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Acute liver injury results from exposure to toxins, pharmacological agents, or viral infections, contributing
to significant morbidity and mortality worldwide. While hepatic inflammation is critical for liver repair, the
transcriptional mechanisms required for the recruitment of inflammatory cells to the liver are not understood.
Forkhead box M1 (Foxml) transcription factor is a master regulator of hepatocyte proliferation, but its role
in inflammatory cells remains unknown. In this study, we generated transgenic mice in which Foxm1 was
deleted from myeloid-derived cells, including macrophages, monocytes, and neutrophils. Carbon tetrachloride
liver injury was used to demonstrate that myeloid-specific Foxm1 deletion caused a delay in liver repair.
Although Foxm1 deficiency did not influence neutrophil infiltration into injured livers, the total numbers of
mature macrophages were dramatically reduced. Surprisingly, Foxm1 deficiency did not influence the prolif-
eration of macrophages or their monocytic precursors but impaired monocyte recruitment during liver repair.
Expression of L-selectin and the CCR2 chemokine receptor, both critical for monocyte recruitment to injured
tissues, was decreased. Foxm1 induced transcriptional activity of the mouse CCR2 promoter in cotransfection
experiments. Adoptive transfer of monocytes to Foxm1-deficient mice restored liver repair and rescued liver
function. Foxml is critical for liver repair and is required for the recruitment of monocytes to the injured liver.

Acute liver injury and underlying hepatic inflammation re-
sult from a variety of insults, including natural and industrial
toxins, pharmacological agents, and viral infections, contribut-
ing to significant morbidity and mortality worldwide (6). In
some patients, acute liver injury progresses to acute (fulmi-
nant) hepatic failure (FHF), a severe life-threatening disease
characterized by impairment of liver function and hepatic en-
cephalopathy (34). Before the emergence of liver transplanta-
tion, the survival rates for patients with FHF were as low as
15% (8). In recent years, 10% of annual liver transplantations
are due to FHF (8). Acute liver injury can also trigger chronic
inflammatory liver disease characterized by hepatic fibrosis
and cirrhosis, leading to liver failure (7). Acute liver injury is
characterized by necrosis of hepatocytes surrounding the cen-
tral vein caused by local expression of a P450 enzyme forming
toxic free-radical metabolites (32). Hepatic repair following
acute liver injuries involves a proliferation of periportal hepa-
tocytes and transient differentiation of stellate cells into fibro-
genic myofibroblasts, which secrete collagen that is essential
for reestablishment of normal liver architecture (7). During
acute liver injury, recruitment of inflammatory cells such as
macrophages, monocytes, and neutrophils to the site of injury
and inflammation is an important event in removing necrotic
tissue and normal liver repair (1, 7). The transcription factors
required for the recruitment of inflammatory cells during liver
repair are not understood.

The Forkhead box (Fox) proteins are a large family of tran-
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scription factors that share homology in the Winged Helix/
Forkhead DNA-binding domain. Foxm1 transcription factor
(previously known as HFH-11B, Trident, Win, or MPP2) is
expressed in all tissues during embryogenesis, but its expres-
sion in adult mice is restricted to the intestinal crypts, thymus,
and testes (44). During carbon tetrachloride (CCl,)-mediated
liver injury and liver regeneration, Foxm1 expression is in-
duced in a variety of hepatic cell types, including hepatocytes,
bile duct epithelial cells, and hepatic stromal and inflammatory
cells (40, 44). Foxm1 expression is increased in tumor cells
during the progression of liver, lung, and prostate cancers (15,
18, 21). In previous studies we demonstrated that Foxml '~
mice die in utero between embryonic day 13.5 (E13.5) and
E16.5 due to multiple abnormalities in development of the
embryonic liver, lung, and heart (22, 26, 35). Abnormal accu-
mulation of polyploid cells, resulting from diminished DNA
replication and failure to enter mitosis, was observed in these
Foxml~'~ mouse organs (24, 26, 35). Foxm1 is required for
differentiation of hepatoblast precursor cells toward the biliary
epithelial cell lineage, and Foxm1 '~ livers fail to form intra-
hepatic bile ducts (26). Likewise, Foxml /= embryos exhibit
defects in differentiation of pulmonary mesenchyme into ma-
ture capillary endothelial cells during the canalicular stage of
lung development (22).

Recently, several conditional knockout mouse models were
generated to address Foxml requirements in different cell
types. Hepatocyte-specific deletion of Foxm1 in albumin-Cre
Foxm1™" mice impaired hepatocyte proliferation during liver
regeneration (41). The Foxml deletion in hepatocytes pre-
vented formation of hepatocellular carcinoma in adult mice by
inducing p27*"P! tumor suppressor (18). Endothelial cell-spe-
cific Foxm1 deletion caused increased lung vascular permeabil-
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ity and increased mortality in response to the inflammatory
mediator lipopolysaccharide (46). Mice with pancreas-specific
deletion of Foxm1 displayed severe abnormalities in postnatal
B-cell mass expansion, causing impaired islet function and di-
abetes (45). Foxml inactivation in precursors of cerebellar
granule neurons caused a delay in brain development by inter-
fering with Shh-induced neuroproliferation (39). We recently
demonstrated that Foxm1 deletion from the respiratory epi-
thelium did not influence epithelial proliferation but inhibited
lung maturation, surfactant homeostasis, and the differentia-
tion of type II epithelial cells, causing respiratory failure after
birth (16). Although these studies showed that Foxml plays
distinct roles in differentiation and proliferation in various cell
lineages, the specific role of Foxm1 in myeloid-derived inflam-
matory cells, such as macrophages, neutrophils, and mono-
cytes, remains unknown.

