
Page 1/26

Dihydroartemisinin exerts multiple effects in
ameliorating CNS in�ammation by enhancing AXL
signaling in microglia from mouse model of
multiple sclerosis
Qingsen Ran 

china academy of chinese medical science
Qi Li 

China Academy of Chinese Medical Sciences
Li Liu 

China academy of chinese medical science
Lidong Sun 

china academy of chinese medical science
Qing Yang 

china academy of chinese medical science
Yujie Li 

china academy of chinese medical science
Ying Chen 

china academy of chinese medical science
Xiaogang Weng 

china academy of chinese medical science
Yajie Wang 

china academy of chinese medical science
Weiyan Cai 

china academy of chinese medical science
Xiaoxin Zhu  (  zhuxx@icmm.ac.cn )

China Academy of Chinese Medical Sciences Institute of Chinese Materia Medica

Research

Keywords: Dihydroartemisinin, EAE, CNS in�ammation, microglia, AXL

Posted Date: February 13th, 2020

DOI: https://doi.org/10.21203/rs.2.23348/v1

https://doi.org/10.21203/rs.2.23348/v1
mailto:zhuxx@icmm.ac.cn
https://doi.org/10.21203/rs.2.23348/v1


Page 2/26

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://creativecommons.org/licenses/by/4.0/


Page 3/26

Abstract
Background: Dihydroartemisinin (DHA), a bioactive sesquiterpenoids originated from Artemisia annua L. ,
extensively applied in traditional medicine for the treatment of multiple autoimmune diseases. AXL,
shown to dampen the immune response, reduce pro-in�ammatory cytokine secretion, clear apoptotic cells
and debris in Multiple sclerosis (MS), suggesting that it plays a role in disease pathogenesis. Thus,
aiming to investigated whether DHA ameliorates experimental autoimmune encephalomyelitis (EAE) by
modulating AXL signaling, we determined it both in vivo and vitro studies.

Methods: Firstly, female C57BL/6 mice were immunized with myelin oligodendrocyte glycoprotein MOG
35-55 peptide emulsi�ed in complete Freund’s adjuvant and injected with pertussis toxin on day 0 and 2.
Mice were monitored daily with DHA for clinical signs of disease and analyzed for pathology and
ethology during the acute phase of disease. Moreover, functions of Immunological responses were
assessed by �ow cytometry and �uorescence microscope, chemokine were determined through ELISA
and Transwell assay, proteins were monitored by Western blot and genes expression were explored by
PCR.

Results: Results identi�ed mice immunized with MOG35-55 had a signi�cantly more severe acute phase
of EAE than negative control mice. In contrast, DHA treated mice had slighter spinal cord lesions with less
in�ammatory cuffs, less demyelination, and slighter axonal damage than EAE mice. Furthermore, by
using gait analysis, DHA obviously ameliorated clinical features in EAE mice. Strikingly, DHA reduced the
chemotactic ability of microglia, promoted the differentiation of T cells into Treg cells and enhanced the
phagocytic ability of microglia. Moreover, DHA up-regulated expression of AXL, SOCS3, and STAT1
phosphorylation. By contrast, no signi�cant differences were noted in these responses above by using
SGI7079, inhibitor of AXL. Furthermore, DHA up-regulated expression of AXL, SOCS3, and STAT1
phosphorylation and enhanced the phagocytic ability of microglia when IFNAR was activated by IFN-β
however, no signi�cant differences were noted in these responses above by using Fludarabine, inhibitor
of STAT1 phosphorylation.

Conclusions: Taken together, the present study demonstrated that DHA exerts multiple effects in
ameliorating neuroin�ammation process by enhancing AXL signaling that depending on modulating
STAT1/SOCS3 axis in EAE, a mouse model of multiple sclerosis.

Background
Multiple Sclerosis, the most prevalent and an incurable chronic in�ammatory disease of the central
nervous system (CNS), in�icts more than 2 million people worldwide (at least 400,000 in the United
States)[1]. Experimental autoimmune encephalomyelitis (EAE), the most commonly used in MS model[2],
is characterized by abnormal in�ammatory cells in�ltrating into the central nervous system (CNS), a
process that initiates the lesion formation and �nally the demyelination of neuron axons[3, 4]. It is well
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established that in�ammation in the CNS can block remyelination, but phagocytosis-led clearance of
myelin debris can restart remyelination[5].

Microglia, resident CNS immune cells of monocyte lineage, play fundamental roles in maintaining
homeostasis of CNS. Upon any CNS perturbation, they act to both resolve and exacerbate CNS disease[6].
Microglia/macrophages secret a battery of proin�ammatory cytokines and present lots of antigen when
aberrantly activated under pathologic environment, resulting in EAE and MS, especially in the white
matter. In addition, they also exhibit regenerative properties through the phagocytizing myelin debris and
secreting growth and neurotrophic factors[7]. We consider microglia to play a central role in: (1) the
initiation of the acute in�ammatory response within the CNS; (2) the clearance of damaged tissue [8]; the
apparently irreversible tissue injury associated with the progressive disease phase[9].

Recent studies have revealed that TAM receptor protein tyrosine kinases, like TYRO3, AXL and MER, cell-
surface transmembrane receptors, play pivotal roles in innate immunity. These receptors interact with
multiple signaling molecules to regulate innate immune response, such as cell migration, survival,
phagocytosis and efferocytosis[10]. The TAMs also function as rheostats to reduce the expression of
proin�ammatory molecules and prevent autoimmunity[11, 12]. AXL, widely present in microglia, are
known as regulators of multiple features of microglial physiology[10]. AXL has been shown to dampen
the immune response, reduce pro-in�ammatory cytokine secretion, clear apoptotic cells and debris, and
maintain cell survival[13]. The de�ciency of AXL also has a close relationship with many autoimmune
diseases [14, 15]. Thus, upregulation of AXL in MS lesions may help to protect resident CNS cells from
apoptosis, dampen inappropriate activation of the immune response, and facilitate clearing myelin
debris[12]. These data suggest that AXL serves as signal in multiple CNS cells during in�ammation and
repair.

