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Fibrocytes are a distinct population of bloodborne cells that share
markers of leukocytes as well as mesenchymal cells. We hypoth-
esized that CCR7-positive fibrocytes migrate into the kidney in
response to secondary lymphoid tissue chemokine (SLC/CCL21)
and contribute to renal fibrosis. To investigate this hypothesis,
renal fibrosis was induced by unilateral ureteral obstruction in
mice. A considerable number of fibrocytes dual-positive for CD45
and type | collagen (Coll) or CD34 and Coll infiltrated the intersti-
tium, reaching a peak on day 7. Most fibrocytes were positive for
CCR7, and CCL21/CCR7 blockade reduced the number of infiltrating
fibrocytes. CCL21 and MECA79 dual-positive vessels were also
detected in the interstitium. The blockade of CCL21/CCR7 signaling
by anti-CCL21 antibodies reduced renal fibrosis, which was con-
firmed by a decrease in fibrosis in CCR7-null mice with concomitant
reduction in renal transcripts of pro a1 chain of Coll and TGF-.
The number of F4/80-positive macrophages decreased along with
renal transcripts of monocyte chemoattractant protein 1 (MCP-1/
CCL2) after the blockade of CCL21/CCR7 signaling. These findings
suggest that CCR7-positive fibrocytes infiltrate the kidney via
CCL21-positive vessels, thereby contributing to the pathogenesis
of renal fibrosis. Thus, the CCL21/CCR7 signaling of fibrocytes may
provide therapeutic targets for combating renal fibrosis.

kidney | CD45

Fibrosis is a hallmark of progressive organ diseases, resulting
in organ failure. Despite varied etiologies, renal diseases
progress to end-stage renal failure characterized by glomerulo-
sclerosis and interstitial fibrosis (1, 2). In addition, renal fibrosis
determines the prognosis of renal diseases independent of their
etiologies (3, 4). The histological picture of renal fibrosis is
characterized by tubular atrophy and dilation, interstitial leuko-
cyte infiltration, accumulation of fibroblasts, and increased
interstitial matrix deposition (5). Currently, resident fibroblasts,
epithelial-mesenchymal transition (EMT)-derived fibroblasts/
myofibroblasts, and monocytes/macrophages are thought to be
participants in the pathogenesis of renal fibrosis (6—9). However,
the precise pathogenic mechanisms of renal fibrosis remain to be
determined.

A circulating bone marrow-derived population of fibroblast-
like cells (termed fibrocytes) was first identified a decade ago
(10). Fibrocytes comprise a minor fraction of the circulating pool
of leukocytes (<1%) and share the markers of leukocytes (e.g.,
CD45 and CD34) as well as mesenchymal cells [e.g., type I
collagen (Coll) and fibronectin] (11, 12). Fibrocytes are present
in experimental fibrosis associated with conditions such as
pulmonary fibrosis, bronchial asthma, and skin wounds (13-15).
Furthermore, fibrocytes are detected in human fibrosing dis-
eases including nephrogenic fibrosing dermopathy and burns
(16, 17). CD34-positive spindle cells are also reported to be
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present in the interstitium in patients with glomerulonephritis
(18). In addition, fibrocytes express chemokine receptors such as
CCR7, CXCR4, and CCR2 (12, 13). Recent studies demon-
strated that chemokine receptors on fibrocytes are involved in
the recruitment of circulating fibrocytes to sites of fibrosis (12,
13). However, the roles of fibrocytes in the pathogenesis of renal
fibrosis and their trafficking into diseased kidneys have not been
fully investigated.

A ligand for CCR7, secondary lymphoid tissue chemokine
(SLC/CCL21), is a member of the CC chemokine family, the
first two cysteine residues of which are adjacent to each other.
CCL21 contains six cysteines and is a potent chemoattractant for
T cells, B cells, and dendritic cells (19-21). In addition, CCL21
also acts as a chemotactic stimulus for fibrocytes (15). In humans
as well as in mice, CCL21 is constitutively abundant in lymphoid
tissues, particularly in the lymph nodes and spleen. It is of note
that CCL21 is also expressed at lower levels in some nonlym-
phoid tissues, including the lung (20). CCL21 expression has
been shown to be localized in high endothelial venules (HEVs)
in lymph nodes under physiological conditions (20) as well as in
nonlymphoid tissues under inflammatory conditions (22).

