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The chemokines, members of a large family of chemotactic cytokines, act as directional
cues for sorting inflammatory cell subsets to sites of inflammation or lymphoid
microenvironments. In addition to their effects on migration, chemokines can also
activate effector function in leukocytes and are involved in cell proliferation and
angiogenesis. Therefore, it is not surprising that chemokines play important roles in a
wide range of human diseases, including genetic immunodeficiencies, infections,
autoimmune diseases, and malignant tumors. In this report, we have reviewed recent
developments (since mid 2003) in chemokines in renal diseases. In animal models,
chemokines are produced at the site of injury, leading to inflammatory cell recruitment.
The therapeutic impact of the blockade of CCR1, CCR2, CCR4, CCR5, or the
corresponding ligands has been further studied in various renal disease models. Recent
studies on the role of the chemokine receptors in human diseases have demonstrated
the expression of CXCR1, CXCR3, CCR2, and CCR5 on different subsets of inflammatory
cells. The number of CCR5- and CXCR3-positive interstitial infiltrating cells (mainly T
cells) correlates with renal function and proteinuria in glomerular diseases.
Polymorphisms of chemokines and chemokine receptors are of impact on renal disease
courses and allograft survival. Chemokine receptor blockade has approached clinical
applications in nonrenal diseases and awaits the application in patients with kidney
diseases.
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INTRODUCTION

Inflammatory cells play pivotal roles in renal injury and renal allograft rejection[1,2,3]. The initial insult,
which can affect virtually any part of the kidney, activates intrinsic renal cells that respond with the
release of proinflammatory mediators. Subsets of inflammatory cells are then recruited to particular renal
compartments, e.g., glomerular tufts during glomerulonephritis, arteries during vascular allograft
rejection, and the tubulointerstitium in all forms of progressive kidney diseases. These inflammatory cells
propagate and amplify the response (through the release of cytokines and growth factors), modulate
extracellular matrix synthesis (by the release of proteinases), promote further injury (via reactive oxygen
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species), and initiate healing and repair (through the clearance of immune complexes or cellular
debris)[1,4,5]. In virtually all forms of progressive renal diseases, the tubulointerstitium becomes
involved in the injury process. The spillover of proinflammatory mediators, activation of tubular
epithelial cells via proteinuria, hypoxia, and release of reactive oxygen species might all result in
interstitial inflammation, which finally promotes interstitial fibrosis[6]. The number of interstitial T cells
and macrophages seen generally correlates with renal function in the various forms of human glomerular
diseases[2,7].

Chemokines are small, chemotactic cytokines that provide a complex signal system for cell
communication between all kinds of cells, including leukocytes[8]. Whereas the defining actions are
inflammatory cell recruitment and positioning, these cytokines fulfill a variety of biological functions as
they modulate angiogenesis and fibrogenesis, as well as proliferation and polarization of hematopoetic
progenitor cells[9,10]. During the multistep process of cell recruitment, chemokines act in concert with
other soluble mediators, adhesion molecules, and the adhesion molecule counterreceptors[11].
Chemokines need to be presented on endothelial cells to rolling leukocytes, activating integrins and,
therefore, promoting firm adhesion[12]. Following extravasation, chemokines guide the way to sites of
tissue injury of special microenvironments. This is an important part of immune surveillance, but the
same mechanisms are responsible for the recruitment of effector cells during autoimmunity, allograft
rejection, and other forms of chronic inflammation, where it is detrimental and leads to tissue damage. It
has been hoped that targeting chemokines or their receptors might result in drugs that are more specific
(with less side effects) for a defined inflammatory disease[13].

The literature on chemokines in kidney diseases currently focuses on (1) chemokines as therapeutic
targets, (2) urinary chemokines and chemokine receptors as diagnostic tools, (3) chemokine
polymorphisms as predisposing or prognostic factors, and (4) characterization of chemokines and
chemokine receptors in human kidney diseases and allograft rejection.

In this review, we will start with the basics and follow with these topics primarily focusing on what
has been published on the various renal diseases since mid 2003 (for detailed reviews of earlier data see
[4,14,15,16,17,18]).

