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KEY WORDS Abstract Acute liver failure (ALF) is a life-threatening condition associated with macrophage-
mediated inflammatory responses. Effective therapies and drugs are still lacking to date. Here, we reveal
that a derivative of xanthohumol, CAM12203, alleviates lipopolysaccharide (LPS) + p-galactosamine
(D-GalN)-induced ALF through limiting macrophage-mediated inflammation, with the most significant
impact on interleukin-16 (IL-18) transcription. Through biotin labeling-mediated pull-down and LC

Xanthohumol derivative;
Macrophages;

Acute liver failure;
Diacylglycerol kinase &;

Phosphatidic acid; —MS/MS analysis, diacylglycerol kinase ¢ (DGKY), a lipid-metabolizing kinase, is identified as the direct
Signal transducer and target of CAM12203. Mechanistically, DGK{ is induced in macrophages upon inflammatory stimuli and
activator of is upregulated observed on clinical liver failure samples. Its product phosphatidic acid (PA) boosts phos-
transcription 3; pholipase C (PLC)—inositol 1,4,5-trisphosphate (IP;)—Ca®" signaling and subsequent janus kinase 2
Interleukin-18; (JAK2)—signal transducer and activator of transcription 3 (STAT3) cascade, ultimately promoting IL-
Inflammation

18 production and liver failure. DGK{ knockdown/ablation or inhibition significantly impairs the
DGK{—STAT3—IL-106 pathway along with ALF progression. Finally, CAM 12203 is confirmed to be a
new DGKY{ inhibitor and acts against inflammation in a DGK{-reliant manner. Taken together,
CAM12203 inhibits IL-13 transcription in macrophages by binding to DGK{ and blocking the DGK{
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—STAT3 axis, thereby exerting an ameliorative effect on ALF. These results not only highlight
CAM12203 as a promising lead compound for ALF treatment, but also define DGK{ as a novel thera-

peutic target.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute liver failure (ALF), a serious liver damage and sudden
deterioration of liver function caused by viruses, drugs, alcohol,
chemicals, toxins, hepatic ischemia—reperfusion injury, autoim-
mune hepatitis, etc., is a life-threatening condition with a
tremendous morbidity rate as high as 30%'2. Symptomatic and
supportive managements are applied for ALF currently. In a
considerable proportion of cases, however, targeted therapies and
disease-specific drugs are not available to prevent death, where
liver transplantation constitutes the sole medical mean. Despite
the effectiveness, the performance is limited by a shortage of
donors, a burden of expensive costs, surgical challenges, and a
requirement for life-long immune suppression®*. Therefore, it is
of utmost need to apply the knowledge generated from the path-
ogenesis of ALF towards the exploration of directed therapies and
novel therapeutic drugs.

It has been recognized that local and circulatory components of
the immune system make the responses to acute hepatic insults.
When activated by pathogen- and damage-associated molecular
patterns from injured hepatocytes, liver-resident macrophages
(Kupffer cells, KCs) produce substantial quantities of proin-
flammatory cytokines and chemokines, leading to the recruitment
of peripheral monocytes, which differentiate into monocyte-
derived macrophages (MoMFs) within the liver microenviron-
ment. The secreted factors from these macrophages act through an
autocrine/paracrine fashion not only to amplify the inflammatory
cascade, but also activate the apoptotic signals in hepatocytes® .
Interleukin-18 (IL-18), one of the proinflammatory cytokines
released during the early stage of an inflammatory response, leads
to the infiltration of neutrophils along with other macrophages,
triggering and exacerbating liver damage’. The complex interplay
among kinases, signal transducers, and transcriptional factors
shapes the uncontrolled transcriptional network of proin-
flammatory effectors, including IL-18, with nuclear factor-«xB
(NF-kB) and signal transducer and activator of transcription 3
(STAT3) being the principal pathways involved'®!!. Macrophages
depletion, NF-kB/STAT3 inhibition, IL-18 knockdown/knockout
significantly cause disease remission in a lipopolysaccharide
(LPS) + p-galactosamine (D-GalN)-induced ALF model'*™ ',
indicating that macrophage-mediated inflammatory responses lie
at the nexus of ALF development, and intervention in macro-
phage—IL-10 axis is an effective approach for ALF treatment.

Over the past decades, the immunometabolism field, which
reveals the enticing link between energetic metabolism and im-
mune cells, has flourished with a fast-growing number of papers.
The connection between cellular metabolism and macrophage
responses is not limited to solving the energy demands of the cells.
In particular, metabolic intermediates and associated enzymes of
lipid metabolism interact with and regulate the transcriptional
network of macrophage effectors, thereby ensuring the acquisition
of context-dependent functional outcomes'”'®. This concept

applies to saturated very long chain ceramides as well as ceramide
synthase 2 which enforce NF-«kB family-dependent IL-18 gene
expression'® and desmosterol-mediated transrepression of such
proinflammatory factors®®, etc., providing a fresh perspective
focusing on lipid metabolism for the studies of macrophage-
directed intervention in ALF.

Xanthohumol (XN), a prenylated chalcone isolated from
Humulus lupulus L. (hops), exhibits multiple biological activ-
ities?!. A large body of evidence has also confirmed its effect
against inflammation: it decreases the levels of IL-13, tumor ne-
crosis factor-a (TNF-a), and monocyte chemoattractant protein-1
(MCP-1) in LPS-stimulated U937 and RAW264.7 cells, and exerts
ameliorative effects on experimental colitis and lung inju1ry22_25 .
Our previous work has illustrated that a derivative of XN, named
CAM12203, exerts a greater anti-inflammatory efficacy than its
precursor®S, suggesting a considerable potential for future devel-
opment. In this study, we determined that CAM12203 alleviates
ALF through limiting macrophage-mediated inflammation. Diac-
ylglycerol kinase ¢ (DGKY), a lipid-metabolizing enzyme that
generates phosphatidic acid (PA) from diacylglycerol (DAG), is
demonstrated to drive IL-18 production in macrophages and
subsequent ALF via STAT3 activation, and is identified as the
target protein of CAM12203. Overall, our results dissect the ac-
tion mode of this XN derivative against inflammation, and provide
macrophage DGK{ as a novel target for ALF therapy.

2. Materials and methods
2.1. Reagents

CAM12203 and its biotinylated probe were synthesized and pro-
vided by Xinjiang Technical Institute of Physics and Chemistry (See
the Supporting Information for details). BAY 2965501 (HY-
153343), Stattic (HY-13818), BAPTA-AM (HY-100545), 2-APB
(HY—W009724), and U73122 (HY-13419) were purchased from
MedChemExpress (Monmouth Junction, USA). Control Liposomes
(phosphate-buffered saline (PBS)) (40338ES08) and Clodronate
Liposomes (40337ES08) were purchased from Yeasen (Shanghai,
China). Fluo-4 AM (S1060) was purchased from Beyotime
(Shanghai, China). Alanine transaminase (ALT) (290703), aspar-
tate transferase (AST) (290705), and lactate dehydrogenase (LDH)
(290717) assay kits were purchased from Sysmex (Kobe, Japan).
Mouse IL-18 ELISA kit (VAL601) and HTRF kit (62MIL1BPEG)
were purchased from Novus Biologicals (Littleton, USA) and
PerkinElmer (Waltham, USA), respectively.

