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Abstract

Introduction

Murine Kupffer cells (KCs) comprise CD11b" and F4/80" subsets. Tissue-resident macro-
phages are known to express the tyrosine kinase receptors colony-stimulating factor 1
receptor (Csf1r) and Mer. However, the expression of Csf1r and Mer on KC subsets and the
importance of these tyrosine kinases during liver regeneration (LR) are unknown.

Methods

KCs from wild-type and Csf1r-GFP mice were characterized by flow cytometry. Partial hepa-
tectomy (PH) was performed in mice treated with clodronate liposomes, a Csf1r small mole-
cule inhibitor or depleting antibody, or a small molecule Mer inhibitor. Sera and livers were
analyzed. The function of sorted KC subsets was tested in vitro.

Results

Mer was specifically expressed on tissue-resident F4/80"™ KCs, 55% of which also
expressed Csf1r. Mer"Csf1r" and Mer"Csf1r' KCs had distinct expression of macrophage
markers. Csf1r inhibition in mice reduced F4/80" KCs by approximately 50%, but did not
affect CD11b" KCs. Clodronate liposomes depleted F4/80™ KCs, but also altered levels of
other intrahepatic leukocytes. Csf1r inhibition delayed LR, as demonstrated by a 20% reduc-
tion in liver-to-body weight ratios 7 days after PH. At 36h after PH, Csf1r inhibition increased
serum ALT and histological liver injury, and decreased liver cell proliferation. A small mole-
cule inhibitor of Mer did not alter the percentage of KCs or their proliferation and just mod-
estly delayed LR. In vitro, Csf1r or Mer inhibition did not decrease KC viability, but did
attenuate their cytokine response to stimulation.

Conclusions

F4/80™ KCs are Mer* and can be subdivided based on Csf1r expression. Csfir or Mer inhibi-
tion each reduces KC cytokine production and delays LR.
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aminotransferase; PCNA, proliferating cell nuclear
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standard error of the mean; DTR, diphtheria-toxin
receptor gene.

Introduction

Macrophages residing in the liver are known as Kupffer cells (KCs) and represent the largest
macrophage population in the body. KCs are important homeostatic regulators of the liver’s
immune tolerogenic immune environment and mediators of liver injury and repair.[1] Several
phenotypic and functional KC subsets have been identified.[2-5] CD1 1b" KCs are small,
radiosensitive, cytokine-producing cells that are dispersed throughout the liver parenchyma.
In contrast, F4/80™ KCs are large, radioresistant cells that are located in the liver sinusoids and
have potent phagocytic function.[3, 5] In a model of orthotopic liver transplantation in bone
marrow-chimeric mice, KCs have also been distinguished as either long-lived, tissue-resident
macrophages of the liver or derived from monocytic precursors originating in the bone mar-
row.[6]

Liver regeneration (LR) is the only biologic process in mammals in which organ volume
and function completely reconstitute after significant tissue loss.[7] LR has clinical significance
in liver trauma and transplantation. Depletion studies employing dichloromethylene-bipho-
sphonate (clodronate) liposomes have demonstrated a crucial role for KCs in LR.[8-10] How-
ever, because liposomes affect all KCs, and not just F4/80™ KCs, the function of individual KC
subsets is unclear.

Colony-stimulating factor 1 receptor (Csflr) is a transmembrane tyrosine kinase receptor
and the primary homeostatic regulator of the mononuclear phagocytic system, which includes
KCs.[11] Csflr and its ligand, monocyte colony-stimulating factor 1 (M-CSF; CSF1), regulate
macrophage proliferation, function, survival, and migration.[11, 12] Therapies involving Csflr
and M-CSF are currently under investigation in clinical trials for cancer, inflammatory dis-
eases, and tissue repair.[11] The effects of inhibiting or stimulating Csflr in normal animals
during LR are unknown.

Mer (Mertk) is a member of the TAM receptor tyrosine kinase family, which also includes
Tyro-3 and Axl. In macrophages, Mer controls the phagocytosis of apoptotic cells and nega-
tively regulates the innate immune response.[13-15] A large-scale gene expression study of
murine macrophages found that Mer and CD64 were the most specific markers of tissue-resi-
dent macrophages.[16] However, the analysis was based only on macrophages from the perito-
neum, splenic red pulp, lung, and brain. KCs were not analyzed due to their variable
definitions and inability to be purified. The expression of Mer by KCs and its role in LR are
unknown. Herein, we sought to determine the importance of Csflr and Mer in LR by using a
mouse model of partial hepatectomy (PH).

