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Abstract

Background and Aims: No effective treatments are available for liver fibro-
sis. Angiogenesis is deeply involved in liver fibrogenesis. However, current
controversial results suggest it is difficult to treat liver fibrosis through vascu-
lar targeting. There are three different microvessels in liver: portal vessels,
liver sinusoids, and central vessels. The changes and roles for each of the
three different vessels during liver fibrogenesis are unclear. We propose that
they play different roles during liver fibrogenesis, and a single vascular en-
dothelial cell (EC) regulator is not enough to fully regulate these three vessels
to treat liver fibrosis. Therefore, a combined regulation of multiple different EC
regulatory signaling pathway may provide new strategies for the liver fibrosis
therapy. Herein, we present a proof-of-concept strategy by combining the
regulation of leukocyte cell-derived chemotaxin 2 (LECT2)/tyrosine kinase
with immunoglobulin-like and epidermal growth factor—like domains 1 signal-
ing with that of vascular endothelial growth factor (VEGF)/recombinant VEGF
(r'VEGF) signaling.

Approach and Results: The CCl,-induced mouse liver fibrosis model
and NASH model were both used. During fibrogenesis, vascular changes

Abbreviations: AAV9, adeno-associated viral vector serotype 9; Alb, serum levels of albumin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; EC, endothelial cell; FGF, fibroblast growth factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIF, hypoxia-inducible factor;
LECT2, leukocyte cell-derived chemotaxin 2; LSEC, liver sinusoid endothelial cell; LYVE1, lymphatic endothelial receptor-1; ns, not significant; PDGF,
platelet-derived growth factor; rVEGF, recombinant vascular endothelial growth factor; shRNA, short hairpin RNA; TB, total bilirubin; Tie1, tyrosine kinase with
immunoglobulin-like and epidermal growth factor—like domains 1; TP, total protein; VEGF, vascular endothelial growth factor; a-SMA, a-smooth muscle actin.
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occurred at very early stage, and different liver vessels showed different
changes and played different roles: decreased portal vessels, increased si-
nusoid capillarization and the increased central vessels the increase of portal
vessels alleviates liver fibrosis, the increase of central vessels aggravates
liver fibrosis, and the increase of sinusoid capillarization aggravates liver
fibrosis. The combinational treatment of adeno-associated viral vector se-
rotype 9 (AAV9)-LECT2—short hairpin RNA (shRNA) and rVEGF showed im-
proved therapeutic effects, but it led to serious side effects. The combination
of AAV9-LECT2-shRNA and bevacizumab showed both improved therapeu-
tic effects and decreased side effects.

Conclusions: Liver vascular changes occurred at very early stage of fibro-
genesis. Different vessels play different roles in liver fibrosis. The combina-
tional treatment of AAV9-LECT2-shRNA and bevacizumab could significantly

INTRODUCTION

Liver fibrosis is a complication of chronic liver dis-
eases (CLDs) associated with repeated hepato-
cyte death caused by chronic viral hepatitis, alcohol
abuse, obesity-associated NASH, or autoimmune
hepatitis.""3! Without effective intervention, liver fi-
brosis would eventually turn into liver cirrhosis, one
of the most common causes of death worldwide.!!
For decades, various mechanisms leading to liver
fibrogenesis have been reported, and several poten-
tial treatment strategies have also been proposed.
However, there is still no effective strategy approved
by the Food and Drug Administration for the treatment
of liver fibrosis yet.

Recent studies reported that pathological angiogen-
esis and capillarization of the sinusoids are strongly
correlated with progression of CLDs and may act as
initiators of liver fibrogenesis.®~"! During liver fibrogen-
esis, a variety of pro-angiogenic factors are abnormally
expressed, including vascular endothelial growth fac-
tors (VEGFs), hypoxia-inducible factors (HIFs), fibro-
blast growth factors (FGFs), angiopoietins (Angs), and
platelet-derived growth factors (PDGFs).°~® Therefore,
anti-angiogenic therapy appears to provide a promis-
ing strategy for blocking or slowing down liver fibrosis.
However, although there is some experimental evi-
dence that inhibiting angiogenesis ameliorates the de-
velopment of liver fibrosis in animal models,'°~'? so far,
no anti-angiogenic agents have been clinically applied
for liver fibrosis therapy. Moreover, differential roles of
angiogenesis in the induction of fibrogenesis and the
resolution of fibrosis in liver are observed. For exam-
ple, neutralizing VEGF alleviates liver fibrosis,!'>~'°!
whereas administrating VEGF promotes liver fibrosis
resolution."¢=19!

improve the therapeutic effects on liver fibrosis.

