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CCLS5 deficiency promotes liver repair by improving
inflammation resolution and liver regeneration through

M2 macrophage polarization

Meng Li', Xuehua Sun?, Jie Zhao', Lei Xia', Jichang Li', Min Xu', Bingrui Wang', Han Guo', Chang Yu', Yueqiu Gao? Hailong Wu3,

Xiaoni Kong'? and Qiang Xia'

Despite the diverse etiologies of drug-induced liver injury (DILI), innate immunity activation is a common feature involved in DILI
progression. However, the involvement of innate immunity regulation in inflammation resolution and liver regeneration in DILI
remains obscure. Herein, we identified the chemokine CCL5 as a central mediator of innate immunity regulation in the
pathogenesis of DILI. First, we showed that serum and hepatic CCL5 levels are elevated in both DILI patients and an APAP-induced
liver injury (AILI) mouse model. Interestingly, both nonparenchymal cells and stressed hepatocytes are cell sources of CCL5
induction in response to liver injury. Functional experiments showed that CCL5 deficiency has no effect on the early phase of AlLI
but promotes liver repair in the late phase mainly by promoting inflammation resolution and liver regeneration, which are
associated with an increased number of hepatic M2 macrophages. Mechanistically, CCL5 can directly activate M1 polarization and
impede M2 polarization through the CCR1- and CCR5-mediated activation of the MAPK and NF-kB pathways. We then showed that
CCL5 inhibition mediated by either a CCL5-neutralizing antibody or the antagonist Met-CCL5 can greatly alleviate liver injury and
improve survival in an AILI mouse model. Our data demonstrate CCL5 induction during DILI, identify CCL5 as a novel innate
immunity regulator in macrophage polarization, and suggest that CCL5 blockage is a promising therapeutic strategy for the

treatment of DILI.
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INTRODUCTION

Drug-induced liver injury (DILI), particularly acetaminophen
(APAP)-induced liver injury (AlLl), is the most common cause of
acute liver failure (ALF) in the West.! AlLI sequentially includes
three pathologic phases: injury initiation, injury amplification, and
liver regeneration and repair.” Once APAP is ingested, overdosed
APAP can be catalyzed by CYP2E1 to form a reactive metabolite,
N-acetyl-p-benzoquinone imine (NAPQI), which causes glu-
tathione (GSH) depletion and mitochondrial dysfunction, to
initiate injury.>> Then dysfunctional mitochondria lead to cellular
ATP depletion, DNA fragmentation, cell necrosis, and the
activation of resident liver macrophages (Kupffer cells (KCs)) to
further amplify the injury.?* Finally, cytokines and chemokines
secreted by activated KCs further attract the homing and
transmigration of neutrophils and macrophages to facilitate
hepatic inflammation resolution, regeneration, and repair. Cur-
rently, N-acetyl cysteine (NAC), a precursor of GSH, is the only
approved treatment for AILL> Because NAC works mainly by
detoxifying NAPQL,® NAC treatment is only effective for 8 h after
the ingestion of APAP and is less effective in late-presenting

patients.” Therefore, the development of alternative approaches
or targets for the late stages of APAP overdose is urgently
required.

Macrophages have been reported to play a dichotomous role in
regulating both tissue-destructive and resolution/repair events in
AILlL. For example, on the one hand, macrophages aggravate
inflammation through IL-1a-mediated chemoattraction and the
activation of CD11b"Gr-1" myeloid cells during AILI®®; on the
other hand, they can also promote inflammation resolution and
injury repair by removing necrotic cell debris.> These controversial
roles of hepatic macrophages in AlLI are mainly attributed to their
inherent plasticity caused by the polarization of macrophages
toward M1 (pro-inflammatory) or M2 (anti-inflammatory) pheno-
types in response to various stimuli.''" Generally, M1 macro-
phages damage contiguous tissues and inhibit the proliferation of
surrounding cells by producing proinflammatory cytokines and
chemokines to trigger intracellular cell death mechanisms,?
whereas M2 macrophages promote inflammation resolution,
contiguous tissue repair, and cell proliferation by releasing anti-
inflammatory cytokines such as IL-10 and by cleaning up necrotic
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cell debris.>'? Therefore, the extent of hepatic inflammation and
repair is largely determined by the balance between M1 and M2
polarization, and strategies targeting macrophage polarization
may be an effective means of alleviating acute liver injury and
benefiting ALF patients.

