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Kupffer cells (KCs), which are liver-resident macrophages, originate from the fetal yolk sac and represent one of the largest
macrophage populations in the body. However, the current data on the origin of the cells that restore macrophages during liver
injury and regeneration remain controversial. Here, we address the question of whether liver macrophage restoration results from
circulating monocyte infiltration or local KC proliferation in regenerating livers after partial hepatectomy (PHx) and uncover the
underlying mechanisms. By using several strains of genetically modified mice and performing immunohistochemical analyses, we
demonstrated that local KC proliferation mainly contributed to the restoration of liver macrophages after PHx. Peak KC proliferation
was impaired in /l6-knockout (KO) mice and restored after the administration of IL-6 protein, whereas KC proliferation was not
affected in //4-KO or Csf2-KO mice. The source of IL-6 was identified using hepatocyte- and myeloid-specific //6-KO mice and the
results revealed that both hepatocytes and myeloid cells contribute to IL-6 production after PHx. Moreover, peak KC proliferation
was also impaired in myeloid-specific /l6 receptor-KO mice after PHx, suggesting that IL-6 signaling directly promotes KC
proliferation. Studies using several inhibitors to block the IL-6 signaling pathway revealed that sirtuin 1 (SIRT1) contributed to IL-6-
mediated KC proliferation in vitro. Genetic deletion of the Sirt7 gene in myeloid cells, including KCs, impaired KC proliferation after
PHXx. In conclusion, our data suggest that KC repopulation after PHx is mainly driven by local KC proliferation, which is dependent

on IL-6 and SIRT1 activation in KCs.
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INTRODUCTION

The liver has the unique capability to regenerate after injury
or partial resection. These regenerative functions are orchestrated
by a variety of immune cells and mediators produced by these
cells [1, 2]. The liver is considered an immunological organ
because it contains a high density of immune cells, such as
resident macrophages known as Kupffer cells (KCs), innate
immune cells (e.g, NK and NKT cells), and lymphoid immune
cells, including T and B lymphocytes [3, 4]. Among these cells,
KCs represent one of the largest macrophage populations in
the human body [5] and represent ~30% of hepatic nonparench-
ymal cells [6]. Because KCs play a wide variety of roles in
metabolism, toxin clearance, immunity, and inflammation, their
quick restoration is critical in the clinical care of liver diseases,
including injury mediated by alcohol, lipids, drugs, toxins, viruses,
bacteria, and ischemia, to ensure hepatic regeneration [7-10].
However, the origin of these cells and the underlying

mechanisms leading to their restoration remain largely unclear
or controversial.

Alongside resident KCs, which are derived from the fetal yolk
sac, bone marrow-derived monocytes circulate through the
hepatic vascular network in a steady state as patrolling cells and
infiltrate the liver tissue upon injury [7, 8, 11]. Recently, several
markers have been identified to discriminate between KCs and
infiltrating macrophages. lonized calcium-binding adapter mole-
cule 1 (IBAT) has been described as a common marker of both
monocytes and KCs, as well as monocyte and macrophage
populations found in other organs in the body, such as microglia
[12]. However, C-type lectin domain family 4 member F (CLEC4F)
has been identified as the most specific KC marker to date, as it is
not expressed by monocytes. KCs are commonly described as
CD45"F4/80TCD11b™Me™ediateC) EC4FT cells [13, 14]. In contrast,
CX3CR1, the G-protein-coupled fractalkine receptor, is expressed
by monocytes and capsular macrophages and is absent from KCs
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[15]. The identification of these markers has led to improved
characterization of hepatic macrophage populations, and emer-
ging evidence suggests that while at a steady-state, most
macrophages in the liver are KCs, and following tissue damage
and inflammation, which causes a loss of KCs, circulating
monocytes infiltrate the hepatic parenchyma. For example, a
decrease in liver KCs has been reported in several types of
fulminant hepatitis, including infection with murine cytomegalo-
virus [16] or the bacterium Listeria monocytogenes [17], and in
models of methionine/choline-deficient (MCD) diet-induced non-
alcoholic steatohepatitis (NASH) [18] and hepatocellular carcinoma
(HCQ) [19]. Several studies have suggested that these lost KCs are
partially replaced by circulating monocytes [17, 20-23]. However,
whether local KC proliferation or circulating monocytes restore
liver macrophages after partial hepatectomy (PHx) remains
unclear.

The liver has a remarkable ability to regenerate after tissue loss
(such as PHx) or injury [24, 25]. Previous studies suggested that
PHx triggers the activation of KCs, and these cells start producing
cytokines such as tumor necrosis factor a (TNF-a) and interleukin 6
(IL-6) that stimulate hepatocyte proliferation [24, 25] and finely
regulate liver regeneration to reach a stable liver mass [26].
Although the mechanisms of hepatocyte proliferation have been
well described [27], the underlying mechanisms involved in
macrophage replenishment remain unclear. As macrophages
orchestrate liver regeneration and interact with other hepatic
cells in regenerating livers through the production of cytokines
[28-30], it is crucial to restoring their pool to sustain the
regenerative process. In fact, studies have shown that liver
regeneration is severely impaired when macrophages are
depleted [31, 32]. Among several cytokines produced by the liver
during regenerative processes, IL-6 is known to be a key regulator
of hepatic parenchyma restoration [29, 33]. Indeed, deletion of the
IlI6 gene has been shown to cause liver failure in mice after PHx
[34]. Interestingly, IL-6 is a cytokine that targets several types of
hepatic cells in addition to hepatocytes during regeneration
[35, 36]. The IL-6 receptor is composed of two subunits, IL-6Ra and
gp130. While gp130 is ubiquitously expressed in the body, IL-6Ra
is only expressed by a few cell types, including hepatocytes, KCs,
hepatic stellate cells, and biliary cells [35, 36]. In addition, IL-6 can
also bind to soluble IL-6Ra to form a more stable IL-6/IL-6Ra
complex, which can in turn bind to gp130 expressed on the cell
membrane. This alternative pathway is called IL-6 trans-signaling
and is particularly important for IL-6 signaling in cells that do not
express transmembrane IL-6Ra. This trans-signaling pathway has
been associated with better liver regenerative capacities [37, 38].
However, little information is available about the potential impact
of IL-6 on KCs during liver regeneration following PHx.