In the present study, we used a CCl,-mediated liver injury
model to determine the function of Foxm1 in myeloid inflam-
matory cells during acute liver injury and liver repair. Trans-
genic mice with a specific deletion of Foxm1 in these cells were
generated (mFoxmlI~'~). CCl, liver injury caused a delay in
liver repair in mFoxml '~ mice. Although Foxml did not
influence neutrophil infiltration, the total numbers of mature
macrophages were dramatically reduced in injured
mFoxml '~ livers. Reduced expression of CCR2, a chemokine
receptor critical for monocyte recruitment into injured tissues,
was found in mFoxml '~ livers and isolated mFoxml '~
monocytes. Foxm1 directly induces CCR2 promoter activity
and is required for recruitment of monocytes into injured liver.
We demonstrate here a novel function of Foxm1 in inflamma-
tory cells and tissue repair.

MATERIALS AND METHODS

Mouse strains and CCl, treatment. We previously described the generation of
Foxm11¥8% (Foxm1%%) mice, which contain LoxP sequences flanking DNA
binding and transcriptional activation domains of the Foxm1 gene (26). Foxm1™1
female mice were bred with LysM-Cre'®¥ ™ male mice (purchased from Jackson
Laboratories) to generate the LysM-Cre'®~ FoxmI™" double transgenic mice
(mFoxmI~/~). All mice were maintained in a C57BL/6 genetic background.
LysM-Cre deletes Foxm1 in all myeloid cells, including macrophages, monocytes,
and granulocytes (4). mFoxml '~ mice displayed no birth abnormalities and
were capable of mating. FoxmI™" littermates lacking the LysM-Cre transgene
were used as controls. Further controls included double-heterozygous LysM-
Cre'¥~ Foxm1™* mice. No liver defects were observed in control mice. Carbon
tetrachloride (CCly; Sigma, St. Louis, MO) was dissolved in mineral oil at a 1:10
ratio, and a single intraperitoneal injection of CCl, (1 nl of CCl,/g of body
weight) was administered to mFoxml '~ mice and their FoxmI%® littermates
(17). To determine statistical significance of any observed differences, we used
five female mice per time point following CCl, administration, which included
24, 48, and 72 h. The levels of alkaline phosphatase, albumin, bilirubin, glucose,
and the aminotransferases ALT and AST were determined by serological anal-
ysis of blood serum. Liver tissue was used to prepare total RNA. For histological
studies, livers were fixed, paraffin embedded, and sectioned as described previ-
ously (17).

Immunohistochemical staining and flow cytometry. Paraffin liver sections
were stained with hematoxylin and eosin (H&E) or used for immunohistochem-
ical staining as described previously (14, 17). The following antibodies were used
for immunohistochemistry: Ki-67 (1:500; clone Tec-3; Dako); activated caspase 3
(1:200; 5A1; Cell Signaling), and Foxm1 (1:2,000; K-19; Santa Cruz). Antibody-
antigen complexes were detected by using biotinylated secondary antibody, followed
by avidin-horseradish peroxidase complex and DAB substrate (Vector Laboratories,
Burlingame, CA). Sections were counterstained with nuclear fast red.

For flow cytometry experiments, hepatic inflammatory cells were prepared
from mFoxml ™'~ and control FoxmI™" livers as described previously (27).
Briefly, livers were perfused with buffered saline, removed, gently minced with
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TABLE 1. qRT-PCR analysis of total RNA prepared from
mFoxml~'~ and FoxmI™ livers

Mouse TagMan gene
expression assay”

Catalog no.

Mm01184444 g1

MmO00607939_s1

...Mm00438270_m1
...Mm99999056_m1
...Mm00443258_m1
..Mm01336189_m1
...Mm00487804_m1
Cyclin D1 MmO00432359_m1
CDO62L (L-selectin)......ccccuvvcucmricininniniiiiciicicninens Mm00441291_m1

CCL2 (MCP
TNF-a...

“ The TagMan gene expression assays used for qRT-PCR were from Applied
Biosystems.

scissors, and then placed in RPMI 1640 medium containing Liberase Blendzyme
3 (0.2 U/ml; Roche Diagnostics) and DNase I (0.5 mg/ml; Sigma) for 50 min at
37°C. After digestion, liver tissue was forced through a 40-um-pore-size cell
strainer. Hepatocyte and stromal debris was removed by using 30% (vol/vol)
Percoll gradient centrifugation (GE Healthcare). Red blood cells were lysed with
ACK lysis buffer (Invitrogen).

Inflammatory cells were stained with fluorescence-labeled antibodies against
CDl11b, Ly-6C, Ly-6G, F4/80, CD62L, and CD86 as previously described (19).
Staining was performed at 4°C after incubation with FcBlock (anti-mouse CD16/
32, clone 93; eBiosciences, San Diego, CA) for 30 min. The following antibodies
were used: anti-F4/80 (clone BMS; eBiosciences), anti-CD11b (clone M1/70;
eBiosciences), anti-Ly-6C (clone HK1.4; BioLegend, San Diego, CA), anti-
Ly-6G (clone 1A8; BioLegend), anti-CD62L (clone MEL-14; eBiosciences), and
anti-CD86 (clone PO3; BioLegend). Dead cells were excluded by using 7-AAD
stain (eBiosciences).

For cell cycle analysis, numbers of cells in the Gy/G,, S, and G,/M phases of
the cell cycle were identified by using Vybrant DyeCycle violet stain (Invitrogen)
according to manufacturer’s recommendations. The data were acquired by using
an LSRII flow cytometer (BD Biosciences, San Jose, CA). Cell sortings were
performed by using a 5-laser FACSAria II flow cytometer (BD Biosciences).
Spectral overlap was compensated for by using FACSDiVa software (BD Bio-
sciences) and analyzed using FlowJo software (Treestar, Inc., Ashland, OR).

Isolation and adoptive transfer of monocytes during liver injury. Monocyte-
enriched cell population was isolated from bone marrow of FoxmI™1 mice as
described previously (36). Erythrocytes and neutrophils were removed by a Ficoll
gradient centrifugation. Cells were incubated with biotin-conjugated anti-CD115
(M-CSF receptor) antibodies (eBioscience), followed by anti-biotin MACS
beads (Miltenyi Biotech). A positive fraction was obtained through magnetic
separation and labeled with carboxyfluorescein succinimidyl ester (CFSE) as
described previously (42). The percentage of monocytes in the positive fraction
was 85%, as determined by flow cytometric analysis of the monocytic phenotype
CD115%/CD11b*/Ly-6G~/Ly-6C"/F4/80'. At 24 h after CCl, injury, 10° labeled
cells were injected into tail veins of mFoxmI /= or control FoxmI™% mice.
Recipient mice were harvested at 24 or 48 h after adoptive transfer.