Accumulating evidence showed that several types of chemokines, such as the potent immune cell
chemoattractant chemokines RANTES, are upregulated in EAE and MS lesions, consequently leading to
in�ammation and demyelination[16]. Nevertheless, if AXL is inhibited, the chemotactic function of CCL5
is also repressed [17]. Apoptotic cells exert immunomodulatory effects on APCs. Bacterial and viral
infections generate a large number of apoptotic cell corpses. Immune checkpoint plays a vital role as
antigen (bacterial, viral, apoptotic cells) enter APCs and are cleared away by macrophages and DCs.
Accumulating evidence suggests that PDL1 de�cient mice become susceptible to EAE induction[18] and
upregulated PDL1 expression in microglia could suppress Th1 cells via NO[19]. Furthermore, PDL1 can
promote the differentiation of CD4 + T cells into Treg cells, a process that can inhibit neuroin�ammation
[20]. However, this homeostatic situation is also impaired in the TAM-de�cient mice[17]. As resident
apoptotic debris presents danger signals and autoantigens, TAM receptors and their ligands are required
for the optimal phagocytosis of apoptotic cells in the mature immune and nervous systems. Furthermore,
this receptor-ligand system is triggered by the “eat-me” signal phosphatidyl serine[12].

As the Toll-like receptors (TLRs) in dendritic cells were activated, it would trigger a rapid in�ammatory
response to pathogens. However, this response must be tightly regulated because unrestrained TLR
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signaling generates a chronic in�ammatory milieu that often leads to autoimmunity[21]. Accumulating
evidences showed that the TAM receptor tyrosine kinases—Tyro3, AXL, and Mer—broadly inhibit both TLR
and TLR-induced cytokine receptor cascades[22]. Their importance notwithstanding, whether DHA is
integrated with in�ammation response remains to be elucidated.

Artemisinin is a sesquiterpene lactone isolated from the Chinese plant Artemisia annua L. [23]. Since the
1970s, artemisinin and its derivatives have been widely used in antimalaria drug to kill multidrug-resistant
strains of malarial parasites[24]. Dihydroartemisinin (DHA) is an active metabolite shared by all
artemisinin compounds (artemisinin, artesunate, artemether, and so on) and an important component in
some drugs [25–27]. Apart from its prominent antimalaria effect, DHA is involved in a spectrum of
cellular functions, including tumor cell growth, angiogenesis, and immune regulation[28]. In addition, DHA
was initially demonstrated as an effective treatment option for SLE and is currently being assessed in a
Chinese clinical trial. DHA and its derivatives can suppress delayed-type hypersensitivity response and
collagen-induced arthritis, they were further reported as candidates for treating other autoimmune
diseases [23]. These �ndings suggest that artemisinin derivatives are promising agents for modulating
immune response and treating in�ammatory diseases.

In this report, by using a murine model of EAE, we investigated how DHA treatment ameliorates CNS
in�ammation via up-regulating AXL that depends on STAT1/SOCS3 signaling pathway in microglia.

Material And Methods
Animal experiments and Reagents

Female C57BL/6 mice were obtained from institute of basic theory of Chinese medicine, China academy
of Chinese medicine, and were used at 8 to 10 weeks of age. All mice were housed under speci�c
pathogen-free conditions. All experiments were performed according to the institutional ethical guidelines
on animal care and approved by the Institute Animal Care and Use Committee at BeiJing Institute of
Materia Medica. SGI7079(MCE; HY-12964); Human IFN-β (300-02BC-20); Fludarabine (MCE; B-0069);
Mouse CCL5 ELISA kit (Proteintech, KE10017).

Induction, treatment, and clinical evaluation of EAE

C57BL/6 mice were immunized with MOG peptide35-55 (3mg/ml; Celtek Bioscience, Franklin, TN)
emulsi�ed in an equal volume of CFA composed of mycobacterium tuberculosis H37RA (10 mg/ml; Difco
Laboratories, Detroit, MI) in complete Freund’s adjuvant (Sigma-Aldrich). Mice were anaesthetized with
iso�urane and 120 μl of emulsion was injected subcutaneously on each �ank (200 μl total/ mouse) on
day 0. In addition, 500 μl of pertussis toxin (1μg/ml; List Biological Laboratories, Campbell, CA) was
injected into the tail vein on days 0 and 2. DHA (Chongqing Holley Wuling Mountain Pharmaceutical
Company, purity ≥ 99%) was dissolved in CMC-Na 0.5%, which was used as the vehicle control. The mice
were administered 2, 10 or 20 mg.kg-1 DHA per day or 1 mg/kg Methylprednisolone (P�zer) per day.
Clinical assessment of EAE was performed daily and mice were scored for disease according to the
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following criteria: 0, no overt signs of disease; 1, limp tail or hind limb weakness but not both; 2, limp tail
and hind limb weakness; 3, partial hind limb paralysis; 4, complete hind limb paralysis; 5, moribund state
or dead.

Cell Culture

All cells were maintained in culture medium supplemented with 10% fetal bovine serum (Gibco, USA) at
37 °C in a humidi�ed incubator (5% CO2) (SANYO, JAPAN), with Jurkat T cells in RPMI-1640 medium and
PC12 cells and BV 2 cells in DMEM medium.

Histopathology

To assess the degree of CNS in�ammation and demyelination, immunized C57BL/6 mice treated with
vehicle or SM934 were anesthetized by pentobarbital sodium and perfused by intracardiac injection of
PBS containing 4% paraformaldehyde. Para�n embedded 5 mm sections of spinal cord were stained
with H&E and Luxol fast blue and then examined by light microscopy. Lumbar spinal cords were sliced
into 1mm sections. Tin sections were cut, stained with uranyl acetate and lead citrate and then analyzed
under transmission electron microscope (Olympus, JAPAN) . Brie�y, in�ammation was scored as follows:
0, none; 1, a few in�ammatory cells; 2, organization of perivascular in�ltrates; 3, increasing severity of
perivascular cu�ng with extension into adjacent tissue. Demyelination was scored as follows: 0, none; 1,
rare foci; 2, a few areas of demyelination; 3, large (con�uent) areas of demyelination.

