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Renal tubulointerstitial damage is the final common pathway leading from chronic kidney disease to end-
stage renal disease. Inflammation is clearly involved in tubulointerstitial injury, but it remains unclear how 
the inflammatory processes are initiated and regulated. Here, we have shown that in the mouse kidney, the 
transcription factor Krüppel-like factor–5 (KLF5) is mainly expressed in collecting duct epithelial cells and 
that Klf5 haploinsufficient mice (Klf5+/– mice) exhibit ameliorated renal injury in the unilateral ureteral 
obstruction (UUO) model of tubulointerstitial disease. Additionally, Klf5 haploinsufficiency reduced accu-
mulation of CD11b+F4/80lo cells, which expressed proinflammatory cytokines and induced apoptosis among 
renal epithelial cells, phenotypes indicative of M1-type macrophages. By contrast, it increased accumulation of 
CD11b+F4/80hi macrophages, which expressed CD206 and CD301 and contributed to fibrosis, in part via TGF-β 	
production — phenotypes indicative of M2-type macrophages. Interestingly, KLF5, in concert with C/EBPα, 
was found to induce expression of the chemotactic proteins S100A8 and S100A9, which recruited inflamma-
tory monocytes to the kidneys and promoted their activation into M1-type macrophages. Finally, assessing 
the effects of bone marrow–specific Klf5 haploinsufficiency or collecting duct– or myeloid cell–specific Klf5 
deletion confirmed that collecting duct expression of Klf5 is essential for inflammatory responses to UUO. 
Taken together, our results demonstrate that the renal collecting duct plays a pivotal role in the initiation and 
progression of tubulointerstitial inflammation.

Introduction
The incidence of end-stage renal disease is increasing worldwide 
and represents a growing clinical and economic burden. Regard-
less of whether renal injury begins in the glomeruli or within the 
tubulointerstitium, tubulointerstitial damage is a common fea-
ture of all chronic progressive renal diseases and is considered to 
be the final common pathway leading from chronic kidney disease 
to end-stage renal disease (1–3). In cases of chronic kidney disease, 
inflammation is a critical mechanism that promotes closely inter-
linked fibrosis and cellular injury within the tubulointerstitium 
(4), and macrophages are the predominant infiltrating immune 
cells mediating that inflammatory process (3). Earlier studies 
have suggested that proteinuria, renal hypoxia, and/or glomeru-
lus-derived cytokines may induce macrophage recruitment to the 
kidneys. However, it remains unclear which cell types responds to 
pathological stimuli and activate inflammatory processes in the 
kidney, though proximal tubular epithelial cells have been shown 
to produce the chemokine MCP-1 (3).

Macrophages infiltrating the kidneys produce various pro-
inflammatory cytokines, including TNF-α and IL-1β, as well as 
metalloproteinases (3). Moreover, the finding that blockade of 
TNF-α and IL-1β suppresses glomerular inflammation and ame-
liorates renal damage suggests the infiltrating macrophages con-
tribute in some way to the renal injury (5). Macrophage infiltration 
also often correlates with the degree of renal fibrosis, and deple-
tion of macrophages reduces fibrosis in several disease models, 
suggesting that macrophages also contribute to fibrosis (6). On 

the other hand, macrophages that take up apoptotic cells exhibit 
antiinflammatory properties and may contribute to resolution of 
inflammation (7). Indeed, hepatic macrophages were shown to be 
important for resolution of inflammatory scarring (8). Thus, mac-
rophages likely play multiple, and often opposing, roles in kidney 
disease and repair (6).

Recent studies demonstrating the diversity of macrophage 
phenotypes and functionality suggest that the activation state 
of macrophages may determine their pathogenic or reparative 
roles in kidney disease (9). In vitro studies have shown that Th1 
cytokines, alone or in concert with microbial products, elicit clas-
sical M1 activation of macrophages, while Th2 cytokines (IL-4  
and IL-13) elicit an alternative form of activation designated 
M2 (9, 10). M2 macrophages are thought to suppress immune 
responses and promote tissue remodeling (6, 9, 10), though M2 
activation is a rather generic term used to describe various forms 
of macrophage activation other than classic M1. In addition, the 
diversity of macrophage activation has been established primarily 
based on in vitro findings (10), and the phenotypes and functions 
of M2-type macrophages in vivo are still poorly understood. Very 
recently it was shown that some, but not all, kidney macrophages 
exhibit surface expression of Ly-6C (11), which means the mac-
rophage population involved in the renal response to injury is a 
heterogeneous one. However, the specific functions of the differ-
ent macrophage subsets are not yet clear.

The renal collecting ducts contribute to the control of water 
and electrolyte balance. Collecting duct epithelial cells express 
the water channel aquaporin-2 (AQP2) in their apical plasma 
membrane and AQP3 and AQP4 in their basolateral membrane 
(12). Water is transported across the collecting duct epithelium 
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through those AQPs. AQP2 is abundantly expressed in the con-
necting tubule (connecting tubule cells), in the cortical and outer 
medullary collecting ducts (principal cells), and in the inner med-
ullary collecting duct (IMCD cells) and plays an essential role in 
urinary concentration. Recent studies have shown that collecting 
duct cells in culture (13, 14) and in the fetal urinary tract obstruc-
tion model (15) exhibit a loss in epithelial phenotypes and a con-
comitant gain in mesenchymal phenotypes through a process 

often termed “epithelial-mesenchymal transition.” This suggests 
that collecting duct cells are in some way involved in interstitial 
fibrosis. However, it remains largely unknown whether or how col-
lecting duct cells contribute to tubulointerstitial inflammation.

Members of the Krüppel-like factor (KLF) family of transcription 
factors are important regulators of development, cellular differen-
tiation, and growth, as well as the pathogenesis of various diseases, 
including cancer and cardiovascular disease (16). We previously 