Materials and methods
Animals and reagents

Eight- to 10-week old male mice were purchased from the Jackson Laboratory (Bar Harbor,
ME); the strains were C57BL/6] (B6), B6-Tg(Csflr-EGFP-NGFR/FKBP1A/TNFRSF6)2Bck/]
(Csflr-GFP mice),[17] B6;129-Mertk™!S™/] (Mer”" mice),[18] and B6129SF2/] (Mer*'* wild-
type control mice, purchased separately and cohoused). PLX5622, a small molecule Csflr tyro-
sine kinase inhibitor,[19] was provided by Plexxikon (Berkeley, CA) and administered as a for-
mulated diet chow (1200 mg/kg). Rat anti-mouse Csflr (clone AFS98) monoclonal antibody
or rat IgG2a isotype control (clone 2A3), both from BioXCell (West Lebanon, NH), was
administered at a loading dose of 500 pg i.p. on day 1 followed by 250 ug on days 3 and 5. Clo-
dronate liposomes and PBS liposomes (clodronateliposomes.org, Netherlands) were adminis-
tered by tail vein injection at a dose of 50 mg/kg. UNC2250, a selective Mer inhibitor,[20] was
purchased from Selleckchem (Houston, TX) and administered by oral gavage at a dose of 3
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mg/kg twice daily. Mice were housed and bred in a pathogen-free facility at Memorial Sloan
Kettering Cancer Center. The Institutional Animal Care and Use Committee of the Memorial
Sloan Kettering Cancer Center approved all procedures. All animals received humane care
according to the criteria outlined in the “Guide for the Care and Use of Laboratory Animals”
prepared by the National Academy of Sciences and published by the National Institutes of
Health.

Partial hepatectomy model

Two-thirds PH was performed as previously described, with minor modifications.[21] Briefly,
mice were anesthetized with inhaled isoflurane and placed supine. An upper midline abdomi-
nal incision was made to expose the liver. The vascular pedicles of the left and median liver
lobes were ligated and divided. The abdominal incision was closed and 1 ml of sterile saline
was injected subcutaneously. Sham surgery was performed without removing the liver lobes.
All surgeries were done without a fasting period and during the light cycle, and mice had
access to food and water at all times. Mice were euthanized with carbon dioxide, liver-to-body
weight ratios were calculated, and blood was collected via cardiac puncture. Sera were analyzed
for alanine aminotransferase (ALT) using the Olympus AU 400 Chemistry Analyzer (Labora-
tory of Comparative Pathology, Sloan Kettering Institute). Serum cytokines were measured
using a cytometric bead array according to the manufacturer’s instructions (Mouse Inflamma-
tion kit, BD Biosciences). Livers were immediately fixed in 4% paraformaldehyde, embedded
in paraftin, and cut to 5-um-thick sections. Tissues were stained with hematoxylin and eosin
and Oil Red O. Immunohistochemistry for proliferating cell nuclear antigen (PCNA) was per-
formed with the PCNA kit from Dako (Carpinteria, CA). Slides were assessed for inflamma-
tion, tissue damage, and PCNA™ cells using an Axio Imager 2 wide-field microscope (Zeiss,
Germany).

Isolation of liver nonparenchymal cells (NPCs)

Liver NPCs were isolated as previously described,[22] with modifications. After the liver was
harvested and processed, the supernatant was centrifuged (450 g for 5 minutes) to isolate
NPCs, which were further enriched by a 40% Optiprep (Sigma-Aldrich) density gradient per
the manufacturer’s instructions. The layer of low density cells at the interface was harvested.

Flow cytometry

Flow cytometry was performed on a FACSAria (BD Biosciences, San Jose, CA). Fc receptors
were blocked with 1 pg anti-FcyRIII/IT antibody (2.4G2; BioXCell) per 10° cells. Cells were
stained with fluorescent-conjugated antibodies against CD11b (APC-Cy7; clone M1/70),
CD19 (APC-Cy7; clone 1D3), NK1.1 (PE, APC-Cy7; clone PK136), CD45 (FITC; clone
30-F11), CD19 (PE-Cy7; clone SJ25C1), CD8 (AF 700; clone 53-6.7), CD4 (APC-Cy7; clone
RM4-5), CD64 (PE; clone X54-5/7.1), CD16/32 (PE; clone 2.4G2), Ly6c (PerCP/cy5.5; clone
AC-21), Flt-3 (PE; clone A2F10.1), CD80 (PE; clone 16-10A1), CD86 (PE-cy7; clone GL1),
Siglec-F (PE; clone E50-2440), CD14 (APC-Cy7; clone rmC5-3), and Kit (CD117; PerCP/
Cy5.5; clone 2B8), all from BD Biosciences; Siglec-H (FITC; clone 551), CD45 (PerCP/Cy5.5;
clone 30-F11), Ly6g (AF 700; clone 1A8), CD11c (PE/cy7; clone N418), MHC-II (AF 700;
clone M5/114.15.2), CD3 (PerCP/Cy5.5; clone 17A2), CD68 (FITC; clone FA-11), and
CX3CR1 (PE; clone SA011F11), all from BioLegend (San Diego, CA); and Axl (PE; clone
175128), Mer (APC; clone 108928), Tyro-3 (PE; clone 109646), and CCR2 (APC; clone
475301), all from R&D Systems (Minneapolis, MN); and F4/80 (APC; clone BM8) from Invi-
trogen (Carlsbad, CA). Isotype controls were used when applicable. For intracellular staining,
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we used the Fixation and Permeabilization Buffer Kit from eBioscience (Santa Clara, CA).
Data were analyzed using FlowJo software (Tree Star, Ashland, OR). Histograms are shown
with staining intensity on the x-axis and percentage of maximum on the y-axis.

