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Abstract Renal fibrosis is the final pathological process common to any ongoing,
chronic kidney injury or maladaptive repair. Renal fibrosis is considered to be
closely related to various cell types, such as fibroblasts, myofibroblasts, T cells,
and other inflammatory cells. Multiple types of cells regulate renal fibrosis through
the recruitment, proliferation, and activation of fibroblasts, and the production of the
extracellular matrix. Cell trafficking is orchestrated by a family of small proteins
called chemokines. Chemokines are cytokines with chemotactic properties, which
are classified into 4 groups: CXCL, CCL, CX3CL, and XCL. Similarly, chemokine
receptors are G protein-coupled seven-transmembrane receptors classified into
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4 groups: XCR, CCR, CXCR, and CX3CR. Chemokine receptors are also impli-
cated in the infiltration, differentiation, and survival of functional cells, triggering
inflammation that leads to fibrosis development. In this review, we summarize the
different chemokine receptors involved in the processes of fibrosis in different cell
types. Further studies are required to identify the molecular mechanisms of chemo-
kine signaling that contribute to renal fibrosis.

Keywords Chemokine receptors · Macrophages · Myofibroblasts · Renal fibrosis ·
T cells

1 Introduction

Renal fibrosis is widely regarded as a common pathway contributing to end-stage
renal disease, characterized by aberrant activation and the development of renal
fibroblasts and overproduction of proteins of extracellular matrix (ECM) (Meng
et al. 2014). During fibrosis, the kidney is stimulated by various pathogenic factors in
diverse diseases including trauma, infection, inflammation, blood circulation disor-
der, and immune response. Fibrosis can be viewed as an aberrant wound healing, in
which there is progression rather than scar recovery following damage, and fibro-
blasts are central to this process. Fibrosis is closely related to tissue regeneration and
inflammation, which is mediated by specific types of cells, including epithelial,
endothelial, fibroblast, pericyte, myofibroblast, and inflammatory cells (Duffield
2014). Pathogenic factors such as drug poisoning, high blood pressure, diabetes,
and infection can cause damage to the intrinsic cells which can release some
cytokines. These cytokines attract a series of inflammatory cells in blood to infiltrate
the mesangial, vascular, and interstitial areas. In response to inflammatory media-
tors, the intrinsic cells release nephrotoxic cytokines and growth factors, causing the
proliferation of fibroblasts and further differentiation to myofibroblasts in the renal
interstitium. With the constant stimulation of cytokines and growth factors, fibro-
blasts continue to proliferate and synthesize extracellular matrix (ECM) compo-
nents. Kidney-derived cells, such as mesangial cells, glomerular epithelial cells, and
renal tubular epithelial cells, can also be differentiated into myofibroblasts. More
than half of the renal myofibroblasts have been confirmed to be derived from local
fibroblasts, while most of the remainder are derived from bone marrow, endothelial-
to-mesenchymal transition program, and epithelial-to-mesenchymal transition pro-
gram (LeBleu et al. 2013). The impaired imbalance in the synthesis and degradation
of ECM components promotes the formation of fibrous tissue, eventually leading to
glomerular sclerosis, renal fibrosis, and formation of persistent scars.

Abundant evidences have shown that most chemokines and their receptors are
crucial participants in the progression of renal fibrosis. Chemokines are chemotac-
tically categorized into four groups of cytokines based on the location of two
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cysteine residues in their sequence: XCL, CCL, CXCL, and CX3CL (Griffith et al.
2014). Chemokine receptors are G protein-coupled seven-transmembrane receptors
classified into four groups: XCR, CCR, CXCR, and CX3CR. Chemokine receptors
are expressed in various leukocytes and immune cells. Chemokines and their
receptors play an essential role in various physiological and pathological processes
(Griffith et al. 2014).

The change of chemokine expression at the lesion site is also an important part of
renal fibrosis. High expression of CCL2 in kidney has a very strong association with
the progression of renal disease, and the blockade of CCL2 receptor (CCR2) reduces
interstitial fibrosis (Kitagawa et al. 2004). High expression levels of CXCL10 and
CXCL9 have been reported in glomerular cells in kidney biopsies of patients with
membranoproliferative and crescentic glomerulonephritis (Romagnani et al. 2002).
CCL18 is also identified as one of the central chemokines in glomerulonephritis
(Brix et al. 2015). In hypertension mice, significantly CX3CL1 mRNA expression
increases in whole kidney, and the protein localizes to tubular epithelial and vascular
endothelial cells (Shimizu et al. 2011).

Chemokines are involved in the development of inflammatory cells in patholog-
ical and physiological processes. CXCR2 regulates neutrophils recruitment in
response to CXCL1 (Drummond et al. 2019). CXCL8, as another ligand of
CXCR1/2, can also modulate neutrophil migration (Zuniga-Traslavina et al. 2017).
CXCR3 mainly expresses on activated Th1 cells, NK cells, macrophages, and other
immune cells which may play an important role in renal fibrosis (Campanella et al.
2008). CXCR4 participates macrophages differentiation (Ding et al. 2019) and T
cells recruitment, so as CXCL16/CXCR6 (Seo et al. 2019; Wehr et al. 2013; Zhang
et al. 2009). CCL3 and CCL5 can interact with CCR1 to attract macrophages and T
cells (Olszewski et al. 2000) (Fig. 1).

Myeloid cells and organ-resident cells are also involved in the process of tissue
fibrosis. Circulating bone marrow-derived fibroblast precursors were chemotactic
and differentiated under the control of CXCL16/CXCR6 and CCL2/CCR2 (Chen
et al. 2011; Xia et al. 2013). CXCR4 is well known for its role in the homing of
progenitor cells into the bone marrow (Doring et al. 2014) (Table 1).

Some fibrosis-related molecule productions are also directly or indirectly regu-
lated by chemokines. CXCL8 was a potent suppressor of MMPs which acted their
proteolytic activity in tissue fibrosis (Milovanovic et al. 2017). CXCR4 could induce
pro-fibrotic collagen in some diseases such as cancer (Dong et al. 2019). CXCR4
induced platelet-derived growth factor-β to promote pulmonary fibrosis by traffick-
ing of circulating fibrocytes (Aono et al. 2014). Th17-derived cytokines were related
to fibrosis and could be induced by CCR2 (Gurczynski et al. 2019). CXCR6 could
activate human pulmonary fibroblasts to produce collagen production (Ma et al.
2019).

Accumulating evidences indicate that chemokine receptors are key regulators of
renal fibrosis in diseased kidneys. Therefore, the purpose of this summary is to
provide a succinct overview of recent progress in the pathogenesis of renal fibrosis
on chemokine receptors.

The Role of Chemokine Receptors in Renal Fibrosis 3
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Table 1 The role of chemokine receptors in renal fibrosis

Chemokine
receptors Ligands Pro-fibrosis Anti-fibrosis

CXCR1/
CXCR2

CXCL8,
CXCL1,
CXCL2

CXCL8 increased in both urinary
and serum levels (Wong et al.
2007)
G31P, an antagonist of CXCL8,
inhibited fibrotic factor
upregulation in human renal
mesangial cells through JAK2/
STAT3 and ERK1/2 pathways
(Cui et al. 2017)
The GP31 improved kidney
fibrosis by reduction in ECM
(Cui et al. 2017; Ye et al. 2018)
CXCL1 induced podocyte death
and adhesion dysfunction in
podocytes via CXCR2 (Zhu et al.
2013)
TLR4 on intrinsic renal cells
contributes to the induction of
antibody-mediated glomerulone-
phritis via CXCL1 and CXCL2
(Brown et al. 2007)
MiR-146a prevented the devel-
opment of inflammation and
fibrosis by targeting CXCL8 in
ischemia-reperfusion injury
(Amrouche et al. 2017)
CXCL1 levels were positively
associated with fibrosis in IgA
nephropathy (Zhao et al. 2015;
Zhu et al. 2013)

CXCR3 CXCL9,
CXCL10,
CXCL11

CXCL9/CXCL10 in macro-
phages was induced by biglycan
via TLR/TRIF/MyD88-signaling
(Nastase et al. 2018)
CXCR3+ Th1 and Th17 cells can
be recruited into the kidney in
fibrosis progress (Nastase et al.
2018; Steinmetz et al. 2009)

CXCL10 prevented fibrosis in
diabetic kidney disease in mice
(Zhang et al. 2018)
Blockade of CXCL10 via
CXCR3 contributes to renal
fibrosis by upregulation of
TGF-β1 (Nakaya et al. 2007)

CXCR4 CXCL12 CXCR4 was overexpressed in
renal fibrosis samples (Maluf
et al. 2008; Togel et al. 2005)
Administration of AMD3100, the
CXCR4 inhibitor, reduced renal
fibrosis in oxidative stress-
induced podocyte injury
(Mo et al. 2017)
CXCR4 antagonist blunts the
increase in classic indicators of

Continuous AMD3100 treat-
ment exacerbates the renal
fibrosis by attracting T cell in
unilateral ureteral obstruction
mice (Yang et al. 2016)

(continued)

6 F. Wu et al.



Table 1 (continued)

Chemokine
receptors Ligands Pro-fibrosis Anti-fibrosis

fibrosis and fibroblast activation
(Yuan et al. 2015)

CXCR6 CXCL16 CXCL16/CXCR6 promoted the
recruitment, activation, and dif-
ferentiation of bone marrow-
derived fibroblasts precursors
and contribute to the pathogene-
sis of renal fibrosis (Chen et al.
2011; Xia et al. 2014b)
CXCL16 deficiency impaired
myeloid fibroblast accumulation
and myofibroblasts formation
(Ma et al. 2016a, b)
CXCR6 regulated the infiltration
of macrophage and T cell in renal
fibrosis (Xia et al. 2014a)

CCR1 CCL3,
CCL5

CCR1 was expressed on infil-
trating macrophages and T cells
in the development of renal
fibrosis (Vielhauer et al. 2001)
CCR1 antagonist BX471 treat-
ment significantly reduced
markers of renal fibrosis
(Vielhauer et al. 2004)

CCR2 CCL2 CCL2/CCR2 accelerated renal
fibrosis through bone marrow-
derived myofibroblast infiltration
(Xia et al. 2013)
CCL2/CCR2 blockage improves
renal fibrosis by inhibiting
pro-fibrotic M1 macrophage
(Saito et al. 2018)

CCR7 CCL21 CCL21/CCR7 induced the traf-
ficking of circulating fibrocytes,
contributing to the pathogenesis
of renal fibrosis (Wada et al.
2007; Habiel and Hogaboam
2014)

CX3CR1 CX3CL1 CX3CR1 regulates macrophage
infiltration and led to increased
expression of α-SMA, TGF-β,
and PDGF-B (Furuichi et al.
2006)

CX3CR1 attenuated renal fibro-
sis with accumulation of macro-
phages in UUO model (Engel
et al. 2015)

