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Background and Purpose: Immunosuppression is the predominant cause of mortality
for sepsis because of failure to eradicate pathogens. No effective and specific drugs
capable of reversing immunosuppression are clinically available. Evidences implicate
the involvement of the vitamin D receptor (NR1l1) in sepsis-induced immunosup-
pression. The anti-malarial artesunate was investigated to determine action on
sepsis-induced immunosuppression.

Experimental Approach: The effect of artesunate on sepsis-induced immunosuppres-
sion was investigated in mice and human and mice cell lines. Bioinformatics predicted
vitamin D receptor as a candidate target for artesunate, which was then identified
using PCR and immunoblotting. Vdr, Atg16l1 and NF-xB p65 were modified to investi-
gate artesunate 's effect on pro-inflammatory cytokines release, bacterial clearance
and autophagy activities in sepsis-induced immunosuppression.

Key Results: Artesunate significantly reduced the mortality of caecal ligation and
puncture (CLP)-induced sepsis immunosuppression mice challenged with Pseudomo-
nas aeruginosa and enhanced pro-inflammatory cytokine release and bacterial clear-
ance to reverse sepsis-induced immunosuppression in vivo and in Vvitro.
Mechanistically, artesunate interacted with vitamin D receptor, inhibiting its nuclear
translocation, which influenced ATG16L1 transcription and subsequent autophagy
activity. Artesunate inhibited the physical interaction between vitamin D receptor
and NF-xB p65 in LPS-tolerant macrophages and then promoted the nuclear translo-
cation of NF-xB p65, which activated the transcription of NF-xB pé5 target genes
such as pro-inflammatory cytokines.

Conclusion and Implications: Our findings provide evidence that artesunate inter-
acted with vitamin D receptor to reverse sepsis-induced immunosuppression in an
autophagy and NF-kB-dependent manner, highlighting a novel approach for sepsis

treatment and drug repurposing of artesunate has a bidirectional immunomodulator.

Abbreviations: anti-PD-1, anti-programmed cell death receptor-1; AS, artesunate; ATG16L1, autophagy related 16 like 1; Baf, bafilomycin A1; ChIP, chromatin immunoprecipitation; CLP mice,
caecal ligation and puncture (CLP)-induced sepsis immunosuppression mice; CLP, caecal ligation and puncture; co-IP, coimmunoprecipitation; LC3B, protein 1 light chain 3; PA, Pseudomonas
aeruginosa; PMs, peritoneal macrophages; RAW264.7, macrophage-like RAW cells; RXR, retinoid X receptor; TCMSP, traditional Chinese medicine systems pharmacology database and analysis
platform; TEM, transmission electron microscopy; TLR4, toll-like receptor 4; VDR, vitamin D receptor; Vpa, 1a,25(0H),D3 (calcitriol); 3-MA, 3-methyladenine.
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1 | INTRODUCTION

Sepsis is a leading cause of death worldwide (Angus & van der
Poll, 2013); it arises when hosts response to pathogen infections such
as bacterial, fungal, viral and parasitic infection and then injury their
own tissues and organs (Hotchkiss, Monneret, & Payen, 2013b). At
present, Coronavirus Disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a newly rec-
ognized virus, has spread rapidly around the world and has infected
closed to more than 6,600,000 people and killed more than 380,000
until June 4, 2020, because of no specific and effective drug.

The course of sepsis involves the innate and acquired immune
systems, in which mononuclear phagocytes play a crucial role.
Although the timeline of immunological alterations in sepsis is not well
understood, increasing evidences suggest that sepsis development
involves two distinct stages, an initial cytokine storm (hyper-inflamma-
tion) and subsequent immunosuppression (hypo-inflammation), which
exist concomitantly and dominate in different stages (Hotchkiss,
Monneret, & Payen, 2013a; Hutchins, Unsinger, Hotchkiss, &
Ayala, 2014). The uncontrolled cytokine storm is responsible for
deaths that occur within the first few days, whereas immunosuppres-
sion predominantly causes mortality during the later stages. In fact,
more than 70% of patients die after the first 3 days of sepsis, possibly
because of increased susceptibility to weakly virulent pathogens or
opportunistic bacteria (e.g. Pseudomonas aeruginosa [PA]), indicating
the host's failure to eradicate invading pathogens (Hotchkiss
et al., 2013a; Skrupky, Kerby, & Hotchkiss, 2011). For patients in the
immunosuppression stage, less than 5% of monocytes/macrophages
produce cytokines, indicative of the disordered immune response in
sepsis (Hotchkiss et al., 2013a; Hutchins et al., 2014). This impaired
function of monocytes/macrophages is closely associated with the
decreased removal of bacteria. Drugs based on the inhibiting critical
pro-inflammatory mediators have failed; therefore, current sepsis
research is focusing on therapeutic strategies to improve immunosup-
pression (Cohen, 2002; Hotchkiss et al., 2013a; Kox, Volk, Kox, &
Volk, 2000; Prucha, Zazula, & Russwurm, 2017).

Autophagy is a fundamental cellular process involved in the
defence against intracellular pathogen infection (Casanova, 2017).

What is already known

e Immunosuppression is the predominant cause of mortal-
ity during the later phase of sepsis.
e Vitamin D receptor (VDR; NR1I1) activation is closely

related to the pathophysiological duration of sepsis.

What does this study add

e Artesunate reverses sepsis-induced immunosuppression
resulting from caecal ligation and puncture in mice.

o Artesunate interacts with VDR to reverse sepsis-induced
immunosuppression in an autophagy and NF-xB-

dependent manner.

What is the clinical significance

e Autophagy inhibited by VDR receptor overexpression
might be a drug target for reversing sepsis-induced
immunosuppression.

e Artesunate is a bidirectional immunomodulator to treat
sepsis caused by pathogens and deserves further
investigation.

Although contradictory findings have been reported (Ho et al., 2016),
accumulating evidence suggests that autophagy plays a key role in
sepsis and might be a target for sepsis-induced immunosuppression
(Ren, Zhang, Wu, & Yao, 2017). Thus, focusing on the autophagy axis
might reveal the mechanism of sepsis-induced immunosuppression
and lead to novel immunoregulatory therapy for sepsis.

Artesunate (AS) is an effective and reliable anti-malarial drug with
low toxicity (Burrows, Chibale, & Wells, 2011; Clark et al., 2004) that pos-
sesses anti-inflammation and other effects (Efferth, Dunstan, Sauerbrey,
Miyachi, & Chitambar, 2001; Li et al., 2008; Miranda et al., 2013; Wang
et al, 2017). Previously, we showed that artesunate protects septic
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animals by inhibiting pro-inflammatory cytokine release in the cytokine
storm stage (Li et al., 2008), suggesting an anti-inflammatory effect during
the cytokine storm phase. In the present study, a caecal ligation and
puncture (CLP)-induced sepsis immunosuppression mouse model was
used to investigate the effect of artesunate on sepsis-induced immuno-
suppression. An LPS/endotoxin-tolerant cell model was established to

reveal the underlying mechanism.

2 | METHODS
2.1 | Animals

All animal care and experimental procedures were approved by Labo-
ratory Animal Welfare and Ethics Committee of the Third Military
Medical University (AMUWEC2020015). Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al., 2010) and
with the recommendations made by the British Journal of Pharmacol-
ogy. BALB/c mice (RRID:IMSR_ORNL:BALB/cRI; sex: half male and
half female; weight: 18-22 g; age: 6-8 weeks) were obtained from
Beijing HFK Bioscience (Beijing, China) and housed in a pathogen-free
facility with a 12-h artificial light-dark cycle in the Third Military Med-
ical University. All the mice were provided with food and purified
water ad libitum. There were no more than five mice in each cage.