2.2.  Animals

C57BL/6J mice (male, 7—8-week-old) were purchased from
Beijing HFK Bio-Technology Co., Ltd. (Beijing, China). DGK{
KO (ngzflf) mice (Strain No. T028497) were purchased from
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Figure 1 CAMI12203 inhibits macrophage-mediated inflammation and liver cell apoptosis. (A) Structure of xanthohumol and CAM12203
(created with Biorender.com). (B) RAW264.7 cells (with or without CAM12203 pretreatment for 2 h) were stimulated with LPS for 4 h. The
mRNA levels of proinflammatory factors were detected by Q-PCR. (C) PMA-differentiated THP-1 cells and BMDMs (with or without
CAM12203 pretreatment for 2 h) were stimulated with LPS for 4 h. The mRNA level of IL1B/Il1b was detected by Q-PCR. (D) RAW264.7, PMA-
differentiated THP-1 cells, and BMDM:s (with or without CAM12203 pretreatment for 2 h) were stimulated with LPS for 4 h. The protein level of
pro-IL-168 was determined by Western blotting. (E) BMDMs (with or without CAM12203 pretreatment for 2 h) were stimulated with LPS
(4 h) + ATP (another 45 min). The IL-18 concentration in culture medium (CM) was examined by HTRF. (F) Flow chart of the induction of
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GemPharmatech (Nanjing, China). All animals were allowed ac-
cess to a standard laboratory diet under an environment of 12 h
light/dark (22 £ 2 °C). The animal treatments were following the
instructions of Guide for Care and Use of Laboratory Animals
from NIH, and were approved by the Animal Ethics Committee of
the Shanghai Institute of Materia Medica (approval number: 2022-
04-LJY-91; 2023-05-LJY-122; 2024-04-LIY-147).

2.3. Human liver tissue collection

Paraffin-embedded human liver sections from acute-on-chronic
liver failure (ACLF) patients and Healthy Controls were provided
by the First Affiliated Hospital of Xinjiang Medical University.
The informed consent was obtained from each subject for the
experimentation. The collection of human samples during hepatic
resection or liver transplantation and the experiments performed
adhered strictly to the ethical principles outlined in the Declara-
tion of Helsinki, and were approved by the First Affiliated Hos-
pital ethics committee of Xinjiang Medical University (approval
number: 231124-04).

2.4. Cell culture

RAW264.7, THP-1, and HEK293T cells were provided by the
Cell Bank of Shanghai. Among them, RAW264.7 and HEK293T
cells were maintained in DMEM (10% fetal bovine serum (FBS)),
while THP-1 cells were maintained in RPMI 1640 (10% FBS) and
induced into macrophages with phorbol 12-myristate 13-acetate
(PMA) (100 ng/mL; HY-18739, MedChemExpress) for 24 h. Bone
marrow cells were isolated”” and generated into bone marrow-
derived macrophages (BMDMs) by incubation with DMEM
containing 10% FBS as well as macrophage colony-stimulating
factor (M-CSF) (20 ng/mL; RP01216, ABclonal) for 7 days.

2.5.  Cell viability

Cell viability was examined following the manufacturer’s in-
structions for CCK-8. In detail, the cells were cultured for 24 h
with CAM12203. CCK-8 (10 pL per well; MA0225, Meilun
Biotechnology, Dalian, China) was added during the last hour, and
the optical absorbance value at 450 nm was measured.

2.6. Q-PCR

Total RNAs were extracted by RNAiso Plus (9109, Takara, Shiga,
Japan) and were reversely transcribed to cDNAs by using RT
SuperMix (R323, Vazyme, Nanjing, China). Then, the cDNAs
were evaluated with Q-PCR Master Mix (RK21205, ABclonal,
Wuhan, China) and primers (Supporting Information Table S1) for
Q-PCR assay.

2.7.  Western blotting

The samples underwent SDS-PAGE were transferred, blocked,
and incubated with primary antibodies overnight (4 °C) and

secondary antibodies for 1.5 h (room temperature) sequentially,
followed by visualization with enhanced chemiluminescent re-
agent. Primary antibodies applied included DGK{ (1:1000;
ab239080) which was obtained from Abcam (Cambridge, UK),
proline rich tyrosine kinase 2 (Pyk2) (1:3000; 17592-1-AP),
DGKa (1:2000; 11547-1-AP), DGKe (1:1000; 11900-1-AP),
DGK@ (1:500; 17885-1-AP) and (-Actin (1:8000; 66009-1-Ig)
which were obtained from Proteintech (Wuhan, China), DGKy
(1:500; DF13919) which was obtained from Affinity (Cincinnati,
USA), DGK6 (1:500; A15115) and «-Tubulin (1:1000; A6830)
which were obtained from Ablconal, IL-16 (1:1000; 12242), poly-
ADP-ribose-polymerase (PARP) (1:1000; 9542), Caspase 3
(1:1000; 9662), p65 (1:1000; 8242), pp65 (1:1000; 3033), STAT3
(1:1000; 9139), pSTAT3%'?7 (1:1000; 9134), pSTAT3™7%
(1:2000; 9145), and pPyk2 (1:1000; 3291) which were obtained
from Cell Signaling Technology (Danvers, USA), janus kinase 2
(JAK2) (1:1000; AF1489) and pJAK2 (1:500; AF5854) which
were obtained from Beyotime, suppressor of cytokine signaling-1
(SOCS1) (1:500; WLO05128) and SOCS3 (1:1000; WL01364)
which were obtained from Wanleibio (Shenyang, China).

2.8.  Evaluation of hepatocyte damage

Mouse primary hepatocytes were isolated as pervious
described?’, and incubated with culture medium (CM) from LPS
(100 ng/mL; 4 h; L2630, Sigma—Aldrich, St. Louis, MO,
USA) + ATP (2 mmol/L; another 45 min; A2383, Sigma-
—Aldrich)-stimulated BMDMs plus additional D-GalN (5 mg/mL;
G0500, Sigma—Aldrich). After 16 h, Caspase 3 activity in
hepatocytes was measured by a commercial GreenNuc™ Cas-
pase 3 assay kit (C1168M, Beyotime) according to the in-
structions. Moreover, cell lysates were prepared for Western
blotting assay of cleaved-PARP and cleaved-Caspase 3 after a 24
h-incubation.

2.9.  Immunoprecipitation

RAW264.7 cells were lysed with NP40 (POO13F, Beyotime),
supplied with a protease inhibitor cocktail (HY-K0010,
MedChemExpress). Protein A/G magnetic beads (20 pL; HY-
K0202, MedChemExpress) were added to the protein supernatant
for a 30 min-incubation on a rotating wheel to remove the
nonspecific binding. Then, the supernatant was collected and
rotated with 2 png Pyk2 antibody overnight (4 °C), followed by
another 4 h-rotation (room temperature) with protein A/G mag-
netic beads (50 pL). The washed immunoprecipitates were
measured by Western blotting.

2.10.  Pull-down assay

Protein solution from RAW?264.7 cells was pretreated with or
without CAM12203 (300 umol/L) for 2 h (4 °C), followed by
incubation with the biotin probe (10 umol/L) derived from
CAM12203 for another 2 h (4 °C). Each sample was added with
40 pL streptavidin magnetic beads (HY-K0208,

hepatocyte damage (created with Biorender.com). (G, H) BMDMs were treated with or without CAM 12203, followed by LPS + ATP stimulation.
The CM was collected and added to the primary hepatocytes along with D-GalN. The levels of cleaved-PARP (c-PARP) and cleaved-Caspase 3 (c-
Caspase 3) (G), and the activity of Caspase 3 (scar bar: 100 pm) (H) were determined. (I, J) BMDMs were stimulated by LPS + ATP, and the CM
was collected. The primary hepatocytes were incubated with the CM or DMEM along with D-GalN in the presence or absence of CAM12203. The
levels of c-PARP and c-Caspase 3 (I), and the activity of Caspase 3 (scar bar: 100 um) (J) were determined. Data are displayed as mean = SEM