These findings prompted us to examine whether the contri-
bution of fibrocytes to renal fibrosis depends on CCL21/CCR7
signaling. To address this issue, we evaluated renal fibrosis
induced by unilateral ureteral obstruction (UUQO), a well known
renal fibrosis model (23, 24), in mice treated with specific
neutralizing anti-CCL21 antibodies and in CCR7-null mice. We
report here that fibrocytes were pivotally involved in the patho-
genesis of renal fibrosis and that blockade of CCL21/CCR7
signaling represented a beneficial therapeutic approach to pro-
gressive fibrosis of the kidney in this mouse model.

Results

Effect of Inhibition of CCL21/CCR7 Signaling on Renal Fibrosis and Coll
Expression. To determine the impact of CCL21/CCR?7 signaling on
progressive renal interstitial injury, interstitial fibrotic areas ex-
pressed as blue on Mallory-Azan-stained histological samples were
examined by computer analysis. In wild-type mice, ureteral ligation
caused progressive renal fibrosis in obstructed kidneys (Fig. 1 @ and
f). In contrast, the mean interstitial fibrosis, expressed as percent-
age per square millimeter, was reduced in mice treated with
anti-CCL21 antibodies and in CCR7-null mice compared with that
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Fig. 1. Inhibition of CCL21/CCR7 signaling reduced renal fibrosis. In wild-
type mice, ureteral ligation caused progressive renal fibrosis in obstructed
kidneys (a and f) compared with thatin normal kidneys (b) and in contralateral
kidneys (c). In contrast, the mean interstitial fibrosis was reduced in ob-
structed kidneys treated with anti-CCL21 antibodies (d) and in CCR7-null mice
(e) compared with that in UUO-treated wild-type mice 7 days after UUO (g).
Total tissue collagen content (hydroxyproline) was markedly reduced in mice
treated with anti-CCL21 antibodies and in CCR7-null mice compared with that
in UUO-treated wild-type mice 7 days after UUO (h). The up-regulated mRNA
expression of Coll as well as TGF-B in diseased kidneys was reduced by
CCL21/CCR7 signaling blockade (i and j). Mallory—Azan staining was done at
an original magnification of x200. Values are the mean + SEM. *, P < 0.05
compared with wild-type mice on day 7. (Scale bars: 50 um.)

in wild-type mice 7 days after UUO (Fig. 1 d, e, and g). In addition,
the amount of hydroxyproline was evaluated for a more quantitative
measurement to determine tissue collagen content. Similar to the
computer-assisted measurement of renal fibrotic area, total tissue
collagen content was significantly reduced in mice treated with
anti-CCL21 antibodies and in CCR7-null mice (Fig. 1/). Further-
more, ureteral ligation enhanced the pro al chain of Coll
(COL1A1) mRNA expression in wild-type mice, which was signif-
icantly reduced by blockade of CCL21/CCR?7 signaling (Fig. 1i).
Seven days after ureteral ligation, transcripts of TGF-p;, which is a
profibrotic molecule, were up-regulated in wild-type mice, whereas
the levels were reduced in mice treated with anti-CCL21 antibodies
as well as in CCR7-null mice (Fig. 1j). Thus, CCL21/CCR7
signaling appears to play a role in the pathogenesis of renal fibrosis.

Fibrocytes Infiltrated the Kidney After Ureteral Ligation. One of the
unique characteristics of fibrocytes is the simultaneous expression
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Fig. 2. Fibrocytes infiltrated the kidney after ureteral ligation. In wild-type
mice, CD45%/Coll* fibrocytes infiltrated the interstitium, especially the corti-
comedullary regions after ureteral ligation. (a) CD45. (b) Merge. (c) Coll.
Arrowheads indicate CD45*/Coll* fibrocytes. The number of infiltrating fi-
brocytes (CD45"/Coll* and CD34"/Coll*) increased with the progression of
fibrosis after ureteral ligation, reaching a peak on day 7 (d). In contrast, the
number of infiltrating fibrocytes (CD45*/Coll*) was reduced in mice treated
with anti-CCL21 antibodies (8.8 = 1.8 per square millimeter; n = 7) and in
CCR7-null mice (7.5 = 1.4 per square millimeter; n = 7) compared with that in
wild-type mice (19.2 + 2.5 per square millimeter; n = 7) 7 days after ureteral
ligation (e). Values are the mean = SEM. UUO, UUO-treated wild-type mice;
Control, untreated wild-type mice. *, P < 0.05 compared with wild-type mice
on day 7. (Scale bars: 50 um.)

