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ABSTRACT

Kinsenoside (KD) exhibits anti-inflammatory and immunosuppressive effects. Dendritic cells (DCs) are critical
regulators of the pathologic inflammatory milieu in liver fibrosis (LF). Herein, we explored whether and how KD
repressed development of LF via DC regulation and verified the pathway involved in the process. Given our
analysis, both KD and adoptive transfer of KD-conditioned DCs conspicuously reduced hepatic histopathological
damage, proinflammatory cytokine release and extracellular matrix deposition in CCls-induced LF mice. Of note,
KD restrained the LF-driven rise in CD86, MHC-II, and CCR7 levels and, simultaneously, upregulated PD-L1
expression on DCs specifically, which blocked CD8'T cell activation. Additionally, KD reduced DC glycolysis,
maintained DCs immature, accompanied by IL-12 decrease in DCs. Inhibiting DC function by KD disturbed the
communication of DCs and HSCs with the expression or secretion of a-SMA and Col-I declined in the liver.
Mechanistically, KD suppressed the phosphorylation of PI3K-AKT driven by LF or PI3K agonist, followed by
enhanced nuclear transport of FoxO1 and upregulated interaction of FoxO1 with the PD-L1 promoter in DCs.
PI3K inhibitor or si-IL-12 acting on DC could relieve LF, HSC activation and diminish the effect of KD. In
conclusion, KD suppressed DC maturation with promoted PD-L1 expression via PI3K-AKT-FoxO1 and decreased
IL-12 secretion, which blocked activation of CD8'T cells and HSCs, thereby alleviating liver injury and fibro-
inflammation in LF.

1. Introduction

animal treated with carbon tetrachloride (CCly) is the classic LF model.
In the early stage of CCly-induced LF, free radical compound (CCl3 and

Liver fibrosis (LF)” is a chronic condition with multifactorial pa-
thology, and it poses a significant risk of progression into hepatocellular
carcinoma|1]. In LF, hepatic immunity is altered and liver inflammation
occurs, ultimately resulting in hepatic stellate cell (HSC)® activation,
extracellular matrix (ECM) deposition and fibro-inflammation[2]. The

Cl) in liver damages hepatocytes[3]. Then, injured hepatocytes disrupt
immune homeostasis, and stimulate aberrant immune cell activity[4].
After being activated by damaged hepatocytes, innate immune cells,
especially dendritic cells (DCs), recruit and activate CD8'T effector cell
[5]. CD8'T cells in turn aggravate hepatocyte injury by releasing
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cytotoxic cytokines[6]. The secondary attack of immune cells results in
the aggravation of hepatocyte injury and fibro-inflammation[7]. In
addition, injured hepatocytes and activated immune cells transformed
quiescent HSCs, the most important cell involved in LF, to myofibro-
blasts (MFB) via cell cross-talk[8].

DCs are critical for the regulation of liver immunity, and irregular DC
activity can induce the activation of T cells and HSCs to contribute to the
pathological inflammation-rich environment and fibrogenesis [9]. The
immaturation and immunosuppression of DCs could be mediated by
programmed cell death ligand 1 (PD-L1), the ligand of programmed cell
death 1 (PD-1)[10]. Immunosuppressed DCs produced fewer
pro-inflammatory cytokines, such as IL-12. The IL-12 heterodimer con-
taining IL-12 p40 and IL-12 p35 was reported to be correlated with LF
and HSC activation[11]. Therefore, inducing DC immunosuppression
may be an attractive approach to experimental therapeutics in liver
fibro-inflammatory disease. Recently, DC function was reported to be
associated with the phosphatidylinositol 3 kinase/protein kinase B
(PI3K-AKT) axis, which was implicated in reprogramming immune cell
functions, controlling cellular responses (survival, proliferation, and
metabolism), and regulating LF[12,13]. The PI3K-AKT axis was acti-
vated in DCs stimulated by lipopolysaccharide (LPS), and LY294002
(PI3K inhibitor) blocked the activation of DCs[14]. One mechanism of
PI3K-AKT-mediated regulation of cellular function involves the phos-
phorylated inactivation of the forkhead box protein O1 (FoxO1)[15].
Being a transcription factor, FoxO1 is capable of binding to gene pro-
moters in the nucleus and regulating expression of target genes. How-
ever, the AKT-mediated phosphorylation of FoxO1 causes FoxO1 exit
from the nucleus, along with the suppression of FoxO1 activity[16].
Multiple studies have highlighted FoxO1 involvement in LF progression,
along with the maturity and function of DCs[17,18].

Anoectochilus roxburghii (A. roxburghii), widespread in tropical re-
gions, is a traditional herb native to China[19]. Kinsenoside (kD*
3-(R)— 3-p-D-Glucopyranosyloxybutanolide) is a biologically active
component of A. roxburghii (Fig. S1A). Emerging evidences revealed a
wide array of pharmacological benefits of KD, including
anti-hyperglycemia, anti-hyperlipidemia, anti-osteoarthritis, renopro-
tection and immunosuppression[20-23]. Besides, KD ameliorated
oxidative damage against retinal pigment epithelium and subsequent
angiogenesis via ERK/p38/NF-«xB pathway[24], and protected advanced
glycation end products (AGEs)-induced endothelial dysfunction through
AGEs-RAGE-NF-kB pathway[25]. A prior study demonstrated that KD
exerted a hepato-protective effect on CCly-induced LF mice and in pa-
tients with liver disease, but the mechanism is currently unknown[26].

Given these evidences, KD is possible to ease LF via enhancing DC
immunosuppression. To further explore this, we detected the role of KD
in LF therapy and mechanism in vivo, in vitro and applying cell adoptive
transfer model. The results suggested that KD exhibited attenuated ef-
fects on fibro-inflammation and LF by inhibiting DC maturation and
function, which was attributed to promoting FoxO1 binding to PD-L1
promoter in DCs via PI3K-AKT-FoxO1 axis.

