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Effects of global and macrophage-specific KIf5 deletion on macrophage
cytokine gene expression. Expression of cytokine genes in CD11b+F4/
80'° (A) and CD11b+*F4/80" (B) cells isolated from kidneys of wild-type,
Kif5+-, and Kif5", | ysM-Cre mice atindicated days after UUO. Expres-
sion levels were normalized to those of 18s rRNA and then further nor-
malized to the levels in cells in wild-type kidney under basal conditions.
n = 3. #*P < 0.05 versus cells of wild-type mice at the same time point.

isolation (Supplemental Figure 8, B and C). We observed much
higher frequencies of apoptosis among RTECs and mIMCD-3 cells
in medium conditioned by CD11b*F4/80%° cells than among those
in medium conditioned by CD11b*F4/80" macrophages (Figure
SB). In fact, the CD11b*F4/80h-conditioned medium induced
apoptosis in very few cells. Moreover, the proapoptotic effect of
CD11b*F4/80'"°-conditioned medium was significantly suppressed
by an anti-IL-1f neutralizing antibody. In line with these in vitro
observations, inhibition of IL-1 receptor signaling by IL-1 recep-
tor antagonist (IL-1RA) suppressed renal injury and renal cell
apoptosis in UUO (Figure SC and Supplemental Figure 9). The
CD11b*F4/80"-conditioned medium induced expression of Fnl
and Acta2, encoding fibronectin 1 and «-SMA, in C3H10T1/2
mouse embryonic fibroblasts, which is indicative of the cells’ acti-
vation into myofibroblasts, and this myofibroblastic differentia-
tion was significantly suppressed by an anti-TGF- neutralizing
antibody (Figure 5D). These results demonstrate that CD11b*F4/
80'° monocytes/macrophages induce renal epithelial cell injury via
inflammatory cytokines, including IL-1f3, whereas CD 11b*F4/80h
M2-type macrophages appear to promote fibrosis by inducing
myofibroblastic differentiation, at least in part, via TGF-{3.

KLFS controls expression of SI00A8 and S100A9, which induce migration
and M1 activation in macrophages. The results summarized so far suggest
that renal KLFS is involved in the accumulation of CD11b*F4/80
monocytes/macrophages in the kidney. To test this possibility direct-
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ly, we cultured mIMCD-3 cells infected with KLF5-expressing (Ad-
KLFS), B-galactosidase-expressing (Ad-LacZ), or empty (Ad-empty)
adenoviral vector in the bottom wells of Boyden chambers, and
cultured RAW264.7 macrophages in the upper inserts (Figure 6A).
The mIMCD-3 cells overexpressing KLF5 induced migration of sig-
nificantly larger numbers of RAW264.7 cells than the cells infected
with Ad-LacZ or empty adenovirus. This suggests that KLF5 controls
production of chemoattractants. Similarly, overexpression of KLES
in mIMCD-3 cells promoted migration of BM-derived macrophages
(BMDMs) (Supplemental Figure 10A). The BMDMs had been treated
with either IFN=y/LPS or IL-4 to induce M1 or M2 activation, respec-
tively (35), and KLFS overexpression in mIMCD-3 cells induced migra-
tion of more M1-activated BMDM:s than M2-activated BMDMs.

We then sought the downstream KLFS effector molecules medi-
ating the observed macrophage migration. We identified potential
KLFS target genes by combining microarray analysis with ChIP fol-
lowed by high-speed sequencing (ChIP-seq) of KLF5 binding sites. We
first identified genes whose expression was upregulated by Ad-KLFS
in mIMCD-3 cells (Supplemental Table 3) and then narrowed the
range of candidate genes on the basis of whether the ChIP-seq reads
were in the proximity of each gene locus. Two of the candidate KLFS
target genes were 510048 and §10049. These genes encode the secre-
tory proteins S100A8 and S100A9, which have been shown to induce
leukocyte migration (36, 37). Quantitative real-time PCR and Western
blot analyses confirmed upregulation of $10048 and §10049 expres-
sion in mIMCD-3 cells infected with Ad-KLFS (Figure 6, B and C).

When we then tested whether SI00A8 or S100A9 was capable of
recruiting macrophages to kidneys, we found that recombinant
S100A8 or S100A9 increased migration of RAW264.7 cells and
BMDMs in Boyden chambers (Figure 6D and Supplemental Figure
10B) and that knocking down 510048 and/or $10049 significantly
reduced RAW264.7 and BMDM migration induced by overexpres-
sion of KLFS in mIMCD-3 cells (Figure 6E and Supplemental
Figure 10, C and D). Both S100A8 and S100A9 more efficiently
induced migration of M1-activated BMDMs than M2-activated
BMDMs (Supplemental Figure 10B). Thus, SI00A8 and S100A9
appear to be important chemoattractants controlled by KLFS.

In addition to the suppressed accumulation of CD11b*F4/80% cells
in KIf5*- kidneys after UUO (Figure 4B), the CD11b*F4/80!° cells
present expressed lower levels of Il1b and Ccl2 than wild-type cells
(Figure 7A). By contrast, expression of II10 and Tgfb1 in CD11b*F4/
80h M2-type macrophages was increased in KIf5”- kidneys (Figure
7B). Lin et al. recently demonstrated that circulating CD11b*Ly-6C*
monocytes differentiate into both M1- and M2-type macrophages
in UUO kidneys (11), suggesting that the renal microenvironment
plays an importantrole in the differential activation of macrophages.
Taking this in consideration, our results suggest that KIfS haploin-
sufficiency may render the renal microenvironment relatively sup-
pressive for M1-type activation but more permissive for M2-type acti-
vation. We therefore hypothesized that ST00A8 and S100A9 might
also mediate M1-type activation in UUO kidneys. To test this idea,
we treated BMDMs with S100A8 and S100A9 (Figure 8A). We found
they induced expression of the M1 markers Il1b and Tnfa, while the
M2 markers Argl and Mrcl (CD206) were unaffected, indicating that
S100A8/A9 can induce M1-type activation of BMDMs.

S100A8 and S100A9 mediate accumulation and activation of macro-
phages in kidneys in vivo. To determine whether S100A8 and S100A9
also induce macrophage accumulation in kidneys in vivo, we direct-
ly injected recombinant S100A8 and S100A9 into the kidneys of
mice, where they clearly induced accumulation of CD11b*F4/80!°
Number 9
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Figure 8

S100A8 and S100A9 induce M1-type activation and accumulation of CD11b+*F4/80% cells. (A) Effects of S100A8/A9 on M1 or M2 activation
of BMDMs. Unstimulated BMDMs were treated with [FN-y plus LPS, S$100A8 plus S100A9 (3 and 10 ug/ml of each), or IL-4 for 24 hours, and
expression of M1 and M2 markers was analyzed. Expression levels were normalized to those of 18s rRNA and then further normalized to the
levels in BMDMs without stimulation, except Arg71. *P < 0.05 versus untreated control. n = 3. (B) Effect of renal injection of recombinant S100A8
and S100A9 on macrophage accumulation. A solution of recombinant S100A8 and S100A9 (S100; 25 ug of each protein) was injected directly
into the right kidney. The same amount of vehicle PBS, PBS containing LPS at a concentration (9.2 pg/ml) matched to that in the S100A8/A9
solution (LPS), or PBS whose osmolarity was matched to that of the $100 solution using glucose (iso-Glc) was injected into kidneys as control.
CD11b*F4/80'° and CD11b+*F4/80" fractions among total live cells were determined by flow cytometry. n = 3. *P < 0.05 versus kidneys 12 hours
after PBS injection. (C) CD11b+Ly-6C+*EGFP+ BM cells (1 x 108 cells/mouse) were prepared from CAG-EGFP mice and adoptively transferred
into wild-type mice prior to a single injection of PBS or S100A8 plus S100A9 (25 ug of each) into kidneys. Transferred EGFP+ cells recruited to

kidneys were analyzed by flow cytometry. Cells in R1 (CD11b*F4/80/) were further analyzed for expression of Ly-6C and CD301.

cells within 12 hours (Figure 8B) and also induced moderate lev-
els of apoprosis and tubular injury (Supplemental Figure 11).
The controls, which included PBS, PBS containing LPS at a level
matching that in the recombinant S100A8/A9 solution, or PBS
whose osmolarity was matched to that of the S100A8/A9 solution
using glucose, did not induce CD11b*F4/80% cell accumulation
(Figure 8B). The CD11b*F4/80h M2-type macrophage fraction
was reduced by SI00A8/A9 injection, suggesting that S100A8 and
S100A9 selectively recruit CD11b*F4/801° cells to the kidneys and/
or promote M1-type activation in recruited monocytes.

