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Abstract

Background The immunomodulatory oligodeoxynucleotide (ODN) IMT504 might harbor antifibrotic properties
within the liver.

Methods Fibrosis models were induced in mice through thioacetamide (TAA) administration and bile-duct ligation.
Cre-loxP mice were utilized to identify GLAST +Wnt1 4+ bone marrow stromal progenitors (BMSPs) and to examine
their contribution with cells in the liver. In vivo and in vitro assays; flow-cytometry, immunohistochemistry, and gPCR
were conducted.

Results IMT504 demonstrated significant inhibition of liver fibrogenesis progression and reversal of established
fibrosis. Early responses to IMT504 involved the suppression of profibrogenic and proinflammatory markers, coupled
with an augmentation of hepatocyte proliferation. Additionally, this ODN stimulated the proliferation and mobilization
of GLAST +Wnt1+BMSPs, likely amplifying their contribution with endothelial- and hepatocytes-like cells. Moreover,
IMT504 significantly modulated the expression levels of Wnt ligands and signaling pathway/target genes specifically
within GLAST +Wnt1 +BMSPs, with minimal impact on other BMSPs. Intriguingly, both IMT504 and conditioned media
from IMT504-pre-treated GLAST +Wnt1+BMSPs shifted the phenotype of fibrotic macrophages, hepatic stellate cells,
and hepatocytes, consistent with the potent antifibrotic effects observed.

Conclusion In summary, our findings identify IMT504 as a promising candidate molecule with potent

antifibrotic properties, operating through both direct and indirect mechanisms, including the activation of
GLAST +Wnt1 +BMSPs.
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Introduction

The mammalian liver possesses a remarkable capacity
for regeneration, orchestrated by hepatocytes re-enter-
ing cell cycle and/or liver progenitor cells. Constituting
70% of liver cells, hepatocytes are organized in fascicles
near sinusoidal capillaries. Previous research, includ-
ing our own, has demonstrated the potential of mesen-
chymal stem cells (MSCs) derived from bone marrow
(BM) stromal fraction to ameliorate liver fibrosis [1-3].
The BM harbors diverse and heterogeneous stromal sub-
populations [4—8], with many perisinusoidal BM stromal
cells (BMSCs) extending long processes making contact
with hematopoietic cells. Some of them are progenitors
(BMSPs), capable of forming adherent colonies [9]. Nota-
bly, certain BMSPs exhibit significant plasticity, including
contribution with hepatocyte-like cells (HLCs) [3, 9-13].

Recently, a subset of BMSPs expressing the glutamate
transporter GLAST has been identified [4, 9]. Interest-
ingly only about 10% of GLAST* BM stromal cells were
traced in WntI<"%; Rosa26™" mice, and exhibit fibroblast
colony-forming unit (CFU-F) characteristics. During
liver fibrogenesis or after partial hepatectomy, perisinu-
soidal GLAST* Wnt1" BMSPs have been observed to
mobilize into the bloodstream and to likely contribute to
endothelial-like cells (ELCs) and HLCs within the liver
[9].

Immunomodulatory ODNs are synthetic molecules
that stimulate various immune cell types. These syn-
thetic ODN:s fall into two primary categories: CpG ODN5s
and non-CpG ODNs. CpG ODNs contain at least one
unmethylated cytosine-guanine (CpG) dinucleotide in a
specific context [14]. A class of non-CpG ODNs, denoted
as PYNTTTTGT (Py: pyrimidine; N: any nucleotide; T:
thymidine; G: guanine), has been described [15]. Incu-
bating rat BM MSCs with IMT504, a prototype of the
PyNTTTTGT family class, led to a significant increase
in CFU-Fs numbers [16]. Additionally, this ODN was
shown to induce the mobilization of stromal progenitors
into the bloodstream [16], suggesting its potential clinical
application in enhancing regenerative mechanisms and
tissue recovery [17]. Indeed, IMT504 was also previously
shown to elicit beneficial effects in the context of experi-
mental models of diabetes, pain and multiple sclerosis
[18-21]. Rat and bone marrow stromal cells incubated
with Alexa-Fluor 488- or Texas red-conjugated IMT504
were found to internalize this compound [20]. However,
the mechanisms elicited by IMT504 in BMSPs remains
poorly understood.

In this study, we explore the roles of IMT504 in both
liver fibrosis development and regression, and its impact

on the physiological properties of GLAST*® Wntl*
BMSPs and of other BMSPs subpopulations.

Materials and methods

Oligodeoxynucleotide

ODN IMT504 with phosphorotioate backbone was pur-
chased from Biosynthesis (Lewisville, TX), purified by
high-performance liquid chromatography and assayed
by MALDY. Lyophilized ODN IMT504 was diluted in
depyrogenated water, assayed for lipopolysaccharide con-
tamination and kept at -20 °C until used. ODN IMT504
sequence is 5" TCATCATTTTGTCATTTTGTCATT 3'.

Animal models

Wnt1®¢ (Jackson stock N° 022501) were bred with
Rosa26%~Tmate (Rosa26™™; Jackson stock N° 007909).
In addition, GLAST“®ERT2 [22] were bred with
Rosa26~Tmate (Rosa26™™; Jackson stock N° 007908):
these mice were crossbred with CD1 mice in an out-
breeding program for more than 20 generations, so they
are currently in that genetic background. GLASTC™ERT;
Rosa26™" mice were s.c. injected with tamoxifen (Tx;
Sigma-aldrich; T-5648; 20 mg/mL in corn oil; 50 pl/ani-
mal) at postnatal day 2 (P2) or P60.

In the experiments, males and females were used. No
animals were excluded (no signs of pain were found). The
work has been reported in line with the ARRIVE guide-
lines 2.0.

In vivo fibrogenesis models

Two models of liver fibrogenesis were established. In the
TAA model, GLAST**®T2; Rosa26™" mice (2 months-
old) received intraperitoneal injections of TAA; 0.2 mg/g
body weight; three times per week) for 2 weeks or 8 weeks
[2] (Fig. 1A). The animals were distributed into different
boxes at random, and the animals in each box received
the same type of treatment. No animals were excluded
from the analyses. For histology studies, some mice were
subcutaneously injected with IMT504 (0.4 mg/ml; 6 mg/
kg/animal) [16] 4 h after the 6th TAA dose. Other ani-
mals received 3 doses of IMT504: 4 h after the 6th, 12th
and 18th TAA dose. Control (vehicle) and naive (plus/
minus IMT504) conditions were also included. In the
bile duct ligation (BDL) model, CD1 mice of the same age
were anesthetized with 5% isoflurane and an oxygen flow
of 0.5-1.0 I/min. They underwent two ligatures around
the common bile duct using silk 6.0 sutures, with a sur-
vival period of 2 weeks [23]. Some mice received subcu-
taneous IMT504 injections (as above) 5 days after BDL.
Other CD1 mice were treated with TAA for 2 or 8 weeks,
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followed by IMT504 administration (or vehicle, 4 h after
the last TAA dose). They were euthanized under 5% iso-
flurane the following day for qPCR analyses of relevant
markers.

