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INTRODUCTION

Primary liver cancer is one of the most common ma-
lignant tumors worldwide, accounting for >800,000
cancer-associated deaths per year.m Partial hepatec-
tomy (PHXx) is currently the main clinical treatment for
liver cancer'?; however, the incidence of perioperative
liver failure, which is the most serious complication and
main cause of death, is 1.2%—-11.0% and is closely re-
lated to “small-for-size” syndrome following major hepa-
tectomy.[3'4] Living donor liver transplantation (LDLT)
also requires that PHx be conducted, but in healthy per-
sons, and hence it is of utmost importance to ensure
donors’ safety.”! Unfortunately, morbidity and mortality
rates are 10%—21% and 0.18%—-0.50%, respectively,
partly attributable to insufficient remnant functional
liver volume.[6-8 Recovery of patients following a hepa-
tectomy relies on the remarkable regenerative capacity
of the liver, which is one of the few organs with this
property.[gl Therefore, an improved understanding of
the molecular and cellular mechanisms underlying liver
regeneration (LR) after PHx is urgently required.
Macrophages are critical components of the innate
immune system, and their activation is essential for the
initiation of LR.®! Infiltrated macrophages can differen-
tiate into two subtypes in response to environmental
signals, namely classically activated proinflammatory
macrophages (Ly6C™) and alternatively activated re-
parative macrophages (Ly6C')."™ The former exacer-
bates tissue injury by secreting TNF-«, IL-1p, IL-6, and
IL-12, whereas the latter can resist inflammation and
facilitate wound repair through immune-modulatory
mediators, such as IL-10, TGF-p1, IL-4, IL-13, and
VEGF-a.["""? Recent studies have shown that the
cytokines produced by polarized macrophages may
regulate liver repair and regeneration after hepatec-
tomy.['®'¥ However, the specific roles of Ly6C" and

(WT) mice. Flow cytometry analysis showed that proportions of Ly6CIo mac-
rophages were significantly increased in Cc/5” mice after 70% PHx. RNA-
sequencing analysis revealed that sorted macrophages (CD11b*Ly6C'°4")
manifested enhanced expression of reparative genes in Ccl5”" mice com-
pared to WT mice. Mechanistically, CCL5 induced macrophages toward proin-
flammatory Ly6C" phenotype, thereby inhibiting the production of hepatocyte
growth factor (HGF) through the C-C motif chemokine receptor (CCR) 1—and
CCR5-mediated forkhead box O (FoxO) 3a pathways. Finally, blockade of
CCLS5 greatly optimized survival and boosted LR in the mouse PHx model.
Conclusions: Our findings suggest that inhibition of CCL5 is a promising
strategy to improve regeneration restoration by enhancing HGF secretion
from reparative macrophages through the FoxO3a pathway, which may po-
tentially reduce the mortality of PHLF.

Ly6Chi macrophages and their secreted cytokines in
LR remain unclear.

C-C motif chemokine ligand (CCL) 5, also known
as regulated upon activation, normal T cell expressed
and presumably secreted, induces the migration of leu-
kocytes to sites of inflammation by binding the trans-
membrane G-protein-coupled receptors, C-C motif
chemokine receptor (CCR) 1, CCR3, and CCR5.'%1°]
CCL5 is expressed by various cell types, including
platelets, macrophages, eosinophils, fibroblasts, endo-
thelial cells, epithelial cells, and endometrial cells, and
has been implicated in liver diseases such as acute
liver failure, viral hepatitis, fibrosis, cirrhosis, HCC, and
NAFLD.">"! previously, we reported that CCL5 inhibi-
tion can significantly accelerate liver repair by promoting
hepatocyte proliferation in a mouse model of acetamin-
ophen (APAP)-induced liver injury."® Unfortunately,
few studies have investigated the role of CCL5 in LR
after PHXx.

Here, we examined the effect and underlying mech-
anism of Ccl5 deficiency regulating hepatocyte prolif-
eration, inflammation resolution, and posthepatectomy
survival through macrophage plasticity in a mouse
model of PHx. Together, our findings suggest that CCL5
inhibition could be a promising strategy to balance in-
flammation and restoration during hepatic regeneration
by regulating macrophage polarization.

MATERIALS AND METHODS
Patient samples

All blood samples used in this study were collected
from Xinhua Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine (Shanghai, China).
Blood was obtained from healthy donors of LDLT 24 h
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before PHx and both 24 and 48 h after PHx. All donors
provided written informed consent. All experiments
using human samples were approved by the Ethics
Committee of Xinhua Hospital.

Mice

Ccl5 knockout (KO) mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). Experimental
Ccl5”" and wild-type (WT) littermate controls were
generated by crossing Ccl5" mice. All mouse strains
had a C57BL/6J background and were housed under
specific pathogen-free conditions with controlled tem-
perature and humidity. All animal procedures were
conducted according to the Guide for the Care and
Use of Laboratory Animals and were approved by the
Animal Care and Use Committee of Shuguang Hospital
Affiliated to Shanghai University of Traditional Chinese
Medicine (Shanghai, China).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChlP) assays were
conducted using the ChIP kit (Beyotime, Shanghai,
China). RAW264.7 cells (a mouse macrophage cell
line) were treated with or without recombinant mouse
CCL5 (rmCCL5; 100 ng/ml) for 30 minutes. The re-
action was terminated with glycine for 5 minutes at
20°C, and cells were washed twice by cold PBS with
1 mM of phenylmethylsulfonyl fluoride. The precipi-
tated DNA fragments were extracted and analyzed by
PCR.

RNA-sequencing analysis

Macrophages sorted were treated with TRIzol
(Invitrogen, Carlsbad, CA), and total RNA was ex-
tracted using the RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany). Libraries were constructed using a TruSeq
Stranded mRNA LT Sample Prep Kit (lllumina, San
Diego, CA), according to the manufacturer’s instruc-
tions. After RNA integrity had been assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA), it was sequenced using an lllumina
HiSeqTM 2500 platform.

