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1 | INTRODUCTION

Acute liver failure (ALF) is a life-threatening condition
characterized by severe damage and dysfunction of liver
cells, often leading to multiple organ failure or even
death.! Acetaminophen (APAP), also known as parac-
etamol or N-acetyl-p-aminophenol, is among the most
widely used drugs globally.? At therapeutic doses, it is an
effective analgesic and antipyretic medication generally
well-tolerated by both children and adults. The leading
cause of ALF worldwide is hepatotoxicity, with APAP
overdose serving as a prime example.’ Despite the clini-
cal significance of APAP-induced hepatotoxicity, only one
antidote, N-acetylcysteine, has gained approval for clinical
use.* Consequently, the need for a specific and effective
therapy to reverse or alleviate APAP-related acute liver in-
jury (ALI) remains unmet. The difference between female
and male mice in AILI has been well confirmed.® The liver
necrosis in female mice is usually less than in male mice,
regardless of their genetic background. Therefore, most
studies only use female or male mice to obtain compara-
ble results. In our study, male mice were only used.

The liver injury induced by excessive APAP in human
ALF follows a specific pattern, and the biochemical signs
of liver injury become evident within 24-48h.” APAP
stimulates the body to produce various proinflammatory
mediators, including chemokines, cytokines, and reactive
oxygen species or nitrogen species, which induce necrotic
changes in liver cells.*” The direct toxicity of APAP can
trigger inflammatory and coagulation cascade, leading
to the progression and deterioration of acetaminophen-
induced liver injury (AILI)."® Although usually not cause
obvious bleeding symptoms, significant changes in the
hemostatic system, such as decreased platelet count, are
observed in mice with APAP-induced liver failure.'"'
Severe thrombocytopenia is correlated with poor prog-
nosis during the onset of ALL' Reports indicate that
APAP-induced thrombocytopenia is linked to platelet
accumulation in the liver in mice, and the absence of
platelet aggregates dramatically accelerates the repair of
the injured liver."! These findings suggest that platelet

by C3/C3aR occurs irrespective of the major hemostatic pathways, blocking the
C3/C3aR pathway in ALF could be a coagulopathy-sparing and novel therapeutic
approach. In summary, this study unveiled the critical roles of the C3/C3aR path-
way in developing AILI, providing evidence that the C3/C3aR pathway could be
an effective therapeutic target for AILI.

C3/C3aR pathway, CLEC-2, Kupffer cell, liver injury, PDPN

recruitment with the liver is an important mechanism
contributing to AILI. However, limited knowledge exists
regarding the potential platelet aggregation mechanism in
AILI. Furthermore, it remains uncertain whether attenu-
ating platelet aggregation could mitigate AILI.

The complement system plays a vital role in liver ho-
meostasis and immune response, participating in the
pathogenesis of multiple diseases.'* All three pathways,
namely the classical pathway, the alternative pathway,
and the lectin pathway, ultimately lead to the activation
of the central component Complement 3 (C3). The liver is
the primary site for complement synthesis.'* In mice, C3
deficiency protects against liver ischemia-reperfusion in-
jury.'® The complement system enhances the tolerance of
fatty liver to ischemia-reperfusion injury.'® During ALI,
the complement system activation is triggered by patho-
gens,'” and the controlled activation of complements is
beneficial for clearing pathogens.'® However, excessive
complement system activation can lead to organ dam-
age.19 Therefore, inhibition of complement activation
might help protect liver function in AILI.

Nevertheless, it remains to be seen how complement
activation is autonomously controlled within AILIL
Our prior research has demonstrated the key role of
the complement in promoting platelet accumulation in
sepsis-induced liver injury.?® Determination of Thrombin-
antithrombin complex (TAT) plasma levels in wild-type
and C3~/~ mice by ELISA.?' Considering the pivotal role
of intrahepatic coagulation in AILI's pathogenesis, we
wanted to investigate whether the complement system
contributes to the accumulation of platelets in the liver
during the AILI process.

This study aimed to investigate the role of C3 in AILI,
and we demonstrated elevated C3 levels in mice chal-
lenged with APAP overdose. Our data revealed a central
role of the C3/Complement 3a receptor (C3aR) path-
way in the hepatic platelet recruitment via podoplanin
(PDPN)/C-type lectin-like receptor 2 (CLEC-2) during
AILIL Therefore, we hypothesize that targeted regulation
of the C3/C3aR pathway is a promising early interven-
tional strategy for ALF.
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2 | MATERIALS AND METHODS

2.1 | Reagents

APAP (M3301) was purchased from AbMole (Houston,
USA). Mouse C3 protein (AP76294) was purchased from
SAB (MD, USA). ELISA kits for IL-1p (EK0502), TNF-«
(EK1352), and IL-6 (EK1222) were purchased from SAB
(MD, USA). Rabbit monoclonal P-selectin antibody
(60322), rabbit polyclonal anti-STAT3 antibody (21045),
anti-p-STAT3 antibody (11045), c-Fos antibody (40731),
and p-c-Fos antibody (12257) were purchased from
SAB. Rabbit monoclonal anti-C3 antibody (ab97462),
rat monoclonal anti-F4/80 antibody (ab6640), rabbit

polyclonal anti-TNF-a antibody (ab6671), rabbit
polyclonal anti-IL-18 antibody (ab179570), rabbit
polyclonal anti-C5b-9 antibody (ab55811), Syrian

hamster monoclonal anti-PDPN antibody (ab92319),
rabbit monoclonal anti-CD41 antibody (ab134131),
rabbit monoclonal Fibronectin antibody (ab268020),
rabbit monoclonal anti-C3aR antibody (ab288413),
chicken polyclonal anti-albumin antibody (ab106582),
rabbit polyclonal anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody (AB0037), Alexa
Fluor 405-conjugated goat anti-chicken IgG antibody
(ab175674), Alexa Fluor 594-conjugated goat anti-rat
IgG (ab150160), and Alexa Fluor 647-conjugated donkey
anti-rabbit IgG antibody (ab150075) were purchased
from Abcam. Goat anti-rabbit IgG secondary antibody
HRP conjugated (#L35017) was purchased from SAB
(MD, USA). LDH assay kit (ab102526) was purchased
from Abcam. ApopTag fluorescein in situ apoptosis
detection kit (S7110) was purchased from Millipore
(Boston, USA). Thrombin was purchased from Chrono-
Log (Havertown, USA).

