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Seselin ameliorates inflammation via
targeting Jak2 to suppress the
proinflammatory phenotype of macrophages
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BACKGROUND AND PURPOSE

Sepsis is a serious clinical condition with a high mortality rate. Anti inflammatory agents have been found to be beneficial for the
treatment of sepsis. Here, we have evaluated the anti-inflammatory activity of seselin in models of sepsis and investigated the
underlying molecular mechanism(s).

EXPERIMENTAL APPROACH

In vivo therapeutic effects of seselin was evaluated in two models of sepsis, caecal ligation and puncture or injection of LPS, in
C57BL/6 mice. In vitro, anti-inflammatory activity of seselin was assessed with macrophages stimulated with LPS and IFN-y. Anti
inflammatory actions were analysed with immunohistochemical methods, ELISA and Western blotting. Flow cytometry was used
to assess markers of macrophage phenotype (pro- or anti-inflammatory). Other methods used included co-immunoprecipitation,
cellular thermal shift assay and molecular docking.

KEY RESULTS

In vivo, seselin clearly ameliorated sepsis induced by caecal ligation and puncture. In lung tissue from septic mice and in cultured
macrophages, seselin down-regulated levels of proinflammatory factors and activity of STAT1 and p65, the master signal pathway
molecules for polarization of macrophages into the proinflammatory phenotype. Importantly, adoptive transfer of bone marrow-
derived macrophages, pretreated with seselin, lowered systemic proinflammatory factors in mice challenged with LPS. The
underlying mechanism was that seselin targeted Jak2 to block interaction with IFNy receptors and downstream STAT1.

CONCLUSIONS AND IMPLICATIONS
Seselin exhibited anti-inflammatory activity through its action on Jak2. These results indicated a possible application of seselin to
the treatment of inflammatory disease via blocking the development of the proinflammatory phenotype of macrophages.

Abbreviations

BALF, bronchoalveolar lavage fluid; BMDMs, bone marrow-derived macrophages; CETSA, cellular thermal shift assay; CFSE,
carboxyfluorescein diacetate succinimidyl ester; CLP, caecal ligation and puncture; co-IP, co-immunoprecipitation; IHC,
immunohistochemistry; IKK, IxB kinase; iNOS, inducible NO synthase; M-CSF, macrophage-colony stimulating factor;
MPN, myeloproliferative neoplasm; MTT, 3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazoli-um bromide; PMA,
phorbol 12-myristate 13-acetate; STAT1, signal transducer and activator of transcription 1; TLR4, toll-like receptor 4
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Introduction

Sepsis is a severe systemic inflammatory response with a high
mortality (Martin et al., 2003). Clinically diagnosed sepsis is
characterized by the systemic inflammatory response
syndrome induced by bacterial pathogen infection (Stearns-
Kurosawa et al., 2011). During the first few days in infected
patients, macrophages are activated to phagocytize patho-
gens and to produce a range of proinflammatory factors
(Benoit et al.,, 2008). Unfortunately, the continued and
unlimited activation of macrophages/monocytes and
neutrophils further exacerbates the progression of the septic
response (Stearns-Kurosawa et al., 2011). The large amount
and number of cytokines produced by these activated im-
mune cells is always associated with severe organ dysfunction
and higher mortality (Bozza et al., 2007). Given that, restraint
of the functional phenotype of macrophages and a
rebalancing of the cytokine profile will be beneficial for the
treatment of the corresponding inflammatory condition.

As the major mediators of inflammatory responses,
macrophages are considered to polarize to the classically
activated phenotype with proinflammatory features to
garden host responses and to clear foreign organisms and
cellular debris (Meylan et al., 2006; Kotas and Medzhitov,
20135). These activated macrophages must be rapidly mobi-
lized and equally rapidly de-activated to avoid tissue damage.
Alternatively, macrophages can also be activated to produce
anti-inflammatory factors and restore tissue integrity.
However, enhancement of anti-inflammatory macrophages
can lead to a poor prognosis in sepsis (Spellberg and Edwards,
2002; Rodgaard-Hansen et al., 2014). Thus, a proper control
of macrophage activation to maintain appropriate functional
phenotype is crucial to protect against the progression of
inflammatory diseases.

The polarization of macrophages is coordinated by a large
range of mediators that form complex regulatory networks
(Sica and Mantovani, 2012; Alvarez-Errico et al., 2015; Jha
et al., 2015). Stimulated by different inducers, macrophages
activate a range of signal pathways to elicit gene expression
changes and gain the corresponding functional properties.
Tissue-resident macrophages, shaped by metabolic stimuli,
help to coordinate development and maintain micro-
environment in a steady state (Glass and Natoli, 2016). Other
danger signals are likely to modulate the functional polariza-
tion of macrophages via activating specific transcription
factors. Microbial components, such as LPS, engage with
toll-like receptor 4 (TLR4) to skew macrophages to the
proinflammatory phenotype via the NF-xB signal pathway
(Lawrence and Natoli, 2011). Similarly, exposure to IFN-y
triggered or aggravated the proinflammatory properties
through the Jak2-STAT1 pathway (Lawrence and Natoli,
2011). In contrast to IFN-y, stimulation by IL-4 triggered a
different activation program involving STAT6 (Piccolo et al.,
2017). Because of the diverse phenotype and complex effects
of macrophages, targeting key biological mediators and inter-
fering with the functional properties have become promising
therapeutic options for patients with inflammatory diseases.
Based on these considerations, a range of inhibitors targeting
various signal proteins have been developed and widely used
as tools, such as TAK-242 (resatorvid; inhibitor of TLR4)
(Matsunaga et al., 2011) and ST-2825 (inhibitor of MyD88)
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(Hernanz et al., 2015). Some others, like ruxolitinib or
tofacitinib (inhibitors of Jaks), have been evaluated in
clinical trials (Fleischmann et al., 2012; Cervantes et al.,
2013). However, due to the potential side effects and/or high
cost of these compounds, it is still necessary to search for
more efficient drugs which have better safety and are easier
to prepare.

In the present study, we have identified the anti-
inflammatory activity of seselin, an angle-pyrancoumarin
widely distributed in the plant kingdom. Seselin has been re-
ported to have good antifungal activity (Cardenas-Ortega
et al., 2007) and derivatives with anti-bacterial activity
(Melliou et al., 2005). In plants, seselin has inhibitory activity
on both indole acetic acid oxidase and peroxidase enzyme
systems (Goren and Tomer, 1971). Seselin is effective against
blowfly larvae (and its effects on the feeding and
development of Lucilia cuprina larvae) and selectively
activates some yeast strains (Siriwardhana et al., 2015). It also
has anti-inflammatory (Garcia-Argaez et al., 2000), and
antinociceptive (Lima et al., 2006) properties. Although there
are studies on its biological activity, the effects of seselin on
sepsis and the underlying mechanism(s) are still unknown.
Our findings suggested that seselin targeted Jak2 to block
the proinflammatory phenotype of macrophages, thus
ameliorating inflammatory conditions.

Methods

Animals and ethical statement

Animal welfare and experimental procedures were carried out
strictly in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health, USA) ‘The
Detailed Rules and Regulations of Medical Animal Experi-
ments Administration and Implementation’ (Order No.
1998-55, Ministry of Public Health, China) and approved
by the Laboratory Animal Ethics Committee of School of Life
Sciences, Nanjing University. Animal studies were reported in
compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015). All efforts were made to
minimize the animals’ suffering and to reduce the number
of animals used.

Female C57BL/6 mice (6-8 weeks old, 18-22 g) were
obtained from Model Animal Genetics Research Center of
Nanjing University (Nanjing, China). They were maintained
with free access to pellet food and water in plastic cages at
21 + 2°C and kept on a 12 h light/dark cycle in specific-
pathogen-free facilities.

