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Abstract

Background and Aims: Steatotic liver disease (SLD) is generally considered to repre-
sent a hepatic manifestation of metabolic syndrome and includes a disease spectrum
comprising isolated steatosis, metabolic dysfunction-associated steatohepatitis, liver
fibrosis and ultimately cirrhosis. A better understanding of the detailed underlying
pathogenic mechanisms of this transition is crucial for the design of new and efficient
therapeutic interventions. Thymocyte differentiation antigen (Thy-1, also known
as CD90) expression on fibroblasts controls central functions relevant to fibrogen-
esis, including proliferation, apoptosis, cytokine responsiveness, and myofibroblast
differentiation.

Methods: The impact of Thy-1 on the development of SLD and progression to fibrosis
was investigated in high-fat diet (HFD)-induced SLD wild-type and Thy-1-deficient
mice. In addition, the serum soluble Thy-1 (sThy-1) concentration was analysed in pa-
tients with metabolic dysfunction-associated SLD stratified according to steatosis,
inflammation, or liver fibrosis using noninvasive markers.

Results: We demonstrated that Thy-1 attenuates the development of fatty liver
and the expression of profibrogenic genes in the livers of HFD-induced SLD mice.

Mechanistically, Thy-1 directly inhibits the profibrotic activation of nonparenchymal

Abbreviations: ECM, extracellular matrix; GPI, glycosylphosphatidylinositol; HFD, high-fat diet; HSCs, hepatic stellate cells; IL, interleukin; IR, insulin resistance; MASH, metabolic
dysfunction-associated steatohepatitis; NASLD, metabolically associated steatotic liver disease; SLD, steatotic liver disease; T2D, type 2 diabetes; TG, triglycerides; TGF, transforming

growth factor; Thy-1, thymocyte differentiation antigen.
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1 | INTRODUCTION

Steatotic liver disease (SLD) includes a disease spectrum ranging from
isolated steatosis to metabolically associated steatotic liver disease
(MASLD), metabolically associated steatohepatitis (MASH) and ulti-
mately to liver fibrosis and cirrhosis. MASLD is currently considered
the most common cause of chronic liver disease.*”® Importantly, one-
third of patients with MASLD will develop MASH, which contributes
to an increased risk of end-stage liver disease, such as liver cirrhosis
and hepatocellular carcinoma.*®> MASH is the most common cause of
cirrhosis in adults awaiting liver transplantation in the United States."®
Metabolic syndrome, obesity, insulin resistance (IR), type 2
diabetes (T2D), and dyslipidaemia are strongly associated with
MASLD. Thus, MASLD can be detected in approximately 75% of
obese patients and 70% of overweight patients but also in 25% of
normal-weight patients. Approximately, 70% of all patients with T2D
develop MASLD.»®7 Due to the global rise in the incidence of these
risk factors, the incidence of MASLD is increasing worldwide in the
general population and in patients affected by T2D.%8
Pathophysiologically, hepatic steatosis is characterized by tri-
glyceride (TG) accumulation in hepatocytes because of dietary fat
intake, de novo lipogenesis, and in some cases, IR. MASH represents
a more aggressive manifestation of the disease and is characterized
by steatosis, inflammation, hepatocyte cell ballooning and the poten-
tial presence of progressive fibrosis.»® When fatty acids overwhelm
physiologically adaptive mechanisms in the liver, reactive oxygen
species formation, endoplasmic reticulum stress, hepatocellular dys-
function, and cell injury induce inflammation.” Macrophages are the
most abundant liver immune cells. They play a critical role both in the
maintenance of hepatic homeostasis and in liver diseases. Because
of their central position in the hepatic microenvironment, long cy-
toplasmic protrusions, and high expression of pattern recognition
receptors, macrophages are the first cells to respond to liver injury.
The proliferation of macrophages and the recruitment and differen-
tiation of monocyte-derived macrophages are the cellular sources of
liver macrophages‘10 Persistent inflammation in turn drives fibrosis,
ultimately leading to liver cirrhosis. The hallmark of hepatic fibrosis
is the increased expression and deposition of extracellular matrix

liver cells. In addition, Thy-1 prevents palmitic acid-mediated amplification of the in-
flammatory response of myeloid cells, which might indirectly contribute to the pro-
nounced development of liver fibrosis in Thy-1-deficient mice. Serum analysis of
patients with metabolically associated steatotic liver disease syndrome revealed that
sThy-1 expression is correlated with liver fibrosis status, as assessed by liver stiffness,
the Fib4 score, and the NAFLD fibrosis score.

Conclusion: Our data strongly suggest that Thy-1 may function as a fibrosis-protective

factor in mouse and human SLD.

metabolic dysfunction-associated, metabolic dysfunction-associated steatohepatitis, steatotic
liver disease, steatotic liver disease fibrosis, Thy-1

Key points

Steatotic liver disease (SLD) and its disease spectrum com-
prising of isolated steatosis, steatohepatitis, liver fibrosis
and ultimately cirrhosis contributes to increased morbidity
and mortality of affected individuals. Therefore, potential
treatment candidates need to be developed to reduce the
burden of this disease. Thymocyte differentiation antigen
(Thy-1, CD90) expression on fibroblasts controls central
functions relevant to fibrosis. Our data strongly suggest
that Thy-1 may function as a fibrosis-protective factor in
SLD. Genetic mouse models, detailed in vitro studies, and
studies on human patients with SLD indicate that Thy-1 ap-

pears to be an attractive treatment candidate for SLD.

(ECM), which progressively destroys liver architecture and function.
ECM-producing cells can originate from many sources, including he-
patic stellate cells (HSCs), portal myofibroblasts, resident fibrocytes,
vascular smooth muscle cells, and hepatocytes, upon activation or
transdifferentiation.!* Macrophages interact with all of these cells
through soluble mediators that control viability, proliferation, and
activation. Thus, hepatic macrophages are the main players in the
pathogenesis of liver fibrosis.*

Dynamic molecular network and coexpression analyses revealed
nine genes (COL3A1, CXCL9, CYCS, CXCL10, thymocyte differentia-
tion antigen [THY-1], COL1A2, SAA1, CDKN1A, and JUN) that were
associated with healthy-to-SLD, obesity-to-SLD, and progression.
All the genes were positively correlated with the NAFLD activity
score. CDKN1A correlated with age, CYCS with lobular inflammation
and cytological ballooning grade, and CXCL10 with steatosis grade.
Importantly, THY-1 was the most relevant gene correlated with fi-
brosis stage.?