Figure 1
KLF5 is involved in UUO-induced renal injury. (A) Immunohistochemical staining of KLF5 (red) in mouse kidneys. Left and right panels show 
portions of the cortex and medulla, respectively. Nuclei and cell membranes were stained using DAPI (blue) and wheat germ agglutinin (green), 
respectively. Scale bars: 20 μm. (B) KLF5 expression was confined to AQP2-expressing collecting duct cells in papilla. KLF5 (red), AQP2 
(green), and nuclei (blue) are shown. Scale bar: 20 μm. (C) Expression of KLF5 protein in the collecting duct. Collecting duct (CD) cells were 
isolated from kidneys by centrifugal separation. The remaining renal cells were non-CD cells. β-Tubulin served as a loading control. (D) UUO-
induced upregulation of KLF5 in the collecting duct. KLF5 (brown) was detected by immunostaining of sections of medulla under basal conditions 
(control) and at the indicated times after UUO. Scale bars: 50 μm. (E–G) Masson’s trichrome (E and F) and H&E (G) staining of wild-type and 
Klf5+/– kidneys 14 days after UUO. C, cortex; M, medulla; P, papilla. Scale bars: 1 mm (E), 20 μm (F), 500 μm (G). (H) Apoptotic cell fractions 
in kidneys from wild-type and Klf5+/– mice at the indicated days after UUO. Apoptotic cells were analyzed by TUNEL staining, as shown in 
Supplemental Figure 3A. #P < 0.05 versus wild-type at the same time point. n = 6. (I) Fibrotic area stained with picrosirius red 14 days after UUO.  
*P < 0.05. n = 6. Representative sections are shown in Supplemental Figure 3C.
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showed that KLF5 expressed in cardiac fibroblasts is required for the 
cardiac hypertrophy and fibrosis that develop in response to contin-
uous infusion of angiotensin II and pressure overload (17, 18). KLF5 
also plays a central role in arterial wall remodeling (17, 19). With 
these results as background, we were interested in whether KLF5 
plays a role in renal tubulointerstitial inflammation and fibrosis. 
We found that Klf5+/– mice were protected from renal injury induced 
by unilateral ureteral obstruction (UUO), but showed enhanced 
fibrosis. Through a combination of in vitro and in vivo analyses, we 
further show that collecting duct epithelial cells respond to UUO 
and initiate the accumulation of M1-type macrophages at least in 
part through KLF5-dependent production of the secretory proteins 
S100A8 and S100A9. Our findings demonstrate a previously unap-
preciated function of collecting duct epithelial cells as central regu-
lators of tubulointerstitial inflammatory processes.

Results
Klf5 is expressed in collecting duct epithelial cells. We first analyzed the dis-
tribution of Klf5 expression in the kidney. Immunohistochemical 
staining showed that, in normal kidneys, KLF5 is expressed in the 
nuclei of collecting duct epithelial cells, but not in glomeruli or 
other tubules (Figure 1A). Consistent with this finding, expres-
sion of KLF5 was restricted to cells also expressing AQP2, which 
is known to be specifically expressed in collecting duct epithelial 
cells (ref. 20, Figure 1B, and Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI57582DS1). The collecting duct epithelial cell–specific expres-
sion of KLF5 was still further confirmed by its presence in collect-
ing duct cells isolated from kidneys and its absence in non–collect-
ing duct cells (Figure 1C and Supplemental Figure 1B).

Klf5 haploinsufficiency ameliorates renal injury and dysfunction 
induced by UUO. We next employed the UUO model of tubuloin-
terstitial damage to analyze the role of KLF5 in renal injury (21). 
We found that UUO increased KLF5 expression in renal collecting 
duct cells (Figure 1D and Supplemental Figure 1C). Expression of 
Klf5 mRNA was readily detected in collecting duct cells, but was 
barely detectable in CD11b+F4/80+ (monocytes/macrophages), 
CD31+ (endothelial cells), or α-SMA+ (myofibroblasts, mesangial 
cells, and smooth muscle cells) cells sorted from kidneys (Supple-
mental Figure 1C). Upon immunohistochemical staining, KLF5 
was detected only in collecting duct cells in sections of normal 
and day 4 UUO kidneys; a few interstitial cells also stained posi-
tive for KLF5 in sections of day 10 UUO kidneys (Figure 1D). 
These results indicate that high-level Klf5 expression is largely 
limited to collecting duct cells.

Under physiological conditions, Klf5+/– mice did not exhibit 
renal dysfunction or pathological changes (Supplemental Fig-
ure 2A and Supplemental Table 1). However, when Klf5+/– mice 
were subjected to UUO, they exhibited less renal structural 
destruction than wild-type mice, as indicated by amelioration 
of tubular dilation and atrophy, tubular epithelial cell slough-
ing, and tubular basement membrane thickening (Figure 1, 
E–G, and Supplemental Figure 2B). Consequently, kidney 
weight loss and tubular injury score were significantly lower 
in Klf5+/– than wild-type mice (Supplemental Figure 2C). More-
over, significantly fewer apoptotic cells were observed in both 
the cortex and medulla of kidneys from Klf5+/– compared with 
wild-type mice (Figure 1H and Supplemental Figure 3, A and B). 
In sharp contrast, interstitial fibrosis was significantly exacer-
bated in Klf5+/– mice, as compared with wild-type mice (Figure 

Figure 2
Klf5 haploinsufficiency ameliorated renal dysfunction induced by the reversible UUO. The right ureters of Klf5+/– and wild-type mice were tran-
siently obstructed for 3 days; then 7 days after relief of the obstruction, the left ureters were obstructed. (A) Representative PAS, Masson’s 
trichrome, and picrosirius red staining of wild-type and Klf5+/– right kidneys 7 days after left ureter obstruction. Scale bars: 50 μm. (B) Tubular 
injury and interstitial fibrosis scores are shown. *P < 0.05. (C) BUN and body weight were measured prior to right ureteral obstruction (RUO), 
prior to release of the obstruction (RUOR), prior to left ureteral obstruction (LUO), and on indicated days after LUO. n = 7 for each group.  
*P < 0.05 versus the baseline of the same genotype. #P < 0.05 versus wild-type at the same time point.
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1, E, F, and I, Supplemental Figure 2C, and Supplemental Fig-
ure 3, C and D). It thus appears that the Klf5 haploinsufficiency 
protected kidneys from the structural destruction induced by 
UUO, but it promoted fibrosis. Because the contralateral kid-
neys were uninjured, neither wild-type nor Klf5+/– mice showed 
abnormal blood chemistry, and no mice died within 3 months 
after UUO (Supplemental Table 2).

To analyze the effects of Klf5 haploinsufficiency on renal dys-
function, we employed a reversible UUO procedure (22). Initially, 
the right ureter was obstructed for 3 days, and then the obstruction 
was released. After mice were allowed to recover for 7 days, the left 
ureter was ligated to disable contralateral kidney function. After 
an additional 7 days, the right kidneys of Klf5+/– mice exhibited 
less renal injury than those of wild-type mice (Figure 2, A and B), 
though fibrosis was more pronounced in the Klf5+/– kidney. Blood 
urea nitrogen (BUN) levels were significantly lower in Klf5+/– than 
wild-type mice, while body weights were not different (Figure 2C). 
These results demonstrate that Klf5 haploinsufficiency protected 
kidneys from dysfunction induced by the transient UUO, despite 
the apparent augmentation in fibrosis.