Study design

Several animal models have been developed to mimic the
typical pathophysiological change in septic patients with
sepsis. Caecal ligation and puncture (CLP) in rodents has
become the most widely used model and is considered to be
the gold standard in sepsis research (Buras et al., 2005;
Rittirsch et al., 2007). Mice are sensitive to sepsis and share
high homology with humans. Thus, we used CLP-induced
polymicrobial sepsis to evaluate the therapeutic activity of
seselin in C57BL/6 mice. Mice were randomly assigned to five
experimental groups (10 mice per group) after acclimatizing
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to the housing environment for 7 days: (i) sham, (ii) vehicle-
treated CLP, (iii) CLP mice treated with seselin (3 mg-kg’l;
dissolved in olive oil; in a volume of 100 uL-per 20 g), (iv)
CLP mice treated with seselin (10 mg-kgfl), (v) CLP mice
treated with seselin (30 mg-kg ™" ). Data collection and analy-
sis were performed blindly, and the experimenters were un-
aware of the group assignment and animal treatment.

CLP surgery was performed as described previously
(Rittirsch et al., 2008). Briefly, mice were anaesthetized with
an i.p. injection of 2% sodium pentobarbital (150 pL-per
20 g ) and then the lower quadrants of the abdomen were
shaved. Mice were placed onto styrofoam pads and the
shaved area disinfected with 75% ethanol. An incision along
the abdominal midline was made carefully to expose the cae-
cum, without exposing the remainder of the small and large
bowel and avoiding damage to blood vessels. The caecum
was ligated tightly with a 3-0 silk suture at the middle, be-
tween basal and distal poles to induce a ‘mid-grade’ sepsis.
The ligated caecum was punctured through-and-through
twice with a 20-gauge needle and pushed gently to expel fae-
cal material from the punctures. The caecum was then
relocated into the abdominal cavity. The abdominal incision
was closed with two layers of 4-0 silk suture. Prewarmed
(37°C) normal saline (1 mL ) was injected to resuscitate ani-
mals immediately after the operation. For the sham group of
animals, the caecum was exposed but without ligation and
puncture and then returned to the abdomen. All animals re-
ceived buprenorphine (0.05 mg-kg, s.c.) for postoperative an-
algesia and repeated every 6 h.

In survival studies, mice were given intragastrically, a
range of doses of seselin or the same volume of vehicle (olive
oil) 2 h prior to CLP surgery. Animals were killed by an over-
dose of sodium pentobarbital (300 pL-per 20 g of 2% sodium
pentobarbital i.p.) if humane end points were reached
(weight loss >20% of pre-experimental body weight). The sur-
vival was recorded for 60 h after CLP when the number was
stable (no more deaths). The survivors were monitored for an-
other 3 weeks to ensure there was no late mortalities.

Under anaesthesia, blood samples (500 pL each mice) and
lung tissues were collected 4 h after CLP and stored at —80°C
until further analysis.

Cells

Cultures of bone marrow-derived macrophages (BMDMs)
were established as previously described (Feng et al., 2014).
In brief, mice were killed by an overdose of sodium pentobar-
bital, and the femurs were flushed with PBS by a 21-gauge
needle. Harvested cells (1 x 107 cells per well) were grown in
RPMI 1640 containing 10% FBS and 10 ng-mL™!
macrophage-colony stimulating factor (M-CSF, Peprotech,
Rock Hill, NJ, USA) in 5% CO,, at 37°C for 7 days in six-well
plate. Adherent macrophages (approximately 1 x 10° cells
per well) were washed twice with PBS and cultured with fresh
DMEM medium containing 10% FBS. Cultures of BMDM
were stimulated with 10 ng-mL~" LPS and 10 ng-mL ' IFN-y
or 20 ng-mL ™! IL-4 to induce the pro- or anti-inflammatory
phenotype.

Murine RAW 264.7 cells, obtained from the American
Type Culture Collection (Rockville, MD, USA), were cultured
in DMEM (GIBCO, Grand Island, NY, USA) containing 10%
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FBS (GIBCO, Grand Island, NY, USA), 100 U-mL™! penicillin
and 100 ug-mL ™" streptomycin in 5% CO, at 37°C.

Cytokine analysis by ELISA

Blood samples were incubated at 37°C for 30 min and then
centrifuged at 1500 x g for 15 min at 4°C. Cytokines, IL-1p,
IL-6 and TNF-q, in the serum, were measured using ELISA Kits
from Dakewe Biotech Co. Ltd. according to the manufac-
turer’s instructions.

Bronchoalveolar lavage fluid (BALF) and lung
single-cell suspensions collection and analysis
Four hours after CLP surgery, anaesthetized mice were
heparinised with 1% heparin (100 uL per-20 g, i.p.) and then
killed with an overdose of sodium pentobarbital. Blood
(0.5mL) was collected. The chest was opened and the trachea
exposed carefully. We made a small incision at the top of tra-
chea with a needle to insert an 18-gauge catheter, which was
secured tightly with 3-0 silk suture. Bronchoalveolar lavage
(BAL) was performed by three times with PBS (0.5 mL ). The
recovery of the fluid was about 90%. BALF was centrifuged
1500 x g for 10 min at 4°C. Cytokines, IL-1, IL-6 and TNF-o,
in the supernatants of BALF, were measured using commercial
ELISA Kits. After filtering through 40 pm nylon mesh, cells was
re-suspended in PBS to count total cell number with a
haemocytometer and the profile of immune cell subsets
analysed with flow cytometry.

Lung single-cell suspensions were prepared as described
previously (Yu et al., 2016). Briefly, after BALF was harvested,
the thorax was opened, the left atrium nicked and the lungs
perfused with PBS through the right atrium to remove the
blood. A small incision was made on the top of trachea, and
an 18 gauge angiocath was inserted and secured. The lungs
were then inflated through the tracheal catheter with 1 mL
digestion solution containing 1.5 mg-mL™" of collagenase A
(Roche) and 0.4 mg~mL’1 DNase I (Roche) in HBSS plus
0.5% FBS and 10 mM HEPES. After tying off the trachea, The
heart and mediastinal tissues were carefully removed, the
lungs were excised and incubated in 5 mL digestion solution
at 37°C for 30 min, with gentle vortexing every 8-10 minutes.
At the end of the digestion (30 min), we added 25 mL PBS and
then cut the lung tissue into small pieces. The suspension of
lung tissue was then filtered through 40 pm nylon mesh
and the filtrate (a suspension of single cells) treated with
Tris-NH4CI solution to lyse erythrocytes. The immune cells
in the cell suspension were analysed by flow cytometry, as de-
scribed below.