RNA preparation and gRT-PCR. Total RNA was prepared from either mouse
liver or sorted inflammatory cells by using RNA-STAT-60 (Tel-Test “B”, Inc.,
Friendswood, TX). Quantitative real-time RT-PCR (qRT-PCR) analysis was
performed using a StepOnePlus real-time PCR system (Applied Biosystems,
Foster City, CA) as described previously (16). Samples were amplified with
TaqMan gene expression master mix (Applied Biosystems) combined with in-
ventoried TagMan gene expression assays for the gene of interest (Table 1).
Reactions were analyzed in triplicates, and the expression levels were normalized
to B-actin. Five mice were used in each group.

Cotransfection studies. Mouse CCR2 promoter fragments were amplified by
PCR of mouse genomic DNA using following primers: AAG ACA TGT ACC
CTT TGT AGC (—269/-249), AAG ATG AAA GTT GAG AGG (—575/
—558), TGT GTT AAA GTA CTT GCC GTG (—1428/—1408), and TTC CTT
TGA TTC TGT GGT (+5/+22). We transfected human osteosarcoma U20S
cells with either cytomegalovirus promoter (CMV)-Foxm1b or control CMV-
empty expression plasmids, as well as with luciferase (LUC) reporters driven by
the mouse CCR2 promoter regions. CMV-Renilla was used as an internal con-
trol to normalize transfection efficiency. A dual luciferase assay (Promega) was
performed 48 h after transfection, as described previously (22, 23, 29).
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FIG. 1. Increased ALT and AST serum levels in CCl,-treated mFoxmI~'~ mice. (A) Schematic drawing of Cre-mediated deletion in Foxm1-
floxed gene. The Foxm1-floxed allele contains a deletion of exons 4 to 7 of the mouse FoxmI gene. To delete Foxm1 in myeloid cells (macrophages,
monocytes, and granulocytes), Foxm 1" mice were bred with LysM-Cre'®~ transgenic mice to generate LysM-Cre'®¥ ™ Foxm1™"™" (mFoxm1~'~) mice.
(B) Normal liver function in untreated mFoxm! '~ mice. Blood serum was obtained from untreated FoxmI™"" and mFoxmI~/~ mice and then
examined for concentrations of hepatic aminotransferase ALT, alkaline phosphatase (ALK Phos), albumin, and conjugated and unconjugated
bilirubin. (C) ALT and AST serum levels in CCl,-treated mFoxmI '~ mice. At 24 h after CCl, injection, mFoxm1 ™'~ and control FoxmI™™ mice
displayed similar increases in serum ALT and AST levels. Although hepatic aminotransferases were decreased in control FoxmI™™ mice at 48 and
72 h after CCl, treatment, CCl,-treated mFoxm1 ™'~ mice maintained significantly increased levels of ALT and AST. Means *+ the SD were
determined with five different mice in each group. Statistically significant differences are indicated (*, P < 0.05; **, P < 0.01).

Statistical analysis. Student ¢ test was used to determine statistical signifi- generated. mFoxml '~ mice (LysM-Cretg/7 Foxm]ﬂ/ﬂ) con-
cance. P values of =0.05 were considered significant. Values for all measure- tain LoxP-flanked FoxmlI-floxed gene (Foxm]ﬁ/ﬂ [26]) and
ments were expressed as the means * the standard deviations (SD). the LysM-Cre transgene (Fig 1A) mediating a conditional

- . ,
deletion of exons 4 to 7 of the FoxmlI gene in myeloid cells
RESULTS (4). These exons encode DNA-binding and C-terminal tran-

Conditional deletion of Foxm1 in myeloid cells. Previous  scriptional activation domains of the Foxml protein (Fig.
studies demonstrated that Foxm1 is required for hepatocyte 1A), both of which are required for Foxml transcriptional
proliferation following either partial hepatectomy or carbon  activity (41). mFoxmI ™'~ mutant mice were healthy, display-
tetrachloride (CCl,)-induced liver injury (40, 41). During ing no obvious abnormalities. The percentages of neutro-
the liver injury, Foxml is expressed in various hepatic cell phils and monocytes were not changed in either the blood or
types, including inflammatory cells (40, 41). To address the ~ bone marrow of mFoxml '~ mice (data not shown). Mor-
role of Foxm1 in myeloid-derived inflammatory cells, such ~ phological examination of liver sections from mFoxml '~
as macrophages, monocytes and neutrophils, a mouse line mice revealed no differences compared to control Foxm "1
with a myeloid-specific Foxm! deletion (mFoxml ') was mice (Fig. 2A). To evaluate liver metabolic functions in
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FIG. 2. Delayed resolution of liver injury in mFoxmI /" mice. Paraﬁin sections from mFoxmI '~ mice and their control Foxm ™" littermates
were either stained with H&E or used for immunohistochemistry with Foxm1 antibodies. (A) Delayed liver repair in mFoxmI '~ mice. Similar
histological structures were observed in untreated FoxmI™" and mFoxmI '~ livers. Liver damage (shown with arrows) was observed around
hepatic central veins (CV) but not around portal veins (PV) at 48 h after CCl, administration. Liver remodeling and leukocyte infiltration were
noted in the pericentral regions of Foxm 1" mice at 72 h after liver injury (shown with arrowheads). CCl,-treated mFoxmI '~ livers failed to repair
severe necrotic damage around central veins, and the number of inflammatory cells in pericentral regions was decreased. (B to K) Diminished
Foxm1 staining in injured mFoxmI /" livers. Foxm1 staining was not detected in the livers of untreated mice (B and C). In CCl,-treated control
FoxmI™ livers, nuclear Foxm1 staining (brown) was detected in a subset of hepatocytes (arrowhead in panel D) and inflammatory cells infiltrating
central vein (CV) regions (blue arrows in panels D, F, H, and J). Although CCl,-injured mFoxm1 '~ mice displayed normal Foxm1 staining in
hepatocytes (arrowheads in panels E, G, 1, and K), Foxm1 was not detected in a majority of mFoxml ™'~ inflammatory cells (yellow arrows).
(L) qRT-PCR shows diminished Foxm1 mRNA in the total liver RNA. Each individual sample was normalized to its corresponding B-actin level.
Means *+ the SD were determined with five different mFoxmI /= and FoxmI™% livers. A statistically significant P value of <0.05 is indicated by
an asterisk. Magnifications: A to E, H, and I, X200; A (right panels), F, G, J, and K, X400.