Klf5 haploinsufficiency modulates renal inflammation and fibrosis 
induced by UUO. Recent studies suggest that inflammation is 
crucially involved in renal cellular injury and fibrosis (23). This 
prompted us to assess the involvement of KLF5 in inflammatory 
processes in the kidney. We found that, in wild-type mice, UUO 
increased renal expression of Tnfa and Il1b, which encode the pro-
inflammatory cytokines TNF-α and IL-1β, respectively (Figure 3A); 
that the expression levels were highest 7 days after UUO; and that 
the levels of these proinflammatory cytokines were significantly 

reduced in Klf5+/– kidneys following UUO. In wild-type kidneys, 
UUO also increased expression of Emr1, which encodes the mac-
rophage marker F4/80, and that effect was significantly reduced 
in Klf5+/– kidneys, suggesting that UUO-induced renal infiltration 
by macrophages and their inflammatory activation are diminished 
in Klf5+/– kidneys. As expected from the enhanced fibrosis, expres-
sion levels of Col1a1 and Col3a1, encoding collagen type I and III, 
respectively; Fn1, encoding fibronectin; Vim, encoding vimentin; 
and Acta2, encoding α-SMA, were all significantly increased in 
Klf5+/– kidneys, and their expression was highest 14 days after UUO 
(Figure 3B). In addition, expression of Tgfb1, which encodes the 
profibrotic cytokine TGF-β1, was also significantly increased in 
Klf5+/– kidneys. As a result, the interstitial area in Klf5+/– kidneys 
was reduced after UUO due to a reduction in the number of apop-
totic cells, whereas the fibrotic area and the fibrotic/interstitial 
area ratio were increased in Klf5+/– kidneys (Supplemental Figure 
3D). Collectively, these results suggest that Klf5 haploinsufficiency 
suppresses early inflammatory processes following UUO, while 
augmenting fibrotic processes at later times.

Differential recruitment of macrophage subtypes to kidneys after UUO. 
The reduction in F4/80 expression observed in Klf5+/– kidneys sug-
gests that macrophage accumulation was suppressed there. We 
tested that idea using flow cytometry to assess renal macrophages 
(Supplemental Figure 4A). In wild-type mice, UUO induced accu-
mulation of CD11b+F4/80+ cells (Figure 4A), and we noted two 
major subpopulations: CD11b+F4/80lo (R1) and CD11b+F4/80hi 
(R2). Under basal conditions the CD11b+F4/80hi fraction was sig-
nificantly larger than the CD11b+F4/80lo fraction (Figure 4B), but 
the latter was increased from day 1 after UUO, while the former 

Figure 3
Effects of Klf5 haploinsufficiency on renal gene expression. Wild-type and Klf5+/– mice were subjected to UUO, after which relative transcript 
levels of genes involved in renal inflammation (A) and fibrosis (B) were measured at the indicated times using real-time PCR. Data labeled 
day 0 show gene expression in kidneys under basal conditions. Expression levels were normalized first to those of 18s rRNA and then further 
normalized to the levels in the kidneys from control wild-type mice. *P < 0.05 versus the control (day 0) for the same genotype; #P < 0.05 versus 
wild-type at the same time point. n = 5 for each point.
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was reduced on days 1 and 2. As a result, the ratio of CD11b+F4/
80lo to CD11b+F4/80hi cells was significantly increased from day 
1 to day 7. The cell ratio then declined to the basal level within 14 
days after UUO.

We next characterized the surface phenotypes of CD11b+F4/80+ 
cells and found that while CD11b+F4/80lo cells were Ly-6C+, 
CD11b+F4/80hi cells were Ly-6C–/lo, and majorities of both cell 
populations were negative for the granulocyte marker Ly-6G (Sup-
plemental Figure 4B). They were also negative for the myeloid-
derived suppressor cell marker CD93 (24). In addition, while both 
CD11b+F4/80lo and CD11b+F4/80hi cells showed greater forward 
scatter (FSC) on day 7 than day 1 after UUO, CD11b+F4/80hi cells 
showed much greater FSC than CD11b+F4/80hi cells on day 7 
(Supplemental Figure 4C). In Cytospin preparations, CD11b+F4/
80lo cells exhibited a small, monocytoid morphology on day 1 but 
also included larger cells by day 7 (Supplemental Figure 4D). In 
contrast, CD11b+F4/80hi cells were larger than CD11b+F4/80lo 
cells and had a fried egg–like morphology. Despite their monocyt-
oid morphology, day-1 CD11b+F4/80lo cells showed higher surface 
F4/80 and CD11b levels than circulating CD11b+Ly-6C+ inflam-
matory monocytes, which have been shown to be recruited to kid-
neys after UUO (11). This suggests CD11b+F4/80lo cells include 
macrophages as well as monocytes that had been recruited to the 
kidneys, where they are undergoing differentiation into macro-
phages (11, 25), while CD11b+F4/80hi cells are more mature mac-
rophages. Moreover, CD11b+F4/80hi cells but not CD11b+F4/80lo 
cells were positive for CD206 and CD301, markers of M2-type acti-
vation. Collectively then, the two populations of CD11b+F4/80+ 
cells in UUO kidneys exhibited a CD11b+F4/80loLy-6C+CD206–

CD301– phenotype, which is indicative of M1-type activation, 
and a CD11b+F4/80hiLy-6C–/loLy-6G–CD206+CD301+ phenotype, 
which is indicative of M2-type activation (11, 26).

Under basal conditions there were no significant differences in 
the CD11b+F4/80lo and CD11b+F4/80hi fractions between wild-
type and Klf5+/– kidneys (Figure 4B and Supplemental Figure 5, 
A and B). However, Klf5+/– kidneys contained significantly fewer 
CD11b+F4/80lo cells from day 1 to day 4 after UUO. By contrast, 
Klf5+/– kidneys contained more CD11b+F4/80hi cells on days 2 and 
4 than wild-type kidneys (Figure 4B and Supplemental Figure 5, A 
and B). As a result, the CD11b+F4/80lo to CD11b+F4/80hi ratio was 
significantly higher than baseline only on days 1 and 7 in Klf5+/– kid-
neys. Reduced inflammatory monocyte/macrophage infiltration 
into Klf5+/– kidneys 1 day after UUO was further confirmed by 
immunohistochemical staining for F4/80 and Ly-6C (Supplemen-
tal Figure 5, C and D). Taken together, these findings suggest that 
CD11b+F4/80lo and CD111b+F4/80hi cells differentially accumulate 
in the kidney during the course of the response to UUO. At early 
times, when apoptosis and tissue destruction are occurring, primar-
ily CD11b+F4/80lo monocytes/macrophages accumulate in kidneys. 
Later, when tissue remodeling and fibrosis dominate, the numbers 
of CD11b+F4/80hi macrophages are increased. Klf5 haploinsuffi-
ciency reduces accumulation of CD11b+F4/80lo cells and increases 
CD11b+F4/80hi cells at earlier time points, thereby altering the bal-
ance of macrophage polarity during the response to UUO.