2. Materials and methods
2.1. Animals and ethical approval

Male 6-week-old C57BL/6J mice, with body weight between 18 and
22 g, were procured from the Beijing Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China) and housed in cages (6 mice/cage)
at the Experimental Animal Center of Tongji Medical College (Huazhong
University of Science and Technology, Wuhan, China) under strict
pathogen free environment. The temperature was set to 25 °C, with a
regular 12:12 h (light/dark) cycle and the mice were provided with
standard laboratory diet and tap water throughout the experiments. Our

4 KD: kinsenoside
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protocols followed the 3Rs (replacement, refinement, reduction). Mice
assessment was carried out by an investigator who was blinded to the
grouping of mice. Animal care and experimental procedures were car-
ried out in accordance with the guidelines of the Tongji Medical College,
Huazhong University of Science and Technology Institutional Animal
Care and Use Committee (IACUC Number: 2505).

2.2. Preparation of KD

A. roxburghii was extracted by immersion in water four times at 80 °C
until the crude of ethanol reached 95%. The supernatant was obtained
and subjected to a silica gel chromatography column elution with
chloroform-ethanol (4:1). The eluents with KD were combined under the
direction of thin layer chromatography to produce a crude KD sample,
which was further washed with ethanol to obtain pure KD. The purity of
KD (>98%) was analyzed using a high-pressured liquid chromatography
with an evaporative light scattering detector (Fig. S1B), and identifica-
tion was done with nuclear magnetic resonance (NMR), based on data
from a prior report[27].

2.3. CCly-induced fibro-inflammation models and KD therapy

As reported previously, 6-week-old C57BL/6J mice received intra-
peritoneal injection of 10% CCl, (dosage: 2 mL/kg) two times a week for
8 weeks to induce LF[28]. Mice were treated by oral gavage with KD (30,
20, 10 mg/kg) or solvent (saline) once a day for 8 weeks. The dose of KD
was determined by our concentration screening tests. KD effect on
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels in the serum of CCly-treated mice showed the visible dose-effect
relationship from 10 to 30 mg/kg. KD (30 mg/kg) treatment in the
absence of CCly was used to investigate the toxicity of KD to healthy
mice. Silymarin (50 mg/kg), which was used in clinical settings against
LF, served as positive drug. Mice were anesthetized with tri-
bromoethanol (400 mg/kg, ip.) before the experiment.

2.4. Cell culture and KD treatment

DCs and T lymphocytes were prepared as described before[29]. (1)
Bone marrow-derived DCs (BMDCs, CD11ct) were isolated from bone
marrow and cultured in RPMI 1640 medium (HyClone, Beijing, China)
with cytokines granulocyte macrophage colony stimulating factor
(GM-CSF) (20 pg/mL, Peprotech, Rocky Hill, NJ, USA) and interleukin-4
(IL-4) (10 ng/mL, Shanghai ExCell Biology Inc. Shanghai, China) for 7
days. DC maturity was induced with LPS (10 pg/mL) for 24 h and
flow-cytometrically identified with CD11c". (2) CDS8'T cells were
extracted and isolated from spleen using a CD8a'T cell isolation kit
(MACS, Miltenyi Biotec Inc. Auburn, CA, USA), and were activated with
concanavalin A (ConA, 5 pg/mL) for 24 h. (3) Murine hepatic stellate
cells (JS-1) were acquired from the Shanghai Yaji Biological Co. LTD,
China, and grown in DMEM/F-12 medium (HyClone, Beijing, China)
with 10% fetal bovine serum. JS-1 was activated with TGF-p; (5 ng/mL,
Peprotech) for 24 h[30]. Cells were incubated with KD (10, 5, and 2.5
pg/mlL, dissolved by phosphorylated buffer solution), as determined by
concentration screening tests for 24 h (effect of KD on the mixed
lymphocyte reaction and cytokine secretion of DCs in vitro showed the
obvious dose-effect relationship from 2.5 to 10 pg/mL). All cells were
maintained at 37 °C in an incubator with 5% COs. The cells were treated
with agonists to simulate inflammation or injury microenvironment
reflecting the in vivo conditions.

2.5. Adoptive transfer KD-conditioned DCs to LF mice

BMDCs were exposed to LPS (10 pg/mL, 24 h) to harvest the LPS-
treated mature BMDCs, and treated with LPS and KD (5 pg/mL, 24 h)
to obtain the KD-conditioned BMDCs. Subsequently, the mice were
transplanted with different BMDCs (5 %x10° cells each mouse), as
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CCl4+DC, and CCly+KD-conditioned DC respectively, via tail vein in-
jection on day-1, day-8, and day-15 after 6 week-CCl4 exposure[31].
Controls and CCl4 mice were injected with equal volume of phosphate
buffered saline. The LF status was then analyzed pathologically,
immunologically, and serologically.

Meanwhile, the biodistribution of injected DCs was tested by DiR-
labeled[32]. In detail, BMDCs were suspended in 5 pg/mL DiR buffer
and incubated at 37 °C for 20 min to produce DiR-labeled DCs. After-
ward, the DiR-labeled DCs were administered to mice via tail vein in-
jection. Liver, spleen, kidney, lung and heart were obtained and imaged
by Pear Trilogy System (Odyssey CLX, LI-COR, NE, USA) on day-1,
day-3, day-5, day-7. A technical route of the animal experiment design
was showed in Fig. S1C.

2.6. Cross interaction assay of DCs and JS-1

To characterize the KD-mediated regulation of JS-1 cross-priming
response to DCs ex vivo, approximately 3 x 10* BMDCs were co-cultured
with 3 x 10° JS-1 in a transwell with RPMI 1640 medium for 24 h.
BMDCs from normal or LF mice were plated in the apical chamber
surface of the bottom membrane of transwell-24 well inserts (Costar,
Corning Inc., USA) in the presence or absence of KD, si-IL-12, or KD+si-
IL-12 for 12 h. Then, the supernatant was discarded and the transwell
was transferred to a new well containing 3 x 10° JS-1 with or without IL-
12 supplement in the lower layer for 48 h[33]. Subsequently, the acti-
vation and ECM secretion of JS-1 were assessed via quantitative
real-time-PCR (qPCR), western blot, and immunofluorescence (IF).

2.7. Hepatocyte injury and cell apoptosis assay

AML-12 (mouse hepatocyte) was treated with 400 mmol/L alcohol
for 24 h or 20 mmol/L CCly for 48 h to produce the hepatocyte injury
model[33,34]. Cell apoptosis was examined with a FITC-Annexin V
Apoptosis Detection Kit (BD Biosciences, Franklin, NJ, USA), as per
operational guidelines. Upon 24 h or 48 h treatment, the cells were
exposed to EDTA-free trypsin and re-suspended in 1 xbinding buffer,
before exposure to FITC-Annexin V and PI at room temperature (RT) for
15 min. Finally, the apoptotic rate was assessed via FCM.