SOME BASIC "CHEMOKINENOLOGY"

The human chemokine family consists of over 40 ligands (L) and 19 corresponding receptors (R)[19].
The subfamilies are grouped according to four conserved cysteine residues in the primary amino acid
structure (CCL, CXCL, CX3CL1, and XCL1)[19,20]. Most chemokines bind multiple chemokine
receptors of the same subgroup, but chemokines can also act as antagonists for chemokine receptors of
other groups. The N terminus is important for receptor binding and specificity, whereas areas in the core
and the C terminus are important for multimerization, glycosaminoglycan binding, and presentation of the
chemokine on the endothelial surface[21]. Still little is understood about how chemokines are presented in
the kidney, which is thought to be mediated by selective glycosaminglycans and most likely by
chemokine binding proteins[21,22,23].

Two functionally characterized groups, i.e., inflammatory and homeostatic chemokines, have been
described. Inflammatory chemokines like CCL2/MCP-1, CCL5/RANTES, or CXCL10/IP-10 are rapidly
upregulated and released by proinflammatory cytokines. Homeostatic chemokines, on the other hand, are
involved in tissue homeostasis and cellular recirculation under noninflammatory conditions. The renal
literature has focused on inflammatory chemokines, with very little exceptions[24,25,26].

Chemokine receptors are seven, transmembrane-spanning proteins coupled to heterotrimeric G
proteins and activate various intracellular pathways like small GTPases and kinases[13]. Chemokine
receptors signal on binding chemokines of one class and are therefore labeled accordingly (CCR, CXCR,
CX3CR1, XCR1). After ligand binding, chemokine receptors can be rapidly internalized, which stops cell
movement and enables response to other chemotactic factors.
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A series of seven, transmembrane, chemokine-binding proteins that do not signal in response to
binding and are now referred to as interceptors (chemokine-internalizing receptors) are under study[27].
Two members of this family are DARC (the duffy antigen receptor) and D6. DARC binds both CC as
well as CXC chemokines[8]. It is expressed on peritubular capillaries in the human kidney and is
upregulated during various forms of interstitial injury[28,29]. D6 is expressed on lymphatic endothelial
cells, internalized chemokines, which results in chemokine degradation[30,31]. The potential role of these
proteins in renal diseases is still unknown.

CHEMOKINES AS THERAPEUTIC TARGETS

All intrinsic renal cells can express chemokines in response to stress (for details see [4,32]). To better
characterize individual chemokines or chemokine receptors as therapeutic targets, a series of mouse
models of renal diseases have been employed.

The MRL(lpr/lIpr) mouse is a well-defined model of lupus nephritis[33]. A variety of chemokines are
upregulated during the disease course (including CCL2/MCP-1 and CCL5/RANTES), associated with the
recruitment of inflammatory cells, both to the glomerular tuft and the tubulointerstitium[34]. CCL2/MCP-
1-deficient mice demonstrated a significant improvement of the disease course[35]. Deficiency of the
corresponding receptor CCR2 resulted in a reduction in the inflammatory cell recruitment (both T cells
and macrophages) and improved renal morphology (Perez de Lema et al. [2004], Unpublished data, J.
Am. Soc. Nephrol. 15, 686 A). Gene transfer of an NH2-terminal deletion mutant of the MCP-1 gene
(7ND) was used to interfere with CCR2 signaling[36,37]. This approach was shown to reduce renal
inflammation and prolonged survival[36]. Treatment with the CCR1 antagonist BX471 was found to
reduce blood urea nitrogen levels, interstitial T cell and macrophage accumulation, and decreased
interstitial fibrosis in this model[33].

An additional approach designed to interfere with chemokine signaling involved the transfection of an
N-terminally truncated CX3CL1/fractalkine gene (Fkn-AT) into a fibroblastoid cell line, which was then
injected subcutaneously[38]. MRL/Ipr mice treated with Fkn-AT before the onset or during the early
stages of lupus nephritis demonstrated a reduction of glomerular hypercellularity, glomerulosclerosis,
crescent formation, and vasculitis[38]. While these results demonstrate a beneficial effect of chemokine
blockade in the MRL-Ipr mouse using various approaches, more needs to be learned about the specific
chemokine receptor expression by inflammatory cells infiltrating the glomeruli during human lupus
nephritis.

