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ARTICLE INFO ABSTRACT

Keywords: Cytokine storm is a key feature of sepsis and severe stage of COVID-19, and the immunosuppression after

SILAC excessive immune activation is a substantial hazard to human life. Both pathogen-associated molecular patterns

Che;r_mpmteomics (PAMPs) and damage-associated molecular patterns (DAMPs) are recognized by various pattern recognition re-
lgefoi(gii: storm ceptors (PRRs), which lead to the immune response. A number of neolignan analogues were synthesized in this
Il:GM work and showed powerful anti-inflammation properties linked to the response to innate and adaptive immunity,

as well as NP-7 showed considerable anti-inflammatory activity at 100 nM. On the sepsis model caused by cecum
ligation and puncture (CLP) in C57BL/6J mice, NP-7 displayed a strong regulatory influence on cytokine release.
Then a photo-affinity probe of NP-7 was synthesized and chemoproteomics based on stable isotope labeling with
amino acids in cell cultures (SILAC) identified Immunity-related GTPase M (IRGM) as a target suppressing
cytokine storm, which was verified by competitive pull-down, cellular thermal shift assay (CETSA), drug affinity

responsive target stability (DARTS) and molecular dynamics simulations.

1. Introduction

Sepsis is a worldwide public health concern with high morbidity,
severe illness, and high mortality, and it is one of the leading causes of
death among intensive care unit (ICU) patients [1-3]. Sepsis is a cata-
strophic organ failure condition induced by a viral or bacterial infection
that causes an inappropriate host response. Sepsis and septic shock are
significant health issues that afflict millions of individuals each year
across the globe. For a long time, the majority of sepsis research has
concentrated on cytokine storm and the resultant multiple organ failure
syndrome multiple organ failure syndrome [4,5]. Sepsis has been named
the defining medical condition of our time since it is a leading cause of
morbidity and death in hospitalized patients with a variety of disorders
[6,71.

Coronavirus disease 2019 (COVID-19), caused by a pathogen known
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as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
discovered as a novel enveloped RNA beta-coronavirus, is quickly
spreading over the globe. More and more researches show that the
progression of critically ill patients is associated with the occurrence of
cytokine storm, which is characterized by a high level of serum pro-
inflammatory cytokines such as TNF-a, IL-6, IL-1p, and IL-18, posing a
serious threat to the medical and public health systems [8,9]. Cytokine
storm, characterized by life-threatening systemic hyperinflammation,
has been discovered in patients with severe new coronavirus infection
and is greatly raised in COVID-19 patients. It generates severe lung
tissue edema and pulmonary capillary leaks, which may lead to acute
respiratory distress syndrome (ARDS) or even multiple organ failure.
However, no effective and safe targeted chemicals have yet been pro-
duced [10-12]. Glucocorticoids, which have an immunosuppressive
effect and aid to minimize cytokine storm, are used in the treatment of
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severe and critical cases. However, glucocorticoid therapy may have
substantial adverse effects such as superinfection risks and a prolonged
illness course. Therefore, it is urgent to develop medications modulating
cytokine storm with a particular therapeutic target and no side effects
[13-15].

The immune response system is outfitted with a number of cell-
surface or intracellular pattern recognition receptors (PRRs) that can
detect pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) [16,17]. In sepsis, persistent
immune stimulation is triggered not only by invading pathogens, but
also by the release of endogenous substances released from injured cells,
culminating in a vicious cycle of immune activation and dysfunction.
According to emerging data, regulating the innate and adaptive immune
response is an effective method for combating pathogenic microor-
ganism infection [18,19]. Autophagy-Related IRGM is associated with
mortality in individuals with severe sepsis and has the ability to control
mTOR and TFEB at a regulatory node crucial for pathogen responses. As
a consequence, IRGM may be a feasible target for inhibiting cytokine
release in sepsis [20,21].

The modern novel drug development process comprises essentially
of lead compound discovery, target identification, structural optimiza-
tion, preclinical and clinical trials, and one of the important aspects
impacting the whole process is proper target recognition. Natural
products continue to be a source of lead molecules in therapeutic
research and development [22-24]. Chemoproteomics, which has
played a vital role in encouraging novel drug discovery based on the
development of biorthogonal chemistry, has achieved great progress in
chemical biology research. As a consequence of chemoproteomics
applied to identify chemical targets, considerable breakthroughs in
target identification and novel drug development have been made
[25-27]. Affinity chromatography in conjunction with mass
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spectrometry analysis can be used for target fishing, protein enrichment,
and large-scale proteomic target identification, and it may be the most
sensitive and effective method for target discovery and identification.
Target identification aids in elucidating the molecular mechanism and
potential adverse effects of compounds, which is important in the study
of the safety and effectiveness of new compounds. Small molecular
probes are commonly used for target identification. Canonical affinity
probes typically include an active ligand, a linker, and an affinity tag,
such as biotin groups, to separate and enrich target proteins. Following
that, the target protein is identified and analyzed using mass spec-
trometry [28-30].