Previous studies have shown that CD11b*Ly-6C* inflammatory
monocytes are the major monocyte population recruited to kidneys
5 days after UUO (11). Therefore, prior to UUO we adoptively trans-
ferred BM CD11b*Ly-6C* monocytes prepared from CAG-EGPF
mice, in which EGFP was ubiquitously expressed (Supplemental
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Figure 12). One day after UUOQ, the transferred EGFP* monocytes
were recruited to the kidneys, and the majority of them exhibited the
CD11b*F4/80tLy-6C*CD301- phenotype, while a minor population
exhibited the CD11b*F4/80Ly-6C-/°CD301" M2-type phenotypes
(Supplemental Figure 12A). In contrast, very few CD11b*Ly-6C- BM
monocytes were recruited to UUO kidneys (data not shown). Thus,
as with monocytes transferred 5 days after UUO (11), CD11b*Ly-6C*
inflammatory monocytes appear to be the major source of
monocytes recruited to kidneys early after UUO. The finding that
expression of Emrl (F4/80) and Il1b was increased while expression
of CsfIr (CD115), which is highly expressed in monocytes (26), was
decreased indicates that the recruited CD11b*F4/80% cells were dif-
ferentiating into M1-type macrophages. This supports the notion
that kidney CD11b*F4/80' cells include macrophages and newly
recruited monocytes differentiating into macrophages.
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Figure 9

KLF5 transactivates the Cebpa, S100a8, and S100a9 promoters.
(A) Expression of C/EBPa protein in mIMCD-3 cells infected with Ad-
empty, Ad-LacZ, or Ad-KLF5. (B) Effects of KLF5 on the activity of the
Cebpa proximal promoter. mIMCD3 cells were transfected with Cebpa
promoter reporter constructs containing the indicated mutations within
the putative KLF5-binding sites plus either an empty (CAG-empty) or
KLF5-encoding (CAG-KLF5) plasmid. The luciferase activity of each
reporter construct cotransfected with CAG-KLF5 was normalized to
that of the reporter cotransfected with CAG-empty. Mutant sequenc-
es (indicated by u) are shown schematically. n = 6. *P < 0.05. (C)
Effects of KLF5 and G/EBPa on S700a8 and S700a9 promoter activity.
Luciferase reporters driven by the promoters were cotransfected with
expression vectors for KLF5 and C/EBPa (CAG-Cepba), as indicated.
Luciferase activity was normalized to that of the reporter construct
cotransfected with CAG-empty. n = 6. (D and E) Relative activation of
mutant S700a8 and S700a9 promoters by KLF5 and C/EBPa. Mutant
sequences are shown schematically. n = 6. *P < 0.05. (F) Mamma-
lian two-hybrid analysis of the interaction between KLF5 and C/EBPq.
mIMCD-3 cells were transfected with the indicated combinations of
plasmids containing the Gal4-DNA binding domain fused to the full-
length KLF5 (pBIND-KLF5) and the VP 16-activation domain fused to
the full-length C/EBPa. (pACT-Cebpa), along with a reporter plasmid
(pG5-luc). n = 6. *P < 0.05 versus cells transfected with pBIND-empty
and pACT-empty. (G) Physical interaction between KLF5 and C/EBPo.
Lysates of mMIMCD-3 cells expressing Flag-tagged KLF5 (FI-KLF5) and
C/EBPa were immunoprecipitated with antibody against Flag, C/EBPa,
or control IgG. Immunoprecipitates were probed for C/EBPa. or KLF5.

We next tested whether S100A8 and S100A9 might be capable of
recruiting CD11b*Ly-6C* monocytes. S100A8/A9 injection result-
ed in accumulation of CD11b*F4/80!°Ly-6C*CD301- cells (Figure
8C). In contrast to UUO, S100A8/A9 injection did not induce M2-
type differentiation. Following the injection, expression of Emrl
and II1b was increased, while Csf1r expression was decreased (Sup-
plemental Figure 12C), indicating M1-type macrophage differen-
tiation of recruited inflammatory monocytes in the kidneys.

We also tested whether injection of SI00A8/A9 might rescue the
wild-type phenotype in Kif5*- kidneys. We found that S100A8/A9
increased the CD11b*F4/80% cell fractions in KIf5*/~ kidneys to
levels similar to those in wild-type kidneys, while decreasing the
CD11b*F4/80" cell fraction (Supplemental Figure 13A). In addi-
tion, S100A8/A9 increased apoptosis and tubular injury, while sup-
pressing interstitial fibrosis (Supplemental Figure 13B). Likewise,
renal injury scores in KIf5*/~ kidneys were similar to those in wild-
type kidneys after S100A8/A9 injection, indicating that S100A8
and S100A9 are the key mediators regulated by KLFS in response
to UUQ. Taken together, these results demonstrate that S100A8
and S100A9, which are induced by KLF5 in response to UUO,
recruit CD11b*Ly-6C* inflammatory monocytes to the kidneys
and promote their M1-type differentiation in the monocytes.

KLFS acts in concert with C/EBPa. to control S10048 and S10049
expression. Previous in vitro studies suggest C/EBP transcription
factors are involved in the control of $10048 and $10049 transcrip-
tion (38-40), but it is not yet clear whether C/EBP proteins regu-
late the promoters in vivo. Interestingly, overexpression of KIf5 led
to increases in the expression of C/EBPa (Figure 9A and Supple-
mental Figure 14A), and ChIP-seq revealed that KLFS binds to the
Cebpa locus. Conversely, knocking down KIfS reduced levels of the
Cebpa transcript and C/EBPa. protein in mIMCD-3 cells (Supple-
mental Figure 14, B and C), suggesting KLFS directly controls
Cebpa expression. Consistent with this idea, a reporter plasmid
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containing a fragment spanning -343 to +42 bp of the Cebpa pro-
moter was transactivated by KLFS (Figure 9B). Furthermore, the
Cebpa promoter contains two potential KLF5 binding motifs, at
-259 and at -190 bp, and mutations within the motif ac-190 bp
abolished the KLF5-dependent transactivation.

We next conducted a series of reporter analyses to assess the
functional involvement of KLFS and C/EBPa in the transcrip-
tional regulation of $10048 and $10029. We found that the $10048
and $100a9 promoters were transactivated by either KLFS or
C/EBPa and that their coexpression led to synergistic activation
of the promoters (Figure 9C). Mutations within the potential
KLF5 binding sites abolished KLFS-dependent activation of the
promoters (Figure 9, D and E). Similarly, among the potential
C/EBPbinding sites, mutations within motifs at -321 bp of S10048
or -72 bp of §100a9 significantly suppressed transactivation by
C/EBPa. The synergistic transactivation of the $10048 and 510049
promoters by KLFS and C/EBPa suggests the two transcrip-
tion factors physically interact. Indeed, mammalian two-hybrid
analysis showed that KLFS and C/EBPa do interact during tran-
scriptional regulation (Figure 9F), and coimmunoprecipitation
assays showed that they physically associate with one another in
mIMCD-3 cells (Figure 9G).

UUO switches KLFS targets in vivo. To further characterize the
transcriptional regulatory circuit, we used in vivo ChIP analy-
ses to analyze the promoter binding of KLF5 and C/EBPa. Cells
were isolated from renal papillae 24 hours after either UUO or
control sham operation. In the control cells, KLF5 did not bind
to Cebpa, $100a8, or 10049, but it did bind to the Cdb1 promoter
(Figure 10A). This binding profile was reversed by UUO. Fol-
lowing UUO, KLFS5 bound to the Cebpa, $10048, and $10049
promoters, but binding to CdhI was eliminated (Figure 10A).
Correspondingly, whereas C/EBPa did not bind to the $10048
or §100a9 promoter in control cells, it was recruited to those
promoters by UUO (Figure 10B).

We then used sequential ChIP (re-ChIP) to determine whether
KLFS5 and C/EBPa simultaneously bind to the same promoters.
Chromatin samples were prepared from renal papillary cells 12
and 24 hours after UUO: UUO induced KLFS5 binding to $10048
and $10049 within 12 hours, but C/EBPa was not bound to the
promoters at that time (Figure 10, C and D). The chromatin
samples pulled down by KLF5 or C/EBPa antibody were then
further immunoprecipitated with C/EBPo or KLFS antibody,
respectively. These re-ChIP assays showed that while C/EBPa
did not bind to the KLF5-bound $10048 and $10049 promot-
ers 12 hours after UUO (Figure 10, C and D), both KLFS5 and
C/EBPo. were bound to the promoter 24 hours after UUO. This
strongly suggests that UUO induces KLFS binding to the Cebpa,
§100a8, and S10049 promoters within 12 hours, and that the
induction of Cebpa expression by KLFS leads to cooperative
transactivation of the $10048 and $10049 promoters by KLFS
and C/EBPa. As would be expected from this model, renal lev-
els of KIf5 transcript were increased within 4 hours after UUO,
and this was followed by induction of Cebpa expression (Fig-
ure 11A). Levels of $10048, S100a9, and Ccl2 transcripts were
increased within 12 hours, and levels of KLFS, C/EBPa, S100A8,
and S100A9 proteins were clearly increased in whole kidneys
6-12 hours after UUOQ (Figure 11B). More specifically, KLFS,
S100A8, and S100A9 proteins were increased in collecting duct
cells 12 hours after UUO, but were undetectable in non-collect-
ing duct cells (Figure 11C). As expected, levels of these mRNAs
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UUO alters KLF5 binding targets in vivo. (A and B) ChIP assays for KLF5 {A) and C/EBPa. (B) binding to their target promoters in IMCD cells
isolated from kidneys subjected to either UUO or sham operation. One percent of the input chromatin from IMCD cells isolated from the sham-
operated kidneys was used as a positive control (Input). Samples prepared from UUO kidneys and immunoprecipitated with nonimmune IgG
were used as a negative control. ChiP assays using a nontarget region (Pdgfa 3'UTR) as a negative control are shown in Supplemental Figure
15A. (C and D) In vivo re-ChiP analysis of the simultaneous binding of KLF5 and C/EBPa to the S7100a8 (C) and S700a9 (D) promoters. Chro-
matin samples prepared from renal papillary cells of control (Ctrl) and 12- and 24-hour UUO kidneys were subjected to immunoprecipitation using
KLF5 or C/EBPa antibody (1° ChlP). The immunoprecipitates were then pulled down further using C/EBPa. or KLF5 antibody, respectively (2°
ChlIP). ChIP assays of a nontarget region (Pdgfa 3'UTR) are shown in Supplemental Figure 15B.

and proteins were all reduced in KIf5% kidneys (Figure 11, A,
B, and D). By contrast, CCI2 expression only differed on days 4
and 7 (Figure 114).

