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Multiple cell-type interactions drive invariant NKT cell hepatitis
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= Neutrophil and macrophage infiltration via multiple inflammatory mediators is required for NKT cell activation-induced hepatitis.
= Genetic deletion of neutrophil-specific miR-223 markedly enhances a-Galcer-induced NKT cell hepatitis.
= Neutrophil Cytosolic Factor 1 (Neff) deficiency significantly ameliorates liver infl tion and oxidative d.

d by a-Galcer.
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Abstract

Background: a-Galactosylceramide (a-Galcer), a specific ligand for invari-
ant natural killer T (NKT) cell activation, has been actively investigated in
clinical trials such as antitumor therapy; however, treatment with a-Galcer is
well known to induce acute hepatitis due to enriched NKT cells in the liver.
The molecular mechanisms underlying NKT-mediated hepatitis still remain
obscure. The object of this study was to investigate whether and how
myeloid cells affect NKT-mediated hepatitis.

Methods: a-Galcer—induced NKT hepatitis was used in this study. micro-
RNA-223 (miR-223) and neutrophil cytosolic factor 1 (Ncf1)—deficent mice
were generated and subjected to a-Galcer—induced NKT hepatitis.
Results: In this study, we demonstrated that a-Galcer—induced NKT cell
activation resulted in neutrophil and monocyte-derived macrophage accu-
mulation in the liver. Importantly, serum levels of several hepatic myeloid cell
infiltration—related cytokines and chemokines were significantly elevated
after a-Galcer administration. Among these myeloid cells, blockade of neu-
trophil or macrophage migration through using different inhibitors of (C-X-C
Motif) receptor 2, (C-C motif) receptor 2, and (C-C motif) receptor 5 signaling

Abbreviations: a-Galcer, a-Galactosylceramide; 4-HNE, 4-hydroxynonenal; CCR, C-C motif receptor; CXCR2, (C-X-C Motif) receptor 2; DCFH-DA, 2’,7’-dichloro-
dihydro-fluorescein diacetate; IFN-y, interferon y; MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde; MIP-18, macrophage inflammatory protein 1-
beta; miR-223, microRNA-223; NCF1, neutrophil cytosolic factor 1; NKT, natural killer T; ROS, reactive oxygen species; WT, wild-type.
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ameliorated a-Galcer—induced liver injury, mainly due to the decrease of
reactive oxygen species production and inflammation. Depletion of neu-
trophils reduced a-Galcer—induced liver injury and hepatitis. Interestingly,
genetic deletion of neutrophil-specific miR-223 markedly enhanced while
Ncf1 deficiency significantly ameliorated liver inflammation and oxidative
damage caused by a-Galcer.

Conclusions: Neutrophil and macrophage infiltration through multiple
inflammatory mediators is required for NKT cell activation—induced hepatitis,
which sheds light on the myeloid cell infiltration—related molecular mecha-
nisms of NKT cell-mediated liver injury. Our study may provide a novel
therapeutical strategy for the treatment of NKT cell hepatitis.

Keywords: inflammation, miR-223, myeloid cell, Ncf1, NKT cell, reactive

oxygen species

INTRODUCTION

The disruption of liver immune cell homeostasis is one of
the important reasons for immune-mediated liver injury.["l
Natural killer T (NKT) cells are an important component
of immune cells and can not only express T-cell receptors
but also have NK lineage markers.?! It is well known that
there are 2 main subsets of NKT cells: type | and type I
NKT cells. Type | NKT cells, also known as invariant NKT
cells, can rapidly produce various and large quantities of
cytokines in response to stimuli, which link innate and
adaptive immunity.[¥! Type | invariant NKT cells exclu-
sively express an invariant T-cell receptor-a chain,
whereas type Il NKT cells express more diverse T-cell
receptors. The liver is an organ that has the largest
amount of NKT cells, including 20%—35% and 10%—15%
invariant NKT cells in mouse and human liver lympho-
cytes, respectively.”! a-Galactosylceramide (x-Galcer), a
natural molecule that was discovered in 1993, can
specifically activate NKT cells to inhibit the development
of tumors and has been actively investigated in clinical
studies for the treatment of cancer.5! Administration of a-
Galcer induces hepatic injury, which has emerged as a
robust model to investigate the fundamental
pathophysiology of immune-mediated liver injury. How-
ever, the underlying mechanism by which a-Galcer
causes liver injury remains unclear.

Bone marrow—derived myeloid cells, including neutro-
phils, monocytes, erythrocytes, and platelets, are accu-
mulated in the liver during the development and
progression of various liver diseases, including viral
hepatitis, NAFLD, alcohol-associated liver disease, DILI,
and HCC. Neutrophils were regarded as important
participants in the inflammatory reaction through phago-
cytosis, degranulation, and extracellular traps (NETs).[!
Neutrophils also play critical roles in the pathogenesis of

different kinds of liver diseases.[! Neutrophils also
improve liver inflammation and fibrosis in high-fat
diet-feeding mice by transferring anti-inflammatory micro-
RNA-223 (miR-223)-enriched extracellular vesicles to
hepatocytes, finally inhibiting multiple inflammatory and
oncogenic genes in hepatocytes.?! In addition, neutro-
phils promote the conversion of proinflammatory
Ly6CNCX3CR1'° monocytes/macrophages to pro-resolv-
ing Ly6C°CX3CR1" macrophages through reactive
oxygen species (ROS), which can accelerate the process
of liver repair.'% Interestingly, a-Galcer—mediated NKT
hepatitis can cause the accumulation of neutrophils in the
liver, leading to liver damage and inflammation.['".12
Macrophages have complex roles in liver injury due to
their diverse subsets: on the one hand, macrophages can
accelerate liver inflammation in the early stages of liver
injury,l"¥ and on the other hand, macrophages can
promote liver regeneration in the late stages of liver
injury.'Y KCs are the resident hepatic macrophages with
potent phagocytic capacity, high density of surface
scavenger, and pattern recognition receptors, and have
the ability to release numerous mediators that govern the
local immunological milieu.l's However, whether and how
myeloid cells, including neutrophils and monocyte-
derived macrophages, contribute to a-Galcer—mediated
liver injury remains obscure.