2.2 | Animal experiments

C37/~ mice (Stock No: 029661) were purchased from
The Jackson Laboratory, while C3aR™'™ mice (KOCMP-
12267-C3ar1-B6J-VA) were purchased from the Cyagen
Co. Pf4-Cre mice, LysM-Cre mice and C57BL/6J (B6,
CD45.2)were also obtained from The Jackson Laboratory.
Platelet CLEC-2-deficient mice (Plt Clec2™/") were gen-
erated by crossing Clec-2"" mice with Pf4-Cre mice.
Myeloid cell PDPN-deficient mice (LysM Pdpn~'~) were
generated by crossing Pdpnﬂ/ T mice with LysM-Cre
mice.?’ For APAP treatment, mice and their littermates
were controlled at 8 weeks old and intraperitoneally in-
jected with 350 mg/kg of the reagent.”” Male mice were
predominantly used in ALI studies as reported in the lit-
erature.”® Therefore, male mice were employed for most
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of the experiments in this study. In some experiments,
mice treated with APAP were immediately intraperi-
toneally injected with physiological saline (100mL) or
recombinant mouse C3 protein (500 ng/ mouse). At the
time points indicated in the legend, livers were collected,
and frozen sections were used for immunofluorescence
(IF) staining to detect MFs and platelets using anti-F4/80
and anti-CD41 antibodies, respectively. Liver paraffin
sections were made, and serum was collected for H&E
staining and biomarker assays to detect liver injury. All
animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Soochow
University (IRB202003006RI, March 20, 2020) and were
performed in accordance with the guidelines of Soochow
University for animal experiments.

2.3 | Complement hemolytic test

The complement hemolytic activity of mouse sera
was measured using standard methods and reported
based on its ability to dissolve chicken erythrocytes
pre-sensitized with erythrocyte-specific antibodies.*
The detailed steps are as follows: (1) Dilute normal
B10D2nSn Slc mouse serum to a 1:10 ratio in gelatin-
buffered physiological saline (GVBS) (B100, CompTech,
Tyler, TX) as a 100% dissolution control. (2) Dilute the
experimental samples to a 1:10 ratio in GVBS and mixed
them with human C5-deficient serum and GVBS. Repeat
each sample three times; (3) Add two pL of 500 mmol/L
EDTA to the third well as a “hemolysis free” color con-
trol standard; (4) Pre-sensitize chicken red blood cells
with anti-chicken red blood cell polyclonal antibodies
at 4°C for 15min; (5) Add the pre-sensitized chicken red
blood cells to the plate and incubate at 37°C for 30 min;
(6) After centrifugation, transfer the supernatant to a
microplate titration plate; (7) Use a microplate reader
to measure the absorbance at OD415; (8) Calculate the
degree of hemolysis using the following formula:% he-
molysis=100x (OD sample-OD sample chromaticity
control)/(OD 100% dissolution control - OD 100% disso-
lution chromaticity control).

2.4 | Reverse transcription-quantitative
real-time PCR (RT-qPCR)

Total RNA was isolated from mouse livers using TRIzol,
and the RNA (2 pg) was used for reverse transcription.
The RT-qPCR was performed using SYBR Green Master
Mix in 20 pL reaction volumes. The samples were ana-
lyzed in duplicates, with GAPDH as the internal control.
The RT-qPCR primer sequences are listed in Table S1.
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| Immunofluorescence analysis

Mouse livers were collected and fixed with 4% formalin.
After overnight dehydration with 20% sucrose at 4°C, the
livers were embedded in an OCT complex (Tissue Tek,
Sakura Finetek). Frozen sections of 15pm thickness were
prepared and stained with antibodies against albumin, MFs
(F4/80), C5b-9, TNF-a, IL-1p, C3, CD41, Fibrin, P-selectin,
STAT3, c-Fos or PDPN. The samples were imaged using a
confocal microscope (TCSSP8, Leica). The percentage area
of P-selectin and Fibrin expression was measured in mouse
liver sections using image J version 1.8.

2.6 | Blood tests

Blood was collected via cardiac puncture without
anticoagulant, and serum was separated by centrifugation
at 2000g. Serum AST, bilirubin, ALT, and LDH levels
were measured using an automatic chemistry analyzer
(Roche Cobas 8000) following standard protocols.

2.7 | Histopathology examination

We fixed, processed, and embedded mouse liver tissue sam-
plesin paraffin. After removing the paraffin, we sliced the tis-
sue into sections (5pm) and stained them with Hematoxylin
and eosin (H&E) staining agent (Beyotime product). Next,
the sections were labeled with PCNA using immunolabeling.
Slice images were captured using a Leica DM2000 micro-
scope. To analyze the liver tissue pathology through optical
microscopy, at least two slices were taken from the left lateral
lobe of each animal, and the complete slices were qualita-
tively and quantitatively evaluated to calculate the necrotic
area. Quantitative evaluation of the necrotic regions in H&E-
stained sections was performed using ImageJ software.

2.8 | Measurement of plasma
cytokine levels

Blood was collected from the orbital vein plexus of mice
24h after APAP administration. The plasma levels of IL-
6, TNF-a, and IL-18 were measured using specific ELISA
kits according to the manufacturer's instructions.

2.9 | Measurement of thrombin-
antithrombin (TAT) complexes in plasma

Peroxidase activity was assessed using the TMB sub-
strate kit (421101, Biogen) following the manufacturer's

instructions. TAT levels in plasma were determined using
commercially available enzyme-linked immunosorbent
assay (ELISA) kits.

210 | Count platelet using flow
cytometry

Peripheral blood was collected and treated with PE
anti-mouse CD41 antibody. Bead microspheres 3.00 pM
(Polysciences) were used as an internal standard for flow
cytometry counting.

2.11 | Depletion of platelets

Mice were injected intravenously with a commercially
available anti- GPIba antibody (2pg/g body weight) for
platelet depletion.