(n = 3). *P < 0.05, **P < 0.01 vs. the indicated group.
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Figure 2 CAMI12203 protects against ALF in mice. (A) Overall scheme of the preventive administration study for CAM12203 (created with
Biorender.com). (B) The liver index was calculated. (C) The levels of ALT, AST, and LDH in plasma were measured. (D) The histological
alterations were evaluated by H&E staining (scar bar: 100 um). (E) The levels of cleaved-PARP (c-PARP) and cleaved-Caspase 3 (c-Caspase 3) in
the liver were determined by Western blotting. (F) Macrophages in the liver were marked by CD68 or F4/80 staining (scar bar: 100 um). (G) The
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Figure 3 CAMI12203 directly binds to DGK{. (A) Structure of the biotinylated probe. (B) RAW264.7 cells (pretreated with or without the
probe for 2 h) were stimulated with LPS for 4 h. The mRNA level of ///b was detected by Q-PCR. (C) BMDMs (pretreated with or without the
probe for 2 h) were stimulated with LPS (4 h) + ATP (another 45 min). The IL-18 concentration in culture medium (CM) was examined by
HTREF. (D) Overall scheme of the experiments to identify the targets of CAM12203 (created with Biorender.com). (E) The list of gene names of
CAM12203-binding proteins. (F) RAW264.7 lysate was pretreated with or without CAM12203 for 2 h (4 °C), followed by incubation with the
probe for another 2 h (4 °C). The level of DGK{ pulled down was determined by Western blotting. (G) RAW264.7 lysate was treated with or
without CAM12203, and the protein stability of DGK{ resistant to pronase E was determined by DARTS. (H) RAW264.7 lysate was treated with
or without CAM12203, and the thermostability of DGK{ was determined by CETSA. (I) DGK{ protein was treated with CAM 12203, and the
binding affinity was determined by SPR. Data are displayed as mean + SEM (n = 3). *P < 0.05, **P < 0.01 vs. the indicated group.

MedChemExpress) and rotated for 4 h (4 °C). Then, the pull-down
beads were collected and washed with PBST for 4 times. The final
samples were separated by SDS-PAGE.

2.11. In-gel trypsin digestion
The protein bands from SDS-PAGE were excised. After being

destained in 50% ethanol and washed in ddH,O, the gels con-
taining the protein were cut into fine pieces, and then dehydrated

in acetonitrile. Then, the pieces were reduced in dithiothreitol
(10 mmol/L) for 40 min (56 °C), and alkylated in iodoacetamide
(55 mmol/L) for 40 min (room temperature). After that, the gel
samples were washed sequentially in ammonium bicarbonate
(100 mmol/L) and 50% acetonitrile/ammonium bicarbonate so-
lution. The dried samples were digested overnight (37 °C) by
trypsin and then extracted with 50% acetonitrile/5% trifluoroacetic
acid, 75% acetonitrile/0.1% trifluoroacetic acid, and pure aceto-
nitrile, sequentially.

mRNA level of 1l1b in the liver was detected by Q-PCR. (H) The IL-18 concentration in plasma was measured by ELISA. (I) The efficiency of
macrophage elimination in mice intravenously injected with control liposomes (PBS) or clodronate liposomes (CL) was analyzed by the flow
cytometric method after 24 h. (J—L) Mice were preventively administered with CAM12203, and PBS or CL was intravenously injected 24 h
before the LPS + D-GalN induction. After induction for 6 h, the mice were harvested. The liver index (J), the levels of ALT, AST, and LDH in
plasma (K), and the histological alterations of the liver (scar bar: 100 nm) (L) were evaluated. Data are displayed as mean = SEM (n = 6).
*P < 0.05, **P < 0.01 vs. the indicated group; ns, not significant.
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Figure4 DGKJ/{ plays a critical role in macrophage-mediated inflammation and liver failure. (A) The protein level of DGK{ in LPS-stimulated
RAW264.7 cells was determined by Western blotting. (B—D) Stable shNC- and shDgkz-RAW264.7 cells were stimulated with LPS. The level of
PA (B) and IL-1 expression (C, D) were measured by a commercial kit, Q-PCR, and Western blotting, respectively. (E) PMA-differentiated THP-
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2.12.  LC—MS/MS

The tryptic peptide samples were solved in buffer A (0.1% formic
acid, 2% acetonitrile), and were analyzed in a Q Exactive HF-X-
Easy-nLC 1200 system at 300 nL/min through a 65 min linear
gradient from 5% to 80% buffer B (0.1% formic acid, 90%
acetonitrile). A mass resolution of 60,000 at 350—1400 m/z was
set. The automatic gain control (AGC) was set at 5.0 X 10° for
Orbitrap. Ions were isolated and fragmented in the HCD model
with an NCE of 28% for MS2 scans. The dynamic exclusion
duration was set to 30 s.

2.13.  Quantitative proteomic analysis

The raw data from Q Exactive HF-X were searched against the
UniProt Mus musculus database in MaxQuant (version 1.5.3.8).
The trypsin/P was set as the protease, and up to 2 missed cleav-
ages were allowed. Carbamidomethyl (C) was set as the fixed
modification, and oxidation (M) along with acetylation (Protein
N-term) were added as variable modifications. The iBAQ values
were used for protein quantitation®®. Proteins identified in 2 of 3
biological replicates (iBAQ values with fold-change >1.5 in the
“probe” group compared to “CAM12203-+probe” group, or pro-
teins only identified in the “probe” group) were considered as
potential targets of CAM12203.

2.14.  Cellular thermal shift assay (CETSA)

Cells were lysed by liquid nitrogen snap freeze, and the lysates
were centrifuged for 20 min (4 °C, 14,000xg). The soluble
fraction was divided equally into two tubes, followed by treatment
with CAM12203 (10 umol/L) or DMSO for 1 h (room tempera-
ture). Afterwards, the mixture was further divided into 50 pL al-
iquots and heated for 3 min at the indicated temperature. The
samples cooled to room temperature were spun down for 20 min
(4 °C, 14,000 g). The supernatant was collected and measured by
Western blotting.

2.15.  Drug affinity responsive target stability (DARTS)

Lysates were divided into six 50 plL-aliquots, including one con-
trol (PBS) aliquot. The remaining aliquots were incubated with
CAM12203 for 2 h (room temperature). Pronase E (1 pg/mL;
1074330001, Sigma—Aldrich) was added to each aliquot except
the control group for another 10 min-reaction (room temperature),
which was ceased by loading buffer. The final samples were
measured by Western blotting.

2.16.  Surface plasmon resonance (SPR)

For the SPR experiment, 6 x His-tagged, recombinant full-length
human DGK({ (expressed in HEK293T cells, purified by Ni-NTA
His-Tag purification agarose (HY—K0210, MedChemExpress))
was prepared. The S-series sensor chip CM5 (29149603, Cytiva)
was employed to achieve a response of 20—30 response units by
optimizing the protein concentration and contact time. The mea-
surements were carried out on a Biacore T200 instrument in
running buffer (10 mmol/L HEPES pH 7.4, 150 mmol/L NaCl) at
30 pL/min, 25 °C. Increasing concentrations of CAM 12203 (0.19,
0.39, 0.78, 1.56, 3.13, 6.25, 12.5 pmol/L) were injected into the
same surface for 60 s. After the dissociation of the compound
from the protein, the surface was washed with running buffer for
180 s. The SPR sensorgrams equilibrium dissociation constant
(Kp) was analyzed in Biacore T200 evaluation software (surface-
bound analysis settings) or fitted by GraphPad Prism (one site-
specific binding). SPR sensorgrams and saturation curves were
prepared in GraphPad Prism.

2.17.  Lentivirus production and knockdown

Endogenous DGK{'in RAW264.7 cells was depleted using shRNA
via a lentiviral system. Primers’ sequences are: shDgkz-F (CACC
GCTTCACCATGACATCCTTGGTTCAAGAGACCAAGGATG
TCATGGTGAAGC) and shDgkz-R (AAAAGCTTCACCATGA
ATCCTTGGTCTCTTGAACCAAGGATGTCATGGTGAAGCO).
To obtain stable cell lines, RAW264.7 cells were infected for 24 h
with the lentiviral supernatants from HEK293T cells co-
transfected with lentiviral transfer vector (pCDH), psPAX2, and
pMD2.G. The cells were selected with Blasticidin S hydrochloride
(5 pg/mL; HY-103401, MedChemExpress), and the knockdown
efficiency was measured by Western blotting.