Immunofluorescence

Liver specimens were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned to

5 um thickness. Antigen retrieval was achieved with citrate buffer. Tissue sections were stained
overnight at 4°C with anti-mouse F4/80 (1:100 dilution; clone BM8), Csflr (1:200 dilution;
clone AFS98; both BioLegend), or Ki-67 (1:200 dilution; clone 16A8; Vector Laboratories).
After being washed with PBS, slides were incubated with a fluorochrome-conjugated second-
ary antibody and then analyzed and imaged on an Axio Imager 2 wide-field microscope
(Zeiss).

Western blot

Whole protein was extracted from frozen liver tissue using ice-cold lysis buffer (10 mM Tris
HCI, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 2 mM sodium
orthovanadate), and cOmplete protease inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN). Protein concentrations were quantified using the Bradford method. Equal amounts of
protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. The membrane was then probed with antibodies
against phospho-Mer (ab192649, 1:500 dilution; Abcam, Cambridge, UK), total Mer (sc-
365499, 1:200 dilution; Santa Cruz Biotechnology, Dallas, TX), phospho-STAT3 (Ser727;
Y705, 1:1000 dilution; Cell Signaling Technology, Danvers, MA), and GAPDH (D16H11; Cell
Signaling Technology).

In vitro assays of cytokine production and viability

Using a FACSAria (BD Biosciences), CD45"Ly6c Ly6g Siglec-F- NPCs from Csf1r-GFP mice
were sorted into three KC subsets to >90% purity: CD11b™, CD11b™ Mer*Csflr’, and
CD11b™Mer*Csflr*. CD11b™*Mer* KCs from treated wild-type mice were sorted in a similar
fashion. A viability dye was utilized. Cells were seeded in triplicates in 200 uL medium in flat-
bottom 96-well plates and treated overnight with 2.5 uM PLX5622 or 2.5 uM UNC2250. The
next day, 250 ng/mL LPS was added and 4h later supernatant was collected and cytokines were
measured using a cytometric bead array (Mouse Inflammation kit, BD Biosciences), per the
manufacturer’s instructions. For viability assays, cells were plated in flat-bottom 96-well plates
and treated overnight with 2.5 or 5 uM PLX5622 or 100 ng/mL mouse recombinant M-CSF
(BioLegend). Viability was determined according to the manufacturer’s instructions (Dojindo,
Japan) and assessed by optical density at 450 nm.

Quantitative RT-PCR

NPCs were obtained from wild-type mouse livers. After we blocked Fc receptors, F4/80" KCs
were positively selected using F4/80 MicroBeads from Miltenyi (Germany), following the man-
ufacturer’s instructions. Cells were plated in flat 6-well plates in medium and treated overnight
with 2.5 or 5 uM PLX5622. The next day, 250 ng/mL LPS was added for 4h and RNA was iso-
lated from the cells using the RNeasy Mini Kit by Qiagen (Valencia, CA), according to the
manufacturer’s instructions. For cDNA synthesis, 0.5 pg of total RNA was transcribed with the
TagMan Reverse Transcription Reagents Kit using random hexamers (Applied Biosystems,
Waltham, MA). PCR TagMan probes for murine IL-6, TNF-o, and GAPDH from Applied
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Biosystems were used. Quantitative RT-PCR was performed using the ABI 7900 system
(Applied Biosystems) and relative mRNA expression levels were calculated by the 244!
method.

Statistics

Results are expressed as mean +/- standard error of the mean (SEM). Statistical significance
was determined by two-tailed Student’s t test or ANOVA as appropriate, using statistical soft-
ware (Prism; GraphPad Software, La Jolla, CA). A p value of <0.05 was considered significant.

Results
Csflr and Mer define mouse KC subsets

Using a traditional flow cytometry gating strategy,[3] we identified CD11b™ and F4/80" KCs
from untreated mice (Fig 1A and S1A Fig). The two KC subsets had distinct expression of var-
ious markers (Fig 1B). Notably, F4/80" KCs had higher expression of Ly6c, but less than
Ly6c"™ inflammatory monocytes, which had been excluded by our gating strategy. F4/80™ KCs
also expressed higher amounts of CD14 and CD68, co-stimulatory molecules, Fc receptors,
chemokine receptors, and Csflr.

Previous studies have described tissue-resident and bone marrow-derived macrophages as
ontogenetically distinct entities in various tissue compartments.[6, 23, 24] Mer was identified
as one of the most specific markers for tissue-resident macrophages outside the liver.[16]
Within the liver, we found that Mer was expressed by all F4/80™ KCs, but not by F4/80 (i.e.,
CD11b™) KCs or other liver NPCs (Fig 1C and 1D, and S1A Fig). In contrast, the related tyro-
sine kinases Tyro-3 and Axl were less specific for F4/80™ KCs (S1B Fig). Importantly, hepato-
cytes and liver sinusoidal cells do not express Mer.[25]

