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SUMMARY

Transforming growth factor is highly expressed in hepato-
cytes and is associated with liver N2 neutrophil formation in
Wilson’s disease. Specific transforming growth factor inhi-
bition or methylation inhibition modulates neutrophil
function, attenuates parenchymal liver fibrosis, and reduces
liver injury in Wilson’s disease.

BACKGROUND & AIMS: Wilson’s disease is an inherited hep-
atoneurologic disorder caused by mutations in the copper
transporter ATP7B. Liver disease from Wilson’s disease is one
leading cause of cirrhosis in adolescents. Current copper che-
lators and zinc salt treatments improve hepatic presentations
but frequently worsen neurologic symptoms. In this study, we
showed the function and machinery of neutrophil heterogene-
ity using a zebrafish/murine/cellular model of Wilson’s disease.

METHODS: We investigated the neutrophil response in atp7b-/-

zebrafish by live imaging, movement tracking, and transcrip-
tional analysis in sorted cells. Experiments were conducted to
validate liver neutrophil heterogeneity in Atp7b-/- mice. In vitro
experiments were performed in ATP7B-knockout human he-
patocellular carcinomas G2 cells and isolated bone marrow
neutrophils to reveal the mechanism of neutrophil
heterogeneity.

RESULTS: Recruitment of neutrophils into the liver is observed
in atp7b-/- zebrafish. Pharmacologic stimulation of neutrophils
aggravates liver and behavior defects in atp7b-/- zebrafish.
Transcriptional analysis in sorted liver neutrophils from
atp7b-/- zebrafish reveals a distinct transcriptional profile
characteristic of N2 neutrophils. Furthermore, liver N2 neu-
trophils also were observed in ATP7B-knockout mice, and
pharmacologically targeted transforming growth factor b1,
DNA methyltransferase, or signal transducer and activator of
transcription 3 reduces liver N2 neutrophils and improves liver
function and alleviates liver inflammation and fibrosis in
ATP7B-knockout mice. Epigenetic silencing of Socs3 expression
by transforming growth factor b1 contributes to N2-neutrophil
polarization in isolated bone marrow neutrophils.

CONCLUSIONS: Our findings provide a novel prospect that
pharmacologic modulation of N2-neutrophil activity should
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be explored as an alternative therapeutic to improve liver
function in Wilson’s disease. (Cell Mol Gastroenterol Hepatol
2023;16:657–684; https://doi.org/10.1016/j.jcmgh.2023.06.012)

Keywords: Wilson’s Disease; Liver Fibrosis; Neutrophil Hetero-
geneity; N2 Neutrophils.

ilson’s disease (also called progressive hep-
Abbreviations used in this paper: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; ATP7B-KO, ATPase Copper Transporting
Beta Polypeptide 7B-knockout; BSA, bovine serum albumin; cDNA,
complementary DNA; Cu, Cuprum; DEG, differentially expressed gene;
DNMT, DNA methyltransferase; FACS, fluorescence-activated cell
sorting; FPRA14, Formyl peptide receptor agonist 14; HDL-C, high-
density lipoprotein cholesterol; LPS, lipopolysaccharide; Ly6G,
Lymphocyte antigen 6 family member G; mRNA, messenger RNA;
NOS2, Nitric oxide synthase 2; PBS, phosphate-buffered saline; PR 39,
Proline/arginine rich 39-amino-acid peptide; pSTAT3, Phosphorylated
signal transducer and activator of transcription 3; qPCR, quantitative
polymerase chain reaction; SM16, Small molecule ALK5/ALK4 kinase
inhibitor; SOCS3, silence suppressor of cytokine signaling 3; STAT3,
signal transducer and activator of transcription 3; STATTIC, Signal
transducer and activator of transcription three inhibitory compound;
TChol, Total cholesterol; TGFb, transforming growth factor b; 5-aza,
5-Aza-2’-deoxycytidine.
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W atolenticular degeneration) is an autosomal-
recessive inherited disease caused by pathogenic variants
in the ATP7B gene, which is a copper transporting adenosine
triphosphatase expressed mainly in hepatocytes.1 Approxi-
mately 60% of index patients with Wilson’s disease present
with hepatic syndromes, and approximately 50%–60% of
patients eventually develop liver cirrhosis.2 Disorders of
copper metabolism in Wilson’s disease cause pathologic
changes in the liver with fibrosis, which is an essential
stage in the progression to cirrhosis.3 Copper accumulates
in the liver and later in the brain, and, if untreated, it
invariably will result in severe disability and death in
patients. Drug interventions (such as copper chelators and
zinc salts) reduce pathologic copper deposition, but side
effects can be observed in up to 40% of patients during
treatment and even after years of treatment, particularly
nephropathy, autoimmune conditions, and skin changes.4,5

Liver transplantation is an effective treatment for Wilson’s
disease, particularly for patients with end-stage liver dis-
ease, but donor shortages and lifelong immunosuppres-
sion limit its use.6 Therefore, alternative treatments with
higher specificity in Wilson’s disease patients are urgently
needed.

The existence of phenotypic heterogeneity and func-
tional versatility of neutrophils in different environmental
cues has been reported.7–9 Phenotypically heterogeneous
and functionally versatile populations of neutrophils govern
how they respond to environmental cues.7 Persistent
neutrophil infiltration leads to chronic tissue inflammation
and damage, and unresolved inflammation creates a
microenvironment facilitating tumor formation. Dual roles
and polarized phenotypes of neutrophils have been re-
ported, denominated as N1 and N2.10 N1 neutrophils have
proinflammatory/antitumor roles, are characterized by high
expression of inflammatory factors, and show high levels of
reduced nicotinamide adenine dinucleotide phosphate oxi-
dase activity with consequent production of reactive oxygen
species, which are cytotoxic to tumor cells; N2 neutrophils
have anti-inflammatory/protumor activity, are character-
ized by high levels of arginase/CD206/Ym1, and have high
proangiogenic and immunosuppressive activity.11–13

Nicotine-induced N2 neutrophils play a prometastatic role
in breast cancer cell colonization in the lungs.14 Circulating
N2 neutrophils also have been observed in noncancer in-
flammatory diseases such as systemic lupus erythematosus,
myocardial infarction, and stroke.15–17 Patients with Wil-
son’s disease, as a sterile inflammatory disease, have a risk
of developing hepatocarcinogenesis. The annual risk of HCC
in cirrhotic patients with Wilson’s disease was estimated to
be 0.14%,18 but liver malignancies occurred in another
cohort in 1.2% of patients, and the incidence was 0.28 per
1000 person years.19 Therefore, hepatocarcinogenesis in
Wilson’s disease may be more frequent than formerly
appreciated. However, the heterogeneity of neutrophils in
the pathogenesis and progression of Wilson’s disease is
poorly understood.

Herein, we addressed neutrophil heterogeneity in
Atp7b�/� mice and atp7b�/� zebrafish, the latter of which is
an earlier established invertebrate animal model for Wil-
son’s disease.20 We found the existence of N2 neutrophils
during liver disease progression in Atp7b�/� mice and
atp7b�/�

fish. After pharmacologic ablation of N2 neutro-
phils, liver fibrosis was alleviated in Atp7b�/� mice. Using
isolated bone marrow neutrophils, we found that epigenetic
silencing of Socs3 expression by TGFb1 contributed to
N2-neutrophil polarization. Therefore, neutrophil heteroge-
neity shows therapeutic potential, and pharmacologic
modulation of N2-neutrophil activity should be explored as
an alternative therapeutic to improve liver function in Wil-
son’s disease. Our results will contribute to the in-depth
understanding of neutrophil biology and the development
of treatments for Wilson’s disease.

Results
Neutrophils Infiltrate the Liver and Accelerate
Liver Defects in Wilson’s Disease

To examine the neutrophil response in Wilson’s disease,
atp7bþ/þ and atp7b-/- zebrafish created earlier by our
group20 were crossed with Tg(lyz:DsRED2) fish for the
production of offspring with Dsred-labeled neutrophils
in vivo. We monitored Dsred-expressing neutrophils in the
Cuprum (Cu) challenge window with a 6-hour interval in
wild-type and mutant fish. As shown in Figure 1A, neutro-
phil infiltration was observed in mutant fish livers
compared with wild-type fish livers. To quantify the liver-
infiltrated neutrophils, neutrophil count and density
(neutrophil number/liver area) were assessed. The liver
neutrophil count and density were increased significantly in
mutant fish compared with wild-type fish (Figure 1B–D).
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Figure 1. Neutrophils infiltrate into livers in atp7b-/- zebrafish indicated by lyz-positive neutrophils. (A) Representative
images of lyzþ/atp7bþ/þ

fish and lyzþ/atp7b-/- fish after 0, 6, 12, 18, and 24 hours of Cu treatment. The livers are outlined in
blue dashed lines. hpt, hours post-treatment. Scale bar: 200 mm. Liver (B) neutrophil count, (C) size, and (D) neutrophil density
(liver neutrophil density ¼ liver neutrophil count/liver size) in wild-type and mutant fish. Data are the means ± SEM, n ¼ 10 fish/
group. **P < .01.
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These results revealed that neutrophils infiltrated into the
liver during the pathogenesis of Wilson’s disease. We also
monitored neutrophils in atp7bþ/þ and atp7b-/- offspring
with an EGFPþ background by crossing the wild-type and
mutant fish with Tg(mpx:EGFP) fish, another fish expressing
EGFP in neutrophils in vivo. As shown in Figure 2A and
quantified in Figure 2B–D, significantly more liver-
infiltrated neutrophils also were observed in mutant fish.
Figure 2. Neutrophils infiltrate into livers in atp7b-/- zebrafish
images of mpxþ/atp7bþ/þ and mpxþ/atp7b-/- fish after 0, 6, 12
blue dashed lines. hpt, hours post-treatment. Scale bar: 200 mm
in wild-type and mutant fish livers. Data are the means ± SEM,
Collectively, we observed that neutrophils infiltrated the
liver during the pathogenesis of Wilson’s disease.