For liver regression experiments, CD1 mice were
treated with TAA for 8 weeks and some received 1 dose
of IMT504 or vehicle, 4 h after the 18th TAA dose. These
animals were not further subjected to TAA for 2 weeks
(Fig. 2A).

For qPCR analyses, animals were anesthetized and
their livers were perfused using a washing buffer (1:25
PBC and EDTA 0.4 mM in distilled water) along with col-
lagenase (C5138, Sigma-Aldrich, St. Louis, MO, USA).
The liver tissue was mechanically disaggregated and then
filtered using a 40 um pore cell strainer. A 200 pL suspen-
sion of total liver sample was subsequently resuspended
in Trizol Reagent (SigmaAldrich Co). For obtaining sam-
ples enriched in hepatocytes, the samples were allowed to
decant for thirty minutes and then 2 cycles of centrifu-
gation (5 minutes, 1000 rpm) were performed afterwards
[9]. After isolation, 2x10° cells/well were seeded in P6
multiwell plates containing DMEM/F12 with 10% FBS
(Gibco) and cultured for 3 h. For Kupffer cells isolation,
the total liver sample was centrifuged at low speed and
4 °C. The supernatant was recovered and resuspended
in 2 mL of RPMI. The resulting cell suspension was sub-
jected to a density gradient using Histodenz (Sigma-
Aldrich), with a 30% concentration in PBS. The isolated
pellet was seeded in P12 multiwell plates (2,5x10° cells/
well) and incubated with RPMI supplemented with 10%
FBS for 40 min in a 12-well plate. During the experi-
ments, we did not experience any adverse events.

In vitro experiments

BMSP cultures: GLASTC®ERT2; Rosa26™™ (Tx P2) or Wit-
1€ Rosa26™™ mice were euthanized by cervical dislo-
cation or under 5% isoflurane. The femur and tibia were
dissected from, and BM was extruded using DMEM
low glucose (Gibco) supplemented with 10% FBS. The
suspension of BM mononuclear cells (BM-MNCs), at a
density of 5x10° cells/cm?, was seeded in 145 mm Petri
dishes (Greiner Bio-One). These cultures were incubated
with the same cell culture medium, which was changed
every 72 h until reaching a 90% confluency. Before the
first passage, colonies consisting only of Tom™ cells
obtained from GLAST“***2; Rosa26™™ (Tx P2) or Wnt-
1% Rosa26™™ mice were identified and marked using
a fluorescent microscope (Nikon Eclypse NiE, Melville,
NY, USA): the colonies were outlined by drawing a line
on the plastic, demarcating the boundaries of the Tom*
colonies. These cultures were then trypsinized using
0.25% trypsin with 1ImM EDTA. The Tom* colonies were
lifted, dissociated, and replated at 5x10° cells/cm?* using
the same culture medium. Subsequently, Tom™ were
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lifted and replated separately. This process was repeated
for the first 3 passages in cultures with Tom™* cells, lead-
ing to cultures enriched in GLAST* Wnt1* BMSPs. For
both Tom™ and Tom™ cultures, the procedure of trypsin-
ization, lifting, and replating was repeated, after 80—90%
confluency, until reaching P8.

Preparation of conditioned media (CM) from BMSP cul-
tures To prepare CM, Tom™ and Tom™ (2x 10* cells) were
separately seeded in 96 mm Petri dishes. On the following
day, the cultures were maintained without FBS overnight.
Subsequently, the cells were treated with IMT504 or the
vehicle for 2 h, followed by a wash and another 22 h of
incubation with half the volume of serum-free medium.
The culture medium was then centrifuged and the result-
ing supernatant was aliquoted and frozen until use.

Fibrotic macrophages Macrophages were isolated from
CD1 mice that had been previously treated with TAA for
a duration of 6 weeks (see above). The cells were incu-
bated for a total of 24 h, consisting of a 2-hour stimula-
tion with IMT504 followed by 22 h with RPMI+2%FBS.
The next conditions were set: RPMI+2%FBS (control),
RPMI+2%FBS+IMT504 (IMT504 at a concentration of
0.5 pg/ml) or a mixture of 50% v/v CM obtained from
Tom™ or Tom™, either pretreated with IMT504 during 2 h
followed by 22 h of recovery or untreated. Following the
incubation period, the cells were washed and harvested
for mRNA expression analysis using qPCR.

Hepatocytes Hepatocytes were derived from the par-
enchymatic fraction of healthy CD1 mice, as described
above. After a 24-hour incubation, these hepatocytes
were subjected to an additional 24-hour period of
incubation under various conditions. These condi-
tions included DMEM/F12+2%FBS (control), DMEM/
F12+42%SFB+IMT504 (incubation with IMT504 for 2 h
followed by 22 h in DMEM/F12+2%SFB), or a mixture
of 50% v/v CM obtained from Tom™ or Tom™, either pre-
treated with IMT504 or untreated. After one day, the cells
were washed and collected for mRNA expression analysis
using qPCR.

Ito cells The CFSC-2G hepatic stellate cell line, originally
obtained from cirrhotic rat liver, was kindly provided by
Dr. Marcos Rojkind (Albert Einstein College of Medicine,
New York, NY, USA). They were cultivated in tMEM sup-
plemented with 10% FBS (Life Technologies, Carlsbad,
CA, USA) and non-essential amino acids. To assess the
effect of IMT504 and other experimental conditions on
these cells” expression profile, they were incubated with:
aMEM +2%SFB (control); aMEM /F12+2%FBS +IMT504
(2 h of incubation followed by 22 h of recovery), or a mix-
ture of 50% v/v CM from Tom* or Tom™ cells, with or
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Fig. 1 IMT504 inhibits liver fibrogenesis. (A) Schematic view of derivation of GLAST<®f2,R05a26'Y°™ mice and of the experimental design. (B) Rep-
resentative micrographs showing Sirius red staining of liver sections obtained from GLAST“*®*™2; Rosa26™™ mice (Tx P2) from different experimental
groups. Scale bars: 200 um. (C) Statistical comparisons in between groups. **p < 0.01; ***p <0.001; ****p < 0.0001; Dunn's multiple comparisons test; n=4.
(D) Statistical comparisons of gPCR expression levels of profibrogenic and immunomodulatory markers in whole liver tissue, and of proliferation, DNA
repair, hepatocyte function and cellular stress in the parenchymatic-enriched liver fraction at 1 day after IMT504 or vehicle-application, 2 weeks after TAA-
treatment onset. *p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001; *vs. TAA+S. Mann-Whitney: COL1a1, a-SMA, TGF-31, IL-13 and iNOS; unpaired t-student:

all other markers

without prior IMT504 treatment. Subsequently, the cells
were washed and collected for mRNA expression analysis.