2.8. Histological, immunohistological and IF studies

Liver sections underwent staining with hematoxylin and eosin (H&E)
and sirius red for histopathological examination. Immunohistochemical
staining was carried out with a-smooth muscle actin (a-SMA)-specific
polyclonal antibody (Proteintech, Wuhan, China). IF was conducted on
JS-1 and DCs using anti-a-SMA (Proteintech) and anti-FoxO1 (Cell
Signaling Technology, Danvers, MA, USA) antibodies, respectively, with
subsequent exposure to Alexa Fluor 594 donkey anti-rabbit IgG (Ant-
gene, Wuhan, Hubei, China).

2.9. Flow cytometry (FCM) analysis

Immune cells from the liver and bone marrow were analyzed by
FCM. Briefly, the cells underwent staining with fluorochrome-antibodies
(eBioscience, California, USA and BD Biosciences, Franklin, NJ, USA)
targeting cell surface antigens at 4 °C for 60 min (1) DCs were stained
with the FITC-CD1lc, APC-CD86, and PE-major histocompatibility
complex II (MHC-II). CD1 1c™ cells were screened out from live cells and
the expressions of MHC-II and CD86 were calculated in CD11c™ cell
gate. The gate was chosen by the compare between negative cells
(without fluorescent dye) and single fluorescent dye cells. PD-L1 or
CCR7 positive DCs were identified with PE-CD274 or APC-CCR7,
respectively, from CD11c" cell gate. (2) CD8'T cells were stained
with APC-CD3 and PE-CD8 and CD4 T cells with APC-CD3 and FITC-
CD4. (3) Natural killer T (NKT) cells and NK cells were stained with
APC-CD3 and PE-NK1.1. (4) Myeloid-derived immunosuppressive cells
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(MDSCs) received staining with APC-CD11b and PE-Grl. (5) Macro-
phages in liver were stained with FITC-CD11b and PE-F4/80. Moreover,
M1-type or M2-type macrophage in vivo was identified with APC-CD86
or Alexa 647-CD206, respectively. M1-type or M2-type of RAW264.7 in
vitro was identified with FITC-CD86 or Alexa 647-CD206, respectively.

2.10. siRNA and plasmid transfection

FoxO1 and negative siRNAs were acquired from the Viewsolid
Biotech (Beijing, China). The following list belongs to the target se-
quences of these siRNAs: siFoxOI-mus-1362 (5’ - GCA ACG AUG ACU
UUG AUA ATT - 3, 5 - UUA UCA AAG UCA UCG UUG CITT - 3/),
siFoxO1-mus-1532 (5’ - CCC AGU CUG UCU GAA AUCATT - 3,5’ - UGA
UUU CAG ACA GAC UGG GTT - 3'), siFoxO1-mus-1083 (5’ - GAG GAU
UGA ACC AGU AUA ATT - 3/, 5 - UUA UAC UGG UUC AAU CCU CTT -
3), and negative control (5’ - UUC UCC GAA CGU GUC ACG UTT -3/, 5' -
AGC UGA CAC GUU CGG AGA ATT - 3/). All cells in this study were
transfected with the siRNA using the GenMute™ siRNA Transfection
Reagent (SignaGen Laboratories), following operational guidelines. The
siFoxO1-mus-1362-transfected cells exhibited optimal interference ef-
ficiencies (Data not shown). We, therefore, selected siFoxO1-mus-1362
for use in our experiment, and its interference effect is presented in
Fig. S1D. The siRNA sequences specific for IL-12 p40 (5' - GAU GAC AUC
ACCUGGACCUTT - 3,5’ - AAG AUG ACA UCA CCU GGA CCU - 3') and
negative control (5’ - UUC UCC GAA CGU GUC ACG UTT - 3, 5’ - ACG
UGA CACGUU CGG AGAATT - 3’) was chosen, based on the Hill et al.
study and synthesized by GenePharma (Suzhou, China)[35] (Fig. S1E).

2.11. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were done with Simple ChIP Plus Enzymatic Chromatin
IP Kit (Agarose Beads). In brief, 1% formaldehyde was used to fix the
cells before the DNA was nicked with enzymes and immunoprecipitated
with anti-FoxO1 or matched control antibody, prior to capture with
magnetic protein G beads. The ChIP DNA was then real-time PCR-
amplified with SYBR green and primers against PD-L1 (5’ - GCT AAT
GCA GGT TTC ACT TTC AC - 3/, 5’ - GCA GGT GAG TCT CTG GTC TAT -
3.

2.12. Engyme-linked immunosorbent assay (ELISA), NO release, and
glucose uptake test

Levels of ALT, AST, IL-2, IL-10, interferon-y (IFN-y), total IL-12, and
tumor necrosis factor-a (TNF-a) in serum or cell culture supernatant
were assessed with the ELISA assay (eBioscience, San Diego, CA, USA).
Levels of TGF-B1, matrix metalloproteinase (MMP)— 13, tissue inhibitor
of metalloproteinase (TIMP)— 1, TIMP-2, and collagen-I (Col-I) in liver
homogenate or cell culture supernatant were assessed with the ELISA
assay (Ruixin Biotech, Quanzhou, China). NO production in serum was
quantified by griess reagent (Beyotime, Shanghai, China). Glucose up-
take was examined with the glucose oxidase-peroxidase technique,
using a glucose test kit (Rsbio, Shanghai, China).