Renal CD11b+F4/80+ cells are phenotypically different from splenic  
classical DCs. DCs have been identified in kidneys (27–29). 
Although CD11c has been used to distinguish renal DCs from 
macrophages (30), the marker is widely expressed and is induc-

Figure 4
KLF5 controls the recruitment and accumulation of CD11b+F4/80+ cells in response to UUO. (A) Representative flow cytometry plots of mac-
rophages in whole kidneys from wild-type and Klf5+/– mice subjected to either UUO or sham operation. R1 and R2 indicate CD11b+F4/80lo and 
CD11b+F4/80hi cells, respectively. (B) Fractions of CD11b+F4/80lo (region R1 in A), CD11b+F4/80hi (R2), and total CD11b+F4/80+ cells among 
total live cells and the ratios of CD11b+F4/80lo to CD11b+F4/80hi cells isolated from the kidneys of wild-type and Klf5+/– mice subjected to UUO. 
*P < 0.05 versus day 0 of the same genotype; #P < 0.05 versus wild-type at the same time point. n = 6 for each group. The cell populations 
expressed as fractions of total macrophages and numbers of cells per kidney are shown in Supplemental Figure 5, A and B.
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ible in macrophages and other immune cells during inflamma-
tion (31). To better characterize renal CD11b+ cells in compari-
son with bona fide DCs, we assessed the expression of multiple 
DC markers in renal CD11b+ cells and splenic classical DCs 
(Supplemental Figure 6). We found that CD11b+F4/80lo cells 
were CD11cloMHCII–/+CD86–CD83–, which supports the notion 
that they are monocytes/macrophages. CD11b+F4/80hi cells were 
CD11cintMHCII+CD86+CD83–. As compared with splenic classi-
cal DCs, CD11c levels were lower in renal CD11b+F4/80hi cells, 
and CD83, a marker for mature DCs (32, 33), was not expressed. 
In Cytospin preparations, CD11b+F4/80hi cells contained vacu-
olar cytoplasm and lacked cytoplasmic extensions, which are 
macrophage-like characteristics and different from those of 
splenic DCs (Supplemental Figure 4D and Supplemental Figure 

7A). These results indicate that renal CD11b+F4/80hi cells express 
several DC markers, but their phenotypes differ from those of 
splenic classical DCs.

Because we were not able to identify a cell population that resem-
bled splenic DCs among the CD11b+ cells, we tested whether cells 
expressing high levels of CD11c might be present among the renal 
leukocytes (CD45+ cells). We found that CD11chi cells were present 
and were CD11chiMHCII+CD86+CD83+CD11b–F4/80lo, which is a 
phenotype that closely resembles that of splenic DCs (Supplemen-
tal Figure 6D). In Cytospin preparations, moreover, renal CD11chi 
cells had pleomorphic nuclei and cytoplasmic extensions, and 
were morphologically similar to splenic DCs (Supplemental Fig-
ure 7B). The renal CD11chiMHCII+CD83+ cells were widely distrib-
uted on FSC/side scatter (SSC) plots, and the majority was found 

Figure 5
Differential involvement of CD11b+F4/80lo and CD11b+F4/80hi cells in renal responses to UUO. (A) mRNA expression in CD11b+F4/80lo and 
CD11b+F4/80hi cells isolated from kidneys under basal conditions (day 0) or after UUO. Expression levels were normalized to those of 18s rRNA 
and then further normalized to the levels in the resident CD11b+F4/80lo cells isolated from normal kidneys of wild-type mice. n = 3. #P < 0.05 
versus CD11b+F4/80lo cells from wild-type mice at the same time point. *P < 0.05 versus day 0 of the same population. ND, nondetectable. (B) 
Effects of conditioned medium (CM) prepared by incubating CD11b+F4/80lo or CD11b+F4/80hi cells isolated from kidneys 1 (CD11b+F4/80lo) or 
7 (CD11b+F4/80hi) days after UUO in serum-free RPMI medium for 24 hours. Serum-free RPMI containing 0.3% BSA was used as a control 
medium (Ctrl). Fractions of TUNEL+ apoptotic primary mouse RTECs and mIMCD-3 cells after culture in the CM with either control IgG or IL-1β 
neutralizing antibody for 24 hours. n = 6. Expression levels were normalized to those of 18s rRNA and then further normalized to the levels in 
cells treated with the control medium. *P < 0.05. versus cells in control medium with control IgG; #P < 0.05. (C) Effects of IL-1RA administration 
on UUO responses. Renal phenotypes of wild-type mice intraperitoneally administered either PBS (vehicle) or IL-1RA (200 μg daily). #P < 0.05 
versus the PBS group at the same time point. n = 6. (D) Levels of Fn1 and Acta2 transcription in 10T1/2 embryo fibroblasts cultured for 24 hours 
in CM as in B with either control IgG or TGF-β neutralizing antibody. *P < 0.05 versus cells in control medium with control IgG; #P < 0.05. n = 3.
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outside of the R3 gate that was used to characterize CD11b+ cells 
(Supplemental Figures 4A and 7C), indicating that these cells were 
not included in our CD11b+F4/80hi and CD11b+F4/80lo cell pop-
ulations. In addition, the renal CD11chiMHCII+CD83+ cell frac-
tions were not affected by UUO or Klf5 haploinsufficiency, mak-
ing it unlikely that these cells contribute to the renal phenotypes 
observed in Klf5+/– mice (Supplemental Figure 7D). Collectively 
then, it appears that kidneys contain a CD11chiMHCII+CD83+ cell 
population that closely resembles classical DCs. By contrast, the 
surface marker profile and cellular morphology of CD11b+F4/80hi 
cells are different from those of classical DCs. Because they differ 
from both splenic classical DCs and renal classical DC-like cells, 
and more resemble tissue macrophages in other tissues (34), we 
will refer to CD11b+F4/80hi cells as macrophages hereafter.