In the current study, no apoptosis was observed in KCs in the
remnant liver after PHx, and the restoration of KCs during liver
regeneration in this model mainly originated from the local
proliferation of the remaining KCs, which occurred in an IL-6-
dependent manner through the activation of SIRT1. Finally, both
hepatocytes and myeloid cells contribute to IL-6 production
after PHx.

MATERIALS AND METHODS

Animals

116-KO, 114-KO, Csf2-KO, and Ccr2-KO mice on a C57BL/6J background and
wild-type C57BL/6J mice were purchased from the Jackson Laboratory
(Maine, ME). Lyz<"®"®, AIb“““"®, and Cx3cr1®F knock-in/knock-out mice
were also purchased from Jackson Laboratory. Homozygous Cx3cr1F/cF?
mice were bred with C57BL/6J mice to obtain heterozygous Cx3cr1®-
mice. Mice with myeloid-specific deletion of the /l6r gene (I16r™Ye-KO) were
generated through several steps of crossing ll6r”f mice with Lyz®/*"® mice
as described previously [39]. 6™ mice were generated as previously
described [40]. Mice with myeloid-specific deletion of the /I6 gene (/l6"¢-
KO) and hepatocytes (//67°P-KO) were generated through several steps of
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crossing 116" mice with Lyz®"® and AIbS®“" mice, respectively. The

AlbCre line has been widely used to delete genes of interest in
hepatocytes, and we have previously demonstrated that hepatocyte /6
was effectively deleted in //6™"P-KO mice [41]. Effective deletion of /16 in
KCs from 1I6"72-KO mice was confirmed in the current study (see Results
section). Myeloid-specific Sirt1-knockout (Sirt1™®-KO) mice were kindly
provided by Dr. Xiaoling Li (NIEHS, NIH) as described previously [42].

Eight- to twelve-week-old mice were used for PHx. Free access to food
and water was offered to the animals, and bacon softies were added on
the floor for all animals after surgery. PHx was performed between 8 a.m.
and 1 p.m. under sterile conditions. The animals were anesthetized with
isoflurane, and buprenorphine (0.6 pg/g) was injected subcutaneously on
the left side of the abdomen. Alcohol and betadine were applied to the
abdominal skin of the animals prior to midline laparotomy. The left and
middle lobes of the liver, along with the gall bladder, were consecutively
ligated at the base and resected. The abdominal wall and the skin were
sutured separately. BrdU (Sigma-Aldrich, St. Louis, MO) was injected
intraperitoneally (50 ug/g) 2 h before sacrifice. When indicated, recombi-
nant IL-6 (2 pg/g) was injected intraperitoneally. Recombinant human IL-6
was produced through recombinant DNA technology and purified as
described previously [43].

All animals received humane care in accordance with the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of
Health, and all animal experiments were approved by the NIAAA Animal
Care and Use Committee.

KC isolation

KCs were isolated from mouse livers as described by Marcela Aparicio-
Vergara et al. [44]. The liver was first perfused with 50 mL of EGTA, followed
by 50 mL of collagenase type | (0.075% in 1x HBSS) perfusion solution.
After perfusion, the liver was triturated and further digested with a
collagenase type | digestion solution (0.015%) for 10-20 min at 37°C on a
shaker (90 rpm). The obtained suspension was then filtered through a 70
pm nylon mesh and centrifuged for 5min at 50g. The supernatant
containing the nonparenchymal cells was centrifuged at 500 g for 10 min.
The cell pellet was then resuspended in 8 mL of 40% Percoll, topped with
4mL of HBSS, and then centrifuged at 1150g for 17 min at 4°C. The
interphase containing the nonparenchymal cells was collected, washed
with 1x HBSS, and pelleted by centrifugation for 10 min at 500 g. The
obtained cell pellet was further processed by magnetic cell sorting (MACS)
(endothelial cell marker CD146 MicroBeads, Miltenyi) to remove sinusoidal
endothelial cells as described by the supplier’s instructions. The CD146-
negative cell fraction was seeded in 6-well plates and cultured for 1h in
RPMI supplemented with FBS (10%), penicillin (100 U/mL), and streptomy-
cin (100 pg/mL). Nonadherent cells were removed by washing, and the
adherent cells represented purified KC (KC purity reached ~80%).