Denudatin B has been reported to have antiplatelet aggregation and
anti-inflammatory properties [31-35]. Anti-inflammatory activity has
been discovered in a number of synthetic neolignans [36]. Scutellariae
Radix is a popular ethnobotanical herb used to treat various ailments
ranging from inflammation to nervous disorders [37,38]. As a conse-
quence, aqueous extracts of S. baicalensis roots were investigated to
discover anti-inflammatory compounds from traditional Chinese medi-
cines, and the neolignan constituents were found to have strong
anti-inflammatory activities [39,40]. In the synthesis process of Denu-
datin B, we discovered that their analogues displayed anti-inflammation
activities. A photo-affinity probe of NP-7 was designed and synthesized,
and the target of NP-7 was identified by SILAC pull-down chemo-
proteomics [41,42]. Cellular thermal shift assay (CETSA), drug affinity
responsive target stability (DARTS) and molecular dynamics simulations
verified the direct combination of NP-7 with target [43-46].

L i IO W
—_—
HO OH HO ok

Resorcinol

o7 o7
o o) o
_a g _b
A A A
07 oH 0”0”7

3,4-Dimethoxycinnamic acid 1

OH

9 9 9
0 o o)
_d _e _f o
o o)k o OH o o™

4

/
g o
(] s
0 OH

7

5 6
/
o o
h \ P
O con
0 o
8
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2. Results and discussion
2.1. Design and synthesis of Denudatin B

Denudatin B was prepared from derivatives of 3,4-dimethoxycin-
namic acid and resorcinol (in Scheme I). The total synthesis is out-
lined in Scheme I. A preliminary account of this work has appeared, and
based on this we optimized the experimental scheme. Direct alkylation
of resorcinol with allyl bromide in N, N-dimethylformamide containing
potassium carbonate as an acid-binding agent gave 3 in 60% yield. The
starting alcohol 3 was prepared in very low yields from the 3,4-dime-
thoxycinnamic acid by direct reduction with lithium aluminum hy-
dride (LiAlH4) in tetrahydrofuran as well as the olefinic bond would also
be reducted. 3,4-dimethoxycinnamic acid was esterified in methanol
containg 1 N HCI with a 99% yield to obtain compound 1 and then
reducted by diisobutylaluminium hydride (DIBALH) with a yield of 98%
yield to obtain compound 2, the yields of both two steps were about
almost quantitative. Condensation of 2 and 3 under Mitsunobu reaction
conditions with new catalyst reagent 1,1’-(azodicarbonyl)-dipiperidine
(ADDP) and tributylphosphine (TBUP) achieved ether 4 with 40% yield
and then hydrolized in alkaline aqueous solution with lithium hydroxide
to obtain compound 5. Compound 5 was allylated to obtain ether 6 and
heated in a sealed tube dissolved in N, N-diethylaniline at 225 °C and the
thermal reaction apparently involved two Claisen rearrangements fol-
lowed by an abnormal Claisen (1,5 homosigmatropic hydrogen shift) to
obtain neoligan phenol 7. Oxidative methoxylation of 7 with lead tet-
raacetate in dry methanol gave a mixture of racemic products and
achieved 8 ( Denudatin B ) with a yield of 20%.

2.2. Effect of the neoligan analogues on the M1 polarization and TNF-a
expression of macrophages

The immune response to macrophages, which can cause inflamma-
tion, is a critical component of innate immunity and their functions are
regulated by the cytokines of the surrounding environment. Macro-
phages are typically divided into two subsets: classically activated (M1)
macrophages, which are pro-inflammatory and polarized by lipopoly-
saccharide (LPS), and alternatively activated (M2) macrophages, which
are anti-inflammatory. They have unique properties, such as the ca-
pacity to eliminate pathogens like bacteria and viruses or to heal
inflammation-related injury [47-50]. Screening showed that compound
6 and 7 could lower the M1 polarization of macrophages at 100 nM and
500 nM, while compound 5 and 8 had no effect. All of the compounds

A

— 100 nM
— 500 nM

= - HitHHH

s 100

~ - Koy peprem ok

2 P i

%D 801 KK e ]

.S_ £

S 601

<9

g

- 401

=

—_

=] 20

2

=

m 0 1 T

N )
\‘e \3% > () A L) ‘bc
<

LPS(1pg/mL)

European Journal of Medicinal Chemistry 241 (2022) 114659

had an effect on reducing the expression levels of TNF-a at 100 nM and
500 nM, especially the neoligan phenol analogue 7 (NP-7) exhibited the
most potent anti-inflammation, equivalent to hydrocortisone, a positive
control drug.

2.3. Effect of the neoligan analogues on CD4" T lymphocyte subsets
differentiation: Th1/Th2/Th17

T-helper cells can create the vast majority of known cytokines
[51-53]. Aside from the signature effector cytokines IFN-y, IL-4, and
IL-17A, Th cells may selectively express a variety of other important
cytokines, including lymphotoxin for Thl; IL-5 and IL-13 for Th2; and
IL-22 for Th17 cells. Th cells are not only professional cytokine pro-
ducers, but they can also respond to cytokines produced by accessory
cells, such as IL-1, IL-2, IL-12, IL-23, IL-27, IL-33, and type 1 IFNs.
During differentiation, Th cells may react to their own cytokines, such as
IFN-y and IL-4, resulting in substantial positive feedback or
cross-inhibitory effects [54,55].