Statistical analysis

All data are presented as the mean + SEM of at least
three biological replicates per group. Data were ana-
lyzed using Student t tests for only two groups and one-
way ANOVA tests for multiple groups. p values <0.05
were considered statistically significant.

Detailed materials and methods are provided in the
Supporting Information.

RESULTS

CCLS5 level increases significantly after
PHx

To investigate the potential role of CCL5 in LR, we ini-
tially measured CCL5 levels in the serum of healthy
donors of LDLT before and after PHx. Notably, CCL5
expression was significantly higher 24 and 48 h after
PHx than before PHx (n = 10; Figure 1A). To confirm
that CCL5 was up-regulated in the PHx model, we ex-
amined CCL5 expression in mouse liver tissues and
serum by qPCR and ELISA. CCL5 expression was sig-
nificantly up-regulated in both liver tissues and serum
samples at 3 h and peaked at 24 and 36 h, respectively
(Figure 1B,C). Immunohistochemical (IHC) staining fur-
ther revealed that CCL5 expression was significantly
increased in hepatocytes and nonhepatocytes after
PHx (Figure 1D).

To determine the origin of CCL5, we performed
double immunofluorescence (IF) staining with anti-
CCL5 and anti—-hepatocyte nuclear factor 4 alpha
(HNF4«) antibodies, finding that CCL5 was expressed
in both HNF4a-positive and -negative cells (Figure 1E).
Therefore, we explored changes in Cc/5 mRNA expres-
sion in hepatocytes and nonhepatocytes. gPCR anal-
ysis revealed that Ccl5 transcription was enhanced in
both hepatocytes and nonhepatocytes after PHx com-
pared to the sham group (Figure 1F). Together, these
data indicate that CCL5 expression is significantly ele-
vated after PHx and that Cc/5 has distinct cellular ori-
gins in the PHx model.

Ccl5 deletion advances the peak of
hepatocyte proliferation after PHx

To explore the possible role of CCL5 in LR, we per-
formed PHx in WT and Cc/57" mice. Average body
weight, liver weight, and liver-to-body weight ratio were
comparable between two groups of mice before PHx
(Figure S1A); however, Cc/5”7" mice subjected to 90%
PHx achieved improved survival compared to WT mice
(Figure 2A). In the 70% PHx model, no obvious tis-
sue damage was observed under the microscope in
either WT or Ccl5”" mice at the indicated time points
(Figure S1B), and all mice survived until euthanization.
Interestingly, Cc/5”~ mice displayed better liver func-
tion with lower alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) 36 h after PHx (Figure
S1C,D) as well as a higher liver-to-body weight ratio
than WT mice, yet this difference became comparable
after 48 h (Figure 2B).
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FIGURE 1 CCLS5 levels are significantly increased in healthy donors of LDLT and the mouse model after PHx. (A) ELISA analysis of
serum CCLS5 levels in healthy donors of LDLT before and after PHx (n = 10 per group). Serum CCL5 levels were significantly elevated 24
and 48 h after PHx. (B,C) CCL5 mRNA and protein levels in mice at different time points after PHx (n = 4—6 per group). CCL5 expression
peaked 24-36 h after PHx. (D) Representative IHC images of hepatic CCL5 expression in mice 36 h after PHx and in the sham group.
CCLS5 protein was distributed in the cytoplasm of hepatocytes and nonhepatocytes, and levels were significantly higher after PHx. Thick
arrows represent hepatocyte-secreted CCL5. Thin arrows represent non-hepatocyte-derived CCL5. (E) Representative IF costaining
images of CCL5 (green), HNF4a« (red), and DAPI (blue) in mice 36 h after PHx and in the sham group. CCL5 was expressed in both
hepatocytes (HNF4a positive) and nonhepatocytes (HNF4a negative). Thick arrows represent hepatocyte-secreted CCL5. Thin arrows
represent non-hepatocyte-derived CCL5. (F) Relative Cc/5 mRNA expression in liver tissues, primary hepatocytes, and nonhepatocytes
36 h after PHx (n = 4 per group). Ccl5 expression was significantly higher in liver tissues, hepatocytes, and nonhepatocytes after PHx
compared to the sham group. Data represent the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar =100 pm

CyclinA2, CyclinB1, CyclinD1, and CyclinE1 gene
expression was significantly higher in Cc/5”" mice
than in WT mice 36 h after PHx, suggesting enhanced
G, to S transition (Figure 2C). Consistently, similar re-
sults were obtained by IHC staining for Ki67 in Cc/57~
mice (Figure 2D). To clarify hepatocyte-specific
proliferation levels, we performed IF costaining for

HNF4a and Ki67, which was consistent with these
results (Figure 2E). Proliferating cell nuclear antigen
(PCNA) protein levels were also significantly higher
36 h after PHx, as measured by western blotting
(Figure 2F). Collectively, these findings indicate that
Ccl5 may delay the maximum proliferative activity of
hepatocytes after PHXx.
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FIGURE 2 Ccl5 deletion advances maximum hepatocyte proliferation during LR. (A) Survival curve of WT and Ccl5” mice in response
to lethal 90% PHx (n = 15—19 per group). The overall survival rate of Cc/57~ mice was significantly higher than that of WT mice, starting