CD11b+F4/80lo and CD11b+F4/80hi cells differentially affect  
epithelial and mesenchymal cells. To analyze the functions of renal 
CD11b+F4/80+ cells in more detail, we isolated them from kid-
neys at various times after UUO (Supplemental Figure 8A). 
Analysis of mRNA expression in CD11b+F4/80lo and CD11b+F4/
80hi cells isolated 0, 1, 3, and 7 days after UUO showed that lev-
els of Il1b and Ccl2 transcripts, encoding the proinflammatory 

cytokines IL-1β and MCP-1, respectively, were much higher in 
CD11b+F4/80lo than CD11b+F4/80hi cells (Figure 5A), sug-
gesting that CD11b+F4/80lo cells promote inf lammation. 
Ly6c was expressed in CD11b+F4/80lo cells, but was undetect-
able in CD11b+F4/80hi cells. By contrast, CD11b+F4/80hi cells 
showed higher levels of Il10 and Tgfb1 transcripts, encoding the 
antiinflammatory cytokines IL-10 and TGF-β1, respectively, 
which suggests the CD11b+F4/80hi M2-type macrophages are 
involved in fibrosis and resolution of inflammation. However, 
CD11b+F4/80hi cells did not express two other M2 markers, Ym1 
and Fizz1 (data not shown), indicating that the characteristics 
of CD11b+F4/80hi cells do not perfectly match those of the M2 
macrophages previously studied in vitro (9).

To further investigate the functional differences between 
CD11b+F4/80lo and CD11b+F4/80hi cells, we incubated cultured 
primary mouse renal tubular epithelial cells (RTECs) and mIMCD-
3 mouse collecting duct epithelial cells in medium conditioned by 
either CD11b+F4/80lo or CD11b+F4/80hi cells isolated from kid-
neys subjected to UUO. The surface phenotypes and cytokine gene 
expression profiles of CD11b+F4/80lo and CD11b+F4/80hi cells 
cultured for 24 hours were similar to those of the cells just after 

Figure 6
KLF5 induces accumulation of M1 macrophages via S100A8 and S100A9. (A) Activation of RAW264.7 macrophage migration by mIMCD-3 
cells overexpressing KLF5. As shown schematically, mIMCD-3 and RAW264.7 cells were plated in the bottom wells and inserts, respectively. 
The mIMCD-3 cells were infected with empty adenovirus (Ad-empty), adenovirus expressing β-galactosidase (Ad-LacZ), or adenovirus express-
ing KLF5 (Ad-KLF5), as indicated. The numbers of cells that migrated through the porous membranes per high-power field (HPF) during the  
8-hour incubation are shown. n = 12. *P < 0.05. (B and C) Levels of S100a8 and S100a9 transcription in mIMCD-3 cells overexpressing KLF5. 
Relative levels of S100a8 and S100a9 transcripts were determined by real-time PCR (B). n = 6. *P < 0.05. In C, expression of KLF5, S100A8, 
S100A9 protein and β-galactosidase were assessed by Western blotting. β-Tubulin was used as a loading control. (D) Effects of recombinant 
S100A8 and S100A9 on RAW264.7 cell migration. Recombinant S100A8 and/or S100A9 were added to the medium in the lower wells, as 
shown. n = 6. *P < 0.05 versus migrated cells without S100 proteins; #P < 0.05. (E) Effects of S100a8 and/or S100a9 knockdown in mIMCD-3 
cells overexpressing KLF5 on RAW264.7 migration. mIMCD-3 cells overexpressing KLF5 were transfected with siRNAs against S100a8 and 
S100a9 or control siRNA (siCtrl), as indicated, after which they were plated in the bottom wells, as shown. The numbers of RAW264.7 cells 
that migrated during the 8-hour incubation are shown. n = 6. *P < 0.05.
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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+F4/80lo cells than among those 
in medium conditioned by CD11b+F4/80hi macrophages (Figure 
5B). In fact, the CD11b+F4/80hi-conditioned medium induced 
apoptosis in very few cells. Moreover, the proapoptotic effect of 
CD11b+F4/80lo-conditioned medium was significantly suppressed 
by an anti–IL-1β 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 5C and Supplemental Figure 9). The 
CD11b+F4/80hi-conditioned medium induced expression of Fn1 
and Acta2, encoding fibronectin 1 and α-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-β neutralizing 
antibody (Figure 5D). These results demonstrate that CD11b+F4/
80lo monocytes/macrophages induce renal epithelial cell injury via 
inflammatory cytokines, including IL-1β, whereas CD11b+F4/80hi 
M2-type macrophages appear to promote fibrosis by inducing 
myofibroblastic differentiation, at least in part, via TGF-β.

KLF5 controls expression of S100A8 and S100A9, which induce migration 
and M1 activation in macrophages. The results summarized so far suggest 
that renal KLF5 is involved in the accumulation of CD11b+F4/80lo 
monocytes/macrophages in the kidney. To test this possibility direct-

ly, we cultured mIMCD-3 cells infected with KLF5-expressing (Ad-
KLF5), β-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 KLF5 
in mIMCD-3 cells promoted migration of BM-derived macrophages 
(BMDMs) (Supplemental Figure 10A). The BMDMs had been treated 
with either IFN-γ/LPS or IL-4 to induce M1 or M2 activation, respec-
tively (35), and KLF5 overexpression in mIMCD-3 cells induced migra-
tion of more M1-activated BMDMs than M2-activated BMDMs.

We then sought the downstream KLF5 effector molecules medi-
ating the observed macrophage migration. We identified potential 
KLF5 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-KLF5 
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 KLF5 
target genes were S100a8 and S100a9. 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 S100a8 and S100a9 expres-
sion in mIMCD-3 cells infected with Ad-KLF5 (Figure 6, B and C).

When we then tested whether S100A8 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 S100a8 and/or S100a9 significantly 
reduced RAW264.7 and BMDM migration induced by overexpres-
sion of KLF5 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, S100A8 and S100A9 
appear to be important chemoattractants controlled by KLF5.

In addition to the suppressed accumulation of CD11b+F4/80lo cells 
in Klf5+/– kidneys after UUO (Figure 4B), the CD11b+F4/80lo cells 
present expressed lower levels of Il1b and Ccl2 than wild-type cells 
(Figure 7A). By contrast, expression of Il10 and Tgfb1 in CD11b+F4/
80hi M2-type macrophages was increased in Klf5+/– 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 important role in the differential activation of macrophages. 
Taking this in consideration, our results suggest that Klf5 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 S100A8 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 Arg1 and Mrc1 (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+F4/80lo  

Figure 7
Effects of global and macrophage-specific Klf5 deletion on macrophage 
cytokine gene expression. Expression of cytokine genes in CD11b+F4/
80lo (A) and CD11b+F4/80hi (B) cells isolated from kidneys of wild-type, 
Klf5+/–, and Klf5fl/fl;LysM-Cre mice at indicated 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.
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cells within 12 hours (Figure 8B) and also induced moderate lev-
els of apoptosis 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+F4/80lo cell accumulation 
(Figure 8B). The CD11b+F4/80hi M2-type macrophage fraction 
was reduced by S100A8/A9 injection, suggesting that S100A8 and 
S100A9 selectively recruit CD11b+F4/80lo 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 

Figure 12). One day after UUO, the transferred EGFP+ monocytes 
were recruited to the kidneys, and the majority of them exhibited the 
CD11b+F4/80loLy-6C+CD301– phenotype, while a minor population 
exhibited the CD11b+F4/80hiLy-6C–/loCD301+ 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 Emr1 (F4/80) and Il1b was increased while expression 
of Csf1r (CD115), which is highly expressed in monocytes (26), was 
decreased indicates that the recruited CD11b+F4/80lo cells were dif-
ferentiating into M1-type macrophages. This supports the notion 
that kidney CD11b+F4/80lo cells include macrophages and newly 
recruited monocytes differentiating into macrophages.