Immune cells were isolated from the spleen of C57BL/6 mice and
cultured in complete medium containing ConA and IL-2 under corre-
sponding differentiation conditions of Th1l, Th2, Th17 for 48 h with or
without compound treatments [56]. As shown in Fig. 1A, Th1 cells were
successfully induced, compounds 5, 6, 7 and 8 showed a significant
effect on decreasing the IFN-y production, indicating the effect of
inhibiting Th1 polarization and presented no obvious cytotoxicity on
CD4" T lymphocytes up to 48 h. As shown in Fig. 2B, Th2 cells were
successfully induced, and compounds 5, 6, 7 and 8 decreased the IL-4
production, indicating the effect of inhibiting Th2 polarization and
showed no obvious cytotoxicity on CD4" T lymphocytes up to 48 h. As
shown in Fig. 2C, Th17 cells were successfully induced, and compounds
5, 6, 7 and 8 decreased the IL-17A production, indicating the effect of
inhibiting Th17 polarization and displayed no obvious cytotoxicity on
CD4" T lymphocytes up to 48 h.

2.4. Therapeutic effect of the neolignan analogue NP-7 on CLP-induced
sepsis model

Sepsis is a potentially fatal condition that affects the neurological,
immunological, endocrine, and coagulation systems. Various adverse
stimuli may trigger the body’s immune response, resulting in the pro-
duction of a significant number of pro-inflammatory cytokines, which in
turn induce the cascade of inflammation, playing an important part in
the gradual worsening of systemic inflammatory response. Following
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Fig. 1. (A) Effect of the neoligan analogues on M1 polarization of macrophage; (B) Effect of the neoligan analogues on TNF-a expression of M1 macrophages. The
representative results are shown in the left panel, and the data of three independent experiments are presented as mean + SEM; ####p < 0.0001vs. LPS; *p < 0.05,

*4p < 0.01, ***p < 0.001, ****p < 0.0001 vs. LPS.
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the standard CLP methods, a mouse sepsis model was produced. It is
intimately tied to pathological alterations in many systems and organs.
A mouse sepsis model was produced using standard CLP protocols [57,
58].

The establishment of a sepsis model significantly upregulated the
proportion of M1 macrophage and neutrophil subpopulations in the
blood. Apparently, 100 mg/kg NP-7 reversed this phenomenon (Fig. 3A
and B). The changes in the ratio of immune cell subpopulations in the
blood can roughly represent the status of the systemic immune response,
and it is clear from the results that the application of the drug effectively
reduces the strong inflammatory response associated with sepsis.

In septic mice, the levels of Thl cells and Th2 cells secreting their
signature cytokines were significantly higher compared to controls
(Fig. 4A and B). However, the expression levels of IFN-y were much
higher than that of IL-4, suggesting that the balance between Th1l and
Th2 cells in septic mice had been disrupted and the organism was un-
dergoing a strong immune response. While NP-7 could significantly
reduce the expression levels of IFN-y and IL-4, the balance between Thl
and Th2 cells was restored in the treated group of model mice compared
to the model mice.

Similar to the balance between Th1/2 cells, there was a balance
between Th17 and Treg cells, with Treg cells directly inhibiting Th17
cells via IL-10 to control inflammation (Fig. 5A and B). And Treg cells
could be subdivided into Foxp3+Treg and Trl (which only secrete IL-10
without expressing Foxp3), and we examined the ratio of these cells by
flow cytometry. The results showed that the NP-7 could effectively

European Journal of Medicinal Chemistry 241 (2022) 114659

reduce the expression level of IL-17A, but had no significant activation
effect on Foxp3+ Treg cells and Tr1 cells, which was consistent with the
results of drug screening experiments.

The results of H&E staining of liver tissues showed edema and he-
patocyte necrosis in the model group, while the state of the liver was
significantly improved after administration of the NP-7, demonstrating
that NP-7 was not hepatotoxic and its anti-inflammatory activity was
sufficient to protect the liver (Fig. 6).

2.5. The synthesis of neoligan photo-affinity-lablled probe and anti-
inflammation activity screening

The photocrosslinking agent 9 was synthesized according to the re-
ported procedure [59-61] and the probe 10 of NP-7 was synthesized in
just one step (Scheme II).

Compound screening showed that NP-7 as well as its probe 10 could
lower the M1 polarization of macrophages and reduce the expression
levels of TNF-a in M1-polarized macrophages (Fig. 7A and B). This result
proved that the design of the molecular probe was correct, the modifi-
cation of the NP-7 does not affect its pharmacological activity and
compound 10 could be an active probe for detecting corresponding anti-
inflammatory and immune-related targets for NP-7.

2.6. SILAC-pull down method identified IRGM as the target of NP-7

The photoaffinity labeling click-chemistry activity-based protein
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Fig. 3. (A) Effect of compound NP-7 on neutrophil of CLP mice; (B) Effect of compound NP-7 on M1 macrophages of CLP mice (gate on CD11b"). The representative
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profiling (PAL-CC-ABPP) method based on SILAC was performed based
on protocols adapted from previous reports. Identification of NP-7 target
proteins using pull-down technology coupled with shotgun proteomics.
The heavy-labeled RAW 264.7 lysates were incubated with probe 10,
while the light-labeled RAW 264.7 lysates were incubated with
competitive conditions, and then the proteins which were bound to the
beads with a biotin-streptavidin affinity were resolved by SDS/PAGE,
followed by silver staining (Fig. 8B). The implementation conditions of
target fishing with non-labeled protein (LFQ pull-down) were basically
similar, except for adding an extra vehicle control group. IRGM was
identified as a target for NP-7 after MaxQuant analysis and the statistical
analysis of the ratios (Heavy/Light) (Fig. 8C).