Cells from BALF and lung tissue were analysed on a SORP
FACSARIA II cytometer (BD Biosciences, San Jose, CA, USA).
Antibodies for CD11b-PE (clone M1/70, Cat # 12-0112-81),
F4/80 PE-Cyanine?7 (clone BMS8, Cat # 25-4801-82), Ly-6G
APC (clone 1A8-Ly6g, Cat # 17-9668-82) and Ly-6C PerCP-
CyanineS5.5 (clone HK1.4, Cat # 45-5932-82) were purchased
from ThermoFisher Scientific. Antibodies for CD45
APC/Fire™ 750 (clone 30-F11, Cat # 103153) and CD11c-
FITC (clone N418, Cat # 117306) were purchased from
Biolegend (San Diego, CA, USA). Cells collected from BALF
and lung tissue were first suspended in 0.4% Trypan blue to
ensure viability was more than 95%. The cells were incubated
with anti-CD45, anti-F4/80, anti-CD11¢, anti-CD11b, anti-
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Ly6G and anti-Ly6C for 30 min at 4°C in dark and then by
flow cytometry for immunophenotypic analysis. In BALF,
CD45™ cells were gated to further analyse the F4/80"CD11c¢"
alveolar macrophages, CD11b"Ly6G* neutrophils and
CD11b"Ly6C" monocytes. Lung single-cell suspensions were
prepared from lavaged lung (from which the BALF was
harvested) to reduce contamination by alveolar macro-
phages. Similarly, CD45" cells were gated to further analyse
the F4/80°CD11c¢" interstitial macrophages and the
CD11b"Ly6C" monocytes. CD11b*Ly6G™ neutrophils were
distinguished from all other leukocytes. Isotype antibodies
(APC/Fire™ 750 Armenian Hamster IgG clone HTK888 for
CD4, FITC Armenian Hamster IgG clone HTK888 for FITC,
Rat IgG2c, « clone RTK4174 for Ly-6C were purchased from
Biolegend; Rat IgG2b « Isotype-PE Cat # 12-4031-82 for
CD11b, Rat IgG2a « Isotype-PE-Cyanine7 Cat # 25-4321-82
for F4/80, Rat IgG2a « Isotype-APC Cat # 17-4321-81 for Ly-
6G were purchased from ThermoFisher Scientific) were used
to determine non-specific binding.

Immunohistochemistry (IHC) and
immunoﬂuorescence assay

Lung tissue was fixed with formalin immediately and then
embedded in paraffin. Paraffin-embedded lung sections were
heat-fixed, deparaffinized, rehydrated, antigen retrieval,
blocked with 3% goat serum and stained with H&E to observe
tissue morphology, or incubated with anti-CD11c (Cat #
ab52632, Abcam) overnight at 4°C. The slides were examined
using Real Envision Detection kit (GeneTech, Shanghai,
China) according to the manufacturer’s instructions. Other
lung sections were incubated with PE-CD11b overnight at
4°C and then observed with a confocal laser scanning micro-
scope (Olympus, Lake Success, NY, USA).

MTTassay

Cells were seeded in 96-well plate and incubated with various
concentrations of compounds, with or without LPS and IFN-y
or IL-4 for 24 h. Then MTT (20 pL of 4 mg~mL71 MTT dis-
solved in PBS) was added to each well and incubated at 37°C
for 4 h. The plate was centrifuged at 1200x g for 5 min and
the supernatant discarded. DMSO (200 pL) was added to each
well and the plate shaken for 10 min. The absorbance at
570 nm was measured.

Carboxyfluorescein diacetate succinimidyl ester
(CFSE) assay

Cell proliferation was determined by CFSE assay according to
the manufacturer’s instructions. CFSE (Cat # C34554) was
purchased from ThermoFisher Scientific. Briefly, stock solu-
tions of CFSE were prepared at a concentration of 5 mM or
100 mM in 100% DMSO and the diluted with pre-warmed
(37°C) FBS-free DMEM medium to 2 uM. RAW 264.7 cells
were cultured to the desired density and incubated with the
2 uM CFSE solution for 30 min at 37°C. The CFSE solution
was removed and the cells washed twice before replacing with
fresh, pre-warmed complete culture medium. Labelled cells
were incubated with various doses of compounds in the pres-
ence of LPS and IFN-y or IL-4 for 24 h. Cell proliferation was
assessed by flow cytometry.

320 British Journal of Pharmacology (2019) 176 317-333

Quantitative PCR

Total RNA were extracted from cells or tissues and reverse
transcribed to ¢cDNA and subjected to quantitative PCR,
which was performed with the BioRad CFX96 Touch™ Real-
Time PCR Detection System (BioRad, CA, USA), and thresh-
old cycle numbers were obtained using BioRad CFX manager
software. The program for amplification was one cycle of
95°C for 2 min followed by 40 cycles of 95°C for 10 s and
60°C for 30 s. The primer sequences used in this study were
as follows: mll-18, 5'-CTTCAGGCAGGCAGTATCACTC-3’
(forward) and 5-TGCAGTTGTCTAATGGGAACGT-3' (re-
verse); mll-6, 5'-ACAACCACGGCCTTCCCTAC-3’ (forward)
and 5'-TCTCATTTCCACGATTTCCCAG-3' (reverse); mTnf-a,
5'-CGAGTGACAAGCCTGTAGCCC-3' (forward) and 5'-
GTCTTTGAGATCCATGCCGTTG-3' (reverse); mlil-23, 5'-
ATGCTGGATTGCAGAGCAGTA-3' (forward) and 5-ACGG
GGCACATTATTTTTAGTCT-3' (reverse); mll-12, 5'-TGAGCA
GGATGGAGAATTACAGG-3' (forward) and 5'-GTCCAAGTT
CATCTTCTAGGCAC-3' (reverse); mCcl3, 5'-TGAGAGTCTTG
GAGGCAGCGA-3' (forward) and 5-TGTGGCTACTTGGC
AGCAAACA-3' (reverse); mCcl7, 5'-TTGTGTTCGCCTGTAG
TGCATA-3' (forward) and 5-CAGGAAGTTGGTGAGCTGG
TATA-3' (reverse); mCxclll, 5-GGCTTCCTTATGTTCAAAC
AGGG-3' (forward) and 5-GCCGTTACTCGGGTAAATTACA-
3’ (reverse); mFizzl, 5'-AGGAGCTGTCATTAGGGACATC-3'
(forward) and 5’-GGATGCCAACTTTGAATAGG-3' (reverse);
mYm1I, 5-AGAAGGGAGTTTCAAACCTGGT-3’ (forward) and
5'-GTCTTGCTCATGTGTGTAAGTGA-3' (reverse); mArg-1 5'-
CTCCAAGCCAAAGTCCTTAGAG-3' (forward) and 5’-AGGA
GCTGTCATTAGGGACATC-3' (reverse); mCcl22 5'- AGGT
CCCTATGGTGCCAATGT-3' (forward) and 5'-CGGCAGGAT
TTTGAGGTCCA-3' (reverse); mCd163 5'-ATGGGTGGACA
CAGAATGGTT-3' (forward) and 5'-CAGGAGCGTTAGTGAC
AGCAG-3' (reverse); mp-actin, 5'-TGCTGTCCCTGTATGC
CTCT-3' (forward) and S'-TTTGATGTCACGCACGATTT-3'
(reverse). hIL-6, 5'-ACTCACCTCTTCAGAACGAATTG-3' (for-
ward) and 5'-CCATCTTTGGAAGGTTCAGGTTG-3' (reverse);
hTNF-a, 5'-TCTCTAATCAGCCCTCTGGCC-3' (forward) and
5'"TGGGCTACAGGCTTGTCACTC-3' (reverse); hp-ACTIN,
5-TGTGATGGTGGGAATGGGTCAG-3' (forward) and 5'-
TTTGATGTCACGCACGATTTCC-3' (reverse). The relative
amount of each gene was normalized to the amount of -actin
and then reported as fold change of basal level.

Western blots

Collected cells were lysed in lysis buffer; and the lysates were
separated by 10% SDS-PAGE and electrophoretically trans-
ferred onto PVDF membranes (Millipore Corp., Bedford,
MA, USA). The membranes were blocked with 3% BSA for
1 h at room temperature, probed with indicated primary anti-
bodies overnight at 4°C and then incubated with a HRP
coupled secondary antibody. Protein bands were visualized
using Western blotting detection system, according to the
manufacturer’s instructions.