To examine the functional contribution of the infiltrated
neutrophils, we assessed the effect of a general inflamma-
tory stimulator, lipopolysaccharide (LPS), which has been
shown to increase the infiltration of neutrophils under
stress in zebrafish.21 In the presence of LPS, significant in-
creases in liver neutrophil count and density were observed
indicated by mpx-positive neutrophils. (A) Representative
, 18, and 24 hours of Cu treatment. The livers are outlined in
. (B) Neutrophil count, (C) liver size, and (D) neutrophil density
n ¼ 10 fish /group. *P < .05, **P < .01.
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in both mutant and wild-type fish compared with the groups
exposed to Cu alone (Figure 3). Histologically, in the pres-
ence of LPS, wild-type and mutant fish livers showed more
lipid droplets and a more disorganized structure than the
Cu-challenged group (Figure 4A). Another neutrophil-
specific agonist, Formyl peptide receptor agonist 14 (FPR
A14), also was used to challenge both mutant and wild-type
fish under Cu exposure. Mutant fish livers, but not wild-type
fish livers, exposed to FPR A14 had significantly more
infiltrated neutrophils than that of the Cu alone group, as
indicated by the neutrophil count and density (Figure 3).
Moreover, under Cu plus FPR A14 challenge, mutant fish
livers, but not wild-type fish livers, presented an increase in
lipid droplets and a disorganized structure when compared
with the group exposed to Cu alone (Figure 4A). To further
dissect the role of neutrophils, mutant and wild-type fish
were exposed to a neutrophil inhibitor, Proline/arginine
rich 39-amino-acid peptide (PR 39), which has been shown
to inhibit nicotinamide adenine dinucleotide phosphate ox-
idase activity in neutrophils.22 As shown in Figure 3, sig-
nificant reduction of infiltrated liver neutrophil count and
density were observed in mutant fish in the presence of PR
39, with a declining trend of infiltrated neutrophils in the
Figure 3. Effect of neutrophil activity–specific chemicals
(A) Representative images of lyzþ/atp7bþ/þ and lyzþ/atp7b-/- fi
are outlined in blue dashed lines. Scale bar: 200 mm. (B) Neutrop
and mutant fish livers response to LPS, FPR A14, or PR 39 treat
**P < .01.
liver in wild-type fish. Histologically, mutant fish livers
exposed to Cu and PR 39 treatment showed a reduction in
lipid droplets and an ordered structure when compared
with the group exposed to Cu alone (Figure 4A). We also
assessed the expression of genes involved in lipid meta-
bolism and neutrophils in the liver. In mutant fish, the
expression of the lipid synthesis markers ppara, pparg,
srebp1, and ucp2 was increased significantly in the Cu plus
LPS– or Cu plus FPR A14–challenged group compared with
the group exposed to Cu alone (Figure 4B–E). The expres-
sion of these lipid synthesis genes was reduced significantly
in the Cu plus PR 39–treated group compared with the
group exposed to Cu alone (Figure 4B–E). The expression of
the neutrophil-specific factors lyz and mpx also was
increased significantly in the Cu plus LPS– or Cu plus FPR
A14–challenged mutant group compared with the mutant
group exposed to Cu alone, and was reduced significantly in
the Cu plus PR 39–treated mutant group compared with the
mutant group exposed to Cu alone (Figure 4F and G).
Furthermore, accumulated Cu in the mutant livers was
increased significantly in the Cu plus LPS– or Cu plus FPR
A14–challenged group and was not significantly changed in
the Cu plus PR 39–treated group compared with the mutant
on liver-infiltrated neutrophils in atp7b-/- zebrafish.
sh response to LPS, FPR A14, or PR 39 treatment. The livers
hil count, (C) liver size, and (D) neutrophil density in wild-type
ment. Data are the means ± SEM, n ¼ 10 fish/group. *P < .05,



Figure 4. Effect of neutrophil activity–specific chemicals on liver pathogenesis in atp7b-/- zebrafish. (A) Representative
H&E staining images of liver sections from wild-type and mutant fish in response to LPS, FPR A14, or PR 39. Scale bar: 200
mm. qPCR of gene expression changes in the lipogenic factors (B) ppara, (C) pparg, (D) srebp1, and (E) ucp2, and neutrophil-
specific factors (F) lyz and (G) mpx in both wild-type and mutant fish livers response to LPS, FPR A14, or PR 39. Data are the
means ± SEM, n ¼ 3 sets of 20 fish/group. *P < .05, **P < .01, ***P < .001. (H) Inductively coupled plasma mass spectrometry
of liver Cu content in wild-type and mutant fish in response to LPS, FPR A14, or PR 39. Data represent the means ± SEM, n ¼
3 sets of 1000 fish/group. **P < .01.
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fish exposed to Cu alone (Figure 4H). We also measured the
movement of wild-type and mutant fish under different
pharmacologic challenges. As shown in Figure 5, the dis-
tance and velocity of the mutant fish were reduced signifi-
cantly in the Cu plus LPS– or Cu plus FPR A14–challenged
group compared with the Cu alone–exposed mutant group.
The mutant fish exposed to Cu plus PR 39 showed a slight
but not significant increase in movement distance and ve-
locity when compared with the group exposed to Cu alone.
Collectively, these data suggested that neutrophils infil-
trated the liver and accelerated liver defects in Wilson’s
disease.



Figure 5. Effect of neutrophil activity–specific chemicals on movement deficits in atp7b-/- zebrafish. (A) Representative
images of ANY-maze (Noldus) analysis of swimming patterns in both wild-type and mutant fish response to LPS, FPR A14, or
PR 39 treatment. Swimming (B) distance and (C) velocity in both wild-type and mutant fish response to LPS, FPR A14, or PR
39 treatment. Data are the means ± SEM, n ¼ 3～4 fish/group. *P < .05.
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Liver-Infiltrated Neutrophils Display a Distinct
Gene Transcriptional Profile in Wilson’s Disease

To determine the gene transcriptional characteristics of
liver-infiltrated neutrophils in Wilson’s disease, we sorted
liver neutrophils from mutant and wild-type fish and per-
formed RNA sequencing assays. Based on a P value less than
.05 and rlog2 (fold change)r greater than 1, we compared
the differentially expressed genes (DEGs) between wild-
type and mutant fish upon or without Cu challenge. The
Venn diagram in Figure 6A showed that mostly DEGs were
detected in the context of Cu challenge in the comparison of
neutrophils from mutant fish vs wild-type fish. The volcano
plot showed 561 up-regulated genes and 1417 down-
regulated genes among DEGs in the comparison between
the 2 groups (Figure 6B). Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis showed that the
most significantly altered biological processes between the
2 groups were metabolism, including carbon metabolism,
Peroxisome proliferator activated receptor (PPAR) signaling
pathway, glycolysis/gluconeogenesis, biosynthesis of amino
acids, glycine/serine/threonine metabolism, starch and
sucrose metabolism, glyoxylate and dicarboxylate meta-
bolism, and phenylalanine metabolism (Figure 6C). The re-
sults suggested that metabolic adaptations have been
identified in Wilson’s disease liver neutrophils. It has been
proposed that metabolic reprogramming is crucial for
neutrophil differentiation and function.23 We further
analyzed the cytokine and chemokine expression profiles
between the 2 groups. The heatmap showed a distinct
cytokine and chemokine expression pattern of neutrophils
in fish with Wilson’s disease (Figure 6D). Quantitative po-
lymerase chain reaction (qPCR) of selected genes validated
the down-regulation of the most significantly changed cy-
tokines and chemokines in Wilson’s disease fish liver neu-
trophils compared with wild-type fish liver neutrophils
(Figure 7A–H). Protein-Protein Interaction Networks anal-
ysis of the significantly changed cytokines and chemokines
showed that the transforming growth factor b (TGFb)
signaling pathway was in the central node among the
significantly changed cytokines and chemokines (Figure 6E).
Immunofluorescence analysis revealed that TGFb1 was
increased in atp7b-/- fish liver compared with wild-type fish



Figure 6. Gene transcriptional expression characteristics in atp7b-/- zebrafish liver neutrophils. Liver neutrophils were
sorted from wild-type and mutant fish, and transcriptome analysis was performed. (A) Venn diagram showed that the most
DEGs were detected in the comparison between Cu-treated wild-type groups and Cu-treated mutant groups. (B) Volcano plot
showed 561 up-regulated genes and 1417 down-regulated genes among DEGs were detected from comparison between Cu-
treated wild-type groups and Cu-treated mutant groups. (C) Kyoto Encyclopedia of Genes and Genomes pathway enrichment
analysis of the DEGs from comparison between Cu-treated wild-type groups and Cu-treated mutant groups. (D) Heatmap of
the significantly changed cytokines and chemokines from comparison between Cu-treated wild-type groups and Cu-treated
mutant groups. (E) Protein-Protein Interaction Networks analysis of the significantly changed cytokines and chemokines. (F)
Ingenuity Pathway Analysis of cell adhesion, tight junction, and focal adhesion in Cu-treated wild-type groups and Cu-treated
mutant groups. WT, wild-type.
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liver in the context of Cu treatment (Figure 7I and J). In
addition, the DEGs included 29 cell adhesion molecules, 14
tight junction molecules, and 33 focal adhesion molecules
(Figure 6F). Collectively, these results revealed that liver-
infiltrated neutrophils in Wilson’s disease fish showed a
distinct transcriptional profile and acquired an alternatively
activated phenotype that is essential for liver disease
progression.
Liver Infiltrated Neutrophils Polarize to the N2
Phenotype in Wilson’s Disease

To further examine the functional properties of liver-
infiltrated neutrophils, we assessed the polarization of
liver neutrophils in an ATPase Copper Transporting Beta
Polypeptide 7B-knockout (ATP7B-KO) mouse model
(Atp7b-/- mice) using N1-/N2-associated markers in mice.
First, we monitored the physiopathology of ATP7B-KO mice
at different ages. Specifically, the body weight of ATP7B-KO
mice was reduced from 8 weeks of age compared with that
of their wild-type littermates (Figure 8A). However,
increased liver body ratio, alanine transaminase (ALT) level,
and aspartate aminotransferase (AST) level were detected
in 16-week-old and 24-week-old ATP7B-KO mice compared
with the wild-type control (Figure 8B–D). Compared with
wild-type mice, increased serum triglycerides were
observed in 6-week-old and 8-week-old ATP7B-KO mice,
while decreased serum triglycerides were detected in 16-
week-old and 24-week-old ATP7B-KO mice (Figure 8E).
Reduced serum total cholesterol levels were observed in
ATP7B-KO mice at all the measured time points compared
with wild-type mice (Figure 8F). Low-density lipoprotein
cholesterol was increased only in 8-week-old ATP7B-KO
mice (Figure 8G). High-density lipoprotein cholesterol
(HDL-C) was reduced at all the measured time points in
ATP7B-KO mice (Figure 8H). H&E staining of liver sections
showed widespread inflammation and necrosis in ATP7B-
KO mice from 16 weeks of age until 24 weeks of age
(Figure 8I). Furthermore, we isolated liver-infiltrated neu-
trophils and performed flow cytometry analysis. We found
that liver-infiltrated neutrophils (CD11bþLymphocyte an-
tigen 6 family member G[Ly6Gþ]) were increased in
ATP7B-KO mice at all the measured time points when
compared with the wild-type control (Figure 9A and B).
Among total liver-infiltrated neutrophils, more N2-type
neutrophils (CD206þ) than N1-type neutrophils (Nitric
oxide synthase 2 [NOS2þ]) were detected in ATP7B-KO
mice from 8 weeks of age until 24 weeks of age
(Figure 9A and C). In addition, the migratory pattern of
neutrophils was tracked using confocal time-lapse imaging
in atp7bþ/þ

fish and atp7b-/- fish on a lyzþ background.
The differences in neutrophil movement between wild-
type and mutant fish were illustrated using Imaris soft-
ware. As shown in Figure 9D, in approximately 2-hour