The binding of KLFS to the Cdh1 promoter under basal con-
ditions (Figure 10A) suggests KLFS also regulates Cdhl expres-
sion. That notion is supported by the observations that Cdh1
expression was reduced in KIf5%- kidneys (Supplemental Fig-
ure 15C), that knocking down KIf5 reduced Cdh1 expression
in mIMCD-3 cells (Supplemental Figure 15D), and that KLES
transactivated the CDHI promoter (Supplemental Figure 15E).
KLFS thus appears to control Cdhl expression under basal con-
ditions, and UUO switches the KLFS5 target genes from Cdb1 to
Cebpa, $100a8, and $10049.

KLFS in renal collecting duct cells plays a central role in CD11b*F4/
80% cell accumulation and renal damage. In the kidney, KIf5 is
primarily expressed in renal collecting ductal cells (Figure 1,
A-D, and Supplemental Figure 1C). However, occasional low-
level KLFS staining was observed in a few stromal cells, which
could be fibroblasts and/or BMDCs. To further establish the
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importance of KLF5 expressed in collecting duct cells to renal
injury, we carried out a set of BM transplantation experiments.
When wild-type mice whose BM had been replaced with that
from either wild-type or KIf5”/- mice subjected to UUO, the
CD11b*F4/80'° fractions did not significantly differ between
the two groups (Figure 12A), nor did levels of KIf5, Cebpa,
§100a8, and 510049 expression (Figure 12B) and renal injury
scores (Supplemental Figure 16).

To further rule out a possible contribution of KLFS in macro-
phages to the observed renal KIf5*~ phenotypes, we selectively
ablated KIf5 in myeloid cells by crossing Kif5 floxed mice (KI5
with LysM-Cre mice (41). As a result, more than 95% of KIf5 floxed
alleles were deleted in kidney CD11b*F4/80* cells (Supplemental
Figure 17A). This KIfS deficiency in macrophages did not affect the
accumulation of CD11b*F4/80'° and CD11b*F4/80M cells in UUO
kidneys or their expression of cytokines (Figure 7, A and B, and
Supplemental Figure 17B). Moreover, renal injury scores were unaf-
fected by myeloid-specific KIf5 deletion (Supplemental Figure 18).

To further confirm the importance of KLFS expressed in
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KLF5 is essential for induction of C/EBPa and S100A8/S100A9 in vivo. (A) Time course of Kif5, Cebpa, S100a8, S100a9, and Cci2 expres-
sion in kidneys from wild-type and Kif5+- mice following UUO. Expression levels were normalized to those of 18s rRNA and then further
normalized to the levels in the control wild-type kidney. Data labeled 0 show gene expression in kidneys under basal conditions. n = 5 for
each group. *P < 0.05 versus control kidneys of the same genotype; #P < 0.05 versus wild-type at the same time point. Note that some of the
KIfs expression data are the same as in Figure 3A. (B) Time course of KLF5, C/EBPa, S100A8, and S100A9 protein expression after UUO
in whole kidneys from wild-type (+/+) and Kif5*~ (+/-) mice. (C) Collecting duct-specific expression of KLF5, C/EBP&, S100A8, and S100A9
12 hours after UUO. KLF5, G/EBPa, S100A8, and S100A9 protein expression was analyzed in collecting duct (CD) and non—collecting duct
(non-CD) cells prepared from sham-operated and 12-hour UUO kidneys. (D) Expression of KLF5, CEBPa, S100A8, and S100A9 proteins in
CD cells isolated from wild-type and Kif5+- kidneys 1 day after UUO. Relative intensities of the bands analyzed by quantitative densitometry

are shown. *P < 0.05 versus wild-type. n = 3.

the collecting duct, we selectively deleted KIfS from collecting
duct cells by crossing KIf5#f mice with Aqp2-Cre mice in which
Cre expression was selectively driven in collecting duct cells by
the Agp2 promoter (Supplemental Figure 19A). The efficacy of
the KIfS deletion from collecting duct cells was approximately
70% (Supplemental Figure 19, B-D). Under basal conditions,
KIfs# Aqp2-Cre mice did not show abnormal kidney histology or
blood chemistry (i.e., creatinine and electrolyte levels) (Supple-
mental Figure 19E and Supplemental Table 4). In kidneys from
the collecting duct-specific Kif5-knockout mice, accumulation of
CD11b*F4/80% cells (Figure 12C) and expression of KIfS, Cebpa,
§100a8, and §100a9 were significantly reduced, as compared
with kidneys from KIf$%# mice, 24 hours after UUO (Figure
12D). The apoptotic cell fractions and glomerular sclerosis and
tubular injury scores were all reduced in KIfs%/%Aqp2-Cre mice,
while interstitial fibrosis was enhanced, as compared with KIfs##
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mice (Supplemental Figure 18). Overall, the renal phenotypes of
KIfSUf Aqp2-Cre mice were largely comparable to those of KIf57-
mice, indicating that KLFS expressed in collecting duct cells is
primarily responsible for the renal phenotypes observed in Kif5+~
mice and is essential for renal responses to UUO.

Discussion
The results of the present study demonstrate that renal collecting
duct cells play a pivotal role in the response to renal injury (Figure
12E). In response to UUQ, $10048 and 510049 expression is induced
by KLES. S100A8 and S100A9 in turn recruit CD11b*Ly-6C*
inflammatory monocytes to the kidneys, and then contribute to
the cells’ differentiation into M1-type CD11b*F4/80' cells, which
promote renal epithelial injury and inflammation. Thereafter, the
numbers of CD11b*F4/80h M2-type cells, which promote fibro-
sis, gradually increase. As such, KLFS is a pivotal regulator of the
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response of collecting duct cells to renal injury. Because KLF5 reg-
ulates early accumulation of CD11b*Ly-6C' cells in UUO kidneys,
KIfS haploinsufficiency and collecting duct-specific KIfS deletion
skewed macrophage differentiation toward M2, leading to amelio-
ration of the renal injury but enhancement of the fibrosis.

Our identification of two CD11b*F4/80* cell subpopulations
with different gene expression profiles clearly demonstrates
that renal inflammation involves at least two phenotypically
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Figure 12

KLF5 in renal collecting duct cells controls renal
responses to UUO. (A and B) Effects of BM-spe-
cific KIf5 haploinsufficiency on the responses
to UUO. Wild-type mice whose BM had been
replaced with either wild-type or Kif5+- BM were
subjected to either UUO or sham operation. (A)
CD11b+F4/80'° fractions were analyzed 24 hours
after UUO. n = 5. (B) mRNA expression was ana-
lyzed using real-time PCR 24 hours after UUO.
Expression levels were normalized to those of 18s
rRNA and then further normalized to the levels in
sham-operated mice transplanted with wild-type
BM. n =5. *P < 0.05 versus sham-operated mice
transplanted with BM from the same genotype.
{C and D) Effects of collecting duct-specific Kif5
deletion on the response to UUO. KIf5"" and
KI5t Agp2-Cre mice were subjected fo either
UUO or sham operation. (C) CD11b*F4/80/ frac-
tions were analyzed 24 hours after UUO. n = 5.
*P < 0.05. (D) mRNA expression was analyzed
using real-time PCR 24 hours after UUO. Expres-
sion levels were normalized to those of 18s rRNA
and then further normalized to the levels in sham-
operated Kif5% mice. n = 5. *P < 0.05 versus sham-
operated mice of the same genotype; #P < 0.05.
(E) A model of the KLF5-C/EBPa—S100A8/A9
pathway leading to renal inflammation.

