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Abstract

Background and Aims: Hepatic ischemia-reperfusion injury (IRI) is
unavoidable even despite the development of more effective surgical
approaches. During hepatic IRI, activated HSC (aHSC) are involved in liver

Guangxi, P.R. China
injury and recovery.

Approach and Result: A proportion of aHSC increased significantly both in
the mouse liver tissues with IRl and in the primary mouse HSCs and LX-2
cells during hypoxia-reoxygenation. “Loss-of-function” experiments revealed
that depleting aHSC with gliotoxin exacerbated liver damage in IRI mice.

Subsequently, we found that the transcription of mMRNA and the expression
S:;:;?;I “ﬂzﬁﬁibugﬂirf;xy. /;;fglg;d F? 2"_“' of B and T lymphocyte attenuator (BTLA) protein were lower in aHSC
E::gl"? woxiaoling@gxmu.educn compared with quiescent HSCs. Interestingly, overexpression or knockdown

of BTLA resulted in opposite changes in the activation of specific markers for
HSCs such as collagen type | alpha 1, a-smooth muscle actin, and Vimentin.
Moreover, the upregulation of these markers was also observed in the liver
tissues of global BLTA-deficient (BTLA™") mice and was higher after hepatic
IRI. Compared with wild-type mice, aHSC were higher, and liver injury was
lower in BTLA™~ mice following IRI. However, the depletion of aHSC
reversed these effects. In addition, the depletion of aHSC significantly exa-
cerbated liver damage in BTLA™~ mice with hepatic IRI. Furthermore, the
TGF-p1 signaling pathway was identified as a potential mechanism for BTLA
to negatively regulate the activation of HSCs in vivo and in vitro.
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Conclusions: These novel findings revealed a critical role of BTLA. Par-
ticularly, the receptor inhibits HSC-activated signaling in acute IRI, implying
that it is a potential immunotherapeutic target for decreasing the IRI risk.

INTRODUCTION

Hepatic ischemia-reperfusion injury (IRl) is a patho-
physiologic process characterized by reperfusion and
hypoxia in ischemic tissue during liver trauma, hemor-
rhagic shock, hepatectomy, and liver transplantation,!"-2
leading to hepatic failure, hemorrhagic shock, and graft
dysfunction.[34! The acute phase of IRl is caused by an
imbalance in the innate immune responses involving
several immune cells, including macrophages, natural
killer cells, dendritic cells, CD4* T cells, and CD8* T
cells, causing a complex inflammation. Despite signif-
icant advancements in perioperative management and
surgical techniques, the occurrence of hepatic IRI is
difficult to prevent during liver surgery, which calls for
further investigation into the mechanisms of liver IRl and
develop new treatment methods.

HSCs are located in the perisinusoidal space between
sinusoidal endothelial cells and hepatocytes and account
for 5%—8% of the cells in the liver. Under health conditions,
HSCs maintain a nonproliferation and quiescent
phenotype.[581 However, upon liver injury, the quiescent
HSCs (qHSCs) are quickly activated, transforming to be
myofibroblast-like cells, also known as activated HSCs
(aHSC), to participate in liver repair and regeneration after
hepatectomy or into liver fibrosis during chronic liver
injury.["8 Regarding hepatic IRI, the function of aHSC in
liver injury and recovery is controversial. Hepatic IRI-
activated aHSC seem to exacerbate acute liver injury by
increasing the production of pro-inflammatory factorsl®
and contribute to prolonged recovery time and extensive
fibrosis.l'% However, Jameel et al'!l found that aHSC
release powerful antioxidant proteins that protect the liver
from hepatic IRI. Konishi et all'2'3! proposed that hepatic
recovery and regeneration after liver IRI depend on the
HSC proliferation and activation, and the liver fibrosis
induced by this process cannot enhance the susceptibility
of hepatic to subsequent liver damage. Therefore, under-
standing the role of aHSC in liver IRI could eliminate the
controversy surrounding the role of aHSC in liver IRl and
provide methods for promoting liver recovery.

B and T lymphocyte attenuator (BTLA), a co-inhibitory
receptor like programmed death 1 (PD1) and cytotoxic T
lymphocyte ag-4 (CTLA4), is a member of the CD28
immunoglobulin superfamily and is mainly involved in the
negative regulation of various immune cell activation and
proliferation.l"#1% The BTLA ligand is the herpes virus entry
mediator (HVEM), a member of the TNF receptor
superfamily rather than the classical B7 family.['6.77] The

BTLA/HVEM signaling axis is involved in many physiologi-
cal and pathological processes, such as the pathogenesis
of tumors, inflammatory diseases, autoimmune diseases,
infectious diseases, and transplant rejection.'” A combi-
nation of BTLA and HVEM directly links the CD28 and TNF
receptor families, inhibiting the overactivation of lympho-
cytes in vivo and preventing autoimmune injury. However,
in tumor tissues, the abnormal expression of HVEM can
inhibit the immune function of cytotoxic killer lymphocytes
by binding with BTLA, resulting in immune evasion and
tumor progression.'8'9 Studies have shown that activa-
tion of co-inhibitory receptors can effectively regulate organ
damage caused by inflammation. Ji et al?”! proposed that
the upregulation of PD1 signals can greatly alleviate liver
IRI-induced inflammation and injury by promoting the
inactivation of T cells and disputing the function of KDs.
Takada et al?"l and Chandraker et all?? suggested that
CTLAA4 Ig could protect the kidney from renal IRI. Although
no direct evidence of the functions of BTLA in liver IRI
exists, our study showed the involvement of BTLA in liver
IRI. To illustrate this, we constructed a mouse hepatic IRI
model on wild-type and BLTA-deficient (BTLA™") mice and
compared the degree of liver damage and HSC activation.
We found that downregulation of BTLA alleviated the
severity of liver injury in the hepatic IRl model by activating
HSCs, providing a potential option for treating liver IRI and
preventing subsequent adverse reactions.