Liver consists of repeating anatomical units called
lobules. In each hepatic lobule, blood flows from the
portal vein and hepatic artery through the liver sinu-
soid toward the central vein, forming gradients of ox-
ygen, nutrition, and hormones. Consistent with these
graded microenvironments, liver zonation with differ-
ent metabolic pathways is formed along the lobular
axis.?*?l The structures of each liver microvessel is
different: The portal vessels and central vessels are
lined by a continuous endothelial cells (ECs) lying on a
basement membrane, and liver sinusoids are lined by
fenestrated and discontinuous ECs. Although the cap-
illarization of the sinusoids are reported to be strongly
correlated with liver fibrogenesis,[s‘” the roles of por-
tal vessels and central vessels in liver fibrogenesis are
still unclear. Recently, we identified the leukocyte cell—
derived chemotaxin 2 (LECT2)/tyrosine kinase with
immunoglobulin-like and epidermal growth factor—like
domains 1 (Tie1) signaling pathway. It regulates por-
tal angiogenesis and sinusoid capillarization, plays an
important role in liver fibrogenesis, and is a potential
target for the therapy of liver fibrosis.??! We further re-
vealed that portal angiogenesis, central angiogenesis,
and sinusoidal capillarization play different roles in liver
fibrogenesis. Considering that a single vascular EC
regulator is not enough to fully regulate these three dif-
ferent vessels for liver fibrosis treatment, we propose
that a combinational regulation of multiple different EC
signaling pathways may achieve a better therapeutic
effect on liver fibrosis.

In this study, we observed the changes of three
different liver blood vessels during fibrogenesis by
continuously monitoring the CCl,-induced mouse
liver fibrosis samples. We further performed a proof-
of-concept experiment by simultaneously regulating
two signaling pathways of LECT2/Tie1 and VEGF/
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VEGFR. The adeno-associated viral vector serotype
9 (AAV9) with a short hairpin RNA (shRNA) of LECT2
(AAV9-LECT2-shRNA, targeting mouse LECT2 to
inhibit LECT2/Tie1 signaling) combined with recom-
binant VEGF (rVEGF, VEGF/VEGFR signaling acti-
vator) or bevacizumab (VEGF neutralizing antibody,
VEGF/VEGFR signaling inhibitor) was tested to ex-
plore a strategy of vascular-targeted therapy for liver
fibrosis.

MATERIALS AND METHODS
Animal studies

All animal studies were performed in male mice un-
less otherwise indicated. Mice were kept in a standard
12-h light—dark cycle under the specific-pathogen—free
conditions and allowed for free access to water and
food. Animal-related research protocols are consist-
ent with the US Public Health Service Policy on Use of
Laboratory Animals and were approved by the Ethics
Committee on Use and Care of Animals of Southern
Medical University (code: 2020072).

The CCl -induced mice fibrosis model was per-
formed as we previously reported.[22'23] To induce
chronic liver fibrosis, 6—8-week-old male C57BL/6J
mice received an i.p. injection of CCl, (2 ml/kg, in olive
oil at a ratio of 1:4, twice a week for 6 weeks; Sigma-
Aldrich). Three weeks after the first CCl, injection, mice
were treated with AAV9-LECT2 shRNA (1 x 10" vg/
mouse, i.v.; 46081404, Hanbio Tech, Shanghai, China),
rVEGF (0.25 mg/kg, i.p., twice a week for 3 weeks;
50159-MNAB, Sino Biological Inc.), bevacizumab (2
mg/kg, i.p., twice a week for 3 weeks; A2006, Selleck),
the combination of AAV9-LECT2-shRNA and rVEGF,
or the combination of AAV9-LECT2-shRNA and bev-
acizumab, respectively. The serum samples and the
liver tissues were harvested at different time points for
subsequent analyses.

To induce NASH, 9-week-old male mice were
fed a choline-deficient, L-amino acid—defined, high-
fat diet (CDAA HFD; A06071302, Research Diets) for
12 weeks. The chow diet group was fed normal diet
as control. The liver tissues were harvested at different
time points for subsequent analyses.

For sirius red staining, the 3.5-uym paraffin sec-
tions were baked, dewaxed, and hydrated. Then,
the sections were stained with sirius red (DC0041,
LEAGENE) for 1 h and rinsed with running water to
remove the staining solution on the surface of sec-
tions. The nuclei were stained with hematoxylin stain-
ing solution (Mayer type) for 5 min and rinsed with
water for 10 min. After routine dehydration and trans-
parency, the sections were sealed with neutral gum
and observed under the microscope. The staining re-
sults were quantified using Nikon Elements software.

Eight random fields from each section were analyzed
under the magnification of x40. Five random sections
from each mouse were analyzed, and data from 4-10
mice per group were used in the comparison among
different treatment groups.

Immunofluorescence

Immunofluorescent staining of mouse liver tissues
was performed as we reported.[22'23] Briefly, mouse
liver tissues were fixed with 10% neutral buffered
formalin, cut into sections of 3.5-uym thickness, in-
cubated with ethylene diamine tetraacetic acid (50x
Key GENE BioTECH KGIHCO002) for 15 min at 100%
power at 120°C. After the nonspecific binding sites
were blocked with goat serum for 1 h at 37°C, the
sections were incubated with appropriate primary an-
tibodies at 4°C overnight, washed extensively in PBS,
and incubated with Alexa 488/594 conjugated sec-
ondary antibodies (Cytoskeleton Inc.) for 1 h. Sections
were then counterstained with DAPI, washed, and
mounted for observation under a scanning confocal
microscope (Fluoview FV1000, Olympus). The fol-
lowing primary antibodies were used for immunofluo-
rescence: anti-CD31 antibody (1:50; 77699s, CST)
and anti—glutamine synthetase (GS) antibody (1:50;
ab125724, Abcam).