Foxm1 mutant mice, series of serological tests were carried
out. The serum levels of hepatic aminotransferases ALT and
AST, alkaline phosphatase, albumin, bilirubin, and glucose
were normal (Fig. 1B and data not shown), indicating that

Foxml deficiency in myeloid cells does not influence liver
function.

Delayed liver repair mFoxml™'~ mice. To determine
whether Foxm1 function in myeloid cells is required for liver
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repair, we used CCl, liver injury to induce inflammatory re-
sponse. Adult mFoxmI '~ mice, along with the corresponding
control FoxmI™ littermates, were intraperitoneally injected
with CCl, and their livers, peripheral blood, and bone marrow
were harvested at different intervals after CCl, liver injury. At
24 h after CCl, injection, the serum ALT and AST levels were
equally increased in both mFoxmI '~ and control FoxmI™"
mice (Fig. 1C), indicating that Foxm1 deficiency does not alter
the initial response to liver injury. At 48 h after CCl, treat-
ment, hepatic aminotransferases were decreased in control
Foxm1™™ mice, reaching nearly normal serum levels by 72 h
(Fig. 1C). In contrast, CCl,-treated mFoxm! /~ mice main-
tained significantly elevated levels of ALT and AST (Fig. 1C),
indicating that the liver repair was delayed in mFoxml /'~
mice. Consistent with serological analysis of liver enzymes,
H&E staining showed that hepatic damage was repaired in
control FoxmI™ mice at 72 h after liver injury, whereas a
severe pericentral necrosis was still observed in mFoxml '/~
livers (Fig. 2A).

Previous studies demonstrated that Foxm1 induces the pro-
liferation of hepatocytes, fibroblasts, endothelial cells, and nu-
merous neoplastic cells (18, 22, 24, 26). Therefore, cellular
proliferation in mFoxm1 '~ and control livers was assessed by
immunostaining with antibody against the cell proliferation
marker Ki-67. After the liver injury, Ki-67 staining was de-
tected in hepatocytes and nonhepatocytes (hepatic stromal
cells and inflammatory cells) (Fig. 3A). The numbers of Ki-67-
positive cells in mFoxmI '~ and control FoxmI™™ livers were
similar at 48 h after CCl, treatment (Fig. 3B), indicating that
the initial proliferation response was normal in Foxml mu-
tants. At 72 h after liver injury, mFoxmI '~ mice displayed
significantly reduced numbers of Ki-67-positive cells in both
pericentral and parenchymal hepatic regions (Fig. 3A and B),
a result consistent with a delay in liver repair. Decreased
mRNA levels of c-Myc and cyclin D1 were found in CCl,-
treated mFoxm1 '~ livers by qRT-PCR (Fig. 3C and D), which
is consistent with decreased cellular proliferation. Immuno-
staining of liver sections with an antibody specific to activated
form of caspase 3 demonstrated an increase in pericentral
apoptosis in mFoxml '~ mice at 72 h after liver injury (Fig.
3A). Thus, decreased proliferation and increased hepatic ap-
optosis may contribute to a delay of liver repair in mFoxmI "/~
mice. Interestingly, decreased numbers of infiltrating inflam-
matory cells were observed in pericentral areas of CCl,-treated
mFoxml~'~ livers compared to FoxmI™" controls (Fig. 2A).
Altogether, these results demonstrated that deletion of Foxm1
from cells of myeloid lineage delayed liver repair and de-
creased leukocyte infiltration after CCl, injury.

Decreased Foxm1 expression in CCl -injured mFoxm1 '~
livers. We focused our next experiments to determine the
efficiency of Foxm1 deletion in mFoxml1 '~ livers. Expression
of Foxm1 in the liver was examined by immunohistochemistry
using an antibody specific to N-terminal region of the Foxml
protein. Consistent with previous studies (40, 41, 43), Foxm1
staining was not detected in livers of untreated mice (Fig. 2B
and C). At 48 h after CCl, injury, nuclear staining of Foxm1
became detectable in various hepatic cells of control Foxm1™™
livers, including hepatocytes and endothelial cells, as well as in
inflammatory cells, which had infiltrated the pericentral liver
regions (Fig. 2D and F). Although Foxml expression in
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FoxmI™™ hepatocytes had decreased by 72 h after CCl, injury,
Foxml1 protein was still observed in hepatic stromal cells and
inflammatory cells (Fig. 2H and J). In mFoxml /~ livers,
Foxm1 staining was detected in hepatocytes (Fig. 2E and G)
and endothelial cells (Fig. 2K) but not in a majority of inflam-
matory cells after the injury (Fig. 2I and K). Quantitative real-
time RT-PCR analysis (QRT-PCR) was used to demonstrate that
Foxml mRNA from CCl,-injured mFoxmI '~ livers was de-
creased 9-fold compared to FoxmI™" controls (Fig. 2L).