To define the functional roles of myeloid cells in -
Galcer—induced liver injury, we first measured serum
levels of cytokines and chemokines after a-Galcer
injection. Intriguingly, several hepatic myeloid cell
infiltration—related cytokines and chemokines are ele-
vated in a-Galcer—induced NKT cell hepatitis. Inhibition of
neutrophil or monocyte migration ameliorates liver injury
and inflammation. Neutrophils can damage the liver by
mainly promoting ROS production as demonstrated that
neutrophil-depleted are resistant to, anti-inflammatory
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and anti-oxidative stress miR-223—deficient mice are
more susceptible to, liver injury caused by a-Galcer. In
contrast, neutrophil cytosolic factor 1 (NCF1)-deficient
mice were more resistant to a-Galcer—induced liver injury
by suppressing ROS production. Taken together, our
study sheds light on the mechanisms of NKT cell-
mediated liver injury, which may provide a novel
therapeutical strategy for the treatment of liver injury.

METHODS
Mice

Six to 8-week-old C57BL/ 6J male mice, purchased from
the center of experimental animals of Shanghai Univer-
sity of Traditional Chinese Medicine, were used in our
study. Female miR-223 knockout mice (miR-2237~) (The
Jackson Laboratory) were crossed with male C57BL/6J
mice to obtain female miR-223*~ mice. Female miR-
223*~ and male miR-2237"Y mice (the miR-223 locus is
on the X chromosome) were bred at the center of
experimental animals of Shanghai University of Tradi-
tional Chinese Medicine to generate male miR-2237Y
(male miR-223 knockout) and wild-type (WT) miR-223*Y
littermate controls. All male miR-223*" littermates were
used as WT controls for male miR-223~¥ mice in our
study. The P47Ph°x ~~ mice were generated as demon-
strated in the previous paper.['® The mice were i.v.
injected with a-GalCer (150 ug/kg, Shanghai Yuanye
biology, Cat No. 158021-47-7) to establish NKT cell-
induced acute liver injury. For the neutrophil depletion
experiment, 150 pg of either RB6-8C5 (Ly-6G/Ly-6C
Monoclonal Antibody; Invitrogen; Cat No. 14-5931-82) or
isotype control Ab (Rat 1gG2a; Invitrogen; Cat No.
14-4031-82) was injected (i.v.) 4 hours before a-Galcer
treatment. To inhibit different receptor-mediated signal-
ing, the mice were treated with CXCR2 (C-X-C Motif
receptor 2) inhibitor AZD5069 (10 mg/kg, MCE, Cat
No. HY-19855) at 3 hours before a-Galcer treatment.
Rs5043939 (5 mg/kg, MCE, Cat No. HY-15418) and
Maraviroc (10 mg/kg, MCE, Cat No. HY-13004) were
administrated to inhibit C-C motif receptor (CCR)2 or
CCRS5 signaling in mice at 30 minutes before a-Galcer
treatment. Liver samples were collected 16 hours after
a-Galcer injection. All animal experiments were approved
by the Committee of Animal Experimentation and
conducted at Shanghai University of Traditional Chinese
Medicine in accordance with its Animal Experiment
Guidelines.

Total RNA isolation and reverse
transcription-quantitative PCR

Total RNA was extracted from liver tissues and neutrophils
by using the RNAiso Plus reagent (cat number: RP4002;

Biotech). One thousand nanograms of total RNA were
reverse-transcribed with the Hiscript || Reverse Transcrip-
tase Kit (cat number: R223-01; Vazyme Biotech). The
relative expression levels of genes were measured by
ChamQ SYBR gPCR Master Mix (cat number: Q311-02;
Vazyme Biotech) and detected by CFX96 Thermal Cycler
(Bio-Rad). The primer sequences are included in Table 1.

Histologic analysis

Liver tissues fixed by 4% paraformaldehyde were
embedded in paraffin and cut at 5 ym thickness. The
sections were subjected to hematoxylin-eosin staining
according to the manufacturer’s protocol. For immuno-
histochemistry, after heat-induced epitope retrieval, the
sections were incubated in 3% H,O, and blocked for
another 60 minutes in 3% normal goat serum buffer.
Sections were incubated with primary antibodies over-
night at 4 °C. The SignalStain Boost IHC detection
reagent (HRP, Rabbit or mouse) (Cell Signaling Tech-
nology) was performed for 35 minutes at RT. DAB
Peroxidase Substrate Kit (Vector Laboratories, Inc.) was
used to visualize the staining according to the manufac-
turer's instructions. Antibodies used in immuno-
histochemistry staining included MPO (Cat No. APR
023AA, H; Biocare Medical), Ly6G (Cat No.87048S,
CST), F4/80 (Cat No.70076S, CST), malondialdehyde
(MDA) (Cat No.MMD-030n, Jiaca), and 4-hydroxynone-
nal (4-HNE) (Cat No.MHN-100P, Jiaca).

Forimmunofluorescence staining, after primary antibody
incubation overnight, the Alexa Fluor—conjugated second-
ary antibody such as Alexa Fluor 488 goat anti-rabbit IgG
(H+L) (Cat No. 4412S, CST), Alexa Fluor 555 goat anti-Rat
IgG (H+L) (Cat No. 4417S, CST) were incubated for 1 hour
at room temperature. Slides were incubated with 1 mg/mL
DAPI for 5 minutes for nuclear staining. The images were
obtained by using OLYMPUS APEXVIEW APX100 with
filters allowing the detection of Alexa Fluor 488 and 555.
The antibodies against IBA-1 or CLEC4F were purchased
from Cell Signaling Technology (Cat No.17098S) and R&D
Systems (Cat No. MAB2784), respectively.