The Role of Chemokine Receptors in Renal Fibrosis 7



2 CXC Chemokine Receptors

2.1 CXCR1/CXCR2

CXCR1and CXCR2 share 76% of their sequence homology and bind to CXCL8
with similar affinity (Holmes et al. 1991; Kunsch and Rosen 1993). Interleukin (IL)-
8 (CXCL8) and granulocyte chemotactic protein 2 (GCP-2, CXCL6) are known to
be ligands of both CXCR1 and CXCR2 (Wuyts et al. 1998; Ha et al. 2017). CXCL8
is commonly expressed in activated monocytes and macrophages, epithelial and
endothelial cells, fibroblasts and neutrophils (Wolff et al. 1998). Growing evidences
have shown that CXCL8 participates in the pathological processes of fibrosis,
angiogenesis, arteriosclerosis, infection, and tumor growth (Kormann et al. 2012;
Higurashi et al. 2009). In diabetic nephropathy patients, CXCL8 was seen to
increase both urinary and serum levels (Wong et al. 2007). G31P is a mutant protein
of CXCL8, which can selectively bind to CXCR1 and CXCR2 without agonist
activity (Li et al. 2002). Recent studies have revealed that G31P can effectively
improve renal fibrosis (Svensson et al. 2011). In diabetic nephropathy mice, G31P
treatment reduced phosphorylation of ERK1/2, JAK2, and STAT3. Meanwhile,
G31P treatment inactivated JAK2/STAT3 and ERK1/2 pathways in high-glucose-
treated mesangial cells (Cui et al. 2017). Also, JAK2/STAT3 and ERK1/2 pathways
were implicated in the pathogenesis of progressive diabetic nephropathy (Chuang
and He 2010). JAK2/STAT3 pathways were reported to participate in the fibrosis in
dermis, lung, and liver (Li et al. 2018; Zehender et al. 2018). ERK1/2 pathways were
also demonstrated to be directly involved in renal fibrosis (Andrikopoulos et al.
2019). Furthermore, the administration of G31P improved kidney fibrosis as con-
firmed by reduction in ECM. In the diseased kidney observed in another study, the
extracellular matrix degradation-related protein matrix metalloproteinases (MMP)-9
decreased while TIMP-1, known as an inhibitor of metalloproteinase, was
upregulated. However, G31P treatment reversed their altered expression (Ye et al.
2018). G31P treatment was also associated with improvement in MMP-2 (Cui et al.
2017). MMPs are believed to suppress fibrosis because of their proteolytic activity
(Giannandrea and Parks 2014). It has been reported that miR-146a is most induced in
tubular cells in response to ischemia-reperfusion, thereby preventing the develop-
ment of inflammation and fibrosis by targeting CXCL8 (Amrouche et al. 2017).

CXCL1, known as a ligand of CXCR2, has been positively associated with
interstitial fibrosis in IgA nephropathy (IgAN) progression (Zhao et al. 2015).
Both clinical samples and cell experiments showed the elevated expression of
CXCL1 (Zhu et al. 2013). It was reported that toll-like receptor 4 in kidney-resident
cells induced the antibody-mediated glomerulonephritis via CXCL1 which promotes
glomerular neutrophil infiltration (Brown et al. 2007). Additionally, mesangial-
induced CXCL1 and TGF-β1 synergistically increased podocyte death and
decreased podocyte adhesion via CXCR2 (Zhu et al. 2013). Studies have proven
that podocytes loss can impair the glomerular filtration barrier which leads to
proteinuria and glomerulosclerosis in IgAN (Wharram et al. 2005).

8 F. Wu et al.



2.2 CXCR3

CXCR3 is widely expressed in different subtypes of T and NK cells. The ligands are
CXCL9, CXCL10, and CXCL11, and their secretion is predominantly driven by
IFN-γ (Sallusto et al. 1998). IFN-γ, known as aa Th1-related cytokine, has been
proposed to be an antifibrotic effector that inhibits fibroblast activation and prolif-
eration and reduces collagen synthesis (Gao et al. 2007).

It was reported that increased levels of IFN-γ and IFN-γ-responsive genes
(CXCL9 and CXCL10) in Sphk2�/� (sphingosine kinase 2) mice inhibited the
progression to fibrosis (Bajwa et al. 2017). TGF-β and high glucose contributed to
the development of fibrosis in diabetes. CXCL10 attenuated both high glucose and
TGF-β-induced collagen synthesis (Zhang et al. 2018). CXCR3 ligands are a potent
chemoattractant for activated Th1 cells, NK cells, macrophages, and other immune
cells (Campanella et al. 2008). The ureter is ligated in the case of unilateral ureteral
obstruction (UUO), leading to hydronephrosis and interstitial inflammatory infiltra-
tion, myofibroblast activation, and extracellular matrix deposition, ultimately lead-
ing to renal fibrosis (Verbeke et al. 2016). Although CXCL10 and CXCR3 were
observed to be upregulated in the progressive renal fibrosis in UUO mice (Nakaya
et al. 2007), CXCL10 blockade affected neither macrophage nor T cell infiltration.
Despite this, CXCL10 blockade was also shown to promote renal interstitial fibrosis
in the kidney via hepatocyte growth factor (HGF) which is a potent antifibrogenic
factor (Nakaya et al. 2007). HGF created by mesangial cells prevents peritubular
capillaries (PTCs) from decreasing, preserves renal blood flow, and effectively
suppresses myofibroblast progression induction and collagen synthesis (Oka et al.
2019). In addition, CXCL10 blockage has also been demonstrated to reduce tran-
scripts of CXCL9 and CXCL11 in diseased kidneys (Nakaya et al. 2007).

The results in diabetic nephropathy and lupus nephritis are controversial.
Biglycan, a class I member of the small leucine-rich proteoglycans, was found to
be upregulated in diabetic nephropathy and lupus nephritis. Meanwhile, CXCL9/
CXCL10 in macrophages was induced by biglycan via TLR/TRIF/MyD88-signaling
and then recruited CXCR3+ Th1 and Th17 cells into the kidney (Nastase et al. 2018).
Another study showed that CXCR3 deficiency in lupus-prone mice improved the
renal damage by decreasing the numbers of Th1 cells and Th17 cells in the inflamed
kidneys (Steinmetz et al. 2009). Th1 and Th17 cells have been shown to play an
important role in the development and progression of inflammatory and autoimmune
diseases (Zheng and Zheng 2016; Stockinger and Omenetti 2017). Th1 and Th17
cells, which are Th subtypes, are key inducers of renal fibrosis (Wen et al. 2017).

2.3 CXCR4

CXCR4 is mainly expressed in hematopoietic and immune cells. CXCR4 is highly
expressed in embryonic kidneys but the expression is significantly low in adult

The Role of Chemokine Receptors in Renal Fibrosis 9



kidneys (Takabatake et al. 2009). In tubular atrophy and interstitial fibrosis samples,
however, CXCR4 genes were found to be overexpressed compared with normal
allografts and normal kidneys (Maluf et al. 2008). Increased CXCR4 expression has
also been observed in tubular segments after renal ischemia-reperfusion injury (IRI)
(Togel et al. 2005). Thus, increased CXCR4 expression seems to be closely associ-
ated with kidney disease. Another report showed that the stimulation of CXCR4 in
macrophages activated STAT and NF-κB pathways which acted as important roles
in macrophage activation. Meanwhile, the administration of AMD3100, a CXCR4
inhibitor, reduced renal fibrosis in mice and was accompanied by a significant
reduction in macrophage infiltration (Mo et al. 2017). In a UUO model, a lack of
CXCR4 protected against renal fibrosis by suppressing macrophage activation.
AMD3100 treatment downregulated the mRNA levels of multiple pro-fibrotic
molecules including collagen-1a1 (Col1a1), collagen-3a1 (Col3a1), and collagen-
4a1 (Col4a1) by inhibiting downstream signaling and fibroblast activation (Yuan
et al. 2015).

In another study, AMD3100 treatment did not mitigate renal fibrosis but pro-
moted tissue damage and renal fibrosis by increasing pro-fibrotic molecules expres-
sion, such as α-SMA, PDGFR-β, and collagen-IV (Yang et al. 2016). α-SMA was
found to be a marker of activated fibroblasts. PDGF-β and collagen-IV is the well-
characterized factor that promotes fibrosis in many diseases and organs, including
the kidney (Border and Noble 1994; Hugo 2003; Li et al. 2019). This difference may
be attributed to the mechanism of AMD3100 and the chemotaxis of CXCR4 ligands.
The factor-1-derived chemokine stromal cell (SDF-1, also known as CXCL12) is
constitutively expressed in pro-angiogenic cells and regulates embryonic develop-
ment and homeostasis of the organ (Ratajczak et al. 2006). Evidence indicates that
continuous AMD3100 treatment disrupts SDF-1-CXCR4 binding leading to a
decrease in bone marrow-derived pro-angiogenic cell homing. Besides, the infusion
of pro-angiogenic cells not only decreases vascular rarefaction but also reduces
damage to the tissue and the invasion of inflammatory cells. A few studies have
shown that bone marrow-derived pro-angiogenic cells participate in renal fibrosis
controlled by the SDF-1/CXCR4 system (Shen et al. 2011; Petit et al. 2007). CXCR4
is also highly expressed in T cells which are major inducers of fibrosis (Arieta
Kuksin et al. 2015). In Kuksin’s study, AMD3100 administration increased renal T
cell infiltration. This result may due to AMD3100 redistributing T cells from the
bone marrow and thymus to the blood and peripheral tissues in mice (Liu et al.
2015). It suggests that AMD3100 should be more cautiously used in patients with
renal disease and additional studies should be performed on this issue in the future.

2.4 CXCR6

CXCL16 has been described as a CXCR6 ligand consisting of a molecular domain
accompanied by a glycosylated mucin-like stalk, a long transmembrane helix, and a
short cytoplasmic tail (Matloubian et al. 2000). The CXCL16/CXCR6 pathway is
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involved in tissue injury and inflammation (Wang et al. 2017). CXCL16 protein has
been documented to be expressed at low levels in normal kidney epithelial cells
while being upregulated in obstructive injury (Okamura et al. 2007). Recent studies
have shown that precursors of fibroblasts originating from bone marrow contribute
significantly to the pathogenesis of renal fibrosis. In response to kidney injury, bone
marrow-derived fibroblast precursors in the circulation are recruited to the site of
injury to participate in a wound healing response (Yan et al. 2016). Bone marrow-
derived fibroblast precursors will differentiate into myofibroblasts that have been
implicated in fibrosis pathogenesis (Gerarduzzi and Di Battista 2017). Circulating
CXCR6-positive fibroblast precursors have been found in injured kidneys, with
CD45 and α-SMA dual-positive myofibroblasts accumulating in the injured kidney
in a CXCL16-dependent manner. Meanwhile, CXCL16 has been significantly
implicated in the activation and differentiation of bone marrow-derived fibroblasts
(Chen et al. 2011). In a renal artery stenosis study, CXCL16 protein was mainly
distributed in tubular epithelial cells. They also found that CXCL16 deficiency
impaired myeloid fibroblasts accumulation and myofibroblasts formation. Further-
more, CXCL16 deficiency inhibited the infiltration of F4/80+ macrophages and
CD3+ T cells (Ma et al. 2016b). In Ang II-induced renal injury and fibrosis,
CXCR6 plays a pivotal role in the regulation of macrophage and T cell infiltration
and bone marrow-derived fibroblast accumulation (Xia et al. 2014a). In
deoxycorticosterone acetate/salt hypertension, CXCR6 deficiency inhibited the
accumulation of bone marrow-derived fibroblasts and myofibroblasts in the kidney
(Wu et al. 2020). Given the evidence above, CXCL16/CXCR6 may play important
roles in the recruitment into the kidney of bone marrow-derived fibroblast pre-
cursors, which contribute to renal fibrosis pathogenesis (Xia et al. 2014b).