Figure 7. Experimental confirmation of the gene transcriptional profiles in atp7b-/- zebrafish neutrophils. qPCR of the
selected significantly changed cytokines and chemokines including (A) tnfa, (B) il6, (C) il12a, (D) il1b, (E) nfkb, (F) il13ra1,
(G) ccl19b, and (H) ccl39.1 in sorted neutrophils from wild-type and mutant fish with/without Cu challenge. (I and J) Immu-
nofluorescence staining of anti-TGFb1 in wild-type and mutant fish with/without Cu challenge. Representative images of (I)
immunofluorescence staining using anti-TGFb1, and (J) average fluorescence intensity was quantified. The livers are outlined
by white dashed lines. 40,6-Diamidino-2-phenylindole (DAPI) stains cell nuclei. Scale bar: 10 mm. (A–H and J) Data
represent the means ± SEM. (A–H) n ¼ 3 sets of neutrophils pooled from 600 larvae. (J) n ¼ 10 fish/group. *P < .05, **P < .01,
and ***P < .001.

664 Mi et al Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 5
time-lapse videos, within the liver, more infiltrated neu-
trophils with active movement were observed in mutant
fish than in wild-type fish. We also performed Giemsa
staining in isolated liver-infiltrated neutrophils in wild-
type and mutant fish to examine the nuclear morphology.
The results showed that more ring-formed nuclei than
segmented nuclei were observed in mutant fish liver
neutrophils than in wild-type fish liver neutrophils
(Figure 9E). Collectively, these results suggested that liver-
infiltrated neutrophils polarized to the N2 phenotype to
play a crucial role in liver disease progression and
cirrhosis development in Wilson’s disease.
Pharmacologic Inhibition of N2 Neutrophils
Improves Hepatic Presentations in Wilson’s
Disease

Since signal transducer and activator of transcription 3
(STAT3) is a critical transcription factor for N2-neutrophil
polarization,14 we applied Signal transducer and activator
of transcription three inhibitory compound (STATTIC), a
known STAT3 inhibitor, to wild-type and ATP7B-KO mice to
test the effect of N2 neutrophils on hepatic pathogenesis.
We observed that STATTIC treatment increased the liver-
infiltrated neutrophils both in wild-type and ATP7B-KO
mice, but down-regulated the polarization of N2



Figure 8. The development of liver defects in ATP7B-KO mice. (A) Body weight in 6-, 8-, 16-, and 24-week-old wild-type
and ATP7B-KO mice. n ¼ 5～6 mice/group. *P < .05, ***P < .001. (B) Liver body ratio in 6-, 8-, 16-, and 24-week-old wild-type
and ATP7B-KO mice. n ¼ 5～6 mice/group. ***P < .001. Serum activities of (C) ALT, (D) AST, (E) Triglyceride, (F) TChol, (G)
low-density lipoprotein cholesterol (LDL-C), and (H) HDL-C in 6-, 8-, 16-, and 24-week-old wild-type and ATP7B-KO mice.
n ¼ 5～6 mice/group. *P < .05, **P < .01, and ***P < .001. (I) Representative H&E images in liver sections from 6-, 8-, 16-, and
24-week-old wild-type and ATP7B-KO mice. Scale bar: 100 mm. WT, wild-type.
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neutrophils only in ATP7B-KO mice (Figure 10A–C).
Biochemical parameters, such as ALT, AST, HDL-C, and Total
cholesterol (TChol), also were improved upon STATTIC
treatment in ATP7B-KO mice, but not in wild-type mice
(Figure 10D–G). We also observed a decreased liver body
ratio upon STATTIC treatment in ATP7B-KO mice, which
was comparable with the levels in wild-type mice with or
without STATTIC treatment (Figure 10H). However, liver
copper levels were not changed significantly upon STATTIC
treatment in ATP7B-KO mice and wild-type mice
(Figure 10I). Moreover, pathologic phenotypes in ATP7B-KO
mouse livers with karyomegaly, cytomegaly, binucleate he-
patocytes, intranuclear vacuoles, and necrosis also were
alleviated upon STATTIC treatment (Figure 10J). Thus, these
results suggested that inhibition of N2-neutrophil polariza-
tion through pharmacologic targeting of STAT3 alleviated
hepatic damage in Wilson’s disease.

Furthermore, we adopted a neutrophil elastase inhibitor
to treat wild-type and ATP7B-KO mice to increase liver N2
neutrophils in vivo to determine the effects on hepatic
pathogenesis. Because neutrophil elastase attenuates tumor
growth and induces a CD8þ T-cell response,24 and depletion
of N2-polarized Tumor associated neutrophils (TANs) also
inhibits tumor growth and allows for increased activity of
CD8 cytotoxic T lymphocytes,7 we inferred that inhibition of
neutrophil elastase may increase N2 neutrophils in vivo. We
applied GW311616A,25 an orally administered active
neutrophil elastase inhibitor, to wild-type and ATP7B-KO
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mice to test the effect of N2 neutrophils on hepatic pathol-
ogy. We observed that GW311616A treatment increased the
infiltrated neutrophils both in wild-type and in ATP7B-KO
mice and increased the polarization of N2 neutrophils in
both mice (Figure 11A–C). Biochemical parameters, such as
ALT, AST, HDL-C, and TChol, were not changed significantly
upon GW311616A treatment in ATP7B-KO mice, with more
aggravated levels than those in wild-type mice
(Figure 11D–G). We also observed a decreased liver body
ratio upon GW311616A treatment in ATP7B-KO mice, but
the ratio still was higher than that in wild-type mice with or
without GW311616A treatment (Figure 11H). Liver copper
levels were not changed significantly in ATP7B-KO mice
upon GW311616A treatment and were still higher than the
levels in wild-type mice with or without GW311616A
treatment (Figure 11I). Moreover, pathologic phenotypes in
ATP7B-KO mouse livers with karyomegaly, cytomegaly,
binucleate hepatocytes, intranuclear vacuoles, and necrosis
also were aggravated upon GW311616A treatment
(Figure 11J). In addition, the earlier-described findings were
validated in genetic neutrophil elastase–deficient mice
(Figure 12). Thus, these data suggested that an increase in
N2-neutrophil polarization aggravated hepatic damage in
Wilson’s disease.
TGFb1–DNA Methyltransferase 3A–Suppressor
of Cytokine Signaling 3–STAT3 Signaling Axis
Promotes N2-Neutrophil Polarization in Wilson’s
Disease

TGFb1 within the tumor microenvironment induces N2-
neutrophil polarization.7 STAT3 is an essential transcription
factor for N2-neutrophil polarization.14 In systemic sclerosis
disease, TGFb1 induces the expression of DNA methyl-
transferase in fibroblasts to silence the expression of Socs3,
facilitating activation of Stat3 to promote fibrogenesis.26 We
observed an increased level of TGFb1 in ATP7B-KO mouse
livers (Figure 13A). In isolated liver neutrophils, increased
expression of Dnmt3a and Stat3 with reduced expression of
Socs3 was observed in ATP7B-KO mice (Figure 13B). We
inferred that TGFb1 drives neutrophil polarization by DNA
methylation to silence the expression of Scos3 and thus
facilitate the activation of STAT3. To evaluate our hypoth-
esis, pharmacologic inhibition of the activity of TGFb1
signaling or DNA methyltransferases (DNMTs) using Small
molecule ALK5/ALK4 kinase inhibitor (SM16) or 5-Aza-2’-
deoxycytidine (5-aza) was performed in wild-type and
ATP7B-KO mice. We observed that SM16 or 5-aza did not
influence liver-infiltrated neutrophils in wild-type mice, but
Figure 9. (See previous page). Liver infiltrating neutrophils
zebrafish. (A) Flow cytometric analysis of N1 (CD11bþLy6Gþ
ulations in total CD11bþLy6Gþ cells derived from the livers of w
(B) Flow cytometric quantification of CD11bþLy6Gþ neutrophils
weeks of age. (C) Flow cytometric quantification of liver N1 and N
and 24 weeks of age. (B and C) n ¼ 5w6 mice/group; unpaired 2
of neutrophil movement within and surrounding the liver area in
based on 2-hour time-lapse videos. (E) Representative images o
from wild-type and mutant fish. Scale bar: 100 mm. WT, wild-ty
resulted in a decrease in liver-infiltrated neutrophils in
ATP7B-KO mice (Figure 13C and D). In ATP7B-KO mice,
SM16 decreased liver N2 neutrophils and increased liver N1
neutrophils. In wild-type mice, SM16 increased liver N1
neutrophils but did not decrease liver N2 neutrophils
(Figure 13C and E). Decreased liver N2 neutrophils and
increased liver N1 neutrophils also were observed in 5-
aza–treated ATP7B-KO mice; neither liver N2 neutrophils
nor N1 neutrophils were changed significantly in 5-
aza–treated wild-type mice compared with the vehicle-
treated control (Figure 13C–E). Biochemical parameters,
such as ALT, AST, HDL-C, and TChol, also were improved
upon SM16 or 5-aza treatment in ATP7B-KO mice, but not in
wild-type mice (Figure 13F–I). We also observed a
decreased liver body ratio upon SM16 or 5-aza treatment in
ATP7B-KO mice, which was comparable with the levels in
wild-type mice with or without SM16 or 5-aza treatment
(Figure 13J). However, liver copper levels were not changed
significantly upon SM16 or 5-aza treatment in ATP7B-KO
mice and in wild-type mice (Figure 13K). Moreover, patho-
logic phenotypes in ATP7B-KO mouse livers with kar-
yomegaly, cytomegaly, binucleate hepatocytes, intranuclear
vacuoles, and necrosis also were alleviated upon SM16 or 5-
aza treatment (Figure 13L). Furthermore, Sirius red staining
showed that liver fibrosis was reduced in ATP7B-KO mice
upon SM16, 5-aza, or STATTIC treatment, and increased in
ATP7B-KO mice upon GW311616A treatment (Figure 14A).
qPCR results showed that the expression of hepatic stellate
cell activation markers, including Tgfb1, Col1a1, Col1a2, and
vimentin, was reduced in ATP7B-KO mice upon STATTIC
treatment and increased upon GW311616A treatment in
ATP7B-KO mice (Figure 14B–E). In addition, the extent of
liver fibrosis was increased from 16 weeks of age to 24
weeks of age in ATP7B-KO mice, but not in wild-type mice
(Figure 14F). Macroscopic regeneration nodes of different
sizes in the liver, indicating cirrhosis, were observed at 24
weeks of age in ATP7B-KO mice (Figure 14F). Considering
the nearly same extent of down-regulation of liver N2-
neutrophil polarization and alleviation of hepatic damage
after STATTIC, SM16, or 5-aza treatment in Wilson’s disease
mice, it is reasonable that TGFb1 drives neutrophil polari-
zation by DNA methylation to facilitate the activation of
STAT3.