EXPERIMENTAL PROCEDURES
Mice

C57BL/6 mice aged 8-10 weeks and weighing ~25 +
2 g were purchased from the Laboratory Animal Center of
Zhejiang University School of Medicine (Hangzhou,
China). The mice were housed in a temperature-
controlled, pathogen-free facility with a 12-hour (h) light/
dark cycle and free access to food and water. All
procedures were performed with the protocols approved
by the Experimental Animal Welfare Ethics Review
Committee of Zhejiang University (Project Approval
Number: ZJU20170115) and were conducted following
the guidelines outlined by the Guide for the Care and Use
of Laboratory Animals published by the National Insti-
tutes of Health (Publication 86-23, revised 1985). BTLA™
~ mice were purchased from Biocytogen Pharmaceut-
icals (Beijing) Co., Ltd., and generated by the CRISPR/
Cas9 system (Supplemental Figure 1a, http:/links.lww.
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com/HC9/A909). Primer sequences of BTLA are listed in
Supplemental Table 1, http://links.lww.com/HC9/A910.

Mouse warm hepatic IRl model

The nonfatal segmenting (~70%) liver warm IRI model
was performed as represented.[?3! In brief, mice were
anesthetized with pentobarbital sodium (50 mg/kg) i.p.
injection, and each layer was dissected vertically to
expose the liver. All structures in the left and median
liver lobes of portal triple ducts were blocked for
90 minutes with a microvascular clamp (Supplemental
Figure 1b, http://links.lww.com/HC9/A909); reperfusion
begins by removing the clamp. The mice were sacrificed
6 hours or 24 hours after reperfusion, and the serum and
liver tissues were harvested for further analyses. In
addition, the same operation procedure was performed in
the sham-operated group, but not blocked.

Mouse aHSC depletion

In this study, we used gliotoxin to deplete aHSC in mice,
as described.[?425] |n brief, mice were injected intra-
peritoneally with either gliotoxin (3 mg/kg; Yuanye Bio-
Technology, Shanghai) or (DMSO; vehicle control)
24 hours before IR and immediately after operation.

Primary mouse HSC isolation

Male C57BL/6 mice between 24 and 26 weeks of age
were anesthetized with deep anesthesia. Retrograde
perfusion through the inferior vena cava was followed by
EGTA (Sigma) solution for 2 minutes, D-hanks solution
(Solarbio) for 2 minutes, and collagenase IV (Sigma)
solution for 15 minutes, outflow from the portal vein,
always clamping the superior hepatic vena cava (Supple-
mental Figure 1c, http://links.lww.com/HC9/A909). After
rapid separation of the liver, primary mouse HSCs were
isolated by collagenase perfusion and followed by density
gradient centrifugation, as reported.?! Finally, HSCs were
isolated and cultured in a humidified incubator (95% air,
5% CO,) at 37°C, with a high-glucose DMEM (Invitrogen)
containing 10% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin  (P/S; meilunbio). After about
12 hours of incubation, fresh complete DMEM was
replaced to remove necrotic floating cells, which remained
as qHSCs, and the culture was continued until day 5 to
establish aHSC.

Cell line culture

The human HSC line (LX-2) was purchased from the
China Center for Type Culture Collection (GPC0076,

CCTCC, China). All cells were cultured in DMEM
containing 100 ng/mL streptomycin (CellMax, USA),
100 U/mL penicillin (CellMax, USA), and 10% fetal
bovine serum (CellMax, USA) in a 5% CO2 humidified
incubator at 37°C.

RNA interference and overexpression

LX-2 cells were transfected by Lipofectamine™ 3000
Transfection Reagent (Invitrogen, USA) based on the
manufacturer’s instructions. For RNA interference, the
LX-2 cells were transfected with negative control short
interfering RNAs (siNC) or BTLA siRNA (#1: GAAC-
CATTCTGTCATTGGA,; #2: CCAACAGAATATGCATC
CA; Ribobio, China). For overexpression, the LX-2 cells
were transfected with 2 ug of pcDNA3.1-empty vector or
pcDNA3.1-BTLA (Shanghai Hanyin Biotech Co.). Opti-
MEM was transfected with Lipofectamine™ 3000
reagent for 12 hours, and the medium was then
replaced into complete DMEM for 48 hours or 72 hours
to prepare for subsequent experiments.

Hypoxia-reoxygenation (HR) model

HR model was used to mimic hepatic IRI in vitro, as
reported.l?”] Briefly, the cells were first cultured in a
hypoxia incubator chamber (1% O, 5% CO,, and 94%
N>) with glucose-free and serum-free DMEM for 6 hours,
and replaced to complete DMEM and cultured in the
normal culture condition (95% air, 5% CO,) for another
6 hours to prepare for subsequent experiments.

Liver function assessment

Mouse blood samples were placed at 37°C for 1 hour,
and then serum was collected after centrifuged at
3000 rpm for 10 minutes. The activities of serum
levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were determined using AST/
ALT/GPT Assay Kit (Nanjing Jiancheng Biological
Technology, China) following the manufacturer's
instructions.