Figure 8
S100A8 and S100A9 induce M1-type activation and accumulation of CD11b+F4/80lo cells. (A) Effects of S100A8/A9 on M1 or M2 activation 
of BMDMs. Unstimulated BMDMs were treated with IFN-γ plus LPS, S100A8 plus S100A9 (3 and 10 μg/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 Arg1. *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 μg 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 S100 solution using glucose (iso-Glc) was injected into kidneys as control. 
CD11b+F4/80lo and CD11b+F4/80hi 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 × 106 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 μg of each) into kidneys. Transferred EGFP+ cells recruited to 
kidneys were analyzed by flow cytometry. Cells in R1 (CD11b+F4/80lo) were further analyzed for expression of Ly-6C and CD301.
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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+F4/80loLy-6C+CD301– cells (Figure 
8C). In contrast to UUO, S100A8/A9 injection did not induce M2-
type differentiation. Following the injection, expression of Emr1 
and Il1b 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 S100A8/A9 might rescue the 
wild-type phenotype in Klf5+/– kidneys. We found that S100A8/A9 
increased the CD11b+F4/80lo cell fractions in Klf5+/– kidneys to 
levels similar to those in wild-type kidneys, while decreasing the 
CD11b+F4/80hi 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 Klf5+/– kidneys were similar to those in wild-
type kidneys after S100A8/A9 injection, indicating that S100A8 
and S100A9 are the key mediators regulated by KLF5 in response 
to UUO. 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.

KLF5 acts in concert with C/EBPα to control S100a8 and S100a9 
expression. Previous in vitro studies suggest C/EBP transcription 
factors are involved in the control of S100a8 and S100a9 transcrip-
tion (38–40), but it is not yet clear whether C/EBP proteins regu-
late the promoters in vivo. Interestingly, overexpression of Klf5 led 
to increases in the expression of C/EBPα (Figure 9A and Supple-
mental Figure 14A), and ChIP-seq revealed that KLF5 binds to the 
Cebpa locus. Conversely, knocking down Klf5 reduced levels of the 
Cebpa transcript and C/EBPα protein in mIMCD-3 cells (Supple-
mental Figure 14, B and C), suggesting KLF5 directly controls 
Cebpa expression. Consistent with this idea, a reporter plasmid 

containing a fragment spanning –343 to +42 bp of the Cebpa pro-
moter was transactivated by KLF5 (Figure 9B). Furthermore, the 
Cebpa promoter contains two potential KLF5 binding motifs, at 
–259 and at –190 bp, and mutations within the motif at –190 bp 
abolished the KLF5-dependent transactivation.

We next conducted a series of reporter analyses to assess the 
functional involvement of KLF5 and C/EBPα in the transcrip-
tional regulation of S100a8 and S100a9. We found that the S100a8 
and S100a9 promoters were transactivated by either KLF5 or  
C/EBPα and that their coexpression led to synergistic activation 
of the promoters (Figure 9C). Mutations within the potential 
KLF5 binding sites abolished KLF5-dependent activation of the 
promoters (Figure 9, D and E). Similarly, among the potential  
C/EBP binding sites, mutations within motifs at –321 bp of S100a8 
or –72 bp of S100a9 significantly suppressed transactivation by  
C/EBPα. The synergistic transactivation of the S100a8 and S100a9 
promoters by KLF5 and C/EBPα suggests the two transcrip-
tion factors physically interact. Indeed, mammalian two-hybrid 
analysis showed that KLF5 and C/EBPα 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 KLF5 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/EBPα. 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, S100a8, or S100a9, but it did bind to the Cdh1 promoter 
(Figure 10A). This binding profile was reversed by UUO. Fol-
lowing UUO, KLF5 bound to the Cebpa, S100a8, and S100a9 
promoters, but binding to Cdh1 was eliminated (Figure 10A). 
Correspondingly, whereas C/EBPα did not bind to the S100a8 
or S100a9 promoter in control cells, it was recruited to those 
promoters by UUO (Figure 10B).

We then used sequential ChIP (re-ChIP) to determine whether 
KLF5 and C/EBPα simultaneously bind to the same promoters. 
Chromatin samples were prepared from renal papillary cells 12 
and 24 hours after UUO. UUO induced KLF5 binding to S100a8 
and S100a9 within 12 hours, but C/EBPα was not bound to the 
promoters at that time (Figure 10, C and D). The chromatin 
samples pulled down by KLF5 or C/EBPα antibody were then 
further immunoprecipitated with C/EBPα or KLF5 antibody, 
respectively. These re-ChIP assays showed that while C/EBPα 
did not bind to the KLF5-bound S100a8 and S100a9 promot-
ers 12 hours after UUO (Figure 10, C and D), both KLF5 and 
C/EBPα were bound to the promoter 24 hours after UUO. This 
strongly suggests that UUO induces KLF5 binding to the Cebpa, 
S100a8, and S100a9 promoters within 12 hours, and that the 
induction of Cebpa expression by KLF5 leads to cooperative 
transactivation of the S100a8 and S100a9 promoters by KLF5 
and C/EBPα. As would be expected from this model, renal lev-
els of Klf5 transcript were increased within 4 hours after UUO, 
and this was followed by induction of Cebpa expression (Fig-
ure 11A). Levels of S100a8, S100a9, and Ccl2 transcripts were 
increased within 12 hours, and levels of KLF5, C/EBPα, S100A8, 
and S100A9 proteins were clearly increased in whole kidneys 
6–12 hours after UUO (Figure 11B). More specifically, KLF5, 
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 

Figure 9
KLF5 transactivates the Cebpa, S100a8, and S100a9 promoters. 
(A) Expression of C/EBPα 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 μ) are shown schematically. n = 6. *P < 0.05. (C) 
Effects of KLF5 and C/EBPα on S100a8 and S100a9 promoter activity. 
Luciferase reporters driven by the promoters were cotransfected with 
expression vectors for KLF5 and C/EBPα (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 S100a8 and S100a9 promoters by KLF5 and C/EBPα. Mutant 
sequences are shown schematically. n = 6. *P < 0.05. (F) Mamma-
lian two-hybrid analysis of the interaction between KLF5 and C/EBPα. 
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 VP16-activation domain fused to 
the full-length C/EBPα (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/EBPα. 
Lysates of mIMCD-3 cells expressing Flag-tagged KLF5 (Fl-KLF5) and 
C/EBPα were immunoprecipitated with antibody against Flag, C/EBPα, 
or control IgG. Immunoprecipitates were probed for C/EBPα or KLF5.
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and proteins were all reduced in Klf5+/– kidneys (Figure 11, A, 
B, and D). By contrast, CCl2 expression only differed on days 4 
and 7 (Figure 11A).