2.13. Glycolysis and respiration of DCs

The cells were incubated in a 24-well Agilent Seahorse XF Cell Cul-
ture Microplate (Agilent Technologies, Inc., Santa Clara, CA, USA), at
10* cells per well. Next, the plate was placed in a 37 °C incubator to
allow for cell adherence. Subsequently, the culture medium was
removed and specific medium from the kit was introduced to the cells,
which were then incubated without CO,. Detecting drugs were intro-
duced to the cells, according to kit instructions. For oxygen consump-
tion, the drugs used were oligomycin, carbonyl cyanide-4-
trifluoromethoxyphenylhydrazone (FCCP), rotenone, and antimycin A.
In addition, for the glycolysis stress test, we used glucose, oligomycin,
and 2-Deoxy-D-glucose (2-DG).
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2.14. Mixed lymphocyte reaction (MLR) and cell proliferation assay

BMDCs extracted from control, LF, and LF mice exposed to KD (30
mg/kg) were cultured as mentioned before. Spleen CD8'T cells from
normal mice and DCs subjected to different treatments were co-cultured
at ratios of 10:2 and 10:1 for 48 h[36]. CD8™T cell proliferation was
examined with cell counting kit-8 (CCK8) assays at 450 nm using a
multi-well plate reader.

2.15. Western blot

Protein extracts were separated on 10% SDS-polyacrylamide gels,
followed by electro-blotting transfer to polyvinylidenedifluoride (PVDF)
membranes. Blocking was done for 1 h at RT, before overnight incuba-
tion in various primary antibodies at 4 °C. The specific primary anti-
bodies used in this study were PI3K, p-PI3K (Tyr458), AKT, p-AKT
(Ser473), FoxO1 (Cell Signaling Technology, Danvers, MA, USA), p-
FoxO1 (Ser256) (Signalway Antibody, College Park, MA, USA), a-SMA
(Proteintech), GAPDH (Bioswamp, Wuhan, China), and Histone 3
(Sungene Biotech, Shanghai, China). Next, the membranes were exposed
to the subsequent secondary antibodies (1:10000) at RT for 1 h, before
detection with an ECL chemiluminescence detection kit (Amersham
Biosciences UK Ltd., Buckinghamshire, UK) or Double IR Laser Imager
(Odyssey CLX, LI-COR, NE, USA). Normalization was done based on the
level of GAPDH or Histone 3 in samples.

2.16. Quantitative real-time-PCR (qPCR)

Total RNA was isolated from liver tissues, DCs, and JS-1 with TRIzol,
as per kit directions, and used as templates to form cDNA using the
transcription kit (Promega, Madison, WI, USA). Subsequently, the cDNA
was amplified via incubation at 95 °C for 5 min, with a thermal cycle
profile of 40 cycles of denaturation at 95 °C for 10 s, annealing at 55-60
°C for 20 s, and extension at 72 °C for 30 s. Normalization of relative
gene expression was done with levels of endogenous GAPDH. The cor-
responding gene primer sequences are summarized in Table S1.

2.17. Statistical analysis

SPSS 16.0 software program (SPSS Software Products, Chicago, IL,
USA) was employed for all statistical analyses. Data are expressed as
mean =+ SD. Multi-group comparisons were conducted via one-way
analysis of variance (ANOVA), whereas inter-group comparisons were
done with the Dunnett’s t test. P < 0.05 denoted significance. Some data
were normalized to avoid unwanted sources of variation. Data from all
experiments were collected and evaluated in a blinded manner.

3. Results

3.1. KD exerted liver-protective and anti-inflammatory effects on CCly-
induced LF

In CCly-induced LF mice, oral administration of 30, 20, or 10 mg/kg
KD markedly diminished the extent of LF with substantial lymphocyte
infiltration and collagen deposition (Fig. 1 A). In line with the macro-
scopic changes, the serum ALT and AST levels, along with the liver index
conspicuously decreased with KD treatment (Fig. 1B). Furthermore, KD
lowered the production of pro-inflammatory cytokines like IL-2, IFN-y,
TNF-a, and IL-12, and raised the secretion of anti-inflammatory cyto-
kines IL-10. KD also reduced NO release, thus, lowering inflammatory
responses (Fig. 1 C and D). In addition, KD suppressed expression or
release of fibrosis-related proteins, including a-SMA, TGF-p;, Col-I, and
TIMP-1 and TIMP-2, but augmented the mRNA and protein level of
MMP-13, thus degrading the ECM (Fig. 1 A, E and F). The results
demonstrated that KD exerted liver-protective, anti-inflammatory and
anti-fibrotic effects on CCls-induced LF.
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Interestingly, the effects of KD were comparable to or better than
those of silymarin, which was used in clinical settings against LF. In
addition, KD had no effect on the serum ALT, AST levels or on the fibro-
inflammatory histopathological damage and fibrosis agents in healthy
mice (Fig. S2A and B). In additional, KD had no adverse effect on heart,
lung, spleen, and kidney in healthy mice (Fig. S2C), and did not alter the
survival rate of normal hepatocyte AML-12 (Fig. S2D). These data sug-
gested that KD strongly suppressed fibro-inflammation in LF, without
causing any serious adverse reactions.

3.2. Indirect effects of KD on CD8"T cells and HSCs

Numerous immune cells regulate the development of hepatic fibro-
inflammation[37]. We quantitatively determined the proportions of
various hepatic immune cells, involved in the CCls-driven LF. After CCly
administration, DC maturity and CD8 T cell differentiation were greatly
enhanced, and M2-type macrophage polarization reduced slightly in the
liver. KD reversed the CCl4-mediated regulation of DCs, CD8™T cells,
and M2-type macrophages, and had little effect on other subtypes of
immune cells in the liver (Fig. S3).

Of note, in vitro, KD also strongly retarded BMDC maturation and
function (Fig. S4A-C). However, KD repolarized M1 macrophages to the
M2 phenotype marginally (Fig. S4D). And there was no obvious regu-
lation of KD to magnetic bead sorting spleen CD8'T cell proliferation
(Fig. S4E). The different effect of KD on CD8™T cells in vivo and in vitro
suggested that KD effect on CD8T cells might be indirect.

Given the vital role of hepatocyte injury and HSC activation in LF and
to identify potential target cells of KD, the effect of KD on JS-1 (mouse
HSCs) and AML-12 (mouse hepatocytes) were further examined in vitro.
Only high dose of KD lowered the expression and secretion of Col-I,
TIMP-1, and TIMP-2, but did not alter the levels of a-SMA, as well as
the apoptotic status of JS-1, compared to TGF-p; group (Fig. 2). In
contrast to its predominant effect in vivo, KD exhibited a poor effect on
HSCs in vitro. Additionally, CCl4 or alcohol induced apoptosis and ALT
and AST release from AML-12, but KD did not relieve the injury of AML-
12 directly (Fig. S5). The apparent modulation loop involving in-
teractions of DCs and CD8'T cells might be important to maintain im-
mune homeostasis during progression of LF.