Flow cytometry analysis for activated BMDMs
Cultured cells were harvested and washed twice with cold
PBS. Collected cells were stained with specific antibodies for
30 min at 4°C in dark and analysed by flow cytometry.
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Phagocytosis assays were conducted using fluorescent red
latex beads (1 pm diameter, L-2778, Sigma-Aldrich). Latex
beads were opsonized with complete medium (10% FBS in
BMDM) for 30 min at 37°C before the experiments. Opson-
ized beads were added to seselin-treated cells at a ratio of
10:1 (beads : cells) and incubated at 37°C for 2 h. Phagocyto-
sis was stopped by washing and addition of 1 mL ice-cold
sterile PBS. Cells were harvested and washed in ice-cold PBS
three times and then analysed by flow cytometry.

Confocal microscopy

Cells were washed with cold PBS, fixed in Lyse/fix buffer (di-
luted by PBS, BD PharMingen) for 30 min, permeabilized
with 0.5% Triton X-100 for 30 min and blocked with 3%
BSA for 1 h. Then cells were stained with anti-STAT1 or anti-
p65 overnight at 4°C and then with specific fluorescent-
coupled secondary antibody for 2 h. The coverslips were
counterstained with DAPI and imaged with a confocal laser
scanning microscope (Olympus, Lake Success, NY, USA).

Quantification of immunofluorescence and
immunohistochemistry assay

The quantification of CD11b, F4/80, CD11c positive cells in
lung tissue and STAT1, p6S5 location in RAW 264.7 cells was
performed by Image]J software (https://imagej.nih.gov/ij/).

For the quantification of STAT1 and p65 location (as in
Figure 4G, H), STAT1/p65 and the corresponding DAPI single
staining images in the same field of view were opened in
Image] and converted to grey type (Image-Type-8 bit). The
converted images were stacked into one window (Image-
Stacks-Images to stack). We draw a line using the ‘Straight’
in toolbar in one of the images, which will appear at the same
location on the other image. We marked the two ends of the
line as ‘o’ and ‘e’ respectively. We analysed the grayscale
value from ‘o’ to ‘@’ in both STAT1/p65 and the correspond-
ing DAPI single staining images (Analyse-Plot profile). Mean
fluorescence intensity was presented as the means of plot
values and normalized in arbitrary units.

For the quantification of CD11b positive cell numbers in
lung tissue in Figure 6A, images were also converted to grey
type and the colour of background and the particles inverted
(Edit-Invert), to make the background white and particles
black. We adjusted brightness/contrast (Image-Adjust-Bright-
ness/Contrast-Auto-Apply) and threshold (Image-Threshold-
Auto-Apply). Then we analysed the positive cell numbers
via Analyse-Analyse particles. Acquired data were expressed
as means + SEM of five fields per mouse in every group.

The quantification of CD11c positive cell numbers in lung
tissue in Figure 6C was performed using plugins called IHC
Toolbox download. We opened the images in Image] and
clicked IHC Tool box, started training process by selecting
representative area as region of interest using ‘Rectangle’
bottom in Toolbar and then adjusted the Colour chooser to
ensure that all positive area was selected. We converted the
newly generated images into 8-bit and then analysed the pos-
itive areas via Analyse-Measure after we checked the ‘Limited
to threshold’ (Analyse-Set measurements). Acquired data
were normalized to the amount of the CLP-treated group.
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Co-immunoprecipitation (co-IP)

RAW 264.7 cells were cultured in 10 mm dishes and
pretreated with seselin in the presence of LPS and IFN-y. The
control group receieved the same volume of DMSO. The ly-
sates of the harvested cells were incubated with 2 pg appropri-
ate antibody at 4°C overnight and precipitated with protein
A/G-agarose beads (Santa Cruz, Cat # sc-2003) for another
4 h at 4°C. The beads were washed with lysis buffer four times
by centrifugation at 1000x g for 5 min at 4°C, and the
immunoprecipitated proteins were analysed by Western blot.

Cellular thermal shift assay (CETSA)

CETSA was performed as described previously reported (Jafari
etal., 2014). Briefly, cultured cells were incubated with 20 pM
seselin or the same volume of DMSO for 2 h. Harvested cells
were equally divided and lysed using three cycles of freeze-
thawing with liquid nitrogen and then heating with various
temperatures with a PCR instrument respectively, centrifug-
ing at 20000x g for 20 min at 4°C in order to separate the
soluble fractions from precipitates. The supernatants were
transferred to new microtubes and analysed by Western blot.

Macrophage depletion and BMDM adoptive
transfer and LPS induced sepsis
Systemic macrophages were depleted by i.p. administration
of clodronate liposome to mice (100 pL-per 20 g body
weight). Twenty-four hours later, the proportion of CD11b
positive macrophage populations in the peritoneal cavity
was analysed by flow cytometry. BMDM was polarized to the
proinflammatory phenotype with 10 ng-mL™' LPS and
10 ng~mL’l IEN-y and treated with 20 uM seselin or the same
volume of DMSO for 6 h. Normal BMDM (MO-BMDM) re-
ceived the same volume of DMSO. The pretreated cells were
harvested and washed three times with cold PBS and then
transferred to the macrophage-depleted mice (1 x 10° cells
per 20 g; 100 pL per mouse, i.v.) 2 h before LPS challenge.

C57BL/6 mice were injected with LPS (i.p.; 10 mg-kg ™)
and survival was monitored. Animals were killed by an
overdose of sodium pentobarbital (2% sodium pentobarbital,
300 pL-per 20 g; i.p.) if humane end points were reached
(weight loss >20% of pre-experimental body weight). The sur-
vival was recorded for 60 h, when there were no more deaths.
The survivors were monitored for another 3 weeks to make
sure there was no late mortalities.

Under anaesthesia, blood samples were collected 4 h after
LPS challenge (the peak point).

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). All experiments were randomized
and blinded. Results from MTT and QPCR were expressed as
mean + SEM of five independent experiments with each
experiment including triplicate sets. Results from Western
blot and flow cytometry were represented as mean + SEM of
five independent experiments. Data from CETSA were
normalized.

Statistical analysis was performed with GraphPad Prism
5.0 software (San Diego, CA, USA). Student’s t-test was used
to determine the significance of difference between two
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groups. One-way ANOVA analysis followed by Dunnett’s post
hoc test was used to evaluate the differences between various
experimental when there were more than two groups. Post
tests were run only if F achieved P < 0.05. The level of
significance was set at a P value of 0.05. LPS and IFN-y or
LPS followed by ATP treatment was set as control for in vitro
experiments; CLP or LPS treatment was set as control for
in vivo experiments.

Materials

Seselin (chemical structure shown in Figure 1A; from To-
ronto Research Chemicals, North York, Canada) was dis-
solved at a concentration of 20 mM or 100 mM in 100%
DMSO as a stock solution, stored at —20°C and diluted with
medium before each experiment. LPS, 3-(4,5-dimethyl-2-
thiazyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), latex
beads (amine-modified polystyrene, fluorescent red), DAPI,
phorbol 12-myristate 13-acetate (PMA), sodium pentobar-
bital and tofacitinib were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Recombinant murine IFN-y (Cat # 315-
05), IL-4 (Cat # 214-14) and M-CSF (Cat # 315-02) and recom-
binant human IFN-y (Cat # 300-02) were purchased from
Peprotech (Rocky Hill, NJ, USA). Antibodies for p-STAT1
(Cat # 9167), STAT1 (Cat # 9172), p-p65 (Cat # 3033), p65
(Cat # 8242), p-Jak2 (Cat # 3771), Jak2 (Cat # 3230), TLR4