To reveal the molecular mechanism of neutrophil po-
larization, we treated freshly isolated neutrophils from
mouse bone marrow with recombinant TGFb1 with/without
5-aza or STATTIC to assess the expression of N1/N2-
associated markers and the expression changes of STAT3,
DNMT3A, and SCOS3. We observed that recombinant TGFb1
display N2-polarization in ATP7B-KO mice and atp7b-/-

NOS2þ) and N2 (CD11bþLy6GþCD206þ) neutrophil pop-
ild-type and ATP7B-KO mice at 6, 8, 16, and 24 weeks of age.
from wild-type and ATP7B-KO mice livers at 6, 8, 16, and 24
2 neutrophils from wild-type and ATP7B-KO mice at 6, 8, 16,
-tailed t test. *P < .05, **P < .01, and ***P < .001. (D) Tracking
wild-type and mutant fish. Selected neutrophils were tracked
f nuclear patterns after Giemsa staining in sorted neutrophils
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Figure 10. Ablating STAT3 in ATP7B-KO mice reduces liver N2-neutrophil polarization and alleviates liver pathology. (A)
Flow cytometric analysis of N1 (CD11bþLy6GþNOS2þ) and N2 (CD11bþLy6GþCD206þ) neutrophil population in total
CD11bþLy6Gþ cells derived from the livers of wild-type and ATP7B-KO mice treated with/without STATTIC. (B) Flow cyto-
metric quantification of CD11bþLy6Gþ neutrophils from wild-type and ATP7B-KO mice livers treated with/without STATTIC.
(C) Flow cytometric quantification of liver N1 and N2 neutrophils from wild-type and ATP7B-KO mice treated with/without
STATTIC. (B and C) n ¼ 6 mice/group; unpaired 2-tailed t test. *P < .05, **P < .01, and ***P < .001. Serum activities of (D) ALT,
(E) AST, (F) HDL-C, and (G) TChol in wild-type and ATP7B-KO mice treated with/without STATTIC. n ¼ 5 mice/group. *P < .05,
**P < .01, ***P < .001. (H) Liver body ratio in wild-type and ATP7B-KO mice treated with/without STATTIC. n ¼ 6 mice/group.
**P < .01, ***P < .001. (I) Liver Cu content in wild-type and ATP7B-KO mice treated with/without STATTIC. n ¼ 4 mice/group.
***P < .001. (J) Representative H&E images in liver sections from wild-type and ATP7B-KO mice treated with/without STATTIC.
Scale bar: 50 mm. WT, wild-type.
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treatment significantly skewed neutrophils toward the N2
type (Arg2, CD206, and Ym1) (Figure 15A). Down-regulated
N2-associated markers were observed in neutrophils
treated with TGFb1 plus 5-aza or TGFb1 plus STATTIC,
while up-regulation of N1-associated markers (CD95, Nos2,
and Ccl3) was observed (Figure 15A). To examine the effect
of neutrophil polarization, we harvested the conditioned
medium to treat ATP7B-KO human hepatocellular carci-
nomas G2 (HepG2) cells, in which a whole knockout of exon
2 in the ATP7B gene was observed, which was a previously



Figure 11. Pharmacologic inhibition of neutrophil elastase in ATP7B-KO mice increases liver N2-neutrophil polarization
and aggravates liver pathology. (A) Flow cytometric analysis of N1 (CD11bþLy6GþNOS2þ) and N2
(CD11bþLy6GþCD206þ) neutrophil population in total CD11bþLy6Gþ cells derived from the livers of wild-type and ATP7B-
KO mice treated with/without GW311616A. (B) Flow cytometric quantification of CD11bþLy6Gþ neutrophils from wild-type
and ATP7B-KO mice livers treated with/without GW311616A. (C) Flow cytometric quantification of liver N1 and N2 neutro-
phils from wild-type and ATP7B-KO mice treated with/without GW311616A. (B and C) n ¼ 6 mice/group, unpaired 2-tailed t
test. *P < .05, **P < .01, and ***P < .001. Serum activities of (D) ALT, (E) AST, (F) HDL-C, and (G) TChol in wild-type and
ATP7B-KO mice treated with/without GW311616A. n ¼ 6 mice/group. **P < .01, ***P < .001. (H) Liver body ratio in wild-type
and ATP7B-KO mice treated with/without GW311616A. n ¼ 6 mice/group. ***P < .001. (I) Liver Cu content in wild-type and
ATP7B-KO mice treated with/without GW311616A. n ¼ 4 mice/group. ***P < .001. (J) Representative H&E images in liver
sections from wild-type and ATP7B-KO mice treated with/without GW311616A. Scale bar: 50 mm. WT, wild-type.
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established cellular model of Wilson’s disease.20 We found
that epithelial–mesenchymal-transition markers (E-cad-
herin, Epcam, and Keratin 18) were down-regulated signif-
icantly in ATP7B-KO HepG2 cells upon treatment with
conditioned medium from recombinant TGFb1-treated bone
marrow neutrophils, but up-regulated in ATP7B-KO HepG2
cells upon treatment with conditioned medium from re-
combinant TGFb1 plus 5-aza–treated or recombinant TGFb1
plus STATTIC-treated bone marrow neutrophils
(Figure 15B). To examine whether TGFb1 promotes STAT3



Figure 12. Genetic inhibition of neutrophil elastase in ATP7B-KO mice increases liver N2-neutrophil polarization and
aggravates liver pathology. (A) Flow cytometric analysis of N1 (CD11bþLy6GþNOS2þ) and N2 (CD11bþLy6GþCD206þ)
neutrophil populations in total CD11bþLy6Gþ cells derived from the livers of wild-type and ATP7B-KO mice with/without
genetic deletion of neutrophil elastase. (B) Flow cytometric quantification of CD11bþLy6Gþ neutrophils from wild-type and
ATP7B-KO mice livers with/without genetic deletion of neutrophil elastase. (C) Flow cytometric quantification of liver N1 and
N2 neutrophils from wild-type and ATP7B-KO mice with or without genetic deletion of neutrophil elastase. (B and C) n ¼ 6
mice/group; unpaired 2-tailed t test. *P < .05, **P < .01, and ***P < .001. Serum activities of (D) ALT, (E) AST, (F) HDL-C, and
(G) TChol in wild-type and ATP7B-KO mice with/without genetic deletion of neutrophil elastase. n ¼ 6 mice/group. *P < .05,
**P < .01, and ***P < .001. (H) Liver body ratio in wild-type and ATP7B-KO mice with/without genetic deletion of neutrophil
elastase. n ¼ 6 mice/group. **P < .01, ***P < .001. (I) Liver Cu content in wild-type and ATP7B-KO mice with/without genetic
deletion of neutrophil elastase. n ¼ 4 mice/group. ***P < .001. (J) Representative H&E images in liver sections from wild-type
and ATP7B-KO mice with/without genetic deletion of neutrophil elastase. Scale bar: 50 mm. WT, wild-type.
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Figure 13. Inhibition of TGFb1 signaling
or DNA methylation in ATP7B-KO mice
decreases liver N2-neutrophil polariza-
tion and improves liver pathology. (A)
Representative immunohistochemical
staining images of anti-TGFb1 in wild-type
and ATP7B-KO mice livers. Scale bar: 50
mm. (B) qPCR of gene expression changes
in Dnmt1, Dnmt3a, Dnmt3b, Scos3, and
Stat3 in wild-type and ATP7B-KO mice
liver neutrophils. n ¼ 3 sets of neutrophils
pooled from 2w3 mice. **P < .01. (C) Flow
cytometric analysis of N1
(CD11bþLy6GþNOS2þ) and N2
(CD11bþLy6GþCD206þ) neutrophil pop-
ulation in total CD11bþLy6Gþ cells
derived from the livers of wild-type and
ATP7B-KO mice treated with/without
SM16 or 5-aza. (D) Flow cytometric
quantification of CD11bþLy6Gþ neutro-
phils from wild-type and ATP7B-KO mice
livers treated with/without SM16 or 5-aza.
(E) Flow cytometric quantification of liver
N1 and N2 neutrophils from wild-type and
ATP7B-KO mice treated with/without
SM16 or 5-aza. (D and E) n ¼ 6 mice/
group, unpaired 2-tailed t test. *P < .05,
**P < .01, and ***P < .001. Serum activities
of (F) ALT, (G) AST, (H) HDL-C, and (I)
TChol in wild-type and ATP7B-KO mice
treated with/without SM16 or 5-aza. n ¼ 6
mice/group. *P < .05, **P < .01, and ***P <
.001. (J) Liver body ratio in wild-type and
ATP7B-KO mice treated with/without
SM16 or 5-aza. n ¼ 6 mice/group. ***P <
.001. (K) Liver Cu content in wild-type and
ATP7B-KO mice treated with/without
SM16 or 5-aza. n ¼ 4 mice/group. ***P <
.001. (L) Representative H&E images in
liver sections from wild-type and ATP7B-
KO mice treated with/without SM16 or 5-
aza. Scale bar: 50 mm. WT, wild-type.
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Figure 14. The effect of N2 neutrophils on liver fibrosis in ATP7B-KO mice. (A) Representative images of Sirius red staining
in paraffin-embedded liver sections from vehicle-, SM16-, 5-aza–, STATTIC-, or GW311616A-treated mice. Scale bar: 100 mm.
qPCR of fibrogenic genes in (B) Tgfb1, (C) Col1a1, (D) Col1a2, and (E) vimentin in wild-type and ATP7B-KO mice liver upon
vehicle, STATTIC, or GW311616A treatment. n ¼ 5w6 mice/group. *P < .05, **P < .01, and ***P < .001. (F) Upper panels:
Representative images of Sirius red staining in paraffin-embedded liver sections from 16-week-old and 24-week-old wild-type
and ATP7B-KO mice. Scale bar: 100 mm. Lower panel: Macroscopic liver pathology in 24-week-old wild-type and ATP7B-KO
mice. WT, wild-type.
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expression by regulating DNMT3A expression to silence
suppressor of cytokine signaling 3 (SOCS3) in neutrophil
polarization, qPCR and Western blot analyses were per-
formed. We found that the expression of Stat3 was
increased in bone marrow neutrophils upon recombinant
TGFb1 treatment and decreased upon TGFb1 plus 5-aza
treatment or TGFb1 plus STATTIC treatment in bone
marrow neutrophils (Figure 15C). The expression of
Dnmt3a also was increased upon recombinant TGFb1
treatment and decreased upon TGFb1 plus 5-aza treatment
in bone marrow neutrophils (Figure 15D). The expression of
Socs3 was decreased upon recombinant TGFb1 treatment
and increased upon TGFb1 plus 5-aza treatment in bone
marrow neutrophils (Figure 15E). To directly demonstrate
hypermethylation of the promoter region of the Socs3 gene
in neutrophils, we performed methylation-specific PCR. The
ratio of methylated to unmethylated DNA was higher in
bone marrow neutrophils treated with recombinant TGFb1,
and this ratio was abrogated in the presence of 5-aza
(Figure 15F). Together, these data suggest that TGFb1