Cell culture

Freshly isolated KCs and the RAW264.7 mouse macrophage cell line (ATCC,
Manassas, VA) were cultured in RPMI + 10% FBS and were serum-deprived
for proliferation assays. The inhibitors used in this study were 200 uM EX-
527 (SIRT-1), 20 uM SB203580 (P38/AKT), 100 uM PD98059 (MAPK/ERK),
and 100 uM SP600125 (JNK) (Selleck Chemicals Llc, Houston, TX). When
indicated, cells were stimulated by the addition of rIL-6 (100 ng/ml) to the
medium.

SIRT1 activity assay

RAW cell nuclei were extracted using the NE-PER nuclear and cytoplasmic
extraction kit (Thermo Scientific, Waltham, MA) and were further processed
to collect nuclear SIRT1 and assess enzymatic activity using the SIRT1
activity assay kit (Abcam, Cambridge, UK) according to the manufacturer’s
protocol.

Immunofluorescent staining

Livers were collected after the mice were euthanized and were placed in
formalin for fixation. The tissues were dehydrated in ethanol solutions and
then embedded in paraffin. Tissues were sectioned one day prior to
staining and dried at 37 °C. Deparaffinization and rehydration of the
microsections were performed using xylene and ethanol solutions with
decreasing concentrations. Tissue sections were exposed to primary
antibodies overnight at 4 °C, and secondary antibodies were applied for 1 h
at room temperature the following day after three washes with PBS. The
following antibodies were used: IBA1 (Abcam, Cambridge, UK), CLEC4F
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(Cell Signaling, Danvers, MA), F4/80 (Cell Signaling, Danvers, MA), anti-
rabbit Alexa Fluor 488 (#4412), anti-rat Alexa Fluor 555 (#4417) (Cell
Signaling), and streptavidin-conjugated 555 (#521381) (ThermoFisher,
Waltham, MA).

BrdU staining was performed using the BrdU In Situ Detection Kit
(#551321) (BD Pharmingen, San Jose, CA). Biotinylated anti-BrdU primary
antibodies were applied overnight at 4 °C after a blocking step with goat
serum for 1 h. The following day, the liver tissue sections were washed and
incubated with streptavidin-coupled secondary antibodies for 1 h.

ELISA

Blood was collected retroorbitally from the mice at the indicated times
post-PHx. Serum was separated by centrifugation. A mouse IL-6 ELISA kit
(M6000B) from R&D Systems (Minneapolis, MN) was used to quantify
serum IL-6 levels according to the manufacturer’s instructions.

Mouse genotyping

For genotyping purposes, pieces of the ear were collected and digested
using the DirectPCR Lysis Reagent (Ear) kit (Viagen Biotech, Los Angeles,
CA). The genotyping protocol information is described on the Jax website.
For 116" mice, DNA was amplified using the following primers: /167
forward CCCACCAAGAACGATAGTCA and reverse GGT ATC CTC TGT GAA
GTC CTC.

RNA extraction and quantitative reverse transcription PCR
(RT-qPCR)

For gene expression and RNA extraction, snap-frozen liver samples or
freshly isolated KCs and RAW cells were placed in TRIzol reagent. Liver
tissues were homogenized with beads in a TissueLyser and collected in
TRIzol reagent. RNA was further extracted according to the Qiagen RNEasy
Mini kit protocol and transcribed into cDNA. The primers used in this study
were as follows: /l6: forward 5'-TCCATCCAGTTGCCTTCTTG-3’ and reverse
3/-TTCCACGATTTCCCAGAGAAC-5'; [l4: forward 5'-GGTCTCAACCCCCAGCT
AGT-3’ and reverse 3'-GCCGATGATCTCTCTCAAGTGAT-5; and Csf2: forward
5/-GGCCTTGGAAGCATGTAGAGG-3' and reverse 3'-GGAGAACTCGTTAGAG
ACGACTT-5".

Statistical analysis

The results are expressed as the mean + SEM, and statistical significance
was determined by a two-tailed Student's t-test or one- or two-way
analysis of variance as appropriate using PRISM 9.0 software. Significance
between multiple groups was determined by ANOVA. Values of P < 0.05
were considered significant.

RESULTS

Liver KC restoration after PHx is mainly driven by local KC
proliferation independent of circulating monocytes

To determine the kinetics of hepatocyte and macrophage
proliferation, liver tissues were collected from 0 to 72h after
PHx, and bromodeoxyuridine (BrdU) incorporation was examined
by immunofluorescence analysis (Fig. 1A). Hepatocyte prolifera-
tion peaked at 40 h after PHx (Fig. 1A, B), and ~30% of hepatocytes
were BrdU™. Next, proliferating macrophages were identified by
double immunofluorescence staining for both IBA1 (a pan-
macrophage marker) and BrdU (a proliferation marker), and the
results revealed that liver macrophage proliferation peaked at 48 h
after PHx (Fig. 1A, Q). At the peak, ~22% of total macrophages
were proliferating (Fig. 1C).

To address the question of whether the restoration of liver
macrophages following PHx resulted from the recruitment of
circulating monocytes or from resident KC proliferation, we
performed double immunostaining with IBA1 and CLEC4F
antibodies. IBA1 is expressed by both KCs and infiltrating
monocytes, while CLEC4F is specifically expressed by KCs
[13, 14]. At 48 h after surgery, immunohistochemical analysis of
livers from sham or PHx mice revealed that more than 97% of all
IBA1* macrophages in the liver also expressed CLEC4F (Fig. 1D, E),
suggesting that macrophages in the liver at the peak of
proliferation after PHx expressed the KC-specific marker CLECAF,
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and very few CLEC4F IBA1" infiltrating macrophages were
observed.