Measurement of inflammatory cytokines
and chemokines

The method of collecting mice serums was described
above. The levels of inflammatory cytokines in the
serum of mice were measured by a commercial
LEGENDplex™ Multi-Analyte Flow Assay Kit (Biole-
gend® Enabling Legendary Discovery™) for flow
cytometry in accordance with the manufacturer’s
protocols.
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FIGURE 1

The effect of IRI on HSC activation. The level of (A) ALT, (B) AST, and (C) inflammatory cytokines in livers of those subjected to IRI

and control group. (D) The morphology (necrotic change), H&E staining (magnification x 100), TUNEL staining (brown color indicative of necrosis/
apoptosis; magnification x 400), Ki-67 staining (brown color indicative of proliferation; magnification x 400), and a-SMA staining (brown color
indicating aHSC deposition; magnification x 400) analyses of livers from wild-type mice IRl (n = 4-5/group). (E) and (F) gPCR analysis for the
mRNA of a-SMA and COL1A1. (G) Western blot analysis for the expression of COL1A1 and a-SMA in livers of wild-type mice subjected to IRI (n =
3/group); (H)Western blot analysis for the expression of Vimentin and a-SMA in primary mouse HSCs (mHSCs) and LX-2 cells after HR
stimulation; All data are presented as the mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: aHSC, activated
HSCs; ALT, alanine aminotransferase; AST, aspartate aminotransferase; COL1A1, collagen type | alpha 1; Con, control; H&E, hematoxylin and
eosin; HR, hypoxia-reoxygenation; IRI, ischemia-reperfusion injury; mHSCs, mouse HSCs; N.S., nonsignificant; RT-PCR, real-time reverse
transcription polymerase chain reaction; a-SMA (ACTA2), a-smooth muscle actin; Vim, Vimentin.

RT-qPCR

The fresh liver samples were homogenized through a
QlAshredder spin column (Jingxin, China). Total RNA
was isolated from hepatic samples or cells using the
RNA-Quick Purification Kit (Shanghai Yishan Bio-
technology Co., Ltd.) according to the manufacturer’s
instructions. Complementary DNA was synthesized
using Hifair® Il 1st Strand cDNA Synthesis SuperMix
(Shanghai Yishan Biotechnology Co., Ltd.) for gPCR,
and then the RT-qPCR assay was detected by FastStart
Universal SYBR Green Master Rox (Roche Ltd.) to
quantify mRNA levels. The primers for RT-gPCR were
synthesized by TsingKe Biological Technology. The
relative gene expression data were calculated by the 2-
AACt glgorithm, 28] and all determinations were repeated 3
times. Primer sequences of related genes are listed in
Supplemental Table 1, http://links.lww.com/HC9/A910.

Histopathological analysis

Gross morphology and hematoxylin and eosin staining
were applied to estimate the liver necrosis degree. Mice
hepatic samples were fixed in 4% phosphate-buffered
formalin at 37°C shakings overnight, and then dehy-
drated, embedded in paraffin, and sliced to 4 ym-5 ym
slides. According to the manufacturer’s instructions, the
slides were then dewaxed and stained with Hematoxylin
and Eosin Staining Kit (Solarbio, China). As for immu-
nohistochemistry (IHC) staining, the slides were first
dewaxed and the Ag was retrieved, then 10% bovine
serum albumin was used at 37°C for 1 hour to block the
nonspecific antibody. After incubating with the primary
antibody at 4°C overnight, the secondary antibody
conjugated with horseradish peroxidase was appropri-
ately added and incubated at 37°C for 30 minutes. After
washing with phosphate buffer saline, according to the
manufacturer’'s protocols, slides were processed by the
GTvision immunohistochemistry kit (Shanghai Gene-
Tech Company Limited). Lastly, color reaction was
performed to show the chemical constituents of tissues
or cells observed under the light microscope, and the
staining density (0-3 points: negative staining, light
yellow, pale yellow, dark brown) and the positive rate
(1-4 points: 0%—25%, 26%-50%, 51%—75%, 76%—
100%) were scored. The product of staining intensity

and staining density is the final score of the sample. All
antibodies used in this study are listed in Supplemental
Table 2, http://links.lww.com/HC9/A910.

TUNEL staining

Hepatocyte apoptosis in paraffin-embedded slides was
measured by the TUNEL kit (Nanjing KeyGen Biotech
Co., Ltd.) following the manufacturer’s instructions. The
TUNEL-positive cells were observed by light micro-
scope and counted the number in 5 randomly selected
x 200 fields on each slide.

Western blot analysis

Total protein was extracted by adding protease inhibitors
(MedChemExpress) and phosphatase inhibitors (Med-
ChemExpress) with RIPA lysis buffer (Beyotime Institute
of Biotechnology). Hepatic tissues or cells were lysed in
protein lysis buffer on ice and the protein concentrations
were detected by a bicinchoninic acid protein assay kit
(Meilunbio, China). The proteins were separated with
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and then transferred onto a polyvinylidene fluoride
membrane (Millipore, USA). After blocking the membrane
with skim milk on the rocking shaker for 1 hour,
appropriate concentration of primary antibody was added,
and then incubated in the shaker at 4°C overnight. The
membrane was then rinsed drastically in washing buffer
the next day and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 hour. Finally,
enhanced chemiluminescence reagents (Fdbio Science,
China) were applied to evaluate the Ag-antibody complex
on the membrane. The bands were detected using the
ChemiDoc™ Touch Imager (Bio-Rad Laboratories, Inc.)
and analyzed by ImageLab software version 5.2 (Bio-Rad
Laboratories, Inc.). All antibodies used in this research are
listed in Supplemental Table 2, http://links.lww.com/HC9/
A910.