2.7. Gene ontology analysis and immunoblotting showed NP-7 target on
IRGM

The gene ontology analysis [62] of the 125 proteins revealed that the
target related to regulate inflammation and immunity interacting with
probe 10 was closely related to irgm1 which was an important compo-
nent in the biological process of response to interferon-gamma (Fig. 9A
and B). Immunoblotting analysis of the samples from the LFQ pull-down
confirmed the binding of NP-7 to target IRGM. Immunity-related
GTPase family M protein 1 [63,64] is required for IFNG-mediated
clearance of acute protozoan and bacterial infections. IRGM in innate

immune response probably acts through regulation of autophagy, which
may regulate proinflammatory cytokine production and prevent endo-
toxemia upon infection.

2.8. Verification of the direct combination of NP-7 with target IRGM :
competitive pull down, CETSA and molecular dynamic stimulation

Firstly, to verify the binding of target IRGM to NP-7, an immuno-
blotting assay showed that NP-7 could competitively and dose-
dependent bind to target IRGM with 100 pM probe 10 from 10 uM to
100 pM (Fig. 10A). Secondly, we found that NP-7 treatment efficiently
protected IRGM protein from temperature-dependent denaturation with
cellular thermal shift assay (CETSA) (Fig. 10B). Thirdly, we found that
concentration-dependent NP-7 treatment from 1 pM to 100 pM effi-
ciently protected IRGM protein from pronase proteolysis with drug af-
finity responsive target stability (DARTS) (Fig. 10C). Molecular
dynamics analysis [65,66] showed that two to three hydrogen bonds
were formed between the ligand and the receptor, and the residues
236PRO, 245ARG, 401ARG could form hydrogen bonds with the ligand
for most of the simulation time (Fig. 10D).

3. Conclusion

We synthesized a series of neolignan derivatives, and screened their
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effects on the immune response to innate immunity and adaptive im-
munity. NP-7, a precursor compound of Denudatin B, was found to show
potent activity on inhibiting the expression levels of TNF-o in M1-type
pro-inflammatory macrophages at 100 nM. Besides, these compounds
also displayed potent inhibition activities on the response to adaptive
immunity including Th1, Th2 and Th17. Then a mouse sepsis model was
established, induced by CLP in C57BL/6J mice and NP-7 treatment

showed exceptional good regulatory effects on the cytokine release.
Later, the method of chemoproteomics based on SILAC was applied to
find the target IRGM of NP-7, which is a key protein in the metabolic
reprogramming of immune activation of inherently immune macro-
phages. Based on this finding, IRGM and the lead compound NP-7 may
provide a target to develop related new drug development for the
treatment of sepsis. Inmune chemical biology, combining immunology
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Scheme 2. The synthesis of the PAL probe 10.

techniques with chemical proteomics, will be an excellent strategy for
new drug discovery related to sepsis treatment.

4. Experiment
4.1. Chemistry

4.1.1. General chemical reagents

All reactions were conducted under argon atmosphere using anhy-
drous solvents from commercial sources (Adamas) without further pu-
rification unless otherwise noted. Unless otherwise noted, yield refers to
a chromatographically homogeneous material. The reaction was moni-
tored by TLC on a 0.25 mm Yantai silica gel plate (60F-254). Visuali-
zation was achieved using ultraviolet light or phosphomolybdic acid in
ethanol followed by heating. Qingdao silica gel (200-300 mesh and
300-400 mesh) was used for rapid column chromatography. Using 600
MHz (! H NMR, 600 MHz; 13C NMR, 151 MHz) spectrometer. Data are
reported as follows: chemical shift, multiplicity (s = single peak, d =
double peaks, t = triple, q = quadruple, br = wide, m = multiple),
coupling constant, and integration.

4.1.2. General produce a for the preparation of 1-8

Synthesis of compound 1: To a solution of 3,4-dimethoxycinnamic
acid (100 g, 0.48 mol) in 1 L methanol cooled to 0-5 °C was added acetyl
chloride (68 ml, 0.96 mol) dropwise. Then the slurry mixture was slowly