different monocyte/macrophage subpopulations: CD11b*F4/
80l monocytes/macrophages showing M1-type activation and
CD11b*F4/80M M2-type macrophages. In addition, we found that
these subpopulations differentially accumulate over the course of
the response to UUQ: on days 1-4 after UUO, macrophage activa-
tion was skewed to M 1-type, but at later times it was shifted toward
M2-type. Lin et al. recently identified subsets of macrophages in
UUO kidneys based on the surface expression of Ly-6C (11). In
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their study, CD11b*Ly-6Ch immature macrophages exhibited
M1-type activation, while CD11b*Ly-6Cl° macrophages showed
the M2-type phenotype. The gene expression profiles and surface
phenotypes observed in the present study strongly suggest that
CD11b*F4/80'° and CD11b*F4/80" cells largely correspond to the
CD11b*Ly-6Ch and CD11b*Ly-6C'> macrophages, respectively.
The results of the present study demonstrate that renal
CD11b*F4/80% and CD11b*F4/80" cells differ functionally from
one another. By showing that inflammatory CD11b*F4/80! M1-
type cell accumulation was selectively suppressed in KIf5*~ mice
and that tubular injury, cellular apoptosis, and proinflammatory
cytokine expression were all diminished in KIf5*- mice, the pres-
ent study demonstrates that M1-type macrophages are crucially
involved in the renal injury and inflammation caused by UUO. Our
results also indicate that CD11b*F4/80' and CD11b*F4/80M cells
differentially contribute to the renal response to injury, at least in
part through production of different sets of cytokines. Interest-
ingly, fibrosis was enhanced in KIf5*~ and KIf5$//%;Aqp2-Cre mice,
in which CD11b*F4/80h M2-type macrophage accumulation was
increased but accumulation of CD11b*F4/80!° M1-type cells was
reduced. This suggests that the skewed balance toward M2 acti-
vation in KIf5*~ mice led to the enhanced fibrosis. Histologically,
however, interstitial fibrosis was apparent only on day 7; thereafter,
differences in the M1/M2 ratio were no longer observed between
wild-type and KIf5%- kidneys (Figure 4B). Nonetheless, expression
levels of genes involved in fibrosis, including Col341, Fnl, Vim, and
Tgfb1, were significantly increased from day 4 in KIf5*- kidneys
(Figure 3B). The activation of fibrotic processes therefore appears
to coincide with increases in the M2-type cell fractions in Kif5*/~
kidneys. These findings suggest that the renal environment (e.g.,
skewed balance toward M2 activation, reduced expression of pro-
inflammatory cytokines, and increased expression of TGF-B1) at
-early times after UUO (up to day 7) alters inflammatory processes
and affects the later fibrotic phenotype. This idea is supported by
our finding that on day 7 levels of Il1b and Cci2 expression were
reduced in CD11b*F4/80% cells in KIf5*~ kidneys, while levels of
Tgf1b and 110 expression were increased in CD11b*F4/80" cells
(Figure 7). The finding that injection of KIf5*/~ mice with S100A8
or S100A9 not only skewed the monocyte/macrophage balance
toward CD11b*F4/80'° M1-type cells but also suppressed intersti-
tial fibrosis (Supplemental Figure 13) also supports the model.
In earlier studies, the same renal CD11b* mononuclear cell
populations were identified variously as macrophages or DCs. In
the present study, we refer to CD11b*F4/80h cells as macrophages
because they clearly differ from classical DCs in the following
ways: (a) CD11c levels are lower and F4/80 levels are higher than
in classical DCs; (b) CD83 expression is absent; (c) they have a
macrophage-like morphology; and (d) they can be differentiated
from inflammatory monocytes (11). Similarly, Lin et al. referred
to CD11b*Ly-6Cl° cells as macrophages (11), though other groups
have identified populations of kidney CD11b* cells as DCs. For
example, Li et al. referred to resident CD11b*F4/80M cells as DCs,
based on the intermediate expression of CD11c and other DC
markers, including MHCII and CD86 (27). Dong et al. identi-
fied CD11cinF4/80*Ly-6C- cells as F4/80* DCs and showed that
the population is increased in UUO kidneys (42). And Heymann
et al. described CD11c"CD11bi cells as resident DCs in mouse
glomerulonephritis modes (43). Although the precise relationships
between these cells are difficult to define due to a lack of the com-
mon reference cells (e.g., spleen cells) and differences in the flow
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cytometric methods used, CD11b*F4/80M cells, or atleast subpopu-
lations of them, appear to overlap previously identified kidney DCs.
It has been difficult to clearly distinguish between macrophages
and DCs, as these closely related cells share both phenotypical and
functional characteristics particularly duting inflammation (44).
No single marker can unambiguously distinguish DCs from mac-
rophages, and CD11c, which has been extensively used to identify
DCs, is widely expressed in macrophages. Moreover, the capacity
to present antigens to T cells, which is a characteristic of DCs, has
also been seen in macrophages (31). Consequently, the same cell
populations in various tissues have been identified as either DCs
or macrophages. In particular, whether CD11c* cells derived from
circulating monocytes should be classified as DCs is a matter of
debate (31, 44). In the small intestine, for instance, in addition to
CD11cMCD11b*CD103*CX3CR1- bona fide DCs, there are Ly-6¢bi
monocyte-derived CD11c™CD11b*CD103-CX3CR1* cells, which
appear to share at least some phenotypes with renal CD11b*F4/80h
cells (27) and are considered by some researchers to be DCs (34, 45).
However, intestinal CX3CR1* cells do not migrate into draining
mesenteric lymph nodes or efficiently present antigens to T cells
(46). These characteristics of intestinal CX3CR1* cells are indistin-
guishable from those of tissue macrophages (44). Clearly, further
study of the lineages and functions, including migratory capacity,
of kidney CD11b* cells will be needed to determine whether they
should be classified as macrophages or DCs.

Renal CD11cMMHCII*CD83*CD11b- cells closely resemble
splenic classical DCs phenotypically and morphologically. An ear-
lier study identified CD11c*CD103*MHCII*CD11b- cells in kid-
neys as CD103* DCs (47), and those cells might be related to the
CD11chi cells identified in the present study. However, additional
studies of the function and lineage of these cells will be needed
before they can be classified as renal classical DCs.

The surface phenotypes of CD11b*F4/80% cells (e.g.,
CD11cl*MHCII/*CD86-CD83"), their morphology, and the fact
that they derive from inflammatory monocytes all strongly sug-
gest they are macrophages and monocytes in the process of dif-
ferentiating into macrophages. However, these cells might also
have been identified as inflammatory DCs in some studies (42).
In addition, we found that a minor population of CD11b*F4/80l
cells showed higher levels of CD11c and MHCII, particulatly in
normal and day-7 UUO kidneys (Supplemental Figure 6). Given
that inflammatory monocytes can differentiate into CD11b*F4/
80N cells as well as CD11b*F4/80% cells (Supplemental Figure 12
and ref. 11), they may represent intermediary cells differentiating
into CD11b*F4/80M M2-type cells. Future studies should address
the differentiation pathways of inflammatory monocytes within
kidneys and identify markers with which to trace them.

S100A8 and S100A9 are calcium-binding secretory proteins that
can form homodimers and heterodimers, with the latter being
more prevalent (48, 49). We found that levels of $10048 and S10049
expression peaked on days 1 and 4, respectively, after UUO (Figure
11A), at a time when CD11b*F4/80!° cells were accumulating with-
in the kidneys (Figure 4B), which suggests S100A8 and S100A9 are
essential for inflammatory CD11b*F4/80% cell accumulation early
in the response to UUO. We also found that adoptively transferred
CD11b*Ly-6C* inflammatory monocytes were recruited to kidneys
following S100A8/A9 injection, and that the recruited cells exhib-
ited the CD11b*F4/80/°Ly-6C*CD206-CD301- M1-type phenotype
(Figure 8C). S100A8 and S100A9 were also capable of inducing M1
markers in BMDMs (Figure 8A). Collectively, these results demon-
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strate that S100A8 and S100A9 are important for the recruitment
of inflammatory monocytes and their subsequent differentiation
into M1-type macrophages during the early response to UUO.

That the accumulation of CD11b*F4/80M cells begins 4 days after
UUO suggests the renal microenvironment only becomes support-
ive of M2 activation at later times. Consistent with this idea, we
found that only a minor population of CD11b*Ly-6C* monocytes
acquires the M2-type phenotype when transferred prior to UUO,
whereas Lin et al. showed that when transfetred 5 days after UUOQ,
major populations of CD11b*Ly-6C* monocytes exhibit the M2-
type phenotype (11). Because S100A8/A9 expression declines, it
is likely that other cytokines recruit monocytes to kidneys at later
times after UUO. MCP-1 (CCL2) is one candidate chemokine for
such later recruitment (Figure 11A). Although we favor a model in
which proinflammatory monocytes differentiate into at least two
types of macrophages in response to the kidney microenvironment,
the fact that monocytes appear to be recruited by different signals
at different times suggests there are multiple subsets CD11b*Ly-6C*
inflammatory monocytes that are differentially recruited to kidneys
and might differ in the direction of their differentiation (25).