2.2 | Celllines, culture and isolation of peritoneal
macrophages from mice

The murine macrophage-like cell line RAW264.7 (CLS Cat#400319/
p462_RAW-2647, RRID:CVCL_0493) cells and human monocyte
THP-1 (CLS Cat# 300356/p804_THP-1, RRID:CVCL_0006) cells were
purchased from the American Type Culture Collection (Manassas, VA,
USA). RAW264.7 cells were cultured in DMEM supplemented with
10% low-LPS FBS UT, USA) and 1%
penicillin/streptomycin (regular medium) at 37°C in a humidified 5%
CO, atmosphere. THP-1 cells were cultured in RPMI 1640 (Hyclone)

regular medium in suspension. THP-1 derived macrophages were

(Hyclone, Logan,

obtained by differentiating THP-1 cells with phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO, USA) treatment at
100 nM for 24 h according to the previous study (Li et al., 2017).

Mouse peritoneal macrophages (PMs) were obtained from
BALB/c mice. Each mouse was injected intraperitoneally with 3 ml of
3% thioglycolate (Sigma-Aldrich) on day 1 and killed using isoflurane
on day 3. After intraperitoneal injection of 5 ml of DMEM regular
medium, the peritoneal cells were collected into cell culture dishes.
Two hours later, the floating cells were removed by washing the cells
with PBS. The attached cells were considered to be peritoneal macro-
phages (purity was about 90%) and were subjected to further experi-
ments. The primary mouse macrophages or cell lines were maintained
in regular medium at 37°C in a humidified 5% CO, atmosphere. All
the reagents and utensils used in the experiment were LPS-free.

2.3 | Bacterial strain and preparation of bacterial
suspension

The clinical isolate of Pseudomonas aeruginosa was kindly provided by
Prof. Peiyuan Xia (Southwestern Hospital, Chongging, China). A single
colony was picked from viable, growing cells on a Mueller-Hinton
(MH) agar plate, transferred to 5 ml of liquid MH medium and culti-
vated aerobically at 37°C in an orbital shaking incubator for 4 h. The
cultures were transferred to 100 ml of fresh MH medium for another
12 h. At an OD600 of 0.6-0.8, when the bacterial culture was within
the logarithmic phase of growth, as measured using a SmartSpec
3000 spectrophotometer (Bio-Rad, Hercules, CA, USA), the suspen-
sion was centrifuged at 1,500xg for 10 min to harvest the pellet. After
washing twice, the pellet was resuspended in sterile normal saline.
The bacteria were diluted in sterile normal saline to achieve the final
concentration (colony-forming unit [CFU]-mI~%), which was calculated
according to the bacterial growth curve determined in our laboratory
(Concentration = (9.7544 x OD — 1.4965) x 108 CFU-mlI™%).

2.4 | Establishment of caecal ligation and puncture
(CLP)-induced sepsis immunosuppression mouse
model and artesunate treatment

Currently, CLP in rodents is regarded as a gold standard in sepsis
research (Rittirsch, Huber-Lang, Flierl, & Ward, 2009). CLP immuno-
suppression mice (CLP mice) with a second bacterial infection model
were established in our laboratory and were described previously
(Deng et al., 2017). Briefly, CLP mice were established by ligating the
distal 1.0 cm of the caecum and puncturing once with a No. 16 steel
needle and then intravenously injecting Pseudomonas aeruginosa (with
2.5 x 10? CFU-kg™1) at 24 h after CLP surgery (Figure 1a).

Artesunate (injection preparation, Guilin Pharma Corp, Guangxi,
People's Republic of China National Medicine Standard H10930195)
was added into the attached injection containing 5% sodium bicarbon-
ate, shaken for 2 min until completely dissolved and then diluted in
sterile normal saline to achieve the final concentration. Artesunate
(10 mg-kg™1) was intramuscularly injected at 22, 26, 48 and 72 h fol-
lowing CLP surgery. The survival rate of the mice was observed for
7 days. CLP mice were killed at 4 h after Pseudomonas aeruginosa
injection. The blood, lungs and spleen tissues were collected for CFU

count assays and ELISA.

2.5 | Establishment of LPS-tolerance cell model

LPS tolerance is used extensively to simulate the sepsis-induced
immunosuppression phase in vitro (Li et al., 2013). Herein, a cell model
of LPS tolerance was established in mouse peritoneal macrophages
and RAW264.7 cells and human THP-1 cells. Briefly, cells were cul-
tured with LPS (0111: B4, 5 ng-ml™%, Sigma-Aldrich) for 4 h. Then the
culture supernatant was replaced followed by the addition of LPS
(100 ng:ml~Y) to establish the LPS-tolerant cell model.
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FIGURE 1 Artesunate (AS) reverses sepsis-induced immunosuppression in caecal ligation and puncture (CLP) mice. (a) Schematic diagram of
the establishment of the CLP mouse model with secondary bacterial infection. (b) Mortality of CLP mice challenged with Pseudomonas aeruginosa
(PA) and treated by AS (10 mg-kg™1) (n = 20). (c) Effect of AS treatment on the level of TNF-a (c1), IL-6 (c2) and IL-1B (c3) in the serum, spleen and
lungs of CLP mice (n = 8). (d) Effect of AS treatment on the level of TNF-a (d1), IL-6 (d2), and IL-1p (d3) in the serum, spleen and lungs of CLP
mice challenged with PA (n = 8). (e) Effect of AS treatment on the bacterial load in the blood (e1), spleen (e2) and lungs (e3) at 4 h after the CLP

mice were challenged with PA (n = 8). Kaplan-Meyer log-rank test (b); one-way ANOVA followed by Tukey's post hoc test (c-€); P < 0.05

2.6 | Artesunate, autophagy inhibitors and 10,25
(OH),D3 treatment in vitro

For artesunate treatment, artesunate (5, 10 and 20 pg~ml‘1) was added
with LPS (5 ngml™) and LPS (100 ng-ml™%) simultaneously. For
autophagy inhibitors treatment, 3-methyladenine (3-MA, 5 mM, Sigma-
Aldrich), bafilomycin A1 (Baf, 10 ng:ml~%, MedChemExpress, Monmouth
Junction, NJ, USA), and LY294002 (10 pM, Sigma-Aldrich) were added
2 h before the first LPS (5 ng-ml™%) and also simultaneously with
artesunate treatment. The treatment of 1a,25(0OH),D3 (Vps) (100 nM,
Solarbio, Beijing, China) was the same as the autophagy inhibitors. The

supernatants and cells were collected at 6 h after the last LPS
(100 ng-ml~2) addition.

2.7 | siRNA, lentivirus and their transfections in vitro

Control siRNA-A (Santa Cruz Biotechnology, Dallas, TX, USA), Vdr
siRNA (Santa Cruz Biotechnology) and Atg16/1 esiRNA (end-
oribonuclease-prepared siRNA; Sigma-Aldrich) were used. RAW264.7
cells were transfected with 50 nM of target siRNA or control siRNA
using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA,
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USA) and Opti-MEM | reduced serum medium (Thermo Fisher Scien-
tific) for 6 h. After recovering overnight, the cells were subjected to
further treatment.

The DNA fragments encoding mouse Vdr (NM_009504) or NF-xB
p65 (NM_009045) were synthesized and inserted into the lentivirus vec-
tor (#GV358, GeneChem) by GeneChem Corporation (Shanghai, China).
The resulting recombinant lentivirus was named Vdr-OE or p65-OE. The
negative control (#CON238, GeneChem) was named NC-OE. The shRNA
targeting mouse Vdr (5'-CCTCAAACTCTGATCTGTA-3'), NF-xB pé5 (5'-
CCCTCAGCACCATCAACTTTG-3') and the negative control shRNA (5'-
TTCTCCGAACGTGTCACGT-3') were designed, synthesized and inserted
into the lentivirus vector (#GV248, GeneChem) by GeneChem Corpora-
tion. The resulting recombinant lentiviruses were named Vdr-KD, p65-
KD and NC-KD.