restored to room temperature and stirred overnight, and the reaction
mixture would be clarified. TLC showed that the reaction finished, and
most of the solvent was removed under vacuum. After that, 1 L of water
was poured into the mixture and extracted with 1 L ethyl acetate twice,
then the ethyl acetate was combined, washed with water, saturated
sodium chloride, and dried over anhydrous sodium sulfate, concentrated
under vacuum to achieve a solid. The solid was slurried with petroleum
ether: methyl tert-butyl ether (10:1, v/v) and filtered to obtain a white
solid. A total amount of 105 g compound 1 was obtained as white
crystals with a yield of 98.4%."H NMR (600 MHz, CDCl3) § 7.62 (d, J =
15.6 Hz, 1H), 7.09 (dd, J = 7.8, 1.8 Hz, 1H), 7.03 (d, J = 2.4 Hz, 1H),
6.85 (d, J = 8.4 Hz, 1H), 6.30 (d, J = 15.6 Hz, 1H), 3.91 (s, 6H), 3.84 (s,
3H).1*C NMR (151 MHz, CDCl) & 167.64, 151.09, 149.16, 144.76,
127.32, 122.59, 115.45, 110.98, 109.55, 55.94, 55.85, 51.60.
Synthesis of compound 2: Compound 1 (60 g, 0.27 mol) was dis-
solved in 500 mL anhydrous dichloromethane under argon and cooled to
—70 °C, then DIBALH (1080 mL, 1 N in hexane, 1.08 mol) was added
dropwise. After 3 h of dropwise addition, the reaction temperature was
retained below —60 °C for another 4 h. TLC showed that the reaction
finished. Then, 200 mL ethyl acetate was added dropwise to quench the
reaction, and stirred for 1 h to completely quench it. The resulting so-
lution was poured into 5 L of saturated potassium sodium tartrate so-
lution slowly, taking attention that a large amount of gas (isobutylene)
would generate. Stir the mixture overnight, and the solution would be
clarified, extracted with dichloromethane for twice. The organic layers
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Fig. 7. The effect of probe 10 and NP-7 and on 1 pg/mL LPS induced RAW 264.7 inflammation model. (A) Effect of NP-7 and its probe 10 on M1 polarization of
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three independent experiments are presented as mean + SEM; ##p < 0.01, ####p < 0.0001 vs. LPS; **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. LPS.

were combined, washed with water, saturated sodium chloride, dried
over anhydrous sodium sulfate, concentrated under vacuum to achieve a
crude solid. Then the solid was slurried with petroleum ether: methyl
tert-butyl ether (10:1, v/v) and filtered to obtain a white solid. A total
amount of 51.8 g compound 2 was obtained as white crystals with a
yield of 98.4%. 'H NMR (600 MHz, CDCls) & 6.93 (d, J = 1.6 Hz, 1H),
6.90 (dd, J = 8.4 Hz, 1.8H, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.53 (d, J =
15.8 Hz, 1H), 6.23 (dt, J = 15.8, 5.9 Hz, 1H), 4.29 (d, J = 5.6 Hz, 2H),
3.88 (s, 3H), 3.87 (s, 3H), 1.72 (s, 1H).'3C NMR (151 MHz, CDCl3) &
149.08, 148.96,131.17,129.82,126.64,119.77,111.17, 108.89, 63.88,
55.99, 55.89.

Synthesis of compound 3: Resorcinol (50 g, 0.45 mol) and trie-
thylamine (126 mL, 0.9 mol) were dissolved in 500 mL anhydrous
tetrahydrofuran and cooled to 0 °C, then acetic anhydride (85 mL, 0.9

mol) was added dropwise, stirred overnight. The reaction mixture was
poured into water (1000 mL). The resulting mixture was extracted with
ethyl acetate (500 mL x 2). The combined organic layers were washed
twice with 1 N HCI (500 mL), once with water (500 mL) and once with
brine (500 mL), dried over anhydrous sodium sulfate, concentrated
under vacuum to achieve a crude solid. Then the solid was slurried with
petroleum ether: methyl tert-butyl ether (5:1, v/v) and filtered to obtain
a white solid. A total amount of 40 g compound 3 was obtained as white
solid with a yield of 94.2%."H NMR (600 MHz, CDCl3) 5 7.19 (t, J = 8.1
Hz, 1H), 6.65 (ddd, J = 8.2, 2.3, 0.6 Hz, 1H), 6.63-6.61 (m, 1H), 6.55 (t,
J=2.3Hz, 1H), 6.21 (s, 1H), 2.29 (s, 3H).!*C NMR (151 MHz, CDCl3) §
170.34, 156.77, 151.38, 130.10, 113.43, 113.33, 109.21, 21.20.
Synthesis of compound 4: To a solution of compound 2 (40 g, 0.2
mol) and compound 3 (47 g, 0.3 mol), tributylphosphine (TBUP, 103
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mL, 0.4 mol) in dry dichloromethane 500 mL was added 1,1’-(azodi-
carbonyl)-dipiperidine (ADDP, 104 g, 0.4 mmol) dissolved in dry
dichloromethane 500 mL dropwise at 0 °C under argon and then stirred
at room temperature overnight. Then the reaction mixture was added
petroleum ether and filtered and discarded the solid. The resulting
filtrate was concentrated under vacuum to get a crude product, which
was purified by silica gel column chromatography with petroleum
ether/ethyl acetate as eluents. A total amount of 28 g compound 4 was
obtained as white solid with a yield of 41.4%."H NMR (600 MHz, CDCl3)
§7.28(d,J=7.1Hz, 1H), 7.21 (dd, J = 10.3, 6.0 Hz, 1H), 6.96 (d, J =

10

19.5 Hz, 2H), 6.83 (d, J = 8.1 Hz, 2H), 6.69 (d, J = 21.4 Hz, 3H), 6.65 (s,
1H), 6.58 (t, J = 2.3 Hz, 1H), 6.30-6.25 (m, 1H), 4.66 (d, J = 5.9 Hz,
2H), 3.90 (s, 3H), 3.88 (s, 3H), 2.29 (s, 3H), 2.28 (s, 1H).