of both leukocyte markers, such as CD45 and CD34, and Coll (12).
Therefore, these cells are identified in tissue samples by double
immunohistochemistry using specific antibodies against CD45 and
Coll. In wild-type mice with ureteral ligation, CD45 and Coll
dual-positive fibrocytes (CD45" /Coll *) infiltrated the interstitium,
especially the corticomedullary regions (Fig. 2 a—). The number of
infiltrating fibrocytes increased with the progression of fibrosis after
ureteral ligation, reaching a peak on day 7 (19.2 * 2.5 per square
millimeter; n = 7) (Fig. 2d). To further verify the existence of
fibrocytes, dual immunostainings of CD34 and Coll were also
performed. The infiltration of CD34 and Coll dual-positive fibro-
cytes was observed in the interstitium and correlated with disease
progression as determined by CD45 and Coll dual immunostain-
ings (Fig. 2d). In addition, dual-labeling was performed by immu-
nofluorescence immunohistochemistry to determine the presence
of CCR7-expressing fibrocytes. Expressions of both CCR7 and Coll
were assessed, because CCR7-positive T cells, B cells, and dendritic
cells are not capable of producing Coll. CCR7-expressing fibrocytes
positive for both CCR7 and Coll (CCR7*/Coll*) were detected in
diseased kidneys 7 days after UUO in wild-type mice (Fig. 3 a—).
Furthermore, flow cytometry analyses of renal cells isolated from
normal kidneys, obstructed kidneys, and contralateral kidneys 7
days after UUO were performed to determine the characteristics
of infiltrating fibrocytes. In wild-type mice, the ratio of CCR7*/
ColI* cells in obstructed kidneys was increased to 7.9% of the total
isolated renal cells compared with that in normal kidneys (0.25%)
and contralateral kidneys (0.21%) (Fig. 3d). Of these CCR7-
expressing fibrocytes in obstructed kidneys, 66.5% of cells were
CXCR4"/CCR2%,16.8% of cells were CXCR4* /CCR2", 4.3% of
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Fig. 3. Infiltrating fibrocytes were positive for CCR7 as well as CXCR4 and
CCR2. Immunofluorescence immunohistochemistry and flow cytometry were
performed to determine the presence of CCR7 on infiltrating fibrocytes by
detecting CCR7 and Coll. Dual-positive cells for CCR7 and Coll were detected
in diseased kidneys 7 days after ureteral ligation in wild-type mice in immu-
nohistochemical studies. (a) CCR7. (b) Merge. (c) Coll. Arrowheads indicate
CCR7%/Coll* fibrocytes. In wild-type mice, flow cytometry analyses demon-
strated that the proportion of CCR7*/Coll* cells in obstructed kidneys was
increased to 7.9% of the total isolated renal cells compared with that in
normal kidneys (0.25%) and contralateral kidneys (0.21%) (d). Of these CCR7-
expressing fibrocytes in obstructed kidneys, 66.5% were CXCR4*/CCR2*,
16.8% were CXCR4"/CCR2, 4.3% were CXCR4~/CCR2", and 12.4% were
CXCR4~/CCR2™ (e Left). In addition, the percentages of CCR7-negative colla-
gen-producing cells (CCR7~/Coll*) rose to 26.7% of the isolated renal cells in
obstructed kidneys (d). Of these CCR7~/Coll* cells, 48.9% (13.0% of total
isolated cells) were thought to be CCR2- and/or CXCR4-positive fibrocytes
(CCR7-nonexpressing fibrocytes) (e Right). UUO, UUO-treated wild-type mice;
Control, untreated wild-type mice. (Scale bars: 50 um.)