Thy-1 is a highly glycosylated, glycosylphosphatidylinositol
(GPI)-anchored membrane protein.13 Its expression is restricted to
fibroblasts, neurons, activated microvascular endothelial cells, glo-
merular cells, a subpopulation of haematopoietic stem cells, and
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mesenchymal stem cells. In mice, Thy-1 is also expressed in T cells.*®
Thy-1 can also be cleaved from the cell surface by phospholipase
C or D.* Soluble Thy-1 (sThy-1) can be detected in biological flu-
ids such as serum, wound fluid from venous leg ulcers, and syno-
vial fluid from joints in rheumatoid arthritis.® The effect of Thy-1
on fibroblasts controls central functions relevant to fibrogenesis,
including proliferation, apoptosis, cytokine and growth factor ex-
pression and responsiveness, cell adhesion, migration, ECM depo-
sition, and myofibroblast differentiation.’® Consistent with these
findings, mice lacking Thy-1 develop more severe fibrosis, including
bleomycin-induced lung fibrosis, an experimental model of cardiac
hypertrophy and heart failure, Mdr2 deficiency-induced liver fibro-
sis, and unilateral urinary obstruction-induced kidney fibrosis, than
wild-type controls do.}”"*? Tissue analysis indicated that Thy-1 defi-
ciency is associated with increased expression of profibrotic genes,
such as collagen types | and Ill, alpha smooth muscle cell actin, and
transforming growth factor beta (TGFp) receptor I. Loss of THY-1
expression in activated fibroblasts within fibroblastic foci in human
idiopathic pulmonary fibrosis proves its relevance for human dis-
ease.?° However, in contrast to pulmonary, renal, and liver tissue
data, Thy-1-deficient mice develop attenuated skin fibrosis in both
bleomycin and tight skin-1 mouse models and exhibit impaired my-
ofibroblast differentiation and ECM deposition during skin wound
healing, suggesting that Thy-1 plays a tissue-specific role in organ
fibrosis.?>?2 Dudas et al. showed that Thy-1 is a functional marker of
liver myofibroblasts in normal, injured, and regenerating rat livers.?

Taken together, these findings suggest that Thy-1 is directly
involved in fibrosis development in different organs. However,
because of the tissue-specific effects of Thy-1, it remains unclear
whether increased Thy-1 expression is functional for the develop-
ment of liver fibrosis or represents a regulatory mechanism coun-
teracting the fibrotic reaction. Therefore, we investigated the role
of Thy-1 in the development of fatty liver and subsequent fibrosis
in a mouse model of high-fat diet (HFD)-induced SLD. Finally, we
demonstrated the relevance of Thy-1 for SLD progression by detect-
ing circulating Thy-1 in patients with MASLD.

2 | METHODS
2.1 | Human studies

We recruited two different cohorts comprising patients with SLD.
At the time of recruitment, patients were classified by the former
NAFLD criteria and nomenclature.?* According to the Delphi con-
sensus statement, we used the novel MASLD term for reporting pa-
tient data in our SLD cohorts.?

2.1.1 | Patient cohort|

First, the serum Thy-1 concentration was analysed in healthy
probands (n=15) and patients (n=94) with established MASLD
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diagnoses from two previously described cohorts.?®?” The initial
purpose of these studies was to characterize the diagnostic perfor-
mance of vibration controlled transient elastography (VCTE) and
controlled attenuation parameter (CAP) in patients with MASLD.
Details on recruitment, patient characterization, and sample pro-
cessing are described in detail here.?%?” The studies were approved
by the local ethical committee (Leipzig University, registration num-
bers 283-11-22082011 and 419-12-17122012). Informed written
consent was obtained from all participants, and the studies were
performed in accordance with the guidelines for good clinical prac-
tice and the ethical guidelines of the Helsinki Declaration.

2.1.2 | Patient cohort Il - T2D patients

Since MASLD is a major health burden for patients with T2D, we
investigated a second cohort of exclusively T2D patients (n=180).
These patients were prospectively investigated to evaluate the per-
formance of established NAFLD guidelines for risk stratification
of hepatic fibrosis.?® The study was approved by the local ethical
committee (Leipzig University, registration number 035/17-ek) and
registered in the German Clinical Trials Register (DRKS00012281).
Informed written consent was obtained from all participants, and
the study was performed in accordance with the guidelines for good
clinical practice (E6/R1) and the ethical guidelines of the Helsinki
Declaration.

2.2 | Liver elastography and estimation of
hepatic steatosis

VCTE allows noninvasive estimation of hepatic fibrosis and steato-
sis. Elastography measurements (FibroScan; Echosens, Paris, France)
were performed using the appropriate probe (M or XL-probe,
3.5/2.5MHz, respectively), defined by the skin-to-liver-capsule dis-
tance (M-probe <25mm; XL-probe >25mm). VCTE was performed
by a trained certified examiner in accordance with established guide-
lines as described previously.>?82? Elevated liver stiffness measure-
ments (LSM) indicated suspicion of significant liver fibrosis. A liver
stiffness value of 212kPa was used to define the risk of significant
fibrosis, and a value <8kPa was used to rule out relevant fibrosis.
In addition to the LSM, the VCTE device calculates the CAP as a
surrogate for the severity of hepatic steatosis, expressed in dB/m.%°
The steatosis grade was estimated according to the CAP value using
previously defined cut-off values for patients at risk for SLD. A CAP
above 331dB/m was considered to indicate a high risk of advanced
steatosis.

2.3 | FAST score

To identify patients with active MASH (activity score 24) and sig-
nificant fibrosis (F 2 2), an elastography-based scoring system (FAST
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score) using VCTE was recently established.2%! The score was cal-
culated from the LSM, CAP, and AST (described in detail in%?). At a
cut-off of .35, the score achieved a sensitivity of 2.90 for the diag-
nosis of MASH, and a cut-off of .67 had a specificity of 2.90.%° In
this study, the FAST score was used to assess the risk of hepatic
inflammation.

2.4 | Laboratory-based fibrosis risk scores

Nonalcoholic fatty liver disease fibrosis score (NFS):

NFS1675037age[years]094BMI [kg/mz] + (1. 13"diabetes [yes=1,no=0])
+(.99xAST/ALT ratio)— (.013x platelet [Gpt/L])
— (.66xalbumin [g/dL]).

The sensitivity and specificity cut-off values used were -1.455 (age
36-65)and .12 (age 2 65) and .676 (age = 36), respectively.*®
FIB-4 score:

FIB — 4 = (age [years] x AST [U/L]) / (platelet [Gpt /1] x (ALT [U/L])1/2).