Gait analysis

Gait assessment was carried out as described previously[29]. on the 24th day when the EAE mice were at
the peak period by the automated computer-assisted method (Xin Hai Hua Yi Instrument Co., Beijing
China). Data were collected and analyzed with Gait Analysis Lab software version 5.0. The equipment
was located under natural light in a silent room. In brief, the system consists of an elevated 1.2 m-long
glass plate which is illuminated with a �uorescent light coming from the side and the �uorescent light is
internally re�ected in the glass allowing the paws to re�ect light as they come into contact with the glass
�oor. A ceiling on top of the walkway creates a red background to produce the contour of the animal. A
high-speed camera (100 frames) underneath the glass plate captures the images which are subsequently
analyzed by the connected computer program. The video acquisition system is sealed with a PVC sheet
to ensure a uniform dark environment to insure controlled lighting in the experiment. Prior to the �rst
testing day, the animals were trained to traverse a glass walkway toward their home cage. On subsequent
training days, three complete runs across the walkway were recorded by a camera positioned below. If an
animal failed to complete a run within 5 s, walked backwards, or reared during the run, the animal was
given an additional re-run. Pixels below a light intensity of 20 units on a 0–255 arbitrary scale were
�ltered out. Prints can be inspected individually and in combinations, and timing diagrams for paw
placements are available.

Isolation of spinal cord in�ltrated mononuclear cell
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Spinal cord in�ltrated mononuclear cells were isolated as described previously. The mice were
anaesthetized with pentobarbital sodium and perfused with 20 ml of cold PBS. The spinal cords were
extruded by �ushing the vertebral canal with PBS and rinsed in PBS. Tissues were forced through 70 mM
nylon cell strainers (BD Falcon), and then the spinal cord cell suspensions were incubated with
collagenase IV (2 mg/ml) and DNaseI (100μg/ml) at 37℃ for 30 min, and passed again through 70 mM
nylon cell strainers to yield single-cell suspensions. CNS mononuclear cells were centrifuged (500g) at
room temperature for 20 min over discontinuous 30%/ 70% Percoll gradient (GE Healthcare). Then, lysed
by TRIzol Reagent (Invitrogen) for qRT-PCR analyze and loading buffer for western blot analyze.

Phagocytosis assay

Phagocytosis assays was assessed as described previously[30], PC12 cells were induced to an apoptotic
state by serum deprivation for 48 hours after being cultured. BV2 cells were plated at a cell density of 2 ×
105 cells. After induction of apoptosis, PC12 cells were harvested, stained with carboxy �uorescein
diacetate succinimide ester (CFSE) and placed in contact with treated BV2 cells at a 3/1 ratio for 2 hours
so phagocytosis would occur. After coculturing, the supernatant was removed, and BV2 cells were
harvested and stained with anti‐F4/80‐PE conjugated anti‐mouse antibody diluted in PBS (1/200) for 30
minutes at 4℃. After the incubation period, the cells taken to an �ow cytometer and a total of 10 000
events were acquired. Double‐stained events were considered as phagocytosing BV2 cells, and
percentage of such events was used to quantify phagocytosis. Then used the �uorescence microscope
for qualitative phagocytosis analysis.

Single cell extraction

The brain and spinal cords were extruded by �ushing the vertebral canal with PBS and rinsed in PBS.
Tissues were forced through 40 mM nylon cell strainers (BD Falcon), and then the spinal cord cell
suspensions were incubated with collagenase (1 mg/ml) DNaseI (100μg/ml) at 37℃ for 60 min, and
passed again through 40 mM nylon cell strainers to yield single-cell suspensions. To ensure the cell
viability more than 90% by using the trypan blue.

10x Genomics single cell sequence

The single cell sequencing was assessed as described previously [31] and implemented by oebiotech.
Cells were processed using the 10x Genomics Chromium Controller and the Chromium Single Cell 5′
Library & Gel Bead Kit (PN 1000006) following the standard manufacturer’s protocols
(https://tinyurl.com/y96l7lns). Three technical replicates were run in parallel for each sample. In brief,
between 14,000 and 21,000 live cells were loaded onto the Chromium controller in an effort to recover
between 10,000 and 15,000 cells for library preparation and sequencing. Gel beads were prepared
according to standard manufacturer’s protocols. Oil partitions of single-cell + oligo coated gel beads
(GEMs) were captured and reverse transcription was performed, resulting in cDNA tagged with a cell
barcode and unique molecular index [32]. Next, GEMs were broken and cDNA was ampli�ed and
quanti�ed using an Agilent Bioanalyzer High Sensitivity chip (Agilent Technologies).
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Real-time PCR Assay