cells were CXCR4~/CCR2", and 12.4% of cells were CXCR4~/
CCR2~ (Fig. 3e). In addition, the percentage of CCR7-negative
collagen-producing cells (CCR7~/Coll™*) increased to 26.7% of the
total isolated renal cells from obstructed kidneys (Fig. 3d). Fur-
thermore, 48.9% of these CCR7~/Coll™ cells (13.0% of total
isolated cells) were thought to be CCR2- and/or CXCR4-
expressing fibrocytes (CCR7-nonexpressing fibrocytes) (Fig. 3e).
As aresult, 37.8% of infiltrating fibrocytes expressed CCR7 (num-
ber of CCR7"/Coll* divided by the number of CCR7" or
CXCR4" or CCR2*/Coll*).
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Fig.4. CCL21-positive HEV-like vessels were detected in fibrotic kidney. The
expression of CCL21 mRNA in diseased kidneys was up-regulated with pro-
gression of fibrosis in wild-type mice (a). Furthermore, the colocalization of
CCL21 protein with MECA79-positive vessels was detected in the corticomed-
ullary junction on day 7. (b) CCL21. (c) Merge. (d) MECA79. Arrow, CCL21 and
MECA79 dual-positive vessel. Values are the mean = SEM. (Scale bars: 50 um.)

CCL21/CCR7-Dependent Fibrocyte Infiltration in the Kidney. To elu-
cidate the role of CCL21/CCR?7 interaction in the infiltration of
fibrocytes into the kidney, anti-CCL21 antibody-treated mice
and CCR7-null mice were used. The number of infiltrating
fibrocytes (CD45"/Coll*) was reduced both in mice treated
with anti-CCL21 antibodies (8.8 = 1.8 per square millimeter; n =
7) and in CCR7-null mice (7.5 * 1.4 per square millimeter; n =
7) compared with that in wild-type mice (19.2 * 2.5 per square
millimeter; n = 7) 7 days after UUO (Fig. 2e). It was further
noted that the number of CCR7%/Coll* was also decreased in
mice treated with anti-CCL21 antibodies (4.8 + 1.8 per square
millimeter; n = 7) (P < 0.05 vs. wild-type) compared with that
in wild-type mice (10.2 + 2.5 per square millimeter; n = 7) 7 days
after UUO. Furthermore, the infiltration of CCR2*/Coll* was
significantly reduced both in mice treated with anti-CCL21
antibodies (2.9 + 1.1 per square millimeter; n = 7) (P < 0.05 vs.
wild-type) and in CCR7-null mice (3.4 + 0.9 per square milli-
meter; n = 7) (P < 0.05 vs. wild-type) compared with that in
wild-type mice (5.6 + 1.3 per square millimeter; n = 7) 7 days
after UUO, whereas there was no difference in the number of
CXCR47"/Coll* between wild-type mice (8.4 + 2.3 per square
millimeter; n = 7), anti-CCL21 antibody-treated mice (9.3 + 1.7
per square millimeter; n = 7), and CCR7-null mice (8.6 + 3.1 per
square millimeter; n = 7).

Detection of CCL21-Positive HEV-Like Vessels in Fibrotic Kidney.
RT-PCR was performed to determine the renal expression of
CCL21 during fibrogenesis. The expression of CCL21 mRNA in
diseased kidneys was up-regulated with the progression of
fibrosis in wild-type mice after ureteral ligation (Fig. 4a).
Furthermore, dual immunostainings were performed to deter-
mine the CCL21 expression by HEV-like vessels in diseased
kidneys. MECA79 antibody was used immunohistochemically to
detect HEV-like vessels in the kidney, because the MECA79-
reactive antigen is closely associated with the carbohydrate
ligands for L-selectin, which are expressed on HEVs in lymphoid
tissues and at sites of chronic inflammation (25). In UUO-
treated wild-type mice, CCL21 protein colocalized with
MECA79-positive vessels in the corticomedullary regions on day
7 (Fig. 4 b—d). The increase in the number of CCL21 and
MECAY79 dual-positive vessels correlated with the progression of
fibrosis after ureteral ligation, reaching a peak on day 7 [7.5 =
1.1/all fields on day 7 (n = 7) (P < 0.05) vs. 0.3 = 0.2/all fields
on day 0 (n = 7)].

Sakai et al.
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Effect of Blockade of CCL21/CCR7 Signaling on Expression of Renal
Monocyte Chemoattractant Protein-1 (MCP-1/CCL2) and Infiltration of
F4/80-Positive Macrophages. CCL2 is thought to be a profibrotic
mediator in various organs (9, 12). Transcription of CCL2 was
faintly detected in UUO-untreated kidneys by real-time RT-
PCR. Seven days after UUO, the expression of CCL2 mRNA
was up-regulated in obstructed kidneys in wild-type mice. In
contrast, expression was reduced both in mice treated with
anti-CCL21 antibodies and in CCR7-null mice compared with
that in UUO-treated wild-type mice (see Fig. 6, which is
published as supporting information on the PNAS web site). In
addition, the number of infiltrated F4/80-positive macrophages
in the interstitium was reduced in mice treated with anti-CCL21
antibodies and in CCR7-null mice 7 days after UUO compared
with that in UUO-treated wild-type mice (see Fig. 6). In contrast,
the cell number in the glomeruli did not differ at any time point
after ureteral ligation (data not shown).

