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KEY WORDS Abstract  Currently, there is still no effective curative treatment for the development of late-stage liver
fibrosis. Here, we have illustrated that TB0O1, a dual glucagon-like peptide-1 receptor/glucagon receptor

glél:}llzR (GLP-1R/GCGR) agonist with higher affinity towards GCGR, could retard the progression of liver
Tl flirors fibrosis in various rodent models, with remarkable potency, selectivity, extended half-life and low
Inflammation: toxicity. Four types of liver fibrosis animal models which were induced by CCl,, a-naphthyl-isothiocy-
Apoptosis; anate (ANIT), bile duct ligation (BDL) and Schistosoma japonicum were used in our study. We found that
Candidate peptides TBOO1 treatment dose-dependently significantly attenuated liver injury and collagen accumulation in

these animal models. In addition to decreased levels of extracellular matrix (ECM) accumulation during
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hepatic injury, activation of hepatic stellate cells was also inhibited via suppression of TGF-8 expression
as well as downstream Smad signaling pathways particularly in CCly-and S. japonicum-induced liver
fibrosis. Moreover, TBOO1 attenuated liver fibrosis through blocking downstream activation of pro-
inflammatory nuclear factor kappa B/NF-kappa-B inhibitor alpha (NFxB/IKB«) pathways as well as c-
Jun N-terminal kinase (JNK)-dependent induction of hepatocyte apoptosis. Furthermore, GLP-1R and/
or GCGR knock-down results represented GCGR played an important role in ameliorating CCly-induced
hepatic fibrosis. Therefore, TBOO1 can be used as a promising therapeutic candidate for the treatment of
multiple causes of hepatic fibrosis demonstrated by our extensive pre-clinical evaluation of TBOO1.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chronic liver diseases due to alcohol, drugs, toxin, parasite
(Schistosoma, Clonorchis sinensis), nonalcoholic steatohepatitis
(NASH) and autoimmune diseases have caused a worldwide health
burden and contributed to nearly two million deaths per year'.
Basically, development of hepatic fibrosis is determined by a series
of wound-healing processes that are commonly triggered by im-
mune system during chronic liver injury. It can be characterized by
the accumulated interstitial or ECM, such as collagen and fibro-
nectin, which disrupts the normal liver architecture’. Long-term
liver damage and excessive accumulation of collagen without any
treatments could lead to scar formation and ultimately progressed
into cirrhosis and/or even hepatocellular carcinoma (HCC)®.

It is broadly recognized that the hepatic stellate cells (HSCs)
become activated and increase their contractility under tissue
repair process, which are responsible for the progression of he-
patic fibrogenesis at the cellular level*. HSCs remain quiescent in
healthy liver™*, but once activated, they trans-differentiate into
myofibroblast-like cells that, producing alpha-smooth muscle
actin (a-SMA), and secreting multiple profibrogenic cytokines for
example platelet derived growth factor (PDGF), connective tissue
growth factor (CTGF)5 , metallopeptidase inhibitor 1 (TIMP1) and
transforming growth factor-8 (TGF-8)°"® which play important
roles in ECM depositi0n4. However, the various extent of liver
injury and fibrotic patterns/regions are predominantly determined
by specific fibrogenic stimuli’. Carbon tetrachloride (CCly) in-
duces hepatic fibrosis is a widely used model in animal studies of
liver fibrosis, due to its universal injury pattern standards of zone 1
hepatocyte necrosis, activation of HSCs and Kupffer cells which
primarily depend on massive production of pro-inflammatory
cytokines/chemokines”'’. On the other hand, neutrophil-
mediated zone 3 hepatocellular necrosis'' induced by intra-
hepatic uptake of ANIT or BDL lead to bile duct hyperplasia and
subsequently hepatic fibrosis™'*'?. Chronic infection for example
schistosomiasis japonicum is also one of the major reasons of liver
fibrosis. Schistosomiasis eggs release factors directly stimulate
periportal zone 1 hepatocytes to secret pro-fibrogenic protein
which promote the phenotype switch of HSCs'®. To further
elucidate the mechanisms mediated by systematic immune re-
sponses, parasitic infections model has also been widely studied in
liver fibrosis researches.

Production of pro-inflammatory cytokines/chemokines 1is
highly associated with chronic liver inflammation. It has been well
recognized that inhibition of TGF-# expression as well as TGF-3-
mediated Smad3 phosphorylation could suppress activation of

HSCs which led to reduced occurrences of liver fibrosis'”. The
pro-inflammatory and apoptosis survival regulator NF«B also play
an important role in promoting HSCs activation'®. HSCs activa-
tion was blocked by sustained repression of NF«kB downstream
IkBa™'”. Despite having critical roles in hepatic fibrosis, the liver
parenchyma is composed of other cell types like Kupffer cells,
endothelial cells, and epithelial cells. Human hepatocytes make up
majority of the liver where cells proliferate through activation of
mitogen-activated protein kinases (MAPK) family kinases that
utilizes PDGF-, thrombin-, vascular endothelial growth factor
(VEGF)-, and leptin-dependent survival signaling™'®.

To date, however, anti-fibrotic drugs have yet to be approved
by the US Food and Drug Administration (FDA) possibly due to
lacking precise therapeutic targets. It has been well-recognized
that liver cirrhosis is irreversible, targeting liver fibrosis could
potentially offer a reversible alternative for a better clinical
outcome. Indeed, there have been growing interests of targeting
GLP-1R/GCGR, both are metabolically-related peptide hormone
receptors, for treating metabolic diseases involving advanced liver
injury'® ?*. There have been reports that the dual GLP-1R and
GCGR dual agonist G49, ameliorated overall survival in methio-
nine- and choline-deficient diet (MCD)-fed mice with hepatec-
tomy evidenced by reduced hepatocyte cell death which ultimately
promoted liver regeneration”’. Moreover, dual GLP-IR and
GCGR agonist could ease the development of HFD-induced he-
patic fibrosis in combination with CCl, administration®*. Simi-
larly, another promising dual GLP-1R and GCGR agonist,
MEDIO0382 (also called cotadutide) developed by AstraZeneca
also had pronounced beneficial effects in treating T2MD pa-
tients™, which was also recapitulated in both DIO mice and ob/ob
mice in reduction of inflammation and fibrosis. Despite demon-
strating marked phenotypic improvements in the liver, the mech-
anisms remained to be not fully understood. In addition, despite of
the efficacy of many therapeutic interventions in experimental
liver fibrosis models, their safety remains unclear. Thus, it is
necessary and comprehensive to use various progressive fibrosis
models for drug evaluation. With the purpose of gaining a better
understanding of the scope of this conceptually target therapy
system, we desired to expand our studies in various rodent fibrosis
models to develop an efficient protocol for accessing potentially
candidates and to provide a foundation for further development of
new classes of therapeutic drugs.

In the current study, different from the GLP-1-oriented target
balance design for the reported GLP-1R and GCGR co-agonists, a
series of novel dual GLP-1R and GCGR agonists were modified
and synthesized, with an engineered GLP-1R and GCGR affinity
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(has an approximately 9.7:1 bias towards GCGR affinity) to
maintain a balanced blood glucose level system in the present
study. Of all the analogues, dual agonist TBOO1 had the best
inhibitory effects of liver fibrosis both in vitro and in vivo.
Furthermore, our study discovered that TBOO1 could improve liver
conditions in both rat and mouse under CCl,-induced fibrosis,
indicated that TBOO1 possess beneficial properties were compat-
ible in both species of rodents. In addition, the positive outcomes
of TBOO1 treatment in BDL- and ANIT-induced rat fibrosis model
and schistosoma infected mouse models, displayed TB0O1’s broad
range of clinical application in different etiological settings of
liver fibrosis. Most importantly, we demonstrated that TBOO1 not
only ameliorated hepatic fibrosis development but also reversed
the progress of hepatic fibrosis via JNK signaling pathway. With
the use of multiple animal models, our current study provided
strong evidence for GLP-1 and GCG dual receptor agonist to be
developed into clinical promising anti-fibrotic treatment candidate
with aims to halt changes of liver pathology into a chronic phase
which could potentially be irreversible.