3.3. KD repressed DC responses in LF mice

In vivo, we observed that KD reduced the levels of MHC-II and co-
stimulator CD86 on CD11ct BMDCs (Fig. 3 A). It inhibited CCR7, but
substantially elevated levels of the negative regulatory molecule PD-L1
on CD11c™ BMDGCs (Fig. 3B and C). The level of indoleamine-2,3-
dioxygenase (IDO), a tolerant DC-secreted anti-inflammatory agent,
was also elevated upon KD exposure (Fig. 3 C). Moreover, KD down-
regulated levels of IL-12, an essential DC-secreted inflammatory agent
(Fig. 3 C and D). In addition, using MLR, we revealed that KD signifi-
cantly downregulated the DC-mediated induction of CD8*T lymphocyte
proliferation ex vivo (Fig. 3E).

Following maturity, DC metabolism shift toward glycolysis[38]. We
analyzed DC glucose metabolism after KD treatment. The results
demonstrated that KD suppressed glucose utilization, Glutl expression,
glucose uptake, and glycolysis-related genes expressions in BMDCs.
Additionally, oxygen consumption and ATP generation were weakened
in BMDCs after KD treatment (Fig. S6). Since the maturation of DCs
mainly depends on increased ATP flux via the glycolytic pathway[38], it
seems reasonable to consider that KD exerts its immunosuppressive ef-
fects in DCs at least in part by suppressing glycolysis in DCs. Immuno-
genic DCs serve a critical role in antigen presentation during early
immune response. In all, these data suggest that the KD-mediated
immunosuppressive and anti-inflammatory properties may largely
ascribe to the suppression of DC maturation and function in LF.



M. Xiang et al.

Pharmacological Research 177 (2022) 106092

SH
CCls - + + + + % i: Sirius red
g
H]
KD — —_ 10mg/kg 20mg/kg 30mg/kg S10
3 o .‘g
=
] 5
H
A
H&E £
£
20
C
KD — - 10 20 30
KD (mg/kg)
/ R s SMA
i < - o
S \ s .
: g4
bl H
. H
. % g 23 #
Sirius red ; N X £ s
£ "
g2 Al oy X
P Sy =
& ’ > X z 1 .
100um 2
sp 3
co,— + o+ o+ o+
KD — - 10 20 30
KD (mg/kg)
o-SMA
Iy Col-I
100um; = #
N
t
; b
N A
Col-I W & 5 —_—
+ o+ o+ o+
- - 1020 30
o Py 55 - KD (mg'kg)
100um, 100um, . 100um|
B D
36 * 3150 " 400 £ _5 IL-2 5 26 LJL-12p40 £ _15 IL-10
s E L= " s - 2z " 232 2=
g . =1 = 300 ' ted S i ",
24 g 100 " ] 55 " $04 - £810 5
5 = T = N <23 £ zs < o
2 = :I' i 200 & o Z= " ] Zz .
S2 2 5 " . £ 22 o 52 3 £ Sos
2 ] £ 100 " os = SE R
K £ £ £ E1 £ E £ E
: o N Fl§s tHn| [::
3 &, = 2 S0
c, - o+ o+ o+ + ca, - + o+ o+ 4+ ca, - o+ o+ o+ o+ £l + o+ ¢ o+ ca,— o+ o+ o+ o+ co—  + o+ o+ 4+
- = 1020 3% K- - 1023 KO- — 1020 30 KD— - 1020 3 - - 1 3 - - 120 3
KD (mg/kg) KD (mg/kg) KD (mg/kg) KD (mg/kg) KD (mg/kg) KD (mg/kg)
= .
C 140 . 500 250 5 g2 L 1Ny g gl INF-a = 21-0 g INOS
4 22 ) 2
130 00 i 200 -y . £5s > 5515 " ow
2120 g E £ Eow s ZCI0 . ge =
2 £ 2300 " 2150 . Z S ™ o Z310 M
e " = 200 & m S0 gy 23 ot 2z
% 100 vi, e 0 EE ESS g2
= ¥ oo, 2 = s 05 s'g 2 E05
% 100 50 £ E £ £ e » E£5
34, 32 lm 35,
ca,— + o+ o+ + ca, -+ o+ o+ + ca-  + o+ o+ A+ c- + 4+ 4+ -+ o+ 4+ b7 A
K'— — 10 20 30 — — 10 2 3 - - 1020 3 KD — — 10 20 30 KD — — 10 20 30 Kb— — 1020 30
TR T KD gk KD (nglke) KD (nglkg) KDk
100 5
% i = =1 Fe s a-SMA EPY TGF-f, g2 Col-1
- = . L Z . ] K
EXY £ g ig o 2515 N
£ E i 1] - £%3 &
70 r g0 ] 50 so
5+ " 3 & sz H <= d 22100
Z 60 Zs I z Z 32 Zz
£ wos oz £3 23 5 T3 “
g 3 2
50 EgS S5 A & £E8 A
£E < E 5
ca,— + o+ o+ o+ ca— + o+ o+ o+ S2 EEN €0
- - 102 3 KD —  — 1020 30 3 & E s 1+ o+ o+ o+ <
KD (mg/kg) KD (mg/kg) KD (mg/kg) - - 1020 30 Kb — - 102 30
KD (mglkg) KD (mg/kg) KD (mgkg)
E 40 300 = 50 £ o6 TIMP-1 Bt .. TIMP-2 EH MMP-13
‘2 2 2
_ " _ _ e 2z x éa 2 . "
2 2 : N e2 25 e2 .
£ £ 200 " & 504 Y . g Lo =
) E & 230 2 2% <2 L ow <2
Z200 e =z S H = L 3’ T B
= - ¥ 20 Z3 A 3 =
& S 100 E e, £ s e E3 v 2 Eds -
M [P gin NIRRT H Mo i AR N
g5 3 k]
3 E g < S o,
25 & & =0
a - + + + o+ co— + o+ o+ o+ ca— o+ o+ o+ o+ ca- o+ o+ o+ o+ ca— o+ o+ o+ +
%‘ r ::1 2+ll ;r; K- g0 20 30 P [N 1020 30 e Wem en
KD (mgke) KD (mgkg) KD (mg/kg) KD (mgfkg) KD (mg/kg) KD (mg/kg)
50 S4 a-SMA/GAPDH
B %
B con — + + + + A
230 g’ &
= KD — — 10mg/kg 20mg/kg 30mg/kg =
T 20 g2
£ g 5
2 U-SMA | s A . . - - 43KkD s Iy
—_—
"' g
<. - GAPDH| w 37kD 20
- ca, - o+ o+ o+ o+
KD (mg/kg) KD — - 1020 30
KD (mg/kg)