CD31* portal vessels (excluding diameters <30 pym)
and CD31* central veins were manually counted based
on staining of CD31 and GS. Six to eight randomly cho-
sen fields from each section were analyzed.

Immunohistochemistry

Mouse liver tissues were fixed in 10% neutral buffered
formalin, dehydrated, and embedded in paraffin, as
we previously reported.[22'23] Sections of 3.5-um thick-
ness were incubated in citrate buffer (pH 6.0, BOSTER
AR0024) for 15 min at 120°C, and the endogenous
peroxidase was blocked by 3% H,O, for 10 min. The
slides were incubated with 10% bovine serum albu-
min in PBS for 30 min at 37°C to block the nonspecific
binding sites, followed by incubation with appropriate
primary antibodies for overnight at 4°C, and then with
horseradish peroxidase anti-rabbit IgG or anti-mouse
IgG antibodies for 30 min. Color was then developed
by incubation with DAB Substrate kit (ORIGENE ZLI-
9019). After washing in PBS, tissue sections were
counterstained with hematoxylin and viewed under a
microscope. Major primary antibodies used in the study
include anti-CD31 antibody (1:100; 77699s, CST), anti-
GS antibody (1:2000; ab49873, Abcam),**=2"l anti—
lymphatic endothelial receptor-1 (LYVE1) antibody
(1:4000; ab281587, Abcam), and anti—a-smooth muscle
actin (a-SMA) antibody (1:800; A2547, Sigma).
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CD31* portal vessels (excluding diameters <30 um)
and CD31* central veins were manually counted based
on staining of CD31 and GS. Six to eight randomly cho-
sen fields from each section were analyzed.

Liver biochemistry tests

Serum albumin (Alb), total protein (TP), alanine ami-
notransferase (ALT), and aspartate aminotransferase
(AST) were analyzed on an Automatic Biochemical
Analyser (BS-240VET, Mindray).

Quantitative real-time PCR

Total RNA from mouse livers were extracted using the
Trizol reagent, and reverse-transcribed using EvoM-MLV
RT Premix for gPCR (AG11706, Accurate Biotechnology,
Hunan). The resulting cDNAs were used for PCR
using the SYBR Green Premix Pro Taq HS gqPCR Kit
(AG11701, Accurate Biotechnology, Hunan). All PCR re-
actions were conducted in the 500 Fast qPCR System
(4351106, Applied Biosystems) in triplicates. All data
were normalized against endogenous glyceraldehyde
3-phosphate dehydrogenase (GAPDH) controls of each
sample. The relative quantitation value for each tar-
get gene compared with the calibrator for that target is
expressed as 27 ©C9 (where Ct and Cc are the mean
threshold cycle differences after normalizing to GAPDH).
Relative gene expression (normalized to endogenous
control GAPDH) was calculated using the comparative
Ct method formula 2724, Primers for quantitative PCR
were designed using NCBI Primer-BLAST. The following
primer sequences (all 5' to 3') were used for quantita-
tive real-time PCR from mouse livers: GAPDH: Forward:
5-AGAAGGTGGTGAAGCAGGCATC-3, Reverse:
5-CGAAGGTGGAAGAGTGGGAGTTG-3 LECT2:
Forward: 5-GGACGTGTGACAGCTATGGC-3', Reverse:
5-TCCCAGTGAATGGTGCATACA-3; Tiel: Forward:
5'-AATGCCGCGTATCGACTTCT-3, Reverse: 5-GAC
CACAAGCTGACGGCTCT-3; VEGFA: Forward: 5'-
GCAGCTTGAGTTAAACGAACG-3, Reverse: 5-GG
TTCCCGAAACCCTGAG-3'; VEGFR2: Forward: 5-CC
CCAAATTCCATTATGACAAC-3', Reverse: 5-CTGGGA
TCACTTTTACTTCTGGTT-3"; ACTA2: Forward: 5-GAG
CATCCGACACTGCTGAC-3', Reverse: 5-GCACAGCCT
GAATAGCCACA-3'; TGFp1: Forward: 5-GCGGCAGCTG
TACATTGACT-3, Reverse:5-GCTGTACTGTGTGTCCA
GGC-3; COL4: Forward:5-GAAAAAGGCGAACAAGG
TCTTC-3', Reverse: 5-CAGGAGGCCCTCTATCACCA-3';
FN1: Forward: 5-ATGTGGACCCCTCCTGATAGT-3',
Reverse: 5'-GCCCAGTGATTTCAGCAAAGG-3..
COL1A1: Forward: 5-GAAACCCGAGGTATGCTTGA-3,,
Reverse: 5-GGGTCCCTCGACTCCTACAT-3; CD34:
Forward: 5-CCGAGCCATATGCTTACACA-3', Reverse:
5-ACCTCACTTCTCGGATTCCA-3".