Figure 15. The TGFb1–DNMT3A–STAT3
signaling axis mediates N2-neutrophil
polarization in Wilson’s disease. (A)
qPCR of gene expression changes in N1
markers (CD95, Nos2, and Ccl3) and N2
markers (Arg2, CD206, and Ym1) in bone
marrow neutrophils treated with vehicle,
rhTGFb1 (Recombinant Human TGF-beta
1), rhTGFb1 plus 5-aza, or rhTGFb1 plus
STATTIC. n ¼ 3 sets of bone marrow
neutrophils pooled from 2w3 mice. *P <
.05, **P < .01, and ***P < .001. (B) qPCR of
gene expression changes in epithelial–
mesenchymal-transition markers (E-cad-
herin, Epcam, and Keratin 18) in ATP7B-
KO HepG2 cells treated with culture me-
dium from vehicle-, rhTGFb1-, rhTGFb1
plus 5-aza–, or rhTGFb1 plus STATTIC–
treated bone marrow neutrophils. n ¼ 3
sets of ATP7B-KO HepG2 cells. *P < .05,
**P < .01, and ***P < .001. (C) The
expression changes of Stat3 in bone
marrow neutrophils treated with vehicle,
rhTGFb1, rhTGFb1 plus 5-aza, or rhTGFb1
plus STATTIC. Left panel: qPCR of Stat3
mRNA expression. n ¼ 3 sets of bone
marrow neutrophils pooled from 2w3
mice. **P < .01. Right panel: Western blot
of pSTAT3 protein expression. b-actin was
used as internal control. n ¼ 2 sets of bone
marrow neutrophils pooled from 2w3
mice. (D) The expression changes of
Dnmt3a in bone marrow neutrophils
treated with vehicle, rhTGFb1, or rhTGFb1
plus 5-aza. Left panel: qPCR of Dnmt3a
mRNA expression. n ¼ 3 sets of bone
marrow neutrophils pooled from 2w3
mice. ***P < .001. Right panel: Western
blot of DNMT3A protein expression. b-
actin was used as internal control. n ¼ 2
sets of bone marrow neutrophils pooled
from 2w3 mice. (E) The expression
changes of Socs3 in bone marrow neu-
trophils treated with vehicle, rhTGFb1, or
rhTGFb1 plus 5-aza. Left panel: qPCR of
Socs3 mRNA expression. n ¼ 3 sets of
bone marrow neutrophils pooled from
2w3 mice. ***P < .001. Right panel:
Western blot of SOCS3 protein expres-
sion. b-actin was used as internal control.
n ¼ 3 technical replicates/group. (F)
Methylation-specific PCR in Socs3 pro-
moter in bone marrow neutrophils treated
with vehicle, rhTGFb1, or rhTGFb1 plus 5-
aza. Left panel: Representative images of
methylation-specific PCR in Socs3 pro-
moter. Right panel: Quantification of band
levels by ImageJ. M, methylated; U,
unmethylated. n ¼ 3 sets of bone marrow
neutrophils pooled from 2w3 mice. ***P <
.001. CM, culture medium.
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promotes N2-neutrophil polarization by inducing DNA
methylation to silence SOCS3 and thus facilitate STAT3
expression.

To determine the source of TGFb1 as well as the in vivo
targeting of SM16, we performed immunofluorescence
staining in liver sections from SM16-treated mice or vehicle-
treated mice. As shown in Figure 16A, increased expression
of TGFb1 was detected in albumin-positive liver hepatocytes
in vehicle-treated ATP7B-KO mice, and this increased
expression of TGFb1 in ATP7B-KO mouse liver hepatocytes
was significantly inhibited upon SM16 treatment. Then, we
isolated liver hepatocytes from SM16-treated mice or
Figure 16. TGFb1 is highly increased in
hepatocytes in ATP7B-KO mice. (A)
Formalin-fixed mouse liver tissue sec-
tions from SM16-treated or vehicle-
treated wild-type and ATP7B-KO mice
were subjected to immunofluorescence
staining of anti-TGFb1 and anti-albumin.
Representative images of TGFb1 (green),
albumin (red), and nuclei (blue) are
shown. Arrows indicate TGFb1-positive
hepatocytes. Scale bar: 40 mm. (B)
qPCR of mRNA levels of Tgfb1 in liver
hepatocytes isolated from wild-type and
ATP7B-KO mice upon SM16 or vehicle
treatment. n ¼ 3 sets of liver hepatocytes
pooled from 2w3 mice. **P < .01. (C)
Methylation-specific PCR in Socs3 pro-
moter in liver neutrophils from wild-type
and ATP7B-KO mice. Left panel: Repre-
sentative images of methylation-specific
PCR in Socs3 promoter. Right panel:
Quantification of band levels by ImageJ.
M, methylated; U, unmethylated. n ¼ 3
sets of liver neutrophils pooled from 2w3
mice. ***P < .001. DAPI, 40,6-diamidino-
2-phenylindole; WT, wild-type.
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vehicle-treated mice to detect the messenger RNA (mRNA)
level of Tgfb1 using qPCR. As shown in Figure 16B, the
mRNA level of Tgfb1 was increased in liver hepatocytes
from vehicle-treated ATP7B-KO mice, and this increase in
liver hepatocytes from ATP7B-KO mice was significantly
inhibited upon SM16 treatment. Meanwhile, to provide
in vivo evidence of epigenetic changes in liver neutrophils
from ATP7B-KO mutants, methylation-specific PCR was
performed to determine hypermethylation of the promoter
region of the Socs3 gene in liver neutrophils from ATP7B-KO
mice and wild-type mice. As shown in Figure 16C, the ratio
of methylated to unmethylated DNA was higher in liver
neutrophils from ATP7B-KO mice. We also performed
immunofluorescence staining in liver sections and qPCR in
isolated liver neutrophils from STATTIC-treated mice or
vehicle-treated mice to detect the source of STAT3 as well as
the in vivo targeting of STATTIC. As shown in Figure 17A,
increased expression of phosphorylated-STAT3 was detec-
ted in Ly6G-positive liver neutrophils in vehicle-treated
ATP7B-KO mice, and STATTIC treatment specifically
inhibited the expression of pSTAT3 in liver neutrophils in
ATP7B-KO mice; the mRNA level of Stat3 was increased in
Figure 17. STAT3 is highly increased in
liver neutrophils in ATP7B-KO mice. (A)
Formalin-fixed mouse liver tissue sec-
tions from STATTIC-treated or vehicle-
treated wild-type and ATP7B-KO mice
were subjected to immunofluorescence
staining of anti-pSTAT3 and anti-Ly6G.
Representative images of pSTAT3
(green), Ly6G (red), and nuclei (blue) are
shown. Arrows indicate pSTAT3-positive
liver neutrophils. Scale bar: 40 mm.
(B) qPCR of mRNA levels of Stat3 in
liver neutrophils isolated from wild-type
and ATP7B-KO mice upon STATTIC
or vehicle treatment. n ¼ 3 sets of
liver neutrophils pooled from 2w3 mice.
**P < .01. DAPI, 40,6-diamidino-2-
phenylindole; WT, wild-type.
liver neutrophils isolated from vehicle-treated ATP7B-KO
mice, and this increase in ATP7B-KO mouse liver neutro-
phils was significantly inhibited upon STATTIC treatment
(Figure 17B). Furthermore, the long-term effects of target-
ing N2 neutrophils on the liver injury phenotype were
detected in ATP7B-KO mice and wild-type mice 4 months
after STATTIC treatment. As shown in Figure 18, body
weight, liver body ratio, and biochemical parameters, such
as ALT, AST, HDL-C, and TChol, all were improved in ATP7B-
KO mice 4 months after STATTIC treatment. Moreover,
pathologic phenotypes in ATP7B-KO mouse livers with
karyomegaly, cytomegaly, inflammation, necrosis, and liver
fibrosis also were alleviated in ATP7B-KO mice 4 months
after STATTIC treatment.