2.18.  Transient transfection

Small interfering RNA of human DGK({ (siDGKZ) (sense:
CGACAAGUCUUCGACCUGA(AT) (dT); anti-sense: UCAG-
GUCGAAGACUUGUCG(T) (dT)) and Lipofectamine 3000
(L3000015, Invitrogen, Carlsbad, CA, USA) were added respec-
tively to equal amounts of Opti-MEM. Then, the mixed complex
was added to the cells for a 24 h-incubation (37 °C). In some
cases, the DGK{ overexpression plasmid was transfected into cells
with Lipofectamine 3000 and P3000. The transfection efficiency
was measured by Western blotting.

2.19.  In vitro kinase assay of DGK{

The DGK{ activity was detected by an ADP-Glo™ kinase assay
kit (V9101, Promega, Madison, WI, USA). 6 x His-tagged,

1 cells were transfected with siNC or siDGKZ, followed by LPS stimulation for 4 h. The IL-18 expression was detected by Q-PCR and Western
blotting. (F—H) BMDMs from wild-type (WT) and ngz’/ " mice were stimulated with LPS + ATP. The culture medium (CM) was collected for
examination of IL-18 concentration (F) by HTRF, and added to the primary hepatocytes along with D-GalN. The levels of cleaved-PARP (c-
PARP) and cleaved-Caspase 3 (c-Caspase 3) (G), and the activity of Caspase 3 (scar bar: 100 um) (H) were determined. (I, J) ALF was induced in
mice by LPS 4 D-GalN. After 1.5, 3 and 4 h, the protein level of DGK{ in the liver was determined by Western blotting (I). After 6 h, the protein
levels of DGK{ in F4/80" and Ly6G™ cells sorted from the liver were determined by Western blotting (J). (K) Hepatic DGK{CD68™ cells in
Healthy Controls (n = 6) and ACLF patients (n = 5) were marked (scar bar: 50 um) and counted. (L—N) WT and ngzfl ~ mice were
administered with LPS + D-GalN for 6 h. The liver index (L), the levels of ALT, AST and LDH in plasma (M), the histological alterations of the
liver (scar bar: 50 um) (N), the frequency of MoMFs in liver (O), the mRNA level of 1/1b in liver (P), and the IL-16 concentration in plasma
(Q) were evaluated. Data are displayed as mean + SEM (For A—H, n = 3; For I, J, I-N, n = 6). *P < 0.05, **P < 0.01 vs. the indicated group.
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Figure 5 DGK{—STATS3 axis drives IL-18 production in macrophages. (A—C) Stable shNC- and shDgkz-RAW?264.7 cells were stimulated with
LPS for the indicated time. The levels of pp65, pSTAT3%"*7, and pSTAT3™7%, as well as the nuclear translocation of STAT3 were determined
by Western blotting. (D) PMA-differentiated THP-1 cells were transfected with siNC or siDGKZ, followed by LPS stimulation for 4 h. The level
of pSTAT3™7% was determined by Western blotting. (E) Regulators of the JAK2—STAT3 pathway (created with Biorender.com). (F, G) Stable
shNC- and shDgkz-RAW?264.7 cells were stimulated with LPS for 4 h. The levels of pJAK2 (F), SOCS1, and SOCS3 (G) were determined by
Western blotting. (H) Stable shNC- and shDgkz-RAW?264.7 cells (with or without TPI-1 (3 umol/L) pretreatment for 30 min) were stimulated with
LPS for 4 h. The levels of pJAK2 and pSTAT3™7% were determined by Western blotting. (I) RAW264.7 cells (with or without U73122
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recombinant full-length human DGK{ was used as the enzyme.
1,2-Dioleoyl-sn-glycerol ~ (0.28 mmol/L; DO0138, Sigma-
—Aldrich),  reconstituted in  octyl-3-p-glucopyranoside
(200 mmol/L; HY-116285, MedChemExpress) micelles, was
used as the substrate mixed with ATP. Both the enzyme and
substrate—ATP mixture were diluted in assay buffer (50 mmol/L
MOPS, 1 mmol/L DTT, 100 mmol/L NaCl, 10 mmol/L MgCl,,
1 umol/L CaCl,). The assay was carried out in a volume of 5 L.
comprising 1 pL CAM12203/BAY 2965501, 1 pL enzyme so-
lution (final concentration: 8§ nmol/L), together with 3 pL sub-
strate  (final concentration: 3.2 pumol/L)—ATP (final
concentration: 60 umol/L) mixture.

2.20. ALF induction and treatments

For the LPS + D-GalN-induced model, two experimental ap-
proaches including preventive and therapeutic administration were
applied. In the case of preventive administration, mice were i.p.
injected with CAM12203 or BAY 2965501 once a day for 3 days,
and subjected to LPS (10 pg/kg) + D-GalN (400 mg/kg) 15 min
after the last dosing. In the case of therapeutic administration,
CAM12203 was administered (i.p.) 1 h after the injection of
LPS + D-GalN. After 6 h, blood was collected from the eye
sockets of mice for biochemistry assay, and the mice were
euthanized for further analysis.

2.21.  Liver processing for flow cytometry and cell isolation

The livers were chopped into pieces, digested in DMEM with
collagenase (0.25 mg/mL; C5138, Sigma—Aldrich) for 30 min
(37 °C), and filtered (70 pm). After red blood cells were removed
by lysis buffer (C3702, Beyotime), the remaining cells were either
stained with PE/Cyanine7 anti-mouse CD45 (103113, BioLegend,
San Diego, CA, USA), FITC anti-mouse/human CD11b (101205,
BioLegend), and PE anti-mouse F4/80 (123109, BioLegend),
followed by flow cytometric measurement, or subjected to sorting
by anti-F4/80 microBeads (130-110-443, Miltenyi, Bergisch-
Gladbach, Germany).

2.22.  Histological analysis and immunostaining

Liver tissue fixed in paraformaldehyde was desiccated and
embedded before being cut into sections. For histological analysis,
hematoxylin and eosin (H&E) were used to stain the sections. For
immunofluorescence staining, the sections were processed for heat-
induced epitope retrieval, followed by incubation with 5% BSA as
well as 0.1% Triton X-100 for 1 h (room temperature). Subse-
quently, the sections were probed with a mixture of Rabbit anti-
DGK({ antibody (1:200; ab239081, Abcam) and Mouse anti-CD68
antibody (1:200; abs158352, Absin, Shanghai, China) overnight
(4 °C). After being washed, a mixture of relevant fluorescence-
labeled secondary antibodies was added for an 1 h-incubation
(room temperature). Finally, the sections were stained for

10—15 min with DAPI (1:1000; C1002, Beyotime), and mounted
with antifade medium (P0126, Beyotime). For immunohistochem-
istry staining, the sections were antigen-retrieved, and treated for
30 min with 3% H,0,. After being blocked, the sections were
subjected to rabbit anti-CD68 antibody (1:1000; ab125212, Abcam)
or rat anti-F4/80 antibody (1:500; sc-71085, Santa Cruz, Santa
Cruz, CA, USA), followed by peroxidase-conjugated secondary
antibodies and DAB. Then, the sections were processed by hema-
toxylin, dehydrated, and mounted.

2.23.  Statistical analysis

Data analyzed by SPSS 22 are displayed by mean =+ standard error
of mean (SEM). Student’s ¢ test was performed to compare the
differences between two groups. According to the homogeneity
test of variance, One-way ANOVA followed by LSD or
Games—Howell test was carried out to evaluate the differences
among multiple groups. P < 0.05 was statistically significant.