To further support this conclusion, we used a murine model in
which the green fluorescent protein (GFP) gene was inserted
under the control of the Cx3cr1 gene promotor to track the flow of
circulating monocytes. GFP immunohistochemical staining (Fig. 1F)
of liver tissue sections revealed that the number of GFP*
infiltrating macrophages after PHx was low and similar to that in
sham mice (Fig. 1G), suggesting that no significant monocyte
infiltration occurred after PHx. Furthermore, we investigated
whether impairments in circulating monocyte infiltration affected
macrophage restoration after PHx. To address this question, Ccr2-
KO mice in which the Ccr2 gene, which encodes the key monocyte
recruitment chemokine receptor CCR2, was deleted, were
subjected to PHx. Immunofluorescence analysis of liver tissue
sections revealed that both WT and Ccr2-KO mice had ~30% IBA1"
BrdU™ liver macrophages at 40 h and 48 h after PHx, and there
were no differences between the two groups (Fig. 1H, 1),
suggesting that peak liver macrophage proliferation was not
impacted when monocyte chemotaxis was disrupted.

Neither IL-4 nor colony-stimulating factor 2 (CSF2) is required
for peak KC proliferation following PHx

Both IL-4 and CSF-2 (also known as a granulocyte-macrophage
colony-stimulating factor; GM-CSF) has been suggested to play
important roles in macrophage proliferation and KC renewal
[45, 46]; therefore, we first tested whether IL-4 contributed to KC
proliferation after PHx. As shown in Fig. 2A, hepatic expression of
114, as detected by RT-qPCR, was comparable in sham and PHx
mice. //4-KO mice displayed a trend of lower KC proliferation at 40
h and 48 h after PHx than WT mice, but the difference was not
statistically significant (Fig. 2B, C). Similarly, hepatic expression of
Csf2, as detected by RT-gPCR, was also comparable in sham and
PHx mice (Fig. 2D). Deletion of the Csf2 gene in Csf2-KO mice did
not affect KC proliferation post-PHx (Fig. 2E, F).

IL-6 is required for the peak KC proliferation following PHx
IL-6 has been shown to contribute to hepatocyte proliferation
after PHx [47], and we then evaluated the potential impact of IL-6
on KC proliferation. Hepatic /l6 mRNA expression levels were
upregulated in both the sham and PHx groups, with much higher
levels in the latter group (Fig. 3A). To investigate the role of IL-6 in
hepatocyte and KC repopulation after PHx, WT, and //6-KO mice
were subjected to PHx, and hepatocyte and KC proliferation were
assessed by immunofluorescence staining (Fig. 3B). All WT mice
survived 48 h after PHx, while the survival rate in the //6-KO group
was 77%. The results showed that at 48 h, ~30% of hepatocytes
were BrdU™ in WT mice while proliferating hepatocytes did not
exceed 10% in /l6-KO mice (Fig. 3B, C). Moreover, intravenous
injection of recombinant IL-6 (rlL-6) in PHx //6-KO mice partially
restored hepatocyte proliferation (Fig. 3C), suggesting that IL-6
plays an important role in promoting hepatocyte proliferation.
Next, we examined KC proliferation and found that 20% of IBA1*
cells were BrdU™ in WT mice, but these cells only accounted for
6% in 1l6-KO mice (Fig. 3D). Intravenous injection of rIL-6 fully
restored peak macrophage proliferation in PHx //6-KO mice
(Fig. 3D).

Both hepatocytes and KCs are major sources of IL-6 after PHx
To determine whether IL-6 was mainly produced by hepatocytes
or myeloid cells, //6"*P-KO and 1I6"Y°-KO cells were subjected to
PHx. Effective deletion of /I-6 in hepatocytes in /16™"°P-KO mice was
reported previously [41]. In addition, LyzCre has been used to
effectively delete genes of interest in KCs by many labs, including
ours [48]. Here, we further confirmed the efficacy of //6 deletion in
KCs, which was assessed by isolating KCs from /16" and 116"e-KO
mice injected with LPS, along with control /167 mice injected with
phosphate-buffered saline (PBS). As LPS is a powerful inducer of /6
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Fig. 1 Liver macrophage restoration after PHx is mainly driven by local KC proliferation. A-C Immunofluorescence analysis of liver tissue
sections from sham and PHx mice (n = 5-6/group) 32 h to 72 h after surgery and stained with antibodies against IBA1 (green) and BrdU (red).
Hepatocytes were identified by their large round nuclei, and macrophages were identified by IBA1 staining. Proliferating macrophages are
highlighted by arrowheads. The quantification of hepatocyte and macrophage proliferation at the indicated time points is shown in panels (B)
and (C). D, E IBA1 (green) and CLEC4F (red) immunofluorescence staining of liver tissue sections from sham and PHx mice 48 h after surgery (n
= 6/group). Quantification of CLEC4F' and CLEC4F cells among IBA1™ cells in sham and PHx mice at 48 h is shown in panel (E). F, G GFP
immunohistochemical staining of liver tissue sections from Cx3cr1®""" mice collected 48 h after surgery (n=6/group). The number of
CX3CR1FP* cells was counted and is shown in panel (G). Arrowheads represent CX3CR1°7"* infiltrating monocytes. H, I Inmunofluorescence
analysis of liver tissue sections from WT and Ccr2-KO mice collected 40 h and 48 h after PHx (n = 5-6/group) and stained with antibodies
against IBA1 (green) and BrdU (red). Arrowheads represent proliferating macrophages. Quantification of BrdU' IBA1" proliferating
macrophages is shown in panel (I). BrdU was injected 2 h before sacrifice and is shown in panels (A) and (H). The values are expressed as the
mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 in comparison to the corresponding sham groups in panels (B) and (C) and to CLEC4F cells in
panel (E)