Synthesis of compound 5: To a solution of compound 4 (10 g, 0.03
mol) in methanol 50 mL was added lithium hydroxide monohydrate
(LiOHeH,0,2.56 g, 0.06 mol) dissolved in 50 mL H50 dropwise at 0 °C
and then stirred at room temperature overnight. The resulting solution
was acidified with 1 N HCI and extracted with 50 mL ethyl acetate twice.
The organic layers were combined, washed with water, saturated so-
dium chloride, and dried over anhydrous sodium sulfate, concentrated
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under vacuum to achieve a solid. Then the solid was slurried with pe-
troleum ether: methyl tert-butyl ether (5:1, v/v) and filtered. A total
amount of 8.1 g compound 5 was obtained as white solid with a yield of
98.4%.'H NMR (600 MHz, CDCl3) § 7.14 (t,J = 8.1 Hz, 1H), 7.07 (t,J =
8.1 Hz, 1H), 6.98-6.93 (m, 2H), 6.83 (d, J = 8.2 Hz, 1H), 6.66 (d, J =
15.9 Hz, 1H), 6.55 (dd, J = 8.2, 2.3 Hz, 1H), 6.47 (t, J = 2.3 Hz, 1H),
6.44 (dd, J = 8.0, 1.8 Hz, 1H), 6.40 (dd, J = 8.1, 2.3 Hz, 1H), 6.35 (t, J =
2.3 Hz, 1H), 6.28 (dt, J = 15.9, 6.0 Hz, 1H), 4.65 (d, J = 6.0 Hz, 2H),
3.90 (s, 3H), 3.88 (s, 3H).13C NMR (151 MHz, CDCl3) § 159.61, 156.36,
156.35, 148.64, 148.58, 132.65, 129.93, 129.73, 129.06, 121.84,
119.53,110.65, 108.48,107.54, 107.40, 106.79, 102.41, 101.90, 68.39,
55.49, 55.41.

Synthesis of compound 6: To a solution of compound 5 (5 g, 17.5
mmol) and potassium carbonate (4.8 g, 34.9 mmol) in 30 mL DMF was
added allyl bromide (2.3 mL, 26.2 mmol) and stirred at room temper-
ature overnight. The resulting solution was quenched with water 200 mL
and extracted with 200 mL ethyl acetate twice. The organic layers were
combined, washed with water (200 mL x 5), saturated sodium chloride,
and dried over anhydrous sodium sulfate, concentrated under vacuum to
achieve a crude. Then the solid was purified by silica gel column chro-
matography with petroleum ether/ethyl acetate as eluents to get a solid,
then slurried with petroleum ether: methyl tert-butyl ether (10:1, v/v)
and filtered. A total amount of 5.2 g compound 6 was obtained as white
solid with a yield of 91.2%.'H NMR (600 MHz, CDCl3) § 7.18 (t,J = 8.1

11

Hz, 1H), 6.98 (d, J = 1.7 Hz, 1H), 6.95 (dd, J = 8.2, 1.8 Hz, 1H), 6.83 (d,
J=8.2Hz, 1H), 6.66 (d, J = 15.9 Hz, 1H), 6.57 (dd, J = 8.6, 2.5 Hz, 1H),
6.54(dt, J = 12.3, 2.5 Hz, 2H), 6.29(dt, J = 15.9, 6.2 Hz, 1H), 6.05 (m,
1H), 5.41(dd, J =17.3, 1.6 Hz, 1H), 5.28 (dd, J = 10.5, 1.3 Hz, 1H), 4.66
(dd, J=6.1,1.1 Hz, 2H), 4.52 (dt, J = 5.3, 1.4 Hz, 2H), 3.90 (s, 3H), 3.89
(s, 3H)."3C NMR (151 MHz, CDCl3) 5 159.89, 159.85, 149.10, 149.04,
133.25, 133.08, 129.90, 129.51, 122.33, 119.94, 117.73, 111.06,
108.89, 107.20, 107.17, 102.04, 68.85, 68.82, 55.92, 55.85.
Synthesis of compound 7: Compound 6 (2 g, 6.1 mmol) was dis-
solved in 6 mL N, N-diethylaniline in a sealed tube under argon in a sand
bath at 230 °C for 12 h. After cooling, the reaction solution was
dispersed in 100 mL ethyl acetate, washed 1 N HCl, water, saturated
saline, and dried over anhydrous sodium sulfate, concentrated under
vacuum to achieve a crude. Then the crude was purified by silica gel
column chromatography with petroleum ether/ethyl acetate as eluents
to get a crude solid, and the solid was purified again by silica gel column
chromatography with petroleum ether/tetrahydrofuran as eluents to get
a solid. The solid was slurried with petroleum ether: methyl tert-butyl
ether (5:1, v/v) respectively and filtered. A total amount of 0.8 g com-
pound 7 was obtained as white solid with a yield of 40%.'H NMR of
(600 MHz, CDCl3) § 6.95 (dd, J = 10.2, 1.8 Hz, 2H), 6.86 (d, J = 8.1 Hz,
1H), 6.84 (s, 1H), 6.39 (s, 1H), 6.02 (ddt, J = 16.5, 10.1, 6.3 Hz, 1H),
5.21-5.14 (m, 2H), 5.06 (d, J = 9.0 Hz, 1H), 4.99 (s, 1H), 3.89 (s, 3H),
3.88 (s, 3H), 3.40-3.34 (m, 3H), 1.37 (d, J = 6.7 Hz, 3H).13C NMR (151
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MHz, CDCl3) § 159.09, 154.52, 149.38, 149.24, 137.12, 133.15, 124.84,
124.38, 119.05, 117.25, 116.36, 111.09, 109.30, 98.20, 93.55, 77.37,
77.16, 76.95, 56.10, 56.07, 45.02, 35.20, 18.08, 0.14.