2. Results

2.1.  GLP-IR and GCGR dual-agonist design

Endogenous glucagon-like peptide 1 (GLP-1) is a derivative
peptide of pro-glucagon which ends at a C-terminal amide or
acid”®. Glucagon (GCG) is a C-terminal peptide derivated from
pro-glucagon®’. Since GLP-1 is highly selective for its receptor
whereas GCG is a weak agonist of GLP-1 receptor”®, development
of a single-molecule hybrid of the two hormones with simulta-
neous modulation of GLP-1 and GCG receptors maybe produce
the synergistic metabolic benefits. As shown in Fig. 1A, several
series of derivative GLP-1/GCG analogues were designed. In the
glucagon sequence at 18, 20, 21 and 23, GLP-1 residues were
introduced to create a series of chimeric peptides identified as
TAOO1 and TAOO2. Notably, position 16 has been proven to
possess important stability function of the C-terminal helix by
comparing the GLP-1 and Ex-4 structure® (Fig. 1B). Thus, sub-
stitution of kinds of amino acids at position 16 of these peptides
enabled enhanced potency at GLP-1R. According to EX-4
sequence analysis, the C-terminal extension with the tryptophan
cage further enhanced its binding affinity with GLP-1R*". Thus,
“GGPSSGAPPPS” was introduced in the C-terminal of chimeric
peptides to improve its GLP-1R binding affinity.

Comparing the sequence information between GLP-1 and
glucagon, positions 2, 3, 10 and 12 in glucagon sequence play
important roles in maintaining its activity and should remain un-
changed. Moreover, formation of salt bridges in the middle of the
sequence also is crucial in stabilizing the conformation and
enhancing glucagon agonism. According to the helical wheel dia-
gram (Fig. 1C and D), position proximities between 12 and 16, 16
and 20, 17 and 21 or 20 and 24 revealed a hydrophilic face of the
helix. Therefore, Lys and Glu were introduced in these positions and
the two side chains will be covalently coupled to adopt stable
conformation with increased glucagon potency. On the other hand,
C-terminal acid in native glucagon gives a degree of selectivity. In
order to balance the agonist activity of these chimeric peptides on
GLP-1R/GCGR, all of peptides were C-terminal amidated peptides.

Recently, considerable efforts were made in the development
of GLP-1R/GCGR co-agonists, along with improved potency,
selectivity, low toxicity and extended half-life. Wang et al.’!

identified that fluorosulfate-L-tyrosine (FSY) was able to react
with Lys, His, and Tyr specifically via proximity-enabled SuFEx
reaction within and between proteins under physiological condi-
tions. In order to increase the ligand—receptor interactions, we
introduced FSY at position 13 as TA006. To improve their phar-
macological properties, D-Ser was introduced at position 2 to
protect these peptides against the cleavage from the
dipeptidylpeptidase-4 (DPP-4). Based on Ex-4 (9—39)/GLP-1R
complex crystal structure, we constructed the potential three-
dimensional model of OXM (Fig. 1B) by homologous modeling.
Residues Tyr10, Ser16, Argl7, GIn20 and GIn24 were analyzed to
show high solvent exposure. Therefore, these 5 residues were used
as modification sites for side chain to improve drug activity. In
addition, high water solubility PEG spacer C16 was also intro-
duced to improve water solubility and stability. According to the
potential three-dimensional model of TBOO1/GLP-1R complex
(Fig. 1E), position 16 was identified to exhibit high solvent
exposure, hence, it is reasonable to modify at this position. The
model also showed that replacing Met27 with Leu27 is acceptable,
and that Leu might be able to induce the flipping of residue Tyr69
in the GLP-1R to valine similarly to what was previously
reported®”.

2.2. GLP-IR and GCGR mediated cAMP synthesis and dual-
agonist screening

A series of peptide analogs were synthesized and their agonistic
activity was evaluated using cAMP response element (CRE)-
driven luciferase reporter in human GLP-1R or GCGR over-
expressed HEK293 cells (Supporting Information Table S1). Lir-
aglutide and GCG were used as positive controls. Native GCG
activated GCGR half maximally at an effective concentration
(ECsp) of 0.097 nmol/LL and activated GLP-1R with an ECs
of 131.10 nmol/L. Liraglutide activated GLP-1R at an ECsg
of 0.04 nmol/L and activated GCGR with an ECs, exceeding
1 umol/L. The chimeric peptides of TAOO1 and TA002 showed
excellent GLP-1R agonism with ECsy of 1.13 and 0.32 nmol/L
respectively. However, the incorporation of GLP-1 residues in the
GCG sequence affected their ability to activate GCGR and caused
poor GCGR potency. “GGPSSGAPPPS” derived from EX-4 was
assembled at the C-terminal of TAOO1 and TA002 (named TA003
and TAOO04) and could further increase the agonist activity of the
two on GLP-1R with ECsy of 0.68 and 0.19 nmol/L respectively.
Furthermore, peptides with mutations at certain sites in the GCG
sequence were also examined. TAOOS with S16Aib can signifi-
cantly increase its GCGR potency with ECsy, of 8.68 and
5.32 nmol/L respectively. FSY has been reported to react with Lys,
His, and Tyr specifically on the protein and improves
protein—protein interactions>". In contrast to TA005-1 displaying
as ECsg of 1.55 nmol/L, TA006 did not further improve activity to
GLP-1R with ECsy of 2.50 nmol/L. Interestingly, amino acid
substitutions at position 27 in these chimeric peptides labelled as
TB001—TBO003, significantly increased the agonistic activity on
GLP-1R and GCGR simultaneously where TB0O1 incorporated
with M27L could half-maximally stimulated GLP-1R and GCGR
at 0.04 and 0.01 nmol/L.

With these highly potent GCG and GLP-1 co-agonist analogs
in hand, we next explored the efficiency of these hybrid peptides.
To evaluate the anti-fibrogenic effects of these analogues, LX-2, a
well-characterized cell line derived from human HSCs, was used
in in vitro studies. Western blotting assay confirmed that TB0O1,
TB002 and TBO03 could significantly decrease the expression
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A TA0D1 H1(d-S)QGTSFTSDY 10SKYLD1SEKAAK20*EFIEW2SLLRA-NH2 B
TA002 H1(d-S)QGTSFTSDY 10SKYLD15SK*AAH20DFVEW2SLLRA-NH2
TAQ03 H1(d-S)QGTSFTSDY 10SKYLDISEKAAK20'EFIEW2SLLNGG30PSSGAIPPPS-NH2
TAQ04 H1(d-S)QGTSFTSDY 10SKYLD15SK* AAH20DFVEWZ2SLLNGGXPSSGA3SPPPS-NH; - . s
TAQ05-1&-2 H'(d-S)QGTSFTSDK10*SKYLD5-Aib-RRAQ20DFVQWZSLIMNTGXGPSSG3SAPPPS40-NH;
TAQ06 H1(d-S)QGTSFTSDK10*SK-Tyr-OSO,F-LD15-Aib-RRAQ20DFVQW2SLMNTG0GPSSGSAPPPS0-NH,
T8001 H1(d-S)QGTSFTSDY 10SKYLD1SK*RRAQZDFVOWZSLLNTGRGPSSGISAPPPS40-NH2 ECSScLPIR
TB002 H(d-S)QGTSFTSDY 10SKYLD15K*RRAQZDFVAWZSLMNTG3GPSSGISAPPPS40-NH2
TB003 H(d-S)QGT5FTSDY 10SKYLDSK*RRAQ20DFVQW25L-Nle-NTG¥GPSSGISAPPPS40-NH2 Tyr10 Sef167 Gin20
GLP-1 HIAEGTSFTSDV10SSYLE 1SGQAAK20EFIAWZSLVKGR¥-NH2
GCG HISQGTSFTSDY 10SKYLD1SSRRAQ20DFVQW2SLIMNT
OXM HISQGTSFTSDY 10SKYLD15SRRAQ2DF VQWZSLIMNTK3ORNKNN3SIA