For lentivirus transfection, RAW264.7 cells were cultured to 50%
confluence and transfected with the lentivirus according to the protocol
in the Lentivirus Operation Manual for 6 h. After 3 days of renewed cul-
ture in regular DMEM, the cells were subjected to further treatment.

2.8 | shRNA transfection in vivo

The lentiviruses Vdr-KD and NC-KD were diluted to a total volume of
200 pl containing 4 x 107 TU. BALB/c mice were transfected through tail
intravenous injection as reported previously (Morizono et al., 2005). One
week later, the mice were killed and spleen tissues were collected to
detect the infection efficiency. Further CLP modelling and artesunate
treatment were employed in the transfected mice and their tissues were

collected for cytokines and western blotting assays.

2.9 | Interacting molecular prediction for artesunate

Interacting molecular prediction for artesunate was performed against
5,311 proteins using the weighted ensemble similarity algorithm (Zheng
et al., 2015) assembled in the traditional Chinese medicine systems phar-
macology database and analysis platform (TCMSP) (Ru et al., 2014).
Weighted ensemble similarity was developed to determine a drug's affili-
ation for a target by evaluation of the overall similarity (ensemble) rather
than a single ligand judgement, which allowed us to discover scaffold
hopping ligands. The ligand structural and physicochemical features of
artesunate were calculated using Chemical Development Kit (CDK)
(Steinbeck et al., 2003) and Dragon software and then used to evaluate
the ensemble similarity between artesunate and the ligands of candidate
targets. Finally, the standardized ensemble similarities of Chemical Devel-
opment Kit and Dragon were integrated using a Bayesian network to

rank the predicted targets.

2.10 | Transmission electron microscopy

RAW264.7 cells were treated as indicated above and fixed in 2.5%
glutaraldehyde at 4°C overnight and then post fixed with 2% osmium

tetroxide for 1.5 h at room temperature. After fixation, the cells were
embedded in resin, sectioned and stained with uranyl acetate/lead cit-
rate. The sections were examined under a transmission electron
microscope (JEM-1400PLUS, Japan) at 60 kV.

2.11 | Immunofluorescence assay

The immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al.,, 2018). RAW264.7 cells or peritoneal macrophages plated on the
coverslips for 2 h and treated as indicated in Section 2.5. The cover-
slips were fixed in 4% paraformaldehyde for 20 min and permeabilized
in 0.5% Triton X-100 (Solarbio) which dissolved in PBS for 5 min
(20 min for nucleoprotein staining). Then the coverslips were blocked
for 1 h at 37°C in PBS containing 3% BSA and 0.1% Triton X-100 and
incubated with primary antibodies (Table S1) at 4°C overnight,
followed by incubation with secondary antibodies. The cells on cover-
slips were counterstained with 2-(4-amidinophenyl)-1H-indole-
6-carboxamidine (DAPI) (Beyotime, Shanghai, China). Confocal images
were captured using a Zeiss LSM780 confocal microscope (Jena, Ger-

many) with a Plan-Apo Chromat 63x/1.40 oil objective.

212 | MTT assay

RAW?264.7 cells (5 x 10* cells per well) were plated in 96-well plates
in regular medium. After overnight culture, the cells were washed with
PBS and incubated with a series concentration of LPS or other treat-
ments for 4 or 24 h. Subsequently, 20 pl of the methyl thiazolyl tetra-
zolium (MTT) solution (5 mg:ml~) was added to the medium in a total
volume of 200 pl. The cells were incubated for 4 h at 37°C in a humid-
ified 5% CO, atmosphere. The supernatant was removed and 150 pl
of DMSO was added to each well to dissolve the produced formazan
crystals. The extinction was measured at 490 nm using a SmartSpec
3000 spectrophotometer (Bio-Rad).

2.13 | Bacterial load assay

For the mouse tissue samples, at the indicated time points after Pseu-
domonas aeruginosa injection, the blood, lungs and spleen were col-
lected. Blood or homogenates of cells, lungs and spleen tissues were
serially diluted. Subsequently, 100 pl of the diluents was added to
nutrient agar plates and cultured for 18 h. Images of the agar plates
and CFU counts were obtained using a G6 automated colony counter
(Shineso Science & Technology, Hangzhou, China).

For cell samples, 2 h after challenged with Pseudomonas aeruginosa,
the cells were collected and washed with PBS three times. The cells were
disrupted by 2 min of ultrasonication (ultrasonic time 5 s/gap time 10 s
cycling, power 100 W) in an ice bath and then centrifuged under 4°C at
800xg for 5 min. The precipitate was resuspended in MH medium and
serially diluted.
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2.14 | Binding assay

Microlon Eusa Plates were coated with antibody against vitamin D
receptor (VDR) (anti-VDR antibody) (Cell Signaling Technology Cat#
12550, RRID:AB_2637002) overnight at 4°C, followed by three washes
with PBS. The cell lysate containing the total proteins, including the VDR
protein, was added to the plates. After incubating at 37°C for 2 h, the
VDR protein was captured by the anti-VDR antibody coated on the plates.
Subsequently, the plates were washed three times and Vp3 (Selleck, Hous-
ton, TX, USA) was added. After incubating at 37°C for 2 h, the plates were
washed three times, and fluorophore-conjugated artesunate (designed and
synthesized by Chongging Canbipharma Technology, Chongging, China)
was added. After incubating at 37°C for 2 h, the plates were washed three
times and the fluorescence intensity was observed using a Spectra Max
i3x Multifunctional enzyme marker (Molecular Devices, San Jose, CA,
USA) with an excitation wavelength of 360 nm and an emission wave-
length of 455
12-(7-oxycoumarinyl-ethoxy) dihydroartemisinin was named artesunate |

nm. Artesunate conjugated with fluorophore
and artesunate conjugated with 12-(-1H-benzo [de] isoquinoline-1, 3(2H)-

dione-2-ethoxy) dihydroartemisinin was named artesunate |I.

2.15 | Cytokines and NF-kB pé5 assays

The supernatants were collected from cell cultures. Serum was separated
from collected blood samples. For mouse tissue samples, 1 g of lungs and
spleen tissue was homogenized and centrifuged and the supernatants
were collected. The levels of cytokines such as TNF-q, IL-6 and IL-1f in
all samples were determined using the appropriate eusa kits (Thermo
Fisher Scientific), according to the manufacturers' protocols. For NF-xB
p65 levels in the nucleus and nucleoproteins were extracted and
detected using a Trans-AM NF-kB kit (Active Motif, Carlsbad, CA, USA).

2.16 | Quantitative real-time PCR

Total RNAs were extracted from cells and tissues using the MagMAX
total RNA isolation Kit (Thermo Fisher Scientific) and transcribed into
cDNAs using Prime Script (Takara, Dalian, China). Using respective
primers (Table S2), quantitative real-time PCR (qPCR) was performed
using a 7900HT Fast Real-Time PCR system or ABI 7500 Real-Time
PCR system (Applied Biosystems, Darmstadt, Germany). Expression
levels were normalized to the expression of p-actin mRNA. Reactions
were performed in duplicate using Tli RNaseH plus and universal PCR
master mix (Takara). The relative expression was calculated by the 2
(T22CY method (Livak & Schmittgen, 2001).

2.17 | Western blotting

Cell proteins and mice spleens were extracted using RIPA (Beyotime).