The sensitivity and specificity cut-off values used were 1.3 (age < 65)

and 2.0 (age = 65) and 2.67 (all ages), respectively.3®34

2.5 | Detection of human sThy-1

High-binding ELISA plates (Sarstedt, Niirnbrecht, Germany) were
coated with .25 pg/well anti-THY-1 antibody (clone ASO2; Dianova,
Hamburg, Germany) in .1M NaHPO,/.1M NaH,PO,, pH 9.0, over-
night at 4°C. After three washes with PBS/.05% Tween 20, the
plates were blocked with PBS/10% foetal calf serum (FCS) for 1h
at 4°C. After several washes with PBS/.05% Tween 20, the sam-
ples and standard (recombinant Thy-1-Fc; R&D, Minneapolis, USA;
5000pg/mL-7.8 pg/mL) were diluted in PBS/10% FCS and incu-
bated overnight at 4°C. After five washes with PBS/.05% Tween 20.
Then, .5 pg/mL biotinylated anti-CD90 monoclonal antibody (clone
5E10; Pharmingen, Hamburg, Germany) was added for 90min at
room temperature. Next, the washing procedure was repeated, and
avidin-conjugated peroxidase (Invitrogen) diluted 1:500 in PBS/10%
FCS was added for 1 h at room temperature. The plates were rinsed
five times with PBS/.05% Tween 20. Finally, tetramethylbenzidine
was added, after which the reaction was stopped by 10min with
1M H,SO,, after which the absorbance of the samples was meas-
ured at 405nm.

2.6 | Animal studies

Thy-1 deficient (KO) mice were kindly provided as a gift from Dr.
R. Morris (King's College London, UK,%%). Wt/db and db/db female
mice were obtained from Janvier laboratories (Le Genest-Saint-Isle,
France). Mice were sacrificed at 12-14 weeks of age. Mice were kept
under a 12-h light-dark cycle and given food and water ad libitum.

Four-week-old male Thy-1 KO mice and WT C57BL/6J mice were
fed either a HFD containing 35.7% fat (59% of calories from fat; EF
R/M D12331 diet modified by Surwit, ssniff) or a control (chow) diet
for 18 weeks.

All animal experiments were performed in accordance with in-
stitutional and state guidelines and approved by the Committee on
Animal Welfare of Saxony (TVV03/16, TVV13/19, T05/20).

2.7 | RNA sequencing analysis of mouse liver

RNA from the livers of three wild-type and three Thy-1-KO mice
was prepared using the ReliaPrep RNA Miniprep system (Promega,
Walldorf, Germany) according to the manufacturer's protocol. The
RNA integrity and concentration were examined on an Agilent
Fragment Analyzer (Agilent Technologies, Palo Alto, CA, USA) using
an HS RNAKit (Agilent) according to the manufacturer's instructions.

Sequencing was performed according to Kaiser et al.%® Briefly,
100ng of total RNA was depleted of ribosomal RNA using the
NEBNext® rRNA Depletion Kit v2 (NEB, Frankfurt a.M., Germany)
according to the manufacturer's instructions. The depleted RNA
was transcribed using SuperScript IV reverse transcriptase (Thermo
Fisher, Waltham, MA, USA) for 2h at 55°C. After second strand syn-
thesis (TargetAmp Kit [Epicentre]), the DNA was tagmented using
the lllumina Tagment DNA TDE1 Enzyme and Buffer Kits, which
fragment the DNA and insert partial sequencing adapter (Nextera)
sequences. Final PCR amplification of the libraries was performed
using a KAPA HiFi HotStart Library Amplification Kit with unique
dualindexing by IDT® for lllumina Nextera DNA Unique Dual Indices
Sets. The barcoded libraries were purified and quantified using Qubit
Fluorometric Quantification (Thermo Fisher Scientific). The size dis-
tribution of the library DNA was analysed using a FragmentAnalyzer
(Agilent). Sequencing of 2x 150 bp was performed with a NovaSeq
sequencer (lllumina, San Diego, CA, USA) according to the manu-
facturer's instructions. After demultiplexing with bcl2fastq software
(Illumina, v2.20) and polishing using fastp,%” only sequences longer
than 20bp were further analysed. Reads were mapped against the
mouse reference genome (GRCm39) using HISAT2.%8 Stringtie and
the R package BaIIgown39 were used to calculate the differential ex-
pression. The expression data were normalized using the DESeq2*°
R bioconductor package.

For the data analysis, 53598 genes were identified. The mean
signal strengths of the WT and Thy-1-KO mice were calculated, and
the p value (Student's t-test) and x-fold change were calculated.
Genes with a change between .5 and 2-fold and a p value <.05 were
subjected to functional class analysis via overrepresentation analysis
(ORA) implemented in the R package clusterProfiler.** The method

t42

uses a hypergeometric test™ to assess the probability of observing

at least k genes from the list across the pathway database, which can

n K N-K
PX 2 knN;K) = ZM
i=k

be expressed as follows:
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The database used in the analysis was the Gene Ontology (GO)
biological process database.**** Genes with a change between .5
and 2-fold and a p value<.05 (677 genes) were log2-transformed
and plotted in the heatmap using R with the tidyverse and reshape

package.*>4¢

2.8 | Gene expression analysis (RT-qPCR)

Total RNA was isolated from the mouse tissue and cells using
the ReliaPrep RNA Miniprep system (Promega) according to the
manufacturer's protocol. Total RNA (.5ug) was used for cDNA
synthesis using LunaScript RT Supermix (New England Biolabs,
Ipswich, MA, USA) according to the manufacturer's instruc-
tions. Real-time qPCR was performed with LunaUniversal gPCR
Mastermix (New England Biolabs) following the manufacturer's
instructions. Quantitative gene expression was calculated from
the standard curve of the cloned cDNA and normalized to the
reference gene RPL36. The sequences of primers used are listed
in Table S1.

2.9 | Cellisolation/culture

NPC: Liver tissue was digested using the Liver Dissociation Kit
from Miltenyi (Bergisch-Gladbach, Germany) according to the
manufacturer's protocol. The cells were filtered through a 70pm
filter and washed several times. The cells were cultured in DMEM
supplemented with 10% FCS (Pan-Biotech), 1% penicillin/strep-
tomycin (Biochrom, Berlin, Germany), and insulin-transferrin-
selenium-supplemented medium (1:1000, Gibco). The cells were
detached using TrypLE Express (Gibco, Waltham, MA, USA).

CD11b* cells were isolated from the liver by magnetic cell sepa-
ration using CD11b beads (Miltenyi, Bergisch-Gladbach, Germany)
according to the manufacturer's protocol.

Bone marrow cells were obtained by flushing the leg bones with
RPMI (Anprotec, Bruckberg, Germany). The cell suspension was fil-
tered through a 70pum filter, and erythrocytes were lysed (155mM
NH4CL, 10mM KHCQO3, 1 mM EDTA, pH7.4) for 2min. The remain-
ing bone marrow cells were plated at 37°C and 5% CO, in RPMI
(Anprotec, Bruckberg, Germany) supplemented with 10% foetal
calf serum (FCS; PAN-Biotech, Aidenbach, Germany), 1% penicil-
lin/streptomycin (Biochrom, Berlin, Germany) and 5ng/mLM-CSF
(Miltenyi, Bergisch-Gladbach, Germany).