To provide evidence that the earlier-described findings
we have reported in male mice are comparable with those in
females, we isolated liver-infiltrated neutrophils and per-
formed flow cytometry analysis in female ATP7B-KO mice
and wild-type mice. As shown in Figure 19, liver-infiltrated
neutrophils (CD11bþLy6Gþ) were increased in female
ATP7B-KO mice compared with wild-type control mice
(Figure 19A and B). Among total liver-infiltrated



Figure 18. The long-term effect of N2 neutrophils on liver injury phenotype in ATP7B-KO mice. (A and B) Body weight and
liver body ratio in wild-type and ATP7B-KO mice 4 months after STATTIC treatment. n ¼ 6 mice/group. *P < .05, **P < .01, and
***P < .001. Serum activities of (C) ALT, (D) AST, (E) HDL-C, and (F) TChol in wild-type and ATP7B-KO mice 4 months after
STATTIC treatment. n ¼ 6 mice/group. *P < .05, ***P < .001. (G) Pathologic changes in liver sections from wild-type and
ATP7B-KO mice 4 months after STATTIC treatment. Left panel: Representative H&E images in paraffin-embedded liver
sections. Scale bar: 50 mm. Right panel: Representative images of Sirius red staining in paraffin-embedded liver sections.
Scale bar: 100 mm. WT, wild-type.
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neutrophils, more N2-type neutrophils (CD206þ) were
detected than N1-type neutrophils (NOS2þ) in female
ATP7B-KO mice (Figure 19A and C). Furthermore, H&E
staining of liver sections showed widespread inflammation
and necrosis in female ATP7B-KO mice at 16 weeks of age
(Figure 19D, upper panel), and Sirius red staining showed
liver fibrosis in female ATP7B-KO mice (Figure 19D, lower
panel). Increased expression of Tgfb1 in isolated liver
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hepatocytes was detected in female ATP7B-KO mice
(Figure 19E). Meanwhile, the mRNA level of Stat3 was
increased in female ATP7B-KO mouse liver neutrophils
(Figure 19F). In addition, we performed methylation-
specific PCR experiments to determine hypermethylation
of the promoter region of the Socs3 gene in liver neutrophils
from female Atp7b mutants. As shown in Figure 19G, the
ratio of methylated to unmethylated DNA was higher in liver
neutrophils from female ATP7B-KO mice. Together, these
data showed that the findings we have reported in male
mice are comparable with those in females.

Discussion
We show by multiple experiments that DNMT3A/STAT3

signaling causes the pro-polarization effects of TGFb1 on
neutrophils and that targeted inhibition of TGFb1, DNMT
activity, or STAT3 ameliorates neutrophil polarization and
prevents liver disease progression in Wilson’s disease. The
experimental results are summarized as follows: (1) neu-
trophils infiltrate into the liver and contribute to liver
pathogenesis in a fish model revealed by live imaging and
pharmacologic modulation; (2) infiltrated neutrophils
display distinct gene transcriptional profiles and migratory
patterns as well as ring-formed nuclei characteristic of N2
neutrophils in a fish model, and N2-type neutrophils also
are observed in a mouse model; (3) pharmacologic inhibi-
tion of STAT3, DNMT, or TGFb1 signaling alleviates N2-
neutrophil polarization and prevents liver fibrosis devel-
opment in a mouse model; and (4) the activation of STAT3
in neutrophil polarization occurs in a TGFb–dependent
manner by hypermethylation of the Socs3 promoter in iso-
lated bone marrow neutrophils and in Wilson’s disease
mice. Taken together, these findings showed that the
TGFb1–DNMT3A/STAT3 signaling axis is required for
neutrophil polarization, thus resulting in liver disease pro-
gression in Wilson’s disease.

TGFb1 is the most potent chemoattractant for neutro-
phils.27 In our study, we observed that the total liver-
infiltrated neutrophils were reduced in SM16-treated
ATP7B-KO mice (Figure 13D). In addition to the chemo-
attractant effect on neutrophils, we further showed that TGFb1
displays a pro-polarization effect on liver neutrophils in Wil-
son’s disease (Figure 13E). Mature human TGFb1 shares
100% amino acid identity with pig, dog, and cow TGFb1, and
99% aa identity with mouse, rat, and horse TGFb1. This shows
Figure 19. (See previous page). The N2 neutrophils and liver
mice. (A) Flow cytometric analysis of N1 (CD11bþLy6GþNOS2
total CD11bþLy6Gþ cells derived from the livers of female wild
of CD11bþLy6Gþ neutrophils from female wild-type and ATP7B
and N2 neutrophils from female wild-type and ATP7B-KO mice
.001, ****P < .0001. (D) Pathologic changes in liver sections fr
Upper panel: Representative H&E images in paraffin-embedded
images of Sirius red staining in paraffin-embedded liver sections
hepatocytes isolated from female wild-type and ATP7B-KO mice
.01. (F) qPCR of mRNA levels of Stat3 in liver neutrophils isolat
liver neutrophils pooled from 2w3 mice. **P < .01. (G) Methyla
female wild-type and ATP7B-KO mice. Left panel: Representa
Right panel: Quantification of band levels by ImageJ. M, methy
from 2w3 mice. ***P < .001. WT, wild-type.
that TGFb1 exerts cross-species activity.28 Based on our anti-
TGFb1 immunohistochemical/immunofluorescence staining
results from mouse liver sections (Figures 13A and 16), these
data suggest that TGFb1 comes from hepatocytes in Wilson’s
disease liver. Changes in intracellular copper trafficking from
the cytoplasm to the nucleus initiate transcriptome remodel-
ing in Wilson’s disease hepatocytes.29 We propose that in
Wilson’s disease, accumulating copper in hepatocytes initiates
transcriptome remodeling, leading to increased expression of
TGFb1, which is a critical chemoattractant for neutrophils, and,
furthermore, TGFb1 polarizes the recruited neutrophils to the
N2 phenotype to promote liver disease progression. This
represents a novel mechanism in the pathogenesis of Wilson’s
disease.

Tyagi et al14 examined microarray data of N1/N2 neu-
trophils (GSE101584) and cross-referenced them with the
transcription factor database and found that STAT3 is
essential for N2-neutrophil polarization. Consistent with
this observation, we showed that Stat3 expression is
increased significantly in ATP7B-KO mouse liver neutrophils
(Figures 13B and 17), and inhibition of STAT3 activity using
the known STAT3 inhibitor STATTIC reduced N2-neutrophil
polarization and improved liver morphology and function in
Wilson’s disease (Figure 10). Although there was no
decrease in the Cu level in STATTIC-treated mutant livers
(Figure 10I), no decreases in the Cu levels were observed in
SM16- or 5-aza–treated mutant livers (Figure 13K). Ac-
cording to our speculation, neutrophils are not involved in
the hepatic handling of copper, and the reason for hepatic
copper accumulation in Wilson’s disease is copper trans-
porter–ATP7B deficiency, which cannot be alleviated by N2
inhibition. Although STATTIC-treated mutant livers showed a
dramatic improvement in architecture, some multinucleated
cells and swollen hepatocytes remained (Figure 10J).
Collectively, these data suggested that N2 neutrophils
contribute partly to the pathogenesis of Wilson’s disease, and
pharmacologic modulation of N2 neutrophil activity should
be explored as a supplementary approach to improve liver
function in Wilson’s disease. Nevertheless, our study im-
proves the understanding of neutrophil biology in the path-
ogenesis and development of neutrophil-related disease.

We observed that the expression of Dnmt3a but not
Dnmt1 or Dnmt3b was increased significantly in ATP7B-KO
mouse liver neutrophils (Figure 13B). DNMT3A operates as
a de novo DNMT, while DNMT1 serves to maintain
injury phenotype also were observed in female ATP7B-KO
þ) and N2 (CD11bþLy6GþCD206þ) neutrophil populations in
-type and ATP7B-KO mice. (B) Flow cytometric quantification
-KO mice livers. (C) Flow cytometric quantification of liver N1
. (B and C) n ¼ 6 mice/group; unpaired 2-tailed t test. ***P <
om female wild-type and ATP7B-KO mice at age 16 weeks.
liver sections. Scale bar: 50 mm. Lower panel: Representative
. Scale bar: 100 mm. (E) qPCR of mRNA levels of Tgfb1 in liver
. n ¼ 3 sets of liver hepatocytes pooled from 2w3 mice. **P <
ed from female wild-type and ATP7B-KO mice. n ¼ 3 sets of
tion-specific PCR in Socs3 promoter in liver neutrophils from
tive images of methylation-specific PCR in Socs3 promoter.
lated; U, unmethylated. n ¼ 3 sets of liver neutrophils pooled
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preexisting DNA methylation marks.30 DNA methylation is
one important approach to silence SOCS3 expression.31,32

Our data suggest that the stimulatory effect of TGFb1 on
Socs3 promoter methylation is mediated by the induction of
DNMT3A in neutrophils. However, Mordaunt et al33 did not
see any evidence of hypermethylation of DNA to suppress
SOCS3 in human Wilson’s disease liver biopsy specimens by
whole-genome bisulfite sequencing. Hepatocytes are the
primary component of the liver and account for 60% of the
total cell number.34 Thus, the hypermethylation of DNA in
liver neutrophils may be ignored by analyzing whole human
liver pieces. In addition, whether prolonged incubation with
TGFb1 also induces the expression of DNMT1 in neutrophils
needs to be determined. Treatment with 5-aza does not
cause random DNA demethylation.35 Hence, 5-aza may not
promote a higher risk of adverse events, imposing a prom-
ising therapeutic effect in Wilson’s disease.

Uneven sex distribution among Wilson’s disease patients
was only a theoretical bias; however, females more often
develop acute hepatic failure.2 Thus, we performed most of
our experiments in male mice to avoid the interference of
sex distribution in statistical analysis. It has been reported
that heterozygotes do not have normal copper metabolism
when compared with patients with Wilson’s disease36; thus,
we chose wild-type siblings, not heterozygotes, as the
reference control in all our experiments. The existing rodent
models of Wilson’s disease all recapitulate human hepatic
Wilson’s disease but lack a convincing neurologic pheno-
type.37 Our established zebrafish models present hepatic
defects, including steatosis and fibrosis, as well as behav-
ioral defects, such as abnormal swimming ability, which are
features of human Wilson’s disease.20 Human beings with
Wilson’s disease may present with neurologic defects, often
some degree of movement disturbances. The atp7b-/- fish
displayed altered swimming behavior, which may be par-
allel to human dystonia. We observed that hepatic and
behavioral defects were aggravated by stimulation of liver-
infiltrated neutrophils in our fish model (Figures 4 and 5).
However, we also observed that PR 39 treatment changed
the swimming behavior in non-Wilson zebrafish with no
statistically significant differences in swimming distance
and velocity between groups (Figure 5). Whether the
behavior defects result from liver defects through commu-
nication between the liver and brain or N2 neutrophils are
involved in the brain remains unknown. The type of rodent
animal model selected in our study was ATP7B-KO mice,
which are characterized by extensive regenerative changes
in the liver, with the development of fibrotic nodes but not
cancer. The best model to study would be Long evans cin-
namon rats, which is actually a model of spontaneous HCC
development after surviving fulminant hepatitis in the
presence of massive copper accumulation.37 However,
except for Atp7b deficiency, additional mutations in the
gene involved in melatonin production and a further un-
specified mutation responsible for cinnamon coat color have
been reported in Long evans cinnamon rats.38

Together, we elucidate the role and machinery of
neutrophil heterogeneity in the hepatic pathogenesis of
Wilson’s disease. We propose that accumulating Cu in
hepatocytes initiates transcriptome remodeling, leading to
the release of TGFb1, with consequent polarization of the
recruited neutrophils through the TGFb1–DNMT3A/STAT3
signaling axis; therefore, the formation of N2 neutrophils
drives liver disease progression and fibrosis/cirrhosis
development. In human Wilson’s disease, most liver biopsy
specimens show moderate to severe steatosis, variable de-
grees of portal and/or lobular inflammation, and fibrosis
eventually progressing to cirrhosis.39 Pharmacologic targets
of TGFb1, DNMT or STAT3 reduce N2-neutrophil polariza-
tion, and improve liver functions of transaminase levels, as
well as alleviate liver inflammation and fibrosis, which all
are indicators of effective therapeutics. These preliminary
studies on murine/fish/cellular models of Wilson’s disease
provide an alternative therapeutic strategy for Wilson’s
disease and will contribute to future clinical applications.