Csflr regulates survival and function of mononuclear phagocytes.[11, 12] Previous data
showed that Csflr is predominantly expressed in tissue-resident macrophages.[26] We found
that Csf1r frequently co-localized with F4/80" cells in the liver by immunofluorescence (S1C
Fig). To further define Csflr expression on Mer™ KCs, we utilized transgenic Csf1r-GFP mice
and found that 57% of Mer* KCs expressed GFP (Fig 1E). Thus, F4/80" KCs contained dis-
tinct Mer"Csflr* and Mer"Csflr™ subsets. Analysis of these subsets indicated that they had dis-
tinct phenotypic markers (Fig 1F) and different expression of other TAM family receptors
(S1D Fig). Mer*Csflr" KCs expressed greater levels of CD14, CD68, co-stimulatory molecules,
and CD64. Others have shown that tissue-resident macrophages are derived locally and do not
originate from circulating bone marrow progenitors.[27, 28] Accordingly, F4/80™ KCs stained
for the proliferation marker Ki-67 by immunofluorescence (Fig 1G). Flow cytometry revealed
more Ki-67 in Mer " Csflr* KCs than in Mer*Csflr” KCs, while CD11b"™ KCs had bimodal
expression (Fig 1H). Collectively, these data demonstrate that F4/80" KCs selectively express
Mer and comprise 2 subsets based on Csflr expression.

Csflr inhibition, clodronate liposomes, and Mer inhibition have distinct
effects

Given their expression of Csflr and Mer, we hypothesized that tissue-resident KCs would be
significantly affected by inhibition of these receptors in vivo. PLX5622 is a small molecule that
inhibits the Csflr tyrosine kinase with an ICs, of <10 nM.[19] PLX5622 treatments were given
for 1, 2, and 4 weeks. Treatments increased liver weights in quiescent livers and therefore,
baseline liver-to-body weight ratios were increased (S3A Fig). Administration of PLX5622 for
2 weeks resulted in a 50% reduction in the percentage of F4/80" KCs among CD45" NPCs,
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Fig 1. Csflr and Mer expression further define KC subsets in mouse liver. (A) F4/ 80" KCs (blue, 23% of NPCs on average) and CD1 16" KCs (gray,
4% of NPCs) are shown after excluding dendritic cells, monocytes, neutrophils and eosinophils from liver NPCs. PMN, neutrophils; Eos, eosinophils;
Ly6c" mono, inflammatory monocytes; NKT, natural killer T cells; NK, natural killer cells; cDC, conventional dendritic cells; pDC, plasmacytoid
dendritic cells. (B) Expression of various markers on F4/80™ (blue) and CD11b™ (gray) KCs by flow cytometry. Csflr expression was determined in
Csflr-GFP mice. (C) F4/80 and Mer expression on KCs by flow cytometry. (D) Mer expression on liver NPCs by flow cytometry. (E) GFP expression in
Mer" KCs from Csflr-GFP mice compared to C57BL/6] mice, which do not express GFP, showing Mer"Csflr” KCs (pink, 43% of Mer" KCs) and
Mer"Csflr" KCs (green, 57% of Mer" KCs). (F) Expression of various markers on Mer*Csflr™ (pink) and Mer"Csflr* (green) KCs. (G)
Photomicrograph of mouse liver demonstrating co-localization of F4/80 (green) and nuclear Ki-67 (red) staining in KCs (white asterisks) from
untreated mice by immunofluorescence. Scale bar, 50 um. (H) Intracellular Ki-67 expression in F4/ 80" (blue histogram, left), CD1 16" (black
histogram, middle), Mer"Csflr™ (pink histogram, right) and Mer*Csflr* (green histogram, right) KCs. Data represent at least 2 independent
experiments with 3 to 5 mice per group.

https://doi.org/10.1371/journal.pone.0216275.9001

while the percentage of CD11b™ KCs was unaffected (Fig 2A and 2B). PLX5622 resulted in
minor alterations in percentages of other NPCs, mainly a mild increase in lymphocytes (S2A
Fig). Administration of AFS98, an anti-Csflr antibody, produced similar results, reducing the
percentage of F4/80™ KCs by half, while preserving CD11b" KCs (Fig 2C and 2D). PLX5622
administration also markedly decreased intracellular Ki-67 in F4/80™ KCs, but not in CD11b™
KCs (Fig 2E). As expected, PLX5622 selectively reduced the Mer*Csflr* subset of F4/80™ KCs,
by approximately 50% (Fig 2B and 2F). Overall, these data show that half of tissue-resident
Mer" KCs express and rely on Csflr.

Clodronate liposomes are commonly used to deplete macrophages,[29] so we sought to
investigate their effects on the F4/80" KC subsets we had identified. As expected, intravenous
administration of clodronate liposomes nearly eradicated F4/80" KCs, consistent with their
phagocytic function (Fig 2G). There was a small, residual population of Mer*Csf1r” KCs (Fig
2H and S2B Fig). Clodronate liposomes also decreased Ki-67 on F4/80" KCs (S2C Fig) and
increased Ly6c™ inflammatory monocytes, as well as neutrophils and plasmacytoid dendritic
cells (Fig 2G). Notably, control PBS liposomes reduced F4/80™ KCs by about 25% while
increasing the relative proportion of inflammatory CD11b™ KCs and Ly6c™ monocytes (Fig
2G). Taken together, clodronate liposomes do not simply deplete F4/80" KCs, as many other
liver immune cells are affected, and control liposomes also have confounding effects.