(Cat # 14358), p-IKKa/B (Cat # 2697) and IKK (Cat # 2682)
were purchased from Cell Signaling Technology (Beverly,
MA, USA). Anti-caspasel (Cat # ab108362) and anti-CD11c
(Cat # ab52632, used in immunohistochemistry) were pur-
chased from Abcam (Burlingame, CA, USA). Anti-IFNyR1
(Cat # YT2280) was purchased from Immunoway (Plano,
TX, USA). Anti-tubulin (Cat # M20005) and actin (Cat #
M20011) were purchased from Abmart (Shanghai, China).
PE-anti-inducible NO synthase (iNOS) (Cat # 12-5920-
82) and PE Rat IgG2a « Isotype Control (Cat # 12-4321-81)
were purchased from ThermoFisher Scientific (Waltham,
MA, USA). Goat anti-Rabbit IgG (H + L) Secondary Antibody,
Alexa Fluor 594 and Goat anti-Rabbit IgG (H + L) Secondary
Antibody, Alexa Fluor 488 were purchased from Ther-
moFisher Scientific. ELISA kit for murine IL-1p, IL-6 and
TNF-a was purchased from Dakewe Biotech Co. Ltd.
(Shenzhen, China). Clodronate liposome and PBS liposome
were purchased from clodronateliposomes.com. All other
chemicals were purchased from Sigma Chemical Co.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
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Figure 1

Seselin ameliorated CLP-induced sepsis in mice. (A) Structure of seselin. (B) Various doses of seselin or vehicle (olive oil) given intragastrically 2 h
before CLP surgery. Survival rate was observed and calculated (n = 10 mice per group). Mice were treated as (B). Four hours later, cytokines
in serum (C) and BALF (D) were determined by ELISA. (E) Total cell numbers in BALF were determined. (F) mRNA level of cytokines in lung
tissue was determined by QPCR. (G) Haematoxylin and eosin staining of lung sections. Scale bar 50 um. *P < 0.05, significantly different from

CLP group.
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Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a, b, ©).

Results

Seselin ameliorated disease progress and lung
damage of CLP induced sepsis in mice

To evaluate the therapeutic potential of seselin in inflamma-
tory conditions, we performed CLP to induce sepsis in mice
and treated them with seselin (3-30 mg kg™). Results from
Figure 1B, C showed that seselin administration significantly
improved survival rate and suppressed systemic levels of pro-
inflammatory cytokines (IL-1p, IL-6 and TNF-0). As the lung is
a major site of damage during the pathogenesis of sepsis, we
assessed if seselin protected lung tissue from damage. Proin-
flammatory cytokines (IL-1B, IL-6 and TNF-a) and infiltrated
cells in BALF was significantly decreased (Figure 1D, E), as
well as the mRNA levels for these cytokines in lung tissue
(Figure 1F), after treatment with seselin. Histological analysis
of the lung tissue from CLP mice confirmed infiltration of leu-
kocyte cells and demonstrated excessive interstitial and intra-
alveolar oedema. Compared to the model (CLP only) group,
administration of seselin clearly ameliorated the lung dam-
age induced by CLP (Figure 1G). These observations showed
that seselin exerted anti-inflammatory activity in vivo.

Seselin decreased the proinflammatory
phenotype of macrophages, dose- and
time-dependently

As macrophages play an essential role during sepsis, we
evaluated the anti-inflammatory activity of seselin on
cultures of BMDMs. We first performed MTT assays to test
cytotoxicity of seselin. Data in Supporting Information
Figure S1A-C showed that seselin showed very little cytotox-
icity, even at a high concentration (80 uM), on normal,
unstimulated BMDMs or those stimulated with LPS and IFN-
y or IL-4. . In addition, the proliferation of macrophages,
assessed by CFSE staining, was also unaffected by seselin
treatment (Supporting Information Figure S1D). However,
seselin reduced the mRNA for cytokines (II-18, 1I-6, Tnf-a
and 11-23) and chemokines (Ccl3, Ccl7, Cxcl9 and Cxclil)
concentration-dependently in BMDMs stimulated with
LPS and IFN-y (Figure 2A-D and Supporting Information
Figure S2A). Consistent with these data, the ELISA assay
results (Figure 2E) demonstrated that seselin reduced the
IL-6 and TNF-a protein secreted into the cell supernatants.
The cytokine IL-1B is an important component of the in-
flammatory response and its secretion requires both the ac-
tivation of the NF-«B signal, primed by LPS, and the
assembly of an inflammasome, induced by ATP. In BMDM
cultures stimulated with LPS and then exposed to ATP, both
IL-1p and TNF-a secretion was increased, and seselin markedly
suppressed expression of the cytokines (Figure 2F). In addi-
tion, BMDMs were polarized to the proinflammatory pheno-
type for various time points and peaked at 3-6 h after
stimulation. Seselin also suppressed the mRNA levels for II-
1B, II-6 and Tnf-a during this procedure in a time dependent
manner (Figure 2G).

Seselin targeted Jak2 to ameliorate inflammation m

In the classical activation of macrophages (LPS and IFNy),
iNOS is a key enzyme of NO production. When BMDMs were
treated with seselin, the expression of iNOS was significantly
down-regulated, compared with that in the classically acti-
vated macrophages (Figure 3A). One of the characteristics
of macrophages, phagocytosis, is substantially increased
when these cells are polarized to the proinflammatory phe-
notype. We assayed phagocytosis by the uptake of red fluo-
rescent linked beads and showed it to be greatly increased
in macrophages activated by LPS and IFN-y and that seselin
reduced this increase (Figure 3B). Another marker expressed
on the cell surface of classically activated macrophages is
CD11c and incubation with seselin clearly decreased the
percentage of CDI1lc positive BMDMs, concentration-
dependently (Figure 3C). Pretreatment with IL-4 did not in-
crease any of these three markers in BMDMSs and seselin also
did not affect these markers in IL-4 pretreated macrophages
(Supporting Information Figure S2B). Taken together these
data show that seselin suppressed the proinflammatory as-
pects of BMDMs.

Seselin blocked the STAT1 signalling pathway
To elucidate the mechanism(s) by which seselin suppressed
the inflammatory responses of macrophages, the major
signalling pathways involved - Jak2-STAT1 and NF-«kB - were
investigated. Seselin treatment suppressed expression of
p-STAT1 and p-p65S (a critical component of NF-kB
signalling), both concentration and time dependently
(Figure 4A-D). As transcription factors, STAT1 and p65 need
to be translocated to the nucleus to mediate the expression
of relevant genes. To confirm the effects of seselin on
STAT1 and p65, we used immunofluorescent assays to
localise the intracellular site of these transcription factors.
Stimulation of BMDMs with LPS and IFN-y induced accu-
mulation of STAT1 and p6S in the nucleus, as indicated
by merging with DAPI. Consistent with the results obtained
in the Western blots (Figure 4A), seselin inhibited the
amount of STAT1 located in nucleus, indicating its de-
creased transcriptional activity (Figure 4G). p65 was also
mainly located in the cytoplasm in seselin-treated cells,
compared with the model group (Figure 4H). We also used
the inflammasome model (LPS +ATP) in BMDMSs to analyse
the down-regulated release of IL-1f by seselin. As shown in
Figure 4E, F, seselin reduced both the level of p-p65 and
cleaved-caspase 1, p10 and p20, the activated form of cas-
pase 1. However, seselin had much less effect on upstream
proteins, including TLR4 expression and IKKa phosphoryla-
tion (Figure SA). These data indicated critical role for STAT1
and p65 signalling pathways in the seselin-mediated inhibi-
tion of the proinflammatory phenotype of macrophages.
However, as shown in Figure 5A, seselin produced a greater
inhibition of STAT1 than of p6S.