0
H
N
R/\(v)/\n/
n
o
o

n\/f'\o/\z\)]\nu .
DN Qt
Y@

o /*/O\Jf\[r

[e]

N
H

TA001-TA004: n=14, R=COOH
TB001-TBO03: n=12, R=CH,

C  DPP-4 Protection
Enhanced Receptor Activity
o= Residues Derived from:

-
\/
NH-H@SQ@Q6 T F T s D(¥s
5 10

Y () Unique

Lactam Bridge
Enhanced Poten

W@V D@ D

@ GLP-1/Exendin-4
() Glucagon
GLP-1&Glucagon

s_ L
"G,
K i H
o\,):\”)k,(,\o,\);/r« o
o

TA00S-1, TAOOG: n=14, R=CH,
TB00S-2: n=14, R=COOH

Slowed Renal Clearance o
- o N PR
(P)(S)-NH, N
$ s I
30 35 a0
E F G
"é 1504 + Liraglutide
w125 = TBOO1
§ 100 i
S 75
3 50
& .
a 25
-
O c g ) o | -
5 .25J fozs 100 1008 105 10°
= Concentration (pmol) Time (h)
. 1501 + Glucagon t 16 e ows
Jazs{ - TBOO1 I 14 g
& =1
< 100 ; E' 2
2 } 5 10
AR s
S 50 g 6
4 S 4
9 25 5
§ 9 L TR RPR A P b s 04 . :
4 25] 105" 1025 10° 1025 105 1075 0 s 2
o { Time (h)
Concentration (pmol)

Figure 1

Peptide design. (A) GLP-1 and GCG chimerae amino acid sequence and structure. *Represents the side chain modification position.

(B) Ex-4 crystal structure (9—39) (PDB code 3C5T). and three-dimensional model of OXM. (C) The sequence information of TB0O1. (D) Helical
wheel representation of TB0OO1 showing residues 12—29. (E) Three-dimensional model of TBOO1/GLP-1R. (F) In vitro activity of TB0OO1 in the
GLP-1/GCG receptor-mediated CRE-Luciferase reporter assay. (G) The mean concentration vs. time profiles of TB0O1 following a single and

multiple s.c. administration (n = 6).

level of a-SMA, a marker of HSC activation in LX2 cells and
TBO0O1 had the best potency (Supporting Information Fig. STA).
Furthermore, we evaluated the efficacy of these analogues in mice
that developed chronic liver injury and fibrosis prior to supple-
mentation of 20% CCly in corn oil for 6 weeks. H&E, Sirius Red

staining and other immunohistochemical staining of «a-SMA,
Collae and CD68 revealed that TBOO1 significantly attenuated
CCly-induced liver inflammation and fibrosis compared to TB002
and TB003 (Fig. S1B). Collectively, TBOO1 was selected for
further drug evaluation as a potential anti-fibrotic candidate.
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2.3.  Pharmacokinetic properties of TBOOI in rhesus monkeys

Prior to further validation of the therapeutic efficacy of TB0O1 in
rodent models, its pharmacokinetic and toxicological properties
were investigated as a prelude. The plasma concentrations of
TBO001 were detectable for up to 24 h after a single i.v. and s.c.
administration in rhesus monkeys. The plasma concentration vs.
time profiles were described in Fig. 1F whereas the pharmacoki-
netic parameters were summarized in Supporting Information
Table S2. TBOOl has a very small distribution volume
(37.9 mL/kg) indicating that it is mainly delivered into intravas-
cular fluid. Estimates of clearance were around 0.897 mL/min/kg.
Following a s.c. injection, TBOO1 is absorbed relatively fast with a
Tmax of approximately 1.00 h, and an absolute bioavailability of
13.1%—27.5%. The plasma t;,, has been estimated to be
2.47—-3.33 h. The extent of exposure on the 14th day showed
slightly higher than that of the first day of the multiple dose study,
thus the drug accumulation was absent.

2.4.  Toxicological properties of TBOOI in different species

We also evaluated toxicity levels of TBOO1 in SD rats and rhesus
monkeys, we found that there were no significant abnormalities in
general behavior, appetite, physical appearances, body weight,
and various hematology parameters. However, fluctuations in
cholesterol levels and total bilirubin concentrations were shown by
biochemical analysis at the high dose group (Supporting
Information Tables S2 and S3), which were associated with liver
function. In terms of histopathological examination, slight to
middle hepatocellular vacuolar degeneration in the centrilobular
region were observed in SD rats (500 pg/kg dose group) and
rhesus monkeys (60, 300 pg/kg groups), with an increase in
severity and incidences in a dose-dependent manner. The tox-
icokinetics parameters were summarized in Supporting
Information Table S4 where there was no significant accumula-
tion of TBOO1 after 4 weeks of continuous administration.

2.5.  The effect of TB0OI on CCly-induced mouse hepatic fibrosis

GLP-1R and GCGR dual-agonist TB001’s effect was first evalu-
ated on CCly-induced mouse hepatic fibrosis model. Mice that
were exposed to CCl, for 3 weeks exhibited significant liver
inflammation and collagen accumulation phenotype, characterized
by elevated serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels and collagen staining, respectively
(Fig. 2). As shown in Fig. 2A, the histological examination
demonstrated that administration of CCl, resulted in extensive
accumulation of connective tissue and inflammasome infiltration
as well as the formation of fibrotic septa, which were significantly
attenuated with different dose of TBOO1 treatment in a dose
dependent manner. However, mice treated with GLP-1R agonist
liraglutide did not show significant amelioration even at a higher
dose. To evaluate the severity of liver fibrosis, collagens in liver
tissues were examined by Sirius Red staining as shown in Fig. 2B.
CCly-induced deposition of collagens was largely reduced by
TBO0O01 in a dose dependent manner. Moreover, immunohisto-
chemical analysis of a-SMA, a strong indicator for fibrosis, was
also suppressed by TBOO1 in an identical dose dependent manner
(Fig. 2B). As expected, treatment with TB0OO1 also downregulated
CCly-induced elevation of Colla. In addition, the increased ALT
and AST levels in hepatic fibrotic mice serum were also reduced
in the presence of TB0O1 (Fig. 2C).

To further explore the effects of TB0OO1 on different species of
rodent hepatic fibrosis, Sprague—Dawley rats were exposed to
TBO0O01 and/or liraglutide as controls in the setting of CCl -induced
liver fibrosis. Histological examination (H&E and Sirius Red
staining) indicated the tissue injury and fibrosis were obviously
diminished by TB0OO1 dose-dependently (Fig. 2D). Furthermore,
the anti-fibrotic effects of TBOO1 were confirmed by reduced
positive regions of a-SMA stains. In addition, systematic ALT and
AST levels were significantly decreased by TB0O1 (Fig. 2E). The
mRNA expression levels of profibrotic genes (Pdgf and Timpl) in
CCly-induced hepatic fibrosis was also suppressed by treatments
of TBOOI (Fig. 2F). Taken together, in comparison with GLP-1R
sole agonist liraglutide, the GLP-1R and GCGR dual-agonist
TBO001 exhibited significant improvements in overcoming late-
stage progression of liver fibrosis induced by CCl, dose depen-
dently in both mice and rats.