C-C chemokine motif ligand 5 (CCL5), also known as RANTES,
functions as a professional chemoattractant that directs the
migration of leukocytes into inflammatory lesions in various
pathological processes.”®> It has been reported that CCL5
performs its biological functions by activating downstream
signaling pathways such as the signal transducer and activator
of transcription factor 3, nuclear factor (NF)-kb, and mitogen-
activated protein kinase (MAPK) pathways through three cell
surface receptors, namely, C-C chemokine motif receptor 1
(CCR1), CCR3, and CCR5."*"® CCL5 can be produced in many cell
types, including platelets, macrophages, eosinophils, fibroblasts,
endothelium, epithelial, and endometrial cells, suggesting that
CCL5 plays diverse roles in many physiological and pathological
processes.'” In fact, previous studies have demonstrated the
implications of CCL5 in various liver diseases, including fibrosis,
non-alcoholic fatty liver disease (NAFLD), cirrhosis, and hepato-
cellular carcinoma (HCC)."” For example, CCL5 has been
identified as a pivotal regulator essential for early fibrogenic
events during NAFLD development, and the antagonization of
CCL5 by Met-CCL5, an antagonist of CCR1 and CCRS5, significantly
alleviates experimental hepatic fibrosis in mice'®'®; in cirrhotic
patients, high serum levels of CCL5 may indicate the presence of
HCC,?® and inhibiting CCL5 in vivo seems to be an encouraging
approach for patients with liver cirrhosis.?’ In addition, CCL5 has
been reported to aggravate liver ischemia/reperfusion (IR) injury
by chemoattracting macrophages.?? However, the role of CCL5 in
AILI remains unclear.

Here we show a significant increase in CCL5 in both DILI
patients and an AlLI mouse model. Functional studies indicate that
the genetic loss of Cc/5 promotes liver repair by improving
inflammation resolution and liver regeneration associated with
enhanced M2 polarization of macrophages in the AILI mouse
model. Mechanistically, we demonstrate that CCL5 directly
facilitates M1 polarization and impedes M2 polarization through
the CCL5-CCR1- and CCL5-CCR5-mediated activation of the MAPK
and NF-kB pathways. Finally, we indicate that CCL5 inhibition may
serve as a promising therapeutic strategy for APAP overdose and
suggest its possible application in other acute liver injuries
induced by carbon tetrachloride (CCl,) or IR.

RESULTS

Upregulation of CCL5 in DILI patients and an AlLI mouse model
To examine the role of CCL5 in DILI, we first examined CCL5
levels in DILI patients. In a cohort of 15 DILI patients, serum CCL5
levels were significantly increased compared with those in
healthy controls (n=15; Fig. 1a), especially in APAP-induced
liver injury (Supplementary Table 1). In addition, hepatic CCL5
levels were also evaluated by immunohistochemical (IHC)
staining in DILI patients. As shown in Fig. 1b, hepatic CCL5
levels were greatly increased in DILI patients compared to
healthy controls. According to the morphological observations
of hepatic CCL5-positive cells, we found that CCL5 was
expressed in both nonparenchymal cells (NPCs) and hepato-
cytes in DILI patients (Fig. 1b). To further confirm the elevation
of CCL5 levels in DILl, we examined CCL5 levels in an APAP-
induced liver injury mouse model.”®> Consistent with the
changes in CCL5 levels in DILI patients, APAP administration
induced a marked increase in CCL5 levels in both the serum and
liver tissues (Fig. 1¢, d). IHC also showed CCL5 induction in NPCs
and hepatocytes after APAP challenge compared with that in
normal controls (Fig. 1d). To further identify the cell source of
CCL5, we examined Cc/5 mRNA levels in both hepatocytes and
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NPCs from the liver of mice post-APAP challenge by quantitative
polymerase chain reaction (QPCR). Compared to that in normal
controls, Ccl5 transcription was greatly induced in both
hepatocytes and NPCs after APAP treatment (Fig. Te), suggest-
ing that multiple types of cells contribute to CCL5 elevation in
AILI. These findings indicate that CCL5 is induced in both DILI
patients and an AILI mouse model.