The results obtained with KIfS"#%;Aqp2-Cre mice demonstrate that
expression of KLFS in collecting duct epithelial cells is essential for
the renal response to UUO. However, KLFS mightalso have functions
in other cell types, including macrophages and fibroblasts. Results
obtained after transplantation of KIf5*- BM and in KIf3%#;LysM-Cre
mice indicate that, even if KLFS were functionally active in macro-
phages, its cell-autonomous function in macrophages would not
be important for the renal KIf5*/~ phenotypes. Indeed, the reduced
expression of Il1b and Ccl2 in CD11b*F4/80% cells and increased
expression of TgfbI and 1110 in CD11b*F4/80M cells in KIf5~ mice,
but not KIfS*#,LysM-Cre mice (Figure 7, A and B), is indicative of the
importance of cell non-cell-autonomous effects on macrophage acti-
vation in KIf5*/- kidneys. Fibroblasts are another important cell type
involved in mediating tubulointerstitial damage, and we previously
showed that KLF5 expressed in cardiac fibroblasts is important for
the cardiac responses to pressure overload (18). In kidneys the level
of KIf$ expression in o-SMA' myofibroblasts, mesangial cells, and
smooth muscle cells was significantly lower than in cardiac fibro-
blasts (Supplemental Figure 1C). Moreover, if the functions of KLFS
in renal fibroblasts are similar to those in cardiac fibroblasts, KIf5
haploinsufficiency in renal fibroblasts would reduce fibrosis. It is
therefore unlikely that cell-autonomous alterations of fibroblast
function due to KIf$ haploinsufficiency make a major contribution
to the renal KIf5*~ phenotypes. The results of the present study thus
indicate that the observed renal KIf5%- phenotypes primarily reflect
KIf5 haploinsufficiency in the collecting duct.”

Our data show that collecting duct epithelial cells are the
major sensor of stress elicited by UUO. One important question
remaining is, what do those cells sense? Given that KIfS expres-
sion was increased within 4 hours after UUO, and KLFS bound
to the S10048 and 510049 promoters within 12 hours, at a time
when structural changes were minimal, it is very unlikely that
pelvic dilation is the cause. One attractive candidate is mechani-
cal force. After UUO there is a sudden rise in ureteric and
intrarenal pressure, which translates into tubular mechanical
stretch (50). Although very little is known about the effects of
mechanical stretch on collecting duct epithelial cells, mechani-
cal stretch is known to profoundly affect the function in various
cell types (51). On the other hand, many other factors, including
proteinuria, hypoxia, oxidative stress, and glomerulus-derived
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cytokines, likely contribute to activation of collecting duct cells
(3). In that regard, we recently found that reactive oxygen species
induce KIf5 expression in smooth muscle cells (52). Much work
will be needed to clarify the mechanism by which collecting duct
epithelial cells are activated under various disease conditions.
Nevertheless, the results of the present study clearly indicate
that the collecting duct is an essential regulator of inflammatory
processes in the kidney, and the molecular mechanism identi-
fied in the present study may provide attractive targets for novel
therapeutic strategies.

Methods

Mice. Male C57BL6/6] mice were purchased from CLEA Japan and main-
tained on a standard mouse chow diet. KIf5*- and KIfS"/ mice were gen-
erated as described previously (17, 18). Agp2-Cre mice were purchased
from The Jackson Laboratory. UUO was performed as described previ-
ously (53). For BM transplantation, 8-week-old mice were lethally irra-
diated, and the next day unfractionated BM cells were administered to
each recipient mouse. See Supplemental Methods for details. For renal
function analysis, reversible UUO was performed (22). Briefly, 12-week-
old mice were anesthetized and the right ureter was then ligated. After 3
days the right ureter ligation was removed, and the mice were allowed to
recover for 7 days before the left ureter was ligated. All experiments were
approved by the University of Tokyo Ethics Committee for Animal Exper-
iments and strictly adhered to the guidelines for animal experiments of
the University of Tokyo.

Flow cytometric analysis. The methods used to prepare cells from kidneys
were described previously (54). All flow cytometric analyses were performed
using a FACScalibur (BD) and FlowJo software (Tree Star). Cells were sorted
using a FACSariaII (BD). See Supplemental Methods for details.

ChIP assays. ChIP assays were carried out as described previously (19).
ChIP-seq was performed by sequencing the immunoprecipitated DNA
using a 454 sequencer (Roche Diagnostics), after which the sequence reads
were mapped to the reference mouse genome. See Supplemental Methods
for details of in vivo ChIP and re-ChIP assays.

Infusion of recombinant proteins into kidney. Human recombinant
S100A8 and A100A9 were purchased from ProtEra and dissolved in PBS
(0.5 mg/ml). The LPS level in the mixed S100A8 and S100A9 solution was
analyzed using a limulus amoebocyte lysate assay (Seikagaku Biobusi-
ness Corp.). As solution of LPS in PBS in which the LPS concentration
was matched to that in the S100A8/A9 solution (0.092 EU/ml) served
as a control. An isotonic solution of glucose in PBS and PBS alone were
also used as controls. A mixture of S100A8 and S100A9 (25 pg each) was
injected into the parenchyma of the left kidney without vascular clamp-
ing. The total injected volume for one kidney was 50 pl.

Statistics. Comparisons between 2 groups were made using Student’s
¢ test (2-tailed). Differences among more than 2 groups were analyzed using
1-way ANOVA followed by Bonferroni (3 groups) or Tukey-Kramer post
hoc (>4 groups) tests. P values less than 0.05 were considered significant.
Errot bars represent SD except where otherwise indicated.
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G-CSF influences mouse skeletal muscle
development and regeneration by stimulating
myoblast proliferation
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After skeletal muscle injury, neutrophils, monocytes, and macrophages infiltrate the dam-
aged area; this is followed by rapid proliferation of myoblasts derived from muscle stem
cells (also called satellite cells). Although it is known that inflammation triggers skeletal
muscle regeneration, the underlying molecular mechanisms remain incompletely under-
stood. In this study, we show that granulocyte colony-stimulating factor (G-CSF) receptor
(G-CSFR) is expressed in developing somites. G-CSFR and G-CSF were expressed in myo-
blasts of mouse embryos during the midgestational stage but not in mature myocytes.
Furthermore, G-CSFR was specifically but transiently expressed in regenerating myocytes
present in injured adult mouse skeletal muscle. Neutralization of endogenous G-CSF with a
blocking antibody impaired the regeneration process, whereas exogenous G-CSF supported
muscle regeneration by promoting the proliferation of regenerating myoblasts. Further-
more, muscle regeneration was markedly impaired in G-CSFR—knockout mice. These find-
ings indicate that G-CSF is crucial for skeletal myocyte development and regeneration and
demonstrate the importance of inflammation-mediated induction of muscle regeneration.

Adult skeletal muscle has resident stem cells,
called satellite cells, which are responsible for
generating new muscle under both physiologi-
cal and pathophysiologic conditions. Although
these muscles have the capacity to regenerate,
this capacity has some limitations (Le Grand
and Rudnicki, 2007). There are several skeletal
muscle diseases such as skeletal muscle dys-
trophy, myopathy, severe injury, and disuse
syndrome for which there are no effective
treatments (Shi and Garry, 2006). Although sev-
eral studies have identified various growth fac-
tors and cytokines that regulate skeletal muscle
development and regeneration, effective con-
trol of regeneration hasn’t been achieved using
these factors in the clinical setting (Buckingham
and Montarras, 2008). Therefore, it is worth
elucidating the mechanisms of skeletal muscle
regeneration and developing novel regenera-
tion therapies.

M. Hara and S. Yuasa contributed equally to this paper.
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After injury to skeletal muscle, neutrophils,
monocytes, and macrophages infiltrate the
damaged area. Concomitantly, satellite cells dif-
ferentiate into transient-amplifying myoblasts,
which rapidly proliferate, fuse with one another,
and regenerate skeletal myotubes. During these
processes, inflammation and regeneration are
tightly linked. Therefore, it is reasonable to as-
sume that some factors expressed during the
inflammatory process influence skeletal muscle
regeneration. However, the precise mechanisms
remain unknown.

Previously, when we looked for potent dif-
ferentiation-promoting factors during embry-
onic stem cell differentiation (Yuasa et al., 2005,
2010), we noted a marked elevation in the ex-
pression of G-CSF receptor (G-CSFR; encoded

© 2011 Hara et al.  This article is distributed under the terms of an Attribution-
Noncommercial-Share Alike-No Mirror Sites license for the first six months after
the publication date (see http://www.rupress.org/terms). After six months it is
available under a Creative Commeons License (Attribution-Noncommercial-Share
Alike 3.0 Unported license, as described at http:/fcreativecommons.orgflicenses/
by-ne-sa/3.0/).
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by ¢sf3r) in developing cardiomyocytes (Shimoji et al., 2010).
Interestingly, we also found a marked increase in G-CSFR
expression in developing somites. G-CSF was initially identi-
fied as a hematopoietic cytokine and has been used in both
basic research studies and in the clinic for the mobilization of
hematopoietic stem cells (Demetri and Griffin, 1991; Welte
et al., 1996; Metcalf, 2008). However, recently, studies suggest
that G-CSF also plays roles in cell differentiation, prolifera-
tion, and survival (Avalos, 1996; Harada et al., 2005; Zaruba
et al., 2009). These findings encouraged us to investigate the
involvement of G-CSF and G-CSFR in skeletal myocyte de-
velopment and regeneration and to examine the link between
inflammation and regeneration.

In this study, we show that skeletal myoblasts express
G-CSF/G-CSFR and proliferate in an autocrine fashion in skel-
etal myocyte development. We also show that both infiltrating
inflammatory cell-derived G-CSF and externally administered
G-CSF enhance skeletal myoblast proliferation and facilitate
skeletal muscle regeneration.