212 | Polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting

Freshly isolated platelets were washed with PBS and re-
suspended in alysisbuffer containing protease inhibitors
(100ng/mL, Cell Signaling Technology, Massachusetts,
USA). Centrifuge the lysate at 14000 rpm for 20 min at
4°C and collect the supernatant. After SDS-PAGE, the
separated protein was transferred onto a polyvinylidene
fluoride (PVDF) membrane and coated with 3% BSA in
tris-buffered saline (TBS) at room temperature for 1h.
Incubate the membrane overnight with specific pri-
mary antibodies C3 (1:1000), C3aR (1:1000), STAT3
(1:1000), p-STAT3 (Ser232, 1:500), c-Fos (1:1000), and
p-c-Fos (Ser 473, 1:500) under 4°C conditions. Incubate
the membrane at room temperature in a dark environ-
ment for 1h using goat anti-mouse or goat anti-rabbit
antibodies (Licor Odyssey, USA). The membrane was
cleaned with TBST (TBS+0.5% [v/v] Tween-20), and
the mixture of an equal volume of solution A with so-
lution B was used to form a chemiluminescent devel-
oper, dropped onto the nitrocellulose membrane, and
incubated in the dark for 1min. The photos were de-
veloped and obtained using the Tanon 4600SF imaging
system. The signal strength was quantified using Image
J software.

2.13 | Clearance of macrophage

Following our published methods, mice were intrave-
nously injected with 200pL of clodronate liposomes
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per 20-25g body weight.>> Control mice were injected
with the liposome control. Depletion efficiency was con-
firmed by flow cytometry analysis of peripheral mono-
cytes and staining for macrophage using F4/80 antibody
and anti-rat Alexa Fluor 488 in liver sections of treated
mice.

2.14 | Separation of liver macrophage

The mice were euthanized and perfused through the
heart with 10mL of an infusion solution containing
20mM Hepes. Immediately afterward, approximately
1.5g of the mouse liver was finely chopped and
incubated in 10mL of an infusion solution containing
30mM Hepes, 1pg/mL Librase TM, and 5mM CacCl,
in Hank's Balanced Salt Solution (HBSS) solution at
37°C for 30min. The digestion was stopped by adding
10mL of HBSS solution containing 2% BSA and 5mM
Ethylenediamine tetraacetic acid (EDTA), and the
mixture was passed through a 100pm mesh filter.
Further, isolate nonparenchymal cells by centrifuging at
50 g for 5min at room temperature. Then, the cells were
seeded onto a 0.2% gelatin-coated cover glass in RPMI
1640 in a 24-well plate, supplemented with 10% fetal
bovine serum and 100U/mL penicillin/streptomycin,
and incubated for 2h in a 5% CO, atmosphere at 37°C.
Non-adherent cells were removed by gently washing
them with HBSS, and adherent cells were digested to
extract proteins.

215 | Luciferase reporter assay

The PDPN gene sequence was cloned into the luciferase
reporter vector's Xhol I and Sac I sites (Luc). HEK293T cells
were seeded into 24-well dishes and cultured in 10% FBS-
supplemented DMEM under 5% CO, till 70% confluent.
The cells were transiently transfected with 1 mg PDPN
pro-Luc or empty-Luc plasmid and 0.4mg STAT3-pGL4
and c-Fos-pGL4 plasmids using Lipofectamine 3000. The
cells were harvested 24 h later, and dual luciferase activity
was monitored using a specific kit per the manufacturer's
instructions.

216 | RNA sequencing

Three male WT mice and three male C3~/~ mice were
injected with APAP. Twenty-four hours later, liver
samples were collected, frozen in liquid nitrogen, and
stored at —80°C before testing. Total RNA was extracted
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from tissues using the magnetic bead method, and its
quality was analyzed with Agilent 2100 Bioanalyzer
electrophoresis. The total RNA was purified using
the RNALean assay kit and RNase Free DNase. Next,
oligomeric dT beads were used to enrich eukaryotic
mRNA, while Ribo ZeroTM magnetic reagent kit was used
to remove ribosomal RNA (rRNA) and enrich prokaryotic
mRNA. The enriched mRNA was fragmented using
fragmented buffer, diluted to a 100ng/mL concentration,
and then reverse transcribed into cDNA using random
primers. Double-stranded cDNA was synthesized using
dNTP, DNAse I, RNase H, and buffer and then purified
using the QiaQuick PCR extraction kit. After the end
repair and addition of a poly (A) tail, the fragments were
connected to the Illumina sequencing connector and
selected by agarose gel electrophoresis. The sequences
were amplified by PCR and sequenced by Gene Denovo
Biotechnology using the Illumina HiSeq2500 platform.
The resulting reads were then cleaned, filtered, and
compared against rRNA. Genes/transcripts with FDR
parameters below 0.05 and absolute multiple variation
R2 were considered differentially expressed genes
(DEGS). Primary data analysis included gene annotation,
gene expression calibration, and expression correlation
analysis. Gene-level differential expression analysis was
performed using the Bioconductor R package DESeq2
(v1.22.2), and differential gene heatmaps were generated
using the CRAN R package heatmap (v1.0.12). Gene
differential expression analysis and Gene Ontology (GO)
enrichment analysis were performed on the DEGs. Gene
functional enrichment analysis was also conducted using
the Gene Set Enrichment Analysis (GSEA) software to
generate a GSEA map.

2.17 | Transcript profiling

The RNA-seq data from this study have been deposited
in the Genome Sequence Archive in BIG Data Center
(https://bigd.big.ac.cn), Beijing Institute of Genomics
(BIG), Chinese Academy of Sciences under the accession
number: CRA016876 (https://bigd.big.ac.cn/gsa/browse/
CRA016876).

2.18 | Statistical analysis

All tests were carried out using GraphPad Prism V8 soft-
ware. Data were presented as mean +standard devia-
tion (SD). All data were tested for normality and equal
variance. Statistical analyses were conducted using the
Mann-Whitney U test for unpaired data or the Wilcoxon
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rank test for paired data. Student's t-test or Wilcoxon
rank test for paired data, Holm-Sidak test for paired
multiple comparison tests, 1-way of variance (ANOVA)
for various groups with appropriate post hoc Bonferroni
were used. A p value of less than .05 was considered sta-
tistically significant.