Synthesis of compound 8: To a solution of 7 (100 mg, 0.3 mmol) in
10 mL dry MeOH was added lead tetraacetate (275 mg, 0.6 mmol) and
the mixture was stirred at room temperature for 2 h and evaporated to
dryness. The products were extracted with dichloromethane and sepa-
rated by flash column chromatography on silica gel (hexane-ethyl ace-
tate, 4 1 to 2:1, v/v). The first eluted compound was 8 (Denudatin B; 16
mg, 15%).'H NMR (600 MHz, CDCl3) 6 6.88-6.85 (m, 2H), 6.78 (d, J =
1.3 Hz, 1H), 6.26 (s, 1H), 5.88 (dd, J =17.0, 10.1 Hz, 1H), 5.82 (s, 1H),
5.35 (d, J = 9.5 Hz, 1H), 5.29 (s, 1H), 5.17-5.09 (m, 2H), 3.89 (s, 3H),
3.88 (s, 3H), 3.13 (s, 3H), 1.13 (d, J = 6.8 Hz, 3H).!3C NMR (151 MHz,
CDCl3) & 187.21, 174.73, 149.78, 149.34, 142.98, 135.14, 131.23,
129.69, 119.76, 117.36, 111.06, 109.50, 102.80, 91.45, 77.78, 56.01,
55.99, 51.20, 49.78, 40.98, 33.59.

4.1.3. General produce for the preparation of neoligan probe 10
Synthesis of compound 10: To a solution of 7 (100 mg, 0.3 mmol)
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and potassium carbonate in (85 mg, 0.6 mmol) in dry N, N-Dime-
thylformamide (5 mL) was added compound 9 (114 mg, 0.45 mmol) and
the mixture was stirred at room temperature overnight. The resulting
solution was quenched with water 100 mL and extracted with 100 mL
ethyl acetate twice. The organic layers were combined, washed with
water (100 mL x 5), saturated sodium chloride, and dried over anhy-
drous sodium sulfate, concentrated under vacuum to achieve a crude.
Then the solid was purified by silica gel column chromatography with
petroleum ether/ethyl acetate as eluents. A total amount of 82 mg
compound 10 was obtained as white solid with a yield of 60.0%.'H NMR
(600 MHz, CDCl3) 8 6.97-6.93 (m, 2H), 6.90 (s, 1H), 6.86 (d, J = 8.0 Hz,
1H), 6.40 (s, 1H), 6.02 (dd, J = 16.9, 10.1 Hz, 1H), 5.14-5.01 (m, 3H),
3.89 (s, 3H), 3.87 (d, J = 6.5 Hz, 3H), 3.81 (t,J = 6.0 Hz, 2H), 3.45-3.34
(m, 3H), 2.05 (td, J = 7.5, 2.7 Hz, 2H), 1.99 (t, J = 2.6 Hz, 1H), 1.89 (t, J
=6.0 Hz, 2H), 1.75 (t, J = 7.5 Hz, 2H), 1.37 (d, J = 6.7 Hz, 3H).1*C NMR
(151 MHz, CDCls) & 158.52, 156.33, 149.23, 149.08, 137.64, 133.10,
124.29, 123.42, 120.74, 118.87, 115.06, 110.93, 109.12, 94.32, 93.40,
82.70, 69.22, 62.88, 55.94, 55.91, 45.01, 34.19, 33.01, 32.48, 26.71,
17.98, 13.31. HRMS (ESI) calcd for Ca7H3gN204 (M + H) + 447.5460
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(1+), found 447.2284.

4.2. Biology

4.2.1. Cell culture and stimulation

Mouse monocyte-macrophage RAW 264.7 cells were purchased from
National Collection of Authenticated Cell Cultures (Shanghai, China)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco, USA) at 37 °C with 5% COs. The medium was routinely changed
every two days about every 10 mL in a 100 mm Petri dish and the RAW
264.7 cells were passaged when they attained approximately 80%
confluence. Cells with a fusion degree of about 70-80% were sub-
cultured, and after counting, the cell suspension density was adjusted to
1 x 10° cells/mL with complete medium containing 1 pg/mL LPS. 500
pL of cell suspension is added to each well of the 48-well plate. Before
adding the cell suspension, it is necessary to blow evenly. At the same
time, the final concentration of the compound can be set at 100 nM, 500
nM. Cells were stimulated for 48 h, and the effects of compounds on
macrophage M1 differentiation and TNF-a expression were tested by
flow cytometry.