3 h after 90% PHXx. (B) Liver-to-body weight ratio at the indicated time points after 70% PHx (n = 4—6 per group). Liver-to-body weight

ratio of Ccl5”" mice was significantly higher 36 h after PHx than in WT mice. (C) CyclinA2, CyclinB1, CyclinD1, and CyclinE1 mRNA

expressions were increased in Ccl5™"

mice 36 h after PHx (n = 4—6 per group). (D) Representative IHC staining images of Ki67 and the

quantification of Ki67-positive cells in liver sections (n = 4—6 per group). Peak LR in Ccl5”" mice was around 12 h earlier than in WT mice.
(E) Representative IF costaining of Ki67 (red), HNF4a (green), and DAPI (blue) and the quantification of Ki67-positive cells (n = 4—6 per
group). There were significantly more HNF4«x and Ki67 double-positive cells in Cc/5” mice than in WT mice 36 h after PHx; however, the
hepatocyte proliferation rate was higher in WT mice than in Cc/57 mice at 48 h. No difference in nonhepatocyte proliferation was observed
between the two groups at any time point from 0 to 72 h. (F) Western blotting analysis of PCNA expression in WT and Ccl5™ mice 36 and
48 h after PHx (n = 4 per group). PCNA expression was significantly higher in liver tissues of Cc/5™~ mice 36 h after PHx than in WT mice.
Data represent the mean £ SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001. Scale bar = 100 pm

Ccl5 deficiency does not influence the
initiation of LR after PHx

To determine whether CCL5 participates in the ini-
tiation of LR, we measured the gene expression of
CyclinA2, CyclinB1, CyclinD1, and CyclinE1, as
well as PCNA levels in liver tissues, finding no ob-
servable differences between WT and Cc/5” mice
(Figure 3A,B). Similarly, there were no significant dif-
ferences in percentages of neutrophils, monocyte-
derived macrophages (MoMFs), and Kupffer cells
(KCs) in WT and Cc/5”" mice during the priming
phase of LR (Figure 3C,D).

Given that macrophage-derived cytokines, such as
IL-6 and TNF-a, play critical roles in the initiation of
LR after PHx,"®! we next evaluated the relationship be-
tween these cytokines and CCL5. Interestingly, IL-6 and
TNF-a mRNA levels in liver tissues and protein levels
in serum samples were comparable between WT and
Ccl5™ mice soon after PHx (3, 6, and 12 h; Figure 3E-
H). Previous studies have shown that signal transducer
and transducer 3 (STAT3), a key mediator of hepato-
cyte proliferation, is activated early after PHx9-201
therefore, we examined STAT3 phosphorylation in liver
samples 3 h after PHXx, finding no difference between
WT and Cc/5”" mice (Figure 31). Taken together, these
results imply that Ccl5 is not directly involved in the ini-
tiation of LR after PHx.

CCL5 does not alter the proliferative
activity of hepatocytes in vitro

To determine whether CCL5 directly affects hepatocyte
proliferation, we stimulated primary hepatocytes iso-
lated from WT and Cc/5™" mice with epidermal growth
factor (EGF)/hepatocyte growth factor (HGF) recom-
binant proteins with or without exogenous rmCCL5 in
vitro. PCNA mRNA and protein expression levels were
similar in WT and Ccl5”" mouse hepatocytes, consist-
ent with the results of IF staining for Ki67 (Figure 4A—
C). To determine the specific effects of exogenous
or endogenous CCL5 on hepatocyte proliferation in
vitro, rmCCL5 was added to the culture medium of
primary hepatocytes. No significant differences were
observed in PCNA or Ki67 expression between WT

and Ccl5”" mouse hepatocytes treated with EGF/HGF
(Figure 4D—F), suggesting that CCL5 may not hamper
the proliferation of hepatocytes stimulated by EGF/
HGF in the absence of immune cells.

Ccl5 deficiency promotes reparative
macrophage polarization after PHx

Given that CCL5 acts as a chemokine for various in-
flammatory cells,"® we examined immune cell infiltra-
tion in Cc/5”" mice after PHx. Flow cytometry analysis
revealed no significant differences in proportions of
neutrophils (CD11b*Ly6G™), MoMFs (CD11b"F4/80™™),
KCs (CD11b™F4/80™), natural killer (NK1.1"CD3"),
natural killer T (NK1.1™CD3™), B (CD19*CD37), CD4*T
(CD3*CD4%), and CD8*T (CD3*CD8™) cells in livers
of WT and Ccl5” mice 36 h after PHx (Figure S3A—
C). Previously, we found that CCL5 exacerbates liver
injury by activating M1 and impeding M2 macrophage
polarization in an APAP-induced liver injury modell'®!;
however, Ly6C'"° and Ly6C" have recently been used
as simple and practical markers to distinguish between
recruited reparative (M2-like) and proinflammatory
(M1-like) macrophage subsets.['>?" Here, we showed
that WT and qu5'/' mice had similar proportions of
Ly6C'® or Ly6C" macrophages 3 h after PHx (Figure
S3D). Interestingly, the proportion of hepatic Ly6C"
macrophages 36 h after PHx was significantly higher
in Cel5™" mice than in WT mice, whereas the propor-
tion of Ly6C" macrophages was significantly lower
(Figure 5A).

Next, we compared the mRNA expression of Ly6C'
(/I-10, mannose receptor C-type 1 [Mrc1], and resistin-
like alpha protein [Retnla]) and Ly6C™ (/I-18, II-6, Tnf-a,
and nitric oxide synthase 2 [Nos2]) markers in sorted
macrophages using qPCR, revealing similar results
to those of the flow cytometry analysis (Figure 5B,C).
Given that there is a potential relationship between cir-
culating monocytes and hepatic macrophages, we an-
alyzed peripheral blood mononuclear cells using flow
cytometry, observing no significant differences in the
Ly6C'® or Ly6C" monocyte populations between WT
and Ccl/5™ mice (Figure S3E). Together, these results
suggest that CCL5 may be involved in Ly6C" to Ly6C"
macrophage polarization.
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FIGURE 3