RESULTS
csf3r is expressed in the developing somite
Initially, we investigated the csf3r expression in the developing
mouse embryo. Whole-mount in situ hybridization revealed
that csf3r was expressed in the somite of the embryonic day (E)
9.5 mouse embryo. To localize csf3r expression within the
somites, we used several markers of skeletal myocyte differen-
tiation (Fig. 1 a). The c-met gene, which encodes a receptor for
hepatocyte growth factor, is expressed in the dermomyotome
and is essential for the delamination/migration of muscle pro-
genitor cells (Yang et al., 1996). The expression of c-met was
restricted to the ventral portion of the somite, and the expres-
sion pattern of csf3r wasn’t similar to that of c-met. Skeletal
myocyte development is finely regulated by myogenic tran-
scription factors. pax3 is first expressed in the presomitic
mesoderm and is expressed in the somitic epithelium of the
dermomyotome (Jostes et al., 1990; Bober et al., 1994). pax3
is repressed as dermomyotome-derived cells activate myogenic
transcription factors. The expression pattern of pax3 was dif-
ferent from that of ¢sf3r. The myogenic bHLH (basic helix-loop-
helix) genes also show unique expression patterns in different
skeletal muscle developmental stages. myoD and myf5 are ex-
pressed in undifferentiated proliferating myoblasts (Tapscott
et al., 1988;Venters et al., 1999), whereas mrf4 isn’t expressed
until a late stage in the differentiation program (Rhodes and
Konieczny, 1989; Bober et al.,, 1991). Compared with these
marker expression patterns, the csf3r expression pattern resem-
bled those of myf5 and myoD.The expression pattern of the late
differentiation marker msf4 wasn’t identical to that of csf3r.
Immunofluorescence staining of sections of embryos of
different developing stages demonstrated that G-CSFR. ex-
pression in the somite was restricted to the E9.5-10.5 period,;
before E9.5, G-CSFR. wasn’t observed in the somite, and by
E11.5, G-CSFR expression had disappeared (Fig. 1 b). These
results indicate that G-CSF is involved in the development of
undifferentiated proliferating myoblasts.

716

G~CSF and G-CSFR are expressed in differentiating

skeletal myocytes

Immunostaining for markers of several differentiation stages
revealed the stage at which skeletal myocytes expressed the
G-CSFR. Skeletal muscle progenitor cells arise in the central
part of the dermomyotome, coexpress Pax3 and Pax7,and can
differentiate into skeletal muscle fibers during embryogenesis
(Messina and Cossu, 2009). Pax3 and Pax7 have partially
overlapping and partially distinct functions in myogenic pro-
genitor cells and are both down-regulated during myogenic
differentiation, after myogenic regulatory factor (MRF) ex-
pression. The Pax3- and Pax7-expressing myogenic progeni-
tor cells didn’t express G-CSFR. (Fig. 1 c). However, the cells
with declining levels of Pax3 and Pax7, which started to ex-
press MyoD and myogenin, showed G-CSFR expression
(Fig. 1 d). In agreement with a previous study on the G-CSFR
expression pattern, the immunoreactivity for G-CSFR. was
localized to the cell membrane and cytoplasm under steady-
state conditions (Aarts et al., 2004). These cells also expressed
desmin, which is an intermediate filament expressed in skele-
tal muscle (Fig. 1 d).

G-CSF expression was also examined by immunostaining.
G-CSF expression wasn’t detected in the Pax3- and Pax7-
expressing myogenic progenitor cells (Fig. 1 e). As seen for
the G-CSFR~expressing cells, the cells with declining levels of
Pax3 and Pax7, which started to express MyoD and myogenin,
showed G-CSF expression (Fig. 1 f). Double immunostaining
for G-CSF and G-CSFR revealed that the G-CSFR—expressing
cells also expressed G-CSE These results indicate that early
skeletal myocyte differentiating cells undergo autocrine
G-CSF signaling in the developing myoblasts.

G-CSF promotes myoblast proliferation in vitro

To elucidate the role of G-CSF in myogenic cells, myoblast
cells were analyzed in vitro. The C2C12 cell line is a subclone
of C2 cells, which were established from the regenerating
thigh muscle of an adult mouse and which are widely used as
a myoblast cell line (Blau et al., 1983). In low-serum condi-
tions, C2C12 cells differentiate and fuse with each other to
form multinucleated myotubes (Fig. 2 a). Immunostaining for
G-CSFR and a-actinin revealed that the premature C2C12
cells expressed G-CSFR but not actinin, whereas the mature
fused myotubes clearly expressed o-actinin, and the a-actinin—
positive cells never expressed G-CSFR. Western blot analysis
confirmed that as differentiation proceeded, a-actinin ex-
pression gradually increased, and G-CSFR. expression de-
creased (Fig. 2 b).

To clarify the effect of G-CSF on myocytes, G-CSF was
administered to C2C12 cells that expressed the G-CSFR.. G-CSF
administration significantly increased the number of C2C12
cells in a dose-dependent manner (Fig. 2 ¢). BrdU incorpora-
tion analysis revealed that the increased cell number was the
result of cell proliferation induced by G-CSF (Fig.2 d). An anti—
G-CSF neutralizing antibody inhibited the serum-dependent
proliferation of C2C12 cells (Fig. 2 ¢). We also examined
whether G-CSF may affect the myogenic cell differentiation.

G-CSF promotes skeletal muscle regeneration | Hara et al.
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Figure 1. G-CSFR and G-CSF are expressed in developing somites after the midgestation stage. (a) Whole-mount in situ hybridization for
c-met, pax3, myoD, csf3r, and mrf4in E9.5 embryos. The B-galactosidase staining for myf5 nlacZ knockin mice in E9.6 embryo is also shown. (b) Immuno-
staining for G-CSFR and nuclei (DAP]) in E8.5, £9.5, E10.5, and E11.5 mouse embryos. (c) Triple immunofluorescence staining for Pax3, Pax7, and G-CSFR in
an £10.5 embryo. DAPI indicates nuclear stain. (d) Triple immunofluorescence staining for MyoD, myogenin, desmin, G-CSFR, and nuclei (DAPl) in an E10.5
embryo. (e) Triple immunostaining for G-CSF, Pax3, Pax7, and nuclei (DAPI) in an E10.5 embryo. (f) Triple immunofluorescence staining for MyoD, myo-
genin, desmin, G-CSF. and nuclei (DAPI) in an E10.5 embryo. (g) Triple immunostaining for G-CSFR, G-CSF, and nuclei (DAP1) in an E10.5 embryo.

(c, d. f, and g) Boxed areas are shown at higher magnification in the images to the right (c) or below (d, , and g). Representative photographs in a are
from three independent experiments with 10 embryos. Results in b-g are from five independent experiments.
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points. (d) C2C12 cells were cultured with or without G-CSF in low-serum conditions and were pulsed with BrdU. BrdU incorporation was measured at
day 3 of differentiation. (e) C2C12 cells were incubated without serum or with serum and the indicated concentrations of G-CSF neutralizing antibody.
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G-CSF was administered during C2C12 differentiation at
different time points (Fig. S1 a), and myocyte differentiated
marker expression was examined. Although G-CSF significantly
increases the number of myocytes, G-CSF didn't affect the
myocyte differentiated marker expression (Fig. S1 b). Thus,
G-CSF plays an essential role in C2C12 cell proliferation.

The binding of G-CSF to its receptor activates various
signals, including extracellular regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), p38MAPK, AKT, and STAT, in
hematopoietic cells (Avalos, 1996). We confirmed that G-CSF
activated STAT3,AK T, ERK,JNK, and p38MAPKX in C2C12
cells in a time-dependent manner (Fig. 2 f). Of these factors,
STAT?3 has been reported to contribute to the proliferation of
myocyte precursor cells (Megeney et al., 1996; Serrano et al.,
2008). G-CSF addition to C2C12 cell cultures increased the
activity of acute phase response element (APRE) luciferase,
which responds to STAT3 activation (Fig. 2 g). These results
indicate that G-CSF promotes the proliferation of C2C12
myoblasts through G-CSFR..

The G-CSFR is transiently expressed in regenerating
skeletal myocytes
In general, the regeneration process resembles the mechanism
of physiological development. Based on the finding that
G-CSFR was transiently expressed in the developing somite,
we expected that regenerating skeletal muscle would express
G-CSFR and examined whether it was expressed in regener-
ating skeletal myocytes after injury. Cardiotoxin damages the
myofiber plasma membrane but leaves the basal lamina, satel-
lite cells, and nerves intact, allowing rapid and reproducible
muscle regeneration (Hosaka et al., 2002). We injected cardio-
toxin directly into the femoral muscles and performed a serial
histological analysis up to day 28 after injury. After cardio-
toxin injection, spontaneous regeneration of the injured mus-
cle was observed (Fig. 3 a and Fig. S2). From day 1 to 2,
several inflammatory cells infiltrated the injured muscle, and
the injured myotubes were absorbed. The number of satellite
cells or transient-amplifying cells began to increase from day 3,
and regenerating myocytes that have centrally located nuclei
were clearly identified from day 5 (Yan et al., 2003; Shi and
Garry, 2006; Clever et al., 2010). These cells fused and rapidly
increased in diameter thereafter. The injured area was filled
with the regenerated myotubes, which had centrally located
nuclei and smaller diameters than the matured myotubes from
day 7. On day 28, the regenerated myotubes had almost the
same diameter as the noninjured myotubes, although they had
centered nuclei.