Proliferation assay and flow cytometry

P8 Tom* or Tom™ BMSPs were plated in 96 mm petri
dishes. Upon reaching 80% confluency, the cells were
or not subjected to a 2-hour treatment with IMT504
(0.5 pg/ml). Some cells were incubated with CHIR (9
uM), known to elicit Wnt signaling and nuclear translo-
cation of beta-catenin [24], Dkk1 (200 ng/ml; R&D; Wnt
antagonist), or a combination of IMT504 and Dkkl1 or
IMT504 and IWR1 (10 uM; Sigma-Aldrich; Wntl inhibi-
tor) [25, 26]. Afterward, the culture media was replaced
to eliminate IMT504 and/or factors activating/inhibiting
Wnt signaling. Four hours later, cells from various con-
ditions were detached and fixed using 4% paraformalde-
hyde for subsequent flow cytometry analyses involving
Ki67 immunolabeling. The cells were washed thrice
with FACS buffer (1xPBS-1% BSA) through centrifuga-
tion (5 min at 1000 rpm) and resuspension. Following
this, the cells were transferred to flow cytometry tubes
(10° cells per tube) and incubated for 45 min with an
unconjugated polyclonal rabbit anti-Ki67 primary anti-
body (1/100; abcam ab15580) along with FACS buffer
and 0.1% saponin, for 45 min, all in darkness. After two
additional rounds of washing with FACS buffer, the cells
were incubated with 100 ul AlexaFluor 488°- or Alexa-
Fluor 594°-coupled secondary antibodies (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) at a 1/100
dilution in FACS buffer and 0.1% saponin for 45 min.
After two more washing, the cells were fixed again with
paraformaldehyde and maintained in 100 pl of 1xPBS
until flow-cytometry analysis. Other markers used in
flow cytometry experiments were: mouse monoclonal
anti-Albumin (Santa Cruz Biotechnology; sc-374670),
rat monoclonal anti-CD31 (BD Pharmingen; 553370),
rat monoclonal anti-CD44-APC antibody (BD Pharmin-
gen; 559250) rabbit polyclonal anti-CD133 (Abcam;
ab19898), goat anti-Ep-CAM (Santa Cruz Biotechnol-
ogy; sc-23788). Samples without incubation with primary
antibodies were included as control. Flow cytometry
analyses were conducted using a Becton-Dickinson
FACSAria Fusion, and FlowJo v10.0.8 software (Flow]Jo,
Ashland, OR, USA) was used for data analysis.

Boyden chamber motility assay

In this assay, a standard 48-well microchemotaxis Boyden
chamber (Neuro Probe; Cabin John, MD) was utilized.
P8 Tom* or Tom™ BMSPs were cultured in 96 mm Petri
dishes until they reached 80% confluency. Subsequently,
some dishes were subjected to a 2-hour incubation with
IMT504 (0.5 pg/ml), while others were treated with the
vehicle. Following a 4-hour recovery period, these cells
were seeded at a density of 1,2x10% cells/well in the
upper chamber of the transwell unit. In the lower cham-
ber either 26 uL of DMEM low glucose or CM obtained
from LX-2 cells (a human hepatic stellate cell line) was
added. The cells were allowed to migrate from the upper
side of the membrane to the lower through 8 um pores
over a period of 4 h at 37 °C. Following this migration
period, the membrane was fixed in 4% paraformaldehyde,
and the cells that had successfully migrated to the lower
side were stained with DAPI (1 mg/ml). A total of three
photographs were taken from each replicate using a Zeiss
LSM700 fluorescent microscope and total number of
cells were counted.

Statistical analysis
Unless explicitly indicated, each experiment was con-
ducted a minimum of two times, with a sample size of
at least 4. This sample size allows for obtaining signifi-
cant differences in statistical comparisons when they are
greater than 30%. Values from different experiments were
included in the same analysis. All values are presented
as meantstandard error of the mean. Appropriate sta-
tistical methods were employed based on the number of
groups being compared in each experiment and the dis-
tribution characteristics of the data. To determine if the
data distribution followed a normal distribution, the Kol-
mogorov-Smirnov test was applied. A significance level
of p<0.05 was deemed as statistically significant. Data
analyses was performed using Prism software (GraphPad,
San Diego, CA, USA). No data were excluded.

Other specifications can be found in the Supplemental
Information.

Results

IMT504 inhibits the progression of fibrogenesis in mice
Considering the immunomodulatory properties of
IMT504, we wonder if this ODN could inhibit the pro-
gression of liver fibrogenesis. We first verified that TAA
treatment led to established fibrosis in GLASTC™ERT;



Borda et al. Stem Cell Research & Therapy

[ IMMUNE / INFLAMMATORY MARKERS |

Relative expression: Log2 (FC)

(2024) 15:278

TAA (20 mg/mL i.p. 3 time/week) or saline (naive)

Page 6 of 20

FE

s
S

TNFa

<
&
K

&

| PROFIBROGENIC MARKERS

Log2 (FC)

l PROLIFERATION / FUNCTION MARKERS |

8 10
4

IMT504 (6 mg/Kg s.c.) or saline
1 dose (at 8th week)

o T4

< &

S S

) )

g g3

€ e

g g

¢ {2

5 5

3 3

o o1

2 2

= 5

3 £ o
3 N ©
S 28 i
@ & & &
FELE T

«v?' Al

>
TAA 8w .~ TAA + saling + 2w’
Y | 4
: N
~<4’r ;“J 4
N
Qi ;-
¢ s
sk
5 PR
T 4
o
o
g3
2
[}
22
=
2]
/ . B
7 o
& gt o
e >
&SP
— & N
K
ATQ
Colfa1 TGFp1
Y [ £
L %
g g
£ e
= 5
& 2o
R
FEFSE
< &
IL10
g = 2 <
§| g% s
é $ g
R 5 3
g g H
3 H 8
§ o & 2
ot E S o
& LEEE LEEE
R\ B\ &

IGF-1

ey
.
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Rosa26™™ (Tx P2) mice after 8 weeks (Fig. 1A). This
was assessed by measuring the percentage of Sirius red
stained area and quantifying the area of a-smooth mus-
cle actin immunoreactivity. Mice administered a single
dose of IMT504, 2 weeks after TAA treatment onset,
exhibited a significant reduction in fibrosis degree com-
pared to the control group (Fig. 1B, C; Figure S1). This
effect was even more pronounced when mice received
3 doses of IMT504, administered with a 2 week-interval
between each dose (Fig. 1B, C; Figure S1). A proinflam-
matory liver microenvironment, typically associated
with the activation of hepatic stellate cells, hinders liver
regeneration and hepatocyte proliferation [11]. Support-
ing the notion that IMT504 plays an immunomodulatory
role, an increase in hepatocyte proliferation was found, in
relation with the number of IMT504 doses administered
(Figure S2).