3 | RESULTS
3.1 | Activation of the C3/C3aR pathway

in AILI mice

Complement activation is a biological process involv-
ing the complement system that helps enhance the im-
mune system's ability to eliminate pathogens. C3 is the
point of convergence of activation pathways, fueling the
downstream complement responses.*® Increased serum
complement has been observed among liver diseases,
which may be related to inflammation and immune
regulatory disorders.”''® Modulations of the C3/C3 re-
ceptor pathway within ALI have not been reported. We
first assessed APAP-induced complement activation by
measuring the hemolytic activity of serum from APAP-
challenged mice. Wild-type (WT) male mice (litter-
mate control mice, 8 weeks old) were intraperitoneally
injected with 350 mg/kg of APAP. Twenty-four hours
after the injection, serum complement activity in-
creased to 185% (Figure S1A). Since C3aR is one of the
activation products of C3 and the primary receptor for
C3a, we investigated whether the C3/C3aR pathway
participated in liver injury after APAP injection. We
observed increased levels of C3 and C3aR mRNA in
the livers of these mice compared with those of control
mice (Figure S1B,C).

The mRNA levels of the main complement compo-
nents Clqa, C1lgb, and C4b also increased (Figure S1D-F).
These observations suggest that the complement system
may play an important role in APAP-induced ALI. These
results indicated that the C3/C3aR signaling pathway was
activated during the AILIL.

3.2 | C3deletion alleviates AILI

To investigate the roles of C3 on ALI, we treated both
WT and C37/~ mice with a single dose of APAP at
350 mg/kg and assessed liver damage at various times
after the treatment. Further, hepatic GSH levels, which
detoxifies NAPQI via conjugation, were similar in the
liver sections of both WT and C3~/~ mice (Figure 1A),
suggesting that there was an equal APAP metabolism

in WT and C3~/~ mice. At as early as 4 h, serum mark-
ers of liver function alanine transferase (ALT) and as-
partate aminotransferase (AST) increased in both WT
and C37'~ mice. At 12h, bilirubin also significantly in-
creased, suggesting that both types of mice displayed
considerable liver damage shortly after APAP treat-
ment (Figure 1B-D). All markers reached the highest
level at 24 h, and their levels in the serum of C37~ mice
were significantly lower than those of WT mice, indi-
cating that C3 deletion alleviated AILI (Figure 1B-D).
We further examined the liver histology and found that
loss of C3 did not alter the liver histology in healthy
mice (Figure 1E-G). Consistent with the serum tests,
C37/~ mice showed minimal bleeding or congestion
at 24h when compared with WT mice (Figure 1E-G).
Interestingly, introducing recombinant mouse C3 pro-
tein (rmC3) into €37/~ mice reversed the protective ef-
fects of C3 deletion (Figure 1E-G and Figure S2A,B).
We found that the C3 protein did not affect the organs
of the mice nor did it cause any inflammatory response
(Figure S3). These findings suggest that complement
activation is associated with the development of APAP-
induced ALI. Hence, inhibiting the activation of the
complement system is considered a potential strategy
for AILI treatment.

3.3 | C3functions through its receptor
C3aR on the Kupffer cell in AILI

The complement component C3 must be cleaved
into two products, C3a and C3b, to exert its biological
functions.”” We hypothesized that the upregulation of C3
would activate liver MFs and their chemotaxis towards
liver tissue by binding to C3aR on MFs. Indeed, C3aR
expression increased in WT mouse livers upon APAP
injection, which was not observed in C3~/~ mice nor
PBS-treated WT mice (Figure 2A,B). To investigate
the properties of MFs expressing C3aR, we conducted
phenotype analysis on MFs in the livers of mice with
acute injuries.”® Our research results indicate that
most of these MFs comprise Kupffer cells so that future
research will focus on liver Kupffer cells (Figure 2C). To
explore the effect of C3aR on controlling the function
of C3, some C3aR™'~ mice were simultaneously treated
with rmC3 during the APAP challenge. Further, hepatic
GSH levels, which detoxifies NAPQI via conjugation,
were similar in the liver sections of both WT and C3aR™/~
mice (Figure 2D). In contrast to WT mice, C3aR™'~ mice
exhibited lower serum ALT levels and reduced liver
injury at 24h following APAP injection, and rmC3
did not show any effect on AILI among C3aR™'~ mice
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FIGURE 1 C3deficiency alleviates AILIL (A) Hepatic GSH levels in WT and €37~ mice at Oh time point. (B-D) Wild-type (WT) and
€37/~ mice (male, eight weeks old, n=4-8/group) received a single dose of APAP at 350 mg/kg. Mouse serum was collected at various
times after APAP injection and tested for four markers: Alanine transferase (ALT), aspartate aminotransferase (AST), and bilirubin. (E-H)
Male WT and C37/~ mice were subjected to APAP treatment as described above. Additionally, €37/~ mice were separated into two groups
(n=5-6/group) and treated with either PBS or recombinant mouse C3 (i.p., 500ng/ mouse) immediately after APAP injection. Twenty-four
hours after the injection, mouse livers were harvested and subjected to examinations. (E) Representative illustrative images of H&E-stained
liver sections. The outlined are necrotic areas. Scale bar, 20 pm. (F) Quantification of areas of hepatocellular necrosis. (G) Quantification of
hepatic congestion and hemorrhage areas were determined 24 h after the APAP challenge. Data were mean +SD of at least 3 independent
experiments and were analyzed using 1-way ANOVA followed by Tukey's test for multiple groups and were representative of 3 independent
experiments. Statistical significance was represented by asterisks, *p <.05. **p <.01. ***p <.001.

(Figure 2E). C3aR™'~ mice showed minimal bleeding or
congestion at 24 h compared to WT mice (Figure 2F-H).
As expected, C3aR deficiency also notably inhibited C3
activation and the deposition of MAC in the liver, and
rmC3 similarly did not affect MAC deposition in the
liver (Figure 2I). These results demonstrated the critical
role of C3aR in mediating C3-induced liver injury in the
context of APAP-induced hepatotoxicity.