Neutrophil isolation

Neutrophils were isolated from liver tissues by using the
Neutrophil Isolation Kit (Cat No. 130-097-658; Miltenyi
Biotec). In brief, nontarget cells were indirectly magnet-
ically labeled with a cocktail of biotin-conjugated
monoclonal antibodies as primary labeling reagent
and anti-biotin monoclonal antibodies conjugated to
MicroBeads, as secondary labeling reagent. The
magnetically labeled nontarget cells were depleted by
retaining them within a MACS Column in the magnetic
field of a MACS Separator, while the unlabeled
neutrophils through the column were collected.
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TABLE 1 RT-gPCR primer sequences

Mouse-IL-6-Forward
Mouse-IL-6-Reverse
Mouse-IL-1p-Forward
Mouse-IL-1p-Reverse
Mouse-TNF-a-Forward
Mouse-TNF-a-Reverse
Mouse-IFN-y-Forward
Mouse-IFN-y-Reverse
Mouse-P47Phox-Forward
Mouse-P47Phox-Reverse
Mouse-P67Ph%-Forward
Mouse-P67P"°*-Reverse
Mouse-P40Ph°*-Forward
Mouse-P40Phox-Reverse
Mouse-gp91Ph°*-Forward
Mouse-gp91Pho*-Reverse
Mouse-P22Phx-Forward
Mouse-P22Phox-Reverse
Mouse-CCL2-Forward
Mouse-CCL2-Reverse
Mouse-CXCL2-Forward
Mouse-CXCL2-Reverse
Mouse-CXCL10-Forward
Mouse-CXCL10-Reverse
Mouse-CXCL11-Forward
Mouse-CXCL11-Reverse

TCCATCCAGTTGCCTTCTTG
TTCCACGATTTCCCAGAGAAC
TCGCTCAGGGTCACAAGAAA
CATCAGAGGCAAGGAGGAAAAC
AGGCTGCCCCGACTACGT
GACTTTCTCCTGGTATGAGATAGCAAA
ATGAACGCTACACACTGCATC
CCATCCTTTTGCCAGTTCCTC
TCCTCTTCAACAGCAGCGTA
CTATCTGGAGCCCCTTGACA
TCTATCAGCTGGTTCCCACG
TGGCCTACTTCCAGAGAGGA
ATCGTCTGGAAGCTGCTCAA
CCCATCCATCTGCTTTTCTG
GACCATTGCAAGTGAACACCC
AAATGAAGTGGACTCCACGCG
ATGGAGCGATGTGGACAGAAG
TAGATCACACTGGCAATGGCC
TTAAAAACCTGGATCGGAACCAA
GCATTAGCTTCAGATTTACGGGT
TCCAGGTCAGTTAGCCTTGC
CGGTCAAAAAGTTTGCCTTG
CCAAGTGCTGCCGTCATTTTC
GGCTCGCAGGGATGATTTCAA
GGCTTCCTTATGTTCAAACAGGG
GCCGTTACTCGGGTAAATTACA

Abbreviations: IFN-y, interferon y; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

Measurement of ROS, 4-HNE, and MDA

The levels of ROS were detected using fluorescent
probe  2’,7-dichloro-dihydro-fluorescein diacetate
(DCFH-DA, Nanjing Jian Cheng Bioengineering Insti-
tute). Neutrophils were collected and incubated with
DCFH-DA for 30 minutes at 37 °C in the dark. Next, the
fluorescence intensity was measured using flow cytom-
etry (Beckman Coulter).

The levels of 4-HNE in liver tissue were measured by
using an ELISA kit (Nanjing Jian Cheng, Cat No. A003-
1-2) according to the manufacturer's protocols. The
MDA assay kit (Cat No. H268-1-2) was purchased from
Nanjing Jian Cheng Bioengineering Research Institute.
All kit assays were performed following the manufactur-
er's protocol.

Flow cytometric analysis

The liver tissues were minced and tamped through the
70-mm nylon mesh. Liver leukocytes were purified by
centrifugation on the Percoll gradient, and the remaining
red blood cells were lysed by red blood cell lysis buffer

(Cat No. 00-4333-57; eBioscience). Neutrophils were
detected by antibodies against mouse CD45-Percp (Cat
No. 103130; BioLegend), Gr-1-PE (Cat No. 127608;
BioLegend), and CD11b-FITC (Cat No. 101206; BioL-
egend). Flow cytometric analysis was performed
according to standard settings on a CytoFLEX flow
cytometer (Beckman Coulter) and analyzed with Flowjo
software (Treestar).

The detection of serum cytokines and
chemokines

The serum cytokines or chemokines were detected
respectively using a LEGENDplex kit (Cat No. B227962
and Cat No. B231031; BioLegend), according to the
manufacturer’s instructions. In a nutshell, LEGENDplex
is a microbead-based immunoassay method, and its
principle is consistent with the classic “sandwich”
Immunoassay method. Each microbead is coupled with
a capture antibody corresponding to the corresponding
indicator, which can specifically capture the target
protein (analyte) in the sample or standard. Capturing
microbeads, the target analyte, and the added detection
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antibody form a double antibody “sandwich” structure,
which reacts with Streptavidin-PE (SA-PE) after incu-
bation and washed. Then flow cytometry detects the
fluorescence signal intensity of each group of microbe-
ads to reflect the numbers of the analyte. Finally, for
quantitative analysis, LEGENDplex Data Analysis V8.0
was used, following the manufacturer's recommended
protocols.