3. Results

3.1. CAMI12203 suppresses macrophage-mediated inflammation
to alleviate secondary hepatocyte damage

To confirm the anti-inflammatory effect of CAM12203 (Fig. 1A),
its cytotoxicity was first evaluated by CCK-8. The cell viabilities
of RAW264.7 cells (a mouse macrophage cell line), PMA-
differentiated THP-1 cells (a human macrophage cell line), and
BMDMs (primary mouse macrophages) remained unaltered when
treated with the compound at 2.5, 5, 10, and 20 pmol/L
(Supporting Information Fig. S1). However, CAM12203 (2.5, 5,
10, and 20 umol/L) possessed a concentration-dependent down-
regulation of the mRNA levels of Tnfa, 116, 1l1b and Mcpl in LPS-
stimulated RAW264.7 cells, with the most significant impact
observed on /1 (Fig. 1B). The inhibitory effects of CAM12203
on the mRNA level of ILIB in THP-1 cells and /l/b in BMDMs,
and the protein level of pro-IL-18 in all cell types were further
elucidated (Fig. 1C and D). Additionally, IL-18 secretion from
LPS + ATP-stimulated BMDMs was reduced by CAM12203 (5,
10, and 20 pmol/L) (Fig. 1E).

The CM of BMDMs was collected and added to primary he-
patocytes along with D-GalN (Fig. 1F), so as to induce cell
damage indicated by the increased cleavage levels of apoptosis-
relevant proteins such as PARP and Caspase 3 and the enhanced
activity of Caspase 3. As shown in Fig. 1G and H, the supernatant
of LPS 4 ATP-stimulated BMDMs (without CAM12203 pre-
treatment) clearly exacerbated hepatocyte damage compared to
that of unstimulated BMDMs, whereas hepatocytes incubated with
CAM12203-pretreated BMDMs-CM exhibited an improved con-
dition. To assess the direct effect of CAM12203 on hepatocytes,
the compound was dissolved in the supernatant of LPS + ATP-
stimulated BMDMs, and added to primary hepatocytes along with
D-GalN. The hepatocytes still suffered apoptosis, eliminating the

(10 pmol/L), 2-APB (50 pumol/L), and BAPTM-AM (10 pmol/L) pretreatment for 30 min) were stimulated with LPS for 4 h. The levels of pJAK2
and pSTAT3™7% a5 well as IL-18 expression were determined by Western blotting and Q-PCR. (J, K) RAW264.7 cells (with or without BAPTM-
AM (10 pmol/L) pretreatment for 30 min) were stimulated with LPS for 4 h. The binding between Pyk2 and JAK2 (J) was examined by
immunoprecipitation, and the levels of pPyk2 and pJAK2 (K) were determined by Western blotting. (L, M) Stable shNC- and shDgkz-
RAW264.7 cells were stimulated with LPS as well as PA for 4 h. The concentration of Ca>" (L) was measured by Fluo-4 AM (scar bar: 50 pum).
The levels of pPyk2, pJAK2, and pSTAT3™"7% as well as IL-18 expression (M) were determined by Western blotting and Q-PCR. Data are
displayed as mean & SEM (n = 3). *P < 0.05, **P < 0.01 vs. the indicated group.
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Figure 6 BAY 2965501 (BAY) ameliorates macrophage-mediated inflammation and liver failure. (A) RAW264.7 cells (with or without BAY
pretreatment for 2 h) were stimulated with LPS for 0.25 h. The level of PA was measured by a commercial kit. (B) RAW264.7 cells (with or
without BAY pretreatment for 2 h) were stimulated with LPS for 4 h. The levels of pPyk2, pJAK2, and pSTAT3™"7% as well as IL-18 expression
were determined by Western blotting and Q-PCR. (C—E) BMDMs (with or without BAY/Stattic pretreatment for 2 h) were stimulated with LPS
(4 h) + ATP (another 45 min). The culture medium (CM) was collected for examination of IL-18 concentration (C) by HTRF, and added to the
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direct hepatoprotective effect of CAM12203 (Fig. 11 and J). These
results suggest that CAM 12203 suppresses macrophage-mediated
inflammation to alleviate secondary hepatocyte damage.

3.2. CAMI12203 exerts an ameliorative effect on acute liver
failure in mice

To evaluate the in vivo efficacy of CAM12203, a model of ALF
induced by LPS in combination with D-GalN was established, and
CAM12203 was administered according to a preventive treatment
protocol (Fig. 2A). The results showed that, by contrast with the
model group without CAM12203 pretreatment, in which severe
liver injury emerged 6 h after LPS + D-GalN injection,
CAM12203 (10 and 30 mg/kg) group manifested a remarkable
reduction of liver index, down-regulation of liver function re-
flected by plasma ALT, AST and LDH levels, as well as attenu-
ation of pathological alterations and cleavage rates of apoptotic
markers PARP and Caspase 3 in liver (Fig. 2B—E), signifying a
great disease remission attributed to CAM12203. The inflamma-
tory responses elicited by LPS + D-GalN in mice were also
largely suppressed, as evidenced by a reduced quantity of hepatic
CD68" and F4/80" macrophages (Fig. 2F), along with diminished
IL-18 levels in both liver tissue and plasma (Fig. 2G and H).
Moreover, following an alternative protocol, the therapeutic
administration of CAM12203 (30 mg/kg) still yielded inhibitory
effects on disease symptoms and inflammatory stress (Supporting
Information Fig. S2), further substantiating its efficacy in pro-
tecting against ALF.

Clodronate liposomes (CL), a classical agent used for macro-
phage depletion, was proved efficient in our study, as the fre-
quencies of both the KCs (identified as F4/80"CD11b" cells) and
MoMEFs (identified as F4/80'°CD11b" cells)?” in liver CD45™ cell
population were decreased (Fig. 2I). Of note, except a slight in-
crease in LDH level probably due to macrophage apoptosis (LDH
is not an indicator of hepatocyte-specific damage, unlike ALT and
AST), the LPS + D-GalN-induced symptoms were markedly
alleviated in CL-treated group (Fig. 2J—L), consistent with the
previous finding that highlight the crucial involvement of mac-
rophages in the pathogenesis of ALF'2. However, when macro-
phages were depleted, CAM12203 (10 mg/kg) no longer
restrained ALF progression, as the liver index, the liver function,
and histological state remained unchanged (Fig. 2J—L). These
results suggest that CAM12203 exerts an ameliorative effect on
ALF in mice by limiting macrophage-mediated inflammation.

3.3.  DGK({ is identified as a potential target of CAM12203

To identify the direct molecular target of CAM12203 and eluci-
date the mechanisms underlying its anti-inflammatory effect,
affinity-based protein profiling®*?!, a chemical proteomics strat-
egy, was employed. Based on our previous findings that the
introduction of an acrylate group on the western phenyl ring has a
decisive impact on anti-inflammatory activity, the synthesis of the

active probe retained this structural unit, while a biotin moiety was
introduced on the opposite side to facilitate the labeling of target
protein (Fig. 3A). As revealed in Fig. 3B and C, the biotinylated
probe of CAM12203 (10 and 20 pmol/L) retained the ability to
decrease IL-18 expression and secretion in LPS-stimulated
RAW?264.7 cells and LPS + ATP-stimulated BMDMSs. Thus, the
probe could be applied for subsequent experiments.

According to the scheme, RAW264.7 lysates were pre-
incubated with or without CAM 12203, followed by the treatment
with the biotinylated probe. After streptavidin enrichment, in-gel
digestion, and LC—MS/MS analysis, the binding proteins were
obtained and quantified (Fig. 3D). A total of 96 proteins pulled
down by the probe (10 pmol/L) were competed with an excess
amount of CAM12203 (300 pmol/L) (Supporting Information
Table S2 and Fig. 3E), thereby being identified as the potential
targets. Among these proteins, compelling evidence suggests a
close linkage between DGK({ and immune cell functions.
Therefore, it is speculated that DGK{ might serve as a cellular
target of CAM12203 to regulate macrophage-mediated inflam-
matory responses. The results of Western blotting assay using a
specific antibody against DGK{ further confirmed that DGK{ was
pulled down by the probe (10 umol/L) from RAW264.7 lysates,
and the binding was blocked by preincubating with CAM12203
(300 umol/L) (Fig. 3F). Meanwhile, DARTS experiment demon-
strated that CAM12203 (2.5, 5, 10, and 20 pumol/L) stabilized
DGKY{ in RAW264.7 cells by increasing resistance to proteolysis
(Fig. 3G). CETSA revealed that CAMI12203 (10 pmol/L)
enhanced the thermal stability of both mouse and human DGK{ in
RAW264.7 and HEK293T cells, respectively (Fig. 3H and
Supporting Information Fig. S3). However, weaker or no effect
could be observed on other members of the DGK family,
including DGK«, DGKy, DGK4§, DGKe, and DGKE (Fig. S3). In
addition, the SPR assay revealed that the Kp value of CAM12203
was 6.33 pmol/L (Fig. 3I). These results collectively indicate the
direct binding between CAM 12203 and DGK{.