CCL5 deficiency induces rapid liver recovery in the late phase of
APAP treatment

To investigate the biological role of CCL5 in DILI, we established
an APAP-induced liver injury mouse model (300 mg/kg APAP,
intraperitoneal (i.p.)) in both wild-type (WT) and Cc/5~"~ mice.
Although both genotypes displayed comparable liver injury 24 h
after APAP treatment, Cc/5~/~ mice showed rapid liver recovery
in the late phase after APAP challenge, as evidenced by
significantly decreased alanine aminotransferase (ALT)/aspartate
aminotransferase (AST) induction (Fig. 2a) and hepatic necrosis
(Fig. 2b) 36-48 h after APAP treatment. Consistently, terminal
deoxynucleotidyl transferase-mediated dUTP-fluorescein nick
end labeling assays also demonstrated fewer hepatic necrosis
in Ccl57/~ mice in the late phase after APAP challenge (Fig. 2c).
Corresponding to the prorecovery role of CCL5 deficiency in the
AILI model, survival assays in the APAP-induced ALF mouse
model (500 mg/kg APAP, i.p.) showed significantly improved
survival in Ccl5~/~ mice compared to WT mice (Fig. 2d). Given
that CCL5 deficiency causes enhanced liver recovery in the late
phase after APAP challenge, it is very unlikely that early
detrimental events such as APAP metabolism or mitochondrial
dysfunction are involved in such a protective effect. As expected,
hepatic GSH and CYP2E1 protein levels were comparable 2 and 6
h after APAP treatment in both genotypes (Fig. S1A, B). In
addition, the measurement of the mitochondrial membrane
potential AWYm (using JC-1 fluorescent dye) further confirmed
that CCL5 deficiency had no effect on APAP-induced mitochon-
drial dysfunction (Fig. S1C, D). These findings indicate that CCL5
deficiency plays a protective role in the late phase of AlLl and
suggest that CCL5 may serve as a therapeutic candidate
targeting the late stage of APAP-induced ALF.

CCL5 deficiency promotes inflammation resolution and liver
regeneration in the late phase of APAP treatment

Given that an acute inflammatory response (mainly 12-24h
after APAP) is a detrimental hallmark of APAP-induced liver
injury® and that enhanced inflammation resolution can greatly
protect against APAP-induced hepatotoxicity,®* we examined
whether the enhanced liver recovery in Cc/5~/~ mice can be
attributed to resolution enhancement. Enzyme-linked immuno-
sorbent assay (ELISA) showed significantly reduced serum tumor
necrosis factor-a (TNFa) and interleukin (IL)-6 levels in Ccl5~/~
mice compared to WT mice 36 and 48 h after APAP treatment
(Fig. 3a). By using a well-designed gating strategy (Fig. S2A), we
performed flow cytometric assays and found a markedly
decreased number of hepatic neutrophils (CD11b*Ly6G™) in
Ccl57/~ mice in the late phase after APAP treatment (Fig. 3b). In
addition, IHC for Ly6G also confirmed the reduced number of
neutrophils in the liver of Cc/5~/~ mice (Fig. 3c). In addition to
inflammatory resolution, hepatocyte regeneration is also critical
for liver repair and recovery in ALF patients.>?° Here we also
examined hepatocyte regeneration in both genotypes after
APAP treatment. Interestingly, we found that Ki67-positive
hepatocytes and hepatic proliferating cell nuclear antigen
protein levels were significantly increased in Ccl5~/~ mice
compared to WT mice between 36 and 48h after APAP
treatment (Fig. 3d, e). Together, these data suggest that the
enhanced liver repair in Cc/5~/~ mice is associated with
improved inflammation resolution and liver regeneration in
Ccl5~/~ mice after APAP treatment.
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Fig. 1 CCL5 induction in DILI patients and an AILI mouse model. a ELISA analysis of serum CCL5 levels in DILI patients (n=15)
and healthy controls (n=15). b Representative IHC images of hepatic CCL5 expression in DILI patients and healthy controls (original
magnification = x200, scale bar = 100 pm). ¢ Dynamic serum CCL5 levels in WT mice after APAP challenge at the indicated time points (n =
4-6). d Representative IHC images of hepatic CCL5 expression in WT mice 24 h after APAP treatment and in normal controls (original
magnification = x200, scale bar = 100 pm). e Relative Cc/5 mRNA expression was determined in liver tissues, primary hepatocytes (PMHs), and
nonparenchymal cells (NPCs) 6 h after APAP treatment (n = 3-4). The data are shown as means + SEM, *P < 0.05, ****P < 0.0001
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Fig.2 Cc/5~~ mice display rapid liver recovery after APAP treatment. a-c APAP treatment in both Cc/5~’~ and WT mice at the indicated time
points (n = 4-6). a Serum levels of ALT/AST of both genotypes. b Representative images of H&E staining (original magnification = x100, scale
bar = 200 pm) and the statistical quantification of hepatic necrosis. ¢ Representative images of TUNEL staining (original magnification = %200,
scale bar = 100 pm) and the statistical quantification of TUNEL-positive cells. d Survival curve of Ccl5~~ and WT mice in response to a lethal
dose of APAP (n = 15). The data are shown as means + SEM, *P < 0.05, **P < 0.01