Scanning electron microscopy

The scanning electron microscopy was performed as
reported.?? Perfusion fixation of the mouse liver was
performed with the mice under general anesthesia with
0.6% pentobarbital sodium (10 ml/kg). Images were
obtained using Hitachi S-3000N scanning electron mi-
croscope. The average fenestration diameter, porosity
(%), and fenestration frequency of the liver sinusoids
were calculated in four random fields from each sec-
tion at approximately x10,000 magnification using
Image J software. Average fenestration diameter was
calculated as the average of all fenestration diameters
(excluding gaps if 2250 nm). Porosity was calculated by
the following equation: porosity (%) = = (xr?)/(total area
analyzed — X [area of gaps, um?]) x 100. Fenestration
frequency was calculated by the following formula: fen-
estration frequency = total number of fenestrations/
(total area analyzed — X [area of gaps, pm?]).

Statistics

The experimental data were statistically analyzed by
Student ¢ test or paired t-test. All data are presented as
mean + SEM. A p < 0.05 was considered statistically
significant. In all cases, data from at least three inde-
pendent experiments were used. All calculations were
performed using SPSS software package. No randomi-
zation was used. No blinding was done. Power calcula-
tions were not done to predetermine sample sizes.

RESULTS

Changes of portal vessels, central
vessels, and sinusoid during
CCl4-induced liver fibrogenesis

We first treated mice with CCl, for 6 weeks, and by the
end, liver fibrosis had been completely established. GS
staining was used to distinguish the pericentral areas
from the periportal areas,®?"l and CD31 staining was
used to indicate the blood vessels (Figure 1A). As re-
ported, during liver fibrogenesis, central-to-central
bridging is formed.”®! The number of CD31-positive
vessels in periportal area (GS-negative area) and peri-
central area (GS-positive area) were counted, respec-
tively. Surprisingly, the number of periportal vessels
in CCl,-treated liver tissues were significantly de-
creased, whereas the number of pericentral vessels in
CCl,-treated liver tissues were significantly increased
(Figure 1B,C) when compared with their corresponding
control samples in the oil-treated liver tissues.

As capillarization of the sinusoids results in a distorted
structure of hepatic sinusoids and loss of specific endo-
thelial fenestration, we examined the level of fenestration
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FIGURE 1 Changes of portal vessels, central vessels, and sinusoid during CCl,-induced liver fibrogenesis. (A) C57BL/6J mice were
injected with CCl, for 6 weeks to induce fibrosis. Harvested liver tissues were processed for immunofluorescence staining for glutamine
synthetase (GS; pericentral area marker) and CD31 (endothelial marker). Slides were counterstained with DAPI. Arrows, portal vessels;
arrowheads, central vessels. Scale bar, 100 pm. (B) The number of CD31-positive vessels in the periportal area was measured. (C) The
number of CD31-positive vessels in the pericentral area was measured. (D) Scanning electron micrographs show the hepatic sinusoids in
the liver tissues from C57BL/6 mice treated with oil (Oil) and C57BL/6 mice treated with CCl,. Arrowheads, liver sinusoid endothelial cell
(LSEC) fenestrae. Scale bar, 2.5 mm. (E) Porosity, fenestration frequency, and average fenestration diameter were analyzed by ImageJ. (F)
C57BL/6J mice were injected with CCl, for 6 weeks to induce fibrosis. Harvested liver tissues were processed for immunohistochemistry
staining for lymphatic endothelial receptor-1 (LYVE1; LSEC marker). Scale bar, 100 um. (G) LYVE1-positive area was analyzed by ImageJ.
(H) Quantitative real-time PCR was used to analyze the mRNA levels of CD34. n = 5/group. Mean + SEM. **p < 0.01, ***p < 0.001,

****p < 0.0001. FOV, field of view; ns, not significant

in the mouse livers of CCl,-induced liver fibrosis mod-
els using scanning electron microscopy. Liver sinusoid
endothelial cells (LSECs) from CCl,-treated mice lost
their fenestration, indicating increased sinusoid capillar-
ization (Figure 1D,E). Decreased expression of LYVE1
and increased expression of CD34 have also been used
as the characteristics of capillarization.[zﬂ Our data
showed that LYVE1 staining was significantly decreased
in the mouse livers of CCl,-induced liver fibrosis mod-
els (Figure 1F,G), and the mRNA expression of CD34
was significantly increased in the mouse livers of CCl,-
induced liver fibrosis models (Figure 1H).

These results show that during liver fibrogenesis,
portal vessels were decreased, central vessels were
increased, and sinusoid capillarization was increased.

Liver vascular changes occur at very early
stage of fibrogenesis

Next, we studied when these vascular changes began
to appear. Livers were harvested on Day 0, 1, 1.5, 2,
2.5,4,8, 11,15, 22, 36, and 42 after the first CCl, treat-
ment, respectively (Figure S1A). These continuously
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collected samples allowed us to trace changes in he-
patic lobule structure and blood vessels.