Discussion

In this study we demonstrated that circulating CD45" /Coll* fi-
brocytes infiltrated the diseased kidneys in a murine UUO model.
CCR?7 was also expressed on the infiltrating fibrocytes. In contrast,
the inhibition of CCL21/CCR?7 signaling reduced the severity of
fibrocyte infiltration and the extent of fibrosis in this model.
Concomitantly, the blockade of CCL21/CCR?7 signaling reduced
the renal expression of TGF-B; and Coll. Thus, we conclude that
fibrocytes contribute to renal fibrosis by the production of Coll and
that this process requires CCL21/CCR?7 signaling.

Recently, it was reported that expressions of certain chemo-
kine receptors, such as CCR7, CXCR4, and CCR2, are detect-
able on fibrocytes isolated from humans and mice (12, 13).
Therefore, flow cytometry analyses were performed in this study
to characterize the infiltrating fibrocytes based on expressions of
chemokine receptors. In wild-type mice in this study, 37.8% of
the infiltrating fibrocytes expressed CCR7 after ureteral ligation.
Of these CCR7-expressing fibrocytes, 66.5% of cells were pos-
itive for both CXCR4 and CCR2, and 21.1% of cells were
positive for either CXCR4 or CCR2. Based on the finding that
treatment with anti-CCL21 antibodies or CCR?7 deficiency re-
sulted in a >50% reduction in the number of CD45"/Coll*
fibrocytes, CCL21/CCR?7 signaling is thought to be the major
pathway attracting fibrocytes into the kidney in this particular
model. Moreover, blockade of CCL21/CCR?7 signaling reduced
the number of CCR7-expressing fibrocytes as well as CCR2-
expressing fibrocytes in immunohistochemical studies. A recent
study reported that CCL2/CCR2 signaling mediated recruit-
ment of CCR2-expressing fibrocytes to the alveolar space after
administration of fluorescein isothiocyanate, resulting in pul-
monary fibrosis (12). In this study, renal CCL2 expression in
obstructed kidneys was also reduced by the CCL21/CCR7
blockade. Fibrocytes have been reported to be capable of
producing CCL2 under pathological fibrotic conditions (11).
Therefore, inhibiting the infiltration of CCR7-expressing fibro-
cytes appears to decrease the infiltration of CCR2-expressing
fibrocytes through suppression of CCL2 production, thereby
contributing to more effective protection from renal fibrosis
(Fig. 5). Thus, the CCL21/CCR?7 pathway strongly contributes
to the trafficking of fibrocytes into the kidney, leading to renal
fibrosis. In contrast, the infiltration of CXCR4-positive fibro-
cytes was not reduced by the blockade of CCL21/CCR7. In
another study, CXCR4-positive fibrocytes migrated in response
to CXCL12, a ligand for CXCR4, and trafficked to the lungs in
a murine model of bleomycin-induced pulmonary fibrosis (13).
Furthermore, treatment of bleomycin-exposed animals with
specific neutralizing anti-CXCL12 antibodies inhibited infiltra-
tion of CXCR4-positive fibrocytes and attenuated lung fibrosis
(13). Therefore, these findings suggest that other chemokine/
chemokine receptor pathways may also be involved in the
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Fig. 5. Schema for CCL21/CCR7-dependent infiltration and activation of
fibrocytes in fibrosis. We propose that CCR7-expressing circulating fibrocytes
infiltrate in the kidney via CCL21-positive HEV-like vessels as illustrated. In
addition, fibrocytes might be involved in the pathogenesis of fibrosis not only
by synthesizing collagen but also by regulating the infiltration and activation
of macrophages through CCL2 production. In addition, it is possible that
fibrocytes regulate EMT through the production of TGF-g3;.

recruitment and activation of fibrocytes, resulting in progressive
fibrosis. Further studies will be required to elucidate the precise
mechanisms of fibrocyte trafficking into target organs.