only ~15% of KCs were proliferating in /l6"P-KO or /16"Y2-KO mice
(Fig. 4C, D). Collectively, these data showed that both hepatocytes
and KCs represent major sources of IL-6 that contribute to KC

expression, we showed that //6 mRNA levels were highly induced
in KCs isolated from /l67f mice at 3 h after LPS injection compared
to those of the PBS control group, while there was no induction of

116 MRNA levels in the 1/6"Y5-KO mice injected with LPS (Fig. 4A).
Sera were collected 3 h and 6 h following surgery and subjected to
ELISA analysis of IL-6 levels. As shown in Fig. 4B, serum IL-6
concentrations were ~600 pg/mL in I6”" control mice, and these
levels were significantly reduced to ~200 pg/mL in both //6"P-KO
and /I6"Y*-KO mice. In addition, more than 20% of KCs were
proliferating (BrdU™) in 16" control mice at 48 h after PHx, while

SPRINGER NATURE

proliferation.

Disruption of IL-6 signaling in KCs impairs proliferation
without triggering apoptosis after PHx

To determine whether IL-6 leads to KC proliferation by direct or
indirect effects, mice with myeloid-specific /l6r deletion (/l6r*e-
KO) were subjected to PHx. In the WT group, 100% of the mice

Cellular & Molecular Immunology (2021) 18:2165-2176
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Fig.2 IL-4 and CSF-2 are not required for the peak KC proliferation after PHx. A Kinetics of //[4 mRNA expression in liver homogenates from WT
and [/4-KO mice after PHx as determined by RT-gPCR. B, C Immunofluorescence analysis of liver tissue sections from WT and //4-KO mice
collected 48 h after PHx (n = 6/group) and stained with antibodies against IBA1 (green) and BrdU (red). Arrowheads represent proliferating
KCs. The quantification of KC proliferation in WT and //4-KO mice 48 h post PHx is shown in panel (C). D Kinetics of Csf2 mRNA expression in
liver homogenates from WT and Csf2-KO mice after PHx as determined by RT-gPCR. E, F Inmunofluorescence analysis of liver tissue sections
from WT and Csf2-KO mice collected 48 h after PHx (n = 6/group) and stained with antibodies against IBA1 (green) and BrdU (red). Arrowheads
represent proliferating KCs. The quantification of KC proliferation in WT and Csf2-KO mice 48 h post PHx is shown in panel (F). The values are

expressed as the mean + SEM. BrdU was injected 2 h before sacrifice, as shown in panels (B) and (E)

survived 48 h post-PHx, while the survival rate was 85% in the
Il6r™2-KO group (n = 7/group); however, no significant difference
in the liver-to-body weight ratio was found between the two
groups (Fig. 5A). Livers from PHx /l6r"" and 1l6r"Y¢-KO mice were
collected and subjected to immunofluorescence analysis to study
hepatocyte and KC proliferation. As shown in Fig. 5B-D, hepato-
cyte proliferation, as determined by counting BrdU™ hepatocytes,
was comparable between [l6r"" and 1l6r'"Ye-KO mice, while KC
proliferation, as determined by counting IBA*BrdU™ cells, was
significantly lower in /I6/2-KO mice than in /l6r"" control mice at
48 h after PHx. To determine whether this reduced number of
accumulating KCs was due to increased apoptosis, we performed
TUNEL staining on liver tissue sections and found few TUNE-
L*IBA1" macrophages in either ll6r"" or 1169"Y°-KO mice at 48 h
and 72h post-PHx (Fig. 5E), suggesting that the reduced
number of proliferating KCs in /l6r"”¢-KO mice was not due to

Cellular & Molecular Immunology (2021) 18:2165-2176

enhanced macrophage apoptosis but rather to an impairment in
proliferation.

IL-6 stimulates KC proliferation in vivo and in vitro

These data suggest that IL-6 signaling in KCs promotes KC
proliferation after PHx. Next, we asked whether IL-6 directly
stimulates KC proliferation in vivo in the absence of PHx. To
answer this question, WT mice were treated with vehicle (PBS) or
rIL-6. As shown in Fig. 6A, B, rIL-6 injection induced a significant
increase in macrophage proliferation in the livers of WT mice in
the absence of PHx, and no proliferating cells were detected after
PBS injection. In addition, immunofluorescence analysis revealed
that intravenous injection of riL-6 preferentially induced IBA1"
macrophage proliferation but not hepatocyte proliferation. To
determine whether IL-6 signaling on KCs is required for IL-6-

induced KC proliferation in vivo in the absence PHx, ll6r”" mice
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Fig. 3 IL-6 is required for proper KC proliferation after PHx. A Kinetics of //6 mRNA expression in liver homogenates from mice subjected to
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WT, ll6-KO mice, and //6-KO mice intravenously injected with riL-6 and collected 48 h after PHx (n = 6-7/group). IBA1™" (green) and BrdU™ (red)
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and 1l6r'"Y®-KO mice were treated with riL-6 in the absence of
PHx, and we found that macrophage proliferation reached 10% in
116r"" mouse livers, while this rate was 3% in /l6r"Y¢-KO mice
(Fig. 6C, D), suggesting that IL-6 directly stimulates KC proliferation
in vivo by targeting IL-6R on KCs even under normal conditions
without PHx.