Triple immunostaining for laminin, G-CSFR,, and DAPI re-
vealed the absence of G-CSFR—positive cells in the noninjured
skeletal muscle (Fig. 3 b). In contrast, G-CSFR. was clearly

Article

expressed in the regenerating myocytes on day 5 after car-
diotoxin injection (Fig. 3 ¢).The G-CSFR—positive cells were
larger than the infiltrated inflammatory cells, round-shaped
with centrally located nuclei, and completely surrounded
by laminin. Thus, these cells were identified as regenerating
early myocytes that expressed G-CSFR. Serial immuno-
fluorescence staining analyses showed that the G-CSFR~
expressing cells appeared only from day 3 to 8 after injury
(Fig.3,d and e).

Muscle repair is characterized by discrete stages of regen-
eration. In this time period, skeletal muscle regeneration in-
volves the activation of satellite cell or transient-amplifying
cell proliferation, differentiation, and maturation (Shi and
Garry, 2006). The G-CSFR—expressing day corresponds to
the skeletal muscle progenitor cell proliferation day.

Exogenous G-CSF augments skeletal muscle regeneration
To determine whether external administration of G-CSF fa-
cilitates skeletal myocyte regeneration, G-CSF was injected
after skeletal muscle injury. G-CSF was administered i.v. or
was injected i.m. into the injured muscle on day 4 and 6, at
which time point G-CSFR. was strongly expressed, and skel-
etal muscle regeneration was observed on day 7. For higher
G-CSF dosages, i.v. administration was more effective for
skeletal muscle regeneration than PBS administration. For
lower G-CSF dosages, i.m. administration was more effective
than i.v. (Fig. 4 a). The number of regenerating myocytes was
significantly increased by G-CSF administration, and G-CSF
administered i.m. significantly augmented skeletal muscle re-
generation (Fig. 4 b). G-CSF administration also significantly
increased the diameter of the regenerated muscle. The diame-
ter of the rectus femoris was increased to a greater extent by
G-CSF administered i.m. than i.v. (Fig. 4 c). Functional recovery
was assessed by measuring handgrip strength after cardiotoxin
injection into forearm muscles. G-CSF treatment significantly
improved functional recovery on 5 and 7 d after skeletal mus-
cle injury (Fig. 4 d).

To investigate whether innate G-CSF signaling is neces-
sary for skeletal myocyte regeneration, an anti~G-CSF neu-
tralizing antibody was administered after injury. This antibody
reduced spontaneous skeletal myocyte regeneration in a dose-
dependent manner (Fig. 4 ¢). The number of regenerating
myocytes was drastically deceased by treatment with the anti~
G-CSF antibody (Fig. 4 f). The diameter of the injured muscle
was also significantly decreased by treatment with the anti-
G-CSF antibody (Fig. 4 g). Individual skeletal myocyte areas in
G-CSF treatment and anti—G-CSF neutralizing antibody ad-
dition were measured at day 7 after injury. At day 7, there was
a substantial amount of regenerating myocytes, which were
small compared with uninjured myocytes. So, the mean of

proteins were measured by Western blot. p, phospho. (g) C2C12 cells were transfected with a STAT3-responsive APRE luciferase reporter construct and
were cultured with or without the indicated concentrations of G-CSF. Luciferase activity (relative to control) was measured on day 2 of culture.

{c-e and g) Error bars present mean + SD {*, P < 0.05). Micrographs in a are representative of five independent experiments. Results in b and f are from
three independent experiments. Results in c-e and g are from five independent experiments.
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individual skeletal myocyte areas is inversely correlated with
regeneration in G-CSF treatment and anti~G-CSF neutraliz-
ing antibody administration (Fig. 4 h). However, at day 14, re-
generated myocytes grew up to uninjured muscle, and there
were no significant differences among those groups (unpub-
lished data). These results indicate that exogenous G-CSF
augments skeletal myocyte regeneration and that physiologi-
cal G-CSF signaling plays an essential role in innate skeletal
‘myocyte regeneration.

The csf3r~/~ mouse shows impaired skeletal muscle
development and regeneration

To clarify the roles of G-CSF and G-CSFR signaling in skel-
etal myocytes, G-CSFR—~knockout (csf3r~/~) mice were
used. To date, ¢sf3r™/~ mice have been used mainly in he-
matologic studies. The number of delivered csf3r~/~ mice was

720

Figure 3. The G-CSFR is expressed in adult
regenerating skeletal myocytes. (a) Histological
analysis of cardiotoxin-injured skeletal muscle.
Hematoxylin and eosin staining of the rectus femoris.
(b and ) Triple immunostaining of noninjured (b; day 0)
and injured (c; day 5) skeletal muscles for the de-
tection of G-CSFR, laminin, and nuclei (DAPI). (d) Time
course of G-CSFR expression in regenerating skeletal
myocytes. Immunofluorescently stained injured skel-
etal muscles on days 1, 5, 8, and 14 are shown.

{e) Percentages of G-CSFR-positive cells. The percent-
ages of G-CSFR-positive regenerating skeletal muscle
cells were assessed on days 1-9 after injury. Error bars
present mean + SD. Representative photomicrographs
in a are from three independent experiments. Results
in b-e are from five independent experiments.

approximately half as many as that of wild-
type (csf3r*/*) mice. Normally, delivered
¢sf3r~/~ mice showed no significant differ-
ences in appearance. When fully grown, the
body size of the ¢sf3r~/~ mouse was slightly
but significantly smaller than that of the
esf3r*/* mouse. The initial histological analy-
sis of the skeletal muscle of the ¢sf3r ™/~
mouse revealed no significant difference
compared with that of the csf37™* mouse
(Fig. 5 a). However, in the sections of skele-
tal muscles, the myocytes were slightly but
significantly larger in the csf3r~/~ mice than
in the esf3r** mice (Fig. 5 b). Moreover, the
diameter of the rectus femoris was signifi-
cantly smaller in the ¢sf3r™/~ mouse than in
the wild-type mouse (Fig. 5 c). Although
skeletal myocyte proliferation is correlated
with hypertrophy in some situations, the
molecular pathway of skeletal myocyte pro-
liferation is an independent event of skeletal
muscle hypertrophy (Rantanen et al., 1995;

Adams et al., 1999; Armand et al., 2005;

Philippou et al., 2007). And more, skeletal
muscle hypertrophy is an adaptation process for physiological
requirements (Sakuma et al., 2000; Solomon and Bouloux
2006). These findings suggest that in the csf3r~/~ mouse,
skeletal muscle proliferation is reduced during develop-
ment, and, as a consequence, the skeletal myocytes are adap-
tively hypertrophic. ‘

To investigate whether innate G-CSFR is necessary for
skeletal myocyte regeneration, csf3r™/~ mice were subjected
to cardiotoxin-induced skeletal muscle injury. The csf3r/~
mice showed deterioration of skeletal muscle regeneration on
day 7 and 14 after injury in the rectus femoris muscles (Fig. 5 d).
The number of regenerating myocytes in the regenerating
skeletal muscle was significantly decreased in the csf3r/~
mice (Fig. 5 e), which suggests the G-CSFR is essential for
skeletal muscle regeneration. To confirm that the observed effect
of G-CSF occurred through the G-CSFR,, we administrated

>
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ated rectus femoris at 7 d after cardiotoxin injection. (d) Handgrip strength on day 3~7 after cardiotoxin injury. (€) Role of the intrinsic G-CSF signal in skeletal
muscle regeneration. Hematoxylin and eosin staining of an injured rectus femoris on day 7 is shown. (f) Numbers of regenerating myocytes that have centrally
located nuclel. 20 visual fields per individual mice were observed in the rectus femoris at 7 d after cardiotoxin injection. (g) The diameter of the injured rectus
femoris is shown with or without the anti-G-CSF neutralizing antibody (Ab) at 7 d after cardiotoxin injection. {h) Quantitative analysis of the areas of the skeletal
myocyte sections. CTX, cardiotoxin. (b-d and f-h) Error bars present mean + SD (%, P < 0.05). Results in a-h are from eight independent experiments.
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G-CSF to the ¢sf3r/~ mice. If G-CSF functions through
other receptors, the addition of G-CSF should still improve
the skeletal muscle regeneration of ¢sf3r~/~ mice. Exogenous
G-CSF administration didn’t improve skeletal muscle regen-
eration (Fig. 5 f). The numbers of regenerating myocytes in

the regenerating skeletal muscles were measured. G-CSF ad-
ministration significantly increased the numbers of regenerat-
ing myocytes in the ¢sf3r"/* mice but not in the ¢sf37™/~ mice
(Fig. 5 g). Functional recovery was assessed by measuring hand-
grip strength after cardiotoxin injection into forearm muscles.
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Figure 5. The csf3r~/~ mouse shows impaired skeletal muscle development and regeneration. (a} Hematoxylin and eosin staining of the rectus
femoris of a wild-type mouse and a esf3r~/= mouse. (b) Quantitative analysis of the areas of the skeletal myocyte sections in the wild-type and csf3r/-
mice. (c) The diameter of the rectus femoris is shown. (d) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles of the wild-type and
¢sf3r-= mice at 7 and 14 d after injury. () Numbers of regenerating myocytes that have centrally located nuclei on days 7 and 14 after injury in the
regenerating skeletal muscles of the wild-type and ¢sf3r-~ mice. 20 visual fields per individual mice were observed in the rectus femoris. {f) Effects of
extrinsic G-CSF administration on cardiotoxin-induced muscle injury in the wild-type and csf3r~/= mice. Hematoxylin and eosin staining of injured skel-
etal muscle on day 7 after cardiotoxin injection is shown. (g) Effect of extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as
assessed by the numbers of regenerating myocytes. 20 visual fields per individual mice were observed in the rectus femoris at 14 d after cardiotoxin
injection. (b, ¢, e, and g) Error bars present mean + SD (¥, P < 0.05). (h) Handgrip strengths of cardiotoxin-injected csf3r-= mice with or without G-CSF
treatment. Results in a-h are from eight independent experiments.
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G-CSF administration didn’t confer functional recovery on
day 5 or 7 after injury (Fig. 5 h).To elucidate precise myo-
blast function, we also examined the proliferation ability of
csf3r~/~ myoblasts in vitro. The ¢sf3r~/~ myoblasts showed sig-
nificant decreased proliferation ability (Fig. S1 c). However, the
expression of myocyte differentiation marker was not altered,
which indicates that myocyte differentiation ability was not im-
paired in ¢sf3r~/~ myoblasts (Fig. S1 d).