Next, we examined the biological effects of inhibiting Mer. We administered UNC2250, a
small molecule inhibitor selective for Mer with an ICs, of 1.7 nM and 160- and 60-fold relative
selectivity compared to the related TAM kinases Axl and Tyro-3, respectively.[20] UNC2250
decreased phosphor-Mer in whole-liver lysates (Fig 2I). At different dosing schedules and
amounts, UNC2250 did not deplete F4/ 80" or CD11b™ KCs subsets (Fig 2)), or reduce Ki-67
staining of Mer™ KCs (Fig 2K). Furthermore, macrophage polarization and activation markers
were not affected S2D Fig). Mer inhibition also did not affect Csf1r expression in F4/80™ KCs
(Fig 2L). The only appreciable change with UNC2250 administration was a compensatory
increase in expression of the tyrosine kinase Kit in Mer™ KCs (S2E Fig). These data indicate
that Mer inhibition does not impact the survival of KCs.

Csflr inhibition delays liver regeneration

KC depletion by clodronate liposomes is known to delay LR.[8-10] We investigated whether
suppression of the specific F4/80" KC subsets was sufficient to delay LR. We administered
PLX5622 to mice and then performed a two-thirds PH. PLX5622 significantly decreased the
amount of PCNA™ regenerating cells at 36h after PH (Fig 3A). More importantly, PLX5622
and AFS98 each significantly delayed LR, as indicated by a reduction in liver-to-body weight
ratios of 20% and 10%, respectively, at 7 days after PH (Fig 3B). PLX5622 also increased liver
injury at 36h after PH, with elevated serum ALT (Fig 3C) and increased macroscopic (Fig 3D)
and microscopic (Fig 3E) hepatic steatosis. AFS98 antibody had very similar effects at 36h and
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Fig 2. Csflr inhibition, Mer inhibition, and clodronate liposomes have distinct biologic effects. (A) Representative flow cytometry of F4/80™ (blue)
and CD11bM (gray) KCs after 2 weeks of PLX5622 treatment (left). KC subsets after 1, 2, and 4 weeks of PLX5622 treatment (right). (B)
Immunofluorescence photomicrographs of mouse livers after 2 weeks of PLX5622 treatment. Green indicates F4/80, red indicates Csflr, and blue
indicates the nuclear stain DAPI. Scale bar, 100 pm. (C) KC subsets and (D) immunofluorescence photomicrographs of mouse liver after AFS98
administration for 1 week. Green indicates F4/80. Scale bars, 50 um. (E) Intracellular Ki-67 in F4/ 80" and CD11b" KCs after 1 week of PLX5622
treatment by flow cytometry (left) and median fluorescence intensity (MFI) (right). (F) Flow cytometry analysis (left) and quantification (right) of
Mer"Csflr (pink) and Mer*Csflr" (green) KCs after 2 weeks of PLX5622. (G) Flow cytometry analysis (top) and quantification (bottom) of F4/80M
(blue) and CD11b™ (gray) KCs, inflammatory monocytes (Lchhi mono), neutrophils (PMN), and plasmacytoid dendritic cells (pDC) 24h after
administration of clodronate and PBS liposomes. (H) Flow cytometry analysis (left) and quantification (right) of Mer" KCs 24h after administration of
clodronate and PBS liposomes. (I) Protein expression of phosphor-Mer and total Mer by Western blot from whole-liver lysates after 1 week of
treatment with UNC2250. (J) Quantification of F4/80" and CD11b™ KCs after 1 week of UNC2250. (K) Flow cytometry histogram analysis of
intracellular Ki-67 in Mer" KCs after 1 week of UNC2250 (red histogram). (L) Quantification of Csflr MFI (left) and flow cytometry analysis (right) in
F4/80™ KCs after 1 week of UNC2250 treatment. Data represent at least 2 independent experiments with 3 to 5 mice per group. Bar graphs represent
means +/- SEM. * p < 0.05.

https://doi.org/10.1371/journal.pone.0216275.9002

elevated serum ALT at 7d (S3B and S3C Fig and Fig 3D). Serum ALT remained elevated in
PLX5622-treated mice up to 7 days after PH, and this effect was not due to Csflr inhibition
alone, since it was absent in the PLX5622-treated mice that underwent sham surgery (S3E
Fig). In animals treated with PLX5622, sham operation did not induce significant changes in
numbers of other NPCs besides KCs, while PH increased plasmacytoid dendritic cells and neu-
trophils (Fig 3F). IL-6 is a critical cytokine for normal LR,[30, 31] yet excessive IL-6 has been
shown to be detrimental.[32] Even though PLX5622-treated mice had higher serum levels of
IL-6 (Fig 3G) and higher whole-liver phospho-STAT3 (downstream from IL-6 receptor; Fig
3H) at 36h after PH, LR was delayed. Meanwhile, the other serum cytokines that were tested
were not affected.