3.4 | The C3/C3aR pathway contributes
to AILI by promoting Kupffer
cell-dependent platelet recruitment

to the liver

Thrombocytopenia often occurs in patients with ex-
cessive APAP."* It may be related to platelets recruit-
ment into the liver. Compared with €37/~ mice, APAP
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FIGURE 2 C3 contributes to AILI through its receptor C3aR on Kupffer cells. (A and B) WT and €37/~ mice (n=6/ group) received
either PBS or 350 mg/kg of APAP, and their livers were collected for immunofluorescence analysis (A) and western blotting (B) at 24 h after
the injection. The images showed C3aR (red) and F4/80 (green) double-positive cells in the livers and C3 and C3aR protein levels in the liver
lysates. Scale bars=10pm. (C) In another group, livers were extracted, digested, and C3aR-expressing infiltrating macrophages (defined by
the gating strategy CLEC4F~F4/80™) and resident Kupffer cells (defined by the gating strategy CLEC4FF4/80™) were isolated, quantified by
flow cytometry and expressed as the number of cells per gram of liver tissue. n=6. (D) Hepatic GSH levels in WT and C3aR™'~ mice at Oh
time point. (E-H) Male WT and C3aR™~ mice (n=5/ group) were treated with either APAP or PBS. A group of C3aR™~ mice were treated
with both APAP and recombinant mouse C3 (rmC3). Twenty-four hours after the treatment, blood and livers were collected for analysis.

(E) Serum levels of ALT. (F) Representative images of H&E-stained livers demonstrating the necrotic areas (outlined). Scale bar, 20 pm.
(G) Quantification of areas of hepatocellular necrosis. (H) Quantification of hepatic congestion and hemorrhage areas were determined
24h after APAP challenge. (I) Representative immunofluorescent images showing MAC complex in the livers. Scale bars =50 pm. Data
represents mean + SD from at least 3 independent experiments and were analyzed using one-way ANOVA followed by Tukey's test for
multiple groups and is representative of 3 independent experiments. Statistical significance is denoted by asterisks as follows: *p <.05.

stimulation induces more severe thrombocytopenia in
WT mice (Figure 3A). At 24h after APAP treatment,
compared with €37/~ mice, there was apparent plate-
let aggregation in the WT liver, and approximately 90%
of these platelet aggregates were found on the surface
of Kupffer cells (Figure 3B). According to the reports,
depleting platelets before APAP injection can pre-
vent liver damage in mice. Therefore, we treated WT
mice with anti-CD41 antibody before APAP injection
and confirmed that the pretreatment reduced platelet
concentration in circulation by over 75% compared to
control IgG-pretreated mice (Figure 3C). Our results
suggest that platelet depletion could mitigate AILI
(Figure 3D) without affecting the expression of liver C3
(Figure 3E), implying that C3/C3aR regulates platelet-
mediated AILI. To investigate the role of C3aR in me-
diating C3 function, C3aR™'~ mice were treated with
rmC3 simultaneously with APAP. Results showed that
rmC3 caused no difference in platelet recruitment in
C3aR™'~ mice (Figure 3F). This contrasts the results
showing restored platelet accumulation and increased
AILI in C37/~ mice treated with rmC3. These results in-
dicated that C3aR played a critical role in C3-mediated
liver platelet accumulation and AILI.

To further understand the role of Kupffer cells in
APAP-induced complement-regulated platelet recruit-
ment to the liver and the effects on AILI, we depleted
Kupffer cells before APAP injection and then ac-
cessed liver injury. We improved a reported clodronate
(CLDN) treatment-based method' for MF removal, and
Figure 4A confirmed that at 20 h after CLDN treatment,
MFs (both resident Kupffer cells and infiltrating MFs)
in mouse livers were completely depleted. Consistent
with the reports in the literature, after treatment with
CLDN, the expression of C3aR is significantly reduced
in liver (Figure S4).*° C3aR mRNA is very highly ex-
pressed in Kupffer cells while present in low levels
in hepatocytes and total liver. This lack of MFs sig-
nificantly reduced C3-mediated AILI (Figure 4B,C)

and platelet accumulation in the livers (Figure 4D).
Consistent with this, platelet P-selectin staining was
reduced in C3-deficient mice (Figure S5A,B). These re-
sults indicate that hepatic Kupffer cells played a pivotal
role in recruiting platelets into the liver through C3,
thus promoting AILIL.

3.5 | Kupffer cells promote platelet
recruitment through CLEC-2/PDPN
interaction

Monocyte PDPN plays an important role in complement
activation, which is triggered by liver dysfunction dur-
ing inflammation.”® To further investigate the role of the
C3/C3aR signaling pathway in Kupffer cell-mediated
platelet recruitment to the liver, we measured the ex-
pression of PDPN in Kupffer cells, which is crucial for
platelet recruitment. In uninjured mice, PDPN was ex-
pressed in the liver at a minimal level.*! However, APAP
increased hepatic PDPN expression in mice, and the in-
crease was C3 and C3aR dependent (Figure 5A,B). We
found that the C3 protein alone did not affect the expres-
sion of PNPN in C3~/~ mice or C3aR™/~ mice, but after
injection APAP, C3 protein induced the expression of
PDPN in liver (Figure S6A,B). To study the role of PDPN
in AILI, we generated myeloid cell PDPN-deficient mice
(LysM Pdpn_/ 7). Deletion of PDPN in Kupffer cells sig-
nificantly reduced serum ALT activity and liver damage
compared to WT control mice 24 h after APAP treatment
(Figure 5C,D), when APAP-induced liver damage was at
the peak. Additionally, compared with WT mice, fewer
platelets were sequestered to Kupffer cells in the hepatic
tissues of LysM Pdpn~'~ mice (Figure SE).

PDPN is exclusively recognized by CLEC-2, the sole
identified platelet receptor with binding capabilities
to PDPN.>* To investigate the effect of PDPN on plate-
let adhesion to liver Kupffer cells, we generated mice
with specific deletion of platelet CLEC-2, Plt Clec-27'~.
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FIGURE 3 (3/C3aR Regulates AILI by promoting platelet recruitment to the liver. (A) Male WT and C3~/~ mice were injected
intraperitoneally with 350 mg/kg APAP. Peripheral blood was collected before and at various time points after infection, treated with PE
anti-mouse CD41 antibody, and platelet count was measured with Hemavet®. (B) Representative confocal images of frozen liver sections of
liver from WT and C3~/~ mice. The livers were collected 24 h post-APAP injection, and the sections were labeled with anti-CD41 (green) and
anti-F4/80 (red) antibodies. Scale bar, 50 pm. (C-E) Male WT mice were administered with control IgG (Ctrl IgG) or an anti-CD41 antibody
(CD41 Ab) 4h before APAP or PBS administration for platelet depletion. (C) Peripheral blood was collected 8 h after APAP infection, and
platelet count was measured with Hemavet®. (D) Livers were collected for histology examination 24 h after APAP treatment. Necrototic areas
were outlined in the representative images of H&E-stained liver sections. n=>5 mice/group. Scale bar, 20 pm. (E) Level of C3 transcripts in the
livers were accessed with RT-qPCR. The measurements were normalized with p-Actin expression. (F) WT and C3aR ™'~ mice were treated
with rmC3 simultaneously with APAP. The livers were collected 24 h after the injections, and the liver sections were labeled with anti-CD41
(red) and anti-F4/80 (green) antibodies. Representative confocal images are shown here. Scale bar, 50 pm. n= 5 mice/group. Data represents
mean +SD from at least 3 independent experiments and were analyzed using one-way ANOVA followed by Tukey's test for multiple groups
and were representative of 3 independent experiments. Statistical significance is denoted by asterisks: *p <.05, **p <.01, ***p <.001.
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bar, 20 pm. (C) Serum levels of ALT. (D) Representative confocal images of liver sections stained with anti-CD41 (green) and anti-F4/80
(red) antibodies. Scale bar, 50 pm. n=6 mice/group. Data represents mean + SD from at least 3 independent experiments and were analyzed
using 1-way ANOVA followed by Tukey's test for multiple groups and were representative of 3 independent experiments. Statistical