Seselin targeted Jak2 to block its activity

To investigate how seselin inhibited the activation of macro-
phages, we used co-IP to detect the interaction between key
upstream signal proteins. As shown by Western blots, seselin
clearly decreased the interaction between Jak2 and IFN-yR, as
well as the interaction with STAT1, consistent with a reduced
activation of Jak2 and STAT1 (Figure 5A). These observations
suggested that Jak2 might be a candidate target of seselin. To
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Inhibition by seselin of cytokine output from macrophages stimulated by LPS and IFN-y. BMDM were incubated with various doses of seselin or the

same volume of DMSO in the presence of 10 ng-mL

~'LPSand 10 ng-mL

VIFN-y, or 20 ng-mL™" IL-4, for 6 h. The mRNA levels of /I-14 (A), I-6 (B),

Tnf-a. (C) and Il-23 (D) were determined by quantitative PCR. (E) Secreted IL-6 and TNF-a in supernatant was measured by ELISA. *P < 0.05, signif-
icantly different from LPS and IFN-y treated group. (F) BMDMs were incubated with various doses of seselin or the same volume of DMSO in the
presence of 10 ng~mL71 LPS for 3 h, followed by 5 mM ATP for 1 h. IL-1B and TNF-a in the supernatants was measured by ELISA. *P < 0.05, signif-
icantly different from LPS and ATP treated group. (G) BMDMs were incubated with 10 uM seselin or the same volume of DMSO in the presence of
10 ng-mL~" LPS and 10 ng-mL~" IFN-y for various time points. The mRNA levels of /I-18, II-6 and Tnf-o were determined by quantitative PCR.
*P < 0.05, significantly different from LPS and IFN-y treated group at the same time point. Data are represented as mean + SEM of five indepen-

dent experiments.

test this hypothesis, we performed CETSA to confirm the in-
teraction between seselin and Jak2. As shown in Figure 5B,
seselin enhanced the thermal stability of Jak2 at higher
temperatures, compared to DMSO treatment (Figure 5B, C).
At a constant time of heating and temperature, seselin protec-
tive effects on Jak2 protein were concentration-dependent
protection on Jak2 protein level (Figure 5D, E). We then used
molecular docking analysis to investigate possible binding
mode of seselin with the crystal structures of Jak2 (31-
516aa) (PDB ID: 4Z32). Docking results in Figure SF predicted
that seselin might form hydrogen binds with His82 and
Glu6S5, the FERM domain of Jak2. In addition, the pyran ring
and phenyl ring could form n—n interactions with Cys68 and
Pro389, which are also located in the FERM domain, respon-
sible for associating with IFN-yR. We also analysed the
interaction between seselin with other function domains of
Jak2. The binding energy between seselin and 840-1132 aa
of Jak2 (PDB ID: 3UGC), the kinase domain, was comparable
to 31-516aa, mainly via van der Waals forces with similar
residues to tofacitinib, but no hydrogen bond was observed
(Figure 5G, H). Collectively, these results suggested that

324  British Journal of Pharmacology (2019) 176 317-333

seselin targeted Jak2 to block the upstream section of the
STAT1 signalling pathway.

Protection by seselin of septic mice was due to
its inhibition of the macrophage
proinflammatory phenotype

To confirm these mechanisms in vivo, we next determined the
effects of seselin on macrophages isolated from lung tissue
taken from mice after CLP. Results of staining for CD11b
showed a significantly mitigated infiltration of immune cells
in lung tissue from seselin treated mice, compared with
values in the CLP only (model) group. This inhibition was
dose-dependent (Figure 6A, C). Immunohistochemical assay
revealed decreased level of CD11c expression, suggesting a
decrease in the infiltrating proinflammatory macrophages
in lung tissue (Figure 6B, D). Consistent with previous data,
seselin also inhibited the levels of p-Jak2, p-STAT1 and
p-p6S in lung tissue from CLP mice (Figure 6E, F). To further
detected the dynamic profile of monocytes, neutrophil and
the immunophenotype of macrophages, we performed flow
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Seselin inhibited the expression of proinflammatory macrophage markers. BMDMs were incubated with various doses of seselin or the same
volume of DMSO in the presence of 10 ng-mL ™' LPS and 10 ng-mL "' IFN-y, or 20 ng-mL "' IL4, for 12 h. Expression of iNOS (A), phagocytosis
(B) and CD11c (C) was measured by flow cytometry. The positive cells of five different experiments are shown as means + SEM. *P < 0.05,

significantly different from LPS and IFN-y treated group.

cytometry analysis on cells isolated from both BALF and lung
tissue. As reported, the majority of alveolar macrophages in
BALF displayed an M1-like phenotype with F4/80"CD11c",
which was increased in CLP mice (Figure 7A). Seselin treat-
ment significantly down-regulated both the proportion of
F4/80*CD11c¢* and the total number of alveolar macrophages
(Figure 7A, B). Similarly, F4/80"CD11c¢” interstitial macro-
phages were also polarized to F4/80°CD11c¢" in CLP induced
septic mice (Supporting Information Figure S3A). Meanwhile,
the effects of seselin on interstitial macrophages was
consistent with previous data, showing a decrease in the
F4/80*CD11c"* proportion and in the total number of macro-
phages (Supporting Information Figure S3A). CLP also in-
duced a rapid expansion and infiltration of monocytes
(CD11b"Ly6C") and neutrophils (CD11b"Ly6G¥) in lung tis-
sue (Figure 7C-F and Supporting Information Figure S3B-C).
Seselin treated mice exhibited a significant decrease of mono-
cytes but only part remission of neutrophils (Figure 7C-F and
Supporting Information Figure S3B-C). In further experi-
ments, we stimulated THP-1 cells, a human monocyte cell
line, with PMA and monitored the effect of seselin on the
differentiation from monocytes to macrophages. Data in
Supporting Information Figure S4A-B indicated that seselin
slightly inhibited the expression of CD14, the marker of
THP-1 differentiation (Schwende et al., 1996; Aldo et al.,
2013). However, the proinflammatory cytokines expressed
by THP-1 derived macrophages were significantly suppressed
in the seselin treated group (Supporting Information Figure
S4C). All these data suggested that seselin skewed the
proinflammatory phenotype of both alveolar and interstitial
macrophages in septic mice.

To confirm the identity of the target cells in vivo, we de-
pleted mice of macrophages with clodronate liposomes and
then challenged with LPS to establish an endotoxin induced
peritonitis model. As shown in Figure 6A, mice injected with
PBS liposome showed a high level of CD11b positive cells
which were depleted after clodronate liposome treatment
(Figure 8A, B). Then, we carried out adoptive transfer of
pretreated BMDMSs, to these depleted mice. As shown in
Figure 8C, the proinflammatory phenotypic BMDMs further
decreased the survival rate of LPS-challenged mice, whereas
the proinflammatory phenotypic BMDMs which had been
pretreated with seselin improved survival. In addition, the
proinflammatory cytokines (IL-6 and TNF-a) induced by the
proinflammatory phenotypic BMDM, were dramatically re-
duced in mice receiving seselin-exposed proinflammatory
phenotypic BMDMs (Figure 7D). These data, taken in combi-
nation with the results from cell models, suggested that the
anti-inflammatory effects of seselin in vivo reflected its inhibi-
tion of the proinflammatory properties of macrophages.