Our study demonstrates that CCL21-positive HEV-like vessels
were induced in diseased kidneys, mainly in the corticomedullary
regions. The number of CCL21 and MECA79 dual-positive
HEV-like vessels as well as renal expression of CCL21 mRNA
increased with disease progression after ureteral ligation. HEVs
are specialized venules that allow rapid and selective lymphocyte
trafficking from the blood into lymph nodes and Peyer’s patches
under physiological conditions (26). HEVs express certain che-
mokines, such as CCL21 (20) and EBIl-ligand chemokine/
CCL19 (27), that can activate CCR7-expressing cells. However,
HEV-like vessels, which are observed in chronically inflamed
nonlymphoid tissues, are thought to play an important role in the
pathogenesis of various inflammatory diseases, such as rheuma-
toid arthritis and Graves’ disease (28, 29). In addition, CCL21
and MECA79 dual-positive vessels were found in synovial tissues
from patients with rheumatoid arthritis (30). With regard to
human kidney diseases, MECA79-positive HEV-like vessels
located at the corticomedullary junction were detected and
associated with interstitial leukocyte infiltration in human glo-
merulonephritis, whereas MECA79-positive vessels were not
detected in normal kidneys (31). In this study, the number of
infiltrating CCR7-positive fibrocytes was markedly reduced by
the blockade of CCL21/CCR7 signaling. Taken together, these
findings suggest that CCR7-expressing circulating fibrocytes
infiltrate the kidney via CCL21-positive HEV-like vessels as
illustrated in Fig. 5, resulting in the contribution to renal fibrosis.

In this study, fibrocytes dual-positive for CCR7 and Coll
infiltrated fibrotic kidneys. However, the precise intracellular
signal transduction pathway for collagen production in fibrocytes
has not been fully defined. A recent report showed that CCL21/
CCR7 signaling activates MAPK family members including
ERK, JNK/stress-activated protein kinase, and p38 MAPK,
which control chemotaxis and the migratory speed of CCR7-
positive dendritic cells (32). Of note, the expression of Coll is
also regulated by the MAPK family in vitro (33). Therefore, the
interaction of CCR7 on circulating fibrocytes with CCL21
expressed on HEV-like vessels during fibrocyte extravasation
might induce the activation of a signal transduction pathway such
as that involving the MAPK family, resulting in the production
of collagen and the development of fibrosis.
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Progressive organ fibrosis is pathologically characterized by the
presence of infiltrating macrophages and accumulation of extracel-
lular matrix, including ColI (1). Currently, macrophages are thought
to be involved in the development of fibrosis by secreting various
cytokines and growth factors including TGF-B; (34). Furthermore,
recent studies reported that the CCL2/CCR2 signaling pathway is
involved in the progression of fibrosis through the recruitment and
activation of macrophages in various fibrotic diseases (9, 35-40).
CCL2 is reported to be produced by tubular epithelial cells and
infiltrating cells in fibrotic kidneys (37). Recently, the expression of
CCL2 mRNA was shown to be enhanced in fibrocytes under
fibrotic circumstances (11). In addition, the current study demon-
strated that renal expression of CCL2 mRNA and the infiltration
of F4/80-positive macrophages as well as CCR7-expressing fibro-
cytes were significantly reduced in mice treated with anti-CCL21
antibodies and in CCR7-null mice after ureteral ligation compared
with that in UUO-treated wild-type mice. Our previous reports
demonstrated that monocytes/macrophages also contribute to re-
nal fibrosis because the blockade of CCL2/CCR2 signaling resulted
in a 30% reduction of renal fibrosis after ureteral ligation (9, 39).
In contrast, fibrosis and infiltration of fibrocytes in the kidneys were
reduced up to 50% by the inhibition of CCL21/CCR?7 signaling in
this study. Taken together, these findings suggest that CCR7-
expressing fibrocytes are involved in the pathogenesis of fibrosis not
only by secreting collagen but also by regulating the infiltration and
activation of macrophages through CCL2 production (Fig. 5).