For culture of bone marrow cells (BMC) on recombinant mouse
Thy-1 (rThy-1), 96-well Sartorius high-binding plates (Sartorius,
Gottingen, Germany) were coated with 4 pg/mL rThy-1 fused to
the Fc-protein (Invitrogen) or as a control with the Fc-protein
(Invitrogen) in coating buffer containing .2M Na,CO, and .2M
NaHCO, (pH?9.5) overnight at 4°C. After several washes, the
plates were blocked with DMEM containing 10% FCS for 30 min.
BMC were cultured on coated plates for 4h. Then, LPS (100ng/
mL; Sigma-Aldrich) and 500 uM PA-BSA complex or BSA alone
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were added. PA-BSA complexes were prepared as described by

Stelzner et al.*’

2.10 | Functional assays

Cell growth analysis was performed after 3 days of culture by a 2,3-b
is-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanili
de salt (XTT) assay (Roche, Mannheim, Germany). The absorbance
at 490 nm was measured 2 h after the addition of XTT using a micro-
plate reader (BioTek Instruments).

The activity of caspase 3/7 was measured using a Caspase-Glo®
3/7 Assay (Promega, Madison, USA) according to the manufacturer's
protocol. The luminescence signal was detected after 3days using a

microplate reader (BioTek Instruments).

211 | ELISA

Murine TNFa, interleukin (IL-1b), and IL-6 were detected via
ELISA according to the manufacturer's instructions (Invitrogen,
Massachusetts, USA). Insulin was detected by ELISA (Mercodia,
Uppsala, Sweden). Serum triglycerides (TG) were analysed by the
Triglyceride Assay Kit (Abcam, Berlin, Germany).

2.12 | Tissue staining

Frozen liver sections were incubated overnight with mouse anti-
CD11b-PE (Miltenyi), and washing was performed using PBS/.05%
Tween 20. Nuclei were stained with DAPI. Sections were ana-
lysed and photographed using a fluorescence microscope BZ-X810
(Keyence, Neu-Isenburg, Germany) and BZ-X800 Viewer software.
The oil-red positive area/microscopic field was calculated using the
BZ-X800 Viewer software. Positive stained cells per microscopic
field were counted using the BZ-X800 Viewer software.

Triglyceride accumulation was monitored by Oil Red O staining.
Tissue sections were fixed in 60% buffered acetone for 15min at
RT, washed with PBS and stained with Qil Red O solution (Sigma).
Unbound dye was removed by thorough rinsing with water, and the
cells were photographed with a BZ-9000Z microscope (Keyence,
Neu-Isenburg, Germany).

2.13 | FACS

The phenotype of the isolated cells was determined by flow cy-
tometry using the following antibodies: anti-CD11b and anti-CD90
(Miltenyi, Bergisch-Gladbach, Germany). Flow cytometry was
performed using BD FACSLyric flow cytometers (BD Bioscience,
Franklin Lakes, New Jersey, U.S.), and the data were analysed using
the software BD FACSuite RUOv1.3 (BD Bioscience, Franklin Lakes,
New Jersey, U.S.).
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2.14 | Statistical analyses

IBM SPSS Statistics software version 28.0 (IBM, Armonk, NY) was
used for correlation analyses. The nonparametric Spearman's rank
correlation method was used to assess univariate relationships be-
tween sThyl and the indicated markers. Multivariate regression
analysis was performed for sThy1 (dependent variable) adjusted for
sex, age, BMI, and diabetes status. Nonnormally distributed variables
were assessed by the Shapiro-Wilk test and logarithmically trans-
formed prior to multivariate testing (Lg). GraphPad Prism 9 (GraphPad
Software, San Diego, CA) was used for significance analysis between
two or more groups. Normality was tested by the D'Agostino and
Pearson normality test or Shapiro-Wilk test (n<4). Normally distrib-
uted data were analysed using two-tailed Student's t-tests; when nor-
mality was absent, the Mann-Whitney test was used. For statistical
comparisons of more than two groups, one-way ANOVA was used.
p Values of .05 or less were considered to indicate statistical signifi-
cance. The different degrees of significance are indicated as follows:
*p<.05; **p<.01; ***p<.001; and ****p <.0001.

3 | RESULTS

3.1 | Thy-1 deficiency aggravates steatosis and
liver fibrosis in HFD-induced SLD

HFD induced strong fat accumulation in the liver, as detected by
Qil Red O staining (Figure S1A). Elevated hepatic mRNA expression
of collagen | («1), collagen Il («1), and Tgfp1 indicates the initiation
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of a fibrotic response in HFD-fed mice compared with controls
(Figure S1B). Thy-1 gene expression in the liver was not affected
by HFD (Figure S1B). In contrast, the serum sThy-1 concentration
was significantly increased in obese mice (Figure S1C). Similarly,
compared with healthy wt/db mice, C57BLKS/J db/db mice, an-
other model of SLD-associated liver fibrosis, exhibited significantly
increased mRNA expression of collagen | (1), collagen Ill (1), and
Tgfp1 in the liver (Figure S1D). However, hepatic Thy-1 mRNA ex-
pression was not affected (Figure S1D), while the serum sThy-1
concentration was significantly greater in db/db mice than in control
mice (Figure S1E).

To investigate the impact of Thy-1 on the pathogenesis of HFD-
induced SLD, wild-type and whole-body Thy-1-knockout mice (Thy-
1-KO) were fed a HFD for 18weeks. A lack of Thy-1 resulted in
increased blood triglyceride and insulin concentrations upon HFD
(Figure 1A,B). Consistently, the loss of Thy-1 exacerbated hepatic fat
accumulation in the liver, as detected by Qil Red O staining (Figure 1C).
Quantification of fat accumulation via detection of Oil Red O-positive
areas (Figure 1D) confirmed pronounced steatosis in Thy-1-KO mice.
A strong increase in peroxisome proliferator-activated receptor g
(Ppary) mRNA expression confirmed the initiation of an adipogenic
gene expression program and the storage of lipids in the livers of Thy-
1-KO mice (Figure 1E). RNA sequencing data revealed a significant
impact of Thy-1 knockout on gene expression in the liver, as demon-
strated by the clear discrimination of the two genotypes in the heat-
map of the differentially expressed genes (DEGs) (Figure 2A). A total
of 677 genes were differentially expressed and exhibited at least two-
fold changes (458 upregulated, 219 downregulated) in Thy-1-KO mice
compared with control mice (Table S1). Consistent with the increase

kK Kk k

FIGURE 1 Thy-1 deficiency exacerbates hepatic steatosis development during high-fat diet consumption. Wild-type (WT) and whole-
body Thy-1 knockout (KO) mice were fed a high-fat diet (HFD) for 18 weeks. (A-B) Detection of serum triglycerides and insulin. (C) Oil Red
O staining of liver sections from wild-type and Thy-1-KO mice. One example of five different mice per genotype is shown (bar=50pm).
(D) Quantification of Oil Red O staining as the total area of Qil Red O-positive cells/microscopic field. (E) Expression of Pparg in the liver
detected by quantitative PCR. Each point represents one mouse. The results are shown as the mean +standard deviation. p Values were