RNA sequencing

Total RNA was isolated using the Trizol Reagent
(Invitrogen Life Technologies), after which the concen-
tration, quality, and integrity were determined using a
NanoDrop spectrophotometer (Thermo Scientific).
Three micrograms of RNA were used as input material
for the RNA sample preparations. Sequencing libraries
were generated according to the following steps. First,
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in
an lllumina proprietary fragmentation buffer. First-strand
cDNA was synthesized using random oligonucleotides
and Super Script Il. Second-strand cDNA synthesis was
subsequently performed using DNA Polymerase | and
RNase H. Remaining overhangs were converted into
blunt ends through exonuclease/polymerase activities,
and the enzymes were removed. After adenylation of
the 3’ ends of the DNA fragments, lllumina PE adapter
oligonucleotides were ligated to prepare for hybridiza-
tion. To select cDNA fragments of the preferred
400-500 bp in length, the library fragments were
purified using the AMPure XP system (Beckman
Coulter). DNA fragments with ligated adaptor molecules
on both ends were selectively enriched using lllumina
PCR Primer Cocktail in a 15-cycle PCR reaction.
Products were purified (AMPure XP system) and
quantified using the Agilent high-sensitivity DNA assay
on a Bioanalyzer 2100 system (Agilent). The sequenc-
ing library was then sequenced on the NovaSeq 6000
platform (lllumina; Shanghai Personal Biotechnology
Co. Ltd.). Full RNAseq data have been uploaded to
NCBI Sequence Read Archive (SRA) (The SRA number
is SRP568908).

Statistical analysis

Data are expressed as the means+SEM and were
analyzed by 2-tailed unpaired Student t test using
GraphPad Prism software (v. 9.0a; GraphPad Soft-
ware). To compare values obtained from the 2 groups,
the Student t test was performed. Data from multiple
groups were compared with 1-way ANOVA followed by
the Tukey post hoc test. p values of <0.05 were
considered significant.

RESULTS

a-Galcer—induced NKT hepatitis is
associated with accumulation of
neutrophils and infiltrated macrophages

Previous studies have reported that the specific activation
of NKT cells caused by a-Galcer leads to liver injury and
inflammation.l"! Herein, we demonstrated that after o-
Galcer injection, serum ALT and AST levels were
continuously elevated, peaking at 16 hours and decreas-
ing at 24 hours (Figure 1A). Consistently, hematoxylin-
eosin staining showed that inflammatory cells were
infiltrated in the liver after a-Galcer injection (Figure 1B).
To understand the molecular mechanisms by which
activation of NKT cells induces liver injury, we examined
the hepatic infiltration of neutrophils and macrophages. As
illustrated in Figure 1C, MPO™ neutrophils and F4/80+
macrophages were significantly increased in the liver after
a-Galcer injection (Figure 1C). Next, we performed the
double dual immunofluorescence staining results to
distinguish liver resident macrophages (KCs, IBA1*-
CLEC4F™*) and infiltrating macrophages (IBA1*CLEC4F.
The results revealed that these macrophages are mono-
cyte-derived macrophages (Figure 1D).

Disorder of serum cytokines and
chemokines after a-Galcer treatment

To investigate the mechanism by which o-Galcer
injection promotes liver neutrophil and macrophage
accumulation, we analyzed the changes in serum
cytokines and chemokines at different time points after
a-Galcer treatment. As shown in Figure 2A, serum
interferon y (IFN-y), IL-2, and IL-4 were the 3 most
significant elevated cytokines among all detected
cytokines. Several other cytokines were also elevated
after a-Galcer treatment. Among them, IFN-y and IL-5
reached their peaks at 16 hours and then began to
decline; IL-2, IL-4, TNF-a, IL-6, IL-13, IL-17A, and IL-22
reached their peaks at 3 hours and then returned to
basal levels at 9-16 hours (Figure 2A). Next, we
measured serum chemokine levels after a-Galcer
injection. As shown in Figure 2B, the levels of CXCL1
(C-X-C motif chemokine ligand 1) showed the most
significant change among all detected chemokines.
CXCL1, MCP-1 (monocyte chemoattractant protein-1),
MIP-1p (macrophage inflammatory protein 1-beta), MIP-
1a, and IP-10 (10 kDa interferon gamma-induced
protein, C-X-C motif chemokine ligand 10) reached
their peak at early time point (3 h) and then began to
return to basal levels; however, RANTES (regulation of
activation, expression and secretion by normal T cells,
C-C motif chemokine ligand 5), MIG (C-X-C motif
chemokine ligand 9), Eotaxin (C-C motif chemokine
ligand 11), BLC (C-X-C motif chemokine ligand 13),
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FIGURE 1 a-Galcer-induced invariant NKT cell activation leads to hepatic myeloid cell infiltration. C57BL/6J mice (n = 5) were injected with a-
Galcer through tail vein injection (150 pg/kg). Serum and liver tissue samples were collected. (A) The levels of serum ALT and AST at different time
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points after a-Galcer treatment were measured. (B) The degree of inflammatory cell infiltration in the liver at different time points after a-Galcer
treatment was analyzed by H&E staining. (C) Liver tissues were subjected to MPO and F4/80 immunostaining, and the quantitation of MPO* and
F4/80" cells per field was determined. Representative images are shown. (D) The infiltrated MoMFs were increased at different time points after
a-Galcer treatment, which is distinguished by dual immunofluorescence staining (IBA-1* CLEC4F: infiltrated macrophages; IBA-1* CLEC4F*:
resident KCs). Values represent means + SD. **p < 0.01, ***p < 0.001. Abbreviations: a-Galcer, a-Galactosylceramide; H&E, hematoxylin-eosin;
MoMF, monocyte-derived macrophages; NKT, Natural killer T.

slightly decreased after a-Galcer treatment (Figure 2B).
Upregulation of these chemokines likely contributes to
hepatic infiltration of neutrophils and macrophages in a-
Galcer—induced hepatitis.