Fig. 1. KD abolished hepatic fibro-inflammation in CCl; mice. (A) Representative images of H&E (arrows represent inflammatory infiltrations), sirius red (arrows
indicate collagenous fiber deposition), and a-SMA immunohistochmical antibody (arrows represent a-SMA expression) or Col-I immunohistochmical antibody
(arrows represent Col-I expression) stained liver sections. Original magnification, 200 x ; scale bar, 100 um. (B) Levels of ALT and AST in serum, and liver index
(liver wet weight/mouse body weightx100%). (C) Serum inflammatory cytokine concentrations. (D) Transcript levels of hepatic inflammatory cytokines. (E) Content
of TGF-f;, TIMP-1, TIMP-2, and MMP-13 in liver homogenate and levels of hepatic a-SMA protein. (F) Hepatic mRNA levels of a-SMA, TGF-$3;, Col-I, TIMP-1, TIMP-2,
and MMP-13. Data expressed as mean + SD (n = 6). *P < 0.05, **P < 0.01 relative to controls; *P < 0.05, #*P < 0.01 relative to CCl4-induced LF mice.
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Fig. 2. The effects of KD on HSCs (JS-1) in vitro. (A) The mRNA levels of a-SMA, Col-I, TIMP-1, and TIMP-2 in JS-1. (B) Extracellular release levels of Col-I, TIMP-1,
and TIMP-2 in JS-1. (C) Levels of a-SMA protein in JS-1. (D) Immunofluorescence of a-SMA protein in JS-1. (E) Apoptotic rate of JS-1. Data expressed as mean + SD
(n =6). P < 0.01 relative to controls; “P < 0.05, *#P < 0.01 relative to TGF-B; group.
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Fig. 3. KD inhibited the maturity and function of BMDCs ex vivo. (A) The percentage of MHC-II" cells and CD86" cells on CD11c" BMDCs. (B) The percentage of
CCR7 and mean fluorescence intensity of PD-L1 on CD11c* BMDCs, as evidenced by FCM. (C) Gene levels of CCR7, PD-L1, IDO, and IL-12 p40, as quantified by qPCR.
(D) Amount of IL-12 release in DC suspension, as analyzed by ELISA. (E) The DC-mediated induction of CD8'T cell proliferation, as evaluated by MLR. The ratio of
CDS8™T cells and DCs was 10:2 and 10:1. BMDCs were isolated from controls, CCl4-induced LF mice, and LF mice exposed to KD (30 mg/kg). Data expressed as mean
+ SD (n = 6). *P < 0.05, **P < 0.01 relative to controls; *P < 0.05, *#P < 0.01 relative to CCl4 group; A8p < 0.01 relative to the CD8'T lymphocytes group, which is

in the absence of DC stimulation.

3.4. Adopting KD-conditioned DCs ameliorated LF, inflammation, and
inhibited CD8™ T cell differentiation

To determine the immunomodulatory effect of KD-conditioned DCs
on experimental LF and CD8T cells, LF mice were injected with KD
(5 pg/mL)-treated DCs via tail vein. To estimate the distribution of
injected DCs, DiR-labeled DCs were administrated to mice in the same
way, and high Dir fluorescence was found in the liver of mice (Fig. S7).
The results demonstrated that adoptive transfer DCs was abundant in the
liver and adoptive transfer of KD-conditioned DCs to LF mice diminished
the severity of fibro-inflammation in the liver. The expression of a-SMA,
a HSC activation-related gene, in the liver was also been suppressed by
KD-conditioned DCs (Fig. 4 A and B). Moreover, we also observed al-
terations in the gene expression: a-SMA, TGF-f;, Col-I, and TIMP-1/— 2
levels were reduced, whereas MMP-13 levels were elevated (Fig. 4 C).
Additionally, in mice treated with KD-conditioned DCs, pro-
inflammatory cytokines were diminished and anti-inflammatory cyto-
kines were elevated in both serum and liver (Fig. 4D and E). Hepatic
CDS8™T cell levels were low in the LF mice with KD-conditioned DCs
versus LF models (Fig. 4 F). Collectively, these results indicate that KD-
conditioned DCs disrupts HSC and CD8T cell responses, and that DCs
are indispensable to the action of KD on LF.

3.5. KD resulted in immature phenotype and insufficient function of DCs,
mediated by the PI3K-AKT-FoxO1 axis

In our previous study, the PI3K-AKT axis was found to contribute to
KD effect on autoimmune hepatitis|39]. Here, we revealed that KD
strongly suppressed phosphorylation of PI3K (Tyr458) and AKT
(Ser473), without affecting their mRNA and total protein expressions in
BMDCs isolated from LF mice (Fig. 5 A and B). The total protein and
phosphorylation of FoxO1 (Ser256) were increased in BMDCs from LF
mice compared with controls, which contributed to FoxO1 exit from the
nucleus. KD decreased the FoxOl in the cytoplasm by reducing FoxO1
phosphorylation in BMDCs (Fig. 5A-E).