3.4. DGK( is involved in macrophage-mediated inflammation
and liver failure

Based on the aforementioned data, the role of DGK({ in
macrophage-mediated inflammation was comprehensively inves-
tigated. The results demonstrated that LPS triggered a time- and
concentration-reliant elevation in the levels of DGK{ and its
downstream product PA in RAW264.7 cells (Fig. 4A and B).
Knockdown of DGK{ by shRNA counteracted the increasing ef-
fect of LPS on PA, suggesting that the induction of PA was at least
partially attributed to DGK{ (Fig. 4B and Supporting Information
Fig. S4A). In particular, LPS boosted DGK{-derived PA within
0.25 h, despite the longer duration required for the up-regulation
of DGK({ protein, indicating that aside from the protein level,
LPS could stimulate DGK{ activity to some extent (Fig. 4A and
B). Moreover, knockdown of DGK({ significantly suppressed IL-
13 expression in LPS-stimulated RAW264.7 cells (Fig. 4C and D).

primary hepatocytes along with D-GalN. The levels of cleaved-PARP (c-PARP) and cleaved-Caspase 3 (c-Caspase 3) (D), and the activity of
Caspase 3 (scar bar: 100 pm) (E) were determined. (F) RAW264.7 cells were pretreated with or without BAY for 2 h, and stimulated with LPS as
well as PA for 4 h. The levels of pPyk2, pJAK2, and pSTAT3™"7* as well as IL-10 expression were determined by Western blotting and Q-PCR.
(G) Overall scheme of the preventive administration study for BAY (created with Biorender.com). (H—M) The liver index (H), the levels of ALT,
AST and LDH in plasma (I), the histological alterations of the liver (scar bar: 100 um) (J), the protein levels of c-PARP and c-Caspase 3 in liver
(K), the mRNA level of 1/1b in liver (L), and the IL-16 concentration in plasma (M) were evaluated. Data are displayed as mean + SEM (For
A—F, n = 3; For H-=M, n = 6). *P < 0.05, **P < 0.01 vs. the indicated group.
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Figure 7  The anti-inflammatory effect of CAM12203 relies on DGK{. (A) Overall scheme of the examination of DGK{ activity (created with
Biorender.com). (B) The effects of BAY 2965501 (BAY) and CAM12203 on DGK({ activity were measured. (C) RAW264.7 cells (with or without
CAMI12203 pretreatment for 2 h) were stimulated with LPS for 0.25 h. The level of PA was measured by a commercial kit. (D—F)
RAW264.7 cells (with or without CAM12203 pretreatment for 2 h) were stimulated with LPS for 4 h. The levels of pPyk2, pJAK2 (D) and
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Transient transfection with siRNA diminished DGK{ level as well
(Fig. S4B), and its suppressive impact on IL-13 expression was
also been observed in LPS-stimulated THP-1 cells (Fig. 4E), while
DGK{-deficient BMDMs from DGK{¢ knockout (ngzilf) mice
lost the ability to produce IL-16 upon LPS + ATP stimulation and
failed to induce hepatocyte damage (Fig. S4C and S4D,
Fig. 4F—H).

In vivo, LPS + D-GalN up-regulated DGK{ level in the liver
in a time-reliant manner (Fig. 4I). Specifically, there was an
elevation in the amount of DGK{ in macrophages isolated from
the liver of ALF mice using F4/80 microbeads (Fig. 4J). A
noticeable but less pronounced increase was observed in the
amount of DGK{ in Ly6G™ neutrophils (Fig. 4J). Immunofluo-
rescence staining revealed that, the quantity of DGK¢CD68™
cells in ACLF patients, who suffered ALF with known liver
diseases, was greater than that in the healthy control group
(Fig. 4K). Of note, Dgkz™'~ mice were refractory to ALF in-
duction, as evidenced by limited liver index, plasma ALT, AST
and LDH levels, histological alterations and frequency of infil-
trated macrophages (MoMFs) in liver, as well as IL-18 levels in
both liver tissue and plasma (Fig. 4L—Q). These findings suggest
that DGK{ is instrumental for macrophage-mediated inflamma-
tion and liver failure.

3.5.  DGK({ drives IL-18 production in macrophages via its
kinase activity and subsequent STAT3 activation

To explore the mechanism by which DGK{ regulated macro-
phages, its effects on NF-kB and STAT3, which are crucial
pathways involved in IL-18 transcription'®*** were assessed.
The findings demonstrated that the knockdown of DGK({ in
RAW?264.7 cells markedly inhibited LPS-induced classical acti-
vation of STAT3 (phosphorylation at Tyr705), while showing a
weaker impact on nonclassical activation of STAT3 (phosphory-
lation at Ser727) and no effect on NF-«B activation (phosphory-
lation of p65) (Fig. 5A and B). Consistently, LPS-induced nuclear
translocation of STAT3, which follows the phosphorylation at
Tyr705 residue, was suppressed by shDgkz (Fig. 5C), and the
inhibitory effect of siDGKZ on pSTAT3™"7% was confirmed in
LPS-stimulated THP-1 cells (Fig. 5SD).

To illustrate how DGK( controlled the classical STAT3 acti-
vation, the involvement of upstream regulators of STAT3 was
evaluated. As shown in Fig. 5E, JAK2 serves as a traditional
positive regulator, while SOCS proteins and protein tyrosine
phosphatases exert negative regulation on the JAK2—STAT3
cascade™. The data revealed that, the phosphorylation of JAK2
was restricted in shDgkz-RAW264.7 cells (Fig. SF). Nevertheless,
the expression of SOCS1/3 remained unaltered (Fig. 5G), and the
inhibition of JAK2—STAT3 resulting from DGK{ knockdown
could not be attenuated by TPI-1 (Fig. SH), an inhibitor of Src
homology region 2 domain-containing phosphatase-1 (SHP-1)
which belongs to protein tyrosine phosphatases.

It has been reported that Pyk2, a calcium-dependent tyrosine
kinase, binds to JAK?2 in resting vascular smooth muscle cells, and
the latter is activated by increased Ca>" concentration upon
stimulation with calcium ionophore A23187 or angiotensin I1*%7;
Pyk2 kinase-inactive mutant or Pyk2 phosphorylation site mutant
disrupts angiotensin II-induced JAK2 phosphorylation®®; U73122,
an inhibitor targeting phospholipase C (PLC), blocks IL-18 pro-
duction induced by LPS in dU937 cells and primary peritoneal
macrophages>®, implying a connection between PLC—inositol
1,4,5-trisphosphate (IP;)—Ca®" signaling and JAK2—STAT3
cascade as well as subsequent IL-18 production. On the other
hand, a connection between DGK¢ and PLC—IP;—Ca®* signaling
exists as well: DGK{ metabolite PA allosterically activates PLCYy,
and induces the production of PLC substrate phosphatidylinositol
4,5-bisphosphate (PIP,)***°; DGK( knockout leads to decreased
PLCy activity and Ca>" responses in mast cells*'. Therefore, we
hypothesized that PLC—IP;—Ca®*" signaling linked DGK{ to
JAK2—STAT3 cascade in macrophages. To validate the hypothe-
sis, the inhibitors targeting each step within PLC—IP;—Ca>"
signaling were used. As revealed in Fig. 51, in addition to U73122,
both IPs;R inhibitor 2-APB and Ca®" chelators BAPTA-AM
significantly restricted the phosphorylation of JAK2 and STAT3,
along with the mRNA level of //1b and protein level of pro-IL-18
in LPS-stimulated RAW264.7 cells. Immunoprecipitation experi-
ments demonstrated the association between Pyk2 and JAK2 in
resting macrophages, although a stronger effect was not observed
upon LPS treatment (Fig. 5J). Meanwhile, LPS induced Ca>*-
dependent activation of Pyk2, as the phosphorylation of the pro-
tein was enhanced, and the effect was blocked by BAPTA-AM
(Fig. 5K). Furthermore, knockdown of DGK{ caused a decrease
in Ca?" level and Pyk2 phosphorylation, with parallel reduction in
JAK2—STAT3 activation and IL-18 production, the effects of
which could be almost reversed by exogenous PA supplementation
(Fig. SL and M). These data indicate that DGK{ drives IL-18
production in macrophages via its kinase activity and subsequent
STAT3 activation.