MDC (C-C motif chemokine ligand 22), and TARC (C-C
motif chemokine ligand 17) reached their peak at later
time point (9 h) and then began to decline. Interestingly,

the levels of LIX (C-X-C motif chemokine ligand 5) were
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FIGURE 2 Disorder of serum cytokines and chemokines after a-Galcer treatment. The mice were injected with a-Galcer as described in

Figure 1. Serum and liver tissue samples were collected. (A) The levels of serum cytokines at different time points after a-Galcer treatment, such
as IFN-y, IL-2, IL-4, TNF-a, IL-6, IL-13, IL-5, IL-17A, and IL-22, were measured. (B) The expressions of serum chemokines at different time points
after a-Galcer treatment, including CXCL1, MCP-1, MIP-a, MIP-B, RANTES (CCL5), MIG (CXCL9), TRAC (CCL17), IP-10 (CXCL10), Eotaxin
(CCL11), MDC (CCL22), BLC (CXCL13), LIX (CXCLS5), were measured. Abbreviations: a-Galcer, a-Galactosylceramide; IFN-y, interferon y.
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FIGURE 3 CXCR2 signaling inhibitor reduces a-Galcer—induced neutrophil accumulation, thus ameliorating liver injury. The mice were
injected with CXCR2 signaling inhibitor AZD5069 or vehicle 3 hours before a-Galcer treatment. Serum and liver tissue samples were collected
after a-Galcer treatment for 16 hours. (A) The levels of ALT and AST in serum were measured. (B) The degree of inflammatory cell infiltration in the
liver was analyzed by H&E staining. (C) Liver tissues were subjected to MPO immunostaining, and the quantitation of MPO™ cells per field was
determined. Representative images are shown. (D) The levels of MDA and 4-HNE were determined by immunohistochemical staining.
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Representative images are shown. The quantitation of MDA* and 4-HNE™ area per field was determined. (E) The mRNA expression of several
genes in the liver, including IFN-y, TNF-a, IL-1f, and IL-6, were analyzed by RT-gPCR. Values represent means + SD. *p <0.05, **p <0.01,

*kk

p<0.001. Abbreviations: a-Galcer, a-Galactosylceramide; 4-HNE, 4-hydroxynonenal; H&E, hematoxylin-eosin; IFN-y, interferon v;

MDA, malondialdehyde; RT-gPCR, reverse transcription-quantitative polymerase chain reaction.

Blocking the CXCL1-CXCR2 axis can
effectively inhibit neutrophil infiltration, and
ameliorate a-Galcer—induced liver injury

Given that CXCL1, a major chemokine for neutrophil
chemotaxis, is one of the most highly upregulated
chemokines in o-Galcer—induced hepatitis, we won-
dered whether CXCLA1 is involved in a-Galcer—induced
liver injury. We used AZD5069 (an inhibitor of CXCR2,
which is the receptor for CXCL1) to block the CXCL1-
CXCR2 axis. As shown in Figures 3A and B, compared
with the vehicle group, serum levels of ALT and AST in
the CXCR2 inhibitor—treated group were significantly
lower, and fewer inflammatory cell infiltrates were
observed in the liver. The infiltration of neutrophils in
the liver is reduced considerably (Figure 3C). In
addition, we also found the accumulation of MDA and
4-HNE was also reduced compared with the vehicle
group (Figure 3D). The expressions of Ifng, Tnfa, Il1b,
and /I6 mRNA in the CXCR2 inhibitor-treated group
were remarkedly decreased compared with the vehicle
group after a-Galcer injection (Figure 3E).

Neutrophil-derived oxidative stress leads
to a-Galcer-induced liver damage

To investigate whether neutrophil-derived ROS contrib-
ute to a-Galcer—induced hepatitis, we measured ROS
produced by neutrophils. The flow cytometry results
showed that neutrophils-derived ROS was greater in the
a-Galcer—treated group than in the vehicle group
(Figure 4A). Besides, a-Galcer treatment promoted the
accumulation of hepatic oxidative stress—related adducts,
including MDA and 4-HNE (Figures 4B, C). Moreover, we
used an anti-Ly6G antibody to deplete neutrophils, which
was confirmed by immunohistochemistry analysis of
MPO (Figure 4D). Depletion of neutrophils remarkedly
lowered serum levels of ALT and AST compared with the
isotype antibody group (Figure 4E). Importantly, the
accumulation of Inflammatory cells and MDA and
4-HNE levels were significantly suppressed after Ly6G
antibody treatment (Figures 4F—H) as well as by CXCR2
inhibitor treatment.

Inhibiting CCR2 or CCRS5 signaling
alleviates a-Galcer—induced liver injury,
neutrophil infiltration, and ROS production

Given the dysregulation of several chemokines for
macrophage chemotaxis, it is noteworthy to investigate

the function of macrophages in a-Galcer—induced liver
injury. RS504393 is a selective CCR2 chemokine
receptor antagonist and can inhibit MCP-1-induced
chemotaxis. Maraviroc is a selective CCR5 antagonist
and can inhibit MIP-13 or RANTES-induced chemo-
taxis. Next, we used 2 antagonists, RS504393 and
Maraviroc, respectively, in this study due to high
elevation of serum MCP-1, MIP-1p, and RANTES after
a-Galcer injection. Our results showed that a-Galcer—
induced elevation of serum ALT and AST was reduced
by CCR2 antagonist or CCR5 antagonist (Figure 5A).
There was also less infiltration of macrophages and
neutrophils in the liver after CCR2 antagonist or CCR5
antagonist administration in the a-Galcer—treated liver
injury model (Figures 5B-E). Interestingly, a-Galcer—
induced elevation of neutrophil-derived ROS was
obviously reduced by CCR2 antagonist or CCR5
antagonist (Figure 5F). As expected, CCR2 antagonist
or CCR5 antagonist administration lowered the hepatic
accumulation of MDA or 4-HNE and the expression
levels of hepatic Ifng, Tnfa, II1b, and /6 MRNA (Figures
5F, G, and ). These results indicate that inhibiting
CCR2 or CCR5 signaling can alleviate a-Galcer—
induced liver injury.