RNA-seq and data analysis

Primary mouse qHSCs and aHSC were obtained accord-
ing to the method mentioned above, and RNA was
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FIGURE 2

Effects of aHSC on the apoptosis and proliferation of hepatocytes during IRI. (A) Schematic diagram of depletion of aHSC in mice, in

which wild-type mice were treated with DMSO or 3 mg/kg gliotoxin, followed by a second dose 24 hours later at the time of hepatic IR. Livers were
harvested 24 hours following treatment. (B)Western blot analysis for the expression of COL1A1 and a-SMA in livers of wild-type mice (n = 3/group).
(C) Flow cytometry analysis for the levels of serum inflammatory cytokines and chemokines in livers of wild-type mice. (D) and (E) ALT and AST in
serum from wild-type mice (n = 3—4/group). (F) Gross morphology (necrotic change), H&E staining (magnification x 100), TUNEL staining (brown
color indicative of necrosis/apoptosis; magnification x 400), Ki-67 staining (brown color indicative of proliferation; magnification x 400), and a-SMA
staining (brown color indicating aHSC deposition; magnification x 400) analyses for livers from wild-type mice. (G), (H), (I), and (J) Corresponding
quantitative analyses of immunohistochemistry. All data are presented as the mean+SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Abbreviations: aHSC, activated HSCs; ALT, alanine aminotransferase; AST, aspartate aminotransferase; COL1A1, collagen type | alpha 1;

H&E, hematoxylin and eosin; IR, ischemia-reperfusion; N.S., nonsignificant; a-SMA (ACTA2), a-smooth muscle actin.

extracted from these cells for subsequent RNA-sequenc-
ing (RNA-seq) and analysis by Hangzhou Lianchuan
Biotechnology Co., Ltd. Briefly, following purification, a
final cDNA library was established by the mRNA-Seq
sample preparation kit (llumina, San Diego, USA) based
on the manufacturer’s instructions. The transcriptome was
sequenced by the lllumina paired-end RNA-seq method.
Reads from primary mouse qHSCs and aHSC were
then compared with the University of California Santa
Cruz (http://genome.ucsc.edu/) Mus musculus reference
genome by the HISAT software package, and assembled
through StringTie. Next, Perl script was hired to merge all
the transcripts to rebuild a comprehensive transcriptome.
Finally, the levels of all transcripts in the final transcriptome
were assessed using StringTie and Ballgown. The
differentially expressed mRNAs were screened out with
statistical significance (Ifold changel> 1.5 and p < 0.05).
Advanced heat map and volcano plot were plotted by the
OmicStudio tools (https://www.omicstudio.cn/tool).

Statistical analysis

All data are presented as means+SE. Two-tailed
Student’'s t-test (2 groups) and one-way ANOVA
(multiple groups) were used for comparisons. p < 0.05
was considered to be statistically significant. Analysis
and graphing were carried out through the GraphPad
Prism software (version 9.0).

RESULTS

HSC activation increased significantly in
both in vivo and in vitro hepatic IRI

To explore the relationship between aHSC and liver
IRI, we created a mouse model of warm 70% liver IRI
with ischemia for 90 minutes and reperfusion for
6 hours or 24 hours. Serum ALT and AST levels
revealed impaired liver function (Figure 1A, B), while
hematoxylin and eosin staining revealed severe
hepatic tissue necrosis (Figure 1D). Since
inflammation, apoptosis, and proliferation of
hepatocytes are involved in liver injury and recovery

during hepatic IRI,[2% we compared the levels of
inflammatory cytokines (TNF-«, IL-1p, IL-6, IL-10, IL-
12 p70, IL-12p40, IL-18, IL-23, G-CSF, and TGF-$1)
and chemokines (chemokine ligand [CCL]J17, CCL22,
and C-X-C motif ligand 1 [CXCLA1]), the apoptosis, and
the proliferation of hepatocytes between the IRI
and non-IRIl groups separately. The expression of
inflammatory cytokines and chemokines, apoptosis,
and proliferation of cells was found to be higher in
these experimental mice (Figure 1C, D). These results
confirmed the successful establishment of the
hepatic IRl mouse model. In addition, during the
injury phase, the liver injury gradually worsened
and was significantly aggravated 24 hours after
reperfusion. Liver injury is accompanied by the
recovery of the liver, and this antagonistic repair
response appeared at the early stage of injury and
gradually intensified.

Coincidentally, we observed an increase in
the transcription of mRNA (Figure 1E, F) and
protein expression (Figure 1G, Supplemental Figures
2e, 2f, http://links.lww.com/HC9/A911) of alpha-smooth
muscle actin (a-SMA) and collagen type | (COL1A1),
both markers for aHSC, in the liver after IRI. These
results suggest that IRI stress induced the transforma-
tion of qHSCs into aHSC. Furthermore, IHC staining
showed that hepatic parenchyma and periportal zones
around the necrotic area have more a-SMA-positive
HSCs, accompanied by fewer apoptotic hepatocytes
but many proliferating cells in the liver at 24 hours after
reperfusion (Figure 1D). These findings suggest that
aHSC may regulate hepatocyte injury and regeneration
after IRIl. Finally, whether hepatic IRl induces the
activation of HSCs through primary mouse HSC
(mHSCs) and LX-2 cells was investigated. After
stimulating the HR cell model, the morphology of
mHSCs changed from star-shaped to extended
dendritic cell processes and formed clusters and fibers
(Supplemental Figure 2g, http:/links.lww.com/HC9/
A911), and the levels of «-SMA and vimentin (Vim)
(another aHSC marker) were significantly high in both
mHSCs and LX-2 cells (Figure 1H, Supplemental
Figures 2a-2d, http://links.lww.com/HC9/A911). These
results further confirmed that hepatic IRI stress could
activate HSCs.
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FIGURE 3 BTLA expression was significantly decreased after HSC activation in vitro. (A) Inverted fluorescence microscope shows that
most qHSCs store vitamin A—containing lipid droplets, which give the gHSCs a feature of fading blue autofluorescence, while aHSC lose lipid
droplets (magnification x200). (B) RT-qPCR and (C) western blot analysis of Vimentin and «-SMA mRNA and protein expression in gHSCs
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and aHSC. (D) Volcanic map showing the RNA-seq analysis results of primary mouse gHSCs and aHSC, including 3256 upregulated genes
and 3380 downregulated genes, among which BTLA and CTLA4, 2 members of CD28 family, were significantly downregulated after primary
mouse HSC activation. (E) Heat map analysis of selected genes, with well-known genes associated with aHSC and qHSCs markers, as well
as BTLA and CTLA4. (F) Western blot analysis and quantification results of BTLA expression in primary mouse qHSCs and aHSC. (G) RT-
gPCR analysis, and (H) Western blot analysis of transfection efficiency of BTLA in LX-2 cells (human aHSC cell line) following transfection
with empty-vector control or siNC, and transfected with BTLA overexpression or siRNAs (siBTLA#1 and siBTLA#2); (I) Western blot showing
expression of aHSC markers (COL1A1, Vimentin, a-SMA), proapoptotic gene (Bad) and proliferation gene (PCNA) in LX-2 cells transfected
with empty-vector control or siNC, and transfected with BTLA overexpression or siRNAs (siBTLA#1 and siBTLA#2). All data are presented as
the mean+SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: aHSC, activated HSCs; BTLA, B and T lymphocyte
attenuators; COL1A1, collagen type | alpha 1; CTLA4, cytotoxic T lymphocyte ag-4; N.S., nonsignificant; PCNA, proliferating cell nuclear
antigen; qHSCs, quiescent HSCs; RT-PCR, real-time reverse transcription polymerase chain reaction; RNA-seq, RNA-sequencing; a-SMA