Discussion

There is much evidence of the diversity of possible therapeu-
tic activities of natural products (Vera et al., 2011; Feng et al.,
2014). Coumarins are widespread and structurally multiple
compounds and they display a wide range of pharmacologi-
cal activities such as anti-coagulant, anti-neurodegenerative
(Anand et al., 2012; Gomez-Outes et al., 2012), antioxidant
(Kostova et al., 2011), anti-cancer (Riveiro et al., 2010) and
anti-inflammatory (Grover and Jachak, 2015; Xu et al.,
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Figure 4

Seselin blocked signalling pathways that mediate the classical activation of macrophages. (A) BMDMs were incubated with various doses of seselin
or the same volume of DMSQO in the presence of 10 ng-mLfl LPSand 10 ng~mL’1 IFN-y for 6 h. Expression of p-Jak2, Jak2, p-STAT1, STAT1, p-p65,
p65 and tubulin was determined by Western blot. Tubulin was a loading control. (B) Data summary of (A) is shown as means + SEM of five inde-
pendent experiments. *P < 0.05, significantly different from LPS and IFN-y treated group. (C) BMDMs were incubated with 10 uM seselin or the
same volume of DMSO in the presence of 10 ng-mLf1 LPSand 10 ng-qu IFN-y for various time points. p-STAT1, STAT1, p-p65, p65 and tubulin
was determined by Western blot. (D) Data summary of (C) is shown as means + SEM of five independent experiments. *P < 0.05, significantly
different from LPS and IFN-y treated group at the same time point. (E) BMDMs were incubated with various doses of seselin or the same volume
of DMSO in the presence of 10 ng-mL’1 LPS for 3 h, followed by 5 mM ATP for 1 h. p-p65, p65, cleaved-caspasel p10, cleaved caspase 1 p20, pro-
caspasel and tubulin were determined by Western blot. (F) Data summary of (E) is shown as means + SEM of five independent experiments.
*P < 0.05, significantly different from LPS and ATP treated group. RAW 264.7 cells were incubated with 10 uM seselin or the same volume of
DMSO in the presence of 10 ng-qu LPSand 10 ng-mLf1 IFN-y, or 20 ng~mL’1 IL4, for 6 h, and then stained for STAT1 (G) or p65 (H). The nuclei
were stained with DAPI (blue). The line charts represent the mean fluorescence intensity (MFI), which is presented the distance from o to o in the
images in arbitrary units (AU). Scale bar, 10 pm.

2016). This diversity has attracted substantial attention from
medicinal chemists for the development of related synthetic
agents (Barot et al., 2015). Although many attempts have
been made to examine novel structures for biological activi-
ties, it is increasingly important to investigate the details of
the molecular mechanisms and targets to further strengthen
their indication and to avoid unexpected side-effects. Here,
we have identified the activity of seselin and further
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elucidated the underlying mechanisms. Seselin targeted the
signalling kinase Jak2 to block the proinflammatory pheno-
type of macrophages in order to ameliorate inflammatory
conditions.

Firstly, we evaluated the in vivo anti-inflammatory activity
of seselin. Organ dysfunction and assessment of the sequen-
tial organ failure has become the new standard for the diag-
nosis of sepsis, since a new clinical definition was published
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seselin for 2 h. The WCL were assayed with CETSA to analyse the thermal stabilization of Jak2. (C) Data summary of (B) is expressed as scatter plots
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domains. (H) Molecular docking analysis of tofacitinib and Jak2.

in 2016 (Fujishima, 2016). Lung dysfunction, referred to as
acute respiratory distress syndrome or acute lung injury, is
frequently associated with sepsis (Fujishima, 2016). For the
sepsis patient, it is vital to rebalance the inflammatory
response and protect lung tissue. Seselin, in addition to
increasing survival of mice with sepsis, also decreased damage
to lung tissue and reduced the infiltration of proinflamma-
tory macrophages, which might contribute to better progno-
sis (Figures 1 and 6). In the lung and alveolar space,
inflammation is intimately tied to the functional phenotype
of the macrophage. Classically, at least two types of macro-
phage have been found in lung tissue - alveolar macrophages
(AM) and interstitial macrophages. Consistent with earlier re-
ports (Guth et al., 2009; Kopf et al., 2015), our data showed

that alveolar macrophages expressed high levels of CD11c, a
marker of the proinflammatory macrophages, and formed
90-95% of the cellular content in the steady state (Figure 7A).
The most likely reason might be the persistent exposure to
airborne pathogens in the air space of the alveoli, where AM
was located (Kasahara et al., 2012; Aggarwal et al., 2014).
Seselin treatment significantly suppressed the proinflamma-
tory macrophages, both in BALF and in lung tissue. Taking
into consideration that seselin only slightly affected the infil-
tration of neutrophils (Figure 7C and Supporting Information
Figure S3B) and the differentiation from monocytes to macro-
phages (Supporting Information Figure S4A), we believe that
the anti-inflammatory activity of seselin was mainly exerted
through its regulation of macrophage phenotype.
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Seselinameliorated lung injury and decreased JAK2 phosphorylation level in lung tissue during sepsis. (A) Mice were treated asin Figure 1. Four hours
after CLP, mice were killed. CD11b expression in lung tissue was detected by immunofluorescence. Scale bar 50 um. (C) Positive cell numbers of (A)
were quantified and is shown as means + SEM of five fields per mouse in every group. CD11c expression in lung tissue was detected by immunohis-
tochemistry (B) and quantified by Image] (D). Scale bar 50 um. Positive expression was quantified and is shown as means + SEM of five fields for per
mouse in every group. (E) p-Jak2, Jak2, p-STAT1, STAT1, p-p65, p65 and actin expression in lung tissue was detected by Western blot. Actin was
a loading control. (F) Data summary of (E) is shown as means + SEM. n = 10 mice per group. *P < 0.05, significantly different from CLP group.

Furthermore, the targeting of macrophage by seselin in vivo
was further confirmed in our experiments using adoptive
transfer of seselin pretreated-BMDMs to macrophage-
depleted mice (Figure 8).

Based on the results from the experiments using mice
with sepsis, we further comprehensively evaluated the inhi-
bition of seselin in classical activated macrophage in the pres-
ent study. Thus, seselin decreased both the mRNA and protein
levels of proinflammatory factors in concentration and time
dependent manner (Figure 2 and Supporting Information
Figure S2A). Other functional characteristics of these macro-
phages, including iNOS expression, phagocytosis and cell
surface markers, were also inhibited, further confirming the
anti-inflammatory activity of seselin (Figure 3). However,
seselin did not affect the cytokine profile of macrophages
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with anti-inflammatory phenotypes (Supporting Informa-
tion Figure S2B). This selectivity for the proinflammatory,
over the anti-inflammatory phenotype might prevent side-
effects in vivo, such as secondary infection during the recov-
ery period of sepsis patients.

To confirm the underlying mechanism(s) and the molec-
ular target(s) of seselin, we measured the phosphorylation
levels of two transcription factors (STAT1 and p65). Results
in Figure 4 suggested seselin exerted a greater inhibition of
STAT]1, relative to that of p6S5, as indicated by the relatively
slight effect on p-p65. Based on this result, we would
propose that seselin mainly modulated the STAT1 signalling
pathway rather than that of the NF-«B pathway. We
followed up these observations by studying the effect of
seselin on upstream interactions between Jak2 and STAT1
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Seselin reduced the immune cell counts in BALF induced by CLP. Mice were treated as in Figure 1. Four hours after the surgery, mice were killed.
Cells in BAFL were collected and analysed by flow cytometry. CD45 gated cells were further counted. (A) The percentage of F4/80°CD11c¢"
macrophages. (B) Data summary of (A) and macrophages counts are shown as means + SEM. (C) The percentage of CD11b*Ly6G" neutrophils.
(D) Data summary of (C) and neutrophil counts are shown as means + SEM. (E) The percentage of CD11b"Ly6C" monocytes. (F) Data summary of
(E) and monocyte counts are shown as means + SEM. n =10 mice per group. *P < 0.05, significantly different from the CLP group.

and the cellular molecular target. Briefly, upon IFN-y
stimulation, Jak2 was recruited and autophosphorylated.
The phospho-Jak2 then phosphorylated the oligomerised
IFNyR1 at Tyr440 in the cytoplasmic tails, which provide a
docking site for the recruitment of STAT1 and to facilitate
the subsequent phosphorylation of STAT1 at Tyr701, by
phosphorylated JAKs. The p-STAT1 is then translocated to
the nucleus to elicit the relevant gene expression (Stark
and Darnell, 2012; Villarino et al., 2017). Consistent with
its suppression of STAT1, seselin also suppressed the interac-
tion between Jak2 and STAT1 or IFNyR1, as well as p-Jak2,
(Figure 5A). CETSA confirmed directly the interaction of
seselin with Jak2, as indicated by increased thermal stability
of Jak2 in the presence of seselin (Figure 5B-E).