significance is denoted by asterisks as follows: *p <.05.

Compared with WT mice, Plt Clec-27'~ mice we had sig- CLEC-2 abolished platelet recruitment into the liver
nificantly less liver damage 24h after APAP injection,  (Figure 6C), indicating that CLEC-2 contributes to AILI
reflected by lower serum ALT levels (Figure 6A) and by mediating platelet recruitment to the liver. However,
smaller necrotic areas (Figure 6B). Deletion of platelet  deficiency of neither platelet CLEC-2 nor myeloid
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FIGURE 5 Contribution of C3/C3aR signaling to the upregulation of podoplanin expression in macrophage and to platelet adhesion. (A
and B) Representative confocal images of frozen liver sections stained with anti-PDPN (green) and anti-F4/80 (red) antibodies. Livers were
collected from WT, C37/~, and C3aR ™'~ mice at 24 h after they were treated with APAP. Scale bar, 50 pm. n=>5 mice/group. (C and D) WT and
LysM Pdpn_/ ~ mice were treated with APAP. At 24h after the treatment, blood and livers were collected for serum ALT measurement and
liver histology study, respectively. In the representative images of H&E-stained liver sections, the necrotic areas were outlined. n=6 mice/
group. Scale bar, 20 ym. (E) Representative confocal images of frozen liver sections from WT and LysM Pdpn~'~ mice stained with anti-CD41
(red) and anti-F4/80 (green) antibodies. The livers were collected at 24 h post-APAP or saline injection. n=6 mice/group. Scale bar, 50 pm. Data
represents mean +SD from at least 3 independent experiments and were analyzed using 1-way ANOVA followed by Tukey's test for multiple

groups and were representative of 3 independent experiments. Statistical significance is denoted represented by asterisks as follows: **p <.01.

cell PDPN affected the level of C3 in the mouse livers
(Figure 6D,E), suggesting that the C3/C3aR pathway
influences the liver PDPN/CLEC-2 interaction, rather
than the reverse. In summary, our data elucidated that
liver Kupffer cells recruit platelets via PDPN-CLEC-2
interaction, and PDPN expression on Kupffer cells was
modulated by C3/C3aR signaling.

3.6 | C3upregulates PDPN expression
in hepatic Kupffer cells by activating the
STAT3/c-Fos pathway in AILI

Abnormal activation of inflammation signaling path-
ways contributes to the progression of AILL.* We con-
ducted RNA sequencing to profile the transcriptomes
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of the livers from €37/~ and WT littermates collected
24h after APAP injection and compared their gene ex-
pression patterns using principal components analy-
sis. To further investigate the mechanisms underlying
C3 regulation of PDPN expression in hepatic Kupffer
cells, we screened for downregulated transcription fac-
tors in C37/~ livers that could potentially regulate PDPN
(Figure 7A). We identified E2f3, Arntl, Ahr, Runxl,
c-Fos, STAT3, and HNF1 as the potential regulators
(Figure 7B). Intercellular contact enhances the activa-
tion of the epidermal growth factor receptor (EGFR)
and the signaling activator STAT3, leading to increased
PDPN expression and the promotion of squamous cell
carcinoma motility.** Therefore, we focused on the
STAT3/c-Fos pathway. We found over 400 significantly
enriched proteins, including components of multiple
transcriptional complexes such as STAT3 and c-Fos
(Figure 7C). Motif analysis was performed on all com-
mon PDPN-binding loci and the high-confidence STAT3
and c-Fos-regulated enhancers. The study confirmed
the presence of PDPN-binding sites upstream of the
STAT3- and the c-Fos-expressing cassettes, respectively

(Figure 7D), suggesting that STAT3 and c-Fos are also
targets TF of PDPN. PDPN should be the target of these
two transcription factors. To determine whether PDPN
is a target gene of STAT3 and c-Fos, we conducted lu-
ciferase reporter gene assays, which confirmed the in-
teraction between STAT3 and the PDPN promoter and
the interaction between c-Fos and the promotor. When
the reporter gene was placed under the control of the
PDPN promoter, luciferase activity increased upon co-
transfection with either STAT3- or c-Fos-expressing vec-
tors (Figure 7E,F).

Although we found that the formation of transcription
complexes of c-Fos and STAT3 plays a crucial role in the
induction of PDPN gene expression after APAP stimula-
tion, it's still uncertain how the expression levels of c-Fos/
STATS3 are involved in inflammation-driven PDPN gene
expression. To determine whether phosphorylation of
c-Fos/STAT3 is crucial for APAP-induced PDPN expres-
sion, we examined the phosphorylation of c-Fos/STAT3
in liver MFs of WT and C3~'~ mice. The results indicate
that APAP leads to enhanced phosphorylation of c-Fos/
STAT3 in liver Kupffer cells of WT mice. However, APAP
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FIGURE 7 C3upregulates PDPN expression in hepatic MFs via activating STAT3/c-Fos in AILI. (A-D) WT and €37/~ mice (male,
n=3/group) were injected with APAP. Twenty-four hours later, mouse livers were collected and the extracted total RNAs were used for
sequencing and data analysis. (A) Transcription factors (TFs) targeting PDPN were predicted using the PROMO ALGGEN database within a
dissimilarity margin less than or equal to 5%. (B) Venn diagram depicting downregulated TFs in €37/~ livers (in comparison with WT livers)
and predicted TFs of PDPN in the livers. The number of congruently downregulated genes is indicated in the middle, and their gene symbols
are listed at the bottom. (C) Volcano plot of illustrating differentially expressed genes between APAP-treated WT and C3~/~ mice. Red,
significantly upregulated genes (log2 fold-change >1.5); blue, significantly downregulated genes (log2 fold-change <1.5). c-Fos and STAT3
are highlighted. (D) Prediction of STAT3 and c-Fos-binding elements on the promoters of PDPN through JASPAR. (E and F) HEK293T