To delve into the early mechanisms triggered by
IMT504 in the liver, wild-type littermates of GLAST-
CreERT2, Rosa26™" (Tx P2) mice were treated with TAA
for 2 weeks. These mice were subsequently injected
with IMT504 (or vehicle) and were sacrificed after 1 day.
Ample material from both the entire liver and paren-
chymatic fractions were collected, which were then
processed for qPCR. IMT504 treatment exhibited a sig-
nificant reduction in mRNA expression levels of profi-
brogenic markers (collal, a-SMA and TGEF-fB1) as well
as pro-inflammatory markers (TNF-a, IL-1p, IL-6 and
iNOS) (Fig. 1D). Furthermore, it led to an increase in
tolerogenic markers (IL-10 and Arginase-1). Additionally,
within the parenchymatic fraction, an upregulation of
markers associated with hepatoblast/hepatocyte prolifer-
ation (HGE, PCNA, Notch2), hepatocyte function (IGF-
I), DNA synthesis and repair quality control (Brca2, Myb,
Abl1), and positive regulation of cell-cycle progression
(Ccnal) was found. Conversely, the expression levels of
Gadd45a (a marker of cellular stress, DNA damage and
cell cycle arrest) were found to be downregulated. Inter-
estingly, two markers of liver progenitor cells, TWEAK
(TNEF-like weak inducer of apoptosis) and CD133 [28,
29], were found to be overexpressed in the liver paren-
chymatic fraction of animals treated with the ODN.

To ascertain whether IMT504 could alleviate liver
fibrosis in a different in vivo model with a distinct eti-
ology, CD1 mice were subjected to bile-duct ligation
(BDL). Five days after BDL, these mice were adminis-
tered IMT504 or saline and were euthanized 9 days later.
IMT504 treatment was associated with reduced collagen
fiber deposits and myofibroblast activation, while also
stimulating hepatocyte proliferation (Figure S3). Con-
sequently, these findings confirm the ability of IMT504
to ameliorate liver fibrosis in different in vivo mouse
models.
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IMT504 facilitates liver fibrosis regression in mouse TAA
model

We subsequently investigated whether IMT504 could
also facilitate the regression of pre-existing fibrosis.
To address this, a single dose of IMT504 or vehicle was
administered to wild-type littermates of GLAST™ERT;
Rosa26™™ (Tx P2) mice after a 8-week TAA treatment
(Fig. 2A). Following this intervention, the animals under-
went a two-week recovery period without further TAA
applications. After this period, the mice were humanely
euthanized, and their livers were extracted and processed
for analysis.

The administration of IMT504 significantly improved
fibrosis regression: it led to a substantial reduction in
both the Sirius Red stained-area (Fig. 2) and the area
immunostained for a-smooth muscle actin, a marker
of myofibroblast activation (Figure S4). Addition-
ally, there was a significantly increase in the number of
PCNA™* hepatocytes, indicating enhanced prolifera-
tion, in the IMT504-treated group (Figure S4). Further-
more, our analysis of mRNA expression levels at the end
of the experiment revealed promising findings (Fig. 2).
When compared to the vehicle control, IMT504 condi-
tion resulted in significant reductions of profibrogenic
and proinflammatory markers. Some of them, such as
TGEF-B1 and IL-1pB, even return to normal levels. Nota-
bly, IL-10 expression remained significantly upregulated,
while iNOS expression was downregulated compared to
control groups, including naive mice. Hepatocyte pro-
liferation and functional markers were also upregulated.
Collectively, these data support the conclusion that
IMT504 accelerates recovery from liver fibrosis.

To investigate the early mechanisms underlying
IMT504-mediated acceleration of liver fibrosis regres-
sion, we conducted new analyses. Animals treated with
TAA for 8 weeks were sacrificed 24 h after the applica-
tion of IMT504, and their liver samples were processed
for qPCR analysis. The results closely resembled those
obtained when IMT504 was administered at 2 weeks of
TAA treatment, specifically concerning profibrogenic,
proinflammatory, hepatocyte proliferation, and hepato-
cyte progenitor markers (Figure S4).

IMT504 likely enhances the contribution of GLAST+ Wnt1+
BMSPs with endothelial-like cells and hepatocyte-like cells
during liver fibrogenesis

Previously, we demonstrated that GLAST* Wntl*
BMSPs, a subpopulation of perisinusoidal stromal cells,
become mobilized to the peripheral blood and may
contribute to ELCs and HLCs following liver injury [9].
Given that IMT504 is known to induce the mobiliza-
tion of BMSPs into the bloodstream [16], we sought to
determine whether this ODN could also enhance the
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contribution of the subpopulation of GLAST' Wnt1*
BMSPs to liver cells during fibrogenesis.

To address this, we crossed GLAST"°ERT2 with
Rosa26™™ heterozygous mice (Fig. 1A). The resulting
double-transgenic offspring enable the identification of
GLAST™ cells at the moment of tamoxifen (Tx) injection
through the expression of the tdTomato (Tom) reporter
gene. This allows us to identify GLAST* Wnt1* BMSPs
in the bone marrow or, if mobilized through the blood-
stream, in the organs where they are recruited, and to
determine the cell types they give rise to. Adult GLAST-
CreERT2, Rosa26™™ mice (Tx postnatal day -P-2) were
injected intraperitoneally (i.p.) with TAA for 8 weeks.
Consistent with our hypothesis, animals that received a
single dose of IMT504 at the second week of TAA treat-
ment exhibited a higher incidence of Tom™ ELCs (Fig. 3;
Movies S1 and S2) and HLCs (Fig. 4) compared to the
vehicle control group. Moreover, this effect was signifi-
cantly more pronounced in animals receiving three doses
of IMT504 -administered at the 2nd, 4th and 6th weeks
of TAA treatment- (Figs. 3 and 4; Movie S3). Interest-
ingly, IMT504 was also found to promote the prolifera-
tion of GLAST-traced ELCs and HLCs in the liver after 8
weeks of TAA treatment (Figs. 3 and 4).

We then investigated whether GLAST" Wnt1* BMSPs
can acquire the expression of ELC and HLC specific
markers both in vitro and in vivo. To achieve this, we
cultured a fraction enriched in this BMSP subpopulation
for 7 days with conditioned media from hepatectomized
liver, which led to the acquisition of ELC and HLC spe-
cific markers (Figure S5). Additionally, we injected the
bone marrow mononuclear fraction obtained from Wnt-
1% Rosa26™™ mice into athymic mice that had under-
gone hepatectomy 5 days prior. Five days post-transplant,
flow cytometry analysis revealed that a fraction of Tom™
cells coexpressing CD44 and fibronectin had acquired
ELC (Figure S6) and HLC specific markers (Figure S7).
This suggests that GLAST* Wntl* BMSPs may have the
potential to differentiate into both ELCs and HLCs.