To further decipher the direct impact of IL-6 on macrophage
proliferation, RAW macrophages and freshly isolated KCs
were stimulated with rlL-6 in vitro. Immunocytochemical analysis
revealed a basal level of 22% of BrdU* RAW cells after 48 h of
culture in the control condition (vehicle), which was significantly
increased to 35% under rlL-6 stimulation (Fig. 6E, F). Similarly, in
purified KC, rlL-6 was able to significantly increase their
proliferation from 6% to 15% (Fig. 6G, H). These results reveal
the direct proliferative effect of IL-6 on KCs in vivo and in vitro.

SIRT1 is involved in IL-6-mediated KC proliferation

To further investigate the underlying factors involved in the IL-6
signaling pathway leading to KC proliferation, several inhibitors of
downstream signaling pathways, including SIRT1, p38/Akt, MAPK/
ERK, and JNK, were used (Fig. 7A). As expected, rIL-6 induced RAW
cell proliferation compared to of vehicle-treated cells. RAW cells
exposed to both rlL-6 and a SIRT1 inhibitor showed significantly
reduced proliferation compared to RAW cells exposed to rIL-6
alone after 6 h of culture (Fig. 7A). No significant difference was
reported in response to the other inhibitors at either the 3h or 6 h
time points. Next, we measured SIRT1 activity in RAW cells
exposed to rlL-6 and found that RAW macrophages stimulated

SPRINGER NATURE

with rIL-6 exhibited significantly higher SIRT1 activity than the
controls (Fig. 7B). These results strongly suggest that IL-6 mediates
KC proliferation in a SIRT1-dependent manner. To further confirm
these results, mice with myeloid cell-specific deletion of the Sirt1
gene (Sirt1™Ye-KO) were subjected to PHx. The liver weights at the
time of sacrifice were measured and revealed that the liver-to-
body weight ratio of Sirt1”" control mice was ~2.8, which was
significantly reduced to 2.1 in Sirt’"V®-KO mice 48 h post PHx
(Fig. 7C). In addition, liver regeneration was further examined by
immunofluorescence analysis, and the results revealed that at 48 h
post-PHx, the hepatocyte proliferation rate reached 20% in Sirt17f
mice, which was slightly but significantly reduced to 17% in
Sirt1MYe-KO mice (Fi/?. 7D, E). Interestingly, while over 20% of KCs
were BrdU™ in Sirt17 mice 48 h after surgery, this proliferation rate
significantly dropped to less than 5% in Sirt1"Y®-KO mice (Fig. 7D,
F). Taken together, these results suggest that SIRT1 is required for
proper KC proliferation mediated by IL-6 after PHx.

DISCUSSION

In response to tissue damage, the liver has the unique ability to
undergo a regenerative process that is finely orchestrated by KCs
to maintain its mass and functions [1, 2]. As the total number of
KCs is dramatically reduced following liver resection or partial liver
transplantation, it is vital to restore the pool of these cells. In the
present study, we provided new insights that shed light on the
origin of hepatic macrophages during liver regeneration after PHx
and the underlying mechanisms of their restoration.

Cellular & Molecular Immunology (2021) 18:2165-2176
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Liver KC restoration after PHx is predominantly driven by
local KC proliferation with a minor contribution from
circulating macrophages

In this study, we showed that macrophage proliferation peaked at
48 h post-PHx, a few hours after that of hepatocytes at 40 h.
Whether new macrophages are derived from circulating mono-
cytes or resident KCs after PHx was not clear. In fact, the origin of
repopulating hepatic macrophages has remained controversial, as
recent studies have provided conflicting data about the capacity
of monocytes and KCs to give rise to a fully regenerated pool of
liver macrophages after liver injury [7, 8]. These conflicting data
might result from the different models used to investigate the
origin of hepatic macrophages. In a study in which KCs were
completely depleted from a healthy liver without PHx, KC
restoration was achieved through bone marrow-derived mono-
cyte recruitment and differentiation in the liver [49]. In another
study in which all immune cells, including KCs, were depleted by
nonlethal 5Gy irradiation in mice before PHx, the authors
suggested that monocytes were recruited into partially hepatec-
tomized livers and played a pivotal role in accelerating liver
regeneration [21]. However, under conditions in which residual
KCs are preserved in the remaining part of the liver after PHx, we
provided several lines of evidence suggesting that circulating
monocytes are minor contributors to restoring the initial pool of
KCs. First, after PHx, few CX3CR1-labeled monocytes were
recruited to the regenerating livers. Second, Ccr2 deficiency in
mice, which is a key chemokine receptor for monocyte recruit-
ment, led to normal KC repopulation after PHx. Third, most
macrophages found in the liver at 48 h post-PHx, which was the
peak of liver macrophage proliferation, were IBATCLEC4F* KCs,
and few IBATCLEC4F infiltrating monocytes were detected in the

Cellular & Molecular Immunology (2021) 18:2165-2176

regenerating liver after PHx. Finally, CLEC4F" KCs were capable of
self-proliferation following PHx. In the current study, we mainly
examined peak KC proliferation and did not trace KCs at later time
points post-PHx, so we cannot rule out the contribution of
infiltrating macrophages to liver macrophage restoration in this
model; however, we believe that the infiltrating macrophage
contribution at later time points post-PHx is minor because the
partially hepatectomized liver is associated with little inflamma-
tion or monocyte infiltration at later time points.