cells were transfected with either control vector (control), STAT3-, or c-Fos-expressing vectors. The cells were also co-transfected with
luciferase-expressing vectors with or without PDPN promoter (PDPN-Luc or Luc). Luciferase activity levels were then measured. n=9. (G-J)
Immunoblots depicting levels of phosphorylated STAT3 (p-STAT3), STAT3, phosphorylated c-Fos (p-c-Fos), and c-Fos in liver macrophages
from mice 24 h after PBS or APAP injection. Data represents mean +SD from at least 3 independent experiments and were analyzed using
one-way ANOVA followed by Tukey's test for multiple groups and were representative of 3 independent experiments. Statistical significance

is denoted by asterisks as follows: **p <.01, ***p <.001.

upregulated the STAT3/c-Fos pathway in the liver Kupffer
cells, which was reversed in C3~/~ mice (Figure 7G,H).
Next, we examined the phosphorylation of c-Fos/STAT3
in liver MFs of WT and C3aR ™/~ mice. The results indicate
that APAP leads to enhanced phosphorylation of c-Fos/
STAT3 in liver Kupffer cells of WT mice. However, APAP
upregulated the STAT3/c-Fos pathway in the liver Kupffer
cells, which was reversed in C3aR™/~ mice (Figure 71,J).
We used siRNA to knock down C3aR in the RAW264.7
cell line, and treated the cells with LPS while adding C3
protein. We then assessed the phosphorylation levels of
STATS3 and c-FOS. The results showed that the lack of C3/
C3aR interaction inhibited the phosphorylation of STAT3
and c-FOS (Figure S7A-C).

Overall, our results indicated that the C3/C3aR sig-
naling pathway upregulated PDPN expression in liver
Kupffer cells through c-Fos and STAT3, which directly
bound to the promoter region of PDPN.

3.7 | C3deletion reduces the

release of inflammatory factors by Kupffer
cells, thereby alleviating liver injury and
coagulation

Pro-inflammatory cytokines play a crucial role in the
pathogenesis of AILI. Among cytokine derived from
macrophages, TNF-a and IL-1f play important roles in
the occurrence and aggravation of liver injury.*>*® To
investigate the role of C3 in inflammation, we examined
the levels of cytokines in both plasma and livers of APAP-
treated mice. Plasma levels of TNF-a, IL-6, and IL-1§
were significantly lower in C37/~ mice compared with
those of WT mice 24 h after APAP injection (Figure 8A-
C), suggesting that C3 exerts an enhancing effect on the
systemic proinflammatory response induced by APAP.
In the livers of both APAP-treated WT and C3~/~ mice,
levels of TNF-a as well as IL-1p transcripts were increased

at 4h after APAP treatment (Figure 8D,E). However, at
24h, the levels in C37/~ mice were significantly lower
than in WT mice (Figure 8D,E). Expression of TNF-a and
IL-1p proteins in the livers at 24 h post-injection exhibited
a similar pattern, where they partially co-localized
with Kupffer cells (Figure 8F,G). Hence, C3 deficiency
attenuated inflammation in the liver during AILI. Plasma
TAT levels were affected only at 6h post-APAP in c3-
mice, suggesting an early and transient contribution of
complement to the generation of thrombin after APAP
overdose (Figure 8H). These results showed that C3
deletion can reduce the inflammation in APAP-induced
liver injury.

4 | DISCUSSION

This study demonstrated the critical roles of C3/C3aR
in developing AILI. In APAP-treated mice, C3/C3aR
signaling upregulated the expression and phosphorylation
of transcription factors STATs and c-Fos in hepatic
Kupffer cells, which in turn increased PDPN expression,
promoting platelet recruitment to the Kupffer cells via the
interaction of PDPN and the CLEC-2 on platelets.

It was reported that drug-metabolizing enzymes are
different in female mice. Female mice are more sensitive
to the toxicological effects of APAP than male mice, which
may be due to the higher production rate of reactive me-
tabolites and their direct interaction with glutathione,
thereby reducing the liver content of this tripeptide.*’

Excessive APAP metabolism in the liver can lead
to spontaneous damage to liver cells, releasing danger
signals and activating innate immune responses. This
triggers aseptic inflammation, further worsening liver
damage.*®* The present study investigated the involve-
ment of the complement system in AILI and explored the
therapeutic potential of targeting the C3/C3aR pathway.
Coagulation, inflammation, and complement activation
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collectively contribute to liver injury.*’ Inhibiting com-
plement activation can reduce coagulation activation and
ameliorate systemic inflammatory responses within 24 h,
thus protecting liver function from inflammation-induced
liver injury.*' Uncontrolled complement activation can
lead to cell death and organ damage during inflamma-
tion.'” While excessive complement activation has been
shown to worsen AILL% it is currently unclear whether
activated complement products mediate platelet acti-
vation and exacerbate liver injury. One significant find-
ing of this study is that in AILI, the activation of the C3/
C3aR signaling pathway aggravates liver injury through
Kupffer cell activation and its interaction with platelets.
Our research presents convincing evidence indicating
that C3 interacts with its receptor C3aR on Kupffer cells,
promoting platelets recruitment to Kupffer cells, thereby
leading to AILI. C3 can interact with multiple receptors,
which aligns with its diverse functions in various disease
contexts. One study showed that the abnormally activated
microglia exacerbated white matter injury during chronic
hypoperfusion via the C3/C3aR pathway.** Our study elu-
cidates the pivotal role of the C3/C3aR pathway in liver
platelet recruitment and its impact on AILI. By using
C3~~ and C3aR~’~ mice in our experiments, we demon-
strated that C3aR is the mediator of C3 action in AILL. We
observed that C3 primarily binds to C3aR on Kupffer cells
rather than other C3aR-expressing liver cells, which war-
rants further investigation.