2.6.  The effect of TBOOI on a-naphthyl-isothiocyanate (ANIT)
induced rat hepatic fibrosis

ANIT-fed rodents were also established to mimic cholestatic liver
injuries which provides a valuable insight in investigating thera-
peutic efficacies of anti-fibrotic treatments®®. To investigate
TB001’s effects on cholestasis-induced hepatic fibrosis,
Sprague—Dawley rats were treated with TBOO1 or ursodeox-
ycholic acid (UDCA) as controls under ANIT challenge. 100 mg/
kg ANIT was administered over 4 weeks in rats in order to induce
progressive biliary fibrosis, as showed in Fig. 3B, we observed
mild hepatocellular injury and increased transaminase levels.
H&E and Sirius Red staining displayed strong ECM accumulation
in livers of ANIT-induced rats, however TBOO1-treated rat cohorts
exhibited marked reduction of liver fibrosis dose-dependently
(Fig. 3A). In addition, a-SMA immunostaining staining was
significantly reduced in TBOO1-treated ANIT-induced fibrotic rats
(Fig. 3A). Liver injury marker in serum were also examined.
Compare to the control group, serum ALT and AST levels were
expectedly high in the ANIT-fed cohorts (Fig. 3B). In contrast to
the UDCA-treated group, ALT and AST levels in serum were
significantly diminished in TB001-20 pg/kg and TB001-40 pg/kg
groups (Fig. 3B). Furthermore, the crucial indices of cholestasis
for example direct bilirubin (D-BI), total bilirubin (T-BIL), and
alkaline phosphatase (ALP) levels in serum were also examined.
Consistently, TBOO1 treatment significantly reduced the increased
levels of serum D-BI, T-BIL, and ALP levels in ANIT-fed rats
(Fig. 3B and Supporting Information Fig. S2A). The mRNA
expression of profibrotic genes (Fn, Pdgf and Timpl) and in-
flammatory genes (7nfa and F4/80) in ANIT-induced hepatic
fibrosis was also suppressed by TB0O1 treatment (Fig. 3C and D).
Administration of TB0OO1 displayed reduced inflammatory cell
infiltration which was induced by ANIT. The higher dose of
TBO001 treatment (40 pg/kg) was almost able to recovered the
fibrotic liver to the control group. The reduction of histological
damage and inflammatory cell infiltration in rats treated with
UDCA and TB001-20 ng/kg were similar but clearly weaker than
rats treated with TB0O1-40 ng/kg. Overall, these results indicated
that TBOO1 dose-dependently substantially attenuated ANIT-
induced hepatic damage, inflammation and fibrosis.

2.7.  The effect of TBOO1 on BDL-induced rat hepatic fibrosis

BDL is commonly employed as an acute cholestasis experimental
model®*. Thus, we investigated the role of TB0O1 in BDL induced
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Figure 2 TBOO1 inhibits the progress of CCl-induced rodent liver fibrosis. HE staining (A), Sirius Red staining, and IHC for a-SMA, and
Collal (B) of liver sections representative images of mice treated with CCl, or Corn Oil and liraglutide or TB0O1 therapy. (C) ALT and AST level
from mice treated with CCly or Corn Oil and liraglutide or TB0O1 therapy (n = 6). (D) H&E staining, Sirius Red staining and IHC for a-SMA of
liver sections representative images of rat at a magnification of 4x or 20x and analysis of the positive area (n = 10). (E) Serum ALT and AST
level from rat treated with CCl, or Corn Oil and liraglutide or TB0O1 therapy. (F) qPCR of genes related to ECM metabolism (Pdgf, and Timp1) in
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TBOO1 inhibits the progress of ANIT—induced rat liver fibrosis. (A) HE staining, Sirius Red staining and IHC for a-SMA and CD68

of liver sections representative images at a magnification of 20x and analysis of the positive area (n = 10). (B) Serum ALT, AST, D-BIL and I-
BIL level from rat in the indicated groups (n = 10). (C—D) qPCR of genes which were related to ECM metabolism (Fn, Pdgf, and Timpl) and
inflammation (7nf-o and F4/80) in ANIT-induced rat liver fibrosis (n = 5).

rat cholestatic liver injury model. BDL surgery was performed in
Sprague—Dawley rats, and then the animals were exposed to
TB001 or UDCA after two weeks’ post-surgery. As shown in
Fig. 4A, H&E and Sirius Red staining exhibited progressive
biliary fibrosis and mild hepatocellular injury which was abro-
gated when treated with TBOO1 in a dose-dependent manner. In
addition, a-SMA expression was also reduced in TB0O1 treated
rats (Fig. 4A). Furthermore, measurement of serum AST, ALT,
and ALP level were significantly lower in rats when treated with
TBO0O01 (Fig. 4B). Taken together, these data showed that TB0O1

dose-dependently substantially attenuated rat hepatic injury,
cellular inflammation and fibrosis caused by BDL.

2.8.  The effect of TBOO1 on Schistosoma japonicum-induced
mouse hepatic fibrosis

Schistosomiasis is a neglected infection disease where its main
cause of morbidity is liver fibrosis™~®. Although praziquantel
(PZQ) can directly cause the death of adult Schistosoma worms,
continuous aggravation of hepatic granuloma-induced fibrosis
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Figure4 TBOO1 inhibits the progress of BDL-induced rat liver fibrosis. (A) HE staining, Sirius Red staining, and IHC for «-SMA and CD68 of
liver sections representative images at a magnification of 20x and analysis of the positive area (n = 5). (B) Serum ALT, AST and ALP level from

rat in the indicated groups were measured (n = 10).

occurs in patients®’. We then investigated the role of TBOOI in S.
Jjaponicum induced hepatic fibrosis mouse model. Mice were
administered by TB0OO1 and PZQ after six weeks infected with S.
Jjaponicum. Indicator of hepatocellular integrity in serum were
measured and histological fibrosis grade was detected by Masson
staining and «-SMA immunochemical staining. The liver in
infected mice were black and had numerous irregular granules in
the surface which was less severe in mice treated with TB0O1. In
addition, the hepatic index was also lower in TB0O1-treated mice
(Fig. 5A). TB0O1 decreased the area of liver granulomas induced
by Schistosoma eggs (Fig. 5A). Antifibrotic activity of TB0O1 in
the liver was confirmed by reducing the expression of a-SMA in
protein level, meantime by the reduction of collagen accumula-
tion in liver tissue (Fig. 5A). TBOO1 alleviated hepatocyte
damage as evidenced by decreased elevation of serum

aminotransferases (Fig. 5B). Furthermore, Thl cytokines (1I-10,
1l-6, Tnf-a) and Th2 cytokines (II-4, 1I-5, II-13) which may be
responsible for hepatocyte injury and hepatic fibrosis were down-
regulated in the mRNA expression level, as well as decreased in
serum contents following TBO0O1 treatment (Fig. 5C and
Supporting Information Fig. S3). In addition, accumulation of
macrophages and Tregs, the main cellular constituents of liver
immune microenvironment, were also decreased after TBO0O1
treatment (Fig. 5D). Both M1 macrophages and M2 macrophages
were also evaluated in F4/80" cell subsets across all mice,
among which M1 phenotype did not cause changes but M2
phenotype were downregulation by TB0OO1 treatment (Supporting
Information Fig. S4). These data indicated that TB0OO1 attenuated
hepatic fibrosis and immune microenvironment disorder induced
by schistosomiasis in mice.
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Figure 5 TBOO1 inhibits the progress of liver fibrosis and restores the immune microenvironment homeostasis in schistosomiasis induced mice
liver fibrosis. (A) H&E staining, Masson staining, and IHC for a-SMA of liver sections representative images at a magnification of 20x and
analysis of the positive area (n = 6). (B) Serum ALT and AST level from mice in indicated group (n = 6). (C) qPCR analysis of genes related to
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comparison test was used here for determining statistical significance.
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2.9.  TBOOI ameliorates hepatic fibrosis via TGF-3/Smad
signaling pathway