Ccl5 deficiency does not alter the initiation of LR after PHx. (A) CyclinA2, CyclinB1, CyclinD1, and CyclinE1 mRNA

expression in WT and Cc/5™" mice 0—12 h after PHx (n = 4 per group). Gene expression was comparable between the two groups. (B)
PCNA protein expression 3 h after PHx (n = 3 per group). Liver tissue PCNA expression did not differ between WT and Ccl5” mice. ©)
Representative FACS plots and neutrophil quantification in liver 3 h after PHx (n = 4 per group). The proportion of neutrophils did not differ

significantly between WT and Ccl57~

mice. (D) Representative FACS plots and the quantification of MoMFs and KCs in liver 3 h after PHx

(n = 4 per group). There were similar proportions of MoMFs and KCs in Ccl57" and WT mice. (E,F) IL-6 mRNA and protein expression at

—/-

the indicated time points after 70% PHx (n = 4 per group). IL-6 expression was similar in WT mice and Cc/5™ mice 3, 6, and 12 h after PHx.
(G,H) TNF-a mRNA and protein expression after 70% PHx (n = 4 per group). No difference was observed at the indicated time points. (I)
STAT3 phosphorylation in regenerating liver 3 h after PHx (n = 3 per group). p-STAT3 expression was significantly higher 3 h after PHx,

but did not differ between WT and Cc/5”~ mice. Data represent the mean + SEM. FACS, fluorescence-activated cell sorting; p-STAT3,

phosphorylated STAT3

CCL5 attenuates HGF production
from reparative macrophages
through CCR1- and CCR5-mediated
FoxO3a signaling

To investigate the mechanism of how the increased
Ly6C'® macrophage subset affects LR in Cc/5™ mice,
we analyzed the gene expression profiles of hepatic
macrophages (CD11b*Ly6C'°%") from WT and Ccl/57"
mice 36 h after PHx. RNA-sequencing (RNA-seq)
analysis showed that expression levels of proinflamma-
tory genes were decreased in Cc/57" mice, whereas
reparative genes were up-regulated compared to WT
mice (Figure 5D—F). Gene Ontology analysis further re-
vealed that Cc/5 KO might be associated with inhibited
inflammatory responses and activated cell proliferation
and division (Figure S4C,D). Moreover, we detected a
significant increase in HGF levels in supernatant from
Ccl5”" mice compared to other secreted cytokines,
such as IL-4 and IL-10 (Figure 5H; IL-1B, IL-6, and C-
X-C motif chemokine ligand 2 [CXCL2] undetectable).
To further identify the cellular source of increased
HGF, Ly6C'® and Ly6C" macrophages were separately
sorted, and we found that HGF was mainly secreted
from Ly6C' instead of Ly6C™ macrophages (Figure 51).
When primary WT mouse hepatocytes were cultured
with the conditioned medium of macrophages from WT
or Ccl5”" mice 36 h after PHx, PCNA expression lev-
els were significantly elevated after 48 h of culture, but
down-regulated after HGF receptor had been inhibited,
suggesting that HGF production by reparative mac-
rophages may play a key role in hepatocyte prolifera-
tion (Figure 5J).

In addition to macrophages, hepatocytes, HSCs,
and liver sinusoidal endothelial cells (LSECs) have also
been shown to produce HGF after PHx.”! To explore
whether these cells also contribute to more HGF pro-
duction in Cc/57" mice 36 h after PHx, we examined
the HGF expression of these cells isolated from par-
tially hepatectomized WT and Ccl5”" mice. Hgf ex-
pression levels in hepatocytes, HSCs, or LSECs were
increased after PHx compared with the sham group,
but no significant differences were found between WT
and Cc/5” mice, suggesting that CCL5 does not alter
HGF expression in these cells (Figure S5A-C). To fur-
ther confirm the involvement of HGF in accelerating

LR in Cc/57" mice, we measured HGF expression in
liver tissues and serum and found that their levels were
markedly elevated in both WT and Cc/5™" mice, with
greater elevation in the latter group (Figure S6A,B).
Consistently, the HGF/MET signaling pathway was
significantly activated after PHx, with a greater extent
of activation in Cc/5”" mice than in WT mice, as indi-
cated by increased phosphorylated MET expression in
Ccl5” mice 36 h after PHx (Figure S6C). All the above
results suggest that LyGC'° macrophages, not other
types of cells, are responsible for the up-regulation of
HGF in Ccl5™ mice.

To elucidate the molecular mechanism by which
CCLS5 triggers the down-regulation of HGF, we per-
formed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and showed that the FoxO
and NF-xB pathways had the most significant p values
and count numbers (Figure 6A). In particular, genes,
including cyclin B1 (Ccnb1), E1A-binding protein P300
(Ep300), growth arrest and DNA damage-inducible
alpha (Gadd45a), homer scaffold protein 1 (Homer1),
Kruppel-like factor 2 (KIf2), RB transcriptional
corepressor-like 2 (Rbl2), sphingosine-1-phosphate
receptor 1 (S7pr1), and SOS Ras/Rho guanine nu-
cleotide exchange factor 2 (Sos2), were enriched in
the FoxO pathway, whereas Cxcl2, Gadd45a, II-1p,
lymphotoxin-beta (Ltb), prostaglandin-endoperoxide
synthase 2 (Ptgs2), TNF receptor-associated factor
1, and zeta chain of T-cell receptor-associated protein
kinase 70 (Zap70) were enriched in the NF-kB path-
way (Figure S4E,F). We verified the FoxO and NF-xB
pathways in Cc/5”" mouse macrophages by western
blotting, with increased phosphorylated protein kinase
B (p-AKT) and phosphorylated FoxO3a (p-FoxO3a;
phosphorylated FoxO1/4 [p-FoxO1/4] undetectable)
and decreased phosphorylated nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor,
alpha (p-IxBa) and phosphorylated NF-xB (p-NF-xB)
expression levels (Figure 6B). In addition, we further
confirmed that the FoxO3a (p-FoxO1/4 undetectable)
and NF-kB signaling pathways may be involved in the
inhibition of HGF synthesis by CCR1 and CCRS5 in
vitro (Figure S7A and Figure 6C—E). Carbenoxolone
disodium (FoxO3a inhibitor) and JSH-23 (NF-kB inhib-
itor) were separately added into the culture medium
of macrophages, and we found that the mRNA and
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FIGURE 4 CCLS5 does not affect the proliferative activity of hepatocytes in vitro. Primary hepatocytes isolated from WT and Ccl5™"
mice were cultured in supplemented DMEM for 3 h, followed by 100 ng/ml of rmCCLS5, 20 ng/ml of EGF, or 100 ng/ml of HGF treatment for
48 h. (A,B) PCNA mRNA and protein expression in lysates of EGF- or HGF-treated hepatocytes. PCNA expression was higher in primary
hepatocytes treated with EGF or HGF, but with no significant difference between WT and Ccl5”" mice. (C) IF staining of Ki67 in EGF- and
HGF-treated primary hepatocytes. Ki67 expression was significantly higher in primary hepatocytes after treatment, but with no difference
between the two groups of mice. (D-F) PCNA mRNA and protein expression and Ki67 IF distribution in hepatocytes treated with rmCCL5,
EGF, or HGF. Proliferation of primary hepatocytes treated with rmCCL5 was similar to that of untreated controls. Primary hepatocytes
stimulated by rmCCL5 as well as growth factor (EGF/HGF) displayed more significantly proliferative activity than those treated with
rmCCLS5 alone, but with no difference between the two groups of mice. All data represent the mean + SEM of at least three independent