(ACTA2), a-smooth muscle actin; Vim, Vimentin.

HSC activation protects the liver from
hepatic IRI

Next, whether the HSC activation after hepatic IRI is
detrimental or beneficial to liver recovery and repair was
assessed by depleting aHSC with gliotoxin (an anti-
fibrotic fungal metabolite known to induce aHSC
apoptosisi2*25]). The mice were injected i.p. with either
3 mg/kg gliotoxin or DMSO 24 hours before hepatic IR
and immediately after operation (Figure 2A). Gliotoxin
treatment significantly downregulated the levels of a-
SMA and COL1A1 under both normal physiological
conditions and hepatic IRl stress (Figure 2B,
Supplemental Figures 2h, 2i, http://links.lww.com/HC9/
A911). IHC staining of a-SMA confirmed these results
(Figure 2F, J), indicating the successful depletion of
aHSC by gliotoxin in mice.

Further liver damage assessments were performed.
No difference in liver function, inflammatory cytokines
and chemokines, necrotic area, apoptotic cells, and
proliferating cells were observed between the gliotoxin-
treated group and the DMSO-treated sham group,
indicating that the gliotoxin dose did not cause liver
injury under normal physiological conditions (Figure 2C,
F-1). However, severe liver damage, higher serum ALT/
AST levels (Figure 2D, E), higher levels of pro-
inflammatory cytokines (IL-6, IL-18, IL-23, IL-12P70,
and IL-B), higher levels of chemokines (CXCL1 and
CCL17), larger necrotic area and more hepatocytes
apoptosis, but lower anti-inflammatory cytokines (IL-10
and TGF-p1) and lower proliferation of cells (Figure 2C,
F-1) were observed in the hepatic IRI group treated with
gliotoxin. Contrary to the phenomenon of a-SMA
expression in HSCs induced by IRIl, IHC staining
revealed more apoptotic hepatocytes and fewer
proliferating cells in the periportal zone region after
depletion of aHSC by gliotoxin (Figure 2F). These
results suggest that depletion of aHSC exacerbates
liver injury during hepatic IR.

Taken together, these results revealed that activation
of HSCs in the liver induced by IRl is a reparative
protective response in regulating the recovery and
regeneration after IRI.

BTLA decreased significantly after the
activation of primary mHSCs

To investigate the molecular mechanisms involved in
the activation of HSCs, we isolated and purified primary
mHSCs and then cultured them in a complete DMEM
for five days. As previously reported,*! most qHSCs
store vitamin A—containing lipid droplets, which gives
gHSCs a fading blue-green autofluorescence
appearance. However, aHSC will lose their lipid
droplets (Figure 3A). Further, the mRNA transcription
and expression of Vim and o-SMA protein were
remarkably higher in aHSC (Figure 3B, C,
Supplemental Figure 3a, http://links.lww.com/HC9/
A912), demonstrating the successful establishment of
primary mouse aHSC. RNA-seq analysis of primary
mouse gHSCs and aHSC was then performed to
identify potential genes involved in the activation of
HSCs. Results showed that the expression of 3256
genes was upregulated, whereas that of 3380 genes
was downregulated in aHSC compared with qHSCs (|
fold changel > 1.5 and p < 0.05; Figure 3D). Among
them, certain aHSC markers, such as TIMP1, a-SMA
(ACTA2), COL1A1, Vim, PDGF receptor beta, lysyl
oxidase-like 2, TGF beta receptor 1, forkhead box F1,
and desmin, were significantly upregulated in aHSC. In
contrast, certain markers for qHSCs, such as lecithin-
retinol acyltransferase, nerve growth factor receptor,
and D site albumin promoter—binding protein, were
down-expressed in aHSC (Figure 3E). As described in
the Introduction section, members of the CD28 family
are involved in liver IRI. Thus, we compared the levels
of CD28 in the 2 groups. The results showed that BTLA
and CTLA4 were significantly lowest in aHSC
(Figure 3E). RT-gPCR analysis revealed comparable
findings. Furthermore, we observed that BTLA was one-
fold lower than CTLA4 in primary mouse aHSC
(Figure 3E, Supplemental Figure 3b, http:/links.lww.
com/HC9/A912). Western blot analysis further identified
that BTLA protein was downregulated in the primary
mouse aHSC (Figure 3F). In light of these findings, we
hypothesized that downregulated BTLA may contribute
to the activation of HSCs.
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FIGURE 4 BTLA was significantly downregulated in liver IRI, whereas BTLA deficiency significantly reduced liver injury and promoted HSC
activation during IRI. (A) Western blot analysis of BTLA expression in primary mouse HSCs (mHSCs) and LX-2 cells subjected to control or HR
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stimulation. (B) Western blot showing BTLA expression in liver tissues from wild-type mice subjected to sham treatment or IRI (n = 3/group).
Serum (C) ALT and (D) AST in livers from BTLA** mice or BTLA”- mice subjected to sham treatment or IRI (n = 3—4/group). (E) Flow cytometry
analysis of serum inflammatory cytokines and chemokines levels in liver tissues from wild-type mice or BTLA-deficient (BTLA—/-) mice. (F) The
gross morphology (necrotic change), H&E staining (magnification x 100), TUNEL staining (brown color indicative of necrosis/apoptosis; magni-
fication x 400), Ki-67 staining (brown color indicative of proliferation; magnification x 400), and a-SMA staining (brown color indicating aHSC
deposition; magnification x 400) of liver tissues from wild-type mice or BTLA-/- mice; (G), (H), (1), and (J) The corresponding quantitative analysis
results. (K) Western blot showing expression of COL1A1 and a-SMA in liver tissues from wild-type mice or BTLA-/- mice (n = 3/group). All data
are presented as the mean+SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: aHSC, activated HSCs; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BTLA, B and T lymphocyte attenuators; BTLA-/-, BLTA-deficient; COL1A1, collagen type |
alpha 1; IR, ischemia-reperfusion; mHSCs, mouse HSCs; N.S., nonsignificant; a-SMA (ACTA2), a-smooth muscle actin.