3 C-C Chemokine Receptors

3.1 CCR1

CCR1 was found in the peripheral blood of mice and humans in the circulation of
macrophages and lymphocytes (Murphy et al. 2000), and one of the symptoms of
interstitial fibrosis was found to be the aggregation of macrophages and lymphocytes
that lead to ECM development and renal fibrosis (Yan et al. 2016). Studies on UUO
mice have shown that, in tandem with the growth of renal fibrosis, the CCR1 was
expressed in infiltrating macrophages and T cells. Furthermore, the mRNA expres-
sion of CCR1 ligands CCL3 (MIP-1a) and CCL5 (RANTES) was revealed to be
upregulated in diseased kidneys (Zeisberg et al. 2000; Ratajczak et al. 2006;
Vielhauer et al. 2004). In UUO mice, loss of CCR1 decreased macrophage and
lymphocyte infiltration in the obstructed kidney and the associated interstitial fibro-
sis had diminished renal production of TGF-β1 mRNA (Eis et al. 2004). In a murine
model of Adriamycin-induced focal segmental glomerulosclerosis, the small-
molecule CCR1 antagonist BX471 treatment significantly reduced markers of
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renal fibrosis including interstitial fibroblasts and interstitial volume (Vielhauer et al.
2004). BX471 prevents the binding of MIP-1α/CCL3 to murine CCR1 but not
CCR5 and blocks the activation of receptors as determined by the mobilization of
Ca2+.

3.2 CCR2

CCL2 is a member of the CC chemokine subfamily that controls recruitment of
monocytes through CCR2 (Gerard and Rollins 2001). It has been demonstrated that
CCL2 and CCR2 are positively correlated with kidney fibrosis. Similar to CXCR6,
CCR2 was shown to be expressed in bone marrow-derived fibroblasts expressing
CD45 and procollagen I or PDGFR-β. And CCR2 deficiency could impair myeloid
fibroblast accumulation and myofibroblast formation (Xia et al. 2013). Meanwhile, it
was demonstrated that CCR2-knockout mice could be shielded from bone marrow-
derived myofibroblast infiltration in the kidneys (Xia et al. 2013). CCR2 deficiency
also affects CCL2, CCL5, CCL7, CCL8, and CXCL16 gene expression, and the M2
macrophage marker CD206 also being affected (Xia et al. 2013). CCL2/CCR2 may
promote the activation of NF-κβ and AP-1 which increases the expression of
inflammatory factors including MCP-1 production in diseased kidneys (Kitagawa
et al. 2004). Activation of Notch pathway has been described in many human
chronic renal diseases. M1 macrophages have been reported to play a pro-fibrotic
function in renal fibrosis, whereas M2 macrophages are antifibrotic. Notch signaling
is critically involved in macrophage differentiation and activation. Studies have
revealed that Notch signaling regulates renal fibrosis mainly through CD11b+F4/
80+CCR2+ monocytes-derived macrophages in UUO mice with monocytes being
recruited through CCL2-CCR2 chemotaxis (Jiang et al. 2019). In unilateral IRI
mice, CCR2 inhibition was observed reducing the mRNA expression of M1 mac-
rophages, while the blockade of the CCL2/CCR2 signaling improved fibrosis (Saito
et al. 2018). Meanwhile, CCR2 deficiency has been found to lead to a decrease of
Th17-related cytokine production and VEGF production with both processes being
directly related to renal fibrosis (Braga et al. 2018). These findings suggest that the
therapeutic strategy of blocking CCR2 might prove beneficial for progressive
fibrosis in the diseased kidneys.

3.3 CCR7

Accumulated evidences suggest a strong candidate for tissue fibrosis activity with
fibrocytes (Schmidt et al. 2003; Yoneyama et al. 2001). Recent studies indicated that
the CCL21 and CCR7 signaling pathways induced the trafficking of circulating
fibrocytes (Wada et al. 2007; Habiel and Hogaboam 2014). CCR7-positive
fibrocytes infiltrated the kidney via CCL21-positive vessels, contributing to the
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pathogenesis of renal fibrosis. Blockade of CCL21/CCR7 signaling reduced the
number of CCR7-expressing fibrocytes as well as CCR2-expressing fibrocytes.
Thus, the CCL21/CCR7 signaling of fibrocytes may provide therapeutic targets for
combating renal fibrosis (Sakai et al. 2006).

4 CX3C Chemokine Receptor

4.1 CX3CR1

CX3CR1 was shown to be an important mediator in both acute and chronic kidney
injury (Furuichi et al. 2009; Zhuang et al. 2017). In an IRI model, CX3CR1
regulated the macrophage infiltration and led to increased expression of α-SMA,
TGF-β, and PDGF-B (Furuichi et al. 2006). Furthermore, α-SMA was found to be a
marker of activated fibroblasts. TGF-β and PDGF-B are well-characterized factors
that promote fibrosis in many diseases and organs, including the kidney (Border and
Noble 1994; Hugo 2003). Meanwhile, dendritic cells (DCs) and macrophages were
identified as key sources of TGF-β in renal tissue (Kassianos et al. 2013). It was also
found that CX3CL1 expressed on activated proximal tubular epithelial cells (PTECs)
could chemoattract CX3CR1+ dendritic cells and subsequently promote adhesion of
human DCs to PTECs (Kassianos et al. 2015). Given this evidence, it was hypoth-
esized that CX3CR1 may promote renal fibrosis. However, renal fibrosis is pro-
moted in the absence of CX3CR1 with the accumulation of macrophages and more
TGF-β production in a UUO model (Engel et al. 2015). In this study, CX3CR1 was
considered eligible to inhibit local macrophage proliferation (Engel et al. 2015). In
contrast, another study showed that CX3CL1-CX3CR1 increased the population of
macrophages contributing to UUO-induced fibrosis (Peng et al. 2015). Also,
although CX3CR1 deficiency was not seen to affect monocyte trafficking or mac-
rophage differentiation in vivo, CX3CR1 deficiency reduces renal fibrosis by
inhibiting macrophage survival and extracellular matrix deposition in the obstructed
kidney (Peng et al. 2015). Later research proposed that this inconsistency could be
explained by the different methods for evaluating fibrosis. However, this does not
account for the different outcomes of macrophages. We found that the above study
had used different markers to identify the macrophages, which might be the cause of
the discrepant results. Thus, further investigation is needed to clarify the role of
CX3CR1 in renal fibrosis.

5 Other Chemokine Receptors

Data suggests that Th22 cells might be recruited into the kidneys via the CCL20-
CCR6, CCL22-CCR4, and/or CCL27-CCR10 axes by mesangial cells and tubular
epithelial cells in infection-related IgAN. Th22 cell overrepresentation has been
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attributed to increases in levels of IL-1, IL-6, and TNF-α (Gan et al. 2018), thereby
contributing to renal fibrosis. XCL1, the ligand of XCR1, was found to have a slight
but significant increase (Vielhauer et al. 2001). Atypical chemokine receptor
2 (ACKR2) is also known as CCR10. It was reported that CCL2 levels and leukocyte
counts increased in peripheral blood in Ackr2-deficient mice. Meanwhile, ACKR2
promoted renal leukocyte recruitment, the expression of inflammatory markers and
fibrosis, and proinflammatory chemokine levels in autologous nephrotoxic nephritis
(Bideak et al. 2018).

6 Discussion

Renal fibrosis is not a particular process, but a concept that describes various fibrotic
processes of cellular and molecular structure in specific renal compartments.
Throughout fibrogenesis, various chemokines and their receptors have been identi-
fied. Given the many obstacles that lie ahead, targeting chemokines remains one of
the most promising ways to improve renal fibrosis treatment.

Renal fibrosis is characterized by excessive ECM deposition, which is primarily
caused by myofibroblasts. Myofibroblasts are responsible for synthesizing and
storing interstitial ECM components such as collagen type I and III and fibronectin
during wound healing and at scar and fibrosis sites (Meran and Steadman 2011).
Myofibroblasts also synthesize various ECM-degrading proteases known as MMPs,
which control the turnover and remodeling of collagen and other ECM proteins
(Pardo and Selman 2006). Differentiation of fibroblasts to myofibroblasts is regarded
as a critical event in the pathogenesis of renal fibrosis (Strutz and Muller 2006).
Myofibroblasts traditionally originate from resident renal fibroblasts and were
recently found to also arise from bone marrow-derived cells (Broekema et al.
2007; Li et al. 2007). CXCL16 deficiency has been shown to impair aggregation
and myofibroblast production of bone marrow-derived fibroblasts in the kidney and
renal fibrosis development (Ma et al. 2016b), while CCR2 deficiency significantly
reduced bone marrow-derived myofibroblasts formation by decreasing the protein
expression levels of α-SMA and FSP-1 in fibroblasts (Xia et al. 2013).

T cells accumulate in glomerular and tubulointerstitial compartments that can
trigger kidney damage by immune-mediated mechanisms (Zohar et al. 2018).
CXCR3 ligands are chemotactic for both leukocytes and have been found activating
Th1 phenotype T lymphocytes expressing CXCR3 (Bonecchi et al. 1998). In another
study, CXCL10/CXCR3 interactions promoted effector Th1 polarization via
STAT1, STAT4, and STAT5 phosphorylation (Karin et al. 2016). Additionally,
Th17 cells have been demonstrated to play an essential role in causing renal
inflammation and tissue damage by secreting IL-17, IL-21, IL-22, and other cyto-
kines (Paust et al. 2009). Several studies have revealed the significance of cytokine
IL-17 in the end-stage aggravation of renal disease. Th17 cells are suspected to be
able to transdifferentiate into regulatory T cells by modifying their transcription
profile, further stressing their prominent role in inflammation and pro-fibrotic disease
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resolution (Gagliani et al. 2015). Our review found that proinflammatory Th1 and
Th17 lymphocytes were primarily drawn by the CXCR3 receptor to the location of
inflammation in the diseased kidney (Nastase et al. 2018). Finally, CXCR3 has been
reported to promote CD4+ T cell polarization toward Th1/Th17 effector cells by
binding CXCL9/CXCL10 (Zohar et al. 2014).