IL-6 plays an important role in promoting KC proliferation
after PHx in autocrine and paracrine manners

Although PHx is not characterized by a strong inflammatory response,
several cytokines that are involved in macrophage proliferation, such
as IL-6, are elevated post PHx [2, 50]. In the current study, we
demonstrated that after PHx, KC proliferation was impaired in //6-KO
mice but not in //4-KO or Csf2-KO mice. The administration of rlL-6 by
injection partially increased hepatocyte proliferation and, interestingly,
fully restored KC proliferation in //6-KO mice after PHx. Collectively, our
data suggest that IL-6 but not IL-4 or CSF-2 plays a critical role in
promoting KC proliferation after PHx.

Although the elevation in IL-6 after PHx has been well
documented, the source of this cytokine during liver regeneration
remains obscure. Previous studies suggested that PHx induces an
increase in gut-derived LPS in the blood [51], which likely
contributes to the increase in IL-6 after PHx because LPS is known
to stimulate macrophages to produce IL-6. In addition, one study
suggested that LPS can also stimulate hepatocytes to produce IL-6
[52]. However, the exact sources of IL-6 after PHx remain unclear.
In the current study, we demonstrated that serum levels of IL-6
were reduced by ~50% in myeloid- and hepatocyte-specific //6-KO
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Fig.5 Liver macrophage proliferation is impaired in l16r'"”°-KO mice after PHx. A Liver-to-body weight ratios of /l6r”" and 116"V¢-KO mice post-

PHx. B Immunofluorescence analysis of liver tissue sections from /l6r”

and /l6r"Y%-KO mice subjected to PHx (n = 6/group). Liver tissues were

collected 40 h, 48 h, and 72 h after PHx and stained with antibodies targeting IBA1 (green) and BrdU (red). BrdU was injected 2 h before
sacrifice. Arrowheads represent proliferating KCs. The quantification of hepatocyte and KC proliferation from panel B is shown in panels (C)
and (D). E Immunofluorescence analysis of liver tissue sections from Jl6r”f and 116°-KO mice 48 h and 72 h after PHx staining with anti-F4/80
and TUNEL antibodies. The values are expressed as the mean + SEM. *P < 0.05

mice compared to WT mice after PHx. LyzCre and AlbCre mice
have been well characterized and shown to efficiently and
specifically delete the target genes in myeloid cells and
hepatocytes in floxed mice, respectively. However, we cannot
completely rule out the possibility that there are some partial
leakages between these two Cre lines, although this possibility is
low. Thus, the ~50% contribution of hepatocytes and myeloid cells
to IL-6 production may be different from the true contribution
from these cells. In conclusion, our data suggest that after PHx, not
only do hepatocytes represent a source of IL-6 to promote KC
proliferation in a paracrine manner, but KCs could also be
considered an autocrine source of IL-6. Because KC and
hepatocyte proliferation were significantly impaired in both
16"™°-KO and II67P-KO mice, it is plausible that KC and
hepatocyte proliferation in double-mutant mice with //6 deletion
in both hepatocytes and KCs will be further decreased compared
to those in single-KO mice.

IL-6 promotes KC proliferation without affecting KC survival
after PHx by enhancing SIRT1 activity

In the current study, we performed double immunofluorescence
staining to clearly detect KC and macrophage proliferation in situ.

SPRINGER NATURE

By using this method, we demonstrated that KC proliferation was
reduced in /I6-KO, hepatocyte- or myeloid-specific //6-KO mice, and
myeloid-specific /l6r-KO mice and that IL-6 stimulated KC and
macrophage proliferation in vitro, clearly supporting a direct
stimulatory effect of IL-6 on KC proliferation in vivo and in vitro.
Flow cytometry experiments are an alternative method to detect
KC proliferation and could also be performed to examine and
confirm the role of IL-6 in KC proliferation in the future.

To explore the molecular mechanisms by which IL-6 stimulates
KC proliferation, we used several inhibitors to block IL-6 down-
stream signaling pathways. Interestingly, among these inhibitors,
the SIRT1 inhibitor showed the strongest inhibition of IL-6-induced
KC proliferation in vitro. Furthermore, we demonstrated that
genetic deletion of Sirt7 in myeloid cells, including KCs, markedly
reduced KC proliferation in vivo after PHx and impaired liver
regeneration, as shown by the reduction in the liver-to-body
weight ratio and hepatocyte proliferation in Sirt1™¢-KO mice. In
addition, IL-6 treatment directly increased SIRT1 activity in
macrophages, suggesting that SIRT1 contributes to IL-6-induced
KC proliferation during liver regeneration after PHx. A recent study
also reported that SIRT1 plays a role in stimulating macrophage
proliferation, as demonstrated by the findings that SIRT1