P47rPhox.mediated ROS production
exacerbates a-Galcer—induced hepatitis

To understand the mechanisms underlying by which
neutrophil-derived ROS production is increased after a-
Galcer treatment, we examined the mRNA expression
of NADPH-associated molecules in liver neutrophils
isolated from a-Galcer—treated mice, which consisted of
5 phagocytic oxidases (phox) units: p47°Ph°* (Ncf1),
p67P™x (Ncf2), p40Phox (Ncf4), p22Phox and gp91PhoX. As
shown in Figure 6A, p47°"°* mRNA was significantly
elevated in the model group, but other genes (p67°"°%,
p40pPhox  p2gphox - and gp91Phox) were not altered or
significantly decreased. Next, to better understand the
functional role of p47°P"°% in a-Galcer—induced hepatitis,
P47prhox knockout (P47P"x~) mice were generated.
Interestingly, compared to WT mice, serum ALT and
AST levels in P47Phox~I= mice were significantly reduced
after o-Galcer treatment (Figure 6B). In addition,
P47pPhox== mice had less infiltration of inflammatory
cells, such as MPO™ neutrophils (Figure 6C). Compared
with WT mice, the expression levels of MDA in the liver
of P47PhoxI= mice were decreased, but the expression
levels of 4-HNE remained unchanged (Figure 6D). To
understand how P47P"°x exacerbates a-Galcer—induced
liver injury, we performed RNA sequencing on the liver
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FIGURE 4 Neutrophil-derived oxidative stress contributes to a-Galcer—induced liver damage. The mice were injected with a-Galcer as

described in Figure 1. Serum and liver tissue samples were collected after a-Galcer treatment for 16 hours. (A) The levels of ROS in neutrophils
from the liver were analyzed by flow cytometry. (B, C) The hepatic levels of MDA and 4-HNE were analyzed by Elisa assay and IHC staining. (D)
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of ALT and AST in serum were measured. (F) Hepatic inflammatory cell infiltration was analyzed by H&E staining. (G, H) The hepatic levels of
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FIGURE 5 Inhibiting CCR2 or CCRS5 signaling can alleviate liver injury caused by a-Galcer. Mice were treated with a-Galcer for 16 hours, and
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treatment for 16 hours. (A) The levels of ALT and AST in serum were measured. (B) F4/80" macrophages were measured by immuno-
histochemical staining. (C) Identification of infiltrating macrophages and Resident Kcs in the liver by immunofluorescence staining. (D, E) MPO*
and CD45*CD11b*Gr1* neutrophils were examined by immunohistochemical staining and flow cytometry, respectively. (F) The levels of ROS in
neutrophils were analyzed. (G, H) The hepatic levels of MDA and 4-HNE in vehicle or inhibitor-treated mice were analyzed by IHC staining and
Elisa assay. () The hepatic expression of inflammation-related genes, such as IFN-y, TNF-q, IL-1f, and IL-6, were analyzed by RT-gPCR. Values
represent means = SD. *p <0.05, **p < 0.01, ***p < 0.001. Abbreviations: a-Galcer, a-Galactosylceramide; 4-HNE, 4-hydroxynonenal; CCR2, C-C
motif chemokine receptor 2; CCR5, C-C motif chemokine receptor 5; IFN-y, interferon y; IHC, immunohistochemistry; MDA, malondialdehyde;
ROS, reactive oxygen species; RT-gPCR, reverse transcription-quantitative polymerase chain reaction.

tissues of WT and P47°Ph°*~/~ mice. The GO enrichment
analysis showed that the differentially expressed genes’
biological process (BP) are related to inflammatory
responses and immune responses; the differentially
expressed genes’ molecular function (MF) included
cytokine activity, receptor-ligand activity, and so on; and
the differentially expressed genes’ cellular components
included the extracellular space, cell surface, etc
(Figure 6E). Among these 20 genes (ranked by p
value) with the most significant decrease in P47rhox=/~
mice, chemokines such as Ccl2, Cxcl2, Cxcl10, and
Cxcl11 were included (Figure 6F). Indeed, we confirmed
that compared with WT mice, the mRNA levels of Cc/2,
Cxcl2, Cxcl10, and Cxcl11 were lower in P47rhox-I-
mice after a-Galcer treatment (Figure 6G). These
results strongly indicate that neutrophils produce
greater ROS through elevating P47Ph°X, thus exacer-
bating a-Galcer—induced liver injury.

Neutrophil-specific miR-223 acts as a
negative feedback that inhibits a-Galcer—
induced neutrophil-derived ROS and liver

injury

Accumulating studies demonstrated that miRNA-223, a
highly neutrophil-specific miRNA, is well-known to limit
neutrophil activation and chemotaxis!'”! and inhibit
P47prhox  expression in neutrophils. To investigate
whether miR-223 is involved in «a-Galcer-induced
neutrophil ROS production and liver injury, we first
measured hepatic miR-223 expression in a-Galcer—
induced liver injury. As shown in Figure 7A, miR-223
was prominently upregulated in the liver after a-Galcer
treatment for 16 hours. To study the function of miR-223
in a-Galcer—induced liver injury, we used miR-223~"Y
mice. As illustrated in Figures 7B, C, miR-223~"Y mice
were more susceptible to a-Galcer—induced liver injury
as evidenced by higher serum levels of ALT, AST, and
the greater degree of inflammatory cell infiltration
compared with wild-type (WT) mice. In addition, hepatic
expressions of 4-HNE and MDA in miR-223~"Y mice
were higher than those in WT mice (Figure 7D). These
results revealed that the absence of miR-223 exacer-
bated ROS production and liver damage after a-Galcer
treatment, suggesting that miR-223 forms a negative
feedback to prevent a-Galcer—induced neutrophil ROS
production and liver injury.