Total RNA was isolated using Trizol reagent (Invitrogen), reverse transcribed, and polymerase chain
reaction ampli�ed using speci�c primers. three-Step Real-time PCR was performed with SYBR Green PCR
Reagents (CWbio, China) was used with a total of 100 ng of RNA per reaction with PDL1, AXL, GAS6,
RANTES, and ACTB (sequence was shown in supplementary data 1) primers according to the
manufacturer’s instructions. All results were normalized to ACTB as an internal control. The reactions
were aliquoted in triplicate in an optical 96 well plate; RNase-free water was used as a blank. Reactions
were run in the LightCycler 480 , USA real-time PCR machine (Roche) with the following cycles: 95°C for
10 min to activate the DNA polymerase, followed by 45 cycles at 53°C for 15 seconds, and 72°C for 1
min. The real-time quanti�cation was monitored directly by the StepOnePlus software and the
comparative thresholds were identi�ed for each gene with each RNA sample and calculated at the end of
the measurements. After normalization of the, the fold change was determined as fold change = 2-
(ΔΔCT) where ΔΔCT is de�ned as the normalized change in CT between two groups. Statistics were
performed on the normalized CT values. Premier Sequence: ACTB (Mus sapiens): Forward-5’-
GGCTGTATTCCCCTCCATCG3’; Reverse-5’-CCAGTTGGTAACAATGCCATGT-3’. AXL (Mus sapiens):
Forward-5’-GGAACCCGTGACCCTACT-3’; Reverse-5’-GACTCCCTTGGCATTGTG-3’. GAS6 (Mus sapiens):
Forward-5’-TACAGGCTCAACTACACCCG-3’; Reverse-5’-ACTGCCAGGACCACCAAC-3’. CCL5 (Mus sapiens):
Forward-5’-ACCACTCCCTGCTGCTTT-3’; Reverse-5’-ACACTTGGCGGTTCCTTC-3’. PDL1 (Mus sapiens):
Forward-5’-GTGGTGCGGACTACAAGC-3’; Reverse-5’-CAGGCAGTTCTGGGATGA-3’.

Protein extraction and Western Blot

Proteins were extracted from the lungs of all subjects and lysed with Loading Buffer. Whole-cell extracts
were prepared and protein concentrations were measured using a BCA assay kit. Total proteins were
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to
polyvinylidene �uoride (PVDF) membranes (Merck Millipore, IPVH00010) via electrophoretic transfer.
Membranes were blocked for 2 h at room temperature with 5% powdered skimmed milk and exposed to
primary antibodies overnight at 4°C. Horseradish peroxidase-conjugated antibody against mouse and
antibody against rabbit were used as secondary antibodies. After extensive washing, protein was
visualized on X-ray �lm following an ECL plus assay kit (Thermo Scienti�c) and analyzed by Image J
software.

Flow cytometry

For cell surface staining, cells �rst blocked with 3% FBS for 15 min in room temperature and then were
stained with antibodies anti-PDL1-FITC (Proteintec, USA) for 1h 4 ℃ to analyze whether DHA in�uence
the PDL1 expression on microglia and macrophages. For intracellular staining, cells were �rst used Triton-
100 for 15 min in room temperature, and then used anti-FOXP3-FITC(Proteintec, USA) for 1 h 4 ℃ to
analyze whether DHA promote T cell differentiation into Treg cells. Finally, all cells were sorted on the
BECKMAN Flow Cytometer.
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Trans-well assay

A trans-well (8μm pore size; Falcon, USA) assay was used to further analyze chemotaxis ability of BV2
cells according to the manufacturer's instructions. BV2 cells at the density of 5 × 104/mL were placed in
the upper chambers in 0.3ml 5% serum media, and the lower chambers were added with 0.6 mL LPS 50
ng/mL, 1 μM DHA+LPS 50 ng/mL, 4μM DHA+ LPS 50ng/mL, or 10% serum DMEM as negative control.
Cells were allowed to transmigrate into the lower chamber following incubation for 12 h at 37°C;
nonmigrating cells on the upper chamber surface were removed. The membranes were �xed with 4%
paraformaldehyde in PBS for 30 min and stained with crystal violet in PBS for 15 min. The representative
images (magni�cation, ×200) were randomly taken by an inverted microscope. Each experimental group
was repeated three times.

ELISA for CCL5 detection

Serum and cerebrospinal �uid were taken at the day 26 and culture supernatants from BV2 cells were
evaluated using ELISA kit (all from proteintech, USA) according to the manufacturer’s instructions.

Statistical analysis

Data were analyzed using GraphPad Prism 7 sofware (GraphPad, La Jolla, CA, USA), and are presented
as the mean ± SEM. Signi�cant differences in comparing multiple groups, data were analyzed by one-way
ANOVA test. All other statistical comparisons were done using nonparametric statistical tests. Differences
with p values of less than 0.05 were considered signi�cant.

Results
DHA treatment inhibited the development of EAE in MOG-immunized C57BL/6 mice

To investigate the protective effects of DHA against EAE, we immunized female C57BL/6 mice with
MOG35-55 peptide emulsi�ed with CFA, followed by oral administration of DHA (2, 10, 20 mg/kg),
MET(1mg/kg) or vehicle (daily from post-immunization Day 7). All mice (100%) in the vehicle treated
group developed severe EAE at Day 15 to 18. In contrast, less than 60% of the mice treated with DHA
showed mild signs. Besides, the mice treated with DHA exhibited signi�cant reduction in the severity of
EAE. On Day 21, when EAE clinical score reached the peak, the mean score of vehicle group exceeded that
of DHA (10mg/kg)-treated group by two folds (Figure 1A). DHA treatment also markedly prevented the
loss of body weight in EAE mice (Figure 1B).

Histological analysis was performed using spinal cord and brain tissue sectioned from negative control,
vehicle, MET and DHA treated mice. Typical in�ammation (H&E stain) and demyelination (Luxol Fast
Blue) were observed in vehicle treated mice, and DHA treatment remarkably attenuated CNS in�ammation
and demyelination (Figure 1C D and E). These results suggested that DHA reduced clinical severity and
inhibited in�ammatory responses in EAE mice.
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Transmission electron microscope analysis on spinal cord showed abundant remyelinated axons in
negative control mice; conversely, vehicle treated mice showed swollen axons containing
autophagosomes, auto-phagolysosomes, and multivesicular bodies, fewer myelinated axons, glial
aggregates and abnormal myelin. Myelinated axons were reappeared and the abnormal myelin almost
disappeared after DHA treatment. In conclusion, DHA could ameliorate EAE in MOG-immunized C57BL/6
mice (Figure 1F).