assessed by unpaired Student's t-tests. *p <.05; **p <.01; ****p <.0001.
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FIGURE 2 Thy-1 deficiency induces a profibrotic response in HFD-induced SLD mice. Wild-type (WT) and whole-body Thy-1 knockout
(KO) mice were fed a high-fat diet (HFD) for 18 weeks. (A) Bulk mRNA sequencing analysis of liver tissue from wild-type and Thy-1-KO mice
after 18 weeks of HFD feeding. The DEGs (with a .5-fold change and a two-fold change and a p value <.05) were log2-transformed and
subjected to heatmap analysis; (B) Fold change (Thy-1-KO/WT) in genes related to lipogenesis. (C) Genes with a two-fold change and a p
value <.05 were subjected to functional class analysis via overrepresentation analysis. (D) Fold change (Thy-1-KO/WT) in genes related to
matrix organization identified via functional class analysis. (E) Gene expression of the indicated genes determined by quantitative PCR. Each
point represents one mouse. The results are shown as the mean +standard deviation. p Values were assessed by unpaired Student's t-tests.

*p<.05; **p<.01; ****p<.0001.

in steatosis in Thy-1-KO mice, the expression of genes involved in li-
pogenesis, such as acetyl-CoA carboxylase (Acc-A [Acac-a] and Acc-B
[Acac-b]), and fatty acid synthase (Fasn), was strongly increased in Thy-
1-KO mice (Table S1, Figure 2B). GO pathway analysis demonstrated
that Thy-1 regulated different metabolic processes (Figure 2C). After
underpinning our hypothesis that Thy-1 is a negative regulator of fi-
brosis, GO pathway analysis indicated that Thy-1 deletion resulted in
the enrichment of genes related to ECM biosynthesis (Figure 2C,D).

As shown in Figure 2D, matrix organizing genes, including different
collagens and glycoproteins, were expressed at higher levels in Thy-
1-KO mice than in wild-type (WT) mice. To underline the RNA se-
quencing data, quantitative PCR was performed on a separate set of
animals. Indeed, the expression of ECM-related genes, such as colla-
gen | (1), collagen IlI (x1), tenascin, osteopontin, and TgfA1, was sig-
nificantly elevated in the livers of HFD-fed Thy-1-KO mice compared
with those of wild-type mice (Figure 2E).
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3.2 | Thy-1 directly inhibits the
activation of nonparenchymal liver cells (NPCs)

The heterogeneous group of nonparenchymal cells includes mainly
liver sinusoidal endothelial cells, macrophages, and dendritic cells.
The minor fraction of liver NPCs is composed mainly of innate im-
mune cells, comprising natural killer (NK) cells, NKT cells, biliary
epithelial cells, and HSCs. Moreover, NPC plays an important role
in immune regulation.48 To obtain insights into the mechanisms of
Thy-1-mediated inhibition of liver fibrosis, NPCs were isolated from
the livers of HFD-fed wild-type and Thy-1-KO mice. After cell cul-
ture, the NPC fraction contained mainly CD11b* myeloid cells and
fibroblasts (CD90™, Figure S2A). Contamination with hepatocytes
was excluded by quantifying the expression of albumin, which was
almost undetectable in the NPC fraction (Figure S2B). As shown in
Figure 3A, NPC cells from Thy-1-KO mice expressed significantly
more Ki67, a marker of proliferating cells. Moreover, loss of Thy-1 re-
sulted in increased expression of fibrosis-associated genes, such as
collagen | (a1), Il («1) and Plod2 (Figure 3B). To determine the impact
of Thy-1 on the profibrotic action of NPCs, NPCs were isolated from
wild-type mice and cultured on recombinant Thy-1-Fc-protein. Fc-
protein was used as a control. Consistent with these findings, culture
of NPC cells with recombinant Thy-1 strongly reduced proliferation
compared with culture with the Fc-control protein, as detected by
XTT and microscopy (Figure 3C,D). The detection of active caspase-
3/7 demonstrated that apoptosis was stimulated by Thy-1 compared
with the control protein (Figure 3E). Consistent with these findings,
the increased expression of profibrotic genes, such as collagen | («1),
collagen Il («1) and Plod2, in NPC from Thy1-KO mice (Figure 3B)
and recombinant Thy-Fc-protein inhibited the expression of these
genes in NPCs (Figure 3F). Taken together, these findings suggest
that Thy-1 inhibits the profibrotic activation of NPCs.

3.3 | Thy-1 restricts the proinflammatory
activation of myeloid cells

The interaction of hepatic macrophages with other cell types in
the liver, including HSCs, endothelial cells, neutrophils, and plate-
lets, contributes to the pathogenesis of various liver diseases,
such as the development of liver fibrosis. Therefore, the impact of
Thy-1 expression on the activation of myeloid cells was analysed.
First, the number of inflammatory cells within the livers of HFD-
fed WT- and Thy-1-KO mice was analysed via immunofluores-
cence staining of CD11b* cells. As shown in Figure 4A,B, loss of
Thy-1 resulted in a significantly increased infiltration of CD11b*
cells. Next, CD11b* myeloid cells were isolated from the livers
of HFD-fed WT- and Thy-1-KO mice. Interestingly, loss of Thy-1
resulted in increased activation of myeloid cells, as demonstrated
by increased expression of proinflammatory cytokines, such as
IL-1b and TNFa, as well as Ki67, a marker of proliferating cells
(Figure 4C). In contrast, typical markers of M2-like macrophages
were not affected by Thy-1 (Figure S3).

To understand the action of Thy-1, bone marrow cells were iso-
lated from WT mice and cultured on recombinant Thy-1-Fc or Fc-
protein. To imitate the proinflammatory environment in SLD, cells
were stimulated with lipopolysaccharide (LPS) and 500 pM palmitic
acid (PA)/bovine serum albumin complex (BSA). Cells without LPS
or PA/BSA were used as controls. LPS induces the secretion of IL-
1B, IL-6, and TNFa from BMC, while PA amplifies this LPS response.
Most importantly, Thy-1 prevents the PA-mediated amplification
of the secretion of these inflammatory cytokines (Figure 5A). RNA
analysis revealed that Thy-1 inhibits the PA-mediated amplification
of the gene expression of proinflammatory cytokines, chemokines
and Toll-like receptor 4 (TlIr4) but does not affect the LPS response
itself (Figure 5B).