In addition, we found that CD44" Tom™ cells in the
bone marrow and peripheral blood coexpress CD133, a
well-known progenitor marker (Figure S8A, B). CD133
is also a liver progenitor marker in cells that coexpress
albumin [28]. Therefore, our data may suggest that
GLAST* Wntl* BMSPs are likely to acquire ELC and
HLCs specific markers and contribute to liver progeni-
tors. Given the possibility that some GLAST* endothe-
lial and/or hepatocyte progenitors may reside in the liver,
we analyzed the incidence of CD31* Tom™ cells, and the
coexpression of CD133 and albumin in Tom™ cells, by
flow cytometry. Virtually no Tom* ELCs were found in
the liver of naive or IMT504-treated double-transgenic
mice injected with tamoxifen at P60 (Figure S8F). And
with regards to the liver parenchymatic fraction, in some,
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but not all, naive and IMT504-treated GLAST<ERT2;
Rosa26™" (TxP2) mice a minor fraction of CD133*
Albumint Tom™ cells was found (0.012+0.0169% and
0.0237£0.0336%; naive and IMT504, respectively;
of total parenchymatic cells). A similar pattern was
observed when CRE recombination (Tom expression)
was induced at P60, although the incidence of CD133*
Albumint Tom® was reduced (0.0004+0.0008% and
0.0011+0.0001%; naive vs. IMT504) (Figure S8C, G). In
contrast, significantly higher numbers of CD31* Tom*
ELCs and CD133%/Ep-CAM?' Albumin* Tom™ HLCs
were observed in the liver of all TxP2- and Tx P60-
injected mice treated with TAA and IMT504 (Figure
S8C, G). Overall, these findings suggest that although
some GLAST™ liver progenitors may eventually exist in
the liver, non-resident Tom* cells (likely GLAST* Wnt1*
BMSPs) give rise to Tom* ELCs, HLCs and liver pro-
genitors following injury, with IMT504 expanding these
subpopulations.

IMT504 enhances the incidence within the bone marrow of
GLAST+ Wnt1+ BMSPs in the context of fibrosis

Previously, we demonstrated that TAA reduces the
capacity of GLAST* Wntl* BMSPs to form dense colo-
nies in a colony-forming unit assay during early liver
fibrogenesis [9]. We asked whether IMT504 treatment
could expand the GLAST* Wnt1* BMSPs pool and ulti-
mately restore their ability to form dense colonies again.
This could partially explain the increased contribution of
GLAST* Wnt1* BMSP-derived cells to liver regeneration
mediated by IMT504. To address this, we systemically
administered IMT504 to Wnt1™; Rosa26™" mice previ-
ously treated with TAA during 2 weeks. Eighteen hours
later, we performed a colony-forming unit-fibroblasts
(CFU-Fs) assay using the BM-MNC:s fraction. A signifi-
cant increased incidence of Tom* CFU-Fs was observed
in the IMT504-treated group compared to the naive con-
trol (Fig. 5A, B). Similarly, when IMT504 was applied
to TAA-treated mice, the number of Tom* CFU-Fs
increased compared to TAA-treated animals receiving a
vehicle injection (Fig. 5A, B). Interestingly, the increase in
CFU-Fs induced by IMT504 was only seen in the Tom™*
BMSP subpopulation (Fig. 5A, B). Notably, IMT504 was
found to restore the capacity of GLAST* Wnt1* BMSPs
to form dense colonies (Fig. 5C).

As Wnt signaling is frequently associated with prolif-
eration and mobilization of progenitor cells [30-33], we
sought to determine whether IMT504 could de novo acti-
vate Wntl in Tom™ stromal progenitor cells. BM-MNCs
from Wnt1“"% Rosa26™" mice were plated in 6 well-
plates and Tom™ and Tom™ colonies were quantified once
colonies formed (control, 0 h). Subsequently, these cul-
tures were incubated with IMT504 for 2 h, and the per-
centage of colonies was re-quantified 24 and 48 h later.
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Fig. 3 IMT504 likely enhances the contribution of GLAST* Wnt1* BMSPs with ELCs in the liver during fibrogenesis. (A) Representative microphotographs
showing ELCs Tom* in GLASTS®72: Rosa26™°™ mice (Tx P2) of different experimental groups. Scale bars: 20 pm. (B) Statistical comparisons of numbers
of endothelial-like Tom™ cells; n=4. (C) Representative flow cytometry plots showing the abundance of CD31* Tom™ in the non-parenchyma enriched
fraction of the liver. (D) Statistical comparisons of percentage of CD31* Tom* ELCs, in the non-parenchymatic liver fraction, from flow cytometry analyses;
n=>5. (E) Statistical comparisons of percentage of Ki67* cells among the total of CD31* Tom™ ELCs, from flow cytometry analyses; n=4. (B, D,E) *p < 0.05;
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As shown in Figure S9, there were no significant changes
in the proportion of Tom™ colonies. From this result, we
conclude that IMT504 is unlikely to induce de novo acti-
vation of the Wntl promoter in previously Tom™ BMSPs.

We then analyzed the incidence of GLAST* Wntl™"
BMSPs in the BM and peripheral blood of GLAST"*ERT2,
Rosa26™" mice (Tx P2 or P60) treated with TAA dur-
ing 2 weeks and injected with IMT504 or vehicle 24 h
before, by flow cytometry. As expected, the frequency
of CD44* Tom* cells notably rose in the bone mar-
row after IMT504 treatment (Fig. 5D, left; Figure S8D;
Figure S10A). Furthermore, liver injury prompted the
mobilization of GLAST* Wntl"™ BMSPs toward the
peripheral blood, a phenomenon significantly potenti-
ated by IMT504 (Fig. 5E; Figure S8E). Hence, IMT504
appears to stimulate both the expansion and mobilization
of GLAST* Wnt1* BMSPs in vivo. Similar results were
found in bone marrow and peripheral blood samples
obtained from mice treated with TAA during 8 weeks
and three doses of IMT504 (Figure S11).

In summary, these results suggest that IMT504 induces
the expansion of GLAST* Wntl™ BMSPs and restores
their capacity to form dense colonies in the context of
TAA-mediated early fibrogenesis. These findings lead us
to conclude that IMT504 can promote the expansion of
GLAST* Wnt1* BMSPs in vivo, likely contributing to the
increase incidence of Tom™ ELCs and HLCs during liver
fibrogenesis.

IMT504 stimulates the proliferation of

GLAST +Wnt1+BMSPs with the induction of Wnt signaling

pathway

To assess whether IMT504 could stimulate the prolif-
eration of GLAST* Wnt1* BMSPs in vivo, we conducted
flow cytometry analyses and quantified the percentage
of GLAST* Wntl* BMSPs expressing Ki67 in the BM of
GLASTCERT2; Rosa26™™ mice (Tx P2) treated with or
without TAA over a 2-week period, followed by eutha-
nasia one day after the administration of a single dose of
IMT504 or vehicle. IMT504 was able to augment the pro-
portion of GLAST* Wnt1* BMSPs when applied to naive
mice (Fig. 5D, right). As anticipated, TAA treatment
diminished the proliferative capacity of GLAST* Wntl1*
BMSPs, a phenotype which was rescued by IMT504
(Fig. 5D, right; Figure S10B). Additionally, at one day
post-treatment, IMT504 not only increased the abun-
dance of CD31* Tom™ ELCs following 2 weeks of TAA
treatment (Figure S10C), but also augmented the propor-
tion of Ki67* proliferating Tom* cells within the CD31*
cell population (Figure S10D). These features were also
found in the fraction of Albumin* Tom* HLCs (Figure
S10E, F). These findings corroborate the data presented
in Figs. 3 and 4, suggesting that increased proliferation
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of Tom* ELCs and Tom* HLCs occur shortly after the
application of the oligodeoxynucleotide.