Gait analysis results of C57BL/6 mice subjected to EAE were shown in Figure 1G, H, I, J, K. DHA treatment
could increase the walk speed, Lh-Rh Pressure, Lh-Rh support time, Lh-Rh Print area, and ameliorate Body
Rotation Average, compared with the vehicle treated group. In conclusion, DHA treatment could inhibited
the development of EAE in MOG-immunized C57BL/6 mice.

Macrophages and microglia are disease-responsive cells in EAE mice     

Microglia are the resident macrophages of the CNS. They are classi�ed as mononuclear phagocytes and
are uniquely positioned in the parenchyma of the CNS. Recent progress in understanding the
autoimmune neuroin�ammatory disease multiple sclerosis and its animal model experimental
autoimmune encephalomyelitis suggests major roles for microglia in the disease. In MS and EAE,
microglia induce different effector functions that can be both neuroprotective and detrimental. Currently,
it is believed that the initial response of microglia is bene�cial, aiming to resolve the insult, but that
chronic activation of microglia contributes to neurodegeneration[33]. To determine whether macrophages
and microglia play signi�cant role in disease progression of EAE. By using the 10X Genomics single-cell
sequencing, we analyzed the disease-responsive cells. Firstly, the t-SNE projection of scRNA-seq data
showed 15 EAE-responsive clusters (Figure 2A, B). Among the 15 clusters, macrophages and microglia
constituted the two largest. The most weighted genes in each principal component were shown with
graph-based clusters.

DHA treatment promoted the differentiation of T cells into Treg cells by enhancing PDL1 expression in
macrophages and microglia

Costimulatory and coinhibitory accessory molecules play a key role in modulating immune responses to
pathogens or autoantigens. Furthermore, disruption of costimulatory signals or augmentation of
coinhibitory signals are considered therapeutically attractive approaches for modulating T cell activity in
autoimmune and in�ammatory diseases[34, 35]. As coinhibitory accessory molecule, PD-L1 expression is
suggested to be an important marker of “primed” macrophages and promote the differentiation of T cells
into Treg cells[36]. To examine the expression of PD-L1, we �rst used Raw264.7 cells and peritoneal
macrophages by using RT-PCR assay. PDL1 is lowly expressed in the cells in a resting state. Therefore,
we used LPS (50 ng/ml) to activate cells. As shown in Figure 2C, DHA(4μM) obviously increased the
expression of PDL1, compared with LPS (50ng/ml) in the two macrophages. For further detection of
surface expression of PDL1 in macrophages and microglia, the results showed that DHA (4μM) could not
only signi�cantly up-regulate the expression of PDL1 in Raw264.7 cells (Figure 2D) and peritoneal
macrophages (Figure 2E), but also in BV2 cells(Figure 2F), compared with LPS (50ng/ml). To further
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detect whether DHA directly in�uences the cellular activities of T cells, we established a co-culture model
of BV2-Jurkat T cells. Results in Figure 2G showed that DHA (1, 4μM) signi�cantly enhanced the
proliferation of Treg cells (CD4+Foxp3+), compared with LPS (50ng/ml) group. These results showed that
DHA treatment suppressed antigen presentation by up-regulating PDL1 expression in macrophages and
microglia and promoted the differentiation of T cells into Treg cells.

DHA treatment reduced the chemotactic ability of microglia by regulating CCL5

Previous research showed that CCL5 and their receptor CCR5 play crucial roles in the tra�cking of
encephalitogenic T cells and the in�ammatory responses in the CNS [37]. In EAE mice, the expression of
chemokines and the distribution of leukocytes in�ltrating into the CNS show a tight correlation with the
development of disease[38]. By using the 10X Genomics single-cell sequencing, we analyzed the disease-
responsive genes. CNV analysis showed that CCL5 is mainly expressed in macrophages and microglia
(Figure3A, B red, cells with detected CNVs; gray, cells with undetected CNVs). Thus, to determine the
veracity of the 10X Genomics single-cell analysis, we �rstly analyzed the MNCS separated from all
groups of mice by using the qRT-PCR assay. As shown in Figure3 C, DHA treatment could down-regulate
the gene expression of CCL5, compared with the vehicle control group. we also examined the
concentration of CCL5 by using the ELISA assay. As shown in Figure 3D, E, the concentration of CCL5 in
the serum of EAE mice was signi�cantly up-regulated, compared with the NC group, and down-regulated
after DHA and MET treatment. Furthermore, we also detected the concentration of CCL5 in the
cerebrospinal �uid (CSF). Amazingly, the concentration of CCL5 in CSF in the EAE group was about 2-fold
higher than that in DHA treatment group, both being dose-dependent. Functionally, to determine the
counts of chemotactic microglia, we used LPS and DHA to induce the production of CCL5 for 12 h. Next,
the supernatant was collected for the detection of CCL5 concentration by using ELISA assay. The results
in Figure 3 F showed that DHA treatment could obviously reduce LPS-increased concentration of CCL5.
Furthermore, trans-well assay showed that DHA (1, 4μM) treatment could reduce LPS (50ng/ml)-
increased chemotactic ability of BV2 cells (Figure 3G). Together, these results indicated that DHA
treatment reduced the chemotactic ability of microglia by regulating CCL5.