Cellular & Molecular Immunology (2021) 18:2165-2176



Y. Ait Ahmed et al.

A WT 48h WT 48h
post-PBS injection post-riL-6 injection <& 10 £ 10
3 n < T
‘§. 3 8 T 8
X 3 ey
o «© 3 6 2 - 6
3 2% gx ,
g 52 f &L 3%,
s 2f2lwl] &8 2w
S0 e e =0 .
QQ ‘\\«' Q@ ‘\\f
re Red: BrdU Blue: DAPI *»ox *E %
116" 48h 116r'™ve KO 48h
C _post-riL-6 injection ost-riL-6 injection D
P g 15 *%k%k
X 82 T
r L8 10
3 Qg
£ L8 s
S 28
° ==
@ Z o0 : v
E 485 $AL8 F ner”t 16r™ve KO
50 1
*%k%
~ 40 1
2 £ =7=
Te
) =8 301
°© g2
= E T
] 23 2]
@3
10 1
0 T I ]
Vehicle +riL-6
Green: BrdU Blue: DAPI
G 48h vehicle 48h +riL-6 H
20
* %%k
15 1T
8~ |
L
) 83 |
3 = u
(%] +
5 Eg 10
©
"4 g §
< 5 i
I
I
I
o |
T T
Vehicle +rlL-6

Red: BrdU Blue: DAPI

Fig. 6 IL-6 stimulates macrophage proliferation in vivo and in vitro. A, B Naive wild-type mice (without PHx) were intravenously injected with
PBS (control) or rIL-6, and liver tissues were collected 48 h after injection (n = 7/group) and subjected to immunofluorescence staining with
antibodies against IBA1 (green) and BrdU (red). Arrowheads represent proliferating KC. The quantifications of BrdU™ hepatocytes and BrdU™*
IBA1™ cells are shown in panel B. ND: not detected. C, D /i6r”* and ll6r'¥°-KO mice without PHx were intravenously injected with rlL-6 (n = 7/
group), and liver tissues were collected 48 h after injection and subjected to immunofluorescence staining with antibodies against IBA1
(green) and BrdU (red). Arrowheads represent proliferating KC. The quantification of proliferating KCs in livers from 1l6r”" and 116r'"¥°-KO mice
48 h after intravenous injection of rlL-6 is shown in panel (D). E, F Immunofluorescence staining of RAW cells 48 h after exposure to rlL-6 or
control medium (vehicle) with antibodies against BrdU (green). Proliferating RAW cells are identified by arrowheads. The quantification of
proliferating RAW cells is shown in panel (F). G, H Immunofluorescence staining of freshly isolated KCs 48 h after exposure to rlL-6 or control
medium (vehicle) with antibodies against IBA1 (green) and BrdU (red). The arrowheads represent proliferating KC. The quantification of KC
proliferation is shown in panel (H). BrdU was injected 2 h before sacrifice in panels (A) and (C) and was added to the culture medium 2 h
before collecting the cells in panels (E) and (G). The values are expressed as the mean + SEM. ***P < 0.001
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overexpression via transfection of Sirt1 into bone marrow-derived
macrophages was associated with increased macrophage prolif-
eration in vitro, whereas SIRT1 blockade by CRISPR/Cas9 gene
editing or by nicotinamide injection in mice impaired alveolar and
peritoneal macrophage self-renewal capacities [53]. Interestingly,
previous studies on the PHx model have reported that age-related
SIRT1 reductions and SIRT1 inhibition by short-interfering RNA
(siRNA) were associated with less efficient liver regeneration
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(hepatocyte proliferation) after PHx [54]. Collectively, SIRTT not
only promotes KC renewal but also stimulates hepatocyte
proliferation after PHx.

In addition to promoting macrophage proliferation, IL-6 signaling
also plays an important role in enhancing macrophage survival [55].
However, in the current study, no enhanced KC apoptosis was
observed in myeloid cell-specific /l6r-knockout mice compared to WT
mice, suggesting that IL-6 is not required for KC survival after PHx or,

Cellular & Molecular Immunology (2021) 18:2165-2176



alternatively, that IL-6 trans-signaling might be contributing to this
effect. Indeed, the IL-6 receptor (IL-6R) exists in two forms: a
transmembrane receptor (mIL-6R) and a soluble receptor (sIL-6R). By
binding to mIL-6R, IL-6 activates the canonical signaling pathway and
predominantly triggers subsequent anti-inflammatory responses. On
the other hand, in cells that do not express mIL-6R, IL-6 can activate
the trans-signaling pathway by binding to sIL-6R [55]. Interestingly,
our recent studies demonstrated that IL-6 signaling was required for
infiltrating macrophage survival but not KC survival in the livers of
high-fat diet-fed mice [39]. Taken together, these findings suggest
that IL-6 is required for KC proliferation but not KC survival after PHx,
which is probably because long-lived KCs do not need IL-6 signaling
for survival.

In conclusion, our findings provide new insights into the origin
of KCs in the regenerating liver after PHx, showing local
proliferation of the remaining KCs independent of circulating
monocytes. During this process, KC proliferation is partly
controlled by IL-6 produced by both hepatocytes and KCs in
regenerating livers, and IL-6 stimulates KC proliferation by
increasing SIRT1 activity. Future studies on the interaction
between IL-6 and other cytokines and growth factors, such as
hepatocyte growth factor, which is known to be involved in
hepatocyte proliferation after PHx, could provide additional
insights into the mechanisms associated with KC proliferation.
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