p<0.01, ***, p<0.001, ****, p<

0.0001.

Matrix Biol. Author manuscript; available in PMC 2023 March 28.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Linetal. Page 31

A F IHC for collagen VI a1
<
O 100+ A
£ -
i : -
o
|l
"o ; 20
w =
2 NL cb
B
(]
§ IHC for collagen VI ai
£ s
£ £ &+ =
n S
(] = P
o3 ik
: e
- g .
= @
1}
I T T
NL cb
2
o
7]
=
=
c Immune tSNE
-]
58 4 §
ii § s
[
i, B 5 § 13
53928yd2 2 | 3
gRII03438, 0829588
DO0000LLOOOZZEQIC
Fig. 5.
The expression of collagen VI is elevated in inflamed colon tissue in inflammatory bowel
disease.

(A) Collagen VI a1 immunohistochemistry of full thickness intestinal tissue sections

in ulcerative colitis (UC) and Crohn’s disease (CD), compared to normal control (NL).
Automatic quantification by HALO software showed significantly higher expression in
UC and CD compared to NL (/7= 5, t test). (B) Collagen VI a1 expression on
immunohistochemistry was elevated in the mucosa, submucosa and muscle layers in UC
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and CD, compared to NL. Under high magnification CD3 positive immune cells (brown)
were found encased by and in close proximity to collagen VI al (red) in the submucosa

of inflammatory bowel disease (IBD) tissues (black arrows). The increase in collagen VI
al in intestinal tissues was confirmed by blinded scoring of full thickness colonic sections
using a prespecified scoring system (n7= 12, t test). (C) Open access single cell dataset [29]
revealed that COL6A1, COL6A2 and COL6A3 were mainly expressed in stromal cells in
UC, especially in inflammatory fibroblasts, but not in epithelial and immune cells in UC. *
p<0.05, ** p<0.01, *** p<0.001.
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Fig. 6.

ﬂﬂﬁiﬁ

Integrin av  lsotype  Integrin 1
Inhibitor  Antibody  Antibody

T cell adhesiveness of inflammatory bowel disease decellularized tissue is inhibited by the
blockage of integrin av or integrin f1 in decellularized intestinal matrix

(A) Immunofluorescence staining showing successful removal of cellular components of the
decellularized intestinal tissue as indicated by nuclear DAPI stain with extracellular matrix
(ECM) structure and collagen VI amount remaining intact. (B) A higher amount of T cells
adhered to ulcerative colitis (UC) and Crohn’s disease (CD) decellularized intestinal tissue
sections compared to normal control (NL) tissues (/7= 6, t test). (C) The adhesiveness of
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T cells to decellularized tissue dramatically decreased by the blockage of integrin av or
integrin B1 (7= 6, ttest). *, p< 0.05, **** p< 0.0001.
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Fig. 7.

Cgllagen VI gene expression levels are elevated in pediatric Crohn’s disease patients who
develop strictures and predicts future stricturing disease.

(A) Principal component analysis (PCA) showed modest differences between stricture and
control groups. Dimension 1 to 3 were plotted. Scree plot showing the first dimension
(component) explained 28.1% variations and the second dimension explained 10.6%
variations. (B) COL6A1, COL6A2 and COL6A3 were among the top 20 variables that
contribute to the differences between fibrostenotic and control groups from dimension 1
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to 15, which explained 80.8% the variations. (C) Both levels of COL6A2 and COL6A3
were higher in the future fibrostenotic group than those in the control group. The level

of COL6A1 was nominally higher in fibrostenotic group but did not reach statistical
significance. (D) COL6A1 and COL6A2 were risk factors for the future development

of strictures. The risk for developing strictures nominally increased with the increase of
COLG6AZ3 level but did not reach statistical significance. n=218 in control group and n=16 in
stricture group.
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Multivariate COX analysis for stricturing complications adjusted to early treatment.

Table 1.

Clinical Outcomes (Sample Size, n) Factors Hazard Risk (95% Cl) pvalue

Stricturing complications (B2) (7=229) COL6Al 0.94 (1.00-1.01) 0.025
Early treatment  0.99 (0.30-2.94) 0.915
COL6A2 1.00 (1.00-1.01) 0.019
Early treatment  0.93 (0.30-2.91) 0.898
COL6A3 1.01 (1.00-1.02) 0.064
Early treatment  0.96 (0.31-3.01) 0.947
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