Macrophage infiltration, derived from circulating monocytes, occurs early after
renal injury and plays a critical role in the initial inflammatory response and
induction of fibrogenesis. Macrophages can be categorized into two phenotypes:
M1 (activated classically) and M2 (activated alternatively). M1 macrophages are
considered proinflammatory, releasing cytokines such as IL-1, IL-6, and TNF-α,
whereas M2 macrophages are thought primarily to be anti-inflammatory,
pro-fibrotic, and produce arginase. Research has found that in the initial stages,
proinflammatory macrophages are present in damaged tissues, whereas in the
chronic period of renal disease, the population of pro-resolving macrophages
increases (Braga et al. 2016). The penetration of the macrophage is caused by
induction and local blood monocyte proliferation, while both the level of renal injury
and the extent of renal fibrosis are associated with the degree of macrophage
infiltration. M2 macrophages can release insulin-like growth factor-1, fibroblast
growth factor 2, and PDGF, which promote myofibroblast proliferation and survival
(Wynes et al. 2004; Floege et al. 2008). Mouse monocytes have been reported to be
divided into 2 populations marked by CX3CR1 expression. In this regard, it appears
that kidney IRI induces several factors (perhaps fractalkine itself) that may selec-
tively recruit the CX3CR1 + subset (Geissmann et al. 2003). CX3CR1, CXCR6,
CCR1, and CCR2 play a vital role in macrophage infiltration. Thus, chemokine
receptors can be considered as targets to inhibit macrophage function in renal
fibrosis.

Dendritic cells, together with macrophages, form the axis of the kidney’s mono-
nuclear phagocytic network. Monocyte-derived dendritic cells are responsible for
glomerular disease invasion and recruitment of T cells, thereby increasing the
frequency of the kidney injury (Ma et al. 2013). Evidence in mice has shown that
CX3CR1 contributes to the entry of DCs into the inflamed kidney and the adhesion
to ECs (Inoue et al. 2005).

Recently, several chemokine receptor antagonists have been studied in human
trials. CCX140-B is a small-molecule CCR2 antagonist that inhibits CCR2 and
prevents the activation and chemotaxis of MCP-1-dependent monocytes. In a ran-
domized, double-blind, placebo-controlled clinical trial, although eGFR was not
significantly changed between the placebo group and the CCX140-B treatment
group, it exhibited significant protective effects on patients with diabetic kidneys
(de Zeeuw et al. 2015). Moreover, CCX140-B showed no side-effects like
hyperkalemia or cardiovascular events after a 1-year-treatment of 5 mg CCX140-B
(de Zeeuw et al. 2015). Reparixin is a non-competitive CXCR1 and CXCR2
allosteric blocker that has been studied in breast cancer patients (Schott et al.
2017) and pancreatic islet transplant patients with type 1 diabetes (Citro et al.
2012). Another study showed that sorafenib inhibited renal fibrosis via macrophage
with CXCR3/CXCL11 pathway (Ma et al. 2016a). In a pilot study, reparixin

The Role of Chemokine Receptors in Renal Fibrosis 15



attenuated IRI and inflammation after on-pump coronary artery bypass graft surgery
(Opfermann et al. 2015). Although reparixin has not been trialed in patients with
renal diseases, it can effectively prevent granulocyte infiltration and renal function
impairment in animal experiments (Cugini et al. 2005). Finally, TAK-779 is a
synthetic, non-peptide CCR5 and CXCR3 antagonist which is used to cure HIV-1
(Takama et al. 2011). In IRI animal models, TAK-779 suppressed the infiltration of
T cells and NK T cells and attenuated the kidney injury (Tsutahara et al. 2012).
Cenicriviroc (CVC) is an oral, dual CCR2/CCR5 antagonist with nanomolar potency
against both receptors. It showed antifibrotic effects with significant reductions in
collagen deposition by significantly reducing monocyte/macrophage recruitment
(Lefebvre et al. 2016).

In summary, these data suggest that chemokine receptors and their ligand signal-
ing could constitute a novel therapeutic approach for renal fibrosis.

References

Amrouche L, Desbuissons G, Rabant M, Sauvaget V, Nguyen C, Benon A, Barre P, Rabate C,
Lebreton X, Gallazzini M, Legendre C, Terzi F, Anglicheau D (2017) MicroRNA-146a in
human and experimental ischemic AKI: CXCL8-dependent mechanism of action. J Am Soc
Nephrol 28(2):479–493. https://doi.org/10.1681/ASN.2016010045

Andrikopoulos P, Kieswich J, Pacheco S, Nadarajah L, Harwood SM, O’Riordan CE,
Thiemermann C, Yaqoob MM (2019) The MEK inhibitor trametinib ameliorates kidney fibrosis
by suppressing ERK1/2 and mTORC1 signaling. J Am Soc Nephrol 30(1):33–49. https://doi.
org/10.1681/ASN.2018020209

Aono Y, Kishi M, Yokota Y, Azuma M, Kinoshita K, Takezaki A, Sato S, Kawano H, Kishi J,
Goto H, Uehara H, Izumi K, Nishioka Y (2014) Role of platelet-derived growth factor/platelet-
derived growth factor receptor axis in the trafficking of circulating fibrocytes in pulmonary
fibrosis. Am J Respir Cell Mol Biol 51(6):793–801. https://doi.org/10.1165/rcmb.2013-
0455OC

Arieta Kuksin C, Gonzalez-Perez G, Minter LM (2015) CXCR4 expression on pathogenic T cells
facilitates their bone marrow infiltration in a mouse model of aplastic anemia. Blood 125
(13):2087–2094. https://doi.org/10.1182/blood-2014-08-594796

Bajwa A, Huang L, Kurmaeva E, Ye H, Dondeti KR, Chroscicki P, Foley LS, Balogun ZA,
Alexander KJ, Park H, Lynch KR, Rosin DL, Okusa MD (2017) Sphingosine kinase 2 defi-
ciency attenuates kidney fibrosis via IFN-gamma. J Am Soc Nephrol 28(4):1145–1161. https://
doi.org/10.1681/ASN.2016030306

Bideak A, Blaut A, Hoppe JM,Muller MB, Federico G, Eltrich N, Grone HJ, Locati M, Vielhauer V
(2018) The atypical chemokine receptor 2 limits renal inflammation and fibrosis in murine
progressive immune complex glomerulonephritis. Kidney Int 93(4):826–841. https://doi.org/10.
1016/j.kint.2017.11.013

Bonecchi R, Bianchi G, Bordignon PP, D’Ambrosio D, Lang R, Borsatti A, Sozzani S, Allavena P,
Gray PA, Mantovani A, Sinigaglia F (1998) Differential expression of chemokine receptors and
chemotactic responsiveness of type 1 T helper cells (Th1s) and Th2s. J Exp Med 187
(1):129–134

Border WA, Noble NA (1994) Transforming growth factor beta in tissue fibrosis. N Engl J Med 331
(19):1286–1292. https://doi.org/10.1056/NEJM199411103311907

Braga TT, Correa-Costa M, Azevedo H, Silva RC, Cruz MC, Almeida ME, Hiyane MI, Moreira-
Filho CA, Santos MF, Perez KR, Cuccovia IM, Camara NO (2016) Early infiltration of p40IL12

16 F. Wu et al.

https://doi.org/10.1681/ASN.2016010045
https://doi.org/10.1681/ASN.2018020209
https://doi.org/10.1681/ASN.2018020209
https://doi.org/10.1165/rcmb.2013-0455OC
https://doi.org/10.1165/rcmb.2013-0455OC
https://doi.org/10.1182/blood-2014-08-594796
https://doi.org/10.1681/ASN.2016030306
https://doi.org/10.1681/ASN.2016030306
https://doi.org/10.1016/j.kint.2017.11.013
https://doi.org/10.1016/j.kint.2017.11.013
https://doi.org/10.1056/NEJM199411103311907


(+)CCR7(+)CD11b(+) cells is critical for fibrosis development. Immun Inflamm Dis 4
(3):300–314. https://doi.org/10.1002/iid3.114

Braga TT, Correa-Costa M, Silva RC, Cruz MC, Hiyane MI, da Silva JS, Perez KR, Cuccovia IM,
Camara NOS (2018) CCR2 contributes to the recruitment of monocytes and leads to kidney
inflammation and fibrosis development. Inflammopharmacology 26(2):403–411. https://doi.
org/10.1007/s10787-017-0317-4

Brix SR, Stege G, Disteldorf E, Hoxha E, Krebs C, Krohn S, Otto B, Klatschke K, Herden E,
Heymann F, Lira SA, Tacke F, Wolf G, Busch M, Jabs WJ, Ozcan F, Keller F, Beige J,
Wagner K, Helmchen U, Noriega M, Wiech T, Panzer U, Stahl RA (2015) CC chemokine
ligand 18 in ANCA-associated crescentic GN. J Am Soc Nephrol 26(9):2105–2117. https://doi.
org/10.1681/ASN.2014040407

Broekema M, Harmsen MC, van Luyn MJ, Koerts JA, Petersen AH, van Kooten TG, van Goor H,
Navis G, Popa ER (2007) Bone marrow-derived myofibroblasts contribute to the renal intersti-
tial myofibroblast population and produce procollagen I after ischemia/reperfusion in rats. J Am
Soc Nephrol 18(1):165–175. https://doi.org/10.1681/ASN.2005070730

Brown HJ, Lock HR, Wolfs TG, Buurman WA, Sacks SH, Robson MG (2007) Toll-like receptor
4 ligation on intrinsic renal cells contributes to the induction of antibody-mediated glomerulo-
nephritis via CXCL1 and CXCL2. J Am Soc Nephrol 18(6):1732–1739. https://doi.org/10.
1681/ASN.2006060634

Campanella GS, Medoff BD, Manice LA, Colvin RA, Luster AD (2008) Development of a novel
chemokine-mediated in vivo T cell recruitment assay. J Immunol Methods 331(1–2):127–139.
https://doi.org/10.1016/j.jim.2007.12.002

Chen G, Lin SC, Chen J, He L, Dong F, Xu J, Han S, Du J, Entman ML, Wang Y (2011) CXCL16
recruits bone marrow-derived fibroblast precursors in renal fibrosis. J Am Soc Nephrol 22
(10):1876–1886. https://doi.org/10.1681/ASN.2010080881

Chuang PY, He JC (2010) JAK/STAT signaling in renal diseases. Kidney Int 78(3):231–234.
https://doi.org/10.1038/ki.2010.158

Citro A, Cantarelli E, Maffi P, Nano R, Melzi R, Mercalli A, Dugnani E, Sordi V, Magistretti P,
Daffonchio L, Ruffini PA, Allegretti M, Secchi A, Bonifacio E, Piemonti L (2012) CXCR1/2
inhibition enhances pancreatic islet survival after transplantation. J Clin Invest 122
(10):3647–3651. https://doi.org/10.1172/JCI63089

Cugini D, Azzollini N, Gagliardini E, Cassis P, Bertini R, Colotta F, Noris M, Remuzzi G, Benigni
A (2005) Inhibition of the chemokine receptor CXCR2 prevents kidney graft function deteri-
oration due to ischemia/reperfusion. Kidney Int 67(5):1753–1761. https://doi.org/10.1111/j.
1523-1755.2005.00272.x

Cui S, Zhu Y, Du J, Khan MN, Wang B, Wei J, Cheng JW, Gordon JR, Mu Y, Li F (2017) CXCL8
antagonist improves diabetic nephropathy in male mice with diabetes and attenuates high
glucose-induced Mesangial injury. Endocrinology 158(6):1671–1684. https://doi.org/10.1210/
en.2016-1781

de Zeeuw D, Bekker P, Henkel E, Hasslacher C, Gouni-Berthold I, Mehling H, Potarca A, Tesar V,
Heerspink HJ, Schall TJ, Group CBDNS (2015) The effect of CCR2 inhibitor CCX140-B on
residual albuminuria in patients with type 2 diabetes and nephropathy: a randomised trial.
Lancet Diabetes Endocrinol 3(9):687–696. https://doi.org/10.1016/S2213-8587(15)00261-2