There is growing evidence for the basic and clinical bene-
fits of Jak inhibitors for the understanding of human health
and disease. Ruxolitinib was the first Jak inhibitor approved
by the US Food and Drug Administration for treatment of my-
eloproliferative neoplasms that are mainly induced by
JAK2V617F (Geyer and Mesa, 2014). Recently, tofacitinib
was also approved for the treatment of rheumatoid arthritis
(O’Shea et al., 2015). And now, these drugs have been tested
for a number of malignancies, alopecia areata, ankylosing
spondylitis and immunology disorders like psoriasis, lupus
and ulcerative colitis, which further exemplified the poten-
tial therapeutic value of Jak as a target for drugs. Jak2 inhibi-
tors have been divided into two types based on their
mechanisms. Type [ JAK inhibitors bind and stabilized the ac-
tive kinase conformation despite blockade of kinase function,

most clinical approved inhibitors belonged to this type
(Andraos et al., 2012). Myeloproliferative neoplasm (MPN)
cells can acquire an adaptive form of resistance to JAK inhib-
itors, called “persistence”, through reactivation of JAK-STAT
signalling via heterodimerization and transactivation of
Jak2 by JAK1 and TYK2, although the MPN-associated spleno-
megaly and systemic symptoms were improved (Koppikar
etal., 2012). A type II JAK inhibitor was still effective in cells
displaying persistence to a type I JAK inhibitor (Andraos
et al., 2012; Meyer et al., 2015). In our experiments, unlike
type I JAK inhibitors, seselin suppressed the phosphorylation
level of Jak2, indicating characteristics of type II JAK inhibi-
tors. However, molecular docking predicted that seselin
would have greater affinity for the FERM domain rather than
the kinase domain (Figure 5), implying that seselin’s
anti-inflammatory activity was due to hindrance of the
interaction of Jak2 with upstream cytokine receptors. This
mode of action differs from that of both type I and type II
JAK inhibitors.

However, seselin significantly suppressed expression of
IL-1B, IL-6 and TNF-q, usually considered to be regulated
by the NF-«B signalling pathway, even though seselin only
slightly inhibited p-p65, the crucial component of this
pathway (Figures 2 and 4). We suggest this inhibition of
cytokines was, in this instance, partly due to inhibition of
p-STAT1. It is likely that parallel signalling pathways could
influence NF-«xB activity as macrophages respond to a wide
range of extracellular stimuli. A relationship between STAT1
and NF-kB signalling has long been recognised, as the two
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Adoptive transfer of seselin-treated BMDMs ameliorates LPS-induced peritonitis in mice. (A) Clodronate or PBS liposome was injected i.p.. Twenty-
four hours later, mice were challenged by LPS (10 mg-kg’1)for4 h, and the expression of CD11b in peritoneal exudate cells was measured by flow
cytometry. (B) Data summary of (A) is shown as means + SEM. n =5 mice per group. (C) BMDMs were incubated with 20 uM seselin or the same
volume of DMSO in the presence of 10 mg-kg ' LPS and 10 mg-kg ' IFN-y for 6 h. Macrophage depleted mice were treated with Normal-BMDM,
LPS and IFN-y-BMDM or seselin treated LPS and IFN-y-BMDM (i.v.) and challenged with 10 mg-kgf1 LPS (i.p.). Survival was measured . (D) Mice
were treated as (C). Four hours later, serum cytokines were measured by ELISA. n=10 mice per group. *P < 0.05, significantly different as indicated.

pathways can promote or prime each other (Yarilina et al.,
2008; Ivashkiv and Donlin, 2014). Although we cannot
exclude the possibility of additional targets of seselin, the
malfunction of the Jak2-STAT1 pathway following disrup-
tion of Jak2 activity would explain the major effects on
macrophage phenotype.

Because of the effects of phenotype plasticity and com-
plexity on homeostasis and diseases involving macrophages,
targeting macrophages and interfering with their functional
properties has become a promising therapeutic option for
the treatment of inflammatory diseases. Here, we have shown
the anti-inflammatory activity of seselin in macrophages.
Our results suggest that seselin might bind to the FERM do-
main of Jak2 to disrupt its interaction with upstream IFNyR,
thus suppressing STAT1 activity and the proinflammatory
phenotype of macrophages. Our data has identified a promis-
ing therapeutic agent for inflammatory diseases, effective via
modulated Jak2 activity. Our data has also widened the appli-
cation of Jak2 inhibitors, although there is still much more
work needed to confirm the details of the binding of the
compound with Jak2 and the related molecular events.
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Figure S1 Effect of seselin on cell viability and proliferation.
BMDM were incubated with various dose of compounds or
the same volume of DMSO in the absence (A) or presence of
10 ng-ml-1 LPS and 10 ng-ml-1 IFN-y (B) or 20 ng-ml-1 IL-4
(C) for 24 h. Cell viability was detected by MTT assay. Data
were expressed as a histogram of mean + SEM of five indepen-
dent experiments. (D) Raw 264.7 cells were incubated as
(B and C) after staining CFSE. Cell proliferation was detected
by Flow cytometry.

Figure S2 Effect of seselin on macrophage phenotype.
(A) BMDMs were treated with 20 uM compounds or the same
volume of DMSO in the presence of 10 ng-ml-1 LPS and 10
ng-ml-1 IFN-y (the proinflammatory phenotype) for 6 h.
The mRNA levels of II-12, Ccl3, Ccl7, Cxcl9 and Cxcl1 were de-
termined by quantitative PCR. *P < 0.05 vs. LPS & IFN-y
treated group. (B) BMDMs were treated with 20 pM com-
pounds or the same volume of DMSO in the presence of
20 ng-ml-1 IL-4 (the anti-inflammatory phenotype) for 6 h.
The mRNA levels of Argl, Fizz1, Yml, Ccll17, Ccl22 and
Cd163 were determined by quantitative PCR. Data were
expressed as a histogram of mean + SEM of five independent
experiments.

Figure S3 Seselin reduced the immune cell counts in lung
tissue. Mice were treated as in Figure 1.4 hours after the sur-
gery, mice were sacrificed. Cells in lung tissue were collected
and analyzed by Flow cytometry. CD45+ gated cells were
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further detected. (A) The percentage of F4/80+CD11c+ macro-
phages. Data summary expressed as a histogram of mean *
SEM. (B) The percentage of Ly6G+ neutrophils. Data
summary was expressed as a histogram of mean + SEM.
(C) The percentage of CD11b+Ly6C+ monocytes. Data
summary was expressed as a histogram of mean + SEM.
n = 10 mice per group. *P < 0.05 vs. CLP group.

Figure S4 Effect of seselin on the differentiation of THP-1
monocytes and the following activation. THP-1 was

Seselin targeted Jak2 to ameliorate inflammation m

stimulated with 500 nM PMA for 24 hours in the presence
of various dose of seselin. (A) CD14 expression was detected
by flow cytometry. (B) Data summary of (A) was expressed as
a histogram of mean + SEM. *P < 0.05 vs. PMA treated group.
(C) THP-1 was stimulated with 500 nM PMA for 3 hours
followed by activation with 100 ng-ml-1 LPS and 100 ng-ml-1
IFN-y in the presence of various dose of seselin for 6 hours.
The mRNA levels of IL-6 and TNF-a were determined by
quantitative PCR. *P < 0.05 vs. LPS and IFN-y treated group.
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