Because GS is a widely accepted marker of peri-
central areas,’®*?" we used GS staining to indicate the
changes of pericentral areas. Surprisingly, GS-positive
areas expanded on Day 1; on Day 1.5 and Day 2, a
large number of scattered GS cells appeared between
adjacent GS-positive areas; on Day 4, the adjacent
GS-positive areas were connected together, indicating
the formation of central-to-central bridging; after Day
4, the adjacent GS positive areas remained connected
throughout the process of liver fibrosis (Figure S1B).

Accordingly, the number of CD31-positive vessels
in periportal areas (i.e., GS-negative areas) and peri-
central areas (i.e., GS-positive areas) were counted at
different time points. The number of periportal vessels
decreased significantly from Day 4 after CCl, treatment
and reached the lowest point on Day 22 (Figure 2A,B),
whereas the number of pericentral vessels increased
significantly from Day 1 after CCl, treatment and
reached the highest point on Day 4 (Figure 2A,C).
LYVE1 staining decreased significantly from Day 1
after CCl, treatment and reached the lowest point on
Day 4 (Figure 2D,E). The mRNA expression of CD34
increased significantly from Day 2 after CCl, treatment
and reached the highest point on Day 22 (Figure 2F).

Sirius red staining showed that fibrosis deposi-
tion was significantly increased from Day 4 after CCl,
treatment and reached the highest point on Day 22
(Figure 2G,H).

These results showed that pericentral areas ex-
panded, and pericentral angiogenesis and sinusoid
capillarization occurred at very early stage (Day 1 after
CCl, treatment), followed by the formation of central-
to-central bridging, decrease of periportal vessels, and
fibrosis deposition (Day 4 after CCl, treatment).

Changes of portal vessels, central
vessels, and sinusoid in NASH model

Mice were fed a choline-deficient, L-amino acid—
defined, high-fat diet to induce NASH, and livers were
harvested at Week 3, 6, 9, and 12. Due to the poor
resolution of co-staining GS and CD31 by immunoflu-
orescence in NASH sample sections, we stained GS
and CD31 by immunohistochemistry in serial sections.
The number of CD31-positive vessels in periportal
areas and pericentral areas were counted at differ-
ent time points. At Week 3, the adjacent pericentral
areas had been connected together (Figure 3A). The
number of periportal vessels decreased significantly
at Week 3 and reached the lowest point at Week 12
(Figure 3A,B), whereas the number of central vessels
increased significantly at Week 3 and reached the high-
est point at Week 12 (Figure 3A,C). LYVE1 staining de-
creased significantly at Week 3 and remained at this

level thereafter (Figure 3D,E). The mRNA expression
of CD34 increased significantly at Week 3 and reached
the highest point at Week 12 (Figure 3F). Sirius red
staining showed that fibrosis deposition was signifi-
cantly increased at Week 3 and reached the highest
point at Week 9 (Figure 3G,H).

Effects of AAV9-LECT2-shRNA,
bevacizumab, and rVEGF on liver fibrosis
induced by CCl, in mice

As reported previously,[13'14'22] hepatic expressions
of LECT2, Tie1, VEGF, and VEGFR2 significantly in-
creased during liver fibrosis development after CCl,
treatment (Figure S2). We next assessed the effects of
AAV9-LECT2-shRNA, bevacizumab, and rVEGF in a
mouse model of CCl,-induced liver fibrosis (Figure 4A).
Knockdown of LECT2 was confirmed in AAV9-LECT2-
shRNA infected mice liver (Figure S3A). Decreased
expression of Tie1 was found in mice liver treated with
the combination of AAV9-LECT2-shRNA and bevaci-
zumab (Figure S3B). Increased expression of VEGF
was found in mice liver treated with AAV9-LECT2-
shRNA, bevacizumab, and the combination of AAV9-
LECT2-shRNA and VEGF (Figure S3C). Increased
expression of VEGFR2 was found in mice liver treated
with AAV9-LECT2-shRNA, bevacizumab, the combi-
nation of AAV9-LECT2-shRNA and bevacizumab, and
the combination of AAV9-LECT2-shRNA and VEGF
(Figure S3D). Sirius red staining showed that, com-
pared with that in the control group, fibrosis deposition
was significantly reduced in the AAV9-LECT2-shRNA,
bevacizumab, and rVEGF treatment group, respectively
(Figure 4B,C). Furthermore, the combination treatment
of AAV9-LECT2-shRNA and bevacizumab, and that of
AAV9-LECT2-shRNA and rVEGF, showed a more po-
tent therapeutic effect on CCl,-induced liver fibrosis than
individual treatment, respectively (Figure 4B,C). Liver
fibrogenesis was further evaluated by a-SMA staining
and quantitative real-time PCR for the common fibrotic
factors, including ACTA2, TGFB1, FN1, and COL1A1.
Compared with that in the control group, a-SMA staining
was significantly reduced in the AAV9-LECT2-shRNA,
bevacizumab, and rVEGF treatment groups, respectively
(Figure 4D,E). Furthermore, the combinational treatment
of AAV9-LECT2-shRNA and bevacizumab showed a
more potent effect on reduction of a-SMA staining than
individual treatment (Figure 4D,E). Quantitative real-
time PCR analysis of the expression levels of fibrotic fac-
tors ACTA2, TGFB1, FN1, and COL1A1 showed that the
combinational treatment of AAV9-LECT2-shRNA and
bevacizumab showed a more potent effect on reducing
the expression of fibrotic factors than the individual treat-
ments of AAV9-LECT2-shRNA, bevacizumab or rVEGF,
as well as the combination of AAV9-LECT2-shRNA and
rVEGF (Figure 4F).
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FIGURE 3 Changes of portal vessels, central vessels, and sinusoid in NASH model. (A) C57BL/6J mice were fed a choline-deficient,
L-amino acid—defined, high-fat diet for 12 weeks to induce NASH. Serial sections of harvested liver tissues at different time points were
processed for immunohistochemistry staining for GS (pericentral area marker, upper) and CD31 (endothelial marker, lower). The red