Materials and Methods
Animals

The atp7b-/- fish recapitulate human Wilson’s disease by
exposing 5-day-old fish larvae to Cu dissolved in fish water,
which is a fish model for Wilson’s disease previously
established by our laboratory.20 The ATP7B�/� mice (here
indicated as ATP7B-KO mice, JAX stock #032624; Jackson
Laboratories) were generated on the hybrid of heterozygous
animals of the C57BL/6;129S6 background and genotyped
at 2～3 weeks of age as described.40 Double-knockout mice
(ATP7B�/�NE�/�) were generated by crossing ATP7Bþ/�

mice with genetic neutrophil elastase–deficient mice (indi-
cated as NE-/- mice). Pharmacologic treatments were per-
formed in male mice from 8 weeks of age to 16 weeks of
age, as indicated. All animals were bred and manipulated
according to the guidelines approved by the Ethical Com-
mittee of Hangzhou Normal University.

Animal Treatment
LPS (L4391; Sigma), FPR A14 (2826; Tocris), and PR 39

(1947; Tocris) were first dissolved in dimethyl sulfoxide as
stocks and then diluted in fish water and used to expose fish
larvae for 24 hours at final concentrations of 1 mg/mL, 2.5
mmol/L, and 50 nmol/L, respectively.41 Fish then were
collected for live imaging and neutrophil isolation. Mice at 8
weeks of age were treated with STATTIC14 (2 mg/kg
intraperitoneally, 3 times/wk), GW311616A25 (2 mg/kg
intragastrically, 3 times/wk), SM1642 (2 mg/kg intragastri-
cally, 3 times/wk), or 5-aza26 (0.5 mg/kg intraperitoneally,
2 times/wk) until 16 weeks of age, as indicated. Blood and
liver tissues were collected from mice that were killed for
biochemical analysis, histologic analysis, and neutrophil
isolation. The animal experiments were approved by the
Ethical Committee for Animal Welfare of Hangzhou Normal
University (approval number: 2021-1031).

Live Imaging
The atp7b-/- fish were crossed with Tg(lyz:DsRED2) fish

or Tg(mpx:EGFP) fish for the production of offspring with a
lyzþ or mpxþ background. After Cu or pharmacologic
exposure, the fish were anesthetized and imaged on a Nikon
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Eclipse Ti confocal microscope for infiltrating lyzþ or mpxþ
neutrophil number count and liver size analysis.

Movement Tracking
Fish movement tracking for swimming pattern analysis

was performed as we described previously.20 For neutrophil
movement tracking, time-lapse confocal microscopy was
conducted on wild-type and mutant larvae embedded in 3%
low-melting-point agarose, and the time-lapse videos were
used for neutrophil tracking with multiparticle tracking by
Imaris (Bitplane, version 9.3.1).

Fish Neutrophil Isolation
Fluorescence-activated cell sorting (FACS) was per-

formed to isolate neutrophils from zebrafish larvae as pre-
viously described.43 Briefly, the lyzþ/atp7b-/- fish and the
control lyzþ/atp7bþ/þ

fish were collected and treated with
0.05% trypsin–EDTA for 30 minutes with careful pipetting
up and down. The dissociation was stopped by adding 10%
heat-inactivated fetal bovine serum and then centrifuged at
200 � g for 7 minutes. The supernatant was discarded, and
FACSmax cell dissociation solution (T200100; AMS
Biotechnology) was added and centrifuged at 310 � g for 1
minute. The supernatant was discarded, and the remaining
supernatant was resuspended in FACSmax cell dissociation
solution again. The resulting cell suspension was filtered
through a 40-mm cell strainer, and the lyzþ neutrophils
were sorted by Beckman moflo Astrios EQ for further
analysis.

Giemsa Staining
Giemsa staining was performed in FACS-isolated neu-

trophils. After fixation in methanol for 3 minutes, the neu-
trophils then were stained with Giemsa solution (G1015;
Solarbio) for 20 minutes at room temperature. The images
were taken on a Nikon Eclipse 80i microscope for cytologic
analyses.

RNA Sequencing
Total RNA was isolated by TRIzol from FACS-sorted

neutrophils. The Qubit & Nanodrop 2000 and an Agilent
2100 Bioanalyzer were used to detect the concentration and
integrity to ensure that the RNA samples met the quality
requirements of transcriptome sequencing. The Switching
mechanism at 5’ end of the RNA transcript (SMART) method
was used to amplify mRNA. The constructed complementary
DNA (cDNA) library was quality checked by the Qubit and
Agilent 2100 Bioanalyzer. The Illumina HiSeq platform was
used to sequence the library based on a 2 � 150 base pair
double-terminal sequencing strategy. The sequencing re-
sults were analyzed by DEseq2 (Illumina) to identify
differentially expressed genes between each group. Kyoto
Encyclopedia of Genes and Genomes pathway enrichment
was performed by KOBAS 3.0 (Center for Bioinformatics,
Peking University). Protein and protein interaction net-
works were analyzed by Sting.
qPCR
Total RNA was isolated with TRIzol (Life Technologies)

or the Quick-RNA MicroPrep Kit (R1050; Zymo Research) as
indicated according to the manufacturer’s instructions, and
then transcribed into cDNA using a HiScript II first-strand
cDNA synthesis kit (R211-01; Vazyme) via the manufac-
turer’s instructions. Reverse-transcription qPCR was per-
formed using ChamQ universal SYBR qPCR master mix
(Vazyme, Q711) according to the manufacturer’s in-
structions. Total RNA in mouse liver neutrophils or bone
marrow neutrophils was isolated from a pool of neutrophils
separated from 2～3 mice. b-actin or EFL1-a was used as an
internal control. Primer sequences of the genes of interest
are listed in Table 1.
Western Blot and Immunofluorescence Staining
Protein was extracted using RIPA lysis buffer from

mouse bone marrow neutrophils, as indicated. The extrac-
ted protein was resolved by sodium dodecyl sulfate‒poly-
acrylamide gel electrophoresis and then transferred to
polyvinylidene difluoride membranes. The membrane was
blocked with 5% bovine serum albumin (BSA) for 1 hour at
room temperature and then incubated with primary anti-
bodies overnight at 4�C. The primary antibodies used were
as follows: anti-pSTAT3 (9145; Cell Signaling Technology),
anti-SOCS3 (ab16030; Abcam), and anti-DNMT3A (ab2850;
Abcam). After horseradish-peroxidase–conjugated second-
ary antibody incubation for 1 hour at room temperature, the
protein bands were visualized using ECL ultra Western
horseradish-peroxidase substrate (WBULS0100; Millipore).
For immunofluorescence staining, fish larvae were fixed in
4% paraformaldehyde overnight at 4�C and then rinsed
with phosphate-buffered saline (PBS) and double-distilled
water. The samples then were treated with acetone at
-20�C for 10 minutes to penetrate the tissue. After blocking
with mix of phosphate-buffered saline, dimethyl sulfoxide,
Triton X-100 (PBDT) solution (composed of 1� PBS, 1%
BSA [w/v], 1% dimethyl sulfoxide [v/v], and 0.5% Triton X-
100 (Sigma) [v/v]) with 2% normal goat serum for 1 hour at
room temperature, the samples were stained with TGF-b1
rabbit polyclonal antibody (21898-1-AP; Proteintech)
overnight at 4�C. After rinsing with PBDT 3 times, the
samples were incubated with goat anti-rabbit IgG (HþL)
Alex Flour 488 (A-11008; Invitrogen) and 40,6-diamidino-2-
phenylindole (C0060, 1 mg/mL; Solarbio) for 6 hours at
room temperature. Images were taken on a Nikon Eclipse Ti
confocal microscope. The average fluorescence intensity
was quantified by ImageJ software (version 1.42; National
Institutes of Health) and expressed as arbitrary units.
Mouse Liver Neutrophil Isolation
Mouse liver was grinded and passed through a 70-mm

cell strainer (BD Falcon) in PBS, and the cell suspension was
centrifuged at 400 rpm for 5 minutes at 4�C to pellet the
hepatocytes and cell debris. The supernatant-enriched liver
leukocytes then were centrifuged at 1700 rpm for 10