experiments. Scale bar = 200 pm. NC, nontarget control

protein expression of HGF increased significantly after
FoxO3a inhibition, but not NF-xB (Figure 6F,G), sug-
gesting that FoxO3a, rather than the NF-kB signaling
pathway, may be the central regulator of HGF synthe-
sis. To avoid the mutual influence between the FoxO3a
and NF-xB pathways, we detected the phosphorylated
levels of both signaling pathways in the presence of
one pathway inhibitor, and found that these two path-
ways could not regulate each other in rmCCL5-treated
macrophages (Figure S7B,C). Next, ChlIP analysis
was carried out to further determine whether CCL5
would directly regulate Hgf transcription by the binding
of FoxO3a to its promoter. Through the Promo web-
site, the FoxO3a or NF-kB potential binding element
was predicted in the promoter of the mouse Hgf gene
(Figure 6H). We found that rmCCL5 induced a marked
binding of FoxO3a to the Hgf promoter rather than NF-
kB (Figure 61,J).

It has been well known that intrahepatic macro-
phages consist of Ly6C'°" MoMFs and resident
KCs.'"! To rule out the impact of CCL5 on KCs, ex-
pression levels of proinflammatory and reparative
genes were investigated, but no significant differences
were observed between WT and Cc/5™" mice (Figure
S8A,B). In addition, KC-secreted HGF was compa-
rable in the supernatant from WT and Cc/57" mice
(Figure S8C). Next, we examined the effect of CCL5
on FoxO3a and NF-kB signaling and HGF synthesis
in KCs in vitro. Compared with IL-4 treatment alone,
expression levels of p-AKT, p-FoxO3a, p-lkBa, and
p-NF-xB were not significantly altered in KCs treated
with both IL-4 and rmCCL5 (Figure S8D). Consistently,
HGF production was comparable in KCs treated with or
without rmCCL5 by gPCR and ELISA analysis (Figure
S8E,F).

CCL5 receptor blockade promotes LR
in vivo after PHx

To evaluate the therapeutic potential of CCL5 inhibi-
tion in PHx, CCL5 was blocked by i.p. injecting mice
with Met-CCL5 at a dose of 10 pg/kg 0, 12, and 24 h
after PHx (Figure 7A). Compared to PBS-treated mice,
Met-CCL5 treatment significantly improved mouse
survival after lethal 90% PHx (Figure 7B). Although
Met-CCL5 did not affect tissue injury morphologi-
cally after 70% PHx (Figure S9A), it did significantly

improve liver function (Figure S9B,C). In addition,
Met-CCL5 administration increased the liver-to-body
weight ratio, PCNA expression, and number of Ki67-
positive cells in the 70% PHx model (Figure 7C—E).
Met-CCL5 also significantly increased the proportion
of Ly6C'° reparative macrophages (Figure 7F), but did
not alter the proportions of neutrophils, MoMFs, or
KCs, compared to PBS-treated mice (Figure S9D,E).
In sorted CD11b*Ly6C'°*"" macrophages, Met-CCL5
up-regulated HGF mRNA and protein expression lev-
els (Figure 7G). Furthermore, Met-CCL5 increased
HGF mRNA expression in liver tissues and protein
abundance in serum 36 h after PHx (Figure 7H).
Together, these results suggest that CCL5 could be
an effective target for enhancing LR after PHXx.

DISCUSSION

LDLT and surgical treatment of liver cancer pose a
challenge to the LR capacity of donors and patients,
particularly after a major hepatectomy; therefore, an
improved understanding of the molecular basis of LR
after hepatectomy could help to reduce the risk of
postoperative liver failure. Here, we confirmed that CCL5
up-regulation after hepatectomy plays an important
role in proinflammatory macrophage polarization.
Furthermore, we revealed that the CCR1- and CCR5-
mediated FoxO3a/HGF axis is responsible for CCL5-
induced impaired LR, and targeting CCL5 receptors
yields proregenerative effects after PHx by increasing
reparative macrophage-derived HGF. Therefore, CCL5
blockade may assist in the recovery from liver injury
and LR after hepatectomy in clinical practice.