Nuclear and cytoplasmic proteins were isolated using nucleoprotein

extraction kits (Keygen Biotech, Beijing, China). The proteins were then
quantified using a bicinchoninic acid (BCA) kit (Beyotime). Thirty micro-
grams of each protein sample were separated by 12% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. The membranes
were blocked with 5% BSA and incubated with primary antibodies
(Table S1) overnight at 4°C. The membranes were rinsed five times with
PBS containing 0.1% Tween 20 and incubated for 1 h with the appropri-
ate HRP-conjugated secondary antibody at 37°C. Membranes were
extensively washed with PBS containing 0.1% Tween 20 three times.
Chemiluminescence-marked images were developed using the Enhanced
Chemiluminescent Substrate (PerkinElmer, Norwalk, CT, USA) with a
ChemiDoc™ Touch Imaging System (Bio-Rad) and analysed using the
Image Lab package (Bio-Rad).

2.18 | ChIP assays

RAW264.7 cells were washed with cold PBS and crosslinked with 1%
formaldehyde. The reaction was stopped using 0.125 M of glycine.
The cells were then sonicated in chromatin immunoprecipitation
(ChIP) lysis buffer to generate 600 bp of fragments, followed by over-
night incubation with anti-VDR antibodies (Abcam, Cambridge, UK) at
4°C. The obtained DNA was subjected to semiquantitative or quanti-
tative PCR analysis. Specific primers (Table S3) were used to amplify
the VDR-binding region from the promoter of the ATG16L1 gene,
according to a previously described method (Wu et al., 2015). The
ChlP assay was performed using the Pierce Agarose ChlP kit and fol-
lowing the manufacturer's instructions (Thermo Pierce, Rockford, IL,
USA) (Bretin et al., 2016).

2.19 | Coimmunoprecipitation assay

Nuclear and cytoplasmic proteins from RAW264.7 cells were isolated
using nucleoprotein extraction kits (Keygen Biotech, Jiangsu, China).
Protein (1 mg) was incubated with anti-VDR antibodies (Cell Signaling
Technology) at 4°C overnight. Immune complexes were collected
using the Protein A/G beads and subjected to SDS-PAGE and western
blotting as described in Section 2.17. Coimmunoprecipitation (co-IP)
was performed according to the manual of the Protein A/G Magnetic
Beads kit (Thermo Fisher Scientific).

2.20 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018), with the exception that the
analysis was not blinded. Each experiment involved at least five inde-
pendent samples (equal size) per randomized group and that statistical
analysis was done using these independent values. The statistical
analysis was undertaken only for studies where each group size was

atleastn = 5.
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Sample sizes were based upon our prior experience using the
same paradigms (Deng et al., 2017; Kuang et al., 2018; Li et al., 2010).
No outliers were excluded in the data analysis and presentation. The
control and test values in PCR were normalized to an internal stan-
dard (such as Actb and GAPDH) to reduce variance. For binding assay
and immunofluorescence assay, all values (control and test) were nor-
malized to the mean value of the experimental control group to set
the Y-axis, so the control group value was 1. The units for these nor-
malized data in the Y-axis were the fold of the control group's mean
value. The units for the other data were the exact unit of the assay
but not fold control. The statistical analyses were performed using
GraphPad Prism 8.0.2 (263) (RRID:SCR_002798; GraphPad Software,
Inc., La Jolla, CA, USA). The Kaplan-Meyer log-rank test was used for
the survival analysis of the mouse model of sepsis. All data were
expressed as the mean * SD. A Student's t test was used when com-
paring two values (two tailed, two-sample equal variance). The com-
parisons among multiple groups were performed with a one-way
ANOVA. If appropriate (only if F in ANOVA achieved the “chosen”
necessary level of statistical significance and there was no significant
variance inhomogeneity), this was followed by Tukey's post hoc test.

For each parameter of the data presented, " indicates P < 0.05.

2.21 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the com-
mon portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY
(Harding et al., 2018) and are permanently archived in the Concise Guide
to PHARMACOLOGY 2019/20 (Alexander et al., 2019).

3 | RESULTS

3.1 | Artesunate reverses sepsis-induced
immunosuppression in caecal ligation and puncture
(CLP) mice

Treatment with artesunate decreased the mortality of CLP mice chal-
lenged with Pseudomonas aeruginosa from 85% to 50% (Figure 1b),
suggesting that artesunate could protect against CLP-induced immu-
nosuppression in mice. In CLP mice without Pseudomonas aeruginosa
challenge, the levels of TNF-«, IL-1p and IL-6 were extremely low in
the serum, spleen and lungs. However, their levels increased signifi-
cantly in artesunate-treated CLP mice (Figure 1c). Furthermore, the
cytokine levels in CLP mice challenged with Pseudomonas aeruginosa
were also much lower compared with those in sham mice challenged
with Pseudomonas aeruginosa, demonstrating that bacterial challenge
did not induce pro-inflammatory cytokine release in sepsis-induced
immunosuppressed mice. Noteworthily, artesunate treatment signifi-
cantly augmented the cytokine levels in CLP mice challenged with
Pseudomonas aeruginosa (Figure 1d). The bacterial loads increased

markedly in the tissues of CLP mice challenged with Pseudomonas
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aeruginosa compared with those in the sham mice, demonstrating that
the CLP mice had a lower bacterial clearance ability. However,
artesunate significantly decreased the bacterial load in CLP mice chal-
lenged with Pseudomonas aeruginosa (Figure 1e). The aforementioned
results suggested that artesunate could protect against sepsis-induced
immunosuppression by increasing pro-inflammatory cytokine release

and decreasing the bacterial load.

3.2 | Artesunate increases pro-inflammatory
cytokines release and bacterial clearance in LPS-
tolerant macrophages

Based on the concentration-effect relationship between LPS and cytokine
production (Figure 2a), incubation in 5 ng-ml~* of LPS for 4 h followed by
100 ng:ml~* of LPS was determined to induce an LPS-tolerant phenotype
(tolerant cells) (Figure 2b). Compared with cells treated with only
100 ng-mi~t of LPS (LPS cells), tolerant cells pretreated with 5 ng-ml~2 of
LPS followed by 100 ng-mi~t of LPS released much less TNF-o and IL-6
(Figure 2c). However, artesunate dose-dependently increased TNF-a and
IL-6 release in tolerant cells (Figure 2d). The results showed that the bacte-
rial loads in LPS-tolerant cells increased relative to LPS cells at 2 h after
Pseudomonas aeruginosa challenge. Significantly, artesunate decreased the
bacteria load in tolerant cells (Figure 2e). Subsequently, the human mono-
cyte cell line THP-1 and THP-1 derived macrophages were employed to
confirm that artesunate had a similar effect on human macrophages. Iden-
tical results for the mRNA levels of TNF-a and IL-6 and bacterial clearance
were obtained in THP-1 cells and THP-1 derived macrophages, too
(Figure 2f,g). The concentrations of LPS (2.5-200 ng-ml~2) and artesunate
(0.625-40 pg-mi™Y) used in the experiment did not affect cell viability,
therefore the above effect was not related to LPS or artesunate toxicity
(Figure S1) (Li et al., 2008). These results were consistent with the findings
in vivo, demonstrating that artesunate reversed sepsis-induced immuno-
suppression by enhancing pro-inflammatory cytokines release and bacterial

clearance by macrophages.