To further confirm the role of IMT504 in promoting
the proliferation of GLAST* Wnt1* BMSPs, we estab-
lished primary cultures from GLAST"ERT% Rosa26™™
BM-MNCs and separately expanded fractions enriched
in Tom* and Tom™ cells, allowing them to reach at least
10 passages (P10) in vitro. By P7, 79.971+1.29% of cells in
the Tom* cultures expressed the reporter gene, whereas
virtually no Tom* cells were detected in Tom™ cultures
(not shown). To assess the impact of IMT504 on the pro-
liferation of P8 GLAST* Wnt1* BMSPs, Tom" and Tom™
fractions were pretreated with IMT504 for 2 h. After 4 h,
flow cytometry analysis revealed a significantly increase
in Ki67" proliferating BMSPs, rising from ~30% to ~75%,
exclusively in the Tom™ cells incubated with IMT504
(Fig. 6A, B). This was confirmed in P8 GLAST* Wnt1™*
BMSPs derived from Wnt1“¢; Rosa26™" mice (Fig. 6B).

Given our ability to trace GLAST™ Wntl* BMSPs
owing to their early expression of Wntl, and considering
that Wnt signaling is known to induce the proliferation
and mobilization of various progenitors, we then asked
whether GLAST* Wnt1* BMSPs express Wntl and Wnt
signaling pathway or target markers in the adult. Semi-
confluent P8 Tom™ and Tom™ cells were deprived from
serum during 22-40 h, and samples were processed for
qPCR analysis. Notably, mRNA expression levels of
Wntl, B-catenin and the canonical Wnt signaling target
gene Cyclin-D1 [34] were higher in Tom* compared to
Tom™ BMSPs (Fig. 6C). Moreover, their expression levels
further increased in Tom™* cells when subjected to longer
incubation times in serum-deprived conditions, whereas
they remained unchanged in Tom™ cells.

Since Wntl signaling pathway is specifically active in
GLAST* Wntl* BMSPs, we asked whether Wnt signal-
ing might be modulated by IMT504 in these progenitors.
To explore this, P8 Tom* and Tom™ cells were incubated
with IMT504 or with vehicle for 2 h, and were allowed to
recover for 4-22 h in a serum deficient culture medium.
Subsequently, samples were collected and processed for
qPCR analysis. While Wntl mRNA expression levels
remained unchanged in Tom™ cells, a 400x increase in
this marker was observed in Tom™* cells after 2+4 h, and
it was further upregulated in the 2+22 h IMT504-treat-
ment condition (Fig. 6D). Similar patterns were observed
for beta-catenin and Cyclin-D1. Additionally, other genes
positively regulated by Wnt, including Axin2, Lefl and
Sp5, exhibited similar patterns of overexpression, along
with a minor although significant increase in the ligand
Wnt3a (Figure S12).

To analyze whether Wnt signaling is involved in the
observed induction of GLAST* Wntl* BMSPs prolif-
eration by IMT504, we treated these cells with IMT504
and either Dkkl (a Wnt antagonist) or IWR1 (a Wnt
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Fig. 6 Effect of IMT504 on the proliferation of P8 GLAST* Wnt1* BMSPs (A) Representative histograms from flow-cytometry analyses of Tom™ cells, treated
or not with IMT504, immunolabeled for Ki67, and (B) statistical comparisons in between Tom™ and/or Tom™ cells of different experimental conditions
obtained from different double-transgenic mice; left, Tukey s multiple comparisons test (n=6); right: t-student (n=5). (C) Statistical comparisons show-
ing changes in Wnt1, B-catenin and Cyclin-DT mRNA expression levels, obtained by gPCR analyses, in between vehicle-treated Tom™ and Tom™ cells. (D)
Statistical comparisons showing changes in Wnt1, 3-catenin and Cyclin-D1 expression levels, obtained by gPCR analyses, in between cells which were
treated with vehicle (Ctrl) or IMT504. (E) Experimental schematic figure, representative histograms from flow-cytometry analyses of Tom™ cells immuno-
labeled for Ki67 and statistical comparisons in between different experimental conditions. (C-E) Tukey’s multiple comparisons test; n=4. (B-E) *p < 0.05;

**p<0.01;**p<0,001; ****p <0.0001

inhibitor). This treatment blocked the proliferative effect
of IMT504 (Fig. 6E). Furthermore, the ability of IMT504
to induce Wnt signaling in GLAST* Wntl* BMSPs was
confirmed by incubating the cells with CHIR, a spe-
cific Wnt activator (57.83%+2.8 vs. 33.41%1,19; CHIR vs.
DMEM; p<0.0001; n=3; t-student test). In conclusion,
our results suggest that IMT504 stimulates the prolifera-
tion of GLAST +Wnt1+BMSPs likely through the induc-
tion of the Wnt signaling pathway.

IMT504 promotes the mobilization of in vitro expanded
GLAST +Wnt1+BMSPs
To determine if IMT504 could enhance the motility of
P8 GLAST* Wntl* BMSPs, we conducted an in vitro
Boyden chamber assay. As expected, IMT504-treated
Tom™ cells exhibited the highest motility score (Fig. 7).
Interestingly, when GLAST* Wnt1* BMSPs were treated
with IMT504, they displayed the ability to migrate even
in the absence of chemoattractants to the same extent as
Tom™ cells in the presence of conditioned media from
LX2 cells, a condition known to induce the migration of
stromal progenitor cells [35]. Furthermore, Tom* cells
displayed an overall higher motility capacity compared to
Tom™ with the latter showing limited mobilization ability.
It is well established that Wnt canonical signaling path-
way can influence cell motility by downregulating E-cad-
herin expression levels [36]. In line with this, incubating
P8 GLAST+Wntl+BMSPs with IMT504 and allowing
them to recover for 4 h resulted in reduced E-cadherin
mRNA expression levels compared to control Tom*
cells. These levels were further reduced when Tom™ cells
were collected 22 h after IMT504 stimulation (Fig. 7C).
In contrast, no significant changes were observed in
Tom™ cells, whether or not they received IMT504 treat-
ment. Interestingly, control Tom* cells exhibited a sig-
nificant reduction in E-cadherin expression levels when
cultured for 40 h compared to 22 h (Fig. 7C and Figure
S13). Additionally, IMT504 induced an overexpression
of Wnt5a mRNA levels in Tom* cells (Figure S13), sug-
gesting the potential involvement of non-canonical Wnt
signaling pathways in their increased migratory behav-
ior of GLAST+Wntl+BMSPs, which requires further
investigation. Collectively, these findings indicate that in
vitro expanded GLAST +Wntl+BMSPs possess greater
motility capacity than other BMSP subpopulations, and
IMT504 significantly enhances their mobilization.