dotted line in lower image indicates GS-positive area according to GS staining in upper image. Arrows, portal vessels; arrowheads, central
vessels. Scale bar, 100 um. (B) The number of CD31-positive vessels in the periportal area was measured. (C) The number of CD31-
positive vessels in the pericentral area was measured. (D) Harvested liver tissues from NASH model at different time points were processed
for immunohistochemistry staining for LYVE1 (LSEC marker). Scale bar, 100 pm. (E) LYVE1-positive area was analyzed by ImagelJ. (F)
Quantitative real-time PCR was used to analyze the mRNA levels of CD34. (G) Harvested liver tissues from NASH model at different time
points were stained using sirius red for fibrosis analysis. Scale bar, 200 pm. (H) Sirius red—positive area was analyzed by ImageJ. n = 5/
group. Mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Effects of different treatments on of liver fibrosis. Compared with the control group, in-
portal vessels, central vessels, and creased portal vessels and decreased central vessels
liver sinusoids were observed in AAV9-LECT2-shRNA-infected mice

(Figure 5A-C). Bevacizumab treatment significantly
Next, we examined the changes of portal vessels, cen- reduced the number of central vessels (Figure 5A-C).

tral vessels, and liver sinusoids during the treatment Meanwhile, rVEGF treatment significantly increased
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FIGURE 4 Effects of adeno-associated viral vector serotype 9 (AAV9)— leukocyte cell-derived chemotaxin 2 (LECT2)—short hairpin
RNA (shRNA), recombinant vascular endothelial growth factor (rVEGF), and bevacizumab on liver fibrogenesis. (A) Schematic overview
of experimental design for (B) to (F). The liver tissues were harvested from CCl,-treated control C57BL/6J mice (Control, n = 5-8), CCl,-
treated and AAV9-LECT2-shRNA-infected C57BL/6J mice (AAV9-LECT2-shRNA, n = 5-7), CCl,-treated and bevacizumab-injected
C57BL/6J mice (bevacizumab, n = 5), CCl,-treated and rVEGF-injected C57BL/6J mice (FVEGF, n = 5), CCl,-treated C57BL/6J mice
with the combination treatment of AAV9-LECT2-shRNA and bevacizumab (AAV9-LECT2-shRNA + bevacizumab, n = 5), and CCl,-
treated C57BL/6J mice with the combination treatment of AAV9-LECT2-shRNA and rVEGF (AAV9-LECT2-shRNA + rVEGF, n = 4) and
stained using sirius red (B) and a-smooth muscle actin (a-SMA) (D) for fibrosis analysis. Scale bar, 200 um. (C) Sirius red—positive area
was analyzed by ImageJ. (E) a-SMA-positive area was analyzed by ImagedJ. (F) Quantitative real-time PCR was used to analyze the
mRNA levels of ACTA2, TGFB1, FN1, and COL1AT1 in livers harvested from each group. Mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001
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positive vessels in the periportal area was measured. (C) The number of CD31-positive vessels in the pericentral area was measured. Mean

+ SEM. *p < 0.05, **p < 0.01, ***p < 0.001

the numbers of portal vessels and central vessels, re-
spectively (Figure 5A-C). Furthermore, compared with
bevacizumab treatment, the combinational treatment of
AAV9-LECT2-shRNA and bevacizumab increased the
number of portal vessels and decreased the number of
central vessels (Figure 5A-C). Compared with rVEGF
treatment, the combinational treatment of AAV9-
LECT2-shRNA and rVEGF decreased the number of
central vessels (Figure 5A-C). These results and the

results in Figure 4 suggest that the increase of portal
vessels alleviated liver fibrosis, whereas the increase
of central vessels aggravated liver fibrosis.