Table 1.Primers Used to Amplify Target Gene Expressions for qPCR

Gene Primers, 5’-3’ Gene Primers, 5’-3’

zppara F: CGTCGTCAGGTGTTTACGGT zpparg F: GGTTTCATTACGGCGTTCAC
R: AGGCACTTCTGGAATCGACA R: TGGTTCACGTCACTGGAGAA

zsrebp1 F: CATCCACATGGCTCTGAGTG zucp2 F: GAGCTTTGCTTCTGTACGCA
R: CTCATCCACAAAGAAGCGGT R: ACGAAACCCCTCTTCCTTTG

zil1b F: TGGCGAACGTCATCCAAG zil6 F: GCACGGAAAGATGTCTAACGC
R: GGAGCACTGGGCGACGCATA R: AAGGATAGGGAAGTGCTGGATG

ztnfa F: GCTTATGAGCCATGCAGTGA zil12a F: TCTCCAGTTCCTCCTCCA
R: TGCCCAGTCTGTCTCCTTCT R: AAACCAGCAAACAAGTCC

znfkb F: GAAGCATTCAGGCTCGGTGA zil13ra1 F: TGGAGACCTGCTGTTGAT
R: CAGGTCTGTCGGTCCCTTTC R: CCATTGTAAGTGCCGTTG

zccl19b F: CGAATCCCTCAGAAAGTG zccl39.1 F: TGGTGCTCTTCTGCTC
R: GCTCGGAAATGGTGC R: CTGGTGGTCAAGTGGTA

F: ACCCACCGAGTGCGTTCA F: ATCAATGCCACAAACCTG

zlyz R: TTTCAGCCCGTCCATTTT zmpx R: TTGGATGCACCAAGAAGT

mDnmt1 F: TCGGACAGTGACACCCTT mDnmt3a F: GGTCATGTGGTTCGGAGAT
R: TCTACAACTCTGCGTTTCTT R: GACTTCGTAGATGGCTTTGC

mDnmt3b F: CGCCTCAAGACAAATAGC mSocs3 F: GCGGATTCTACTGGAGCG
R: CAGAGCCCACCCTCAAAG R: GGATGCGTAGGTTCTTGGTC

mStat3 F: GAGAACCTCCAGGACGACT mTgfb1 F: CAGACATTCGGGAAGCAG
R: AGGGCTGTGAGCATCTGT R: CTCAGGCGTATCAGTGGG

mCol1a1 F: GGCGGTTCAGGTCCAATG mCol1a2 F: GCGGACTCTGTTGCTGCTT
R: GCAATCCACGAGCACCCT R: CCTGCGGGACCCCTTTGT

mVimentin F: TTGAACGGAAAGTGGAATC mCD95 F: GCACAGAAGGGAAGGAGT
R: AGGTCAGGCTTGGAAACG R: CCAGGAGAATCGCAGTAG

mNos2 F: ACCAGGAGATGTTGAACTATGT mCcl3 F: AGCCAGGTGTCATTTTCC
R: GTGGCTCTGACCCGTGAA R: GCATTCAGTTCCAGGTCA

mArg2 F: AATACATAATACAGGGTTGC mCD206 F: GCTCGGGACTCTGGATTG
R: AGTAGGAAGGTGGTCATAGA R: CAGGCTCTGATGATGGACTT

mYm1 F: CTACTCCTCAGAACCGTCAGATA hE-cadherin F: ACGCATTGCCACATACAC
R: TTTACGCATTTCCTTCACCA R: ACCTTCCATGACAGACCC

hEpcam F: CTGGCCGTAAACTGCTTT hKeratin18 F: GCTGAGATCGCCACCTAC
R: CATTTCTGCCTTCATCACC R: CCACTTTGCCATCCACTA

zEFL1-a F: TACTTCTCAGGCTGACTGTG mb-actin F: GACAGGATGCAGAAGGAGATTAC
R: ATCTTCTTGATGTATGCGCT R: GCTGGAAGGTGGACAGTGAG

F, forward; h, HepG2 cells; m, mouse; R, reverse; z, zebrafish.
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minutes at 4�C. The pellet was resuspended in 15 mL 35%
Percoll (P8370; Solarbio) and centrifuged at 2400 rpm for
5 minutes at 4�C. The resulting pellet was resuspended in
5 mL Red blood cell lysis buffer (R1010; Solarbio) and
centrifuged at 2400 rpm for 5 minutes at 4�C. The resulting
cells were washed with 15 mL PBS and centrifuged at 1700
rpm for 5 minutes at 4�C. The cells were collected in PBS
with 2% BSA for further analysis.
Flow Cytometry
Neutrophils isolated from mouse livers were resus-

pended in PBS with 2% BSA and then stained fluorescently
with Peridinin-Chlorophyll-Protein Complex anti-mouse/
human CD11b antibody (101230, 1:100; BioLegend) and
Allophycocyanin anti-mouse Ly6G antibody (127614, 1:500;
BioLegend) for 30 minutes at 4�C. After washing with PBS
twice, 4% Paraformaldehyde was added to fix the cells for
15 minutes at room temperature. Then, 90% methanol (v/v
in 1� PBS) was added to permeate the cells on ice for 10
minutes. The neutrophils then were stained fluorescently
with Phycoerythrin anti-NOS2 (Inducible Nitric oxide syn-
thase 2) antibody (696806, 1:200; BioLegend) and fluores-
cein isothiocyanate anti-mouse CD206 (macrophage
mannose receptor) antibody (141704, 1:500; BioLegend).
Data were acquired on a CytoFLEX Flow Cytometer (Beck-
man Coulter).
Histologic Analysis and Biochemical Analysis
A piece of mouse liver (left lobe) was fixed with 4%

paraformaldehyde for embedding the following day, and the
remaining liver tissue was flash-frozen and stored at -80�C.
For embedding, the liver piece was dehydrated successively
in 75%, 80%, 85%, 95%, and 100% ethanol solutions at
room temperature and then immersed in dimethyl benzene
for 20 minutes at room temperature. Paraffin immersion
was performed at 65�C for 3 hours, followed by embedding



Table 2.Primer Sequences Used for Methylation-Specific
PCR in Mouse Socs3 Promoter

Sequence, 5’-3’

Methylation-specific
Socs3

F: TTTTTTGTTGTTTGTTGTAAAATTC

R: TTTAAAATATCTAAACTTTCCCGAT

Unmethylation-specific
Socs3

F: TTTTTTGTTGTTTGTTGTAAAATTTG

R: TTTAAAATATCTAAACTTTCCCAAT
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at 4�C. A rotary microtome was used to cut the piece into
4-mm sections. The sections then were deparaffinized and
stained with H&E or Picro Sirius red for histologic analysis
or with anti–TGF-b1 antibody (21898-1-AP; Proteintech),
anti-albumin antibody (SAB3500217; Sigma), anti-Ly6G
antibody (ab238132; Abcam), or anti-pSTAT3 antibody
(9145; Cell Signaling Technology) for gene expression
analysis. Histologic analysis of zebrafish liver tissue was
performed as previously reported.20 For experiments
requiring biochemical analysis, blood was obtained from the
killed mice by retro-orbital bleeding at the indicated time
points, and the serum was isolated from whole blood by
centrifugation at 3500 rpm for 15 minutes at room tem-
perature. For all experiments, the mice were randomly
assigned, and the sample size was chosen based on statis-
tical analysis.

Copper Content Determination
For fish liver copper measurement, a total of approxi-

mately 1000 fish larvae were collected, and head/tail tis-
sues were removed to determine accumulated liver tissue
Cu levels as previously described.20 Briefly, after the indi-
cated pharmacologic treatment, the required amount of fish
trunk tissues (100–200 mg) was collected to measure liver
copper levels. For mouse liver copper measurement, a piece
of liver tissue (approximately 100 mg) from the left lobe
each mouse was collected. All collected samples were
digested with HNO3 and Hydrofluoric acid, and then incu-
bated with HClO4. Cu levels were measured using an Agilent
7500 inductively coupled plasma mass spectrometer. At
least 3 biological replicates were measured for each group.
Data are expressed as copper levels normalized to tissue
weight.

Mouse Bone Marrow Neutrophil Isolation and
Chemical Treatment

Bone marrow neutrophils were isolated from C57BL/6
mice at 12～14 weeks of age as previously reported.44 In
brief, femurs and tibias were separated from the mice that
were killed. The ends of the bones were cut to expose the
cavity, and a 25-gauge needle on a 5-mL syringe containing
ice-cooled RPMI 1640 medium with 10% fetal bovine serum
and 1% penicillin‒streptomycin was used to rinse marrow
cells from the bones. After filtration through a 70-mm cell
strainer (BD Falcon), cells were collected by centrifugation
at 3000 rpm for 4 minutes and subsequently resuspended
in RPMI medium. The marrow neutrophils were purified by
density gradient centrifugation. A stock solution of Percoll
was prepared in 8.5% NaCl at a ratio of 9:1 (v/v; Percoll:
8.5% NaCl). Two 3-mL Percoll discontinuous density gra-
dients (78%, 65% with 0.85% NaCl) were prepared in a 15-
mL polypropylene conical tube. The marrow suspension
was layered on top of the Percoll gradient and centrifuged at
800 � g for 35 minutes without a brake. Bone marrow
neutrophils formed a band at the interface of the 65% and
78% Percoll layers. This band was carefully aspirated and
mixed with 3 mL PBS in a 15-mL conical tube, centrifuged at
1000 rpm for 3 minutes, washed twice with PBS, and then
lysed with 2 mL Red blood cell lysis buffer to remove red
blood cells. The collected cells were resuspended in RPMI
medium and counted by a hemocytometer. For chemical
treatment, freshly isolated neutrophils pooled from 2～3
mice were cultured for 24 hours in RPMI medium in the
presence of recombinant Human transforming growth fac-
tor beta1 (10 ng/mL; R&D Systems) with/without 5-aza (1
mmol/L; Sigma) or STATTIC (1 mmol/L; Sigma). For the in-
hibitor assay, neutrophils were pretreated with each in-
hibitor for 0.5 hours before TGFb1 was added. To prepare
conditioned medium, neutrophil-conditioned medium was
harvested and then centrifuged to remove cells and debris
at 3000 rpm for 10 minutes. The supernatant then was
filtered through a 0.22-mm filter and stored at �80�C for
further use.
Methylation-Specific PCR
Genomic DNA was isolated from mouse bone marrow

neutrophils or mouse liver neutrophils as indicated using
the TIANGEN genomic DNA Extraction kit (DP304; TIAN-
GEN) per the manufacturer’s instructions. For methylation-
specific PCR, approximately 800 ng genomic DNA was
processed using the DNA Bisulfite Conversion Kit (DP215;
TIANGEN) according to the manufacturer’s instructions. The
sequences of the primer pairs used for methylation- and
nonmethylation-specific PCR are summarized in Table 2.
The reaction mixture contained 50 ng bisulfite-converted
DNA in a final volume of 20 mL using a methylation-
specific PCR kit (EM101; TIANGEN) according to the man-
ufacturer’s instructions. Each product was loaded onto a
1.5% agarose gel and visualized under ultraviolet illumi-
nation. Each band was quantified using ImageJ.

Statistical Analysis
Data are expressed as the means ± SEM, and statistical

significance between groups was compared using the Stu-
dent 2-tailed t test. Differences with P < .05 were consid-
ered significant.
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