CCL5 deficiency improves liver repair by enhancing M2
macrophage polarization

Given that CCL5 is a chemokine that recruits many types of
leukocytes, we then performed a flow cytometric assay to
determine whether there are differences in the hepatic infiltration
of leukocytes in the two genotypes. As shown in Fig. 4a and
Fig. 52B, the numbers of hepatic monocyte-derived macrophages
(CD11bM9"F4/80™), KCs (CD11b"™F4/80M9"), and natural killer (NK)
(NK1.1M9"CD37), NKT (NK1.1™CD3™), B (CD19*CD3"), CD8* T
(CD37CD8™), and CD4" T (CD37CD4™) cells were comparable in
both genotypes in the late phase after APAP treatment. Among
macrophages, M2 macrophages have been proven to play a
potent role in inflammation resolution and the phagocytosis of
cell debris?* We then examined the population of M2
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macrophages in both genotypes. By analyzing the levels of
CD206 (a surface marker of M2 macrophages)*® by flow cytometry,
we demonstrated a higher number of hepatic M2 in Ccl5~/~ mice
than in WT mice 36 h after APAP treatment (Fig. 4b), suggesting
that the increase in the number of M2 macrophages may
contribute to resolution enhancement in Ccl5~/~ mice. Moreover,
the increased number of M2 macrophages in Cc/5~/~ mice was
further confirmed by detecting the levels of M1 markers (inducible
nitric oxide synthase, TNFa, IL-18) and M2 markers (Arg1, Ym1,
CD206) by qPCR (Fig. 4c) and by immunofluorescence costaining
for CD68 (a general macrophage marker) and Ym1 (Fig. 4d). These
findings indicate that the increase in the number of hepatic M2
macrophages may contribute to improving liver resolution/repair
in Ccl5~/~ mice.

Cellular & Molecular Immunology (2020) 17:753 -764
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Fig. 3 Enhanced inflammation resolution and liver regeneration in Cc/5~/~ mice at the late phase of APAP treatment. a—e APAP treatment in
both Ccl5~/~ and WT mice at the indicated time points (n = 4-6). a ELISA analyses of the serum levels of IL-6 and TNFa. b Representative FACS
plots and the statistical quantification of hepatic neutrophils (Ly6G"CD11b™). c Representative IHC images and the statistical quantification of
hepatic Ly6G™ cells in liver sections (original magnification = x400, scale bar = 50 pm). d Representative immunohistochemical staining of
hepatic Ki67 in liver sections of Cc/5~”~ and control mice at the indicated time points after APAP treatment and the quantification of Ki67-
positive cells in liver sections (n = 4-6). e Western blot analysis showing the expression of hepatic PCNA in Cc/5~/~ and control mice at the
indicated time points after APAP treatment and the quantification of hepatic PCNA levels normalized to p-actin (n = 3-4). The data are shown

as means + SEM, *P < 0.05, **P < 0.01
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CCL5 directly promotes M1 polarization and impedes M2
polarization in macrophages

Since a significantly increased number of hepatic M2 macro-
phages was observed in Cc/5~/~ mice, we then examined
whether CCL5 can direct the polarization of macrophages.
Polarization assays in peritoneal macrophages (PM¢) and
bone marrow-derived macrophages (BMMg) showed that
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recombinant mouse CCL5 (rmCCL5) directly and greatly induced
M1 polarization (Fig. 5a, b), and such induction was dose
dependent (Fig. S3A). Moreover, rmCCL5-induced M1 polariza-
tion was further confirmed in the RAW264.7 macrophage cell
line (Fig. S3B). This CCL5-induced M1 polarization is unlikely to
be due to contamination of rmCCL5 with endotoxin because
rmCCL5 also induced M1 polarization in PMg isolated from both