Finally, mice given UNC2250 had just modestly delayed LR, as shown by a 10% reduction
in liver-to-body weight ratio (Fig 3I). At 36h after PH, there were no significant differences in
PCNA" regenerating cells, serum ALT, circulating serum cytokines, or NPC composition in
mice treated with UNC2250 that underwent LR. In contrast, Mer”™ mice did not have delayed
LR with equal liver-to-body weight ratios to control Mer™'* at 7 days (liver-to-body weight
ratio means; 3.9 vs. 4.08, respectively; p = 0.40). Collectively, these data suggest that LR is suffi-
ciently delayed by inhibiting KCs expressing Mer or Csflr.

Csflr or Mer inhibition diminishes KC cytokine production in vitro

Cytokine production from the liver inflammatory milieu plays a paramount role in LR, with
IL-6 and TNF-o having particular importance.[30, 31] Therefore, we investigated the cytokine
production of the KC subsets in vitro. When F4/80™ KCs were pretreated with PLX5622, mes-
senger RNA for IL-6, but not for TNF-¢,, was decreased in response to LPS (Fig 4A). Similar
findings were observed in isolated Mer* KCs mRNA from mice treated with PLX5622 in vivo
(Fig 4B). To assess cytokine production more specifically, we sorted CD11b™, CD11b™"
Mer*Csflr’, and CD11b™Mer"Csflr* KCs. After stimulation with LPS, Mer*Csflr* KCs pro-
duced the most IL-6 and TNF-o, and this response was inhibited by PLX5622 (Fig 4C) and
UNC2250 (Fig 4D). Notably, PLX5622 did not induce cell death of F4/80™ KCs in vitro. How-
ever, PLX5622 blocked the M-CSF-mediated increase in F4/80" KC viability (Fig 4E).

Discussion

KCs are located in the liver sinusoids where they detect pathogens and foreign antigens in the
portal vein and play a central role in innate immunity.[1, 33] Initially, tissue-resident macro-

phages were thought to originate from circulating mononuclear cells that arise from the bone
marrow and migrate to the periphery. Subsequent data have now demonstrated that most tis-
sue macrophages arise from embryonic progenitors and are long-lived and self-renewing.[26,
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Fig 3. Csflr or Mer inhibition delays liver regeneration. (A) Photomicrographs showing immunohistochemistry for PCNA in mouse livers (left) and
quantification of PCNA™ cells counted per high power field (hpf) (right) 36h after PH. Scale bar, 100 um. (B) Liver-to-body weight ratio (LBWR) 7d after PH
in mice receiving PLX5622 (left) or AFS98 (right). (C) Serum ALT 36h after PH in mice receiving PLX5622. (D) Macroscopic photograph of livers from mice
receiving PLX5622 36h after PH or sham surgery. (E) Photomicrographs of mouse livers 36h after PH stained with hematoxylin and eosin (top) or Oil red O
(bottom). Scale bars, 100 pum. (F) Liver NPCs as a percentage of CD45" cells 36h after PH or sham surgery. *p < 0.05 by ANOVA. (G) Phospho-STAT3 protein
expression in whole-liver lysates by Western blot after a 36h PH or sham surgery in mice treated with PLX5622 for 1 week before the surgery. (H) Serum
cytokine levels 36h after PH or sham surgery as measured by cytometric bead array. (I) LBWR 7d after PH in mice receiving UNC2250. Data represent at least
2 independent experiments with 3 to 5 mice per group. Bar graphs represent means +/- SEM. *p < 0.05.

https://doi.org/10.1371/journal.pone.0216275.9003

27,28, 34, 35] Two principal KC subsets have been described based on F4/80 and CD11b
expression.[3, 4, 6] CD32 and CD68 have also been utilized to characterize KCs.[3, 5] How-
ever, CD32 is expressed on other cells, such as B cells. Meanwhile, CD68 stains both CD11b"
and F4/80" KCs (Fig 1B), and is also present at low levels on some dendritic cells. It is known
that CD68 is also detectable in lymphocytes, fibroblasts, and endothelial cells.[36] Further-
more, intracellular staining for CD68 requires cell fixation, thereby preventing subsequent
functional analysis in vitro. Here, we sought to investigate other markers of KCs and showed
that nearly all F4/ 80" KCs were Mer™. Notably, eosinophils expressed intermediate amounts
of F4/80 and therefore may contaminate F4/80" NPCs if the eosinophil marker Siglec-F is not
used. Mer was not expressed by other liver NPCs, so it appears to be a more specific marker of
KCs than F4/80 and CD68. Taken together, we define liver tissue-resident macrophages as
CD45"Mer™.

F4/80" KCs are known to depend on the growth factor receptor Csflr. Unexpectedly,
though, only half of Mer* KCs expressed Csf1r. To study Csfl1r expression by KCs, we used a
Csflr-GFP transgenic mouse[17] because our collagenase-based liver NPC isolation protocol
degraded Csflr, making it undetectable by conventional flow cytometry. Mer*Csflr* and
Mer"Csflr  KCs had distinct expression of a panel of macrophage markers and divided at dif-
ferent rates based on intracellular Ki-67 staining. Further investigation is necessary to deter-
mine whether these two subsets represent different developmental or maturational stages of
KGCs.