TGF-B/Smad signaling pathway plays a central role in hepatic
fibrosis progression”®*’. TGF-8 causes hepatocytes apoptosis or

generates damage-associated molecular patterns, which in addi-
tion induces HSCs activation’’. We then investigated whether
TBO001 could modulate TGF-3/Smad signal pathway. As showed
in Supporting Information Fig. S5A and S5B, the expression of
pro-fibrogenic gene a-Sma and Tgf-8 as well as phosphorylated
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Figure 6 TBOOIl ameliorates hepatic fibrosis via improving ECM metabolism, inflammation, and apoptosis. (A) Bulk mRNA sequencing
analysis of fibrosis-, inflammation-, apoptosis- and oxidative stress-related genes (P < 0.05, fold change (FC) log, > 1). (B) Western blotting
assay of a-SMA, Smad?2/3, phosphorylated Smad2/3 and TGF-8 measured in liver samples of mice in each group (n = 3). Here and later, unless
specified, protein expression was normalized to GAPDH. (C) qPCR of genes related to fibrosis (a-Sma, Tgf-8, Mmp2, Mmp9, and Timpl) (n = 5).
(D) IHC for CD68 of liver sections representative images from mice treated with CCl, or Corn Oil and TBOO1 therapy (n = 5). (E) The
expression level of pIKBa/IKBa and pNFxB/NFkB were measured in liver samples from each group (n = 3). (F) qPCR analysis of inflammation
related genes (n = 5). (G) TUNEL assay of liver sections representative images from mice treated with CCl, or Corn Oil and TB0O1 therapy
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(K) The expression level of Colla and NOX4 were measured by Western blot in primary hepatocytes from each treated group mice (n = 3).
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Smad2/3 in HSCs were downregulated by TBOO1. Decreased
transcriptional activation involved in fibrosis, inflammation,
apoptosis and oxidative stress was attenuated in TB0O1-treated
mice using RNA-seq analysis (Fig. 6A). In addition, the
expression of a-SMA and TGF-8 as well as phosphorylated
Smad2/3 in CCly-induced fibrotic mouse liver were also down-
regulated by GLP-1R and GCGR dual-agonist TB001 (Fig. 6B).
Similarly, the pro-fibrogenic genes such as a-Sma and Tgf-8 in
CCly-induced hepatic fibrosis mouse liver was also down-
regulated by TBOO1 treatment (Fig. 6C). In contrast, we did not
observe significant improvement in extracellular matrix accu-
mulation by TBO0O1, although the decreased levels of Timpl
mRNA expression was statistically significant (Fig. 6C) indi-
cating that TBOO1 improved CCly-induced hepatic fibrosis by
interfering with hepatic stellate cells activation via modulating
TGF-#/Smad signal pathway.

2.10. TBOOI attenuated inflammation in rodent via NFxB
signaling pathway

Inflammation and formation of inflammasomes are the major
causes in the whole progression of liver fibrosis*'. The inflam-
mation process can also initiate the activation of hepatic stellate
cells. To further determine the role of TB0O1 in the inflammasome
formation in CCl-induced hepatic fibrosis, we examined CD68
expression level in the liver. As shown in Fig. 6D, the increased
CD68 expression was attenuated by TBOO1. In addition, the
products NOX1/4 from oxidation stress which directly activate the
inflammasome and HSCs were also reduced by TBO0O1
(Supporting Information Fig. S6A and S6B). In addition, TB0OO1
resolves oxidative stress which contributing to activate inflam-
masome were further evaluated in primary hepatocytes isolated
from hepatic fibrosis mice. The results showed that TB0O1
significantly increased the levels of CAT and GSH suggesting anti-
oxidative stress function were enhanced by TB0O1 treatment
(Supporting Information Fig. S7A and S7B). The accumulation of
collagen resulted from HSCs activation is reduced by TB0O1
treatment at both transcription and translation levels. We also
found that TBOO1 treatment blocked NF«B phosphorylation as
well as the upstream factor IKBa phosphorylation induced by
CCl, (Fig. 6E). Moreover, PAI-1 which produced by HSCs"*
during liver fibrosis was also reversed by TB0O01 (Fig. 6F).
Similarly, mice treated by TBOO1 resulted in significant reduction
of pro-inflammatory related genes (I/1, 16 and Tnf-«) at mRNA
levels (Fig. 6F). Decreased transcriptional activation involving
inflammation was observed in TBOO1-treated mice through bulk
mRNA sequencing assay (Fig. 6A). Taken together, these data
suggested that TBOO1 ameliorated CCly-induced hepatic fibrosis
via pro-inflammatory NFxB/IKB« pathway.

2.11. TBOOI attenuates hepatic fibrosis in rodent by preventing
hepatocytes death

It has demonstrated that GLP-1R and GCGR dual-agonist could
improve liver regeneration in obese mice”'. To investigate whether
TBO0O01 also has effects on cell death related pathway, we next
assessed the cell apoptosis by TUNEL assay (terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling). With TB0O1
treatment, hepatocyte deaths in CCly-induced liver fibrotic mice
were significantly reversed (Fig. 6G). It has been also recognized
that JNK signaling may be involved in both HSC activation and
hepatocyte death®. The phosphorylation of JNK and the down-

stream cleaved caspase-3 expression were also suppressed by
TBO001, suggesting that TB0O1 attenuated hepatic fibrosis through
inhibition of JNK signaling and hepatocyte death (Fig. 6H).
Consistently, proapoptotic related genes such as Fas, Fasl, Bid and
Bim, were also down-regulated by TB001 at mRNA levels
(Fig. 6I). On the other hand, anti-apoptotic related genes like Bcl-2
were increased by TB0O1 treatment (Fig. 6I). Similarly, decreased
transcriptional activity involving apoptosis was detected in
TBO0O01-treated mice through bulk mRNA sequencing analysis
(Fig. 6A).

2.12.  TBOOI reverses S. japonicum-induced hepatic fibrosis
via TGF-B/Smad signaling pathway

We also investigated TGF-§ as well as the downstream Smad
signal pathway in hepatic fibrosis caused by schistosomiasis
after TBOO1 plus PZQ treatment (Fig. 7A and B), the pro-
fibrogenic genes Colla, a-Sma and Tgf-B expression level as
well as downstream phosphorylated Smad2/3 in mice liver were
significant reduced compared to administration of PZQ alone.
These results also proved that TBOOl1 could ameliorate
schistosomiasis-induced hepatic fibrosis by modulating the
inflammation associated TGF-8/Smad signal pathway. In addi-
tion, we observed reduced hepatocyte death during schistoso-
miasis. As shown Fig. 7C, there was significant improvement of
the apoptotic cell death in S. japonicum-infected mice when
compared to administration with PZQ alone which corresponded
to decreased mRNA expressions of Caspase-1, Caspase-3,
Caspase-4, Bax and Bcl-2. It is also known that oxidative stress
and ER stress are involved in cell apoptosis (Fig. 7D). Interest-
ingly, TBOO1 inhibited ER stress related gene Grp78, Xbp-1 and
Perk expression (Fig. 7E). To confirm the protective effect of
TBO0O1 in schistosomiasis, primary hepatocytes cells were
treated with soluble egg antigen (SEA) of S. japonicum and
TBOO1. The production of ROS was reduced in TB0O1 treatment
plus SEA stimulation compared to SEA stimulation alone
(Fig. 7F and G). Similarly, MDA concentration was also reduced
in the presence of TBOO1 treatment. In addition, as shown in
Fig. 7H, the expression of GRP78, XBP-1 as well as phosphor-
ylated IREa in primary hepatocyte was significant reduced
compared to stimulation of SEA alone. The mRNA expression
level of Tnf-a, 1I-33, Il-1B3, 1I-6, Caspase-1, Caspase-3 and
Caspase-4 were also decreased by TBOO1 treatment in the
presence of SEA stimulation in primary hepatocyte (Fig. 7I).
Taken all together, our data indicated that TBOO1 ameliorated
hepatic fibrosis induced by schistosomiasis via suppression of
oxidative stress and ER stress, protecting hepatocyte from death.