Scanning electron microscopy analysis, LYVE1
staining, and CD34 mRNA measurement showed that
compared with that in the control group, decreased
sinusoid capillarization was observed in AAV9-
LECT2-shRNA-infected mice. Bevacizumab treat-
ment significantly decreased sinusoid capillarization
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and rVEGF treatment significantly increased sinusoid
capillarization, respectively. Compared with the beva-
cizumab treatment alone, the combinational treatment
of AAV9-LECT2-shRNA and bevacizumab further de-
creased sinusoid capillarization. Compared with the
rVEGF treatment alone, the combinational treatment
of AAV9-LECT2-shRNA and rVEGF also further de-
creased sinusoid capillarization (Figure 6A-E; Figure
S4). These results and the results in Figure 4 suggest
that the decrease of sinusoid capillarization alleviated
liver fibrosis.

Evaluation of liver function and body
weight in mice

Serum levels of Alb, TP, ALT, and AST were meas-
ured to indicate the functional and injury conditions
of liver. As shown in Figure 7, the combinational treat-
ment of AAV9-LECT2-shRNA and rVEGF, but not the
combinational treatment of AAV9-LECT2-shRNA and
bevacizumab, significantly decreased Alb level and
TP level (Figure 7A,B). The combinational treatment
of AAV9-LECT2-shRNA and bevacizumab, but not the
combinational treatment of AAV9-LECT2-shRNA and
rVEGF, significantly decreased ALT level and AST
level (Figure 7C,D). Furthermore, the combinational
treatment of AAV9-LECT2-shRNA and rVEGF, but not
the combinational treatment of AAV9-LECT2-shRNA
and bevacizumab, significantly reduced the body
weight of mice (Figure 7E). These results suggest that
the combinational treatment of AAV9-LECT2-shRNA
and rVEGF lead to serious side effects, and the com-
binational treatment of AAV9-LECT2-shRNA and bev-
acizumab might be a better therapeutic strategy for
liver fibrosis.

DISCUSSION

In the current study, we report that during CCl,-induced
liver fibrogenesis, liver vascular changes occurred at
very early stage. Portal vessels decreased, sinusoid
capillarizationincreased, and central vessels increased.
We propose that the combined regulation of multiple
different EC regulatory signaling pathways would pro-
vide potent treatment strategies for liver fibrosis. We
conducted a proof-of-concept trial by combining the
regulation of LECT2/Tie1 signaling with the regulation
of VEGF/VEGFR signaling. The results show that the
combinational treatment of AAV9-LECT2-shRNA and
bevacizumab significantly improved the therapeutic ef-
fects on liver fibrosis (Figure 8).

Fibrotic liver injury is a worldwide disease that re-
sults in loss of liver function, and yet no effective
treatments are available. Cumulative evidence clearly
demonstrates that liver fibrogenesis is accompanied by

abnormal angioarchitecture of the liver, which is closely
associated with liver fibrosis processing. Various pro-
angiogenic factors, including VEGFs, HIFs, FGFs, Angs
and PDGFs, are found to be abnormally expressed and
significantly regulate liver fibrogenesis.[s‘gl However,
the effect of current antiangiogenic therapy on liver fi-
brosis is not satisfactory. Different blood vessels are
located in different areas of hepatic lobules. In each
hepatic lobule, blood flows from the portal vein and he-
patic artery through the liver sinusoid toward the cen-
tral vein. Although liver angiogenesis and liver sinusoid
capillarization have been observed in many studies
of liver fibrosis, few studies have noticed the differ-
ent changes of blood vessels in three different lobule
areas, nor the different roles of these three different
blood vessels in liver fibrogenesis. In addition to the si-
nusoid capillarization reported to promote liver fibrosis
previously, our current study has findings in portal and
central vessels: Their changes and roles during liver
fibrogenesis are apparently opposite. During liver fibro-
genesis, portal vessels are decreased, whereas central
vessels are increased; increased portal vessels inhibit
liver fibrosis, while increased central vessels promote
liver fibrosis. This finding makes it very complicated to
treat liver fibrosis by targeting blood vessels. Therefore,
it must be considered to promote portal vessels, inhibit
central vessels, and inhibit sinusoid capillarization at
the same time. In this regard, it is difficult for a sin-
gle vascular regulatory pathway to meet all of these
requirements. Combining multiple different vascular
regulatory pathways to achieve favorable regulation of
different vessels would improve the therapeutic effects
on liver fibrosis.

The VEGF/VEGFR signaling is suggested to play
pivotal roles in angiogenesis and vascular remodel-
ing by the regulation of EC survival and proliferation.
Lots of evidence show that VEGF overexpression
accelerates fibrosis by increasing hepatic collagen
deposition, and inhibition of VEGF/VEGFR has been
tested to treat liver fibrosis.°~"%1 On the other hand,
it is also reported that VEGF promotes liver fibrosis
resolution, and inhibition of VEGF/VEGFR inhibits
liver fibrosis resolution."®='%! These controversial re-
sults make it difficult to treat liver fibrosis by target-
ing VEGF/VEGFR signaling simply and directly. In
this study, we found that both rVEGF treatment and
bevacizumab (VEGF neutralizing antibody) treatment
have significant therapeutic effects on CCl,-induced
liver fibrosis. rVEGF treatment led to increased por-
tal vessels, increased central vessels, and increased
sinusoid capillarization, whereas bevacizumab treat-
ment showed decreased central vessels and de-
creased sinusoid capillarization. We speculate from
these results that portal angiogenesis inhibits fibro-
sis, central angiogenesis promotes fibrosis, and si-
nusoid capillarization also promotes liver fibrosis.
This may help explain the contradictory effects of
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*p <0.05, **p < 0.01, ***p < 0.001
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FIGURE 7 Effects of AAV9-LECT2-shRNA, rVEGF, and bevacizumab on liver function and body weight in mice. C57BL/6J mice