Cellular & Molecular Immunology (2020) 17:753 - 764
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independent experiments. **P < 0.01, ***P < 0.001

WT and TIr4~/~ mice, whereas lipopolysaccharide induced M1
polarization in PM¢ from WT mice but not from TIr4~'~ mice
(Fig. S3C). Furthermore, heat inactivation at 100 degrees for 5
min completely abolished rmCCL5-induced M1 polarization in
PMeo (Fig. S3D). Interestingly, qPCR assays demonstrated that
cotreatment with IL-4 (commonly used to induce M2 polariza-
tion) and rmCCL5 significantly impeded IL4-induced M2
polarization in both PM¢@ and BMMe¢ (Fig. 5¢, d). Moreover,
western blot assays further confirmed such CCL5-mediated
impairment of M2 polarization (Fig. 5e, f). These findings
indicate that CCL5 is a novel polarization regulator that directly
induces M1 polarization and impedes M2 polarization, and this
explains the greater number of M2 macrophages in Ccl5~/~ mice
during AlLI

The CCL5-CCR1 and CCL5-CCR5 pathways are required for CCL5-
mediated macrophage polarization

Given that the activation of the MAPK and NF-kB signaling
pathways is important for M1 polarization,>**° we examined

Cellular & Molecular Immunology (2020) 17:753 - 764

whether CCL5 can induce the activation of those two pathways.
CCL5 treatment greatly activated both the MAPK and NF-kB
signaling pathways in PMg, as indicated by increased protein levels
of p-Erk1/2, p-JNK, p-NF-kB, and p-IKBa (Fig. 6a). Moreover,
treatment with antagonists of CCR1 (BX471), CCR3 (GW766994),
and CCR5 (maraviroc) showed that the CCL5-mediated induction of
the MAPK and NF-kB pathways was dependent on CCR1 and CCR5
but not on CCR3 (Fig. 6b). In line with this notion, antagonists
blocking CCR1 and CCR5 but not CCR3 significantly impaired CCL5-
induced M1 polarization, whereas they markedly enhanced IL4-
induced M2 polarization in PM (Fig. 6¢). Meanwhile, by employing
an RNAi-mediated knockdown of CCR1 or CCR5 in RAW264.7 cells,
we further confirmed that the inhibition of the CCL5-CCR1 or CCR5
pathway greatly impaired CCL5-induced MAPK and NF-kB activa-
tion (Fig. 6d), reduced M1 polarization, and augmented IL4-induced
M2 polarization (Fig. 6e). These findings indicate that, through CCR1
and CCR5, CCL5 can activate MAPK and NF-kB pathways, resulting
in the enhancement of M1 polarization and the attenuation of M2
polarization in macrophages.
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Fig.6 CCL5 regulates macrophage polarization mainly through CCR1- and CCR5-related MAPK/NF-kB pathways. a Mouse peritoneal macrophages
(PMg) were stimulated with 100 ng/ml rmCCL5 for 0-60 min, and the signaling activation of the MAPK and NF-xB pathways was detected by
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CCL5 signaling inhibition facilitates liver recovery after acute liver
injury

Having detected that CCL5 deficiency improves liver recovery
after APAP treatment by enhancing M2 polarization, we then
sought to evaluate the therapeutic potential of CCL5 inhibition in
APAP-induced liver injury. As shown in Fig. 7a, a CCL5 neutraliza-
tion antibody (anti-CCL5) or a CCL5 receptor antagonist (Met-
CCL5) was administered to WT mice 6 and 24h after APAP
overdose, and liver injury was assessed 36 h after APAP treatment.
Both anti-CCL5 and Met-CCL5 greatly promoted APAP-induced
liver injury, as demonstrated by significantly decreased ALT/AST
levels (Fig. 7b), decreased hepatic necrosis (Fig. 7c), and reduced
hepatic neutrophil infiltration (Fig. 7d). In line with the findings in
Ccl5~ mice, an increase in the number of hepatic M2
macrophages was also detected in mice treated with anti-CCL5
or Met-CCL5 (Fig. 7e). More importantly, anti-CCL5- or Met-CCL5-
mediated CCL5 inhibition greatly improved survival in WT mice
following a lethal dose (500 mg/kg, i.p.) of APAP treatment (Fig. 7f).
These findings imply the therapeutic potential of targeting CCL5
for the treatment of APAP overdose. Given that M2 macrophages
have been reported to promote tissue healing in CCls- or IR-
induced liver injury,®'*? we then tested whether CCL5 signaling
inhibition plays protective roles in these liver injury models. As in
APAP-induced liver injury, serum CCL5 levels were markedly
increased in an acute CCls;-induced liver injury model (Fig. S4A)
and a liver IR model (Fig. S4B). Moreover, CCL5 deficiency
improved liver recovery (Fig. S4C, D) while also increasing the
hepatic accumulation of M2 macrophages (Fig. S4E) and decreas-
ing the hepatic infiltration of neutrophils (Fig. S4F) in these two
models. Therefore, these findings suggest the potential for the
broad application of targeting CCL5 for the treatment of acute
liver injuries involving M2 macrophage-mediated liver resolution/
repair, such as AlLI and other acute liver diseases.