LR after major hepatectomy is a complex process
that comprises of the priming, proliferation, and ter-
mination phases.m] The priming phase refers to a
sequence of orderly events inside and outside of
hepatocytes, which contribute to the entry of quies-
cent hepatocytes into the cell cycle (G, to G, transi-
tion) during the postoperative period of 0—-24 h.l'%2%
Various immune cells residing in the liver are involved
in the initiation of LR, either through interactions with
hepatocytes directly or indirectly by secreting inflam-
matory cytokines, among which the macrophage is
of vital importance.[24] Macrophage-derived IL-6 and
TNF-a are responsible for the activation of ~40% of
immediate early genes, and macrophage depletion
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FIGURE 5 Ccl5 deficiency promotes reparative Ly6C'° macrophage polarization and HGF production after PHx. (A) Representative
FACS plots and the quantification of Ly6C'® or Ly6C" hepatic macrophages 36 h after 70% PHx (n = 4 per group). There was a significantly
higher proportion of Ly6C'® macrophages in Ccl5”" mice than in WT mice, with a significantly lower proportion of Ly6C™ macrophages.
(B,C) mRNA expression of Ly6C'° (lI-10, Mrc1, and Retnla) and LyGChi macrophage markers (/I-1p, II-6, Tnf-a, and Nos2) in sorted hepatic

macrophages (n = 4—5 per group). Gene expression of Ly6C'® macrophage markers was significantly up-regulated in Ccl5

7~ mice

compared to WT mice, whereas Ly6C" macrophage markers were down-regulated. (D) RNA-seq analysis of hepatic macrophages from
WT and Ccl57" mice after 70% PHx (n = 3 per group). Heatmap showed proinflammatory and reparative gene expression profiles in WT

and Cc/5” mice. (E,F) mRNA expression of proinflammatory and reparative genes in CD11b*Ly6

C'°%" macrophages (n = 4-5 per group).

Expression of proinflammatory genes, including /I-14, S1pr1, Ptgs2, Zap70, Nos2, Ep300, and Cxcl2, was generally decreased, whereas that
of reparative genes, such as /I-10, lI-4, Pdgfc, Arg1, Ccnb1, and Hgf, was increased significantly. (G) Schematic diagram of in vitro coculture
of primary hepatocytes with CM from sorted macrophages in WT and Cc/5™" mice, with or without the addition of HGF receptor inhibitor. (H)
ELISA analysis of cytokines secreted by sorted macrophages. Macrophages from Ccl57" mice produced significantly more HGF than those
from WT mice, whereas IL-4 or IL-10 levels did not differ (n = 4 per group). (I) gPCR and ELISA analysis of HGF from Ly6Chi and LyGC'°
macrophages. HGF was secreted mainly from Ly6C' reparative macrophages instead of Ly6C™ proinflammatory macrophages (n = 4 per

group). (J) PCNA expression in primary hepatocytes cultured in the supernatant of WT and Ccl5

7~ mouse-derived macrophages for 48 h.

PCNA expression was significantly higher after culture with sorted macrophage supernatant. MET (HGF receptor) inhibitor addition to the
culture medium down-regulated PCNA expression in WT and Ccel5™” macrophage CM-treated hepatocytes with at least three independent
experiments. Data represent the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Arg1, arginase 1; CM, conditioned
medium; Cxcl10, C-X-C motif chemokine ligand 10; Mmp9, matrix metallopeptidase 9; Pdgfc, platelet-derived growth factor C; Polg, DNA
polymerase theta; S7pr, sphingosine-1-phosphate receptor; Sod3, superoxide dismutase 3

could greatly compromise the LR rate.l?! Although the
priming phase of LR has been intensively studied, the
mechanism underlying the proliferation phase has not
been fully understood. During the proliferation phase,
which lasts for 48 h, hepatocytes progress into the S
phase of the cell cycle to synthesize DNA, followed by
a profound proliferation of hepatocytes.?* It has been
reported that HGF plays a central role in the restoration
of remnant liver volume, particularly in the proliferation
phase.[25] Evidence showed that HGF injection could
directly result in liver-size expansion in normal rodents,
regardless of whether or not the liver has undergone
PHx.>2°! Despite that HGF could be secreted by mac-
rophages,[26'27] what roles macrophages play during
the proliferation phase have only been discussed.
Hepatic macrophages can switch their phenotypes
when exposed to specific molecular signals. It is al-
ready known that macrophages could be polarized into
the proinflammatory M1 (lipopolysaccharide [LPS] and
IFN-y driven) or reparative M2 (IL-4 and IL-13 induced)
subtype in vitro.?®! However, the polarization status of
macrophages in vivo is more complex, and the pheno-
type of M1 and M2 is not consistent among different
species or animal models. To distinguish the proinflam-
matory and reparative macrophages in a more simple
and practical way, Ly6C was introduced into our study.
Ly6C" and Ly6C" have been recently identified as
surrogate markers of proinflammatory and reparative
monocyte macrophages, respectively, in the context
of injury.'%?" Ly6C" proinflammatory macrophages
have low C-X3-C motif chemokine receptor 1 expres-
sion and secrete proinflammatory cytokines, such as
IL-1p, IL-6, and TNF-«, thereby worsening liver injury.m]
Conversely, alternatively activated LyBCIO reparative
macrophages produce anti-inflammatory mediators,
such as IL-4, IL-10, and TGF-p1, which may help to pro-
mote liver repair.[”*m For instance, phosphatase and
tensin homologue deleted on chromosome 10, 10923.3

KO in macrophages has been reported to promote re-
parative macrophage polarization and exert proregen-
erative effects after 70% PHx.?® In addition, LR and
recovery of liver function are accelerated significantly
when reparative bone-marrow—derived macrophages
(BMDMs) are infused into hepatectomized mice.l"”!
However, the underlying mechanism in which repara-
tive macrophages affected LR were not clearly shown.
Our study showed that increased proportion of repara-
tive LyGCIo and subsequent HGF production may con-
tribute to an advanced proliferation peak after major
hepatectomy.