Reduced numbers of infiltrating macrophages in
mFoxml~'~ livers after CCl, injury. Since histological studies
revealed decreased numbers of inflammatory cells in CCl,-
treated mFoxm1 '~ livers (Fig. 2A), we used flow cytometry to
identify specific populations of myeloid cells during liver re-
pair. Inflammatory cells were isolated from either mFoxmI '~
or control FoxmI™ livers by using Percoll gradient centrifu-
gation (2) and then stained the cells with antibodies against
CD11b and F4/80. CD11b is an adhesion molecule expressed
on the surface of myeloid cells, whereas F4/80 is a specific
marker of mature macrophages (28). Untreated mFoxmI '~
and control FoxmI™" livers displayed similar numbers of cells
with high CD11b (CD11b") expression (Fig. 4A). After CCl,
injury, decreased numbers of CD11b" myeloid cells were ob-
served in mFoxml1 /'~ livers (Fig. 4A), whereas the numbers of
CD11b" cells remained unchanged (data not shown). To de-
termine which populations of myeloid (CD11b™) cells were
influenced by the Foxm1 deficiency, we examined Ly-6C and
F4/80 cell surface markers in hepatic myeloid cells. Consistent
with published studies (2, 9, 30, 38), monocyte-derived hepatic
macrophages were identified as Ly-6C'°/F4/80" cells. In con-
trol FoxmI™™ livers, numbers of hepatic macrophages were
dramatically increased at 72 h after liver injury (Fig. 4B). In
contrast, mFoxm1 '~ livers displayed a significant decrease in
numbers of infiltrating macrophages compared to control
Foxm1™" livers (Fig. 4B). Altogether, these results indicate
that deletion of Foxm1 from cells of myeloid lineage decreased
numbers of hepatic macrophages (Kupffer cells) during liver
repair.

Foxml1 deficiency does not influence neutrophil recruitment
into CCl-injured liver. To determine whether Foxm1 defi-
ciency influences neutrophil infiltration during liver injury, in-
flammatory cells were isolated from either mFoxm1 '~ or con-
trol FoxmI™ livers and then simultaneously stained with
fluorescently labeled antibodies against CD11b, Ly-6C, and
Ly-6G, the latter of which is a specific marker of neutrophils
(5). Hepatic inflammatory cells expressing all three markers
(CD11bM/Ly-6C*/Ly-6G ™) were identified as neutrophils (30).
Consistent with published studies (12), total numbers of neu-
trophils in the liver were increased in the first 24 h after CCl,
injury and then returned to nearly normal levels at 72 h (Fig.
4C). No differences in neutrophil numbers were observed be-
tween mFoxmI '~ and control Foxm1™™ livers (Fig. 4C). Fur-
thermore, the percentages of activated neutrophils in the liver
tissue were determined using antibody against CD62L (L-se-
lectin), a cell adhesion molecule expressed on activated neu-
trophils (37). Similar percentages of CD62L-positive neutro-
phils were found in mFoxm1 '~ and Foxm1™" livers at all time
points after liver injury (data not shown). These results indi-
cate that Foxm1 deficiency in myeloid cells does not influence
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FIG. 3. Diminished cellular proliferation and increased apoptosis in CCl,-injured mFoxmi ™'~ livers. (A) CCl,-treated mFoxmI '~ livers
displayed diminished proliferation in pericentral and parenchymal liver regions. Paraffin sections from the livers of mFoxml /= and control
FoxmI"™ mice were stained with Ki-67 antibody (dark brown nuclei) and counterstained with nuclear fast red (red nuclei). To detect apoptotic
cells, paraffin liver sections were stained with antibodies against activated caspase 3 (lower right panels). Increased apoptosis was detected in
pericentral regions of mFoxmI /= livers at 72 h after CCl, treatment. No apoptosis was observed in livers from control FoxmI™" mice.
Magnifications, X200 and X400 as indicated. (B) mFoxml /= livers exhibited a decreased number of Ki-67-positive cells at 72 h after CCl,
treatment. The Ki-67-stained nuclei were counted in hepatocytes and nonhepatocytes by using 10 random X400 microscope fields from
mFoxml '~ and control Foxm 1" mice. (C and D) CCl,-injured mFoxm1 '~ livers displayed diminished expression of c-myc and cyclin D1. Livers
from either untreated or CCl,-treated mFoxmI '~ and control Foxm ™" mice were used to prepare total liver RNA. qRT-PCR analysis showed
decreased mRNAs of cyclin D1 and c-myc in mFoxml '~ livers at 24 h after liver injury. Each individual sample was normalized to its
corresponding B-actin level. Means + the SD were determined using five different mFoxm! '~ and FoxmI" livers. A statistically significant P
value of <(0.05 is indicated by an asterisk.
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FIG. 4. Reduced numbers of macrophages in CCl,-injured mFoxm1 ™'~ livers. Inflammatory cells were isolated from either mFoxm1~'~ or
control Foxm1™ livers by using Percoll gradient centrifugation. Flow cytometry was used to determine numbers of myeloid cells, macrophages and
neutrophils. (A and B) Flow cytometric analysis for surface CD11b, F4/80, and Ly-6C expression. The percentages of CD11b™ myeloid cells are
shown for mFoxmI '~ or control Foxm1™ livers at 72 h after the injury (top sections in panel A). mFoxm1 '~ livers display a significant reduction
in total numbers of CD11b™ cells per 1 g of liver weight at 72 h after liver injury (bottom section in panel A). The cumulative data from three
experiments are presented as means * the SD. Statistically significant differences are indicated (*, P < 0.05). The expression of F4/80 and Ly-6C
surface markers was also analyzed in CD11b™ cells (B). The gate shows CD11b"/Ly-6C'*/F4/80" hepatic macrophages (top sections in panel B).
Reduced numbers of macrophages were found in CCl,-injured mFoxmi~'~ livers at 72 h after liver injury (bottom section in panel B). Bars
represent total numbers of cells per 1 g of liver weight in mFoxmI~/~ and control FoxmI™ livers. (C) Flow cytometry was used to visualize
Ly-6G*/Ly-6C* neutrophils in the population of myeloid cells gated for CD11b"" and F4/80'" (top sections in panel C). mFoxmI '~ and control

Foxm1" livers display similar numbers of neutrophils at all time points after the injury (bottom section in panel C).

recruitment or activation of neutrophils during CCl,-mediated
liver injury.