BTLA is involved in negatively regulating
HSC activation in vitro

To investigate the effect of BTLA on the biological
properties of HSCs, we constructed BTLA overexpress-
ing or knockdown cells using LX-2 cells (Figure 3G-H,
Supplemental Figure 3d, http://links.lww.com/HC9/A912).
As shown in Figure 31 and Supplemental Figures 3e-3i,
http:/links.lww.com/HC9/A912, the expression of Bad, a
proapoptotic protein, increased dramatically in cells
overexpressing BTLA. In contrast, the expression of
proliferating cell nuclear antigen showed that BTLA had
no effect on the proliferation of LX-2 cells. Moreover, the
expression of specific markers for aHSC (COL1A1, Vim,
and a-SMA) was detected to assess the activation status
of LX-2 cells. Compared to empty vector control cells, the
results showed that the activation of LX-2 cells with BTLA
overexpression was significantly reduced. These findings
were further confirmed by BTLA knockdown in LX-2 cells.
These data suggest that BTLA is likely to be a negative
regulator of HSC activation.

BTLA is significantly downregulated both
in vivo and in vitro hepatic IRI

BTLA is vital in immunity and inflammatory
response.['430] However, its function in liver IRl is still
unclear. Therefore, we analyzed the expression of
BTLA in IRI mice. It was found that the levels of BTLA
in the hepatic tissues of mice decreased significantly
after IRl (Figure 4B, Supplemental Figure 4c, http:/
links.lww.com/HC9/A913). We also found that HR
model stimulation significantly reduced the expression
of BTLA protein in mHSCs and LX-2 cells (Figure 4A,
Supplemental Figures 4a, 4b, http://links.lww.com/HC9/
A913). These results preliminarily indicated that hepatic
IRI inhibited the expression of BTLA and promoted the
activation of HSCs.

BTLA deficiency significantly alleviates
liver injury and regulates the activation of
HSCs during hepatic IRl in vivo

To further determine the effect of BTLA on hepatic IRI,
we constructed and confirmed BTLA™~ mice confirmed

by genotyping and western blot analyses (Supplemen-
tal Figure 1a, http://links.lww.com/HC9/A909, Supple-
mental Figures 4d-4f, http://links.lww.com/HC9/A913).
We found no significant changes in liver function and
hepatic structures between BTLA™~ mice and normal
control mice. However, the serum ALT and AST levels
dramatically decreased in the BTLA™~ mice after liver
IRl (Figure 4C, D). The expression of inflammatory
cytokines (TNF-a, IL-6, IL-13, IL-10, IL-18, IL-23, IL-
12p40, and IL-12p70) and chemokines (CXCL1,
CCL17, and CCL22) showed a similar trend. However,
the expression of anti-inflammatory cytokines (TGF-p1)
was significantly increased (Figure 4E). The above
events were accompanied by mild hepatic necrosis and
hepatocyte apoptosis. The necrotic area decreased
from ~60% to nearly 15%, and the apoptosis of liver
cells decreased from about 35% to almost 5% after IRI
(Figure 4F-H). In addition, Ki-67 IHC staining showed
that under normal conditions, BTLA deficiency did not
promote the proliferation of hepatocytes, but the
proliferation of cells from BTLA™~ mice after IRl was
reduced. This may be because there is too little damage
in BTLA™~ mice after hepatic IRI, and most of the liver
tissue did not show IRI-induced reactive proliferation of
hepatocytes (Figure 4F, 1). Taken together, these
findings revealed that BTLA deficiency remarkably
relieves hepatic injury after IRI.

Subsequently, we examined the changes in aHSC in
mice. Compared with BTLA** mice, the expression of
a-SMA and COL1A1 increased dramatically after
hepatic IRI in BTLA™~ mice (Figure 4K, Supplemental
Figures 4g, 4h, http://links.lww.com/HC9/A913). IHC
staining revealed that a-SMA-positive HSCs increased
significantly in BTLA™~ mice, mainly in the necrotic area
(Figure 4F, J). Surprisingly, only a few apoptotic cells
were seen in this section, but many proliferating cells
surrounded the aHSC. Collectively, BTLA deficiency
contributes to the local accumulation of aHSC during
hepatic IRI, which protects hepatocytes from apoptosis
and inflammation and promotes liver regeneration.