To date, participants involved in the pathogenesis of renal
fibrosis have been considered resident fibroblasts, EMT-
derived fibroblasts/myofibroblasts, and monocytes/macro-
phages (6-9). TGF-B; is a well characterized inducer of EMT
in renal tubular epithelial cells (7), whereas bone morphogenic
protein 7 counteracts TGF-Bi-induced EMT, resulting in
improvement of renal fibrosis and renal function in experi-
mental progressive renal diseases (7, 41). Recently, fibrocytes
have been demonstrated to be capable of producing TGF-g;
under fibrotic conditions (11). Therefore, it is possible that
fibrocytes regulate EMT through the production of TGF-B;
(Fig. 5). In addition, a recent report has demonstrated that
36% of renal fibroblasts found in a UUO model were derived
from EMT and that 15% were derived from CD34-negative
fibroblasts in bone marrow (8). However, fibrocytes detected
in this study were positive for leukocyte markers, such as CD34
and CD45; therefore, it is suggested that the origin of fibro-
cytes may be different from that of CD34-negative fibroblasts.
Collectively, fibroblasts derived from EMT and CD34-negative
fibroblasts in bone marrow, as well as circulating fibrocytes,
may be involved in organ fibrosis. Further investigations are
needed to elucidate the origin and mechanisms of differenti-
ation of precursor cells to fibrocytes.

In summary, these findings suggest that CCR7-positive fibro-
cytes infiltrate the kidney via CCL21-positive HEV-like vessels,
thereby contributing to the pathogenesis of renal fibrosis. Reg-
ulating the recruitment and activation of fibrocytes may provide
a therapeutic approach to combating organ fibrosis.

Materials and Methods

Details are presented in Supporting Materials and Methods, which
is published as supporting information on the PNAS web site. In
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brief, inbred male BALB/c mice, aged 8 wk, were obtained from
Charles River Japan (Atsugi, Kanagawa, Japan). CCR7-null
mice, aged 8 wk, were also used (42).

All procedures used in the animal experiments complied with
the standards set out in the Guidelines for the Care and Use of
Laboratory Animals of the Takara-machi campus of Kanazawa
University. Unilateral ureteral ligation was performed as pre-
viously described (5). To evaluate the impact of CCL21/CCR7
signaling on renal fibrosis as well as infiltrates in diseased
kidneys, 600 ug of rabbit anti-CCL21 polyclonal antibodies (22)
in 0.6 ml of normal saline or preimmunized rabbit IgG as a
negative control was administered by tail vein 1 h before ureteral
ligation. This antibody was obtained by immunizing 3-kg New
Zealand White rabbits with 100-200 pg of recombinant murine
CCL21 as previously described (22). The mean interstitial fi-
brotic area, expressed as blue on Mallory—Azan staining, was
determined from the whole area of cortex and outer medulla in
the individual complete sagittal kidney section and is expressed
as the percentage per square millimeter of the field using Mac
Scope version 6.02 (Mitani Shoji, Fukui, Japan).

Fibrocytes were identified in tissue samples by double immu-
nohistochemistry using specific antibodies against CD45 (Santa
Cruz Biotechnology, Santa Cruz, CA) or CD34 (BD Pharmin-
gen, San Diego, CA) and Coll (Chemicon International, Te-
mecula, CA) as previously described (12). Photoshop (Adobe
Systems, San Jose, CA) was used for image handling, and
three-color channels were handled separately. A preparation of
isolated renal cells, including renal resident cells and infiltrated
cells, was obtained from normal kidneys, obstructed kidneys, and
contralateral kidneys 7 days after UUO in wild-type mice (5).
After lysis of erythrocytes with FACS lysing solution (Becton
Dickinson, San Jose, CA), cells were stained with FITC-labeled
goat anti-mouse CCR2 polyclonal antibodies (Santa Cruz Bio-
technology), PerCP-Cy5.5-conjugated rat anti-mouse CXCR4
monoclonal antibody (BD Pharmingen), allophycocyanin-
conjugated rat anti-mouse CCR7 monoclonal antibody (BioLeg-
end, San Diego, CA), and R-phycoerythrin-labeled rabbit anti-
mouse Coll polyclonal antibodies (Chemicon International), and
then analyzed on a FACSCalibur flow cytometer using
CELLQuest software (Becton Dickinson). Cells incubated with
irrelevant isotype-matched antibodies (BD Pharmingen) and
unstained cells were used as controls. The cutoffs were set
according to the findings in controls.

The expression of COL1A1, TGF-B;, and CCL2 in the whole
kidneys was determined by quantitative real-time RT-PCR using
the ABI Prism 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA). Transcripts of CCL21 in diseased
kidneys were also estimated by semiquantitative RT-PCR. Sta-
tistical analyses were performed by using the Wilcoxon rank-sum
test, the Kruskal-Wallis test, and ANOVA.
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