were injected with CCl, to induce liver fibrosis and treated with AAV9-LECT2-shRNA, rVEGF, and bevacizumab, as shown in Figure
4A. Serum levels of albumin (Alb) (A), total protein (TP) (B), alanine aminotransferase (ALT) (C) and aspartate aminotransferase (AST)
(D) were measured. (E) The mice body weight was measured at the indicated time. Mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

52 < 0.0001

rVEGF and bevacizumab on the treatment of liver fi-
brosis. On the one hand, they are conducive to the
treatment, whereas on the other hand, they are un-
favorable in certain conditions. The combination of
rVEGF and bevacizumab is obviously ineffective. It

is necessary to combine with additional vascular reg-
ulators to enhance the effects of rVEGF or bevaci-
zumab, respectively.

LECT2-Tie1 is a signaling pathway that regulates
the function of vascular endothelial cells and plays
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combination treatment of AAV9-LECT2-shRNA and bevacizumab significantly improved the therapeutic effects on liver fibrosis. CV, central
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an important role in liver fibrosis.!?? Secreting protein
LECT2 was initially identified as a chemoattractant of
neutrophils, stimulating the growth of chondrocytes
and osteoblasts!?®*% and participating in many patho-
logical conditions, such as sepsis,m diabetes,®? sys-
temic amyloidosis,[33'34] liver cancer,®*! NAFLD,% and
hematopoietic stem cell homeostasis.’! EC-specific
receptor Tie1 is essentially required for normal vascu-
lar development and function, and had been an orphan
receptor for a long time. 13849 Recently, we reported
that LECT2 binds to Tie1 directly to inhibit portal angio-
genesis, induce sinusoid capillarization, and promote
liver fibrogenesis. Knockdown of LECT2 by AAV9-
LECT2-shRNA inhibits sinusoid capillarization, induces
portal angiogenesis, and attenuates liver fibrosis.??
Therefore, AAV9-LECT2-shRNA might have an ad-
vantage in further improving the therapeutic effects on
liver fibrosis when applied in combination with r'VEGF
or bevacizumab. As expected, the combinational treat-
ment of AAV9-LECT2-shRNA and rVEGF decreased si-
nusoid capillarization, and the combinational treatment
of AAV9-LECT2-shRNA and bevacizumab increased
portal angiogenesis. Surprisingly, AAV9-LECT2-
shRNA also inhibited central angiogenesis, and the
combinational treatment of AAV9-LECT2-shRNA and
rVEGF decreased central angiogenesis accordingly.
In this way, AAV9-LECT2-shRNA makes up for the
defects of rVEGF and bevacizumab in targeting liver
blood vessels for liver fibrosis treatment, and strength-
ens their advantages, respectively. Consistently, the
combinational treatment of AAV9-LECT2-shRNA and

rVEGF and that of AAV9-LECT2-shRNA and beva-
cizumab showed a more potent therapeutic effect on
CCl,-induced liver fibrosis. However, the combina-
tional treatment of AAV9-LECT2-shRNA and rVEGF
induced body weight loss and liver function decline,
indicating serious side effects. The combination of
AAV9-LECT2-shRNA and bevacizumab showed both
improved therapeutic effects and less side effects,
which is a therapeutic strategy worthy of further ex-
ploring the clinical effect. Interestingly, AAV9-LECT2-
shRNA promoted portal angiogenesis, inhibited central
angiogenesis, and inhibited sinusoid capillarization at
the same time. Further study is needed to uncover the
mechanism of the different regulatory effects of LECT2
signaling on these different vessels.

In conclusion, liver vascular changes occur at very
early stage of fibrogenesis. Different liver blood vessels
change differently and play different roles during liver
fibrogenesis, which indicates that ECs may be essen-
tial in the initiation of liver fibrogenesis. The underlying
mechanism needs to be further explored. Combining
the regulation of multiple vascular regulatory pathways
to promote portal angiogenesis, inhibit central angio-
genesis, and inhibit sinusoid capillarization will improve
the therapeutic effects of liver fibrosis. By combining
the regulation of LECT2/Tiel1 signaling with that of
VEGF/VEGFR signaling, we find that the joint treat-
ment of AAV9-LECT2-shRNA and bevacizumab signifi-
cantly improved the therapeutic effect on liver fibrosis.
Several other signaling pathways are reported to reg-
ulate angiogenesis or vascular remodeling, including
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HIFs, FGFs, Angs, and PDGFs. Next, it is worth further
studying the combined regulation of various vascular
regulatory pathways to provide more strategies for the
treatment of liver fibrosis.
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