The binding of KLF5 to the Cdh1 promoter under basal con-
ditions (Figure 10A) suggests KLF5 also regulates Cdh1 expres-
sion. That notion is supported by the observations that Cdh1 
expression was reduced in Klf5+/– kidneys (Supplemental Fig-
ure 15C), that knocking down Klf5 reduced Cdh1 expression 
in mIMCD-3 cells (Supplemental Figure 15D), and that KLF5 
transactivated the CDH1 promoter (Supplemental Figure 15E). 
KLF5 thus appears to control Cdh1 expression under basal con-
ditions, and UUO switches the KLF5 target genes from Cdh1 to 
Cebpa, S100a8, and S100a9.

KLF5 in renal collecting duct cells plays a central role in CD11b+F4/
80lo cell accumulation and renal damage. In the kidney, Klf5 is 
primarily expressed in renal collecting ductal cells (Figure 1, 
A–D, and Supplemental Figure 1C). However, occasional low-
level KLF5 staining was observed in a few stromal cells, which 
could be fibroblasts and/or BMDCs. To further establish the 

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 Klf5+/– mice subjected to UUO, the 
CD11b+F4/80lo fractions did not significantly differ between 
the two groups (Figure 12A), nor did levels of Klf5, Cebpa, 
S100a8, and S100a9 expression (Figure 12B) and renal injury 
scores (Supplemental Figure 16).

To further rule out a possible contribution of KLF5 in macro-
phages to the observed renal Klf5+/– phenotypes, we selectively 
ablated Klf5 in myeloid cells by crossing Klf5 floxed mice (Klf5fl/fl) 
with LysM-Cre mice (41). As a result, more than 95% of Klf5 floxed 
alleles were deleted in kidney CD11b+F4/80+ cells (Supplemental 
Figure 17A). This Klf5 deficiency in macrophages did not affect the 
accumulation of CD11b+F4/80lo and CD11b+F4/80hi 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 Klf5 deletion (Supplemental Figure 18).

To further confirm the importance of KLF5 expressed in 

Figure 10
UUO alters KLF5 binding targets in vivo. (A and B) ChIP assays for KLF5 (A) and C/EBPα (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 3ʹUTR) 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/EBPα to the S100a8 (C) and S100a9 (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/EBPα antibody (1° ChIP). The immunoprecipitates were then pulled down further using C/EBPα or KLF5 antibody, respectively (2° 
ChIP). ChIP assays of a nontarget region (Pdgfa 3′UTR) are shown in Supplemental Figure 15B.
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the collecting duct, we selectively deleted Klf5 from collecting 
duct cells by crossing Klf5fl/fl mice with Aqp2-Cre mice in which 
Cre expression was selectively driven in collecting duct cells by 
the Aqp2 promoter (Supplemental Figure 19A). The efficacy of 
the Klf5 deletion from collecting duct cells was approximately 
70% (Supplemental Figure 19, B–D). Under basal conditions,  
Klf5fl/fl;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 Klf5-knockout mice, accumulation of 
CD11b+F4/80lo cells (Figure 12C) and expression of Klf5, Cebpa, 
S100a8, and S100a9 were significantly reduced, as compared 
with kidneys from Klf5fl/fl mice, 24 hours after UUO (Figure 
12D). The apoptotic cell fractions and glomerular sclerosis and 
tubular injury scores were all reduced in Klf5fl/fl;Aqp2-Cre mice, 
while interstitial fibrosis was enhanced, as compared with Klf5fl/fl 

mice (Supplemental Figure 18). Overall, the renal phenotypes of  
Klf5fl/fl;Aqp2-Cre mice were largely comparable to those of Klf5+/– 
mice, indicating that KLF5 expressed in collecting duct cells is 
primarily responsible for the renal phenotypes observed in Klf5+/– 
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 UUO, S100a8 and S100a9 expression is induced 
by KLF5. 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+F4/80lo cells, which 
promote renal epithelial injury and inflammation. Thereafter, the 
numbers of CD11b+F4/80hi M2-type cells, which promote fibro-
sis, gradually increase. As such, KLF5 is a pivotal regulator of the 

Figure 11
KLF5 is essential for induction of C/EBPα and S100A8/S100A9 in vivo. (A) Time course of Klf5, Cebpa, S100a8, S100a9, and Ccl2 expres-
sion in kidneys from wild-type and Klf5+/– 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 
Klf5 expression data are the same as in Figure 3A. (B) Time course of KLF5, C/EBPα, S100A8, and S100A9 protein expression after UUO 
in whole kidneys from wild-type (+/+) and Klf5+/– (+/–) mice. (C) Collecting duct–specific expression of KLF5, C/EBPα, S100A8, and S100A9 
12 hours after UUO. KLF5, C/EBPα, 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, CEBPα, S100A8, and S100A9 proteins in 
CD cells isolated from wild-type and Klf5+/– kidneys 1 day after UUO. Relative intensities of the bands analyzed by quantitative densitometry 
are shown. *P < 0.05 versus wild-type. n = 3.
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response of collecting duct cells to renal injury. Because KLF5 reg-
ulates early accumulation of CD11b+Ly-6Clo cells in UUO kidneys, 
Klf5 haploinsufficiency and collecting duct–specific Klf5 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 

different monocyte/macrophage subpopulations: CD11b+F4/
80lo monocytes/macrophages showing M1-type activation and 
CD11b+F4/80hi M2-type macrophages. In addition, we found that 
these subpopulations differentially accumulate over the course of 
the response to UUO: on days 1–4 after UUO, macrophage activa-
tion was skewed to M1-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 