3.3 | Vitamin D receptor (VDR) is predicted to be an
interaction candidate of artesunate

To further investigate the molecular mechanism of artesunate, the
possibly interacting candidates were predicted. First, the top 20 candi-
dates (Figure 3a) were screened using RT-PCR and western blotting.
Among them, the most significant and stable change was observed in
the mRNA and protein levels of VDR, which remarkably increased in
tolerant cells and were decreased by artesunate treatment (Figure 3b,c).
Second, Vdr expression in RAW264.7 was modified. A Vdr siRNA
and a lentiviral vector harbouring an RNAIi sequence against Vdr were
transfected into RAW264.7 cells to knock down Vdr expression (Vdr-KD
cells) (Figure S2a). Knockdown of Vdr abrogated the LPS-tolerant
phenotype,and artesunate addition had no effect (Figure 3d). A lentiviral
vector harbouring the Vdr gene was transfected into RAW264.7 cells to
overexpress Vdr (Vdr-OE cells) (Figure S2b). The results showed that the
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FIGURE 2 Artesunate (AS) increases pro-inflammatory cytokines release and bacterial clearance within LPS-tolerant macrophages (n = 4).
(a) LPS increased the release of TNF-a (a1) and IL-6 (a2) from peritoneal macrophages (PMs) in a dose-dependent manner. (b) Schematic diagram
of the establishment of the LPS-tolerant macrophage model. (c) The level of TNF-a (c1) and IL-6 (c2) in LPS-tolerant PMs (n = 5). (d) Effect of AS
(5,10 and 20 pg-ml’l) treatment on the level of TNF-a (d1, d2) and IL-6 (d3, d4) in LPS-tolerant PMs and RAW264.7 cells (n = 5). (e) Effect of AS
treatment (20 pg-ml~2) on the bacterial load in LPS-tolerant RAW264.7 cells (n = 8). (f) Effect of AS (20 pg-ml~?) treatment on the mRNA level of
TNF-a (f1, f2) and IL-6 (f3, f4) in LPS-tolerant THP-1 monocytes and THP-1 derived macrophages (n = 5). (g) Effect of AS treatment (20 pg-ml’l)
on the bacterial load in LPS-tolerant THP-1 derived macrophages (n = 8). One-way ANOVA followed by Tukey's post hoc test; P <0.05
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FIGURE 3 The vitamin D receptor is predicted to be an interactor candidate of artesunate (AS). (a) A total of 20 underlying signal molecules
were selected via the traditional Chinese medicine systems pharmacology database and analysis platform (TCMSP). (b) Effect of AS on the relative
mRNA levels of Vdr (n = 5). (c) Effect of AS on the protein levels of VDR (n = 5). (d) Effect of Vdr siRNA (d1) and Vdr-KD lentiviral vector (d2) on
TNF-a levels in LPS-tolerant RAW264.7 cells treated with AS (n = 5). (e) Effect of Vdr-OE lentiviral vector on TNF-a level in LPS-tolerant

RAW264.7 cells treated with AS (n = 5)

. (f1) Schematic diagram of the binding assay designed in our laboratory. (f2) Effect of Vp3 on the binding

of AS and VDR tracked by AS fluorophores (n = 5). AS with fluorophore 12-(7-oxycoumarinyl-ethoxy) dihydroartemisinin was named AS | and AS
with 12-(-1H-benzo [de] isoquinoline-1, 3(2H)-dione-2-ethoxy) dihydroartemisinin was named AS 1. (g) Effect of Vps (100 nM) on TNF-a levels in
LPS-tolerant RAW264.7 cells treated with AS (n = 5). One-way ANOVA followed by Tukey's post hoc test; ns, not significant; P <0.05

artesunate-induced TNF-a increase in LPS-tolerant cells was abrogated
by overexpressing Vdr (Figure 3e). These findings suggested VDR as an
essential and key molecule in LPS-tolerant formation and could be fur-
ther considered as a candidate interactor for artesunate.

Third, to verify the interaction between artesunate and VDR, an
indirect competitive binding assay using fluorophore-labelled

artesunate was carried out (Figure 3f1). Pre-incubation with Vps

decreased the artesunate-related fluorescence intensity significantly
(Figure 3f2), suggesting that Vp3 occupied the receptor to decrease
the interaction between artesunate and VDR.

Last, Vps is a natural agonist that showed high affinity for VDR
(Haussler, Jurutka, Mizwicki, & Norman, 2011),therefore the effect of
artesunate on TNF-a level was determined in presence and in absence

of Vps. In the absence of Vps, the TNF-a level decreased and
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artesunate increased TNF-a release from LPS-tolerant cells. However,
after pre-incubation with Vps, artesunate-induced TNF-a increase
was eliminated (Figure 3g), indicating antagonism between Vp3 and
artesunate. These results strongly indicated that artesunate binds to
the same receptor and even similar sites, as Vpa.

These findings demonstrated that artesunate interacts with VDR
and inhibits its biological function. Therefore, we considered that
artesunate might interact with VDR as an antagonist to reverse the
LPS-tolerant state.

3.4 | Artesunate inhibits the nuclear translocation of
VDR and modulates the transcription of its target
gene, Atg16l1

VDR is a nuclear receptor that mediates most of the biological func-
tions of Vp3 and translocate into the nucleus to regulate the transcrip-
tion of downstream target genes, such as Atg16l1 by binding to their
promotors (Baeke, Gysemans, Korf, & Mathieu, 2010), thus regulating
Vps-mediated regulation of autophagy and antibacterial effects
(Sun, 2016). Therefore, we investigated the nuclear translocation of
VDR and its subsequent effect on autophagy related 16 like
1 (ATG16L1) first. Immunoblotting and immunostaining showed that
the VDR protein level increased dramatically in the nucleus of LPS-
tolerant cells compared with LPS cells, which could be reversed by
artesunate (Figure 4a,b). Second, ChIP assay results showed that
artesunate induced binding of VDR to the Atg1él1 promoter, as
analysed using semiquantitative PCR and RT-PCR in LPS-tolerant cells
(Figure 4c,d). Together, these data showed that artesunate's effect is
associated with transcriptional regulation by VDR on Atg16I/1. Third,
immunoblotting indicated that the level of ATG16L1 in LPS-tolerant
cells decreased markedly compared with that in LPS cells, but
artesunate increased its level (Figure 4e), which did not change in
presence of Vps (Figure S3a,b). The results suggested that VDR regu-
lates Atg16l1 transcription negatively in LPS-tolerant cells, which
could be prevented by artesunate. Additionally, the level of ATG16L1
in LPS-tolerant cells markedly increased in the Vdr-KD group com-
pared with that in NC-KD group and the effect of artesunate was
diminished (Figure 4f). However, the artesunate-induced increase in
ATG16L1 levels in LPS-tolerant cells was abrogated by over-
expression of Vdr (Figure 4g). These findings indicated that artesunate
inhibits the function of VDR via preventing the nuclear translocation
of VDR, thus influencing the transcription of its target gene Atg16I1.

3.5 | Artesunate's autophagy-dependent effects act
through VDR in vitro

Autophagy is an important self-protection mechanism required for bacte-
rial clearance and inflammation (Gutierrez et al., 2004; Levine, Mizushima,
& Virgin, 2011). Atg16l1, the target gene of VDR and an autophagy regu-
lator, links VDR and autophagy (Wu & Sun, 2011). First, to confirm the
function of ATG16L1, cells were treated with Atg1él1 siRNA

(Figure S4a). TNF-a and IL-6 levels in LPS cells decreased and
artesunate-induced TNF-a and IL-6 increase in LPS-tolerant cells were
eliminated in the Atg16l1 siRNA-infected group compared with those in
the negative control group (Figures 5a and S4a). This suggested that
ATG16L1 is associated with inflammatory cytokine release in LPS-
tolerant cells and in the effects of artesunate.

Second, three autophagy inhibitors, 3-MA targeting Vps34;
Bafilomycin Al blocking autophagosome and lysosome fusion; and
LY294002 targeting Vps34 (also known as PI3K catalytic subunit type
3), were used in RAW264.7 cells. TNF-a and IL-6 levels in LPS cells
decreased and artesunate-induced TNF-a and IL-6 increase in LPS-
tolerant cells were significantly eliminated after pre-incubation with
bafilomycin A1 (Figure 5b) and 3-MA (Figure 5c). Furthermore,
artesunate markedly reduced the bacterial load in LPS-tolerant cells
challenged with Pseudomonas aeruginosa and this effect was abro-
gated by pre-incubation with 3-MA, LY294002, or bafilomycin Al
(Figure 5d). These results indicated a potential correlation between
autophagy and the effect of artesunate.