2.13.  The effect of TBOOI on GLP-1R or GCGR knockdown
mice

To further evaluate that GLP-1R and GCGR are suitable can-
didates for drug targets, we utilized wild-type (WT) and GLP-
1R-RNAi-AAV9/GCGR-RNAi-AAV9 mice challenged with
CCly with or without the treatment of TBOO1 (Supporting
Information Fig. S8). H&E, Sirius Red staining and IHC of
Colle indicated the improvement of liver fibrosis in TBOO1
group but not in single or double knockdown GLP-1R/
GCGR+TBO001 groups (Fig. 8A—C and Supporting Information
Fig. S9). Moreover, TB0OO1 had less effect on the levels of
mRNA expression related inflammation in single or double
knockdown GLP-1R/GCGR group than in the WT (without
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Figure 7 TBO001 ameliorates hepatic fibrosis induced by schistosomiasis via improving ECM metabolism, apoptosis, and ER stress. (A)
Western blotting assay of Colla, a-SMA, Smad2/3, phosphorylated Smad2/3 and TGF-g from indicated treatment group. (n = 4). (B) qPCR of
genes related to fibrosis (Colla, a-Sma and Tgf-GB) from indicated treatment group mice liver (n = 5). (C) TUNEL assay of liver sections
representative images from different treated mice (n = 5). (D, E) qPCR of genes involved in apoptosis (Caspase-1, Caspase-3, Capase-4, Bax,
Bcl2) and ER stress (Grp78, Xbp-1, Perk) in liver samples from different treated mice (n = 5). (F) ROS assay of primary hepatocyte repre-
sentative images from each group (n = 3). (G) MDA concentration in primary hepatocytes from different groups. (H and I) Inflammation- (7nf-«,
11-33, 1I-10, 11-6) and apoptosis- (Caspase-1, Caspas-3, Caspase-4) related genes mRNA expression in primary hepatocytes from each group
(n = 3). (J) The pIRElo/IREl« and GRP78 and XBP-1 expression level were measured by Western blot in primary hepatocytes stimulated with
PBS, SEA or SEA plus TBOO1 therapy (n = 3).
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TBO001 ameliorate the progress of CCly-induced mouse liver fibrosis by targeting GLP-1R/GCGR. H&E staining (A) and Sirius Red

staining (B) of mice liver sections representative images from each group. (C) Quantifications of each staining. (D) Coll« mRNA expression level
in the liver of mice from different group (n = 3—6). (E) ALT, T-BIL and D-BIL activity (n = 6).

knocking down both receptors) group (Fig. 8D). We didn’t
observe any significant difference in serum levels of ALT, T-BIL
and D-BIL after administration of CCly even in the presence of
TBO0O01 treatment in both mice cohorts with single or double

knockdown GLP-1R/GCGR (Fig. 8E). In addition, collagen
deposition and liver injury in the GLP-1R knockdown groups
reduced by TB0O1 were slightly better than that of in the GCGR
knockdown groups. In general, these results indicated that the
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/’S. japonicum
infections

Figure 9

improvement and treatment of liver fibrosis by TB0OO1 is mainly
mediated by GLP-1R/GCGR, and the improvement effect of
GCGR on collagen deposition and liver injury may be slightly
higher than that of GLP-1R (see Fig. 9).

3. Discussion

Development of hepatic fibrosis is a form of liver disease whereby
the liver failed to recover from stress, extracellular stimuli,
inflammation, injury, etc. of which could be commonly found in
individuals with health concerns like obesity, autoimmune disorders
or infections. Here, we explored the therapeutic potential of dual
GLP-1R and GCGR agonist TB0O1, in the treatment of hepatic
fibrosis, hepatocyte apoptosis and acute/chronic liver inflammations
in various established animal models. The ability of TB0OI in
inhibiting collagen accumulation in livers of both mice and rats
exposed to CCly provides important insights in primarily inter-
cepting a specific stage of liver damage before it becomes too severe
to a point of no return. In addition to CCl,-induced liver fibrosis
models, our findings also indicated that TBOO1 suppressed fibrotic
gene expression and improved liver function in animals treated with
ANIT and BDL. TBO0O1 also exhibited its superior anti-
inflammatory properties in an immune microenvironment evi-
denced by reduced levels of CD68 expression, a marker of hepatic
macrophages that damages the liver through infiltrations of T cells
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and its downstream production of pro-inflammatory cytokines/
chemokines. Similarly, TB0O1 attenuated mice liver fibrosis
induced by Schistosoma infection in both Th1- and Th2-dependent
manner suggesting that macrophages and regulatory T cells are
critical components that could be specifically targeted. Based on our
comprehensive physiological and biochemical assessments of
TBOO1 in various established liver disease models in vivo, we
believed that TBOO1 could serve as the next revolutionary drug in
potentially delaying or overcoming liver fibrosis completely.
Hepatic fibrosis is the consequence of advanced liver injury
where HSCs start to trans-differentiate from a quiescent state to a
more activated status. Patients with severe liver injury have
extremely high levels of serum TNF-a which acts as an important
role in promoting HSCs activation and liver fibrosis. It has been
shown that leptin can target Kupffer cells and activate HSCs in
stimulating proliferation, ROS generation and depositions of
collagen through TGF-@ signalling'®. In addition to inflammation,
apoptosis, necrosis as well as autophagy have also been reported
to play critical roles in activation of HSCs and Kupffer cells**
Apoptotic activity is regulated by death receptors such as TNF-R1
and cluster of differentiation-95 (CD-95), or mediated by endo-
plasmic reticulum and mitochondria stress*. Although the roles of
HSCs are widely accepted in the development of hepatic fibrosis,
there are still no efficient preventive measures for halting the
disease. In recent years, only obeticholic acid (OCA), a FXR
agonist, has been approved by the FDA for treating cholestasis
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with majority of patients experiencing severe gastrointestinal
disorders as a result*®. Although GLP-IR agonist, liraglutide did
show positive effects in decreasing liver fibrosis markers in both
human and rodents, its clinical application was only limited to
NASH related liver fibrosis in human®’ with very little mecha-
nistic insights observed in rodents*®. It was only recently that
preclinical studies had demonstrated the dual GLP-1R and GCGR
agonist efficacy in the treatment of liver injury”>>, which could
be the next future drug in liver associated diseases. According to
Boland et al.zl, the dual GLP-1R and GCGR agonist, cotadutide
functions primarily through GCGR signaling in hepatocytes but its
detailed mechanism of actions remained to be fully understood.

Based on our critical observations in multiple hepatic fibrosis
in vivo models (CCly, ANIT, BDL and S. japonicum), we
demonstrated that the dual GLP-1R and GCGR agonist, TB001
could inhibit/prevent the development of hepatic fibrosis. Addi-
tionally, we also demonstrated that the anti-fibrotic potentials of
TBO001 were mediated by TGF-8/Smad, NF«B and JNK signaling
pathways as potential mediators for better therapeutic outcome
during TB0OO1 treatment. TBOO1 diminished collagen deposition
in fibrotic liver as well as decreased elevated transaminase in
fibrotic mice serum. In contrast, liraglutide, a mono GLP-1R
agonist, did not exhibit much positive impacts in mice with
fibrotic livers suggesting that the engagement of GCGR could
potentially improve the anti-fibrotic properties. TBOO1 suppressed
HSCs activation by inhibiting the phosphorylation of Smad2/3
mediated by TGF-3. Furthermore, TB0O1 inhibits HSC migration
(Supporting Information Fig. S10B and S10C), and promotes HSC
contraction (Fig. S10D) and expression of genes related to HSC
activation (a-Sma, Ctgf, Timpl, Vimenti, Fig. S10E) which
contributing to improvement of hepatic fibrosis, but has poor ef-
fect on HSC proliferation which may be related to the activation of
anti-apoptosis pathways by TBOO1 treatment (Fig. SI0A). It is
also known that blocking the interactions between activated HSCs
and intrahepatic macrophages could attenuate progression of he-
patic fibrosis'®. Indeed, we have evidence showing that down-
regulation of CD68 expression in livers by TBOO1 treatment could
justify a weakened interaction between HSCs and macrophages.
On the other hand, we found that activation of NFkB could protect
HSCs from apoptosis via TNF-related ligand secreted from mac-
rophages”. The phosphorylation of NFkB was blocked by TB0O1
indicating that TBOO1 could interfere with macrophage functions
resulting in disruptions of activated HSCs. The proliferation and
regeneration of non-activated parenchymal cells such as human
hepatocytes play the most important role in maintenance of a
healthy liver. The cell growth factor JNK are activated by pro-
liferative peptides and chemokines where these receptors recruit
kinase signaling molecule Ras, which then lead to the transcrip-
tion of cell-proliferative and profibrogenic factors”. In our present
study, we also found out that TBOO1 could prevent cell death via
downregulation of phosphorylated JNK (Fig. 6H). Taken together
these results, we believed that dual GLP-1 and GCG receptors
agonist TBOO1, possess pleiotropic effects of anti-inflammation,
anti-collagen deposition and anti-apoptosis suggesting that
TBO001 might be considered as a promising therapeutic option for
clinical hepatic fibrosis treatment.