To study the function of individual KC subsets in vivo, it would be ideal to deplete them
without significantly altering other liver NPCs. While clodronate liposomes have been used
widely to deplete F4/80™ KCs, it is well recognized that both clodronate and PBS liposomes
have confounding effects on NPCs,[29] as we further documented here. In contrast, we found
that Csflr inhibition specifically targeted the Csflr* subset of F4/80"'Mer* KCs, but had only
minor effects on other liver NPCs. Notably, compensatory mechanisms appeared to develop
after four weeks of Csflr inhibition by PLX5622 treatment, since the percentage of F4/80™
cells in the liver increased (Fig 2A) and Csflr" cells were especially apparent by immunohis-
tochemistry (S3F Fig). Furthermore, while one week of PLX5622 treatment reduced blood
Ly6c™CCR2" inflammatory monocytes by 25%, there was a monocyte surge above baseline at
2 weeks, and the percentage of blood monocytes normalized by 4 weeks of treatment (S3G
Fig). Finally, after 1 week of Csflr inhibition, expression of the growth factor receptor Flt-3 in
liver and spleen Ly6c" CCR2" inflammatory monocytes increased (S3H Fig). In contrast to
Csflr inhibition, Mer inhibition, at least with the compound we tested, did not affect the per-
centage or proliferation of Mer* KCs. In fact, Mer”” mice had a normal percentage of F4/80"
KCs and normal LR. Since there may be compensatory mechanisms in this knockout mouse,
we did not perform further experiments in them. However, given that the Mer inhibitor
delayed regeneration raises the possibility of an off target effect of the inhibitor. Thus, Csflr
appears to be more important than Mer in the viability of KCs. Nevertheless, Mer inhibition
did increase the expression of Kit in Mer* KCs, indicating that Mer contributes to KC homeo-
stasis and Kit may compensate for its function.
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Fig 4. Csflr or Mer inhibition diminishes KC cytokine production in vitro. (A) IL-6 (left) and TNF-o (right) as measured by
quantitative PCR in freshly isolated F4/ 80" KCs cultured overnight with PLX5622 and then treated with LPS for 4h. (B) IL-6 (left) and
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TNF-o. (right) as measured by quantitative PCR in freshly isolated Mer* KCs from wild-type mice treated in vivo with 1 week of
PLX5622. (C, D) Supernatant IL-6 and TNF-a levels measured by cytometric bead array in sorted and cultured CD11b™, Mer*Csflr",
and Mer*Csflr* KCs after overnight with either (C) PLX5622 or (D) UNC2250 and then stimulated with LPS for 4h. (E) Viability of
F4/80™ KCs freshly isolated and cultured for 72h with PLX5622 and M-CSF. Data represent at least 2 independent experiments with 3
to 5 mice per group. Bar graphs represent means +/- SEM and * p < 0.05.

https://doi.org/10.1371/journal.pone.0216275.9004

Recently, a group constructed a mouse designed to allow depletion of F4/80™ KCs; the
mouse has a diphtheria-toxin receptor gene (DTR) driven by the C-type lectin Clec4f pro-
moter, which is active specifically in liver macrophages.[23] F4/80" KCs were depleted after a
single dose of diphtheria toxin, although the effect on other liver NPCs was not detailed. In
our lab, we investigated KC depletion in two other DTR models. Liver CD11b™ KCs were not
depleted in CD11b-DTR mice[37] despite different diphtheria toxin doses and schedules, even
though other CD11b™ macrophages were depleted, including CD11b™ peritoneal macro-
phages. In contrast, diphtheria toxin depleted both KC subsets in CCR2-DTR mice[38], as well
as conventional and plasmacytoid dendritic cells. Another limitation of using CD11b-DTR or
CCR2-DTR mice, or even Csflr inhibition, is that macrophages outside of the liver are also
affected.

Activation of the innate immune system is a hallmark of LR. The role of F4/80™ KCs in LR
has been well documented through the use of clodronate liposomes.[8-10] Another group
described impaired LR in the osteopetrotic mouse (M-CSF knockout),[39] underscoring the
importance of mature body macrophages during LR. The role of Csflr signaling in develop-
mentally normal mice during LR has not been documented previously. We found that disrup-
tion of Mer"Csflr* KCs via Csflr inhibition is sufficient to increase liver injury and impair LR,
as shown by lower liver-to-body weight ratios. To study whether Csflr stimulation could
enhance LR in wild-type mice, we administered M-CSF before and after PH. Despite expan-
sion of Mer" KCs in vivo by as much as 20%, liver-to-body weight ratios were equivalent at 4
and 7 days after PH (S3I Fig). Csflr also appeared to be important to baseline liver homeosta-
sis in the absence of PH, since Csflr inhibition alone increased liver-to-body weight ratios
after 1, 2, and 4 weeks of treatment (S3A Fig).