Third, the influence of artesunate on autophagy-related mole-
cules was further investigated. Markers such as the conversion of
microtubule associated protein 1 light chain 3 (LC3B-I) (18 kDa) to
LC3B-Il (16 kDa) and the accumulation of autophagy related 5 (ATG5)
were selected to evaluate autophagy activity (Schaaf, Keulers, Vooijs,
& Rouschop, 2016). LPS treatment increased LC3B-Il and ATGS5 levels
dose-dependently (Figure 5e1), which was consistent with the results
that LPS induced pro-inflammatory cytokines release in a dose-
dependent manner (Figure 2a). This further suggested that LPS-
induced cytokine release is autophagy involved. Immunoblotting
showed that LC3B-Il and ATGS5 levels changed with time in LPS-
tolerant cells and peaked at 1 h (Figure 5e2), which was selected as
the best time point to observe LPS-induced autophagic activities.

Fourth, immunofluorescence staining, transmission electron
microscopy (TEM) and immunoblotting results revealed that autophagy
was remarkably decreased in LPS-tolerant cells relative to LPS cells and
could be reversed by artesunate treatment (Figures S4b, 5f and 5g).
These results indicated that autophagy decline is associated with the
LPS-tolerant phenotype and artesunate treatment potentiated auto-
phagic activities.

Last, in LPS-tolerant cells, LC3B-Il and ATG5 levels increased
markedly in Vdr-KD group compared with that in the negative control
and artesunate addition had no effect (Figure 5h). artesunate-induced
LC3B-Il and ATGS5 increase in LPS-tolerant cells was abrogated by
overexpressing Vdr (Figure 5i). These findings indicated that
artesunate's autophagy-dependent effects act through VDR in vitro.

3.6 | Artesunate inhibits the interaction between
VDR and NF-kB pé5 in vitro

Transcription factor NF-kB regulates the transcription of many pro-
inflammatory cytokines including TNF-a and IL-6 (Bonizzi &
Karin, 2004). VDR physically interacts with NF-xB pé5 in mouse
embryonic fibroblast cells and intestinal cells (Sun et al., 2006; Wu
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FIGURE 4 Artesunate (AS) inhibits the nuclear translocation of VDR and modulates the transcription of its target gene Atg16/1. RAW264.7
cells were treated as described in the legend of Figure 2d. (a) Immunoblotting to observe the VDR level in the nuclear lysate. (b) Immunostaining
to observe the nuclear translocation of VDR. VDR was probed using Alexa Fluor 555 (red). Representative images (bar = 5 um) (b1). The
karyoplasmic ratio of VDR was quantified from 100 cells (normalized to medium) (b2). (c) ChIP analysis for the binding of VDR to the Atg16I1
promoter. The protein-DNA complex was immunoprecipitated with anti-VDR antibody or a negative control IgG. Representative agarose gels for
the VDR-binding region in the Atg16I1 promoter and Actb DNA in the input amplified using semiquantitative PCR. (d) The binding of VDR to the
Atg16l1 promoter, normalized to Actb DNA in the input, analysed by qPCR (n = 5). (e) The protein level of ATG16L1 in LPS-tolerant RAW264.7
cells treated with AS. (f) Change in ATG16L1 protein levels in LPS-tolerant RAW264.7 cells (Vdr-KD) treated with AS. (g) Change in ATG16L1
protein levels in Vdr-OE LPS-tolerant RAW264.7 cells treated with AS. One-way ANOVA followed by Tukey's post hoc test; ‘P < 0.05

et al., 2010); the functional relevance of this interaction in LPS- change in the medium cells, LPS cells and LPS-tolerant cells when an
tolerant macrophages remains unclear. Co-IP and fluorescent co- equal amount of VDR was used as a control (pull-down by VDR); the
localization experiments were performed, which showed that the NF-xB p65 level was significantly decreased by artesunate treatment

associated NF-kB pé5 level in the cytoplasm showed no significant (Figure 6a1). However, artesunate had no effect on the associated
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FIGURE 5 Artesunate's (AS) effect is autophagy-dependent through VDR in vitro. (a) Effect of Atg16/1 siRNA on TNF-« (a1) and IL-6

(a2) levels in LPS-tolerant RAW264.7 cells treated with AS (n = 5). (b) Effect of bafilomycin (Baf) (10 ng-ml~) on TNF-a (b1) and IL-6 (b1) levels in
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(n = 8). (e1) LPS increased the protein levels of LC3B-I, LC3B-Il and ATG5 in a dose-dependent manner in RAW264.7 cells. (€2) The protein levels

of LC3B-I, LC3B-Il and ATG5 over time in RAW264.7 cells treated with LPS (100 ng:mI~2). The level of expression peaked at 1 h. (f)

Representative image of immunofluorescence staining of LC3B in LPS-tolerant RAW264.7 cells treated with AS (bar = 2 pm). (f1) Relative
fluorescent puncta indicating LC3B aggregation were quantified from 100 cells; the number in the medium group was normalized as 1 (f2). (g) The
protein levels of LC3B-Il, ATG16L1 and ATG5 in LPS-tolerant RAW264.7 cells treated with AS. (h) Changes in LC3B-Il, ATG16L1 and ATG5
protein levels in LPS-tolerant RAW264.7 cells (Vdr-KD) treated with AS. (i) Changes in LC3B-II, ATG16L1 and ATG5 protein levels in LPS-tolerant
RAW264.7 cells (Vdr-OE) treated with AS. One-way ANOVA followed by Tukey's post hoc test; ns, not significant; P < 0.05
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NF-kB p65 protein in the nucleus in any treatment in which an equal
amount of VDR was used as a control (pull-down by VDR)
(Figure 6a2). Thus, artesunate might bind VDR to interrupt its interac-
tion with NF-xB pé5 in the cytoplasm, further implying that
artesunate affects NF-xB p65 activity.

Subsequently, immunostaining was used to determine whether

artesunate affected the intracellular co-localization and distribution of
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VDR and NF-xB pé5. Co-localization of VDR and NF-kB pé5 was
observed in LPS-tolerant cells, which was significantly inhibited by
artesunate (Figure 6b1,b2). Moreover, NF-kB p65 nuclear transloca-
tion declined markedly in LPS-tolerant cells relative to LPS cells, which
was reversed by artesunate treatment (Figure 6b1,b3). These results
indicated that high levels of VDR interacted with NF-kB p65 to pre-

vent its nuclear translocation. Notably, artesunate inhibited the

(31) (32)
As - - -+ AS - - - %
PSS - - + + PS5 - - 4+ +
LPS100 - + + + LPS100 - + + +
o
x .
O .- BpeS 7S IB: p65
" ..
2 | e am— ——5: /DR G &| @ e e == [B: VDR
- * >
0 3 L
£ 5 £ 5 .
T 2| e w———5: GAPDH 2| ——— o 3
CONE (b2) (b3)
fé' . 3
AS - - - + 9 20 . — E‘
LPS5  — - + + K — 5
15 o
LPS100 - + - :
G %o ©
A s § E
& |¢ 2L :
e 2 8. 5
> 5 Lpss — .+ X
O Lps100— + + +
As - - +
(c1) . (d1) GV
47 * NC-KD Vdr-KD — ENC.KD
] = 65-KD
s - £ 6,000 P
ag 3- — AS — — — 4+ - — — % 5
= PS5 — — + + — — + + &,
S 8 2 LPS100 — + + + — + + + %
S [T
2 m m E 2,000
5:’5 t 3Pp65  wm e Ememee 0
[ -
“ 2 H3 AR S A e A pss - L
L(:;SS + + - LPS100— + + + -+ + +
- - - - - - - -+
LPS100 - + + + AS +
AS - - - +
(e2)
(c2) (d2)
NC-OE Vdr-OE — 8,000
AS - - - + AS — — — 4+ — — — & s, 6,000
LPS5 - - + + LPS5 — — + 4+ — — + + 2 sonod
Lpsz00 - + o+ 4 LPSI00 — + + + — + + + 5
T el bl L oo
S P 365" WM Tew ces 3y o
o -
2N CEDE e e G H3 ————— a — —— PS5 — -+ e - 4
- LPS100— + + + -+ + +
AS - - -+ -~ - -+