Single cell sequencing analysis showed that only GCGR but
not GLP-1R was expressed in livers’'. In our study, liver fibrosis
was more severe in GLP-1R/GCGR double knock-down group
than in WT mice with or without CCly, and TBOO1 had less effect
on these mice. Sirius Red and Collal staining indicated that liver
fibrosis was significantly improved in TB0O1 treated GLP-1R

knock-down group but not in GCGR or GLP-1R/GCGR double
knock-down plus TB0OO1 groups (Fig. 8A—C). On the other hand,
TBO001 had less effect on GCGR single knock-down groups as
compare to GLP-1R knock-down mice. Taken all these together,
although the improvement of liver fibrosis by TB0OO1 is mediated
by the GLP-1R/GCGR signaling axis, it is obvious that GCGR
could be the major determinant player in executing TB0OO1 anti-
fibrotic functions.

Our study provided additional evidence that GLP-1 and GCG
receptor dual agonists have beneficial effects on hepatic fibrosis
through utilization of various rodent platforms. Although we had
illustrated possible mechanisms by which TB0O1 prevents hepatic
fibrosis, some of issues should be raised. Firstly, GLP-1R
expression in human liver is constitutively low”', whereas
expression in mouse liver is absent. Similarly, there is close to no
expression of GCGR in human stellate cells as there are mainly
expressed in hepatocytes in both human and mouse liver organs.
Hence, further efforts are needed to investigate the receptor
binding manner of TBOO1 in regards to liver pathogenesis. Sec-
ondly, the dual therapeutic effect of GLP-1R and GCGR agonist
on metabolic disease such as NASH are promising, however, the
systemic cross talks between metabolic disorders and liver fibrosis
could open doors to better understand both drugs and diseases.
Thirdly, according to the cBioPortal online database*”", it is
interesting to note that GCGR gene was highly amplified not only
in patients with liver cancer but also in other cancer types such as
breast, prostate, melanoma, pancreatic, ovarian cancers and so on.
On the other hand, GLPIR gene was frequently mutated particu-
larly in small-cell lung cancer and melanoma which could offer
valuable information in support of further elucidating TB0O1’s
potential mechanisms of action not limited to metabolic diseases
but also from a vast array of cancers.

Therefore, we believed that our evaluation of TBOOI as a
promising GLP-1R and GCGR dual agonist could potentially
provide a novel and broad therapeutic strategy in the clinical he-
patic fibrosis treatment particularly in patients with underlying
liver associated diseases and possible future clinical applications
in other ongoing health problems. The relevant clinical results will
further be disclosed in the future.

4. Experimental

4.1.  Peptides synthesis

According to the standard method of solid-phase peptide synthesis
(SPPS), a series of analog (TA001—TAO004, TA005-1, TA005-2,
TA006, and TBO01—TBO003) sequences with free N-terminals were
synthesized using MBHA amide resin (GL Biochem, Shanghai,
China). Purification and atomic accumulation process were reverse
phase high performance liquid chromatography mass spectrometric
(RPHPLC-MS, Agilent Technologies, USA). The analysis results
are shown in Supporting Information Figs. S11 and S12.

4.2.  Rodent model of CCl,, ANIT, and BDL

6 weeks old male C57BL/6J mice and SD rats were used in this
study. C57BL/6J mice were breed in the Experimental Animal
Center of Sun Yat-sen University and the SD rats were bought from
Beijing Vital River Laboratory Animal Technology Co. Ltd. All
animals were housed in a 12 h light—dark cycle and 22 £ 1 °C
room temperature environment. All animals were free to food and
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water. The ethical approval has been obtained from Animal Care
and Use Committee of the Sun Yat-sen University. All animals were
maintained in pathogen-free conditions and cared and Accreditation
of Laboratory Animal Care International (AAALAC International).

After one or two weeks of acclimatization, rodent hepatic fibrosis
models were established by CCly or ANIT or BDL. In CCl, (1:4
diluted in corn oil) induced mouse liver fibrosis model, WT mice were
exposed to CCly by i.p. injection at a dose of 5 pL/g body weight every
3 days for 6 weeks. Control group mice received the same volume of
corn oil. After 3 weeks CCl, administration, mice were randomly
divided into six groups according to the treatments: corn oil group,
CCl, group, liraglutide group (200 pg/kg/day), and TBOO1 group (20,
40, and 80 pg/kg/2 days). n = 10 for each group.

In ANIT-induced rat liver fibrosis model, animals were
exposed to ANIT for 4 weeks at the dose of 100 pg/g body weight
by oral administration once per week. Afterwards, mice were
randomly assigned into five groups according to the treatment:
ANIT group, UDCA group (80 mg/kg/day), and TB0O1 group (20
and 40 pg/kg/2 days). Mice without ANIT exposure were
considered as control group. n = 10 for each group.

In BDL-induced rat fibrosis model, animals were exposed to 3%
sodium pentobarbital at the dose of 60 pg/g body weight. After
anaesthetizing the animals, the bile duct of each rat was ligated.
Control group rats received anaesthesia and sham ligation. After
recovering, mice were randomly distributed into five groups accord-
ing to different demands: sham ligation group, BDL model group,
UDCA group (80 mg/kg/day), and TBOO1 group (1 and 5 pg/kg/2
days). We used untreated rat as control also. n = 10 for each group.

During the treatments, animal activity and body weight were
checked and recorded twice per week. Before sacrificing the an-
imals and obtained the organs, all animals needed to fast at least
8 h. Animals were anesthetized, eyeball blood were collected and
serum was obtained followed by centrifugation at 6000 rpm
(15 min, room temperature). Liver tissues were resected and the
weigh were scored. The right medial lobes of the livers were
formalin-fixed and later used for paraffin section. The data was
scored by an experimenter who was blind to all treatments.

4.3.  Mouse model of schistosomiasis

Praziquantel was obtained as tablets from the Center for Disease
Control and Prevention of China. Tablets were dissolved in
physiological saline and then administered by oral gavage. The
ethical approval has been obtained from Animal Care and Use
Committee of the Sun Yat-sen University. All animals were
maintained in pathogen-free conditions and cared and Accredita-
tion of Laboratory Animal Care International.

For infections, mice were exposed percutaneously to 14 + 2
cercariae of Chinese mainland strain S. japonicum and fed for 63 days
post-virus infection (dpi). Infected Oncomelania hupensis snails were
purchased from the Shanghai Institute of Parasitic Diseases
(Shanghai, China). Then mice were randomly assigned into four
groups according to different demands: control group, infected model
group, PZQ group (150 mg/kg/day for 3 days and then given vehicle
by i.p. to the end). PZQ (150 mg/kg/day for 3 days) +TB001 (80 ng/
kg/day for 14 days after PZQ treatment) group.

4.4.  Biochemical analyses
Serum levels of ALP, ALT, AST, D-BIL, and I-BIL were measured

by commercial assay kits following the manufacturer instructions
(Nanjing Jiancheng Bioengineering Institute, China).

4.5. Histology

Livers morphological analysis was assessed by paraffin sections.
Then the sections were subjected to haematoxylin and eosin
staining, Masson’s staining and Sirius Red staining (Sangon
Biotech, China). For here and later, quantitative analysis of pos-
itive stained area was all performed by Image-J software (http://
imagej.nih.gov).