The role of macrophage-derived chemokine (CCL22/MDC) and its corresponding receptor (CCR4)
has been studied in a nephrotoxic nephritis model in rats[39]. Induction of CCL22/MDC mRNA and
protein was detected in nephritic glomeruli. A blockade of CCL22/MDC using specific antibody did not
affect the early phase of the disease, but did suppress macrophage recruitment, crescent formation, and
deterioration of renal function in the later phase of the disease[39].

Adriamycin nephropathy is a toxic model induced in mice or rats that leads to proteinuria and
interstitial fibrosis[40,41]. During the disease course, an increase in expression of chemokines such as
CCL5/RANTES and CCL2/MCP-1, and their corresponding receptors, is seen. The induction of
autoantibodies directed against CCL5/RANTES and CCL2/MCP-1, achieved through vaccination with
naked DNA in rats, resulted in decreased proteinuria, improved creatinine-clearance, conservation of
renal morphology, and reduced inflammatory interstitial infiltrates[40]. Accordingly, blocking CCR1 (a
receptor for CCL5/RANTES) with a small molecule antagonist decreased interstitial T cell and
macrophage accumulation, and reduced interstitial fibroblast accumulation and interstitial fibrosis[41].

To study the role of hepatocyte growth factor (HGF) in renal inflammation, rats with subtotal
nephrectomy were treated with recombinant HGF or with a blocking antibody against HGF[42]. HGF
treatment reduced tubular CCL2/MCP-1 and CCL5/RANTES expression and decreased inflammatory cell
recruitment. Blocking endogenous HGF had the opposite effect[42]. Therefore, the beneficial effects of
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HGF in progressive renal injury may be mediated, in part, through reduction of selective chemokine
expression.

Unilateral ureter obstruction is commonly used as a rapid model of interstitial fibrosis in mice[43].
CCR1-/- mice demonstrated a significant decrease of interstitial macrophages (by 35%) and lymphocytes
(by 55%), as well as reduction of fibroblasts, interstitial volume, and collagen | deposition[44]. In
contrast, the disease course was not altered in CCR5-deficient mice as compared to wild type mice.
Furthermore, macrophages and T cells from CCR5-deficient mice injected into mice with UUO were
efficiently recruited to the obstructed kidney, whereas the number of CCR1-deficient cells or cells treated
with a CCR1 antagonist was reduced[44]. Therefore, in UUO of mice, cell recruitment is mainly driven
by CCR1 and not by CCR5.

Collagen 4A3-deficient mice develop progressive renal failure, mimicking human Alports
syndrome[45]. These mice eventually die from renal failure, which presents with prominent interstitial
macrophage accumulation and fibrosis[46]. Treatment of the mice with a CCR1 antagonist resulted in a
(BX471) reduced interstitial inflammation, decreased tubular epithelial cell apoptosis, decreased
interstitial fibrosis, and prolonged survival[46]. Therefore, there is compelling evidence from a series of
murine models of progressive renal injury that blockade of CCR1 shows efficacy.

Ischemia/reperfusion (I/R) injury promotes delayed graft function and is a major obstacle to long-
term renal allograft survival. In a rat I/R model (4-h cold ischemia), the induction of CINC (a rat homolog
of CXCLS8/IL-8) was associated with granulocyte recruitment[47]. Treatment with repertaxin (a small
molecule, noncompetitive allosteric inhibitor of CXCR1 and CXCR2[48]) significantly reduced the
granulocyte recruitment and serum creatinine. The first dose of repertaxin was given 24 h before surgery.