DHA treatment enhanced the phagocytic ability of microglia via up-regulating AXL

TAM receptors interact with multiple signaling molecules to regulate cell migration, survival, phagocytosis
and clearance of metabolic products and cell debris called efferocytosis. AXL, referred to as one of the
TAM family of receptor tyrosine kinases, is expressed in cells of the brain, monocytes/macrophages, and
microglia. AXL is expressed by microglia and play a role in eliminating apoptotic newborn neurons in the
subventricular zone [10]. By using the 10X Genomics single-cell sequencing, we analyzed the disease-
responsive genes. CNV analysis showed that AXL is mainly expressed in macrophages and microglia
(Figure4A, B red, cells with detected CNVs; gray, cells with undetected CNVs). Furthermore, to determine
the veracity of the 10X Genomics single-cell analysis, we �rstly analyzed the MNCS separated from all
groups of mice by using the qRT-PCR assay. As shown in Figure4 C, DHA treatment could up-regulate the
expression of AXL compared with the vehicle control group. Moreover, GAS6, ligand for AXL, showed no
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different expressions among each group. The protein expression of AXL was further detected by Western
blotting (Figure 4E). The results showed that DHA (4μM) up-regulated AXL compared with LPS (50ng/ml).
Microglia, APCs in CNS, can engulf apoptotic cells and myelin debris in the CNS[39]. To further determine
the phagocytic ability of BV2 cells, we �rstly induced the apoptosis PC12 cells using 5-F. AV-PI data in
Figure 4F showed the apoptotic rate of PC12 cells exceeded that of NC group by >70%. Then, by utilizing
�uorescence microscope and �ow cytometry assay, we qualitatively and quantitatively analyzed the
phagocytic ability of BV2 cells. As shown in Figure 4G, H DHA treatment could obviously recover the
phagocytic function of microglia reduced by LPS. Compared with LPS (50 ng/kg) group, the count and
percentage of PC12 cells phagocytized by BV2 cells were both signi�cantly increased by DHA (1, 4μM)
treatment. These in vitro results further demonstrated that LPS induction could weaken the phagocytosis
of microglia and that these changes could be reversed by DHA treatment.

DHA treatment suppressed CNS in�ammatory response via up-regulating AXL through STAT1/SOCS3
pathway

Some researchers have found that the phosphorylation and activation of STAT1 and SOCS3 transcription
are initiated by AXL up-regulation that reduces the activation of Toll-like receptors (TLRs) and the
consequent expression of proin�ammatory molecules[10]. As shown in Figure 5, we testi�ed whether
DHA inhibits CNS in�ammatory response via up-regulating AXL through STAT1/SOCS3 pathway. By
using western blotting, we �rstly detected the expression of Phospho-AXL and total AXL in BV2 cells.
When treated with DHA (4 μM), the expression of total AXL and Phospho-AXL were all obviously up-
regulated, compared with those in LPS (50ng/ml) group. And then, we also examined the phosphorylation
of STAT1 and the expression of SOCS3 in BV2 cells. The expression of Phospho-STAT1 and SOCS3 was
up-regulated by DHA, then down-regulated by LPS.

AXL is the potential target of DHA in CNS in�ammatory niche

It has been indicated that DHA could ameliorate CNS in�ammation by reducing the chemotactic ability of
microglia, promoting the differentiation of T cells into Treg cells, and enhancing the phagocytic ability of
microglia in above results. Furthermore, accumulating evidence said that defects in TAM signaling
disrupt cellular processes that regulate homeostasis, phagocytosis, and in�ammation and can result in
autoimmune disease. Defects in TAM signaling would also lead to multiple sclerosis (MS) as well as
mouse models of these diseases. Upon Gas6 stimulation, SGI7079 treatment can inhibit the
phosphorylation of AXL at Tyr 702. We determined whether AXL is the potential target of DHA in CNS
in�ammatory niche. As shown in Figure 6, BV2 cells unchallenged with AXL showed normal physiology.
In contrast, After the treatment of SGI7079, we found that the phagocytic ability of BV2 cells, the
differentiation of Jurkat T cells co-cultured with BV2 cells, and the chemotactic ability of BV2 cells
disappeared, and these abilities showed no difference among DHA treatment, LPS group and NC group
(P>0.05). Thus, these data indicated that AXL would be a potential target in treating EAE.

Furthermore, we also used SGI7079 to block the activation of AXL. As shown in Figure 6G, DHA did not
change the expression of Phospho-AXL, Phospho-STAT1 and SOCS3, but up-regulated the expression of
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total AXL. These results indicated that DHA could up-regulate the expression of total AXL to inhibit CNS
in�ammatory response via STAT1/SOCS3 pathway.

DHA inhibition of in�ammation in CNS is dependent on the presence of the type I IFN receptor

In response to pathogens, host defenses was activated by TLRS which responsible for local
in�ammation. Previous studies have shown that TAM receptor established its role as a pleiotropic
inhibitor of both TLR- and cytokine-driven immune responses. Apparently, TAM inhibition of in�ammation
is transduced through an essential stimulator of in�ammation—the type I interferon receptor (IFNAR)—
and its associated transcription factor STAT1. TLR induction of IFNAR-STAT1 signaling upregulates the
TAM system, which in turn usurps the IFNAR-STAT1 cassette to induce the cytokine and TLR suppressors
SOCS1 and SOCS3[22]. As shown in Figure 7A, BV2 cells unchallenged with IFB-β showed normal
physiology. In contrast, After the treatment of FLU, inhibitor of STAT1, we found that the phagocytic
ability of BV2 cells disappeared, and these abilities showed no difference among DHA treatment.
Moreover, we also used FLU to block the activation of STAT1, DHA did not change the expression of AXL,
Phospho-AXL, Phospho-STAT1 and SOCS3. These results indicated that DHA inhibition of in�ammation
in CNS is dependent on the presence of the type I IFN receptor.

Discussion
Multiple sclerotic lesions, most as foci of demyelination, in�ammation, and glial reaction in the white
matter, can appear in all parts of the CNS[1]. In this study, DHA signi�cantly decreased the in�ammatory
in�ltration into the CNS and the demyelination, thus halting the development of EAE.

In another part of our work, by using the 10X single cell sequencing, we identi�ed that DHA treatment
functions through macrophages and microglia and that AXL and CCL5 respond to both types of cells. In
this study, we identi�ed that AXL-regulated antigen presentation, chemotaxis of in�ammatory cells and
phagocytosis of apoptotic cells were all decreased and this decrease showed no signi�cance between
DHA treatment and LPS group. Furthermore, we also determined DHA inhibited CNS in�ammation via up-
regulating AXL through STAT1/SOCS3 pathway in BV2 cells. Taken together, these in vivo and vitro study
demonstrated that AXL may be a key target in treating EAE by DHA. We also indicated that DHA is
integrated with in�ammation response in CNS, which dependent on the presence of the type I IFN
receptor.