Csflr inhibition reduced IL-6 and TNF-o. production in vitro by Mer"Csflr* KCs, but not
Mer"Csflr- KCs. Meanwhile, disruption of Mer signaling with a potent and selective Mer
inhibitor also delayed LR, even though the percentage and proliferation of Mer" KCs remained
unchanged. However, Mer inhibition also reduced the production of IL-6 and TNF-o by
Mer"Csflr* KCs in vitro. These data are consistent with the importance of local cytokine pro-
duction by Mer" KCs during hepatocyte priming in the initial phases of LR. Local production
of IL-6 is known to be critical for the priming phase of LR.[40] While STATS3 activation is
essential, [30, 31] excessive IL-6 can actually be detrimental.[36] Other groups showed a failure
to mount an adequate circulating cytokine response after LR in animals treated with clodro-
nate liposomes.[8-10] In contrast, we showed that despite higher levels of circulating IL-6 dur-
ing the priming phase, Csflr inhibition still delayed LR, consistent with the importance of
local production of IL-6 and TNF-o within the regenerating liver.

Thus, tissue-resident macrophages of the liver are more specifically defined by Mer expres-
sion than by F4/80 expression. Two subsets of Mer" KCs are defined by Csfl1r expression.
Csflr inhibition selectively decreased the percentage, proliferation, and functioning of
Mer"Csflr* KCs, and was sufficient to alter baseline liver homeostasis and delay LR. Mer
inhibition also affected LR, without affecting the percentage or proliferation of Mer* KCs.
Csflr or Mer inhibition specifically reduced cytokine expression of Mer"Csflr” KCs in vitro.
Csflr and Mer signaling pathways are appealing for further study in LR and other models of
liver injury.
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Supporting information

S1 Fig. (A) Flow cytometry gating strategy of B6 liver NPCs. Eosinophils (CD11b™Siglec-F*)
expressed intermediate amounts of F4/80 and were excluded. (B) Flow cytometry histograms
of TAM family receptor expression in liver NPCs. (C) Immunofluorescence photomicro-
graphs of mouse livers stained for F4/80, Csflr, and nuclear DAPI. White asterisks indicate
autofluorescent red blood cells in the liver sinusoids. Scale bars top 100 pm, bottom 20 um.
(D) TAM family tyrosine kinase receptor expression in Mer"Csflr  and Mer"Csf1r" KCs by
flow cytometry. Data represent at least 2 independent experiments with 3 to 5 mice per group.
(EPS)

S2 Fig. (A) Changes in liver NPCs with PLX5622 treatment. *p < 0.05 by Student’s t-test. (B)
Expression of Mer (left) and Csflr (right) on KCs after administration of clodronate liposomes
to Csflr-GFP mice. (C) Intracellular Ki-67 in F4/80" KC treated with PBS, PBS liposomes
(PBS lip) or clodronate liposomes (CLO lip). (D) Expression of MHC II, CD11c, and CD86 in
F4/80™ KCs from treated with UNC2250 for 1 week. (E) Quantification of Kit expression in
Mer*Csflr* and Mer*Csflr” KCs and representative Kit staining in F4/80hi KCs (right) from
mice treated with UNC2250 for 1 week. Data represent at least 2 independent experiments
with 3 to 5 mice per group. Bar graphs represent means +/- SEM.

(EPS)

S3 Fig. (A) Changes in liver-to-body weight ratios in quiescent livers after 1, 2 and 4 weeks of
Csflr inhibition with PLX5622. Blue squares: 16-week old B6 male mice; red circles: 10-week
old B6 male mice; brown squares: 9-week old B6 male mice; orange inverted triangles: 12-week
old B6 male mice. (B) Photomicrographs showing immunohistochemistry for PCNA in mouse
livers 36h after PH. AFS98: anti-Csflr antibody. Black scale bar, 100 um. (C) Photomicrographs
of mouse livers 36h after PH stained with hematoxylin and eosin. AFS98: anti-Csflr antibody.
Black scale bar, 100 pm. (D) Serum ALT 7d after PH in mice receiving the anti-Csflr antibody,
AFS98. (E) Serum ALT 7 days after PH and sham surgery. (F) F4/80, Csflr, and nuclear DAPI
immunofluorescence photomicrographs of mouse livers treated for 4 weeks with Csflr inhibi-
tion, showing recovery of Kupffer cells. White scale bars, 100 pm. (G) Flow cytometry showing
the effects of 1, 2, and 4 weeks of PLX5622 treatment on blood Ly6c"CCR2" inflammatory
monocytes. Black arrow and unfilled area: PMN (neutrophils); pink filled area: Ly6c"*CCR2*
inflammatory monocytes. (H) Flow cytometry expression of the growth factor receptor Flt-3 in
liver and spleen Ly6c™CCR2" inflammatory monocytes after 1 week of PLX5622 treatments. (I)
Flow cytometry showing expansion of quiescent B6 liver Mer” KCs with administration of
exogenous M-CSF (left); equivalent liver-to-body weight ratios 4 (middle) and 7 (right) days
after PH. All graphs represent means +/- SEM. *p < 0.05. n.s.: not significant.

(PDF)
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