CCL5 is expressed abundantly in various tissues
and organs where it regulates different biological func-
tions, such as viral infection, inflammatory response,
and tumorigenesis, by binding to its receptors on mac-
rophages.m*?’o] Previously, we demonstrated that CCL5
aggravates liver injury by directly activating proinflamma-
tory and impeding reparative macrophage polarization
in an APAP-induced mouse model."® However, CCL5
does not affect macrophage infiltration in injured liver tis-
sues.['8 Similarly, we observed no differences in the pro-
portions of MoMFs or KCs between WT and Cc/5™ mice
3 or 36 h after PHx. This may be explained by the fact that
monocyte recruitment during liver injury is dominated by
CCR2, the receptor for CCL2 and not CCL5.5132

In this study, we found that CCL5 induces proinflam-
matory macrophage polarization and subsequently
down-regulates the production of HGF at the prolifera-
tion phase, which exacerbates liver injury and reduces
LR after PHx. Interestingly, the polarization status of
macrophages is unaltered during the priming phase of
LR, which could be explained that the increase of CCL5
is not high enough to induce phenotypic alterations.
Instead, CCL5 expression reaches the peak 36 h after
PHXx, resulting in an increased proportion of proinflam-
matory macrophage. It has been reported that HGF
is mainly secreted by reparative macrophages in the
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model of HCC and hair regeneration.®**4 Consistently, affinity of CCL5 receptors to their ligand has also been

we confirmed HGF synthesis mostly in reparative mac- reported to differ in various disease models.!'""*® CCL5
rophages rather than in proinflammatory macrophages. mainly binds to CCR1 and CCRS5 to promote hepatic fi-

CCL5 is known to regulate different biological pro- brosis in mouse models induced by the injection of car-
cesses by transducing signals through CCR1, CCR3, bon tetrachloride or a methionine- and choline-deficient

and CCR5, which are differentially expressed among diet, whereas Met-CCL5 administration promotes fi-
diverse organs and tissues."”*! Furthermore, the brosis regression.[37] Previously, we showed that the
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FIGURE 6 CCLS5 attenuates HGF production from reparative macrophages by CCR1- and CCR5-mediated FoxO3a signaling. (A)
RNA-seq analysis of hepatic macrophages sorted by flow cytometry from mice 36 h after PHx. Bubble chart showing the top 15 of KEGG
enrichment of the significant genes. The FoxO- and NF-kB-signaling pathways ranked at the top for their p values and count numbers.

—/-

(B) Western blotting analysis of the FoxO- and NF-kB-signaling pathways in macrophages sorted from WT and Cc/5™™ mice. AKT and

FoxO3a phosphorylation (p-FoxO1/4 undetectable) levels were up-regulated in Ccl5

" mice 36 h after PHx compared to WT mice,

whereas NF-kB and IkBa phosphorylation levels were significantly decreased. (C) Peritoneal macrophages were pretreated with 10 pM of
CCR1/3/5 antagonists and 20 ng/ml of IL-4 for 1 h, washed three times with PBS, and then were administrated with 100 ng/ml of rmCCL5
for 30 minutes. rmCCL5 decreased p-AKT and p-FoxO3a, and increased p-NF-kB and p-lxBa, whereas CCR1/CCR5 blockade exerted

the opposite effects. (D,E) gPCR and ELISA analysis of HGF from peritoneal macrophages treated with 100 ng/ml of rmCCL5 with 20 ng/
ml of IL-4 for 24 h, with or without CCR1/3/5 antagonist treatment for 1 h in advance. Blocking CCR1 or CCRS5 significantly increased HGF
expression in rmCCL5-treated macrophages. (F,G) mRNA and protein expression of HGF were detected in peritoneal macrophages treated
by 100 ng/ml of rmCCL5 and 20 ng/ml of IL-4 for 24 h with FoxO3a inhibitor (carbenoxolone disodium) or NF-«xB inhibitor (JSH-23) for 1 h in
advance. Expression of HGF was increased when FoxO3a, not NF-xB, was inhibited. (H) Schematic illustration of predicted FoxO3a/NF-xB
binding elements in the promoter of the mouse Hgf gene. (I,J) ChIP analysis of RAW264.7 cells treated with or without 100 ng/ml of rmCCL5
for 30 minutes. Chromatin was immunoprecipitated with anti-FoxO3a or anti-NF-xB antibodies and then subjected to PCR analysis.
FoxO3a, instead of NF-xB, showed enhanced binding affinity to the Hgf promoter under rmCCL5-treated conditions. All data represent

the mean + SEM of at least three independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001. p-IxBa, phosphorylated nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; Th17, T helper 17

MRNA expression of Ccr1, not Ccr3 or Ccrb, is signifi-
cantly lower in both the liver tissues and hepatocytes of
a Ccl5”" mice in a model of a-Galcer-induced hepati-
tis."! In addition, CCL5 has been shown to reduce the
malignancy of HCC or a phyllodes tumor of the breast by
binding to CCR5, rather than CCR1 and CCR3."8%% |n
spite of being widely studied in other liver disease mod-
els, CCL5 receptors are rarely investigated in LR after
PHx. Here, we found that specifically blocking CCR1
and CCR5 inhibits CCL5-induced down-regulation of
HGF expression level, which is unaltered by CCR3
blockade, confirming that CCL5 mainly regulates HGF
synthesis through CCR1 and CCR5. However, signal-
ing pathways downstream to CCL5 receptors, which
regulate HGF production, are open for study.