DISCUSSION

In the present study, we demonstrated the induction of CCL5 in
drug-induced liver injury patients and an APAP-induced liver
injury mouse model. We identified that multiple cell types,
including hepatocytes and NPCs, are responsible for APAP-
induced CCL5 expression. Functionally, we showed that CCL5
deficiency enhances liver repair in an AlLI model by improving
inflammation resolution and liver regeneration, which are mainly
mediated by M2 macrophages. Mechanistically, we demonstrated
that, through its receptors CCR1 and CCR5, CCL5 can facilitate M1
polarization and impede M2 polarization. Finally, we showed the
therapeutic potential of inhibiting CCL5 in APAP overdose and
suggested that targeting CCL5 may also play protective roles in
other acute liver injuries induced by CCl, or IR.

Innate immunity activation and inflammatory surge are
common features of various acute liver injuries. Generally,
inflammation is believed to play a protective role through clearing
cell debris and having proregenerative effects,*®> but unresolved
inflammation serves as a detrimental factor in many liver diseases
by aggravating liver damage.* Therefore, identifying the key
factors that are able to regulate the switch between healthy and
pathogenic inflammation is critical for developing novel ther-
apeutic strategies against inflammation-related liver diseases. In
fact, enhanced inflammation resolution has been reported to
contribute to hepatic injury healing.?**> Here we demonstrated a
novel function of CCL5 as a key mediator of innate immunity
regulation in acute liver injury.

In the early phase of APAP-induced liver injury, overdosed APAP
is catalyzed by CYP2E1 to produce reactive NAPQI, which in turn
forms cellular toxic protein adducts, especially mitochondrial
protein adducts, leading to the dysfunction of mitochondria.?
NAC, a GSH precursor, is the only approved treatment for
neutralizing excessive NAPQI, but it is less effective in patients
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whose liver injury has progressed to the late phase.” In the present
study, we demonstrated that CCL5 deficiency has no effect on
detrimental early events, including APAP metabolism, GSH
depletion, and mitochondrial dysfunction, but greatly improves
inflammation resolution in the late phase of APAP-induced liver
injury, suggesting that CCL5 may serve as a therapeutic target in
the late phase of APAP overdose. This enhanced resolution seems
to not be attributed to the reported chemotactic role of CCL5 on
monocytes®® because there was no difference in the number of
hepatic macrophages in either WT or Cc/5~/~ mice. This may be
explained by the fact that CCL5 is not the dominant chemokine
responsible for monocyte trafficking during liver injury, given that
previous studies have shown that hepatic monocyte recruitment
in the liver occurs in a CCR2- or macrophage colony-stimulating
factor-dependent manner.3”8 Although CCL5 has no effect on
hepatic monotype recruitment, we observed an increase in the
number of M2 macrophages in Cc/5~/~ mice and that M2
macrophage depletion abolished the hepatoprotective role in
Ccl5~~ mice, suggesting that CCL5 may affect inflammation
resolution by regulating macrophage polarization.

Polarization is a key feature of the remarkable plasticity of
macrophages in response to various environmental stimuli.** M1
macrophages are known to be induced by TNFaq, interferon-y, and
endotoxin, whereas M2 macrophages can be induced by IL-4, IL-
10, and IL-13.*° In addition to the cytokines that direct
macrophage polarization, recent studies have demonstrated that
some chemokine signals are also involved in macrophage
polarization. For example, CX3CL1-CX3CR1 has been shown to
suppress M1 polarization in microglia*'; the inhibition of CXCL12-
CXCR4 signaling significantly inhibits M1 polarization in adipose
tissue.”” Here we identified CCL5-CCR1 and CCL5-CCR5 as
alternative signaling pathways for modulating macrophage
polarization. By interacting with downstream receptors, CCL5
activates intracellular MAPK and NF-kB signaling pathways and
promotes the M1 polarization of macrophages.