Depletion of aHSC reverses the protective
effect of BTLA deficiency in mice

To further demonstrate the beneficial roles of BTLA
deficiency based on the activation of HSCs, we
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FIGURE 5 Depletion of aHSC reversed the protective effect of BTLA deficiency in mice. (A) Western blot analysis of COL1A1 and a-SMA

expression in liver tissues from wild-type mice or BTLA” mice subjected to ischemia for 90 minutes, followed by reperfusion for 24 hours, in which
mice were treated with DMSO or 3 mg/kg gliotoxin (n = 3/group). (B) The gross morphology (necrotic change), H&E staining (magnification x100),
TUNEL staining (brown color indicative of necrosis/apoptosis; magnification x400), Ki-67 staining (brown color indicative of proliferation; mag-
nification x400), and a-SMA staining (brown color indicating aHSC deposition; magnification x400) results for liver tissues from wild-type mice or
BTLA-/- mice; (C), (D), (E), and (F) The corresponding quantitative analysis results are shown. Serum (G) ALT and (H) AST in livers (n = 3-4/
group). All data are presented as the mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: aHSC, activated HSCs; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BTLA, B and T lymphocyte attenuators; BTLA-/—, BLTA-deficient; COL1A1, collagen
type | alpha 1; H&E, hematoxylin and eosin; IR, ischemia-reperfusion; N.S., nonsignificant; a-SMA (ACTA2), a-smooth muscle actin.
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FIGURE 6 BTLA-regulated HSC activation through the TGF-fsignaling pathway. (a) Western blot showing expression of TGFf1, TGFf2,
phosphorylation Smad2/total Smad2, and phosphorylation Smad3/total Smad3 in LX-2 cells subjected to transfected with empty-vector control or
siNC, and transfected with BTLA overexpression or siRNAs; (B), (C), (D), and (E) The corresponding quantitative analysis results. (F) Western blot
showing expression of TGFp1, TGFp2, phosphorylation Smad2/total Smad2, and phosphorylation Smad3/total Smad3 in liver tissues from wild-
type mice or BTLA-/- mice subjected to sham treatment or IRI (n = 3/group); (G), (H), (I), and (J) The corresponding quantitative analysis results.
All data are presented as the mean+SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations: BTLA, B and T lymphocyte
attenuators; BTLA-/-, BLTA-deficient; IRI, ischemia-reperfusion injury; N.S., nonsignificant.
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FIGURE 7 The potential mechanism by which BTLA regulates the activation of HSCs. We speculate that HVEM expressed on hepatocytes
can bind with BTLA expressed on HSCs to trigger inhibitory signals and maintain the quiescent state of HSCs in the liver. Hepatocyte injury or
apoptosis caused by IRI will result in HSC activation. Abbreviations: BTLA, B and T lymphocyte attenuator; HVEM, herpes virus entry mediator; o-
SMA (ACTA2), a-smooth muscle actin; COL1A1, collagen type | alpha 1; Pdgfrp, platelet-derived growth factor receptor beta; TGF@R, transforming

growth factor beta receptor; TGF-p, transforming growth factor beta.

designed a rescue experiment in which aHSC in
BTLA™~ mice were depleted. Western blot analysis
showed satisfactory depletion of aHSC in mice treated
with gliotoxin. The expression of «-SMA and COL1A1
were significantly lower in the gliotoxin-treated than in
DMSO-treated controls (Figure 5A, Supplemental
Figures 5a, 5b, http://links.lww.com/HC9/A914). Com-
pared with BTLA**mice, the liver damage in the
BTLA™~ mice was more severe after depletion of the
aHSC because serum ALT/AST levels were higher in
this group of mice (Figure 5G, H). The expression of
pro-inflammatory cytokines (IL-6, IL-18, IL-23, IL-
12p40, and IL-12p70) and chemokines (CXCL1 and
CCL17) was higher in the gliotoxin-treated group
(Supplemental Figure 5c, http:/links.lww.com/HC9/
A914). Larger areas of necrosis and higher hepatocyte
apoptosis, but lower expression of anti-inflammatory
cytokines (TGF-p1) (Figure 5B-D, Supplemental
Figure 5c, http://links.lww.com/HC9/A914), were also
observed in the gliotoxin-treated group. These results
suggested that the protective role of BTLA deficiency
on hepatic IRI was largely reversed after the depletion
of aHSC.

BTLA regulates HSC activation through the
TGF-p1/Smad2/3 signal pathway

TGF-$ signaling pathway plays a central role in
regulating the activation of HSCs.Bl Therefore, we
hypothesized that BTLA might regulate the activation of
HSCs through the TGF-p signaling pathway. We first
measured the levels of TGF-p/Smad2/3 in vitro. It was
observed that the levels of TGF-f1/2, phosphorylation
(p)-Smad2, and p-Smad3 were significantly decreased
in LX-2 cells overexpressing BTLA, whereas they were
significantly elevated in LX-2 cells knocking down BTLA
(Figure 6A-E). These in vitro results suggest that BTLA
regulates HSC activation through the TGF-/Smad2/3
signaling pathway.

The role of BTLA in regulating TGF-p expression was
confirmed with in vivo IRl mice models. Regardless of
hepatic IRI status, compared with BTLA*"*, the level of
TGF-p1 protein was significantly higher in BTLA™~
mice. The ratio of p-Smad2/total Smad2 and p-Smad3/
total Smad3 was high in BTLA™~ mice, but no difference
was observed on the level of TGF-p2, suggesting that
BTLA deficiency activated TGF-$1/Smad2/3 pathway in
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mice (Figure 6F-J). Overall, BTLA inhibited the
activation of HSCs by inhibiting the TGF-1/Smad2/3
pathway.