Effect of IMT504 and conditioned media derived from in
vitro expanded GLAST +Wnt1 + BMSPs on the expression
profile of various liver cell types

We finally asked if IMT504 and/or the CM obtained
from IMT504 treated Tom™ cells could directly and spe-
cifically change the mRNA expression profile of diverse
liver cells involved in fibrogenesis. First, primary cul-
tured macrophages that were previously isolated from
fibrotic livers were incubated with IMT504 or CM from
IMT504-treated Tom™ or Tom™ cells or subjected to
other control conditions. Only IMT504 or CM from
IMT504-treated Tom™ cells were able to alter the expres-
sion profile of these macrophages. Macrophages changed
from an inflammatory into a tolerogenic phenotype,
characterized by reduction in TNF-a and iNOS levels,
and an increase in IL-10 and/or Arginase-1 mRNA levels.
Additionally, they acquired a proregenerative phenotype,
marked by an increase in HGF, with the IMT504 treat-
ment showing a more pronounced effect compared to
CM from IMT504-treated Tom* cells (Fig. 8).

Under the same experimental conditions, IMT504
and CM from IMT504-treated Tom™ cells were the
only stimuli capable of reducing the activation profile of
CESC-2G rat hepatic stellate cells (Fig. 8). Furthermore,
they upregulated HGF and IGF-I mRNA expression lev-
els in primary cultured hepatocytes obtained from naive
CD1 mice (Fig. 8), without causing changes in PCNA or
B-catenin mRNA expression levels in the latter cell type.

Based on these results, we can conclude that IMT504
has the ability to directly modulate the expression profile
of macrophages, hepatic stellate cells and hepatocytes.
This suggests that IMT504 could serve as a potent tool
for ameliorating liver fibrosis in mouse. Additionally, the
increase prevalence of GLAST+Wntl+BMSP-derived
cells caused by IMT504 treatment may also play a role in
this context, through paracrine mechanisms.

Discussion

In this study, we demonstrate that IMT504 inhibits the
development of liver fibrosis in different in vivo models.
Furthermore, it accelerates the regression of established
liver fibrosis leading to near-normal conditions. Impor-
tantly, we have also shown early parallel mechanisms
underlying the beneficial effect of IMT504 in these path-
ological contexts. The mechanisms triggered by IMT504
seems to be highly complex since as it is now shown it
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Fig. 7 Effect of IMT504 on the mobilization of P8 GLAST* Wnt1* BMSPs. (A) Representative images showing DAPI staining on cells which have passed
through membrane pores during 4 h in a Boyden chamber assay; scale bars: 50 um. (B) Statistical comparisons of different experimental conditions;
Tukey's multiple comparisons test; n=>5. (C) Statistical comparisons showing changes in E-cadherin expression levels, as measured by gPCR, in between
Tom™ and/or Tom™ cells which were pretreated or not with IMT504; n=3. (B, C) *p<0,05; **p<0,01; ***p<0.001; ***p < 0.0001; Tukey’s multiple com-

parisons test

can directly act on fibrotic macrophages, activated
hepatic stellate cells, hepatocytes and GLAST* Wnt1™*
BMSPs to change their expression profile.

Within just 1 day after IMT504 subcutaneous admin-
istration, the expression profile of the liver undergoes a
shift from a pro-inflammatory state to a tolerogenic one.
Profibrotic markers are downregulated, and there is a sig-
nificantly increase in the proliferation and functionality
of hepatocytes. The increase in hepatocyte proliferation is
probable caused by the reduction in reactive oxygen spe-
cies (which are known to act during a pro-inflammatory

state) and/or the upregulation of HGF and Arginase-1
[37, 38]. Interestingly, these mechanisms closely resemble
those previously reported by us following the systemic
application of expanded BM stromal cells engineered to
produce and deliver IGF-I in the context of liver fibrosis
[39]. Moreover, the effect of IMT504 in early-stage and
late-stage fibrogenesis were remarkably similar.

Current literature suggests that bone marrow is likely
the main source of circulating stromal progenitors with
extended plasticity due to its particular hypoxic condi-
tions within the niche microenvironment [40-42]. In
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Fig. 8 Effect of IMT504 or conditioned media (CM) from GLAST* Wnt1* BMSPs or Tom™ BMSPs treated with IMT504 or vehicle (veh) on the expression pat-
tern of different liver cell populations. (A) Statistical comparisons of TNF-a, IL-10, arginase 1, iNOS and HGF mRNA levels in primary cultured macrophages
obtained from fibrotic livers (treated with thioacetamide for 6 weeks) after different experimental treatments, as measured by gPCR. (B) Statistical compar-
isons of collagen 1a1, alpha-smooth muscle actin and TGF-g mRNA levels in CFSC-2G cells. (C) Statistical comparisons of PCNA, HGF, IGF-I and 3-catenin
mMRNA levels in primary cultured hepatocytes from healthy livers. *p <0,05; **p < 0,01; **p <0.001; ****p < 0.0001; Tukey s multiple comparisons test; n=3
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a previous work, we speculated that circulating Tom*
stromal progenitors in WntI1"% Rosa26™" mice may
originate in the bone marrow. This is based on the obser-
vation that virtually all bone marrow and peripheral
blood stromal Tom™ cells express GLAST and CD44.
Moreover, there is a shift in the proportion of GLAST™
Wntlt CD44" cells, suggesting mobilization from the
bone marrow during liver fibrogenesis and hepatectomy
[9]. After 8 weeks of TAA treatment, similar numbers of
Tom* ELCs and HLCs were found in W#t1"; Rosa26™™
and GLAST““*®2; Rosa26™" (Tx P2) mice [9].

We now provide new evidence demonstrating that
GLAST* Wntl™ BMSPs are significantly more motile
than other BMSPs. Additionally, these cells can acquire
ELC and of HLC- specific markers both in vitro and in
vivo, likely contributing to endothelial and liver progeni-
tors in the context of liver fibrosis.

Furthermore, we show that IMT504 increases the
occurrence and proliferation of Tom™ ELCs and of Tom™
HLCs in GLAST“*®"2%; Rosa26™" (Tx P2) mice with
fibrotic liver. While some contribution from local liver
and endothelial progenitors, as well as other tissues,
may occur in the context of liver injury and/or IMT504
treatment, it is likely that Tom* ELCs and Tom* HLCs at
least partially originate from circulating GLAST* Wnt1™*
BMSPs.

We successfully expanded GLAST* Wntl* BMSPs in
vitro for several passages. Our current findings reveal
that in vivo pretreatment with IMT504 effectively dou-
bled the contribution of GLAST" Wnt1* BMSPs to the
stromal progenitor fraction, thereby increasing the total
number of CFU-Fs. Notably, this ODN significantly influ-
enced the physiological properties of the GLAST* Wnt1*
BMSPs, particularly in terms of proliferation and motil-
ity, while having minimal impact on Wnt1~ BMSPs. Fur-
thermore, naive GLAST* Wnt1* BMSPs exhibit greater
motility compared to other BMSP subsets. For this rea-
son, they might hold greater significance in the context
of tissue repair mechanisms of different kind, a matter
which requires further investigation.