G-CSFR—expressing BM cells do not recover skeletal muscle
regeneration in the csf3r/~ mouse
To clarify the involvement of hematopoietic cells or BM cells
in the impairment of skeletal muscle regeneration, we trans-
planted the BM cells from ¢sf3r*/* mice, which constitutively
expressed GFP, to the csf3r~/~ mice (Fig. 6 a) 60 d before
cardiotoxin-induced injury. In all the mice, the BM cells sta-
bly engrafted, and chimerism was >80%, as assessed by FACS
(Fig. S3 a). After cardiotoxin injection into forearm muscles,
the ¢sf3r/~ mice that were transplanted with BM cells from
csf3r7/* mice didn’t show any improvement in gross morphol-
ogy, the number of central cells, and handgrip strength after
G-CSF treatment (Fig. 6, b—d). Moreover, the diameter of
rectus femoris in these mice wasn’t improved by G-CSF treat-
ment after cardiotoxin injection into the rectus femoris mus-
cles (Fig. 6 e). These mice showed no significant improvement
in the regeneration by G-CSF treatment, and myocyte area
was not altered by G-CSF treatment either (Fig. S3 b).
Next, we performed the BM transplantation experiment
in reverse; the BM cells from csf3r~/~ mice were transplanted
into csf3r/* mice. In these mice, skeletal muscle injury was
generated, and regeneration was induced with G-CSF (Fig. 6 f).
G-CSF treatment markedly improved gross morphology, the
number of central cells, and handgrip strength after cardio-
toxin injection into forearm muscles (Fig. 6, g-i) and in-
creased the diameter of the rectus femoris after cardiotoxin
injection into the rectus femoris muscles (Fig. 6 j). These
mice showed more regeneration, and mean myocyte area was
decreased by G-CSF treatment (Fig. S3 c). These results in-
dicate that G-CSF promotion of skeletal muscle regenera-
tion is a direct effect on skeletal muscle and isn’t mediated by
BM cells.

DISCUSSION

This study demonstrates that G-CSF and G-CSFR play piv-
otal roles in skeletal myocyte development and regeneration.
Interestingly, this mechanism about G-CSF and G-CSFR is
conserved between embryonic skeletal myocyte development
and adult skeletal myocyte regeneration. G-CSFR is tran-
siently but strongly expressed in myoblasts during develop-
ment. The total mass of skeletal muscle is lower in csf3r™/~
mice than in csf3r*/* mice, which means that G-CSF and
G-CSFR signaling are essential for proper skeletal muscle
development. G-CSFR is also expressed in the regenerating
adult myocyte. G-CSF stimulates these G-CSFR~expressing
myoblasts and promotes skeletal muscle regeneration after in-
jury. The csf3r~/~ mice showed drastic impairment of skeletal
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muscle regeneration, which suggests that G-CSF is critical for
skeletal muscle regeneration.

During development, early muscle progenitor cells are
characterized by Pax3 and Pax7 expression. Pax3 and Pax7
cooperatively specify the muscle progenitor pool because in
mice deficient for both Pax3 and Pax7, all muscle progenitor
cells are absent (Kassar-Duchossoy et al., 2005; Relaix et al,,
2005). Once specified, muscle progenitor cells either prolifer-
ate or exit the cell cycle to undergo terminal differentiation.
The latter process requires the activation of MRFs (Sabourin
and Rudnicki, 2000). G-CSFR was expressed in cells that
expressed MRFs but not in early muscle progenitor cells.
Therefore, we speculate that rather than inducing early progeni-
tor cells to increase the skeletal muscle stem cell pool, G-CSF
causes late progenitor cells to adopt muscle mass requirement.
In adult skeletal muscle, myogenic progenitor cells, which are
characterized by the expression of MyoD, Myf5, or MRF4,
and myoblasts, which are characterized by MyoD and Myf5
expression, are known as transient-amplifying cells (Weintraub,
1993; Shi and Garry, 2006; Kuang and Rudnicki, 2008;
Biressi and Rando, 2010). We found that in the adult stage,
G-CSFR. was expressed in myoblasts, and G-CSF increased
myocyte proliferation.

G-CSF is a hematopoietic cytokine that recruits hemato-
poietic cells (Cottler-Fox et al., 2003). The contribution of
BM cells to muscle regeneration has been documented (Ferrari
et al., 1998; Gussoni et al., 1999; LaBarge and Blau, 2002).
To exclude the possibility that hematopoietic cells and BM
mesenchymal stem cells affect skeletal muscle regeneration in
response to G-CSE we transferred wild-type BM cells to
¢sf3r~/~ mice. In these mice, the skeletal myocytes didn’t ex-
press G-CSFR,, whereas the BM cells expressed G-CSFR. If
BM cells contributed to skeletal muscle regeneration, these
mice would show normal or improved regeneration abilities.
However, they didn’t show skeletal muscle regeneration in
response to G-CSE This finding is consistent with a report
that stromal progenitor cells are mobilized by vascular endo-
thelial growth factor but not by G-CSF (Pitchford et al,,
2009). We assume that the contribution of BM cells to
G-CSF-mediated skeletal muscle regeneration is negligible.

Skeletal muscle regeneration is a complex process that re-
mains to be fully understood. After muscle injury, disruption
of the myofiber plasma membrane initiates an influx of extra-
cellular calcium, leading to calcium-dependent proteolysis,
which results in necrosis and degeneration of the myofibers.
Several signals released from the degenerating myocytes
attract and activate inflammatory cells, which secrete cytokines.
Neutrophils are the first inflammatory cells to reach the in-
jured myofibers, followed by macrophages, which phagocyte
the degenerating muscle fibers (Chargé and Rudnicki, 2004).
Satellite cells and macrophages interact to amplify chemotaxis
and enhance inflammation. Monocytes and macrophages may
support satellite cell survival by cell-cell contacts and the re-
lease of soluble factors (Chazaud et al., 2003). In addition, mono-
cyte and macrophage infiltration leads to increased satellite
cell proliferation and differentiation (Lescaudron et al., 1999).
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Based on our results, we speculate that macrophages are (Hareng and Hartung, 2002). Although previous studies

not only important for the resolution of necrosis but also in-  showed that G-CSF seems to have some positive effects on

volved in the induction of muscle regeneration. These leuko~  skeletal muscle regeneration, it’s not clear how G-CSF affects

cytes secrete G-CSF in the presence of appropriate stimuli  skeletal muscle regeneration, and especially the involvement
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Figure 6. Effect of transplanted G-CSFR-expressing BM cells on skeletal muscle regeneration. (a) Experimental model of BM transplantation 1.

BM cells were isolated from GFP-transgenic (Tg) mice and transplanted into the ¢sf3r~/~ mice. Cardiotoxin was injected into the rectus femoris, and G-CSF was
administered on days 4 and 6. (b-¢) Effects of G-CSF on skeletal muscle regeneration of csf3r~/~ mice subjected to cardiotoxin-induced skeletal myocyte
injury and transplanted with wild-type BM (from GFP-transgenic mice). (b) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles at 7 d
after injury. (c) Effect of extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as assessed by the numbers of regenerating myocytes.
20 visual fields per individual mice were observed in the rectus femoris at 14 d after cardiotoxin injection. {d and e) Effects of G-CSF on the handgrip strength
(d) and rectus femoris diameter at 14 d (e) are negligible. (f) Experimental model of BM transplantation 2. BM cells were isolated from csF3r~/— mice and
transplanted into the wild-type {csf3r*) mice. (g) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles at 7 d after injury. (h) Effect of
extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as assessed by the numbers of regenerating myocytes. 20 visual fields per
individual mice were observed in the rectus femoris at 14 d after cardiotoxin injection. (i and ) Effects of G-CSF on the handgrip strength (i) and rectus femo-
ris diameter at 14 d (). (c, e, and h-) Error bars present mean + SD (*, P < 0.05). Results in b-e and g-j are from eight independent experiments.
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