Following the 740 Y-P (20 pg/mL, 24 h)-mediated activation of
PI3K, DCs exhibited a mature phenotype, with enhanced levels of MHC-
11, CD86, and CCR7, elevated secretion of IL-12, and lowered expression
of PD-L1 and IDO. KD, on the other hand, eliminated the impact induced
by 740 Y-P pre-treatment (Fig. S8A-C). Meanwhile, we pre-treated LPS-
induced DCs with LY294002 (PI3K inhibitor), which retarded maturity
and function of DCs. Adding KD did not enhance the effect of LY294002,
which suggested that the main signal target of KD might have been
blocked. Lastly, down-regulating FoxO1 using siFoxO1 also hindered the
roles of KD in DCs (Fig. S8D-F). We also found that 740 Y-P activated the
phosphorylation of PI3K (Tyr458), AKT (Ser473), and FoxO1 (Ser256),
while, KD treatment caused less phosphorylation of these molecules, and
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Fig. 4. KD-conditioned DCs alleviated CCly-induced LF and inhibited differentiation of CD8"T cells. (A) Liver index and serum ALT and AST levels. (B) KD-
conditioned DCs decreased LF severity. Representative images of H&E-, sirius red-, and a-SMA histochemical antibody (brown)- stained liver sections. Original
magnification, x 200; scale bar, 100 um. (C) Transcript levels of a-SMA, TGF-f3;, Col-I, TIMP-1, TIMP-2, and MMP-13 and protein levels of a-SMA in the liver. (D)
Serum inflammatory cytokine levels. (E) Hepatic inflammatory cytokine transcript levels. (F) Proportion of hepatic CD8T cells. Data expressed as mean + SD
(n = 6). P < 0.01 relative to controls; *P < 0.05, *#P < 0.01 relative to CCl, group; “P < 0.05, 2P < 0.01 relative to CCl4+DC group.

increased FoxO1l presence in the nucleus of DCs (Fig. S9A and B).
Interestingly, blockade of PI3K-AKT axis using LY294002 diminished
the effect of KD on PI3K-AKT-FoxO1 axis (Fig. S9C and D), and PD-L1
expression on DCs (Fig. S8E and F).

To elucidate the mechanism whereby FoxO1l mediated the KD-
induced immune tolerance of DCs, we further examined the direct
interaction of FoxO1 and the PD-L1 promoter, using the ChIP assay.
Based on our data, KD significantly increased FoxO1 binding to the PD-
L1 promoter in LPS-activated DCs (Fig. 5 F). Collectively, these data
reveals that KD antagonizes the stimulation of the PI3K-AKT axis in DCs
followed by enhancing the interaction of FoxO1 with the PD-L1 pro-
moter. These effects appear to be essential for the immunosuppressive
actions of KD on inflammatory LF. Inhibitory effects of KD on immu-
nogenic DCs are predominantly mediated by the PI3K-AKT axis.

3.6. KD suppressed HSC activation mediated by reducing IL-12 in DCs

Inhibiting the activation and ECM secretion of HSCs is the center for

treating LF[40]. In addition, HSCs are capable of interacting with im-
mune cells[41]. And it is considered that the activated immune
cells-secreted IL-6/IL-12 cytokine family may be crucial for the activa-
tion of HSCs[42]. To further clarify the DC-induced HSC responses, we
co-cultured JS-1 with DCs using transwell. The results demonstrated that
treatment with BMDCs from LF mice increased the mRNA or/and pro-
tein level of a-SMA, Col-I, TGF-p; and TIMP-1 in JS-1, whereas the same
treatment with KD-conditioned DCs reversed the upregulation of the
aforementioned genes. Moreover, downregulation of IL-12 in DCs via
siRNA transfection blocked the DC-mediated activation of JS-1. After
blocking IL-12 expression, KD effect was also diminishing. On the con-
trary, IL-12 supplement reversed the effect of KD (Fig. 6). These data
suggested that KD inhibited IL-12 generation in DCs, which impeded the
interaction of JS-1 with DCs, thus reducing JS-1 activation.

Our data also revealed that both KD and LY294002 inhibited the
expression and secretion of IL-12 in BMDCs, and the KD-mediated effect
on IL-12 secretion was abolished upon pretreatment with PI3K inhibitor
(Fig. 3 Cand D, S4B and C, and S8F). Additionally, 740 Y-P raised IL-12
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Fig. 5. KD modulated DC function via the PI3K-AKT-FoxO1 axis in DCs. (A) Transcript levels of PI3K, AKT, and FoxO1 in DCs. (B) Total and phosphorylated levels of
PI3K, AKT, and FoxO1 proteins of DCs. (C) Levels of nuclear FoxO1 protein of DCs. (D) Levels of cytoplasmic FoxO1 protein of DCs. (E) Immunofluorescence of FoxO1
(green) in DCs. BMDCs isolated from control mice or LF mice treated with or without KD (30 mg/kg). (F) ChIP assay exploring the physical binding between FoxO1
and PD-L1 promoter in DCs. IgG was used as the matched control. LPS-stimulated DCs were either exposed to KD (5 pg/mL) or not. Data expressed as mean + SD
(n=6). *P < 0.05, **P < 0.01 relative to controls; *P < 0.05, *#P < 0.01 relative to CCl, or LPS groups. n.s., not significant.

production in DCs, whereas KD reversed it (Fig. S8C). Furthermore,
FoxOl1 deficiency invalidated KD-mediated regulation of IL-12 genera-
tion by BMDCs (Fig. S8F). These results elucidated that the decreased
expression and release of IL-12 in DCs by KD might rely on PI3K-AKT-
FoxO1 axis.

4. Discussion

Herein, we demonstrated a KD-mediated suppressive effect on fibro-
inflammation and DC function in CCls-induced LF. KD impeded the
maturation of DCs and caused immunosuppression by promoting the
binding of FoxO1 to the PD-L1 promoter via the PI3K-AKT pathway.
Subsequently, the immunosuppressive DCs suppressed the CD8™T cell
differentiation by inducing PD-L1 and down-regulated HSC activity via
secreting fewer IL-12 (Fig. 7).

The liver gathers a large population of DCs which enter the liver as
immature cells via the portal vein and continue to mature with the
progression of LF[43]. Hepatic aggregation of free cholesterol also ac-
tivates non-parenchymal cells like DCs and kupffer cells, which produces
persistent inflammation and fibrosis[44]. Hepatic inflammation during
LF is regulated by immune cells, especially DCs. In patients with
advanced LF, liver-infiltrating CD8 T cells are abundant, and are likely
abnormally induced by activated DCs [45]. DCs-regulated liver immu-
nity also plays a central role in the progress of LF. Abnormal DCs
accelerate the development of fibrosis [46]. Inflammatory DCs,
expressing CX3C chemokine receptorl (CX3CR1), play a major role in

inflammation in mice with liver injury and are associated with elevated
TNF-a levels [46]. Results reported here indicated that KD had an in-
direct regulation on normal liver cells (AML-12). However, KD-exposed
DCs exhibited immature phenotypes, decreased chemokine receptor
CCR7 densities, increased PD-L1 levels, lowered secretion of
pro-inflammatory cytokines, and suppression of T cell activation, espe-
cially CD8'T cells, thus alleviating liver injury and fibro-inflammation.
Furthermore, adoptive transferring KD-conditioned DCs ameliorated
inflammation and LF, which suggests that DCs are the main target cells
mediating the inhibited effect of KD on fibro-inflammation in murine LF.