Previously, we reported that TAA inhibited the capac-
ity of GLAST* Wnt1* BMSPs to proliferate and form
dense colonies [9]. New results suggest that IMT504 can
restore the capacity of GLAST* Wnt1™ BMSPs to gener-
ate dense colonies. This finding aligns with the observa-
tion that repeated doses of IMT504, administered with
a 14 days interval, likely increased the contribution of
GLAST* Wnt1* BMSPs to liver regeneration.

It is well-established that Wnt signalling plays a sig-
nificant role in regulating progenitor properties, and
canonical Wnt signalling has previously been shown to
expand the pool of CFU-Fs in human BMSPs [43]. It is
worth noting that at early postnatal stages, within the
BMSP fraction, the Wntl promoter is active only in a
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subset of GLAST* BMSPs [9]. Our new findings reveal
that IMT504 specifically targets GLAST Wnt1* BMSPs,
leading to an upregulation in Wntl, Wnt3a and Wnt5a
mRNA expression levels, as well as canonical Wnt path-
way target genes. Furthermore, our data show that Wnt
signaling is required for the IMT504-mediated induction
of GLAST* Wnt1* BMSPs proliferation.

Notably, previous research has linked Wnt signaling
to the acquisition of plastic properties by BM cells. For
example, this pathway induced myogenin expression in a
subpopulation of mouse BM multipotent adult stem cells
(mMASCs), enhancing their capacity to fuse with cocul-
tured skeletal muscle cells, a feature of myocytes [44].
Moreover, Wntl was shown to induce the expression of
pro-angiogenic factors and drive ELC differentiation in
dental pulp stem cells with stromal properties [45]. Fur-
thermore, the activation of Wntl signaling was found to
be necessary for the differentiation of oval cells into hepa-
tocytes [46]. Further research is required to determine
whether GLAST* Wnt1" BMSPs may contribute to oval
cells and if Wnt signaling is necessary for the increased
motility of GLAST* Wntl* BMSPs and their differentia-
tion into or induction of ELC and HLC-specific markers
in response to IMT504.

Prior to IMT504 stimulation, both Tom™ or Tom™ cells
underwent overnight fetal bovine serum starvation. Fol-
lowing a 2-hours pulse with either ODN or vehicle, they
were then allowed to recover for an additional 4-22 h
without serum. Notably, both IMT504-treated and
untreated Tom™ cells express higher expression levels of
Wnt ligands, B-catenin, and various canonical Wnt sig-
nalling gene targets, even under conditions of stress such
as serum starvation. This observation aligns with expec-
tations, given that GLAST" Wnt1* BMSPs are found in
proximity to BM sinusoids [9], with low oxygen pres-
sure. Consequently, these cells may possess the ability
to perceive subtle alterations in chemoattractant signals
in vivo, potentially making them receptive to the influ-
ence by IMT504 in expanding the GLAST* Wnt1* BMSP
population.

In addition, incubation with IMT504 was found to
directly influence the expression profiles of various cell
types relevant to fibrogenesis and regeneration. Nota-
bly, this ODN induced a tolerogenic and proregenerative
phenotype in fibrotic macrophages. It also mitigated the
activation state of hepatic stellate cells and upregulated
the expression of hepatocyte growth factor, which plays
a pivotal role in promoting the proliferation and differen-
tiation of progenitors into hepatocytes, as well as IGF-I, a
marker of liver cell function, in hepatocytes.

Furthermore, conditioned media from GLAST* Wnt1*
BMSPs pretreated with IMT504 also exhibited a simi-
lar, albeit partial, effect. In contrast, CM from GLAST*
Wntl* BMSPs pretreated with vehicle or CM from
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Tom™ cells, whether previously exposed to IMT504 or
not, did not induce significant changes in the expression
profiles of fibrotic macrophages, hepatic stellate cells
or hepatocytes. As a result, it is evident that GLAST*
Wnt1* BMSPs respond uniquely to IMT504 compared to
other BMSPs. The impact of IMT504 on the expression
profile of GLAST +Wnt1+BMSPs and its effect on their
secretome are yet to be explored. In an in vivo context,
these cells are likely to play a pivotal role in mediating the
beneficial effects of IMT504 in the context of liver inju-
ries. They may release factors that modulate inflamma-
tion and promote regeneration, even after the ODN has
been cleared from circulation.

It is worth noting that IMT504 led to an upregulation in
Myb, an oncogene, without altering the expression levels
of Wntl in liver samples enriched with parenchymal cells
obtained from mice treated with TAA for 2 and 8 weeks.
Notably, neither this ODN nor CM from GLAST* Wnt1™*
BMSPs pre-treated with IMT504 resulted in changes in
[-catenin expression levels in primary cultured hepato-
cytes. This observation may suggest that IMT504 might
not induce Wntl signaling on hepatocytes, a feature pre-
viously involved in carcinogenesis [47—-49]. However, it is
important to acknowledge that the potential influence of
IMT504 on negative mechanisms in the context of cancer
remains to be investigated.

Conclusion

In summary, our study underscores the potential of
IMT504 in promoting liver repair and fibrosis regres-
sion. Its efficacy lies in directly altering the phenotype
of fibrotic macrophages, hepatic stellate cells/myofibro-
blasts, and hepatocytes, pivotal players in liver fibro-
sis and regeneration. Our work provides new evidences
supporting the beneficial effects of IMT504 in promot-
ing recovery in some pathologies involving immune
responses. Additionally, IMT504 fosters the prolifera-
tion and enhances the contribution of GLAST* Wnt1™*
BMSPs, likely giving rise to HLCs and ELCs. Concur-
rently, it induces shifts in their secretome, potentially
amplifying IMT504’s antifibrotic impact.

These GLAST +Wntl+BMSPs may engage in similar
processes across various tissues, suggesting a broader
applicability of IMT504 in different disease contexts. This
could signify an evolutionarily conserved mechanism
wherein a subset of BMSPs responds to environmental
cues, likely involving the Wnt signaling pathway. Such a
mechanism could underlie the mobilization of these cells
into peripheral blood and their heightened recruitment
into injured tissues, where they exert a pro-regenerative
function.
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3-cat {3-catenin

Axn2 Axin 2

BM Bone marrow

BM-MNCs Bone marrow mononuclear cells
BMSPs Bone marrow stromal progenitors
BRCA2 Breast cancer 2

CCNA1 Cyclin A1

CenD1 Cyclin D1

CFU -F Fibroblast colony-forming unit
Collal Collagen type I alpha 1 chain

Cre CRE (causes recombination) recombinase

CreER/CreERT2/CreERTM  CRE recombinase fused to a mutant form of the
human estrogen receptor ligand binding domain

ELC Endothelial-like cell

GADD45A Growth arrest and DNA-damage-inducible 45a

GLAST Glutamate-aspartate transporter

GLAST* Wnt1* BMSPs GLAST* Wnt1-traced bone marrow stromal
progenitors

HGF Hepatocyte growth factor

HLC Hepatocyte-like cell

IGF-1 Insulin-like growth factor |

IL-1B Interleukin 1 beta
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