4.2.2. Preparation of single cell suspension of mouse splenocytes and drug
incubation

Healthy mice were anaesthetized and executed, and the spleen was
stripped and placed in a culture dish to prepare a single cell suspension.
Perform erythrocyte lysate, cell sieve filtration, and cell counting. After
counting, add the configured complete medium (containing ConA and
IL-2) to the cell precipitate. Cells were co-incubated with different
concentrations of drugs for 48 h. After 48 h, PMA, Ionomycin and Gol-
gistop (1:1000) were added to each well. Cells were stimulated and
incubated for 4 h.

4.2.3. Animal experiments

The experimental protocol was established according to the ethical
guidelines of the Declaration of Helsinki and was approved by the An-
imal Ethics Committee of the Institute of Radiation Medicine, Chinese
Academy of Medical Sciences. C57BL/6J male mice, aged 8-10 weeks,
and weighing 21 + 2 g were used in this study. And the experiment was
carried out a week after acclimatization to the standard environment.

4.2.3.1. Sepsis model. Mice were anaesthetized by intraperitoneal in-
jection of tribromoethanol (1 pL/g). Next, an incision of approximately
1 cm was made in the abdomen. The cecum was located and ligated from
the distal end to 3/4th of the ileocecal valve. Using an 18G needle, a hole
was pierced in the ligated part of the cecum and the faeces (about 1 mm
in length) were squeezed out. The cecum was finally restored and the
abdominal skin was sutured. The compound was suspended in olive oil
and fed to the mice 2 h prior to the start of the operation.

4.2.3.2. Cell culture. The mice in the experimental groups were sacri-
ficed under anesthesia and the spleen was removed. Each mouse spleen
was ground separately with culture medium and prepare a single cell
suspension. The cells were seeded at a density of 1 x 10° cells/mL, and
medium containing PMA, ionomycin, and GlogiStop. After being stim-
ulated in the incubator for 4 h, the cells were stained.

4.2.3.3. Cell staining. For surface antigens such as CD4, the cells were
washed with PBS and the antibody solution was added. The cells were
then incubated in the dark for 15 min at 4 °C. For intracellular signals
such as IFN-y or IL-17A, a fixation solution was used after the surface
antigen staining step. After fixed, the cells were punched with saponin
for 30 min, and the cells were incubated with the appropriate intracel-
lular antibodies for 15 min. For a staining target like Foxp3, we used
True-Nuclear Transcription Factor Buffer Set for the staining process.
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After washing with cell staining buffer, the samples were assessed.

4.2.3.4. Histology. Each liver tissues were harvested separately, fixed in
10% formalin, and embedded in paraffin. The tissue sections (5 pm)
were affixed to slides, stained with hematoxylin and eosin, and images
were acquired using a Leica DM3000 microscope.

4.2.4. SILAC pull down

RAW264.7 were passaged 10 times in SILAC DMEM with 10% dia-
lyzed FBS, 1% penicillin-streptomycin, and 100 pg/mL r-arginine-
13C6,1N4-HCl and 100 pg/mL i-lysine!®Ce,'°No-HCl ( K8/R10 ) for
heavy isotope labeling , or r-arginine-HCI and 1-lysine-HCl ( KO/RO )
for light isotope labeling. Before ABPP experiment, cells were treated
with 1 pg/mL LPS for 48 h to induce macrophage polarization being M1
type. The cells were harvested and stored at —80 °C for further
experiments.

Dilute the desired proteome sample to a 2 mg/mL solution in PBS.
Add 500 pl of diluted 2 mg/mL proteome solution to Eppendorf tubes.
Incubating with probe 10 (100 pM) or 100 pM NP-7 as a competition
group for 3 h at room temperature, the proteome samples were then
illuminated under 365 nm ultraviolet light at 4 °C in a silex glassware.
For each click reaction, an excess biotin-azide (50 mM, 5 pl, a final
concentration of 500 uM), freshly prepared Cu™ (a final concentration 1
mM Cu’, mixed with 50 mM TCEP in water, 1.7 mM stock of ligand
TBTA in DMSO: t-butanol 1:4, 50 mM copper (II) sulfate stock in water)
were sequentially added to the lysates and the samples were incubated
and shaken at room temperature for 3 h. Then, clicked proteins were
subjected to precipitation with acetone and air dried. Subsequently, the
pellet was dissolved in 5 ml of 0.1% SDS in PBS and incubated with 50 pl
of streptavidin beads under gentle mixing for 3 h at room temperature.
After 6500 g centrifugation, the beads were separated from the prote-
ome solution and washed with 4 x 5 ml 0.1% SDS/PBS, 4 x 5 ml water
as described. Transfer beads to a screw-top eppendorf tube using 1 ml of
water, centrifuge, let beads settle and pipette off the supernatant for
further SDS-PAGE.

4.2.5. Statistical analysis

The results were analyzed by nonparametric t tests, using GraphPad
Prism 9.3.0. The following terminology is used to show statistical sig-
nificance: the data of three to eight independent experiments are pre-
sented as mean + SEM; #p < 0.05, #*#p < 0.01, ###p < 0.001, ####p <
0.0001; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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