3.4 | Serum sThy-1 levels positively correlate with
liver fibrosis in patients with MASLD

To prove the important role of Thy-1 in the development of a fibrotic
response during SLD in human patients, serum sThy-1 was analysed
in two independent cohorts comprising patients with MASLD in
parallel to parameters of hepatic fibrosis risk (i.e., liver stiffness,
NAFLD fibrosis score and Fib4 score), fibrotic inflammation (FAST
score), and steatosis severity (CAP). The clinical characteristics of
both MASLD study populations are shown in Table 1. Furthermore,
sThy-1 was also detected in the serum of healthy subjects (n=15; 9
females, 6 males; mean age=38.5+16.5years [21]). Patients were
stratified according to their risk of steatosis, inflammation, and fi-
brosis grade. Cohort 1 (n=94) included diabetic and nondiabetic
patients. As shown in Figure 6, hepatic steatosis, as assessed by the
CAP, did not affect the serum sThy-1 concentration in this cohort.
There was a slight but not statistically significant increase in the
risk of steatohepatitis characterized by the FAST score (Figure 6).
Importantly, sThy-1 expression increased significantly with increas-
ing fibrosis risk, as characterized by liver stiffness determined by
elastography (VCTE), the NAFLD fibrosis score, and the Fib4 score
in cohort 1 (Figure 6).

Since MASLD is frequently observed in patients with T2D, we
analysed sThy-1 in a second cohort of exclusively T2D patients
(n=180). However, the circulating sThy-1 concentration did not
depend on steatosis severity (Figure 6; Table 2). Furthermore, we
observed a significant increase in sThy-1 expression with increasing
risk of steatohepatitis (FAST score; Figure 6) in this larger cohort of
patients specifically selected for T2D. Finally, we demonstrated the
relationship between increased sThy-1 serum levels and a higher risk
of advanced fibrosis, for example, NAFLD fibrosis score (Figure 6).

To determine the associations of sThy-1 with steatosis grade,
steatohepatitis status, and fibrosis risk, we performed univariate
correlations and multivariate linear regression analyses separately
for each of the cohorts. According to the univariate correlation anal-
ysis, the serum levels of sThy-1 in the first cohort were significantly
and positively correlated with the AST, NAFLD fibrosis score, Fib4
score, liver stiffness, and FAST score (Table 2). CAP showed a weak

85U8017 SUOWILLIOD @A 181D 3|cedldde ayy Aq peusenob ae s9 ol YO ‘8sh Jo SNl 10y Ariq178UIIUO A1 UO (SUONIPUCD-PUB-SULBI WO A8 |IMAlRIq 1 BUI|UO//SANL) SUORIPUOD PUe SWB | 8U1 88S *[7202/2T/LT] U0 Akeiq178ulluo A8 ‘SENSIAIUN JBuinT U N-Ye4 A 9S6ST"All/TTTT 0T/I0P/W00 A8 1M ARIq Ul |UO//Sdny WOy pepeojumod ‘g ‘¥202 ‘TEZE8LYT



BLANK ET AL. ] ﬂ
|NTIE¥\1$<§NAL ] WILEY

Fl G U R E 3 Thy-1 directly inhibits the (A) 200 ’i‘ (©) 20 " (D) R Thy-1 &
activation of nonparenchymal liver cells > 450l | 15 e B s i G
(NPC). (A, B) NPCs were isolated from the : rn a ; e £ o 5
livers of HFD-fed WT- and Thy-1-KO mice. = A0 = Sano W, e oA
The expression of the indicated genes was 50 &= o) m‘ '

analysed by quantitative PCR. (C-E) NPC
were isolated from WT mice and cultured Qc’.\@\

: E

with recombinant Thy-1-Fc-protein (iThy1) A ® % 1500 -
or control protein (Fc). (C) Cell growth 5 ; ;

(B) (F) 9 S
was detected after 3days of treatment =2 4000 o —— v S 1000
with XXT. (D) Microscopy images of NPC = = = R §§ 500
cultured on Thy-1 and Fc-control proteins £ =000 ™ £ 150001 oS
after 3days. One representative example E’ZOOD = §,1°°°°' ¢ 0 N
of 5 different experiments is shown. (E) £ 1000 S 5000 ‘<°’<¢“\

. . ] ] <

Apoptosis was determined by a caspase I3} 0 (&) 0-

3/7 activation assay after 3days. (F) Gene Q"«‘S
expression of the indicated genes was =) =)
itati < 300, < 1000

detected by quantitative PCR after 24 h. = = *
Each point represents one mouse. The 2—200. = 800

= ; = 600
results are shown as the mean + standard s 5 .

o <]

2 &=

3 3

- 100 b 400
deviation. p Values were assessed by I 200
unpaired Student's t-tests. *p <.05; 0- 0-
**p<.01; ***p<.001p. WT KO o &

< \«@\

WT

100 pm

100 pm

P

0 0 0
WT KO WT KO WT KO

FIGURE 4 Thy-1 restricts the infiltration and activation of inflammatory cells during the development of fatty liver in HFD-induced SLD
mice. Wild-type (WT) and whole-body Thy-1 knockout (KO) mice were fed a high-fat diet (HFD) for 18 weeks. (A) Inflammatory cells in the
liver were stained with an anti-CD11b antibody (red). Nuclei were counterstained with DAPI (blue). Images of three different WT and Thy-
1-KO are shown. (B) CD11b™" cells were counted per microscopic field using Keyence software. Each dot represents the number of positive
cells/microscopic fields per animal. (C) CD11b™ cells were isolated from the liver by magnetic cell separation. The expression of the indicated
genes was detected by quantitative PCR. Each point represents one mouse. The results are shown as the mean +standard deviation. p
Values were assessed by unpaired Student's t-tests. *p <.05.
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FIGURE 5 Thy-1 prevents palmitic acid-mediated amplification of the LPS response in bone marrow cells. Bone marrow cells (BMCs)
were isolated from WT mice and cultured on recombinant Thy-1-Fc (iThy1) or Fc-control protein (iFc). Cells were stimulated with LPS and
500 puM palmitic acid (PA) or bovine serum albumin (BSA). Cells without LPS were used as controls. (A) Detection of the indicated cytokines
in the supernatant after 24 h by ELISA. (B) Gene expression of the indicated genes was detected by quantitative PCR. Each point represents
the BMC from one mouse. The results are shown as the mean +standard deviation. p Values were assessed by ANOVA. *p<.05; **p<.01;

****p <.0001.
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TABLE 1 Baseline characteristics of the study populations in

cohorts 1 and 2.

Cohort 2
Cohort 1 (n=94) (n=180)
Female sex (N (%)) 48 (51%) 104 (58%)
Diabetes (N (%)) 60 (64%) 180 (100%)
Age (years) 62.3[15.9] 65.0[17.0]
BMI (kg/mz) 28.9 [6.7] 31.4[9.7]
ALT (pkat/L) .6[.5] 51[.3]
AST (pkat/L) .6[.3] .51[.3]
sThy1 (pg/mL) 3165.7 [1252.2] 2729.8 [1318.7]
Fib4 score 1.62[1.00] 1.5[1.3]
FAST score 137 [.139] 3 [4]
Controlled attenuation 297 [79] 314 [73]
parameter (dB/m)
Liver stiffness measurement 4.8 [2.8] 6.11[5.6]
(kPa)
NAFLD fibrosis score -1.01 [2.70] .02 [1.80]

Note: Baseline characteristics of the study populations in cohorts 1
and 2. The data are presented as numbers (%) or medians (interquartile
ranges).