Foxm1 deficiency does not influence monocyte proliferation
but inhibits monocyte recruitment to the injured liver. De-
creased numbers of macrophages in CCl,-injured mFoxmI "/~
livers can be a result of impaired recruitment and/or prolifer-
ation of the macrophage precursor cells, monocytes (20).
Therefore, we focused on the 48-h time point, which is prior to
the accumulation of macrophages in the liver. We used a his-
togram distribution of Ly-6C expression in hepatic CD11b"/
F4/80" myeloid cells to distinguish between neutrophil and
monocyte cell populations in the liver (Fig. 5SA). Consistent
with published studies (33), Ly-6C was expressed at higher
levels on monocytes compared to neutrophils (Fig. 5A).
mFoxml '~ and control Foxm1™" livers displayed similar per-
centages of neutrophils among hepatic inflammatory cells (Fig.
5A), confirming our results with Ly-6G antibodies (Fig. 4C). In

contrast, significant decreases in the percentages of Ly-6C™
monocytes (Fig. 5A) and the total numbers of Ly-6C™ mono-
cytes in 1 g of liver weight (Fig. 5B) were observed in
mFoxml1 '~ livers at 48 h after liver injury. The percentages of
Ly-6C"/CD115" monocytes were not significantly changed in
bone marrow of CCl,-treated mFoxm1 '~ mice (Fig. 5C). In-
terestingly, a 40% increase in circulating Ly-6C"/CD115"
monocytes was observed in the peripheral blood of CCl,-
treated mFoxmI '~ mice (Fig. 5C), suggesting that Foxm1
deficiency impairs recruitment of Ly-6C"/CD115" monocytes
from the blood to injured liver tissue.

Since decreased numbers of macrophages could be influ-
enced by impaired proliferation of monocytes in CCl,-injured
mFoxml '~ livers, cell cycle analysis of hepatic inflammatory
cells was performed using Vybrant DyeCycle DNA stain. Sim-
ilar numbers of monocytes undergoing the G,/G, S, and G,/M
phases of the cell cycle were observed in mFoxml '~ and
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FIG. 5. Reduced numbers of monocytes in mFoxmI '~ livers after injury. Inflammatory cells were isolated from mFoxml '~ and control
FoxmI™"M livers at 48 h after CCl, liver injury. The cells were stained with fluorescence-labeled antibodies against CD11b and Ly-6C and analyzed
by flow cytometry. (A to C) Decreased numbers of monocytes in mFoxm1 '~ and Foxm1"" livers at 48 h after CCl, liver injury. A histogram shows
a distribution of Ly-6C cell surface expression in CD11b" hepatic inflammatory cells (A). The percentages of neutrophils (N) and monocytes
(M) are shown as means * the SD (see the inset table in panel A). mFoxml '~ livers displayed decreased numbers of monocytes per 1 g of liver
weight (B). Statistically significant differences are indicated (*, P < 0.05; %, P < 0.01). Although the percentages of neutrophils and Ly-6C"/
CD115" monocytes were not changed in the bone marrow of CCl,-treated mFoxmI '~ mice, a 40% increase in circulating Ly-6C"/CD115"
monocytes was observed in the peripheral blood (C). (D and E) mFoxmI '~ and FoxmI™" livers displayed similar numbers of myeloid cells
undergoing G,/G;, S, and G,/M of the cell cycle. Hepatic inflammatory cells were stained with Vybrant DyeCycle DNA stain, and cell cycle analysis
was performed by flow cytometry. Means + the SD were calculated from three distinct mice.
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FIG. 6. Reduced percentages of CD62L" CD86" monocytes in mFoxmI '~ livers after CCl, injury. Inflammatory cells were isolated from
mFoxml~'~ and control Foxm 1" livers and then stained with fluorescence-labeled antibodies against CD11b, F4/80, Ly-6C, Ly-6G, CD62L, and
CD86. Hepatic inflammatory cells were gated on CD11b*/Ly-6G ~/Ly-6C"/F4/80" cells (left side of panel A) and then analyzed for CD62L and
CD86 expression (right side of panel A). The percentages of gated cells are shown for two distinct mice treated with CCl, for 48 h (right sections
of panel A). mFoxm1 '~ livers displayed reduced the percentages of CD62L" CD86™ monocytes at 48 h after CCl, liver injury (B). The cumulative
data from three experiments are presented as means * the SD. A statistically significant P value of <0.05 is indicated by an asterisk.

control FoxmI™" livers (Fig. 5D and E). Furthermore, Foxm1
deficiency did not influence the G/G,, S, and G,/M phases in
neutrophils and macrophages during liver injury (Fig. 5D and E).

Published studies demonstrated that activated monocytes
increased cell surface expression of CD62L (L-selectin) prior
to their migration into injured tissues (11, 25). Therefore, we
used flow cytometry to examine CD62L expression on mono-
cytes during liver injury (Fig. 6A). Antibodies against costimu-
latory molecule CD86 (B7-2) were used to further identify
activated monocytes. The percentages of CD62L* CD86™
double-positive monocytes were initially increased in both
mFoxml '~ and control FoxmI™" livers at 24 h after the liver
injury (Fig. 6B). A 3-fold reduction in CD62L"/CD86"* mono-
cytes was observed in mFoxm1 '~ livers at 48 h after the liver
injury (Fig. 6). Thus, Foxm1 is critical for the proper expres-
sion of CD62L on monocytes during liver repair. Altogether,
impaired recruitment of monocytes may contribute to de-
creased numbers of macrophages and reduced repair in
mFoxml '~ livers.