Artemisinin and its derivatives, such as artesunate and dihydroartemisinin, have been reported to have
immunity-regulating effects[23, 40]. However, the underlying mechanism remains poorly de�ned. In this
study, we found that DHA can be used as an Ag-speci�c/-nonspeci�c immunosuppressant with few side
effects by inhibiting CNS in�ammation at the onset of the EAE. Some research found that DHA
suppressed EAE by regulating T cell differentiation[28], but more interestingly, our research revealed that
DHA also regulated microglia or macrophages. These �ndings suggest that artemisinin derivatives
constitute a new class of immune regulatory agents that suppress immune function.
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In this report, microglia actively participate in almost all MS processes[9]. Microglia serve as the major
immunocompetent element and frontline cells in the damaged CNS, therefore, modulating microglia
function can be a therapeutic strategy in coping with CNS in�ammation and in�ammation-induced
demyelination[33]. However, activated microglia would produce a large amount of pro-in�ammatory
cytokines[41]and chemokines, which mobilize more immune cells to in�ltrate into the CNS[42]. Thus, this
knowledge makes it possible to pinpoint potential microglial-related targets in MS that can manipulate
and restore microglial functions[33]. In addition, microglia, as a type of biomarker to monitor disease
progression in MS, could be used a target in DHA treatment of EAE.

To further investigate the mechanism of microglia-mediated immunoregulation, we investigated PDL1, as
a member of the immune checkpoint molecule family, is expressed on the surface of microglia[19]. The
PD-L1/PD1 pathway can deliver inhibitory signals that regulate both central and peripheral immune
tolerance[43]. Accumulating evidence suggests that the inhibitory ability of microglia is associated with
the production of NO through PD-L1/PD1 pathway. It is of interest to evaluate the relationship between
PD-L1 and NO, and the role of DHA in the interaction between APC and T cells.

Although our �ndings suggest that DHA may be bene�cial in treating in�ammatory disease, some studies
showed that immune suppressants may bring with detrimental effect in clearing malaria. Malaria
pathogens can be effectively cleared by DHA; however, DHA-resistant strains may emerge and cause the
recrudescence of malaria[28]. In contrast, Treg function can be enhanced by DHA, which may avoid
malaria-induced immune dysfunction. It has been shown that enhanced Treg function paradoxically
prevented experimental cerebral malaria[44]. Therefore, how DHA affects immune function is a critical
question to be resolved before developing new malaria treatments.

Accumulating evidence indicates that AXL plays a role during the switch from in�ammatory activation to
in�ammatory feedback inhibition. When pathogens activate Toll-like receptor (TLR) signaling pathways,
cytokine receptor signaling pathways is activated to over-produce pro-in�ammatory cytokines, which are
then greatly ampli�ed in a feed-forward loop through cytokine signaling pathway. Consequently, the
expression of the TAM receptor AXL is up-regulated. AXL coordinates with IFNAR and phospho-STAT1 to
induce the expression of SOCS3, which broadly inhibits both TLR and cytokine receptor cascades. In this
loop, IFN secretion could be seen as a signal source, AXL expression as a marker, and STAT1/SOCS3
induction as a functional foothold in self-limiting in�ammatory response. Mechanically, we found that
AXL was closely related to the activation of IFNAR, because when the anti-in�ammatory function was
activated, a clear co-regulation initiated to form a molecular complex. In this complex, both IFNAR and
AXL appear in the production of in�ammatory self-limiting signals[11, 22].

Taken together, our �ndings indicate that AXL is a potential therapeutic target for MS by DHA. DHA could
up-regulate AXL and AXL cooperates with IFNAR, to inhibit the CNS in�ammation. How DHA in�uences
the expression of AXL needs further investigation.

Conclusions
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Taken together, These data support the conclusion that Dihydroartemisinin ameliorated CNS
in�ammation by enhancing AXL signaling in microglia from mouse model of multiple sclerosis. we
highlighted the central role of AXL in controlling the progression of EAE. We also for the �rst time revealed
that, by increasing AXL expression, DHA has a potential in reducing the chemotactic ability of microglia,
promoting the differentiation of T cells into Treg cells and enhancing the phagocytic ability of microglia,
thus e�ciently ameliorates EAE. Furthermore, we also highlighted the e�ciency of DHA was acted as “NO
INFLAMMATION, NO INHIBITION”.
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Graphical abstract  Dihydroartemisinin (DHA), a Candidate for immunosuppression, could effectively
promote PDL1 and T cells differentiate into Treg cells, but inhibit the CNS in�ammation and chemotaxis
by up-regulating AXL in microglia depending on ampli�cation of phosphorylation STAT1 status and
expression of SOCS3.

Figures

Figure 1

DHA treatment inhibited the development of EAE in MOG-immunized C57BL/6 mice A, B) Mean clinical
scores and weight of EAE mice that were i.g. daily with DHA(2, 10, 20 mg/kg), MET(1mg/kg) or vehicle
control from day 7 (n=10, preventive treatment) post immunization onwards. C, D, E) Transverse sections
of brains spinal cords from control EAE mice and DHA-treated mice were stained with H&E (×40 and
×100) or Luxol fast blue (×40). Histopathology score of CNS inflammation and demyelination was
quanti�ed using H&E and Luxol fast blue staining on day 26 post immunization. F) TEM images (×
15000) showed demyelinated axons in the spinal cords of control EAE, MET-treated and DHA-treated mice
on day 26. G) Gait analysis (walk speed; Body Rotation Average; Lh-Rh Pressure; Lh-Rh support time; Lh-
Rh Print area) of control EAE, MET-treated and DHA-treated mice from day 20 to day 26. Data are
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representative of three independent experiments. *P=<0.05; **P=<0.01.MET= methylprednisolone; Lh=Left
hindpaw; Rh= Right hindpaw.