In this study, RNA-seq identified the FoxO family
(FoxO1, FoxO3a, FoxO4, and FoxO6) to be involved in
Ccl5 deficiency-induced LR. Given that FoxO6 is pre-
dominantly expressed in the nervous system[38] and is
undetectable by RNA-seq, it is not investigated in the
setting of LR. Meanwhile, we could not detect the phos-
phorylation of FoxO1/4 after PHx, whether exposed to
CCL5 or not. Instead, only FoxO3a phosphorylation was
observed and increased after CCL5 blockade, which
was therefore further investigated in our study. FoxO3a
has been implicated in the regulation of proinflamma-
tory responses and is known to be inactivated and
translocated to the cytosol after phosphorylation.[38'39]
It has been reported that there is a significant increase
of FoxO3a phosphorylation in BMDMs treated with anti-
inflammatory IL-33,1% whereas p-FoxO3a expression is
significantly decreased by TNF-a in C2C12 myotubes."!
It is also noteworthy that nuclear retention of FoxO3a
has been shown to be induced by LPS in cardiomyo-
cytes.[42] FoxO3a could translocate into the nucleus
from the cytosol after LPS treatment in BV2 microglia.*!
In line with these above-mentioned reports, our study
shows that CCL5 could reduce the phosphorylation of
FoxO3a, which might also inhibit the translocation of

FoxO3a from the nucleus to cytosol. As a transcription
factor, FoxO3a could enhance the transcription of C-X-C
motif chemokine ligand 16 (CXCL16) in cardiac vascu-
lar endothelial cells to exert a proinflammatory role, and
inhibition of FoxO3a would lead to a pronounced reduc-
tion of CXCL16.4! Depletion of FoxO3a could signifi-
cantly increase IL-13 expression in lung macrophages
exposed to IL-33.149 By contrast, FoxO3a could nega-
tively regulate IL-10 secretion in mycobacteria-infected
macrophages.*®! Not coincidentally, FoxO3a™~ macro-
phages have been shown to secrete higher levels of
IL-10 and reduced levels of IL-12 and TNF-a following
infection with Salmonella typhimurium.B®® In addition,
the enhanced expression of FoxO3a markedly abol-
ishes the release of VEGF mediated by protein kinase B
(AKT) in cardiomyocytes./*®! These reports on FoxO3a
indicate that it is closely related to increased synthesis
of proinflammatory mediators and decreased production
of reparative cytokines. In this study, we found that the
alternation of FoxO3a phosphorylation is responsible for
CCL5-induced HGF regulation after PHx. Active non-
phosphorylated FoxO3a negatively regulates the tran-
scription of HGF by binding to its promoter region.
Apart from the FoxO family, NF-xB signaling is also
regulated by CCL5, as shown in this study. The differ-
ence is that the phosphorylation of NF-kB is increased
by CCL5, which is consistent with our previous report
that CCL5 could increase the proinflammatory polar-
ization of macrophages.”g] However, the production of
HGF is not regulated by NF-kB, and the binding of NF-
kB as a transcription factor to the promoter region of Hgf
was also not observed. Although NF-kB phosphorylation
level is up-regulated in rmCCL5-treated macrophages,
it does not regulate the synthesis of HGF functionally.
We speculate that the NF-xB pathway in macrophages
may play an undefined role in the hepatectomy model,
which needs further investigation. In addition, we did
not observe the mutual influence between the FoxO3a
and NF-xB signaling pathways, which could also be
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FIGURE 7 CCLS5 receptor blockade promotes LR in vivo after PHx. (A) Schematic flowchart of sustained CCL5 receptor blockade

by intermittent Met-CCLS5 injection in vivo in the PHx mouse model. Met-CCL5 (10 pg/kg) was i.p. injected into WT mice 0, 12, and 24 h
after 90% or 70% PHXx. (B) Survival curve of PHx mice after CCR1/5 blockade (n = 13—16 per group). Met-CCL5—treated mice achieved a
significantly higher survival rate than PBS-treated mice in the lethal 90% PHx model. (C) Liver-to-body weight ratio 36 h after 70% PHx in
mice (n = 4-5 per group). Liver-to-body weight ratio was significantly higher after Met-CCL5 treatment. (D) IHC staining of Ki67 36 h after
PHx (n = 4-5 per group). Met-CCL5 significantly increased the number of Ki67-positive cells. (E) PCNA protein expression in liver tissue
of PBS- or Met-CCL5—treated mice (n = 3 per group). PCNA expression was higher in Met-CCL5—treated mice than in PBS-treated mice.
(F) Representative FACS plots and the quantification of Ly6C'® and Ly6C™ hepatic macrophages following Met-CCL5 treatment (n = 4 per
group). Met-CCL5 administration increased reparative Ly6C'® macrophages and decreased proinflammatory Ly6C™ macrophages. (G)
qPCR and ELISA analysis of HGF in macrophages sorted from PBS- or Met-CCL5—treated mice 36 h after PHx (n = 4 per group). HGF
was up-regulated in mice treated with Met-CCL5 compared to PBS. (H) Liver-tissue mRNA and serum protein levels of HGF in PBS- or
Met-CCL5—treated mice (n = 4-5 per group). Met-CCLS5 significantly increased HGF expression 36 h after PHx. Data represent the mean +
SEM. *p < 0.05; **p < 0.01; ****p < 0.0001. Scale bar = 100 pm. FACS, fluorescence-activated cell sorting

supported by previously published studies. For exam-
ple, the phosphorylation level of NF-xB is comparable
between WT and FoxO3a~~ macrophages following in-
fection with Salmonella typhimurium.B® In addition, total
NF-kB expression is unaltered by FoxO3a knockdown
in human colon cancer cells following the treatment
of ipatasertib.*”! Correspondingly, NF-xB knockdown
also could not regulate the expression of FoxO3a."]
Therefore, the negative regulation of FoxO3a on HGF
production is independent of the NF-kB signaling
pathway.

In summary, the current work reveals that CCL5 is
a molecule regulating LR after PHx. Blockade of CCL5
may accelerate the peak of hepatocyte proliferation by
prompting the polarization of reparative macrophages
and subsequent production of HGF. Our study provides
experimental evidence that targeting CCL5 receptors
may have the potential therapeutic effects for the im-
provement of LR after partial hepatectomy for liver
cancer patients and healthy donors of LDLT in future
clinical practice.
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