By employing a CCL5-neutralizing antibody (anti-CCL5) or a
CCL5 antagonist (Met-CCL5), we evaluated the therapeutic
potential of CCL5 signaling inhibition for the treatment of APAP
overdose. To evaluate its therapeutic potential in the late phase,
we first administered anti-CCL5 or Met-CCL5 24 h post-APAP
injection, but no therapeutic effects were observed (data not
shown), suggesting that the early inhibition of CCL5 signaling may
be required to achieve desirable therapeutic effects despite the
improved liver recovery in the late phase of APAP overdose in
Ccl57"~ mice. Following a two-injection strategy, we administered
either anti-CCL5 or Met-CCL5 6 and 24 h after APAP treatment and
found that CCL5 inhibition significantly ameliorated APAP-induced
liver injury and improved survival. However, it is not reasonable to
combine anti-CCL5 and Met-CCL5 to inhibit CCL5 because Met-
CCL5 is a peptide antagonist that can also be neutralized by anti-
CCL5. The combination of anti-CCL5 with an antagonist of CCL5
receptors may be feasible, but it was not examined in this study. In
addition, given that acute liver injury induced either by CCl, or IR
was ameliorated in Cc/5~/~ mice, it is worth investigating the
therapeutic potential of CCL5 inhibition in these injury models.

MATERIALS AND METHODS

Patients and samples

Fifteen DILI patients were enrolled, and serum samples were
collected. Ten of these patients underwent liver biopsy at the
Department of Liver Diseases, Shuguang Hospital affiliated with
Shanghai University of Chinese Traditional Medicine and the
Department of Liver Surgery, Renji Hospital affiliated with the
School of Medicine, Shanghai Jiao Tong University. Fifteen
subjects were healthy controls. Samples from the healthy controls
were collected at Renji Hospital affiliated with the School of
Medicine, Shanghai Jiao Tong University. Patient samples were
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obtained following informed consent and according to protocols
approved by the ethical review committees of Shanghai University
of Chinese Traditional Medicine and Shanghai Jiao Tong
University. To analyze CCL5 expression at the protein level, serum
CCL5 expression was analyzed using an ELISA kit, and tissue CCL5
expression was analyzed using IHC. The patients’ clinical informa-
tion is shown in Supplementary Table 1.

Animal and animal models

Ccl5 knockout (Ccl5~”~, B6.129P2-Ccl5"™""/), stock no: 005090)
mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). The APAP liver injury model was established as in our
previous study.”® Briefly, 20 mg/ml APAP solution was freshly
prepared by dissolving APAP (Sigma-Aldrich, St. Louis, MO) in
pyrogen-free phosphate-buffered saline (PBS) at 55°C. Then
freshly prepared APAP solution was warmed to 37 °C and injected
i.p. at a dose of 300 mg/kg (sublethal dose) or 500 mg/kg (lethal
dose) into mice that had been fasted overnight. To evaluate the
therapeutic potential of CCL5 inhibition, a CCL5-neutralizing
antibody (anti-CCL5, AF478, R&D, USA); control IgG (AB-108-C,
R&D, USA); or a CCL5 receptor antagonist (Met-CCL5, 335-RM/CF,
R&D, USA) were reconstituted in sterile PBS and administered to
WT mice (10 pg/injection, i.p) 6 and 24 h after APAP overdose.
Liver tissues and serum samples were collected at the indicated
time points. For all in vivo experiments, we used age-matched
(8-10-week-old) male Cc/5~/~ mice and WT littermate controls
bred in specific pathogen-free conditions. The littermates were
offspring that were generated from heterozygous mice (Ccl5™ 7).
All mouse studies were approved by the Institutional Animal Care
and Use Committees of Renji Hospital and Shanghai Jiao Tong
University.

Statistical analysis
GraphPad Prism 6 software (GraphPad Software, San Diego, CA,
USA) was used for statistical analysis. The results are presented as
means + SEM unless otherwise stated. Comparisons of two groups
were performed using paired or unpaired Student’s t test. Survival
curves were compared using log-rank (Mantel-Cox) test.

Other methods are included in Supplementary Materials And
Methods.
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