Abbreviations: AST, aspartate aminotransferase; ALT, alanine
transaminase; BMI, body mass index; Fib4, fibrosis 4; FAST, FibroScan-
AST; sThy1, soluble Thy-1.

positive correlation (p=.049) with sThy-1. In our second diabetic co-
hort, we confirmed the correlation of the serum sThy-1 concentra-
tion with the AST, NAFLD fibrosis score, Fib4 score, liver stiffness,
and FAST score. To confirm the close association between sThy-1
and fibrosis risk, multiple linear regression analysis was carried out.
Here, sThy-1 remained an independent and positive predictor of
liver stiffness in both cohorts even after adjustment for age, sex,
BMI, and diabetes status (Table 2).

Taken together, these findings suggest that the serum sThy-1
concentration is positively associated with the risk of liver fibrosis
independent of age, sex, BMI, and diabetes status in human patients
with MASLD.

4 | DISCUSSION

The increasing prevalence of SLD is a major challenge for healthcare

systems worldwide. Approximately, one-third of affected patients

Cohort 1

Cohort 2

CAP

FAST

Liver
stiffness

NAFLD
fibrosis
score

Fib4 gonl | @

score “ 2000] F

FIGURE 6 Serum sThy-1 increases with fibrosis in patients with
metabolically associated steatotic liver disease (MASLD). Soluble
Thy-1 was detected in the serum of patients with MASLD and
healthy controls in two different cohorts by ELISA. All patients

in cohort 2 had a diagnosis of type 2 diabetes. Patients were
stratified according to their steatosis, inflammation, and fibrosis
grade as described in the Section 2. All the results are shown as the
mean +standard deviation. Overall p values were assessed by one-
way ANOVA. *p<.05; **p<.01; ***p<.001, ***p<.0001.
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TABLE 2 Univariate and multivariate correlation analyses of the association between the serum sThy-1 concentration and anthropometric

and liver marker levels.

Univariat correlation analysis

Multivariate linear regression analyses

Cohort 1 (n=94)

Cohort 2 (h=180) Cohort 1 (n=94) Cohort 2 (n=180)

r p
Age 226 <.05
BMI 194 .06
AST .281 <.01
CAP .218 <.05
FAST score .342 <.01
Liver stiffness measurement 445 <.01
NAFLD fibrosis score .339 <.01
Fib4 score .334 <.01

r p p p p p
.008 n.s. - - - -
.247 <.01 - - - -
154 <.05 - - - -

-.052 n.s.

.255 <.01 .205 .06 .218 <.01
.369 <.01 .307 <.01 .356 <.01
.36 <.01
.237 <.01

Note: Univariate correlation analysis (left columns) and multivariate linear regression analysis (right columns) of sThy1 with anthropometric and liver
markers in cohorts 1 and 2. The nonparametric Spearman's rank correlation method was used to assess univariate relationships between sThy1

and the indicated markers. Multivariate regression analyses were calculated for sThy1 (Lg, dependent variable) and the respective liver marker
after adjustment for age, sex, BMI, and the presence of diabetes. Nonnormally distributed variables were assessed by the Shapiro-Wilk test and
logarithmically transformed prior to multivariate testing. r- and p values, as well as standardized p-coefficients and p values, are given. Statistically

significant correlations and associations (p <.05) are indicated in bold.

Abbreviations: AST, aspartate aminotransferase; BMI, body mass index; FAST, FibroScan-Aspartate aminotransferase.

will develop MASH syndrome, a major risk factor for further pro-
gression to more advanced liver fibrosis, cirrhosis, and cancer.®¢%
A better understanding of the detailed underlying pathogenic mech-
anisms of the transition from MASLD to MASH and ultimately to
fibrosis is crucial for the design of new and efficient therapeutic
interventions. In the present study, we demonstrated that Thy-1 at-
tenuates the development of fatty liver disease and the expression
of profibrotic genes in the liver of HFD-induced obese mice. The
positive correlation between the serum sThy-1 concentration and
liver fibrosis markers in patients with MASLD syndrome highlights
the role of Thy-1 in the pathogenesis of SLD-associated liver fibro-
sis. Therefore, Thy-1 may represent an important target for further
research focusing on the development and progression of SLD and
could be a potential therapeutic target.

HFD-induced SLD mice with similar Western diet-related effects
exhibit features similar to those of MASH in humans, but the patho-
logical consequences are not severe.*”>% In the present study, a HFD
induced strong weight gain associated with a profound accumula-
tion of TG in the liver. In addition, increased expression of profibrotic
genes, such as collagen I/1ll and Tgff1, indicates the initiation of a
profibrotic response.

Deletion of Thy-1 further strengthens liver steatosis upon HFD
consumption, as determined by increased fat deposition. Serum
TG and insulin are increased in Thy-1-KO mice, contributing to en-
hanced triglyceride accumulation in the liver. As shown earlier, loss
of Thy-1 results in the accumulation of adipose tissue, which might
explain the increase in the serum triglyceride and insulin levels in
Thy-1-KO mice.*

Importantly, a lack of Thy-1 further increased the hepatic
mRNA expression of profibrotic genes in the liver, indicating the
protective role of Thy-1 in liver fibrosis development. Our data

concerning the impact of Thy-1 on liver fibrosis are in accordance
with those from other fibrosis mouse models. Thus, a lack of Thy-1
amplifies lung, heart and kidney fibrosis.t”*2%°2 |n the liver,
Thy-1 deficiency exacerbates fibrosis in a mouse model of Mdr2
deficiency-induced cholestatic fibrosis.’ Like in HFD-induced
SLD mice, the expression of profibrotic genes was enhanced in
Thy-1-deficient mice.r? Thy-1 cells exhibit mainly periportal ex-
pression adjacent to the portal vein, arteries, and bile ducts, while
Thy-1 expression is not detectable on HSCs.?>3 Similarly, ECM
deposition is detected in the periportal region together with the
expansion of Thy-1-expressing mesenchymal cells during choles-
tatic liver injury.>*

Taken together, these data indicate an antifibrotic role of
Thy-1 in organ fibrosis. The effects of Thy-1 on liver fibrosis might
be direct through its action on ECM-producing cells or indirect
through its action on inflammatory cells. Indeed, Thy-1 restricts
the profibrotic action of NPC. Several mechanisms for direct Thy-
1-mediated control of fibrosis have already been described. Thy-1
supports apoptosis in lung and skin fibroblasts via Fas-, Bcl-, and
caspase-dependent pathways.>®> Consequently, Thy-1 knockout
mice exhibit enhanced fibroblast proliferation, reduced apop-
tosis and a decreased Fas ligand.?>°% Inhibition of apoptosis in
Thy-1-deficient mice leads to the persistence of myofibroblasts
during the resolution phase of bleomycin-induced lung fibrosis.”®
Consistently, Thy-1 inhibits proliferation and supports apoptosis
in NPC cells. Moreover, we showed that Thy-1 inhibits the expres-
sion of profibrotic genes in NPC.