4.6.  Immunohistochemistry staining

After paraffin sections deparaffinization and rehydration,
10 mmol/L citrate buffer (pH 6.0) were used for antigen retrieval,
conducted in under high temperature and pressure. After endog-
enous peroxidase activity blocking in 3% H,0,, slides were
washed with PBS and blocked with 1% BSA for 1 h. Then liver
sections were incubated with primary antibodies at 4 °C overnight
(Supporting Information Table S6 showed the antibodies which
were used for immunohistochemistry staining). For immunohis-
tochemistry staining, the slides were incubated with horse reddish
peroxidase (HRP)-conjugated antibody (1:100) for 1—2 h at
37 °C, and 3,3'-diaminobenzidine (DAB, Sigma—Aldrich, USA)
was subjected to counterstain the slides. For immunofluorescence
staining, the sections were stained with Alexa Fluor-594 donkey
anti-rabbit 1gG (H+L) (1:200, Invitrogen, ThermoFisher Scienti-
fic, USA) for 60 min at room temperature. DAPI was used to stain
the nuclei.

4.7.  Cell culture

Human hepatic activated stellate cell LX2 was obtained from the
National Collection of Authenticated Cell Cultures (Shanghai,
China). Cells were cultured at 37 °C incubator in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin (ThermoFisher
Scientific, USA) with 95% humidity and 5% CO,. 2 x 10° LX2
cells were seeded into 96-well plate, attached cells were exposed
to 200 pmol/L agonist for 48 h in addition. Further assays were
followed after obtained the cells.

4.8.  Primary cell isolation

Primary hepatocytes were isolated from 6-week-old female
C57BL/6 mice using collagenase perfusion. In brief, the required
cells are the filtered through a 70 um cell strainer, and were plated
in collagen I-coated well plated in DMEM containing 10% fetal
bovine serum and 1% penicillin-streptomycin. 20 pg/mL SEA or
10 pmol peptides were incubated with for 24 h. Then experiments
were performed to evaluate the accumulation of oxidative stress.

4.9.  Western blot assay

Total protein was extracted with RIPA lysis buffer and Western
blot was performed. Basically, 30 pg protein were loaded and
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, then protein was transferred onto PVDF transfer mem-
branes (Merck Millipore, Germany). PVDF membranes with
protein was incubated overnight with primary antibodies at 4 °C.
After for 1 h secondary antibody incubation at 25 °C, proteins
were detected by enhanced chemiluminescence (GlarityTM
Western ECL Substrate, Bio-Rad, USA). Signals were recorded
and quantified with Tanon-Image Software (Shanghai, China).
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Anti-GAPDH antibody was internal reference for data normali-
zation. Specific antibodies which were used in Western blot assay
were listed in Supporting Information Table S6.

4.10. RNA isolation

Liver total mRNA was extracted with Trizol reagent (TransGen
Biotech, China). cDNA was then synthesized from 10 pg total
mRNA with First Strand cDNA synthesis SuperMix kit (TransGen
Biotech, China). qPCR was performed with SYBR Green qPCR
SuperMix (TransGen Biotech, China) with the Light Cycler 480
Real-Time PCR System (Roche, Swiss). $-Actin was used as
reference gene for data normalization. Supporting Information
Table S7 listed the specific primers used in mRNA expression
analysis.

4.11.  Flow cytometry

Mice liver was harvested and rendered into single cell suspen-
sions, and lymphocytes were isolated and purified by density-
gradient centrifugation on Percoll-PBS separation medium (GE
Healthcare, Sweden). Then the isolated lymphocytes were washed
twice in PBS and conserved in 0.1% BSA. Cells were incubated
with CD45-v450 (1 x 107 cells suspension in 100 pL 1% BSA
with 10 pL antibody, eBioscience, USA), F4/80-APC (eBio-
science), CD11b-FITC (eBioscience) to analyze macrophage.
1 x 10° cells were incubated with CD3-APC-Cyanine7 (eBio-
science), CD4-Percp-Cyanine5.5 (eBioscience), CD25-APC
(eBioscience) to analyzed Treg. After 30 min antibody incuba-
tion at room temperature, protect from light. After two times
washing, the cells were fixed with 1 mL of Foxp3 Fixation
(eBioscience) working solution for 60 min at room temperature,
protect from light. Then cells were washed twice by Per-
meabilization Buffer (eBioscience), the lymphocytes were incu-
bated with Foxp3-PE (eBioscience) for 40 min at room
temperature, protect from light. The lymphocytes were then
detected with a CytoFLEX S Flow cytometer (Beckman, USA)
and analyzed using CytoFLEX software (Beckman).

4.12.  Pharmacokinetic study

The pharmacokinetic study was performed in Covance (Shanghai,
China). Rhesus monkeys of either sex (n = 6) were given a single
i.v. dose of 15.3 ng/kg body weight, s.c. 5 ng/kg, s.c. 20 pg/kg,
s.c. 60 pg/kg and multiple s.c. 20 pg/kg body weight daily for one
week. Serial blood from each animal were collected for deter-
mination of plasma TBOO1 concentrations with a validated
HPLC—MS/MS method. Pharmacokinetic analysis was carried
out using non-compartmental procedures with Phoenix WinNonlin
(version 8.1). All animal protocols were approved by the Institu-
tional Animal Care and Use Committee. The animals received
humane care according to the criteria outlined in the Guide for the
Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institutes of
Health.

4.13. AAV9-RNAi mediated GLP-IR and GCGR knockdown

The custom-made adeno-associated virus (AAV) serotype 9 car-
rying shRNA for mouse GCGR (AAV9-GCGR-shRNA), shRNA
for mouse GLP-1R(AAV9-GLP-1R-shRNA), and mouse nonsense
control shRNA (AAV9-control-shRNA) were purchased from

Genechem (Shanghai, China). The adeno-associated virus was
injected into mice (1011 v.g., via tail vein) to knock down GLP-
1R and GCGR, respectively. Target sequences are listed in
Supporting Information Table S8.

Four weeks after administration with AAV9-RNAI to knock down
GLP-1R or GCGR, GLP-1R™" or GCGR™" db/db mice were treated
with CCly (1:4 diluted in corn oil) every 3 days for 6 weeks induced
mouse liver fibrosis model. Control group mice were administrated
with corn oil. After 3 weeks, GLP-IR™"~ or GCGR ™'~ db/db mice
were divided into three groups: control group, CCl, groups, TB0O1
groups (40 pg/kg/2 days). n = 10 for each group.

4.14.  Toxicity study

The repeated dose toxicity studies in SD rats (14-day) and rhesus
monkeys (28-day) were conducted in the West China—Frontier
PharmaTech (Chengdu, China). SD rats (n = 10 per group) were
randomly distributed into one control group and three treatment
groups which were subcutaneously administered with formulations
at different doses of 20, 100, or 500 pg/kg body weight once daily.
Rhesus monkeys (n = 10 per group) were also randomly assigned
into four groups, as outlined above, while the treatment dosages
were 20, 60, or 300 pg/kg, respectively. All animals were monitored
for body weight, general behaviour and food intake during the
period of the entire experiment. When observation finished, blood
was harvested for hematological and biochemistry examination.
The animals were euthanized followed by gross necropsy and his-
topathological examination. The toxicokinetics study in rhesus
monkeys was also conducted during the administration. Blood
samples were collected at pre-dose and 0.08333 (5 min), 0.5, 1, 2, 4,
8 and 24 h after the first and last administration of TBOOI1.

4.15.  Statistical analysis

Data were showed from three independent experiment as the
means = SD. One-way analysis of variance (ANOVA) were
applied in this study for the statistical significance determination
(version 6.0, GraphPad Software, La Jolla, CA, USA). P-values
<0.05 were considered as statistically significant.

4.16.  Data availability

Data supporting our findings in current study are available within
this paper and its Supporting Information files and from corre-
sponding author on reasonable reasons. All the data supporting the
findings of this study are available within this article, supporting
information files, and Source Data file (https://doi.org/10.6084/
m9.figshare.18133634). Source data are provided with this paper.
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