3.6. A clinical-stage DGK{ inhibitor ameliorates macrophage-
mediated inflammation and liver failure

Then, a clinical-stage DGK{ inhibitor named BAY 2965501% was
used as the tool drug to further validate the mechanism of DGK{
and the feasibility of the DGK{ targeting strategy for macrophage-
mediated inflammation and liver failure. As shown in Fig. 6A,
BAY 2965501 (0.08, 0.4, 2, and 10 pmol/L) exhibited a
concentration-dependent reduction in cellular PA level in LPS-
stimulated RAW?264.7 cells. The downstream phosphorylation of
Pyk2, JAK2 and STAT3, as well as the expression of IL-18 were
also decreased by BAY 2965501 (0.4, 2, and 10 umol/L) (Fig. 6B).
Moreover, BAY 2965501 (5 and 10 pmol/L) significantly
restricted IL-18 secretion in LPS + ATP-stimulated BMDMs, and
a similar effect caused by Stattic (0.6 and 1.2 pmol/L), a specific

pSTAT3Tyr705 (E), and the cytosol as well as nuclear levels of STAT3 (F) were determined by Western blotting. (G) PMA-differentiated THP-
1 cells (with or without CAM12203 pretreatment for 2 h) were stimulated with LPS for 4 h. The level of pSTAT3™"7%° was determined by Western
blotting. (H, I) Mice were administered by CAM12203 (30 mg/kg), and ALF was induced by LPS + D-GalN. After 6 h, the levels of pPyk2,
pJAK2 (H), and pSTAT3Ty 1705 (I) in F4/807 cells sorted from the liver were determined by Western blotting. (J—L) Stable shNC- and shDgkz-
RAW264.7 cells (with or without CAM12203/BAY pretreatment for 2 h) were stimulated with LPS for 4 h. The level of pSTAT3Tyr705 and IL-18
expression were determined by Western blotting and Q-PCR. (M) RAW264.7 cells were transfected with Control or DGK{-OE plasmid, and
treated with or without CAM12203/BAY for 2 h, followed by LPS simulation for 4 h. The levels of pSTAT3™"7% and pro-IL-18 were determined
by Western blotting. Data are displayed as mean + SEM (n = 3). *P < 0.05, **P < 0.01 vs. the indicated group; ns, not significant.
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inhibitor of STAT3, could be observed (Fig. 6C). Compared to the
control group, neither BAY 2965501- nor Stattic-pretreated
BMDMs remained the ability to induce hepatocyte damage,
which underscored the inhibitory impact of these compounds on
macrophage-mediated inflammatory responses (Fig. 6D and E).
The data in Fig. 6F show that, when supplemented with PA, BAY
2965501 (10 pmol/L) failed to down-regulate the phosphorylation
of Pyk2, JAK2, and STAT3 as well as the expression of IL-16 in
LPS-stimulated RAW264.7 cells, thereby confirming the pivotal
role of DGK{ activity in macrophage-mediated inflammation.

In vivo, the ALF model induced by LPS + D-GalN was
replicated. The results demonstrated that preventively i.p.
administered BAY 2965501 (10 and 30 mg/kg) significantly
alleviated the disease symptoms, as evidenced by the limited liver
index, plasma ALT, AST, and LDH levels, pathological alter-
ations, cleaved-PARP, and cleaved-Caspase 3 levels in liver
(Fig. 6G—K). What’s more, BAY 2965501 (10 and 30 mg/kg)
resulted in a notable decrease in IL-18 levels in both liver tissue
and plasma (Fig. 6L and M). Following the therapeutic treatment
protocol, there was a tendency towards a lower liver index in mice
injected with BAY 2965501 (30 mg/kg), and the DGK{ inhibitor
exerted obvious ameliorative effects on other liver symptoms as
well as inflammation caused by LPS + D-GalN (Supporting
Information Fig. S5). These findings indicate that BAY 2965501
attenuates STAT3 signaling downstream of DGK{ to mitigate
macrophage-mediated inflammation and liver failure.

3.7. CAMI12203 is a new DGK{ inhibitor

To evaluate the inhibitory potential of CAM12203 on the kinase
activity of DGK{, recombinant human DGK{ was expressed in
HEK293T cells, followed by protein purification, and its activity
was tested by ADP-Glo assay (Fig. 7A). The 1Cs, value for BAY
2965501 was determined to be 76.09 nmol/L (Fig. 7B), suggesting
the successful establishment of the detection system, while the
ICsy value for CAM12203 was 1.84 pmol/L (Fig. 7B). At the
cellular level, it was observed that CAM12203 (2.5, 5, 10, and
20 umol/L) concentration-dependently down-regulated the
downstream signals of DGK{ in LPS-stimulated RAW264.7 cells,
including the PA level, the phosphorylation of Pyk2, JAK2 and
STAT3, as well as the nuclear translocation of STAT3
(Fig. 7C—F). CAM12203 also restricted STAT3 phosphorylation
in LPS-stimulated THP-1 cells at concentrations of 2.5, 5, 10, and
20 pmol/L (Fig. 7G), and limited the levels of pPyk2, pJAK2 and
pSTAT3™7% in F4/80" macrophages sorted from the mice
administered by LPS+D-GalN with a dosage of 30 mg/kg
(Fig. 7H and I).

When DGK{ was knocked down by shRNA, the inhibitory
impact of CAM12203 (10 umol/L) on STAT3 activation and IL-13
production disappeared, and a similar pattern existed in terms of
the positive control BAY 2965501 (10 pmol/L) (Fig. 7J—L).
Overexpression of DGK{ counteracted the anti-inflammatory ef-
fects of CAM12203 (10 umol/L) and BAY 2965501 (10 pmol/L)
(Fig. S4E and Fig. 7M), further uncovering the reliance on DGK{.
These results indicate that besides BAY 2965501, CAM12203 is a
new DGK( inhibitor.

4. Discussion

Till now, a growing body of natural products has been extensively
explored for their therapeutic potential against a variety of dis-
eases. Nevertheless, the journey from the discovery to the

approval and application of these natural products as novel drugs
is both time-consuming and expensive. This is partially attributed
to the challenges associated with comprehending their action
mode, in which the target identification is the crucial step. The
burgeoning discipline of chemical proteomics has witnessed a
recent increase in its application for the target identification of
drugs and other bioactive small molecules****. In this study, on
the basis of clarifying that CAM12203, a derivative of XN,
exerted inhibitory effects on ALF by restricting macrophage-
mediated inflammation, we attempted to explore its target pro-
tein through chemical proteomics. By synthesizing the bio-
tinylated probe that retained the bioactivities and taking advantage
of its high affinity to streptavidin, the potential target proteins
were obtained and identified through high-resolution detection
methods such as MS. Among them, DGK{ caught our eyes owing
to its role in immune cells, and we further confirmed the binding
between CAM12203 and DGK{ through DARTS and CETSA.