Moreover, the interaction of Thy-1 in cis with integrins and
growth factor receptors regulates the fibrogenic actions of fibro-
blasts. Thy-1 inhibits fibroblast contraction-induced latent TGFp1
activation and TGFp1-dependent lung myofibroblast differentiation
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via interaction with integrin cvaS.57 Moreover, Thy-1-negative, but
not Thy-1-positive, rat lung fibroblasts respond to profibrotic cy-
tokines via the activation of latent Tgff1 and exhibit greater myo-
fibroblast gene expression and greater collagen contraction than
Thy-1-positive cells.>®>? Koyama et al. demonstrated that Thy-1 in-
hibits TGFB-RI signalling.® TGFB1 stimulation facilitates the binding
of mesothelin (Msln) to Thy-1, thereby promoting the dissociation of
Thy-1 from TGFB-RI and enabling TGFB1/TGFp-RI signalling in lung
and portal fibroblasts. Deletion of MsIn in activated portal fibro-
blasts results in strong overexpression of Thy-1, which in turn binds
to TGFB-RI and prevents TGFp1 signalling.}”® Deletion of Thy-1
strengthens fibrosis, while a lack of MsIn reduces fibrosis in this
model. We propose that a similar mechanism might act in our mouse
model of HFD-induced SLD. Several reports indicate a positive feed-
back loop of TGFp1. Zhang et al. identified TGFp1 as a TGFp1-target
gene.®! Xu et al demonstrate that TGFp1 stimulates TET3 expression
in HSCs, which in turn supports TGF[31e><pression,62 We hypothesize
that Thy-1-mediated inhibition of TGFp1 signalling interrupts the
viscous cycle of uncontrolled TGFB1-mediated matrix production in
HFD-induced SLD. Taken together, these findings indicate that Thy-
1-deficient mice are more susceptible to fibrosis, suggesting that
Thy-1 is critical for the control of fibroblast activation and has an
antifibrotic function.

Macrophages are the first cells to respond to liver injury-inducing
inflammation. Importantly, uncontrolled, persistent inflammation
drives liver fibrosis, ultimately leading to liver cirrhosis.!® In the pres-
ent study, we demonstrated that loss of Thy-1 results in an increase
in the number of inflammatory cells within the liver. In addition, the
expression of proinflammatory cytokines such as IL-1p and TNFa is
increased. In vitro studies of proinflammatory activated bone mar-
row cells on recombinant Thy-1 prove the inhibitory role of Thy-1.
Thus, Thy-1-mediated inhibition of macrophage activation might in-
directly contribute to the antifibrotic effect of Thy-1. Importantly,
Thy-1 inhibits PA-mediated amplification of the inflammatory re-
sponse. It has been hypothesized that saturated free fatty acids such
as PAs directly activate TLR4, classically inducing the proinflamma-
tory activation of macrophages.®® Lancaster et al. demonstrated
that saturated free fatty acids are not TLR4 agonists but provide a
second hit of activation, strengthening the LPS response.64 The in-
hibition of TLR4 expression by Thy-1 upon LPS stimulation in the
presence of high PA might explain the anti-inflammatory effect of
Thy-1. However, the mechanisms underlying the anti-inflammatory
action of Thy-1 in the presence of FFA are still unclear.

In addition to its membrane form, a soluble form of Thy-1
has been detected in the serum; in the urine; and in the wound,
synovial, and cerebrospinal fluid.}>%%%% In the present study, we
showed that the serum sThy-1 concentration was positively cor-
related with the risk of advanced liver fibrosis, as assessed by liver
stiffness, the Fib4 score, and the NAFLD fibrosis score. Consistent
with our data, gene expression analysis of liver biopsies from 206
MASLD patients revealed that the expression of Thy-1 increases
with the progression of MASLD, especially with the develop-
ment of fibrosis.” In contrast, circulating sThy-1 levels were not
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significantly associated with the hepatic steatosis grade. The pos-
itive association between sThy-1 and the FAST score suggested
that inflammation has an impact on sThy-1. However, the FAST
score is determined by the combination of liver stiffness, CAP and
AST levels. Thus, we cannot exclude the possibility that this as-
sociation is related to the strong correlation of the serum sThy-1
concentration with fibrosis stage. There are no histological data
available in our cohorts to validate the relationship between the
serum sThy-1 concentration and tissue inflammation; therefore,
further research should include a histological reference standard.
Furthermore, in accordance with our data, increased sThy-1 has
been detected in patients with systemic sclerosis, as well as in pa-
tients with diabetic kidney disease, which is associated with renal
fibrosis.6:¢8:¢7

The positive correlation between the serum Thy-1 concen-
tration and liver fibrosis in patients with MASLD syndrome
appears to be counterintuitive because of the protective ef-
fect of Thy-1 on the development of liver fibrosis in our mouse
model of SLD. Interestingly, in this context, for the adipocy-
tokine FGF21, an apparently similar paradox expression pat-
tern has been described.”®7? Thus, the metabolic beneficial
cytokine FGF21 is increased in metabolic disease states, in-
cluding patients with MASLD, most likely through FGF21 re-
sistance.”®’* However, whether Thy-1 signalling is affected in
SLD is still an open question. In addition, more than 150 types
of proteins are expected to be anchored to the plasma mem-
brane via a GPI site. GPI-specific phospholipase D (GPI-PLD)
is a secreted protein that specifically hydrolyses the glycan-
phosphatidylinositol linkages of GPI anchors.”? Since Thy-1is a
GPl-anchored protein, it can be cleaved by GPI-PLD.'* GPI-PLD
is highly expressed in the liver. Moreover, hepatic mRNA levels
and circulating concentrations of GPI-specific PLD are signifi-
cantly enhanced in diabetic mice. Since Thy-1 mRNA levels are
not changed in obese and db/db mice, alterations in GPI-PLD
expression or activity might contribute to enhanced sThy-1 in
the SLD. In addition, increased soluble Thy-1 levels might re-
flect a counterregulatory mechanism.

In conclusion, a lack of Thy-1 increases susceptibility to the ex-
pression of profibrotic genes in mice and facilitates the proinflam-
matory activation of macrophages. Moreover, circulating sThy-1 is
significantly associated with the risk of advanced fibrosis in patients
with MASLD. These data indicate that Thy-1 may function as an im-

portant antifibrotic factor in liver fibrosis.
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