Kupffer cells are involved in the occurrence and devel-
opment of various liver diseases, including ALL** Recent
reports have also shown that dysfunction of Kupffer cells
can lead to fibrosis and cell death, and apoptosis is a com-
mon response of liver Kupffer cells to toxic damage.44 C3aR
mRNA is very highly expressed in Kupffer cells while pres-
ent in low levels in hepatocytes and total liver.** C3 primar-
ily binds to C3aR on hepatic Kupffer cells, rather than other
cells expressing C3aR in the liver, suggesting two possibili-
ties that warrant further investigation. Firstly, C3 may bind
to a specific subtype of C3aR uniquely expressed on Kupffer
cells. Secondly, the interaction between C3 and C3aR may
require a co-receptor that is expressed on Kupffer cells but
not on other C3aR-expressing cells in the liver. After CLDN
treatment, hepatic macrophages are depleted, and although
APAP upregulates the expression of C3aR on other liver
cells, the interaction between C3 and macrophage C3aR is
inhibited. This indicates that hepatic macrophages, includ-
ing Kupffer cells and infiltrating monocytes, play a crucial
role in promoting hepatic platelet accumulation, thereby
contributing to APAP-induced liver injury. Earlier research
employing CLDN to deplete Kupffer cells has suggested
that Kupffer cell depletion exerts a protective effect against
AILL"® which is consistent with our results. According to
reports, injecting CLDN about 40h before APAP treatment
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resulted in an increase in the number of MFs in the liver
during APAP treatment, leading to the conclusion in pub-
lished reports that KCs have a protective effect on AILL*
However, another scenario is that the worsening of dam-
age may be due to increased infiltrating macrophages and
platelet accumulation. To better investigate the role of
liver MFs in platelet recruitment, we established a time
period after CLDN treatment in which both KCs and in-
filtrating macrophages were absent, based on an improved
method in recent research.' Our data indicates that when
the Kupffer cell and infiltrating macrophages population
are absent in the liver, there is no apparent APAP-induced
platelet recruitment to the liver, and the mice exhibit less
severe liver injury than those without Kupffer cell deple-
tion. In summary, these results indicate that liver Kupffer
cells exert an important effect on the promotion of hepatic
platelet accumulation, thereby contributing to AILI.

Our study focused on the interaction between platelet
CLEC-2 and PDPN on Kupffer cells and its impact on C3
signaling pathways during liver injury caused by APAP.
C5b9 is known for its ability to disrupt cell membranes,
leading to cell lysis and death, which can exacerbate liver
injury. We found that C3aR deficiency notably inhibited
C3 activation and the deposition of C5b9 in the liver, and
rmC3 similarly did not affect C5b9 deposition in the liver.
Complement activation ultimately functions through the
formation of the C5b9 complex, with C3 as an interme-
diate step. All three pathways of complement activation
ultimately activate C3, which then transmits signals down-
stream, making C3 upstream of C5b9. This study involves
blocking the C5b9 signal upstream in the signaling path-
way. Additionally, the C3/C3aR signaling pathway also reg-
ulates the interaction between liver macrophage PDPN and
platelet CLEC-2. Inflammation, coagulation, and comple-
ment cross-interact with each other and contribute to liver
injury differentially at the different stages of ALL Inhibition
of complement activation reduces coagulation activation
and ameliorates systemic inflammatory responses within
24h in a primate model of ALI, which protects liver func-
tion as a consequence.*’ Uncontrolled complement acti-
vation causes cell death and organ damage in ALL" Our
results not only are consistent with a primate study that
shows inhibition of complement C3 and C5 protects liver
function'* but also provide mechanistic insights into the
pathological consequences of the activated complement in
ALL Our research has revealed a new role of the C3/C3aR
axis in AILI and extensively investigated the mechanism
through which C3/C3aR signaling facilitates platelet accu-
mulation and liver damage via PDPN/CLEC-2 in response
to APAP stimulation.

In a resting or non-inflammatory state, the expres-
sion of PDPN in the liver is minimal. Acute toxic liver in-
jury leads to increased expression of PDPN in resident/
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infiltrating liver Kupffer cells.” Our data indicate that the
C3/C3aR pathway regulates the expression of PDPN on
Kupffer cells. Future research should focus on obtain-
ing molecular insights into this regulation. The effect of
CLEC-2/PDPN interaction on platelet recruitment and
thrombotic inflammation has been confirmed under var-
ious inflammatory conditions.>¥’ However, our under-
standing of the molecular pathways that mediate these
effects remains limited.

Previous studies have reported that platelets play an
essential role in the physiological and pathological pro-
cesses related to liver disease.*® However, platelets may
have harmful or beneficial effects in different environ-
ments. Their overall impact on liver pathology remains
unclear and may vary depending on the disease and its
stage.* Our data suggests that the interaction between
platelet CLEC-2 and PDPN expressed on Kupffer cells
leads to platelet recruitment to the liver in AILI. Previous
studies have found that activated platelets in the blood si-
nuses release various growth factors in ALL™ It is known
that the interaction between platelets and Kupffer cells
can regulate the function, differentiation, and cytokine
secretion of Kupffer cells.’™? Yet, little is known about
the molecular mechanisms underlying these effects. This
report presents the novel findings regarding the CLEC-2/
PDPN pathway that links complement regulation of plate-
let function with changes in MF cytokine response and,
ultimately, how it mediates the recovery of ALI These
findings indicate that platelets may be a therapeutic target
for treating liver injury.

In summary, during AILI, the upregulation of C3 ex-
pression activates the Kupffer cell membrane receptors
C3aR, which induces the expression of Kupffer cell PDPN.
Interaction of PDPN with CLEC-2 activates platelets, lead-
ing to increased hepatic inflammation and hindering liver
repair. Our research has revealed a new role of the C3/
C3aR axis in AILI and extensively investigated the mecha-
nism through which C3/C3aR signaling facilitates platelet
accumulation and liver damage via PDPN/CLEC-2 in re-
sponse to APAP stimulation. Considering the challenges
in managing patients with severe ALI, this work may hold
therapeutic significance, and the interaction between
complement regulation and CLEC-2/PDPN may be an ex-
citing topic to explore in human ALF.
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