DISCUSSION

The antitumor function of a-Galcer and NKT cells has
been suggested in the past 20 years.['81% The product
of NKT cell therapy “GKL-006" has been approved to be
used in clinical trials by China’s Center for Drug
Evaluation in 2023. However, the remarkable enrich-
ment of NKT cells in livers has attracted much research
attention to investigate the functional role of this unique
cell population in the pathophysiology of several liver
diseases. Importantly, the question of why o-Galcer
induces NKT production of a wide variety of cytokines
and chemokines urgently needs to be addressed before
the application of a-Galcer in additional clinical trials for
treating liver disease. Although previous studies have
provided a detailed review of the role of NKT cell
activation in various liver diseases such as alcohol-
associated liver disease, nonalcoholic liver disease,
autoimmune hepatitis, HBV, HCV, and HCC 2 the
mechanism of NKT cell-induced liver injury remains
obscure. In this study, we provided several key findings
demonstrating that hepatic myeloid cell infiltration is
involved in NKT cell-mediated hepatitis. First, we found
that myeloid cell infiltration—related cytokines and
chemokines are dysregulated after a-Galcer injection.
Second, neutrophil-derived ROS contributes to
immune-mediated liver injury, and neutrophil-specific
miR-223 plays a key role in the development of a-
Galcer—induced hepatitis by limiting ROS production
and inflammation. Finally, we also found that chemo-
kine-induced infiltration of monocyte macrophages
during a-Galcer—induced liver injury (Figure 8).

The first striking finding from the current study is the
significant changes of the cytokines after NKT cell
activation. As we know, IFN-y and IL-4 are 2 major
cytokines secreted by NKT cells. IFN-y can inhibit virus
replication and reduce survival; however, it can induce
inflammation by promoting polarization of macrophages
to an M1 proinflammatory phenotype.2'l Interestingly,
Wang et all'? found that an absence of IFN-y not only
can not reduce the liver injury caused by NKT cells
activation but also lead to a more serious injury,
suggesting that the IFN-y is not the main reason for a-
Galcer—induced liver injury. We also found that IL-2 is
rapidly increased in serum, and this may be related to
the function of IL-2, which can promote the proliferation
and differentiation of lymphocytes. It has been reported
that NKT cells are able to expand after the combined
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Cxcl11 in the liver of WT mice and P47°P°* mice after a-Galcer treatment. *p <0.05, **p <0.01, ***p <0.001. Abbreviations: 4-HNE,
4-hydroxynonenal; H&E, hematoxylin-eosin; IHC, immunohistochemical; MDA, malondialdehyde; ROS, reactive oxygen species; RT-gPCR,
reverse transcription-quantitative polymerase chain reaction; WT, wild-type.

stimulation of IL-2 and a-Galcer in vitro.22 Th2
cytokines IL-4 and IL-13 participate in the regression
of inflammation, which can promote M2 activation of
macrophages in the liver, thus reducing liver injury.[23!
TNF-a and IL-6 are 2 types of inflammatory cytokines,
which can promote the development of inflammation.
The increase of other cytokines (such as IL-5, IL-17A,
IL-22) may be caused by changes in immune micro-
environment. The disorder of these cytokines and
chemokines mainly contributes to liver injury caused
by a-Galcer.

In addition, many chemokines also have an obvious
change in serum after a-Galcer treatment. CXCL1 is
one of the most important chemokines, which is
involved in the development of many inflammatory
diseases. Accumulating studies have shown that
CXCL1 was expressed in hepatocytes?¥ and also in
myeloid cells such as macrophages and mast cells.[2%]
CXCL1 can highly activate chemokine (C-X-C Motif)
receptor 2 (CXCR2) and mediates the migration of
neutrophils to inflammatory and necrotic regions. The
high expression of CXCL1 in serum and the accumu-
lation of neutrophils in the liver were found in our study.
Interestingly, neutrophil accumulation is reduced by the
CXCR?2 inhibitor, which inhibits a-Galcer—induced liver
injury, suggesting that CXCL1-CXCR2 axis—mediated
hepatic neutrophil migration leads to liver injury. MCP-1,
also known as chemokine (CC-motif) ligand 2 (CCL2),
and its main function is to recruit monocytes/macro-
phages to the site of inflammation.26! CCL2 is mainly
secreted by monocytes and dendritic cells,’?”) and is
also expressed in hepatocytes.28l CCR2, chemokine
(C-C motif) receptor 2, is the receptor of MCP-1.
Macrophages often infiltrate the liver through the
CCL2-CCR2 axis and cause inflammatory damage.?!
Besides MCP-1, MIP-1p, MIP-1a, and RANTES also
can mediate the migration of macrophages. An interest-
ing study showed that MIP-1p could recruit bone
marrow—derived monocytes to promote intraretinal
revascularization and thus prevent abnormal NV in
ischemic vision—threatening retinal diseases.?% MIP-1a
and MIP-1p are closely related to macrophage accu-
mulation in the kidney and can aggravate mesangio
proliferative glomerulonephritis.3"1 RANTES, also called
chemokine C-C ligand 5 (CCL5), is primarily secreted
by T cells.®2l CCL5 can recruit CCR5* macrophages to
the site of residual tumor cells and induce tumor
recurrence.®? In this current study, we demonstrated
that inhibition of CCRS signaling significantly alleviates
a-Galcer—induced liver injury and inflammation. Inter-
estingly, it has been reported that loss of CCL5
enhances CXCL1 expression in hepatocytes and

activate CXCL1-CXCR2 axis in neutrophils to augment
their hepatic migration, thus worsening NKT cell-
mediated liver injury.['!! This different conclusion about
the role of CCL5/CCRS5 signaling in NKT cell hepatitis
due to CCR5 is also shared by MIP-18, MIP-1a, and
RANTES. Another evidence is that CCR2 inhibitor or
CCRS5 inhibitor can not only reduce macrophage
accumulation in the liver after a-Galcer injection but
also limit neutrophil infiltration. Neutrophils are able to
migrate to the liver through CCR2 and CCRS in
diclofenac-induced mouse liver injury.**l Grommes
et all*®l revealed that CCR2 could mediate neutrophil
recruitment to inflamed lungs.!%! Taken together, these
chemokines-driven macrophage/neutrophil infiltration is
required for NKT cell-mediated hepatitis.