FIGURE 6 Artesunate (AS) inhibits the physical interaction between VDR and NF-kB pé5 in LPS-tolerant macrophages. RAW264.7 cells were
treated as described in the legend of Figure 2d. (a) The cytoplasm (al) and nuclear (a2) lysate were used for an IP experiment using anti-VDR
antibodies and the associated NF-kB p65 (p65) was detected by immunoblotting (IB). (b) Immunostaining to observe the co-localization of p65
and VDR. p65 was probed using Alexa Fluor 488 (green). VDR was probed using Alexa Fluor 555 (red). Representative images are shown

(bar = 5 um) (b1). The co-localization of VDR and p65 (b2) and the karyoplasmic ratio of p65 (b3) was quantified from 100 cells (normalized to
medium). (c) The pé5 level in the nuclear lysate was detected using eLisa and WB. (d) Change in the pé5 level in Vdr-KD (d1) or Vdr-OE (d2) LPS-
tolerant RAW264.7 cells treated with AS. (e) Change in the TNF-a level in p65-KD (e1) or p65-OE (e2) LPS-tolerant RAW?264.7 cells treated with
AS (n = 5). One-way ANOVA followed by Tukey's post hoc test; ns, not significant; ‘P < 0.05
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interaction between VDR and NF-xB pé5, accelerating NF-kB p65
nuclear translocation. For confirmation, the nuclear protein level of
NF-xB p65 was investigated using ELisa and immunoblotting, which
showed that nuclear NF-kB pé65 levels decreased markedly in LPS-
tolerant cells relative to LPS cells, which was reversed by artesunate
(Figure 6c1,c2). In LPS-tolerant cells, the nuclear NF-xB p65 level
increased in the Vdr-KD group compared with that in the negative
control, leading to a loss of the tolerant phenotype (Figure 6d1). In
Vdr-OE cells, the nuclear NF-xB p65 level decreased markedly
suppressed compared with that in the negative control and artesunate
treatment had no effect in LPS-tolerant cells (Figure 6d2). To deter-
mine whether artesunate-induced pro-inflammatory cytokines release
in LPS-tolerant cells is related to its influence on NF-kB p65 activity,
NF-kB p65 expression in RAW264.7 was modified (Figure S5a,b).
Knockdown of NF-xB p65 reduced pro-inflammatory cytokine release
and abrogated artesunate's effect (Figure é6e1). Overexpression of NF-
kB pé65 led to loss of the LPS-tolerant phenotype and artesunate addi-
tion had no effect (Figure 6e2). These findings indicated that
artesunate inhibited the physical interaction between VDR and NF-xB
p65 in LPS-tolerant macrophages, promoting NF-xB p65 nuclear

3.7 | Knockdown of Vdr results in the loss of the
effect of artesunate in vivo

To verify the in vitro findings, the mRNA and protein levels of Vdr
were measured in CLP mice. The levels of Vdr mRNA and protein sig-
nificantly increased in peritoneal macrophages of CLP mice but were
markedly inhibited by artesunate (Figure 7a), which was consistent
with the in vitro results. In Vdr-KD CLP mice, in which Vdr expression
was knocked down using a lentiviral vector harbouring a Vdr RNAI
sequence (Vdr-KD) (Figure Séa,b), TNF-a levels in the spleen and lungs
increased significantly compared with those in the negative control
and artesunate administration had no effect (Figure 7b). This
suggested that Vdr overexpression is involved in sepsis-induced
immunosuppression formation and knockdown of Vdr would lead to a
loss of the immunosuppressive phenotype. Immunoblotting results
showed that autophagy-associated protein levels in the spleen of CLP
mice were increased compared with those in the negative control and
artesunate treatment had no effect (Figure 7c). Taken together, the
in vivo and in vitro results indicated that the VDR plays an important

role in sepsis-induced immunosuppression and the effects of

translocation and downstream pro-inflammatory cytokine release. artesunate.
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4 | DISCUSSION

Our results demonstrated that artesunate interacts with vitamin D
receptor (VDR; nuclear receptor subfamily 1 group | member
1, NR1I1) to reverse sepsis-induced immunosuppression in an
autophagy and NF-kB-dependent manner. Together with our previous
results (Kuang et al., 2018; Li et al., 2008), artesunate not only inhibits
pro-inflammatory cytokine release during the hyper-inflammation
stage but also enhances pro-inflammatory cytokine release and bacte-
rial clearance by macrophages, thus reversing sepsis-induced immuno-
suppression in vivo and in vitro, demonstrating that artesunate
exhibits a bidirectional immunoregulating effect for sepsis treatment,
which is not reported previously.

Sepsis is a life-threatening condition caused by a dysregulated host
response to infection such as bacterial, fungal, viral and parasitic infection
(Singer et al., 2016). Recently, reversing sepsis-induced immunosuppres-
sion has become the focus of sepsis research, instead of targeting the
cytokine storm (Cohen, 2002; Hotchkiss et al., 2013a; Kox et al., 2000;
Prucha et al., 2017). However, drugs in current clinical trials, such as anti-
programmed cell death receptor-1 (anti-PD-1) and anti-PD-L1 antibodies,
might only affect the immunosuppression stage (Hotchkiss et al., 2013a;
Prucha et al., 2017) and their clinical efficacies remain to be proven.
Therefore, we consider that an ideal immunotherapy for sepsis should
exert an anti-inflammatory effect during the cytokine storm stage and
increase the resistance to infection during the immunosuppression stage.
The therapeutic effects of artesunate on the cytokine storm stage and its
possible mechanism have been proved in our previous study (Kuang
et al,, 2018; Li et al,, 2008; Li et al., 2010). The results of the present
study revealed artesunate's additional therapeutic effects in sepsis-
induced immunosuppression in vivo and in vitro.

Active VDR binds preferentially as a heterodimer with the
retinoid X receptor (RXR) to hexameric repeats on vitamin D response
elements in the promoter regions of target genes (Haussler
et al., 1998; Orlov, Rochel, Moras, & Klaholz, 2012). VDR/RXR
heterodimer nuclear translocation functions to recruit additional
cofactors that play an essential role in transcription (Haussler
et al., 1998). Thus, TCMSP predicted VDR as an artesunate interacting
molecule and was then identified using PCR and western blotting.
Moreover, we found that in LPS-tolerant cells (mimicking the immu-
nosuppression stage of sepsis), VDR was highly expressed and its
nuclear translocation increased compared with that in LPS cells (mim-
icking the cytokines storm stage), while artesunate treatment mark-
edly inhibited VDR

Furthermore, the artesunate-VDR interaction was confirmed using

expression and nuclear translocation.
binding assays. Thus, artesunate might interact with VDR to inactivate
it, thereby inhibiting its nuclear translocation. The effects of
artesunate were investigated in presence and in absence of Vp3, the
natural ligand of VDR. artesunate's effect was eliminated when pre-
incubated with Vps, demonstrating antagonism between Vps; and
artesunate, suggesting that artesunate might bind to the same recep-
tor even similar sites as Vps.