Ding Q, Sun J, Xie W, Zhang M, Zhang C, Xu X (2019) Stemona alkaloids suppress the positive
feedback loop between M2 polarization and fibroblast differentiation by inhibiting JAK2/
STAT3 pathway in fibroblasts and CXCR4/PI3K/AKT1 pathway in macrophages. Int
Immunopharmacol 72:385–394. https://doi.org/10.1016/j.intimp.2019.04.030

Dong XZ, Zhao ZR, Hu Y, Lu YP, Liu P, Zhang L (2019) LncRNA COL1A1-014 is involved in the
progression of gastric cancer via regulating CXCL12-CXCR4 axis. Gastric Cancer 23:260.
https://doi.org/10.1007/s10120-019-01011-0

Doring Y, Pawig L, Weber C, Noels H (2014) The CXCL12/CXCR4 chemokine ligand/receptor
axis in cardiovascular disease. Front Physiol 5:212. https://doi.org/10.3389/fphys.2014.00212

The Role of Chemokine Receptors in Renal Fibrosis 17

https://doi.org/10.1002/iid3.114
https://doi.org/10.1007/s10787-017-0317-4
https://doi.org/10.1007/s10787-017-0317-4
https://doi.org/10.1681/ASN.2014040407
https://doi.org/10.1681/ASN.2014040407
https://doi.org/10.1681/ASN.2005070730
https://doi.org/10.1681/ASN.2006060634
https://doi.org/10.1681/ASN.2006060634
https://doi.org/10.1016/j.jim.2007.12.002
https://doi.org/10.1681/ASN.2010080881
https://doi.org/10.1038/ki.2010.158
https://doi.org/10.1172/JCI63089
https://doi.org/10.1111/j.1523-1755.2005.00272.x
https://doi.org/10.1111/j.1523-1755.2005.00272.x
https://doi.org/10.1210/en.2016-1781
https://doi.org/10.1210/en.2016-1781
https://doi.org/10.1016/S2213-8587(15)00261-2
https://doi.org/10.1016/j.intimp.2019.04.030
https://doi.org/10.1007/s10120-019-01011-0
https://doi.org/10.3389/fphys.2014.00212


Drummond RA, Swamydas M, Oikonomou V, Zhai B, Dambuza IM, Schaefer BC, Bohrer AC,
Mayer-Barber KD, Lira SA, Iwakura Y, Filler SG, Brown GD, Hube B, Naglik JR, Hohl TM,
Lionakis MS (2019) CARD9(+) microglia promote antifungal immunity via IL-1beta- and
CXCL1-mediated neutrophil recruitment. Nat Immunol 20(5):559–570. https://doi.org/10.
1038/s41590-019-0377-2

Duffield JS (2014) Cellular and molecular mechanisms in kidney fibrosis. J Clin Invest 124
(6):2299–2306. https://doi.org/10.1172/JCI72267

Eis V, Luckow B, Vielhauer V, Siveke JT, Linde Y, Segerer S, Perez De Lema G, Cohen CD,
Kretzler M, Mack M, Horuk R, Murphy PM, Gao JL, Hudkins KL, Alpers CE, Grone HJ,
Schlondorff D, Anders HJ (2004) Chemokine receptor CCR1 but not CCR5 mediates leukocyte
recruitment and subsequent renal fibrosis after unilateral ureteral obstruction. J Am Soc Nephrol
15(2):337–347

Engel DR, Krause TA, Snelgrove SL, Thiebes S, Hickey MJ, Boor P, Kitching AR, Kurts C (2015)
CX3CR1 reduces kidney fibrosis by inhibiting local proliferation of profibrotic macrophages. J
Immunol 194(4):1628–1638. https://doi.org/10.4049/jimmunol.1402149

Floege J, Eitner F, Alpers CE (2008) A new look at platelet-derived growth factor in renal disease. J
Am Soc Nephrol 19(1):12–23. https://doi.org/10.1681/ASN.2007050532

Furuichi K, Gao JL, Murphy PM (2006) Chemokine receptor CX3CR1 regulates renal interstitial
fibrosis after ischemia-reperfusion injury. Am J Pathol 169(2):372–387. https://doi.org/10.2353/
ajpath.2006.060043

Furuichi K, Kaneko S, Wada T (2009) Chemokine/chemokine receptor-mediated inflammation
regulates pathologic changes from acute kidney injury to chronic kidney disease. Clin Exp
Nephrol 13(1):9–14. https://doi.org/10.1007/s10157-008-0119-5

Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, Palm NW, de Zoete MR,
Licona-Limon P, Paiva RS, Ching T, Weaver C, Zi X, Pan X, Fan R, Garmire LX, Cotton MJ,
Drier Y, Bernstein B, Geginat J, Stockinger B, Esplugues E, Huber S, Flavell RA (2015) Th17
cells transdifferentiate into regulatory T cells during resolution of inflammation. Nature 523
(7559):221–225. https://doi.org/10.1038/nature14452

Gan L, Zhou Q, Li X, Chen C, Meng T, Pu J, Zhu M, Xiao C (2018) Intrinsic renal cells induce
lymphocytosis of Th22 cells from IgA nephropathy patients through B7-CTLA-4 and
CCL-CCR pathways. Mol Cell Biochem 441(1–2):191–199. https://doi.org/10.1007/s11010-
017-3185-8

Gao B, Radaeva S, Jeong WI (2007) Activation of natural killer cells inhibits liver fibrosis: a novel
strategy to treat liver fibrosis. Expert Rev Gastroenterol Hepatol 1(1):173–180. https://doi.org/
10.1586/17474124.1.1.173

Geissmann F, Jung S, Littman DR (2003) Blood monocytes consist of two principal subsets with
distinct migratory properties. Immunity 19(1):71–82

Gerard C, Rollins BJ (2001) Chemokines and disease. Nat Immunol 2(2):108–115. https://doi.org/
10.1038/84209

Gerarduzzi C, Di Battista JA (2017) Myofibroblast repair mechanisms post-inflammatory response:
a fibrotic perspective. Inflamm Res 66(6):451–465. https://doi.org/10.1007/s00011-016-1019-x

Giannandrea M, Parks WC (2014) Diverse functions of matrix metalloproteinases during fibrosis.
Dis Model Mech 7(2):193–203. https://doi.org/10.1242/dmm.012062

Griffith JW, Sokol CL, Luster AD (2014) Chemokines and chemokine receptors: positioning cells
for host defense and immunity. Annu Rev Immunol 32:659–702. https://doi.org/10.1146/
annurev-immunol-032713-120145

Gurczynski SJ, Nathani N, Warheit-Niemi HI, Hult EM, Podsiad A, Deng J, Zemans RL, Bhan U,
Moore BB (2019) CCR2 mediates increased susceptibility to post-H1N1 bacterial pneumonia
by limiting dendritic cell induction of IL-17. Mucosal Immunol 12(2):518–530. https://doi.org/
10.1038/s41385-018-0106-4

Ha H, Debnath B, Neamati N (2017) Role of the CXCL8-CXCR1/2 Axis in cancer and inflamma-
tory diseases. Theranostics 7(6):1543–1588. https://doi.org/10.7150/thno.15625

18 F. Wu et al.

https://doi.org/10.1038/s41590-019-0377-2
https://doi.org/10.1038/s41590-019-0377-2
https://doi.org/10.1172/JCI72267
https://doi.org/10.4049/jimmunol.1402149
https://doi.org/10.1681/ASN.2007050532
https://doi.org/10.2353/ajpath.2006.060043
https://doi.org/10.2353/ajpath.2006.060043
https://doi.org/10.1007/s10157-008-0119-5
https://doi.org/10.1038/nature14452
https://doi.org/10.1007/s11010-017-3185-8
https://doi.org/10.1007/s11010-017-3185-8
https://doi.org/10.1586/17474124.1.1.173
https://doi.org/10.1586/17474124.1.1.173
https://doi.org/10.1038/84209
https://doi.org/10.1038/84209
https://doi.org/10.1007/s00011-016-1019-x
https://doi.org/10.1242/dmm.012062
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1038/s41385-018-0106-4
https://doi.org/10.1038/s41385-018-0106-4
https://doi.org/10.7150/thno.15625


Habiel DM, Hogaboam C (2014) Heterogeneity in fibroblast proliferation and survival in idiopathic
pulmonary fibrosis. Front Pharmacol 5:2. https://doi.org/10.3389/fphar.2014.00002

Higurashi M, Ohya Y, Joh K, Muraguchi M, Nishimura M, Terawaki H, Yagui K, Hashimoto N,
Saito Y, Yamada K (2009) Increased urinary levels of CXCL5, CXCL8 and CXCL9 in patients
with type 2 diabetic nephropathy. J Diabetes Complicat 23(3):178–184. https://doi.org/10.1016/
j.jdiacomp.2007.12.001

Holmes WE, Lee J, Kuang WJ, Rice GC, Wood WI (1991) Structure and functional expression of a
human interleukin-8 receptor. Science 253(5025):1278–1280

Hugo C (2003) The thrombospondin 1-TGF-beta axis in fibrotic renal disease. Nephrol Dial
Transplant 18(7):1241–1245

Inoue A, Hasegawa H, Kohno M, Ito MR, Terada M, Imai T, Yoshie O, Nose M, Fujita S (2005)
Antagonist of fractalkine (CX3CL1) delays the initiation and ameliorates the progression of
lupus nephritis in MRL/lpr mice. Arthritis Rheum 52(5):1522–1533. https://doi.org/10.1002/art.
21007

Jiang Y, Wang Y, Ma P, An D, Zhao J, Liang S, Ye Y, Lu Y, Zhang P, Liu X, Han H, Qin H (2019)
Myeloid-specific targeting of notch ameliorates murine renal fibrosis via reduced infiltration and
activation of bone marrow-derived macrophage. Protein Cell 10(3):196–210. https://doi.org/10.
1007/s13238-018-0527-6

Karin N, Wildbaum G, Thelen M (2016) Biased signaling pathways via CXCR3 control the
development and function of CD4+ T cell subsets. J Leukoc Biol 99(6):857–862. https://doi.
org/10.1189/jlb.2MR0915-441R

Kassianos AJ, Wang X, Sampangi S, Muczynski K, Healy H, Wilkinson R (2013) Increased
tubulointerstitial recruitment of human CD141(hi) CLEC9A(+) and CD1c(+) myeloid dendritic
cell subsets in renal fibrosis and chronic kidney disease. Am J Physiol Renal Physiol 305(10):
F1391–F1401. https://doi.org/10.1152/ajprenal.00318.2013

Kassianos AJ, Wang X, Sampangi S, Afrin S, Wilkinson R, Healy H (2015) Fractalkine-CX3CR1-
dependent recruitment and retention of human CD1c+ myeloid dendritic cells by in vitro-
activated proximal tubular epithelial cells. Kidney Int 87(6):1153–1163. https://doi.org/10.
1038/ki.2014.407