Foxml1 induces expression of CCR2 chemokine receptor in
monocytes. To determine new Foxm1 target genes, flow cytom-
etry-based cell sorting was used to isolate enriched populations
of monocytes, neutrophils, and macrophages from the livers of
mFoxml '~ and FoxmI™" mice treated with CCl, for 48 h.
Sorted cells were used to prepare total RNA and examine
Foxm1 expression by qRT-PCR. Foxm1 mRNA was signifi-
cantly reduced in all three populations of mFoxmI '~ myeloid
cells (Fig. 7A). CD62L mRNA was not altered in mFoxml /'~
monocytes (Fig. 7A), suggesting that CD62L is not a direct
transcriptional target for Foxm1. No changes were observed in
the mRNA levels of the proinflammatory cytokines tumor ne-
crosis factor alpha (TNF-a) and interleukin-18 (IL-1B) (Fig.
7A). Interestingly, mFoxml '~ monocytes displayed a signifi-
cant reduction in mRNA levels of CCR2 (Fig. 7A), a chemo-
kine receptor critical for monocyte recruitment to the injured
liver (9, 31). Furthermore, total liver RNA was used to dem-

onstrate that CCR2 expression was dramatically decreased in
mFoxml '~ livers at 48 h after CCl, liver injury (Fig. 7C),
correlating with decreased Foxm1 mRNA (Fig. 2L). No differ-
ences were observed in mRNA levels of chemokine MCP-1, a
known ligand for CCR2 receptor (Fig. 7C). These results sug-
gest that Foxm1 deficiency causes reduced expression of CCR2
in monocytes.

Next, we investigated whether Foxml induces transcrip-
tional activity of CCR2 promoter region. Five potential Foxm1
DNA-binding sites were identified in the —1.4-kb promoter
region of the mouse CCR2 gene: —10/+3, —436/-425, —637/
-625, —1246/-1234, and —1306/-1294 (Fig. 7B). The —1.4-kb
CCR?2 promoter region was cloned by using PCR amplification
of mouse genomic DNA. Cotransfection experiments were
performed in human U20S cells using CMV-Foxm1b expres-
sion vector and luciferase (LUC) reporter driven by the
—1.4-kb CCR2 promoter region. Cotransfection of the Foxm1
expression vector increased expression of the —1.4-kb CCR2-
LUC reporter plasmid (Fig. 7B), indicating that the Foxm1
protein is a transcriptional activator of CCR2 gene. Although
deletion of either the —1428/-575-bp or the —575/-269-bp
CCR2 region did not influence LUC activity, deletion of the
—269/+22-bp CCR2 promoter region was sufficient to com-
pletely abolish the ability of Foxm1 to activate transcription of
the CCR2 promoter in cotransfection experiments (Fig. 7B).
These results indicate that Foxm1 transcriptionally activates
the mouse CCR2 gene via the —269/+22-bp CCR2 promoter
region.

Adoptive transfer of FoxmI™® monocytes to mFoxml /'~
mice accelerated liver repair and improved liver function. To
determine whether diminished monocyte recruitment influ-
ences liver repair in mFoxml '~ mice, adoptive transfer of
monocytes to injured mice was performed. A cell population
enriched in monocytes was purified from the bone marrow of
Foxm 1™ mice by using CD115 antibody and then labeled with
CFSE fluorescent dye. The cell population contained 85%
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FIG. 7. Foxml induces CCR2 expression in monocytes. (A) Decreased expression of CCR2 mRNA in mFoxm1 '~ monocytes. Flow cytometry
was used to isolate pure cell populations of neutrophils, monocytes, and macrophages from livers of mFoxmI ~/~ and control Foxm ™" mice treated
with CCl, for 48 h. qRT-PCR shows decreased Foxm1 mRNA levels in all three populations of hepatic myeloid cells. CCR2 mRNA was specifically
reduced in mFoxmI '~ monocytes. No differences were observed in TNF-q, IL-18, and CD62L mRNAs. Each individual sample was normalized
to its corresponding B-actin level. Means + the SD were determined using five mFoxmI ~/~ and Foxm1" livers. Statistically significant differences
are indicated (*, P < 0.05). (B) Foxm1 directly regulates mouse CCR2 promoter through a —269/+22-bp CCR2 DNA region. Schematically shown
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FIG. 8. Adoptive transfer of FoxmI™" monocytes to injured mFoxml '~ mice restored liver repair. Monocytes were isolated from the bone
marrow of untreated FoxmI™" mice, labeled with CFSE fluorescent dye, and then injected into the tail veins of injured mFoxml '~ mice.
(A) Adoptive transfer of FoxmI™ monocytes increases numbers of macrophages in injured mFoxm1 '~ livers. Hepatic inflammatory cells were
isolated 48 h after adoptive transfer and stained with fluorescence-labeled antibodies against CD11b, F4/80, and Ly-6C. Stained cells were initially
gated on CD11b" Ly-6C" (left top panel in panel A) and then analyzed for F4/80 and CFSE (bottom sections in panel A). CFSE-labeled
macrophages are observed in mFoxml /" livers after the adoptive transfer (bottom right portion of panel A). A histogram shows increased
numbers of macrophages in injured mFoxml1 '~ livers compared to mFoxml /= mice without (w/o) transfer (right top portion of panel A).
(B) Adoptive transfer of Foxm1™® monocytes to injured mFoxmI '~ mice decreases the serum concentrations of ALT and AST enzymes to the
levels found in control Foxm1™" mice. Statistically significant differences with P values of <0.05 are indicated by asterisks. (C) H&E staining of
liver paraffin sections shows that adoptive transfer of FoxmI™" monocytes to injured mFoxm1 '~ mice decreases liver necrosis around hepatic
central vein (CV; necrosis is indicated by arrows).

monocytes and 15% granulocytes (data not shown). CFSE- 794

labeled cells were injected into the tail vein of CCl,-treated
mFoxml '~ or control FoxmI™™ mice. Additional controls in-

rophages. Thus, transferred Foxm monocytes were effec-
tively recruited to mFoxmI '~ livers and differentiated into
mature macrophages. CFSE fluorescence was not found in

cluded mFoxm1 '/~ mice without adoptive transfer. At 48 h
after adoptive transfer, CFSE-labeled cells were observed in
mFoxml '~ livers as demonstrated by flow cytometry (Fig.
8A). The majority of CFSE-labeled cells expressed CD11b and
F4/80 surface markers (Fig. 8A), a phenotype of mature mac-

other cell populations in the liver (data not shown). Histolog-
ical and functional assessment of liver repair revealed that adop-
tive transfer of FoxmI™™ monocytes to mFoxmI '~ mice accel-
erated liver repair (Fig. 8C), decreased serum levels of ALT and
AST enzymes (Fig. 8B), and increased total numbers of hepatic
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macrophages to the levels found in control mice (Fig. 8A). Alto-
gether, our results demonstrate that the expression of Foxm1 in
cells of monocyte lineage is required for liver repair.