HSCs are the most important cell type involved in LF [47]. In normal
liver, HSCs exist in a quiescent non-proliferative state [48]. During acute
and chronic liver injury, HSCs activate and transdifferentiate to MFB
[49], which are the main source of collagens and other ECM proteins
[50]. The activation of HSCs could be stimulated by inflammatory cy-
tokines, such as IL-1 and IL-6 [51]. Previous study reported IL-6/IL-12
cytokine family was able to transform quiescent HSCs into MFB via
inducing STAT1 and STAT3 phosphorylation [42]. IL-12 is involved in
the interaction between DC and HSC potentially. DC-mediated liver
inflammation is predominantly reliant on IL-12, which contributes to
the progression of LF [52]. Reports showed that AKT inhibitor promoted
FoxO1 activation and inhibited IL-12 secretion in macrophages, and
thus exerted an anti-inflammatory effect [53]. The AKT-mediated
regulation of FoxO1 accelerated the IL-12 response and might be
related to HSC activation in LF. Here, we revealed that KD showed
contrasting effects on murine HSCs in vitro and in vivo. The effect of KD
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on HSCs required DC responsiveness. Furthermore, DCs amplified the
KD effect on HSC by inhibiting IL-12 secretion of DCs. IL-12 deficiency in
DCs suppressed the DC-stimulated activation of HSCs, and IL-12 sup-
plement reversed the effect. KD reduced IL-12 secretion in DCs inter-
rupted the pro-fibrotic interaction of hepatic DCs with HSCs.

The targeted effect of KD on fibrotic DCs might rely on PI3K-AKT axis
in DCs. The PI3K-AKT axis regulates a myriad of cellular responses like
cell survival, proliferation, metabolism, and so on [12,13]. Mice defi-
cient in PI3K display severely impaired DC migration in response to the
chemokines. In lymphocytes, PI3K are important in regulating basal
lymphocyte motility, and PI3K expression is required for B cell
morphology [54]. The PI3K-AKT axis participates in the reprogramming
of the activities of numerous immune cells, especially DCs and macro-
phages [12]. PI3K-AKT axis was reported to be able to regulate the
progression of acute lung injury via altering the maturation and function
of DCs [14]. Additionally, the pathway is crucial for the glycolysis in DCs
[55]. DC stimulation via toll-like receptor (TLR) agonists results in the
acceleration of glycolysis. These alterations are produced by pathways
that involves AKT, and are crucial for DC activation [56,57]. Addition-
ally, targeted inhibition of AKT strongly suppresses the BMDCs capacity
to react to TLR agonists and become stimulated [58]. Based on our re-
sults, the KD-mediated inhibition of the PISK-AKT axis affected the
MHC-II, CD86, CCR7 and IL-12 negatively, but PD-L1 and IL-10 posi-
tively in DC, which induced immunosuppression and suppressed hepatic
damage in LF. KD also reversed the 740 Y-P (PI3K agonist)-mediated
stimulation of the PI3K-AKT axis in DCs. Moreover, the LY294002
(PI3K antagonist) pretreatment inactivated the effects of KD, which was
probably attributable to blocking the target of KD. As a consequence,
PI3K-AKT axis might be a pivotal signal target for KD in DC of LF.

However, the molecular targets of PI3K-AKT in the regulation of DCs
remain elusive. PI3K-AKT axis influences intracellular events via mul-
tiple pathways, for example, PI3K-AKT axis regulates cell survival and
proliferation by activating metabolic genes sterol-regulatory element-
binding proteins (SREBPs) and AS160[59,60]. Notably, FoxO1 is also a
significant modulator of cell survival, metabolism and function[17].
AKT phosphorylates FoxO1 and causes FoxO1 to exit from the nucleus.
In turn, it regulates the transcription of targeted genes [61]. In addition,
FoxO1 facilitates cell cycle arrest partly via the production of cell cycle
inhibitory agents like p27Kip1 and p21, and suppression of cyclin D1
levels [62]. Generally, the phosphorylation of the PI3K-AKT-FoxO1 axis
is indispensable to the antigen presenting cells (APCs)-induced activa-
tion of T cells. Moreover, blocking the FoxO1 translocation to the
cytoplasmic compartment can inhibit the expression of
proliferation-associated genes in T cells [63]. During LF, activated AKT
also phosphorylates FoxO1, which results in FoxO1 nuclear exit, and
thus, transcriptions of the FoxO1l-dependent genes p27kipl and man-
ganese superoxide dismutase (MnSOD) are negatively affected. P27kip1
silencing was shown to induce progression of HSCs into the S/G2/M
phase of cell cycle and subsequent proliferation[64]. Our results showed
that KD exposure could increase nuclear FoxOl concentration and
induce DC immunosuppression via FoxO1 interaction with the PD-L1
promoter. In contrast, siFoxOl-mediated FoxO1 deletion was compe-
tent to inhibit the KD-mediated effects on DCs. Targeting DCs and
regulating PD-L1 promoter-FoxO1 combination by PI3K-AKT axis was
important for KD effect on the protection against LF.

5. Conclusions

KD treatment improved the liver inflammatory microenvironment in
LF and reprogrammed intracellular glycolysis to decrease DC migration
and maturation. Mechanistically, KD diminished the activity of the
PI3K-AKT axis and increased FoxO1 binding to the PD-L1 promoter.
Thereby, KD promoted DC immunosuppression with the high PD-L1 and
low IL-12, interrupted the interaction of hepatic DCs with CD8'T cells or
HSCs. Given the remarkable pharmacological activity and pharmaco-
kinetic stability of KD, without other organ damages, and obvious non-
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toxicity, KD can serve as a new and efficient candidate for LF therapy.
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