Figure 12
KLF5 in renal collecting duct cells controls renal 
responses to UUO. (A and B) Effects of BM-spe-
cific Klf5 haploinsufficiency on the responses 
to UUO. Wild-type mice whose BM had been 
replaced with either wild-type or Klf5+/– BM were 
subjected to either UUO or sham operation. (A) 
CD11b+F4/80lo 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 Klf5 
deletion on the response to UUO. Klf5fl/fl and  
Klf5fl/fl;Aqp2-Cre mice were subjected to either 
UUO or sham operation. (C) CD11b+F4/80lo 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 Klf5fl/fl mice. n = 5. *P < 0.05 versus sham-
operated mice of the same genotype; #P < 0.05.  
(E) A model of the KLF5–C/EBPα–S100A8/A9 
pathway leading to renal inflammation.
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their study, CD11b+Ly-6Chi immature macrophages exhibited 
M1-type activation, while CD11b+Ly-6Clo macrophages showed 
the M2-type phenotype. The gene expression profiles and surface 
phenotypes observed in the present study strongly suggest that 
CD11b+F4/80lo and CD11b+F4/80hi cells largely correspond to the 
CD11b+Ly-6Chi and CD11b+Ly-6Clo macrophages, respectively.

The results of the present study demonstrate that renal 
CD11b+F4/80lo and CD11b+F4/80hi cells differ functionally from 
one another. By showing that inflammatory CD11b+F4/80lo M1-
type cell accumulation was selectively suppressed in Klf5+/– mice 
and that tubular injury, cellular apoptosis, and proinflammatory 
cytokine expression were all diminished in Klf5+/– 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+F4/80lo and CD11b+F4/80hi 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 Klf5+/– and Klf5fl/fl;Aqp2-Cre mice, 
in which CD11b+F4/80hi M2-type macrophage accumulation was 
increased but accumulation of CD11b+F4/80lo M1-type cells was 
reduced. This suggests that the skewed balance toward M2 acti-
vation in Klf5+/– 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 Klf5+/– kidneys (Figure 4B). Nonetheless, expression 
levels of genes involved in fibrosis, including Col3a1, Fn1, Vim, and 
Tgfb1, were significantly increased from day 4 in Klf5+/– kidneys 
(Figure 3B). The activation of fibrotic processes therefore appears 
to coincide with increases in the M2-type cell fractions in Klf5+/– 
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-β1) 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 Ccl2 expression were 
reduced in CD11b+F4/80lo cells in Klf5+/– kidneys, while levels of 
Tgf1b and Il10 expression were increased in CD11b+F4/80hi cells 
(Figure 7). The finding that injection of Klf5+/– mice with S100A8 
or S100A9 not only skewed the monocyte/macrophage balance 
toward CD11b+F4/80lo 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+F4/80hi 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-6Clo 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+F4/80hi cells as DCs, 
based on the intermediate expression of CD11c and other DC 
markers, including MHCII and CD86 (27). Dong et al. identi-
fied CD11cintF4/80+Ly-6C– cells as F4/80+ DCs and showed that 
the population is increased in UUO kidneys (42). And Heymann 
et al. described CD11cintCD11bint 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 

cytometric methods used, CD11b+F4/80hi cells, or at least 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 during 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 
CD11chiCD11b+CD103+CX3CR1– bona fide DCs, there are Ly-6chi 
monocyte-derived CD11cintCD11b+CD103–CX3CR1+ cells, which 
appear to share at least some phenotypes with renal CD11b+F4/80hi 
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 CD11chiMHCII+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+F4/80lo cells (e.g., 
CD11cloMHCII–/+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+F4/80lo 
cells showed higher levels of CD11c and MHCII, particularly in 
normal and day-7 UUO kidneys (Supplemental Figure 6). Given 
that inflammatory monocytes can differentiate into CD11b+F4/
80hi cells as well as CD11b+F4/80lo cells (Supplemental Figure 12 
and ref. 11), they may represent intermediary cells differentiating 
into CD11b+F4/80hi 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 S100a8 and S100a9 
expression peaked on days 1 and 4, respectively, after UUO (Figure 
11A), at a time when CD11b+F4/80lo cells were accumulating with-
in the kidneys (Figure 4B), which suggests S100A8 and S100A9 are 
essential for inflammatory CD11b+F4/80lo 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+F4/80loLy-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+F4/80hi 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 transferred 5 days after UUO, 
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 Klf5fl/fl;Aqp2-Cre mice demonstrate that 
expression of KLF5 in collecting duct epithelial cells is essential for 
the renal response to UUO. However, KLF5 might also have functions 
in other cell types, including macrophages and fibroblasts. Results 
obtained after transplantation of Klf5+/– BM and in Klf5fl/fl;LysM-Cre 
mice indicate that, even if KLF5 were functionally active in macro-
phages, its cell-autonomous function in macrophages would not 
be important for the renal Klf5+/– phenotypes. Indeed, the reduced 
expression of Il1b and Ccl2 in CD11b+F4/80lo cells and increased 
expression of Tgfb1 and Il10 in CD11b+F4/80hi cells in Klf5+/– mice, 
but not Klf5fl/fl;LysM-Cre mice (Figure 7, A and B), is indicative of the 
importance of cell non-cell-autonomous effects on macrophage acti-
vation in Klf5+/– 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 Klf5 expression in α-SMA+ myofibroblasts, mesangial cells, and 
smooth muscle cells was significantly lower than in cardiac fibro-
blasts (Supplemental Figure 1C). Moreover, if the functions of KLF5 
in renal fibroblasts are similar to those in cardiac fibroblasts, Klf5 
haploinsufficiency in renal fibroblasts would reduce fibrosis. It is 
therefore unlikely that cell-autonomous alterations of fibroblast 
function due to Klf5 haploinsufficiency make a major contribution 
to the renal Klf5+/– phenotypes. The results of the present study thus 
indicate that the observed renal Klf5+/– phenotypes primarily reflect 
Klf5 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 Klf5 expres-
sion was increased within 4 hours after UUO, and KLF5 bound 
to the S100a8 and S100a9 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 

cytokines, likely contribute to activation of collecting duct cells 
(3). In that regard, we recently found that reactive oxygen species 
induce Klf5 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 C57BL6/6J mice were purchased from CLEA Japan and main-
tained on a standard mouse chow diet. Klf5+/– and Klf5fl/fl mice were gen-
erated as described previously (17, 18). Aqp2-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 FACSaria II (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 μg each) was 
injected into the parenchyma of the left kidney without vascular clamp-
ing. The total injected volume for one kidney was 50 μl.

Statistics. Comparisons between 2 groups were made using Student’s  
t 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. 
Error bars represent SD except where otherwise indicated.
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