DISCUSSION

Increasing evidence has demonstrated the involvement
of HSCs in IRI recovery and regeneration after IR.[®-13]
However, their function on the liver after IRI had
remained controversial. Liu et all'@ reported the
destructive effect of activated HSCs on the liver as
evidenced by the finding that YAP inhibition significantly
delayed hepatic repair and potentiated HSC activation,
which enhanced chronic injury and liver fibrosis at
7 days post-IRI. However, its effect on acute injury of IRI
was not revealed. Jameel et all''l showed that the
secretion of antioxidant proteins mediates the protective
effect of HSCs on hepatocytes. In the present study, we
focused on the early stage (within 24 h) of IRI to provide
ways of preventing sustained and acute side effects of
hepatic IRI. Herein, our mice model revealed that
activation of HSCs occurred 6 hours post-ischemia
after reperfusion for 90 minutes and gradually increased
at 24 hours post-reperfusion. The pentobarbital dose
used was based on previous literature.*2 Moreover, we
found that the site with more aHSC accumulation was
less damaged. The “loss-of-function” experiments of
depleting aHSC through gliotoxin treatment further
confirmed the protective role of HSC activation at the
early phase of hepatic IRI. These results showed that
aHSC protected the liver from acute injury after
hepatic IRI.

RNA-seq analysis was performed to identify differ-
entially expressed genes that potentially regulate the
activation of HSCs between primary mouse aHSC and
gHSCs. It was found that BTLA, which participates in
regulating the proliferation and activation of various
immune cells,!'* "9 js also expressed in HSCs and was
remarkably low in aHSC. RT-gPCR and western blot
analyses revealed comparable findings. Accordingly,
BTLA could be a potential biomarker for distinguishing
gHSCs from aHSC. In light of the low expression of
BTLA in aHSC, we hypothesized that BTLA participates
in the activation of HSCs. Overexpression and silencing
of BTLA in LX-2 cells revealed that BTLA negatively
regulated the activation and apoptosis of HSCs. In
addition, BTLA was significantly decreased in both
primary mHSCs and the LX-2 cells when processed
in vitro with HR stimulation (mimicking the action of IRlI),
respectively. Further, in vivo experiments using the
hepatic IRl model confirmed this phenomenon. Thus, it
is reasonable that BTLA may act as a molecular switch
to regulate the activation of HSCs, and once the BTLA
switch fails, HSC activation increases.

BTLA, a co-inhibitory molecule similar to PD1 and
cytotoxic T lymphocyte ag-4, is extensively expressed

on the surface of many immune cells, including T cells,
B cells, natural killer T cells, natural killer cells, dendritic
cells, macrophages, and monocytes.['4151 However, the
relationship between BTLA and HSCs has not been
elucidated. Additionally, studies have shown that BTLA
is related to acquired immune responsel®3-35 and
immune response to infectious pathogens,3%:3¢l put its
role in IRI remains unclear. PD1 and CTLA4, members
of the CD28 family, alleviate IRI-induced liver injury by
reducing inflammation.2°-221 Based on these studies
and our findings above, we speculated that BTLA might
also participate in the hepatic IRI process and activation
of HSCs (Figure 7). Significant alleviation of liver injury
was observed, including decreased serum ALT/AST
level, alleviated inflammation, decreased necrosis,
suppressed apoptosis, and upregulated proliferation in
BTLA™~ mice after hepatic IRI. Furthermore, the
expression of a-SMA and COL1A1 was relatively
higher in BTLA™~ mice under both normal conditions
and hepatic IRI stress. Surprisingly, the depletion of
aHSC with gliotoxin reversed the protective role of
BTLA deficiency on hepatic IRl Therefore, we
concluded that BTLA deficiency protects the liver
against IRl by promoting HSC activation.

However, how does aHSC protect the liver from IRI?
This was worthy of further study. Excessive inflamma-
tion induces apoptosis of hepatocytes and liver necro-
sis, directly causing liver injury and affecting the
regeneration and recovery of liver damage,?937! con-
sistent with our findings. HSCs can directly secrete
infammatory cytokines and indirectly affect the accu-
mulation of inflammatory cytokines by interacting with
immune cells.l®8! Therefore, we focused on the fluctu-
ation of inflammatory cytokines and chemokines using
mice models. We found that most serum pro-inflamma-
tory cytokines and chemokines were prominently high,
and anti-inflammatory cytokines, especially TGF-p1,
were remarkably low after aHSC depletion. An opposite
effect was observed in BTLA™~ mice. TGF-B1 signaling
pathway is involved in IRI of different organs.*% Our
previous study % showed that activation of the TGF-p1
signaling pathway protects the liver from hepatic IRI,
evidenced by aggravated hepatic injury in Smad3
knockout mice. Herein, both our in vivo and in vitro
experiments have confirmed the involvement of the
TGF-p1/Smad3 signaling pathway in BTLA-mediated
HSC activation.

This study had some limitations. Firstly, we only
analyzed the role of aHSC in the IRI process. The role
of other cells, such as B cells, T cells, and macro-
phages, among others, in IRIl, was not explored in this
study. The research direction could be explored in our
future works. Moreover, how BTLA is downregulated
after traumatic stimulation is still unknown. Additionally,
our study only found that BTLA can regulate the
activation of HSCs through the TGF-p1 signaling
pathway, but the specific mechanism still needs to be
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clarified. Finally, our in vitro results showed that the
overexpression of BTLA promotes the apoptosis and
inactivation of HSCs. Whether increasing the expres-
sion of BTLA can treat chronic liver fibrosis is a clinical
problem worth exploring.

In conclusion, BTLA deficiency promotes the activa-
tion of HSCs by regulating TGF-p1 signaling, alleviating
hepatic IRI. Our results offered novel insights into liver
IRl and revealed that targeting BTLA may serve as a
latent method to prevent IRI.
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