Indeed, only recently has DGK{ been established as a key
component of immune cell regulation: In T cells, DGK{ deletion
exerts a heightened reactivity to T-cell receptor stimulation, while
DGK{¢ promotes T cell anergic responses and Thl
differentiation® %, In mast cells, DGK{¢ takes control over
FceRI-mediated degranulation, and knockout of DGK{ causes
weakened local allergic reactions*'. In dendritic cells, DGK¢
deficiency leads to enhanced PI3K activity and diminished pro-
duction of IL-12 p40 and TNF-« under the stimulation of LPS or
soluble antigens of Toxoplasma gondii®. The association between
DGK({ and macrophages has also been documented in a sheer
volume of literatures. Compared to other members in the DGK
family, DGK{ is the subtype expressed most abundantly in mac-
rophages, suggesting a potential role it plays in macrophage-
regulated responses®®>!. Liu et al.*’ and Mahajan et al.>> have
noted that DGK{ knockout significantly attenuates the production
of proinflammatory cytokines in LPS-stimulated BMDMs. Herein,
we unveiled that LPS raised DGK{ level as well as its activity to a
certain extent, and verified its regulatory effects on IL-18 tran-
scription in three types of macrophage lines, including mouse/
human cell lines and primary cells, through stable/transient
transfection-mediated DGK{ knockdown and DGK{ knockout.
Additionally, since macrophage-mediated inflammatory responses
are key events in ALF development, it was speculated that DGK{
might be a driver of liver failure. The assumption was supported
by determining the DGK{ level during liver failure progression,
along with comparing the symptoms between wild-type and
ngz_/ ~ mice injected with LPS + D-GalN. However, the un-
derlying mechanism by which DGK{ mediates the inflammatory
responses, especially the transcription of IL-18, remains unclear
both domestically and internationally.

In macrophages, NF-«B and STAT3 are involved in the tran-
scription of IL-16. Upon stimulation, IkBe is phosphorylated by
IKK and undergoes ubiquitin-dependent degradation, thereby
leading to the phosphorylation and translocation of NF-xB het-
erodimer, p65/p50, into the nucleus where NF-kB serves as a
transcription factor™. In terms of STAT3, both the non-classical
and classical activation pathways mediate IL-18 transcription.
On the one hand®, LPS stimulation induces the formation of the
TRAF6—TBK1—STAT3 complex, thus causing the phosphoryla-
tion of STAT3%°"?7_ The phosphorylated STAT3 translocates into
mitochondria, leading to the accumulation of succinate, an inter-
mediate of the tricarboxylic acid cycle. In this non-classical
activation pathway, since succinate can enhance the stability of
hypoxia-inducible factor-1a (HIF-1«), the latter is a potential
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mediator for succinate to regulate IL-1(6 transcription. On the
other hand®, in the classical activation pathway, JAK2 is acti-
vated, which phosphorylates STAT3 at Tyr705 residue. Subse-
quently, STAT3 dimerizes and translocates into the nucleus to
regulate IL-18 transcription by itself''*. We screened these
pathways, and found that the JAK2—STAT3 cascade, namely the
classical activation of the STAT3 pathway, contributes to the
boosting effects of DGK{ on the transcription of IL-16.

Moreover, given that DGK{ is a lipid-metabolizing kinase, it is
of utmost necessity to focus on the participation of lipid meta-
bolism in this inflammatory transcriptional system. Interestingly,
activation of macrophages by Toll-like receptors (TLRs) rapidly
alters their lipid metabolic programs, resulting in a model where
lipid reprogramming is indispensable for ensuring appropriate
function®. In line with this notion, chemical and genetic pertur-
bation of TLR-mediated reprogramming of lipid homeostasis in-
fluences the capacity of macrophages to mediate inflammatory
responses>>. However, there is still a considerable gap in our un-
derstanding of the lipid composition that shapes the pro-
inflammatory signals. A wealth of data has revealed that PA, the
downstream product of DGK({, serves as intermediates in the
synthesis of all phospholipids, lipid bilayer constituents for
modulating membrane fluidity, or signal transducers by associ-
ating with a variety of effector molecules, allowing it to govern
diverse and vital biological events*® >®. Among the PA-binding
proteins, PLC has been reported to facilitate IL-18 production’®.
By converting membrane phospholipid, PIP,, into IP3;, which
binds to IP; receptors on the endoplasmic reticulum, PLC causes
the release of Ca®" into the cytoplasm®. A calcium-dependent
tyrosine kinase, Pyk2, binds to JAK2 and regulates its activation
in vascular smooth muscle cells***”, suggesting a linkage between
PLC—IP;—Ca®" signaling and JAK2—STAT3 cascade in macro-
phages. Of note, kinetic analysis concludes that PA appears to
activate PLCy as an allosteric modifier’®, while another study
discovers the role of DGK{-generated PA in increasing PIP,
production by stimulating the activity of phosphatidylinositol 4-
phosphate 5-kinase Ia*®. We therefore endeavored to explore
whether and how PA produced by DGK{ signaled to the nucleus,
and found that by favoring the activation of PLC—IP;—Ca>*
signaling and subsequent JAK2—STAT3 cascade, DGK{—PA axis
drove IL-18 transcription in LPS-stimulated macrophages.

It should be mentioned that DGK{ is also a DAG-consuming
enzyme, beyond its effect on PA generation. This means DGK{
acts as a molecular switch that simultaneously turns off DAG-
regulated signals as well. However, the aspect regarding the role
of DAG may be more complicated compared to that of PA in
macrophages, as both DAG and PA levels are increased by in-
flammatory stimuli®. Yet the beneficial potential of DAG accu-
mulation due to DGK{ limitation exists, as nonhydrolyzable DAG
analogue PMA restricts the phosphorylation of STAT3™7% in
LPS-treated BMDMSs>. Despite the lack of investigation, it is
conjectured that the increased DAG level can counteract
PLC—IP;—Ca’"-mediated inflammatory responses unless it is
promptly transformed into PA by DGK{, since DAG is another
product of PLC besides IP5. This negative feedback regulation has
been verified in airway smooth muscle cells, which indicates that
DGKY{ inhibition perturbs the DAG:PA ratio, thereby restricting
Gq—PLC—IP;—Ca*"-mediated contractile signaling®'.

In this study, no matter what role DAG played, the essential
involvement of PA reflected that DGK{ mediated IL-18 tran-
scription through its kinase activity, and laid a theoretical foun-
dation for the application of DGK{ inhibitors. To date, extensive

efforts have been invested into the development of DGK({ in-
hibitors for cancer treatment. BAY 2965501, ASP1570, and BGB-
30813 are three DGK inhibitors entering the clinical research
stage. All of them are capable of restoring the DAG level in
anergic T cells via DGK{ inhibition to facilitate T cell-mediated
killing of tumor cells. Although the benefits of DGK{ inhibitors
in tumor immunotherapy have been widely recognized, their ef-
fects on inflammation-related diseases such as ALF remain
ambiguous. Our work is the first attempt to answer this question.
As expected, we found that BAY 2965501 dampened the down-
stream signaling of DGK{ in LPS-stimulated macrophages,
inhibited IL-18 production and subsequent hepatocyte apoptosis,
thus leading to a great remission in LPS + D-GalN-injected mice.
These results regarding the tool drug confirmed the mechanism by
which DGK{ mediated inflammatory responses in macrophages
and validated the feasibility of the DGK{ targeting strategy for
liver failure. Notably, CAM 12203 was proved to be a novel DGK{
inhibitor, as the molecular activity and downstream STAT3
pathway of DGK{ were attenuated by CAM12203, and the
compound acted against inflammation in a DGK{-dependent
manner. This furnished us with confidence in the development of
CAM12203 and other potential derivatives of XN as DGK({ in-
hibitors for ALF treatment.

5. Conclusions

We reveal that XN derivative CAM12203 inhibits IL-18 tran-
scription in macrophages by binding to DGK{ and blocking the
DGK{—STAT3 axis, thereby exerting an ameliorative effect on
ALF. This study is conducive to the development and application
of CAM12203 or other potential derivatives, deepens the under-
standing of the pathological process of ALF, and offers DGK{ as a
new therapeutic target for ALF.
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