Although the anti-inflammation or immunosuppressive effect of Vps
is tightly related to VDR function (Alroy, Towers, & Freedman, 1995;

BRITISH
5 PHARMACOLOGICAL 4161
SOCIETY

Joshi et al.,, 2011; Lemire et al., 1985), few studies have addressed the
direct role of VDR in sepsis-induced immunosuppression. Our results
demonstrated that the excessive high levels of VDR during the immuno-
suppression stage of sepsis might be related to the decreased inflamma-
tory response. Indeed, artesunate increased the survival rate of septic
animals by inhibiting the excessive high expression of VDR.

Autophagy participates in the defence against infection by eliminat-
ing intracellular pathogens and regulating inflammation (Casanova, 2017).
Autophagy has been considered a new target in sepsis treatment (Ren
et al,, 2017). Combined with our previous study (Kuang et al., 2018), we
considered that autophagy was enhanced in early sepsis stage (cytokine
storm stage) but suppressed in late sepsis (immunosuppression stage).
Our results showed artesunate enhanced autophagy in LPS-tolerant cells
to eliminate bacteria. Inhibiting autophagy using Atgl16l1 siRNA or
autophagy inhibitors abrogated artesunate's effects on bacteria clearance
and cytokine releases, demonstrating that autophagy plays a crucial part
in artesunate's effect.

VDR is involved in immunoregulation and resistance to infections
via regulating autophagy (Baeke, Takiishi, Korf, Gysemans, &
Mathieu, 2010; Gois, Ferreira, Olenski, & Seguro, 2017). VDR tran-
scriptionally regulates Atg16l1, which is an important autophagy-
related protein. Decreased VDR reduces ATG16L1 levels associated
with abnormal Paneth cells in chronic states of mucosal inflammation
(Sun, 2016). However, we observed tight binding between VDR and
Atg16l1 promotor, leading to low ATG16L1 protein levels in LPS-
tolerant cells, demonstrating negative regulation by VDR on Atg16l/1
transcription in LPS-tolerant cells, which did not change in presence
of Vpa. Most effects of VDR on ATG16L1 and autophagy were inves-
tigated in epithelial cells (Huang, 2016; Sun, 2016) but not in mono-
cytes/macrophages. Our study focused on the immunosuppression
stage in monocytes/macrophages, unlike the parenchyma cells such
as epithelial cells which were not immunosuppressed. Thus, there
might be differences between two different kinds of cells. Moreover,
considering that artesunate inhibited VDR expression to up-regulate
Atg16l1 transcription and increase autophagy, we speculated that the
discrepancy in the transcriptional regulation between VDR and
Atg16l1 might due to the differences in the inflammation and immune
status, which will require further investigation in the future.

The NF-xB signalling pathway links pathogenic and cellular dan-
ger signals, thus organizing cellular resistance to invading pathogens
and forming a network hub responsible for complex biological signal-
ling (Albensi & Mattson, 2000; Kaltschmidt & Kaltschmidt, 2009). NF-
kB p65 physically interacts with VDR in mouse embryonic fibroblast
cells and intestinal cells (Sun et al., 2006; Wu et al., 2010). Previously,
we showed that artesunate significantly inhibited LPS-induced toll-
like receptor 4 (TLR4)/TRAF6/NF-xB activation in macrophages,
reducing pro-inflammatory cytokine release (Kuang et al., 2018; Li
et al., 2008) and thus playing an anti-inflammatory role. Herein, we
focused on its function in sepsis immunosuppression and have shown
that VDR negatively regulates NF-xB p65 via their physical interaction
in macrophages. Importantly, artesunate disrupted the VDR-NF-xB
p65 interaction in LPS-tolerant cells, markedly increasing nuclear NF-

kB pé5 translocation and downstream target gene expression, such as
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TNF-a and IL-6. Furthermore, artesunate decreased VDR binding to
the promoter of Atg1él1, leading to reduced VDR nuclear transloca-
tion and decreasing the negative transcription of Atg16l1. Lastly,
artesunate enhanced autophagy activities through binding to VDR. In
the immunosuppression stage, Vdr knockdown reversed autophagy-
related protein levels and Vdr overexpression resulted in the loss of
artesunate-induced autophagy-related protein increase. Thus,
artesunate's interaction with VDR to reverse immunosuppression
involves autophagy. We speculated that artesunate interacts with
VDR to inhibit nuclear translocation of VDR and inhibited the interac-
tion between VDR and NF-kB pé65 in LPS-tolerant macrophages. This
would promote NF-kB pé5 nuclear translocation, enhance autophagy
and activate NF-xB p65 target gene transcription, such as pro-
inflammatory cytokine genes.

VDR is the receptor for Vps. Does Vp3 control VDR to achieve an
anti-sepsis effect? Although clinical investigation have shown a close
correlation between vitamin D deficiency in serum and excess mor-
bidity and mortality of sepsis, suggesting that vitamin D deficiency is
closely related to sepsis (Dickerson et al., 2016), it remains conflicting
whether vitamin D supplementation improves the outcome of
patients with sepsis (Kearns, Alvarez, Seidel, & Tangpricha, 2015;
Putzu et al., 2017). The extensive biological effects of vitamin D and
its role in homeostasis maintenance require a maintained physiological
concentration of vitamin D. Noteworthily, based on our results that
excessive vitamin D induces increases VDR expression and subse-
quent suppressed immune function, excessive vitamin D supplemen-
tation might be harmful rather than beneficial.

To date, the outcome of therapy only aimed at a single stage of
sepsis has been disappointing, possibly because the treatment time

window is important for the therapeutic regimen of sepsis, but
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difficult to handle. Anti-inflammatory treatment in the hypo-
inflammatory stage or pro-inflammatory therapy in the hyper-
inflammatory stage failed or even increased mortality in clinic
(Hotchkiss et al., 2013a; Rudick, Cornell, & Agrawal, 2017). Therefore,
we considered that an immunoregulator might be an ideal drug to
treat sepsis caused by bacterial or virus without limitation of treat-
ment time. Based on our previous and present results, artesunate
might be a bidirectional immunoregulator for both the hyper- and
hypo-inflammatory stages of sepsis even caused by COVID-19.

Mechanistically, artesunate exerts its “pro-inflammatory” effect in
the immunosuppression stage in contrast to its “anti-inflammatory”
effect in the cytokines storm stage. Our present results showed a
schematic of the mechanism of artesunate's effect through two
ways:- artesunate interacts with VDR, to preventing its nuclear trans-
location of VDR, which decreases its negative regulation of
autophagy-related target genes, such as Atg16l1, and increases
autophagy. Additionally, artesunate interaction with VDR prevents
the VDR-NF-kB p65 interaction, promoting the nuclear translocation
of NF-xB pé5, leading to increased transcription of its target genes,
such as pro-inflammatory cytokines (Figure 8). These two actions
increase bacterial clearance and pro-inflammatory cytokine release
from macrophages.

Although the monocytes/macrophages system plays a vital role in
sepsis, the acquired immune system is equally important. However,
the effect of artesunate on T and B cell function remains to be investi-
gated. Considering the therapeutic effect of artesunate on caecal liga-
tion and puncture (CLP) mouse models, we believe that artesunate
could improve T and B cells function during sepsis. Artesunate inter-
acts with VDR, however more work is required to determine whether

VDR is a target of artesunate. Overall, our findings provide evidence
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Flow chart of the mechanism of action of artesunate (AS). AS interacts with vitamin D receptor (VDR) to prevent the nuclear

translocation of VDR and decrease its negative regulation of autophagy-related target genes such as Atg16/1, which increases autophagy activity.
Additionally, AS interacts with VDR to prevent the interaction between VDR and NF-xB p65, which increases the nuclear translocation of NF-xB
p65, leading to increased transcription of its target genes, such as pro-inflammatory cytokines
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that artesunate interacts with VDR to reverse sepsis-induced immu-
nosuppression in an autophagy and NF-kB-dependent manner,
highlighting a novel approach for the treatment of sepsis and the drug

repurposing of artesunate as a bidirectional immunomodulator.
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