DISCUSSION

Macrophages and their precursors, monocytes, play an im-
portant role during organ injury and repair. The subset of
Ly-6C™ monocytes was increased dramatically in lesions of
infection and injury in a variety of inflammatory diseases (2,
47). The Ly-6C™ monocytes migrated to the inflamed/necrotic
area and subsequently differentiated into mature macro-
phages. This process required downregulation of Ly-6C ex-
pression and an increase in the expression of the mature mac-
rophage marker F4/80 (2, 38). In the present study, we
demonstrated that the loss of Foxml in a myeloid lineage
reduced numbers of Ly-6C'°/F4/80" mature macrophages at
72 h after liver injury, coinciding with delayed liver repair. The
numbers of monocytic macrophage precursor cells were re-
duced in mFoxmlI '~ livers 48 h after liver injury, a time prior
to the accumulation of mature macrophages in the liver. These
results suggest that Foxm1 may play an important role in liver
repair by inducing migration of Ly-6C"/F4/80'° monocytes into
the injured liver. Consistent with this hypothesis, we found
decreased expression of L-selectin in Foxm1-deficient mono-
cytes. L-selectin is a cell adhesion molecule essential for mono-
cyte migration (25). Alternatively, reduced numbers of mature
macrophages in injured mFoxml '~ livers can be a direct
consequence of impaired differentiation of monocytes toward
the macrophage cell lineage. Interestingly, we found no differ-
ences in the total numbers of neutrophils that migrated into an
injured liver in mFoxmI '~ mice. Furthermore, Foxm1 did not
influence cell surface expression of L-selectin in these cells.
These results suggest that Foxm1 is dispensable for neutrophil
recruitment to the injured liver.

In the present study, expression of CCR2 was decreased in
mFoxml '~ monocytes. Previous studies demonstrated that
CCR2/~ mice exhibited decreased macrophage infiltration
following acetaminophen-induced liver injury, indicating that
MCP-1/CCR2 signaling is essential for monocyte migration to
the injured liver (9). CCR2 gene expression is regulated by
several signaling pathways, including calcineurin/NFAT (13),
IFN-vy/Statl (10), and PPARy (3). Liver repair was delayed
following acetaminophen-mediated liver injury in CCR2™/~
mice (9). Therefore, decreased CCR2 expression in
mFoxml '~ monocytes can contribute to impaired monocyte
recruitment, causing a delay in liver repair in mFoxml '/~
mice. The finding that Foxml directly stimulated transcrip-
tional activity of the CCR2 promoter and that this stimulation
required the Foxm1 binding site located between the bp —269
and +22 of the mouse CCR2 promoter provide a potential
mechanism by which Foxm1 influences CCR2 levels in mono-
cytes. Our studies suggest that Foxm1 is a critical transcriptional
activator of the CCR2 gene during liver injury and repair.

Previous studies focused on the role of Foxm1 protein in hepa-
tocytes, the major cell population in the liver. Liver regeneration
and liver injury studies with Alb-Cre Foxml '~ mice demon-
strated that Foxm1 is essential for DNA replication and mitosis in
hepatocytes by altering expression of proteins that are required
for cell cycle progression (41). Consistent with these studies, a
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majority of Foxml '~ embryos died in utero by E16.5 due to a
75% reduction in the number of hepatoblasts because they failed
to progress into mitosis causing a polyploid phenotype (26). We
demonstrated here that mFoxmI '~ livers displayed a specific
Foxml1 deletion in myeloid cells but not in hepatocytes. However,
the proliferation of both hepatocytes and nonhepatocytes was
decreased in CCl,-injured mFoxml '~ livers. It is possible that
Foxml1 influences the secretion of inflammatory mediators, which
in turn indirectly affects proliferative responses and liver repair
after CCl, injury. We also found that adoptive transfer of
FoxmI™ monocytes to CCl,-treated mFoxml '~ mice restored
liver repair and rescued liver function after the injury. These
results demonstrated a critical role of Foxm1 in monocytes and
established a direct link between monocyte migration and liver
repair after the injury.

Numbers of cells in the G/G,, S, and G,/M phases of the
cell cycle among all three major populations of hepatic myeloid
cells (neutrophils, monocytes, and macrophages) were not in-
fluenced by Foxm1 deletion. Considering the important role of
Foxml1 in cell cycle regulation of hepatocytes, fibroblasts, en-
dothelial cells, and numerous neoplastic cells (18, 22, 26), these
results are surprising and indicate that Foxml1 is not required
for proliferation of myeloid cells during either normal hema-
topoiesis or acute liver injury. Interestingly, recent studies
showed that a conditional Foxm1 deletion from respiratory
epithelial cells did not alter proliferation of these cells during
lung development but caused impaired lung maturation and
decreased surfactant production (16). Altogether, these studies
indicate that Foxm1 plays distinct roles in different cell popu-
lations in vivo. Although the molecular mechanisms of this
Foxm1 selectivity are still unknown, various cell-specific tran-
scription factors may function as coactivators with Foxm1, al-
tering a set of Foxm1 transcriptional targets and influencing
cellular responses to Foxm1. Alternatively, it is possible that
other cellular pathways compensate for Foxm1 deficiency in
myeloid inflammatory cells.

In summary, deletion of Foxm1 in myeloid cells caused a
delay in liver repair and increased pericentral apoptosis fol-
lowing CCl,-mediated injury. Although the recruitment of
neutrophils was not influenced by the Foxml deficiency, re-
duced numbers of infiltrating macrophages were found in
mFoxml '~ livers after injury. Monocyte recruitment during
liver repair was dependent upon Foxm1 expression in myeloid
cells, a finding that may be related to reduced expression of
L-selectin and CCR2 chemokine receptor. Foxml1 is critical for
transcriptional activation of the mouse CCR2 promoter and
required for the recruitment of monocytes to the injured liver.
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