Figure 2

Macrophages and microglia are disease-responsive cells in EAE mice and DHA treatment promoted the
differentiation of T cells into Treg cells by enhancing PDL1 expression in macrophages and microglia A)
Flow chart of 10X Genomics single-cell assay by using the spinal cord and brain from EAE and DHA
treated mice. B) the t-SNE projection of scRNA-seq data showed clusters of cells which would response to
the disease in EAE mice. Peritoneal macrophages from C57BL/6 mice were challenged by 3% sodium
thioglycolate three days in advance. C) RT-PCR analysis for PDL1 transcription in Raw 264.7 cells and
peritoneal macrophages which were treated by LPS (50ng/ml) and DHA (1, 4μM). D, E, F) Flow cytometry
assay for PDL1 expression in Raw 264.7 cells, peritoneal macrophages (PDL1+/F480+) and BV2 cells by
LPS (50ng/ml) and DHA (1, 4μM) treatment. BV2 cells were treated by DHA (1, 4μM) or LPS (50ng/ml) for
12h, and then Jurkat T cells were co-cultured with BV2 cells for another 12h. G) FOXP3 expression on
Jurkat T cells analyzed by �ow cytometry. Data are representative of three independent experiments. *P=
<0.05; **P=<0.01.
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Figure 3

DHA treatment reduced the chemotactic ability of microglia by regulating CCL5 A, B) CNV analysis
showed that CCL5 were almost expressed in macrophages and microglia (red, cells with detected CNVs;
gray, no detected CNVs). MNCS from EAE, MET(1mg/kg) and DHA (2, 10, 20 mg/kg) mice were harvested
by 30/70% percoll gradient separation. C) qRT-PCR assay for CCL5 were analyzed by LightCycler 480 
Roche. D, E) CSF and serum were obtained from EAE, MET(1mg/kg) and DHA (2, 10, 20 mg/kg) mice,
ELISA assay for CCL5 analysis were carried out by using the CSF and serum. The supernatant of BV2
cells was harvested under the treatment of DHA (1, 4μM) or LPS (50ng/ml) for 12h, and transferred into
24-well plate for chemotaxis. F) Supernatant from BV2 cells that were treated with DHA (1, 4μM) and LPS
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(50ng/ml). G) Chemotaxis ability of BV2 cells by using trans well assay. Data are representative of three
independent experiments. *P=<0.05; **P=<0.01.

Figure 4

DHA treatment enhanced the phagocytic ability of microglia via up-regulating AXL A, B) CNV analysis
showed that AXL were almost expressed in macrophages and microglia (red, cells with detected CNVs;
gray, no detected CNVs). MNCS from EAE, MET(1mg/kg) and DHA (2, 10, 20 mg/kg) mice were harvested
by 30/70% percoll gradient separation. C, D) qRT-PCR assay for AXL and GAS6 were analyzed by
LightCycler 480  Roche. E) Western blot analysis for AXL expression in BV2 cells under the treatment of
LPS (5ng/ml) and DHA (1,4μM). F) We used 5-F to induced the apoptosis of PC12 cells, AV-PI analysis
showed the 5-F could induce the apoptosis of PC12 cells. PC12 cells were then transferred into BV2 cells
for 2h. G, H) Fluorescence microscope images (× 400) showed count of phagocyting apoptosis cell by
BV2 cells (green represent PC12 cells; red represent BV2 cells) and Flow cytometry assay showed the
percent of phagocytosis cell (CYSE+/F480+). Data are representative of three independent experiments.
*P=<0.05; **P=<0.01. 5-F=5-�uorouracil.
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Figure 5

DHA treatment suppressed CNS in�ammatory response via up-regulating AXL through STAT1/SOCS3
pathway BV2 cells were treated by DHA (1, 4μM) or LPS (50ng/ml) for 12h. A, B, C, D, E) Cells were then
analyzed for Phospho-STAT1; SOCS3; phospho-AXL and Total-AXL by Western blot.
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Figure 6

AXL is the potential target of DHA in CNS in�ammatory niche BV2 cells treated by SGI7079 (0.2μM), DHA
(1, 4μM) or LPS (50ng/ml) for 12h, and then Jurkat T cells were co-cultured with BV2 cells for another
12h. A, B) Flow cytometry showed PDL1 expression on and FOXP3 expression on Jurkat T cells. PC12
cells were induced by apoptosis by 5-F and then transferred into BV2 cells for 2h. C, D) Fluorescence
microscope images (× 400) showed count of phagocytosis cell by BV2 cells and Flow cytometry assay
showed the percent of phagocyting apoptosis cell ( CYSE+/F480+) under the treatment of
SGI7079(0.2μM), DHA (1, 4μM) or LPS(50ng/ml). The supernatant of BV2 cells was harvested under the
treatment of SGI7079(0.2μM), DHA (1, 4μM) or LPS (50ng/ml) for 12h, and transferred into 24-well plate
for chemotaxis. E, F) ELISA assay and trans-well assay showed the in�uence of CCL5 expression treated
by SGI7079. BV2 cells were treated by SGI7079(0.2μM), DHA (1, 4μM) or LPS (50ng/ml) for 12h. G) Cells
were then analyzed for Phospho-STAT1; SOCS3; phospho-AXL and Total-AXL by Western blot. Data are
representative of three independent experiments. *P=<0.05; **P=<0.01.
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Figure 7

DHA inhibition of in�ammation in CNS is dependent on the presence of the type I IFN receptor BV2 cells
were treated by DHA (1, 4μM) for 24h, Fludarabine(0.25μM) for, or IFN- β (1000U/ml) for 12h. A) Flow
cytometry assay showed the percent of phagocyting apoptosis cell ( CYSE+/F480+). B) Cells were then
analyzed for Phospho-STAT1; SOCS3; phospho-AXL and Total-AXL by Western blot. Data are
representative of three independent experiments. *P=<0.05; **P=<0.01.
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