Kitagawa K, Wada T, Furuichi K, Hashimoto H, Ishiwata Y, Asano M, Takeya M, Kuziel WA,
Matsushima K, Mukaida N, Yokoyama H (2004) Blockade of CCR2 ameliorates progressive
fibrosis in kidney. Am J Pathol 165(1):237–246. https://doi.org/10.1016/S0002-9440(10)
63292-0

Kormann MS, Hector A, Marcos V, Mays LE, Kappler M, Illig T, Klopp N, Zeilinger S, Carevic M,
Rieber N, Eickmeier O, Zielen S, Gaggar A, Moepps B, Griese M, Hartl D (2012) CXCR1 and
CXCR2 haplotypes synergistically modulate cystic fibrosis lung disease. Eur Respir J 39
(6):1385–1390. https://doi.org/10.1183/09031936.00130011

Kunsch C, Rosen CA (1993) NF-kappa B subunit-specific regulation of the interleukin-8 promoter.
Mol Cell Biol 13(10):6137–6146

LeBleu VS, Taduri G, O'Connell J, Teng Y, Cooke VG, Woda C, Sugimoto H, Kalluri R (2013)
Origin and function of myofibroblasts in kidney fibrosis. Nat Med 19(8):1047–1053. https://doi.
org/10.1038/nm.3218

Lefebvre E, Moyle G, Reshef R, Richman LP, Thompson M, Hong F, Chou HL, Hashiguchi T,
Plato C, Poulin D, Richards T, Yoneyama H, Jenkins H, Wolfgang G, Friedman SL (2016)
Antifibrotic effects of the dual CCR2/CCR5 antagonist Cenicriviroc in animal models of liver
and kidney fibrosis. PLoS One 11(6):e0158156. https://doi.org/10.1371/journal.pone.0158156

Li F, Zhang X, Gordon JR (2002) CXCL8((3-73))K11R/G31P antagonizes ligand binding to the
neutrophil CXCR1 and CXCR2 receptors and cellular responses to CXCL8/IL-8. Biochem
Biophys Res Commun 293(3):939–944. https://doi.org/10.1016/S0006-291X(02)00318-2

Li J, Deane JA, Campanale NV, Bertram JF, Ricardo SD (2007) The contribution of bone marrow-
derived cells to the development of renal interstitial fibrosis. Stem Cells 25(3):697–706. https://
doi.org/10.1634/stemcells.2006-0133

The Role of Chemokine Receptors in Renal Fibrosis 19

https://doi.org/10.3389/fphar.2014.00002
https://doi.org/10.1016/j.jdiacomp.2007.12.001
https://doi.org/10.1016/j.jdiacomp.2007.12.001
https://doi.org/10.1002/art.21007
https://doi.org/10.1002/art.21007
https://doi.org/10.1007/s13238-018-0527-6
https://doi.org/10.1007/s13238-018-0527-6
https://doi.org/10.1189/jlb.2MR0915-441R
https://doi.org/10.1189/jlb.2MR0915-441R
https://doi.org/10.1152/ajprenal.00318.2013
https://doi.org/10.1038/ki.2014.407
https://doi.org/10.1038/ki.2014.407
https://doi.org/10.1016/S0002-9440(10)63292-0
https://doi.org/10.1016/S0002-9440(10)63292-0
https://doi.org/10.1183/09031936.00130011
https://doi.org/10.1038/nm.3218
https://doi.org/10.1038/nm.3218
https://doi.org/10.1371/journal.pone.0158156
https://doi.org/10.1016/S0006-291X(02)00318-2
https://doi.org/10.1634/stemcells.2006-0133
https://doi.org/10.1634/stemcells.2006-0133


Li XY, Ban GF, Al-Shameri B, He X, Liang DZ, Chen WX (2018) High-temperature requirement
protein A1 regulates Odontoblastic differentiation of dental pulp cells via the transforming
growth factor Beta 1/Smad signaling pathway. J Endod 44(5):765–772. https://doi.org/10.1016/
j.joen.2018.02.003

Li L, Wang C, Gu Y (2019) Collagen IV, a promising serum biomarker for evaluating the prognosis
of revascularization in a 2-kidney, 1-clip hypertensive rat model. Interact Cardiovasc Thorac
Surg 30:483. https://doi.org/10.1093/icvts/ivz275

Liu Q, Li Z, Gao JL, Wan W, Ganesan S, McDermott DH, Murphy PM (2015) CXCR4 antagonist
AMD3100 redistributes leukocytes from primary immune organs to secondary immune organs,
lung, and blood in mice. Eur J Immunol 45(6):1855–1867. https://doi.org/10.1002/eji.
201445245

Ma FY, Woodman N, Mulley WR, Kanellis J, Nikolic-Paterson DJ (2013) Macrophages contribute
to cellular but not humoral mechanisms of acute rejection in rat renal allografts. Transplantation
96(11):949–957. https://doi.org/10.1097/TP.0b013e3182a4befa

Ma W, Tao L, Wang X, Liu Q, Zhang W, Li Q, He C, Xue D, Zhang J, Liu C (2016a) Sorafenib
inhibits renal fibrosis induced by unilateral ureteral obstruction via inhibition of macrophage
infiltration. Cell Physiol Biochem 39(5):1837–1849. https://doi.org/10.1159/000447883

Ma Z, Jin X, He L, Wang Y (2016b) CXCL16 regulates renal injury and fibrosis in experimental
renal artery stenosis. Am J Phys Heart Circ Phys 311(3):H815–H821. https://doi.org/10.1152/
ajpheart.00948.2015

Ma Z, Yu R, Zhu Q, Sun L, Jian L, Wang X, Zhao J, Li C, Liu X (2019) CXCL16/CXCR6 axis
promotes bleomycin-induced fibrotic process in MRC-5 cells via the PI3K/AKT/FOXO3a
pathway. IntImmunopharmacol:106035. https://doi.org/10.1016/j.intimp.2019.106035

Maluf DG, Mas VR, Archer KJ, Yanek K, Gibney EM, King AL, Cotterell A, Fisher RA, Posner
MP (2008) Molecular pathways involved in loss of kidney graft function with tubular atrophy
and interstitial fibrosis. Mol Med 14(5–6):276–285. https://doi.org/10.2119/2007-00111.Maluf

Matloubian M, David A, Engel S, Ryan JE, Cyster JG (2000) A transmembrane CXC chemokine is
a ligand for HIV-coreceptor Bonzo. Nat Immunol 1(4):298–304. https://doi.org/10.1038/79738

Meng XM, Nikolic-Paterson DJ, Lan HY (2014) Inflammatory processes in renal fibrosis. Nat Rev
Nephrol 10(9):493–503. https://doi.org/10.1038/nrneph.2014.114

Meran S, Steadman R (2011) Fibroblasts and myofibroblasts in renal fibrosis. Int J Exp Pathol 92
(3):158–167. https://doi.org/10.1111/j.1365-2613.2011.00764.x

Milovanovic J, Todorovic-Rakovic N, Abu Rabi Z (2017) The role of interleukin 8 and matrix
metalloproteinases 2 and 9 in breast cancer treated with tamoxifen. J BUON 22(3):628–637

Mo H, Wu Q, Miao J, Luo C, Hong X, Wang Y, Tang L, Hou FF, Liu Y, Zhou L (2017) C-X-C
chemokine receptor type 4 plays a crucial role in mediating oxidative stress-induced Podocyte
injury. Antioxid Redox Signal 27(6):345–362. https://doi.org/10.1089/ars.2016.6758

Murphy PM, Baggiolini M, Charo IF, Hebert CA, Horuk R, Matsushima K, Miller LH, Oppenheim
JJ, Power CA (2000) International union of pharmacology. XXII. Nomenclature for chemokine
receptors. Pharmacol Rev 52(1):145–176

Nakaya I, Wada T, Furuichi K, Sakai N, Kitagawa K, Yokoyama H, Ishida Y, Kondo T, Sugaya T,
Kawachi H, Shimizu F, Narumi S, Haino M, Gerard C, Matsushima K, Kaneko S (2007)
Blockade of IP-10/CXCR3 promotes progressive renal fibrosis. Nephron Exp Nephrol 107(1):
e12–e21. https://doi.org/10.1159/000106505

Nastase MV, Zeng-Brouwers J, Beckmann J, Tredup C, Christen U, Radeke HH, Wygrecka M,
Schaefer L (2018) Biglycan, a novel trigger of Th1 and Th17 cell recruitment into the kidney.
Matrix Biol 68–69:293–317. https://doi.org/10.1016/j.matbio.2017.12.002

Oka M, Sekiya S, Sakiyama R, Shimizu T, Nitta K (2019) Hepatocyte growth factor-secreting
Mesothelial cell sheets suppress progressive fibrosis in a rat model of CKD. J Am Soc Nephrol
30(2):261–276. https://doi.org/10.1681/ASN.2018050556

Okamura DM, Lopez-Guisa JM, Koelsch K, Collins S, Eddy AA (2007) Atherogenic scavenger
receptor modulation in the tubulointerstitium in response to chronic renal injury. Am J Physiol
Renal Physiol 293(2):F575–F585. https://doi.org/10.1152/ajprenal.00063.2007

20 F. Wu et al.

https://doi.org/10.1016/j.joen.2018.02.003
https://doi.org/10.1016/j.joen.2018.02.003
https://doi.org/10.1093/icvts/ivz275
https://doi.org/10.1002/eji.201445245
https://doi.org/10.1002/eji.201445245
https://doi.org/10.1097/TP.0b013e3182a4befa
https://doi.org/10.1159/000447883
https://doi.org/10.1152/ajpheart.00948.2015
https://doi.org/10.1152/ajpheart.00948.2015
https://doi.org/10.1016/j.intimp.2019.106035
https://doi.org/10.2119/2007-00111.Maluf
https://doi.org/10.1038/79738
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1111/j.1365-2613.2011.00764.x
https://doi.org/10.1089/ars.2016.6758
https://doi.org/10.1159/000106505
https://doi.org/10.1016/j.matbio.2017.12.002
https://doi.org/10.1681/ASN.2018050556
https://doi.org/10.1152/ajprenal.00063.2007


Olszewski MA, Huffnagle GB, McDonald RA, Lindell DM, Moore BB, Cook DN, Toews GB
(2000) The role of macrophage inflammatory protein-1 alpha/CCL3 in regulation of T cell-
mediated immunity to Cryptococcus neoformans infection. J Immunol 165(11):6429–6436.
https://doi.org/10.4049/jimmunol.165.11.6429

Opfermann P, Derhaschnig U, Felli A, Wenisch J, Santer D, Zuckermann A, Dworschak M,
Jilma B, Steinlechner B (2015) A pilot study on reparixin, a CXCR1/2 antagonist, to assess
safety and efficacy in attenuating ischaemia-reperfusion injury and inflammation after on-pump
coronary artery bypass graft surgery. Clin Exp Immunol 180(1):131–142. https://doi.org/10.
1111/cei.12488