ROS was also referred to as the “respiratory burst” or
“oxidative burst,” which was regarded as the most
important ability for neutrophils to resistance to bacterial
infection and virus invasionl®®); however, the excessive
production of ROS from neutrophils, which is released
in the external surroundings, can lead to tissue damage.
Our results demonstrated that neutrophils activate
NOX2 through the upregulation of p47phox mRNA to
release excessive ROS, leading to liver injury. miR-223
is well known to play a key role in limiting neutrophil
activation and chemotaxis.B7! Li et all® found that
chronic-plus-binge ethanol feeding can exacerbate liver
injury in mice by enhancing the IL-6—p47phox—oxidative
stress pathway in neutrophils, but this process can be
inhibited by miR-223. Ren et al showed that neutrophil-
specific miR-223 downregulates the production of ROS
in alcohol-associated liver disease and is influenced by
upstream SIRT1 during aging.®® For NKT cell-
mediated hepatitis, the absence of miR-223 aggravates
the production of ROS and liver injury. Those studies
strongly declare the critical role of miR-223 to amelio-
rate ROS-induced liver injury.

MiR-223 is considered a myeloid cell-specific
miRNAB and is highly expressed in neutrophils and
monocytes.*041 Accumulating studies have shown that
miR-223 can limit the excessive activation of neutrophils,
and miR-223—deficient neutrophils are more susceptible
to inflammatory responses.’®42 For example, miR-223
derived from the myeloid cells regulated intestinal
inflammation by inhibiting NLRP3 inflammasome.3! In
addition, NCF1 expressed by myeloid cells is involved in
the progression of different diseases.*445 NCF1 plays a
key role in controlling ROS production in neutrophils, and
its upregulation is closely related to liver inflammation. 46!
Macrophages could inhibit T-cell responses and the
development of arthritis through NCF1-mediated ROS
production.*”] These studies strongly emphasize the
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FIGURE 7 The absence of miR-223 causes a worse liver injury after a-Galcer injection. WT and miR-223 knockout (miR-223~Y) mice were
treated with a-Galcer for 16 hours. Serum and liver tissue samples were collected. (A) The hepatic levels of miR-223 were analyzed by RT-qPCR.
(B) The levels of ALT and AST in serum were measured. (C) Neutrophil and other inflammatory cell infiltration in the liver were analyzed by H&E
staining and Ly6G staining. The quantitation of Ly6G™ cells per field was determined. (D) The levels of MDA and 4-HNE were determined by
immunohistochemical staining. Representative images are shown. The quantitation of MDA* and 4-HNE™ area per field was determined. Values
represent means +SD. *p <0.05, **p<0.01, ***p <0.001. Abbreviations: 4-HNE, 4-hydroxynonenal; H&E, hematoxylin-eosin; MDA, malondial-
dehyde; RT-gPCR, reverse transcription-quantitative polymerase chain reaction; WT, wild-type.

important roles of miR-223 and NCF1 in myeloid cells. It The release of proinflammation cytokines from
is reasonable that the phenotypes observed in miR-223 macrophages and the recruitment of inflammation cells
and NCF1-deficient mice after a-Galcer injection may be by macrophages are regarded as the main reasons
due to the effect of miR-223 and NCF1 on myeloid cells. leading to liver injury. KCs recruit neutrophils and
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FIGURE 8 A model depicting the critical roles of myeloid cells and KCs in a-Galcer—induced NKT cell hepatitis. NKT cell activation after a-
Galcer injection results in the elevation of several hepatic myeloid cell infiltration—related cytokines and chemokines. Neutrophil and monocyte-
derived macrophage infiltration promotes a-Galcer—induced liver injury by the release of ROS and proinflammatory mediators. Inhibition of
neutrophil or macrophage migration ameliorates liver injury and inflammation. Interestingly, neutrophils promote ROS production and exacerbate
liver damage by upregulating the expression of Ncf1. Meanwhile, anti-inflammatory and oxidative stress miR-223 protects against a-Galcer—
mediated liver injury by limiting ROS production and inflammation. Abbreviations: a-Galcer, a-Galactosylceramide; NKT, natural killer T; ROS,

reactive oxygen species.

inflammatory monocytes to infilirate the liver by secret-
ing IL-1 «, exacerbating APAP-induced liver injury.[48]
Monocyte-derived macrophages are a major type of
inflammatory cells, and inhibiting the infiltration of
monocytes can significantly improve steatohepatitis
and liver fibrosis.9 A new study suggests that CXCL2*
macrophages can secrete TNF-a and IL-1p to stimulate
the formation of neutrophil extracellular traps, thereby
exacerbating liver damage.5% Our results indicate that
using CCR2 and CCRS5 inhibitors to block the CCL2-
CCR2 axis and CCL5-CCR5 axis can significantly
reduce the infiltration of monocytes in the liver and
improve a-Galcer—induced liver injury.

In summary, our data reveal that neutrophils and
macrophages are accumulated in o-Galcer—induced
liver injury. Neutrophils release excessive ROS by
upregulating the expression of Ncf1 to induce liver
injury, and the absence of miR-223 would exacerbate
the damage caused by ROS. These findings reveal a
novel mechanism for NKT cell-mediated hepatitis and
have implications for the application of NKT cell
therapy.
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