Pardo A, Selman M (2006) Matrix metalloproteases in aberrant fibrotic tissue remodeling. Proc Am
Thorac Soc 3(4):383–388. https://doi.org/10.1513/pats.200601-012TK

Paust HJ, Turner JE, Steinmetz OM, Peters A, Heymann F, Holscher C, Wolf G, Kurts C,
Mittrucker HW, Stahl RA, Panzer U (2009) The IL-23/Th17 axis contributes to renal injury
in experimental glomerulonephritis. J Am Soc Nephrol 20(5):969–979. https://doi.org/10.1681/
ASN.2008050556

Peng X, Zhang J, Xiao Z, Dong Y, Du J (2015) CX3CL1-CX3CR1 interaction increases the
population of Ly6C(�)CX3CR1(hi) macrophages contributing to unilateral ureteral
obstruction-induced fibrosis. J Immunol 195(6):2797–2805. https://doi.org/10.4049/jimmunol.
1403209

Petit I, Jin D, Rafii S (2007) The SDF-1-CXCR4 signaling pathway: a molecular hub modulating
neo-angiogenesis. Trends Immunol 28(7):299–307. https://doi.org/10.1016/j.it.2007.05.007

Ratajczak MZ, Zuba-Surma E, Kucia M, Reca R, Wojakowski W, Ratajczak J (2006) The
pleiotropic effects of the SDF-1-CXCR4 axis in organogenesis, regeneration and tumorigenesis.
Leukemia 20(11):1915–1924. https://doi.org/10.1038/sj.leu.2404357

Romagnani P, Lazzeri E, Lasagni L, Mavilia C, Beltrame C, Francalanci M, Rotondi M,
Annunziato F, Maurenzig L, Cosmi L, Galli G, Salvadori M, Maggi E, Serio M (2002) IP-10
and Mig production by glomerular cells in human proliferative glomerulonephritis and regula-
tion by nitric oxide. J Am Soc Nephrol 13(1):53–64

Saito H, Tanaka T, Tanaka S, Higashijima Y, Yamaguchi J, Sugahara M, Ito M, Uchida L,
Hasegawa S, Wakashima T, Fukui K, Nangaku M (2018) Persistent expression of neutrophil
gelatinase-associated lipocalin and M2 macrophage markers and chronic fibrosis after acute
kidney injury. Physiol Rep 6(10):e13707. https://doi.org/10.14814/phy2.13707

Sakai N, Wada T, Yokoyama H, Lipp M, Ueha S, Matsushima K, Kaneko S (2006) Secondary
lymphoid tissue chemokine (SLC/CCL21)/CCR7 signaling regulates fibrocytes in renal fibrosis.
Proc Natl Acad Sci U S A 103(38):14098–14103. https://doi.org/10.1073/pnas.0511200103

Sallusto F, Lenig D, Mackay CR, Lanzavecchia A (1998) Flexible programs of chemokine receptor
expression on human polarized T helper 1 and 2 lymphocytes. J Exp Med 187(6):875–883

Schmidt M, Sun G, Stacey MA, Mori L, Mattoli S (2003) Identification of circulating fibrocytes as
precursors of bronchial myofibroblasts in asthma. J Immunol 171(1):380–389

Schott AF, Goldstein LJ, Cristofanilli M, Ruffini PA, McCanna S, Reuben JM, Perez RP, Kato G,
Wicha M (2017) Phase Ib pilot study to evaluate Reparixin in combination with weekly
paclitaxel in patients with HER-2-negative metastatic breast cancer. Clin Cancer Res 23
(18):5358–5365. https://doi.org/10.1158/1078-0432.CCR-16-2748

Seo YD, Jiang X, Sullivan KM, Jalikis FG, Smythe KS, Abbasi A, Vignali M, Park JO, Daniel SK,
Pollack SM, Kim TS, Yeung R, Crispe IN, Pierce RH, Robins H, Pillarisetty VG (2019)
Mobilization of CD8(+) T cells via CXCR4 blockade facilitates PD-1 checkpoint therapy in
human pancreatic cancer. Clin Cancer Res 25(13):3934–3945. https://doi.org/10.1158/1078-
0432.CCR-19-0081

Shen L, Gao Y, Qian J, Sun A, Ge J (2011) A novel mechanism for endothelial progenitor cells
homing: the SDF-1/CXCR4-Rac pathway may regulate endothelial progenitor cells homing
through cellular polarization. Med Hypotheses 76(2):256–258. https://doi.org/10.1016/j.mehy.
2010.10.014

The Role of Chemokine Receptors in Renal Fibrosis 21

https://doi.org/10.4049/jimmunol.165.11.6429
https://doi.org/10.1111/cei.12488
https://doi.org/10.1111/cei.12488
https://doi.org/10.1513/pats.200601-012TK
https://doi.org/10.1681/ASN.2008050556
https://doi.org/10.1681/ASN.2008050556
https://doi.org/10.4049/jimmunol.1403209
https://doi.org/10.4049/jimmunol.1403209
https://doi.org/10.1016/j.it.2007.05.007
https://doi.org/10.1038/sj.leu.2404357
https://doi.org/10.14814/phy2.13707
https://doi.org/10.1073/pnas.0511200103
https://doi.org/10.1158/1078-0432.CCR-16-2748
https://doi.org/10.1158/1078-0432.CCR-19-0081
https://doi.org/10.1158/1078-0432.CCR-19-0081
https://doi.org/10.1016/j.mehy.2010.10.014
https://doi.org/10.1016/j.mehy.2010.10.014


Shimizu K, Furuichi K, Sakai N, Kitagawa K, Matsushima K, Mukaida N, Kaneko S, Wada T
(2011) Fractalkine and its receptor, CX3CR1, promote hypertensive interstitial fibrosis in the
kidney. Hypertens Res 34(6):747–752. https://doi.org/10.1038/hr.2011.23

Steinmetz OM, Turner JE, Paust HJ, Lindner M, Peters A, Heiss K, Velden J, Hopfer H, Fehr S,
Krieger T, Meyer-Schwesinger C, Meyer TN, Helmchen U, Mittrucker HW, Stahl RA, Panzer U
(2009) CXCR3 mediates renal Th1 and Th17 immune response in murine lupus nephritis. J
Immunol 183(7):4693–4704. https://doi.org/10.4049/jimmunol.0802626

Stockinger B, Omenetti S (2017) The dichotomous nature of T helper 17 cells. Nat Rev Immunol 17
(9):535–544. https://doi.org/10.1038/nri.2017.50

Strutz F, Muller GA (2006) Renal fibrosis and the origin of the renal fibroblast. Nephrol Dial
Transplant 21(12):3368–3370. https://doi.org/10.1093/ndt/gfl199

Svensson M, Yadav M, Holmqvist B, Lutay N, Svanborg C, Godaly G (2011) Acute pyelonephritis
and renal scarring are caused by dysfunctional innate immunity in mCxcr2 heterozygous mice.
Kidney Int 80(10):1064–1072. https://doi.org/10.1038/ki.2011.257

Takabatake Y, Sugiyama T, Kohara H, Matsusaka T, Kurihara H, Koni PA, Nagasawa Y,
Hamano T, Matsui I, Kawada N, Imai E, Nagasawa T, Rakugi H, Isaka Y (2009) The
CXCL12 (SDF-1)/CXCR4 axis is essential for the development of renal vasculature. J Am
Soc Nephrol 20(8):1714–1723. https://doi.org/10.1681/ASN.2008060640

Takama Y, Miyagawa S, Yamamoto A, Firdawes S, Ueno T, Ihara Y, Kondo A, Matsunami K,
Otsuka H, Fukuzawa M (2011) Effects of a calcineurin inhibitor, FK506, and a CCR5/CXCR3
antagonist, TAK-779, in a rat small intestinal transplantation model. Transpl Immunol 25
(1):49–55. https://doi.org/10.1016/j.trim.2011.04.003

Togel F, Isaac J, Hu Z, Weiss K, Westenfelder C (2005) Renal SDF-1 signals mobilization and
homing of CXCR4-positive cells to the kidney after ischemic injury. Kidney Int 67
(5):1772–1784. https://doi.org/10.1111/j.1523-1755.2005.00275.x

Tsutahara K, Okumi M, Kakuta Y, Abe T, Yazawa K, Miyagawa S, Matsunami K, Otsuka H,
Kaimori J, Takahara S, Nonomura N (2012) The blocking of CXCR3 and CCR5 suppresses the
infiltration of T lymphocytes in rat renal ischemia reperfusion. NephrolDialTransplant 27
(10):3799–3806. https://doi.org/10.1093/ndt/gfs360

Verbeke L, Mannaerts I, Schierwagen R, Govaere O, Klein S, Vander Elst I, Windmolders P,
Farre R, Wenes M, Mazzone M, Nevens F, van Grunsven LA, Trebicka J, Laleman W (2016)
FXR agonist obeticholic acid reduces hepatic inflammation and fibrosis in a rat model of toxic
cirrhosis. Sci Rep 6:33453. https://doi.org/10.1038/srep33453

Vielhauer V, Anders HJ, Mack M, Cihak J, Strutz F, Stangassinger M, Luckow B, Grone HJ,
Schlondorff D (2001) Obstructive nephropathy in the mouse: progressive fibrosis correlates
with tubulointerstitial chemokine expression and accumulation of CC chemokine receptor 2-
and 5-positive leukocytes. J Am Soc Nephrol 12(6):1173–1187

Vielhauer V, Berning E, Eis V, Kretzler M, Segerer S, Strutz F, Horuk R, Grone HJ, Schlondorff D,
Anders HJ (2004) CCR1 blockade reduces interstitial inflammation and fibrosis in mice with
glomerulosclerosis and nephrotic syndrome. Kidney Int 66(6):2264–2278. https://doi.org/10.
1111/j.1523-1755.2004.66038.x

Wada T, Sakai N, Matsushima K, Kaneko S (2007) Fibrocytes: a new insight into kidney fibrosis.
Kidney Int 72(3):269–273. https://doi.org/10.1038/sj.ki.5002325

Wang H, Shao Y, Zhang S, Xie A, Ye Y, Shi L, Jin L, Pan X, Lin Z, Li X, Yang S (2017) CXCL16
deficiency attenuates acetaminophen-induced hepatotoxicity through decreasing hepatic oxida-
tive stress and inflammation in mice. Acta Biochim Biophys Sin 49(6):541–549. https://doi.org/
10.1093/abbs/gmx040

Wehr A, Baeck C, Heymann F, Niemietz PM, Hammerich L, Martin C, Zimmermann HW, Pack O,
Gassler N, Hittatiya K, Ludwig A, Luedde T, Trautwein C, Tacke F (2013) Chemokine receptor
CXCR6-dependent hepatic NK T cell accumulation promotes inflammation and liver fibrosis. J
Immunol 190(10):5226–5236. https://doi.org/10.4049/jimmunol.1202909

Wen J, Zhou Y, Wang J, Chen J, Yan W, Wu J, Yan J, Zhou K, Xiao Y, Wang Y, Xia Q, Cai W
(2017) Interactions between Th1 cells and Tregs affect regulation of hepatic fibrosis in biliary

22 F. Wu et al.

https://doi.org/10.1038/hr.2011.23
https://doi.org/10.4049/jimmunol.0802626
https://doi.org/10.1038/nri.2017.50
https://doi.org/10.1093/ndt/gfl199
https://doi.org/10.1038/ki.2011.257
https://doi.org/10.1681/ASN.2008060640
https://doi.org/10.1016/j.trim.2011.04.003
https://doi.org/10.1111/j.1523-1755.2005.00275.x
https://doi.org/10.1093/ndt/gfs360
https://doi.org/10.1038/srep33453
https://doi.org/10.1111/j.1523-1755.2004.66038.x
https://doi.org/10.1111/j.1523-1755.2004.66038.x
https://doi.org/10.1038/sj.ki.5002325
https://doi.org/10.1093/abbs/gmx040
https://doi.org/10.1093/abbs/gmx040
https://doi.org/10.4049/jimmunol.1202909


atresia through the IFN-gamma/STAT1 pathway. Cell Death Differ 24(6):997–1006. https://doi.
org/10.1038/cdd.2017.31

Wharram BL, Goyal M, Wiggins JE, Sanden SK, Hussain S, Filipiak WE, Saunders TL, Dysko RC,
Kohno K, Holzman LB, Wiggins RC (2005) Podocyte depletion causes glomerulosclerosis:
diphtheria toxin-induced podocyte depletion in rats expressing human diphtheria toxin receptor
transgene. J Am Soc Nephrol 16(10):2941–2952. https://doi.org/10.1681/ASN.2005010055

Wolff B, Burns AR, Middleton J, Rot A (1998) Endothelial cell “memory” of inflammatory
stimulation: human venular endothelial cells store interleukin 8 in Weibel-Palade bodies. J
Exp Med 188(9):1757–1762

Wong CK, Ho AW, Tong PC, Yeung CY, Kong AP, Lun SW, Chan JC, Lam CW (2007) Aberrant
activation profile of cytokines and mitogen-activated protein kinases in type 2 diabetic patients
with nephropathy. Clin Exp Immunol 149(1):123–131. https://doi.org/10.1111/j.1365-2249.
2007.03389.x

Wu Y, An C, Jin X, Hu Z, Wang Y (2020) Disruption of CXCR6 ameliorates kidney inflammation
and fibrosis in Deoxycorticosterone acetate/salt hypertension. Sci Rep 10(1):133. https://doi.
org/10.1038/s41598-019-56933-7

Wuyts A, Proost P, Lenaerts JP, Ben-Baruch A, Van Damme J, Wang JM (1998) Differential usage
of the CXC chemokine receptors 1 and 2 by interleukin-8, granulocyte chemotactic protein-2
and epithelial-cell-derived neutrophil attractant-78. Eur J Biochem 255(1):67–73

Wynes MW, Frankel SK, Riches DW (2004) IL-4-induced macrophage-derived IGF-I protects
myofibroblasts from apoptosis following growth factor withdrawal. J Leukoc Biol 76
(5):1019–1027. https://doi.org/10.1189/jlb.0504288

Xia Y, Entman ML, Wang Y (2013) CCR2 regulates the uptake of bone marrow-derived fibroblasts
in renal fibrosis. PLoS One 8(10):e77493. https://doi.org/10.1371/journal.pone.0077493

Xia Y, Jin X, Yan J, Entman ML, Wang Y (2014a) CXCR6 plays a critical role in angiotensin
II-induced renal injury and fibrosis. Arterioscler Thromb Vasc Biol 34(7):1422–1428. https://
doi.org/10.1161/ATVBAHA.113.303172

Xia Y, Yan J, Jin X, Entman ML, Wang Y (2014b) The chemokine receptor CXCR6 contributes to
recruitment of bone marrow-derived fibroblast precursors in renal fibrosis. Kidney Int 86
(2):327–337. https://doi.org/10.1038/ki.2014.64

Yan J, Zhang Z, Jia L, Wang Y (2016) Role of bone marrow-derived fibroblasts in renal fibrosis.
Front Physiol 7:61. https://doi.org/10.3389/fphys.2016.00061

Yang J, Zhu F, Wang X, Yao W, Wang M, Pei G, Hu Z, Guo Y, Zhao Z, Wang P, Mou J, Sun J,
Zeng R, Xu G, Liao W, Yao Y (2016) Continuous AMD3100 treatment worsens renal fibrosis
through regulation of bone marrow derived pro-Angiogenic cells homing and T-cell-related
inflammation. PLoS One 11(2):e0149926. https://doi.org/10.1371/journal.pone.0149926

Ye Y, Zhang Y, Wang B, Walana W, Wei J, Gordon JR, Li F (2018) CXCR1/CXCR2 antagonist
G31P inhibits nephritis in a mouse model of uric acid nephropathy. Biomed Pharmacother
107:1142–1150. https://doi.org/10.1016/j.biopha.2018.07.077

Yoneyama H, Matsuno K, Zhang Y, Murai M, Itakura M, Ishikawa S, Hasegawa G, Naito M,
Asakura H, Matsushima K (2001) Regulation by chemokines of circulating dendritic cell
precursors, and the formation of portal tract-associated lymphoid tissue, in a granulomatous
liver disease. J Exp Med 193(1):35–49

Yuan A, Lee Y, Choi U, Moeckel G, Karihaloo A (2015) Chemokine receptor Cxcr4 contributes to
kidney fibrosis via multiple effectors. Am J Physiol Renal Physiol 308(5):F459–F472. https://
doi.org/10.1152/ajprenal.00146.2014

Zehender A, Huang J, GyorfiAH, Matei AE, Trinh-Minh T, Xu X, Li YN, Chen CW, Lin J, Dees C,
Beyer C, Gelse K, Zhang ZY, Bergmann C, Ramming A, Birchmeier W, Distler O, Schett G,
Distler JHW (2018) The tyrosine phosphatase SHP2 controls TGFbeta-induced STAT3 signal-
ing to regulate fibroblast activation and fibrosis. Nat Commun 9(1):3259. https://doi.org/10.
1038/s41467-018-05768-3

Zeisberg M, Strutz F, Muller GA (2000) Role of fibroblast activation in inducing interstitial fibrosis.
J Nephrol 13(Suppl 3):S111–S120

The Role of Chemokine Receptors in Renal Fibrosis 23

https://doi.org/10.1038/cdd.2017.31
https://doi.org/10.1038/cdd.2017.31
https://doi.org/10.1681/ASN.2005010055
https://doi.org/10.1111/j.1365-2249.2007.03389.x
https://doi.org/10.1111/j.1365-2249.2007.03389.x
https://doi.org/10.1038/s41598-019-56933-7
https://doi.org/10.1038/s41598-019-56933-7
https://doi.org/10.1189/jlb.0504288
https://doi.org/10.1371/journal.pone.0077493
https://doi.org/10.1161/ATVBAHA.113.303172
https://doi.org/10.1161/ATVBAHA.113.303172
https://doi.org/10.1038/ki.2014.64
https://doi.org/10.3389/fphys.2016.00061
https://doi.org/10.1371/journal.pone.0149926
https://doi.org/10.1016/j.biopha.2018.07.077
https://doi.org/10.1152/ajprenal.00146.2014
https://doi.org/10.1152/ajprenal.00146.2014
https://doi.org/10.1038/s41467-018-05768-3
https://doi.org/10.1038/s41467-018-05768-3


Zhang L, Ran L, Garcia GE, Wang XH, Han S, Du J, Mitch WE (2009) Chemokine CXCL16
regulates neutrophil and macrophage infiltration into injured muscle, promoting muscle regen-
eration. Am J Pathol 175(6):2518–2527. https://doi.org/10.2353/ajpath.2009.090275

Zhang Y, Thai K, Kepecs DM, Winer D, Gilbert RE (2018) Reversing CXCL10 deficiency
ameliorates kidney disease in diabetic mice. Am J Pathol 188(12):2763–2773. https://doi.org/
10.1016/j.ajpath.2018.08.017

Zhao Y, Zhu L, Zhou T, Zhang Q, Shi S, Liu L, Lv J, Zhang H (2015) Urinary CXCL1: a novel
predictor of IgA nephropathy progression. PLoS One 10(3):e0119033. https://doi.org/10.1371/
journal.pone.0119033

Zheng Z, Zheng F (2016) Immune cells and inflammation in diabetic nephropathy. J Diabetes Res
2016:1841690. https://doi.org/10.1155/2016/1841690

Zhu L, Zhang Q, Shi S, Liu L, Lv J, Zhang H (2013) Synergistic effect of mesangial cell-induced
CXCL1 and TGF-beta1 in promoting podocyte loss in IgA nephropathy. PLoS One 8(8):
e73425. https://doi.org/10.1371/journal.pone.0073425

Zhuang Q, Cheng K, Ming Y (2017) CX3CL1/CX3CR1 Axis, as the therapeutic potential in renal
diseases: friend or foe? Curr Gene Ther 17(6):442–452. https://doi.org/10.2174/
1566523218666180214092536

Zohar Y, Wildbaum G, Novak R, Salzman AL, Thelen M, Alon R, Barsheshet Y, Karp CL, Karin N
(2014) CXCL11-dependent induction of FOXP3-negative regulatory T cells suppresses auto-
immune encephalomyelitis. J Clin Invest 124(5):2009–2022. https://doi.org/10.1172/JCI71951

Zohar Y, Wildbaum G, Novak R, Salzman AL, Thelen M, Alon R, Barsheshet Y, Karp CL, Karin N
(2018) CXCL11-dependent induction of FOXP3-negative regulatory T cells suppresses auto-
immune encephalomyelitis. J Clin Invest 128(3):1200–1201. https://doi.org/10.1172/
JCI120358

Zuniga-Traslavina C, Bravo K, Reyes AE, Feijoo CG (2017) Cxcl8b and Cxcr2 regulate neutrophil
migration through bloodstream in Zebrafish. J Immunol Res 2017:6530531. https://doi.org/10.
1155/2017/6530531

24 F. Wu et al.

https://doi.org/10.2353/ajpath.2009.090275
https://doi.org/10.1016/j.ajpath.2018.08.017
https://doi.org/10.1016/j.ajpath.2018.08.017
https://doi.org/10.1371/journal.pone.0119033
https://doi.org/10.1371/journal.pone.0119033
https://doi.org/10.1155/2016/1841690
https://doi.org/10.1371/journal.pone.0073425
https://doi.org/10.2174/1566523218666180214092536
https://doi.org/10.2174/1566523218666180214092536
https://doi.org/10.1172/JCI71951
https://doi.org/10.1172/JCI120358
https://doi.org/10.1172/JCI120358
https://doi.org/10.1155/2017/6530531
https://doi.org/10.1155/2017/6530531

	The Role of Chemokine Receptors in Renal Fibrosis
	1 Introduction
	2 CXC Chemokine Receptors
	2.1 CXCR1/CXCR2
	2.2 CXCR3
	2.3 CXCR4
	2.4 CXCR6

	3 C-C Chemokine Receptors
	3.1 CCR1
	3.2 CCR2
	3.3 CCR7

	4 CX3C Chemokine Receptor
	4.1 CX3CR1

	5 Other Chemokine Receptors
	6 Discussion
	References