As with any effective agent, chemokine antagonists may have adverse effects related to specific
function of the chemokine in other systems, to unspecific interactions, or organ toxicity. Met-RANTES
and AOP-RANTES, two CCL5/RANTES-based functional antagonists, have been found to aggravate
glomerular damage and proteinuria in mice with immune complex glomerulonephritis, despite a reduction
of glomerular leukocyte infiltration[49]. This unexpected finding may relate to additional biologic roles
for the targeted receptors outside leukocyte recruitment. Both functional antagonists inhibit glomerular
macrophage recruitment, but also lead to an activation of resident macrophages as characterized by iNOS
expression and reduced phagocytic uptake of apoptotic cells, mechanisms that contribute to the repair of
glomerular tissues[49]. Apparent exacerbation of renal disease by targeting single chemokine receptors
has also been found in mice deficient for the chemokine receptors CCR1 and CCR2[50,51].

CHARACTERIZATION OF CHEMOKINES AND CHEMOKINE RECEPTORS IN
HUMAN KIDNEY DISEASES AND ALLOGRAFT REJECTION

It is now generally accepted that the severity of interstitial injury correlates well with renal function and is
of prognostic value for glomerular diseases[5,52]. Recent studies have demonstrated that the general
number of interstitial T cells and macrophages correlate with disease outcome. Consistently, the number
of chemokine receptor—expressing, infiltrating, inflammatory cells also correlates with the disease
severity. The number of interstitial CXCR3 and CCR5 positive cells (which mainly represent the
interstitial T cell infiltrate) correlates with renal function and proteinuria at the time of renal biopsy in
glomerular diseases[7]. In patients with membranous nephropathy, the number of interstitial, CD68-
positive macrophages, CCL2/MCP-1 expression, and the number of interstitial, CCR2-positive cells were
significantly higher in initial biopsies in patients that developed end-stage renal disease (ESRD), as
compared to those that did not develop ESRD[53]. In crescentic glomerulonephritis, CCR2 was expressed
by both glomerular and interstitial macrophages in association with expression of CCL2/MCP-1 by
intrinsic renal cells and inflammatory cells[54]. In various forms of glomerulonephritis, the fractalkine
receptor CX3CR1 was expressed by T cells in the interstitium and macrophages both in glomeruli and
interstitial infiltrates. CXCR1 is a receptor for CXCLS8/IL-8, a major chemoattractant for
polymorphonuclear leukocytes (PMNSs)[20]. The expression of CXCLS8/IL-8 has been described in
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glomerular diseases in association with PMN infiltration[4]. We localized the corresponding receptor,
CXCRY1, in renal biopsies with glomerular diseases (S. Segerer, unpublished data). CXCR1 was expressed
by glomerular PMNs with particularly high numbers in membranoproliferative glomerulonephritis, lupus
nephritis, and crescentic glomerulonephritis. Furthermore, CXCR1 is expressed by intrinsic renal cells as
smooth muscle cells on the endothelium of a small number of peritubular capillaries and rarely in
podocytes. A lot of progress has been made on the expression of chemokine receptors in human diseases,
but still a lot of work needs to be done on the role of chemokine receptors during the disease course.
Based on early studies of Hancock and colleagues’ heart allograft models in the mouse, many subsequent
studies have been performed on the potential role of CXCR3 and the corresponding ligands CXCL9/Mig,
CXCL10/1P-10, and CXCL11/I-TAC during renal allograft rejection[55]. The studies in CXCR3- and
CCR5-deficient mice await confirmation by other groups.

Panzer et al. demonstrated a significant increase of CXCR3-positive cells during acute allograft
rejection and a significant induction of the corresponding ligands[56]. In a comparison between humoral
and cellular rejection, we demonstrated that only cellular rejection was associated with an accumulation
of CXCR3-positive cells in renal allografts[57].

URINARY CHEMOKINES AND CHEMOKINE RECEPTORS AS DIAGNOSTIC TOOLS

CCL2/MCP-1 mRNA and protein measured in the urine of patients with lupus nephritis correlated with
the clinical disease activity and the histological activity score[58]. In a prospective study, urinary
CCL2/MCP-1 and CXCL8/IL-8 excretion was quantified in lupus patients[59]. Patients with renal flares
demonstrated significantly higher urinary CCL2/MCP-1 excretion as compared to patients with nonrenal
flares and healthy controls. Urinary CCL2/MCP-1 excretion correlated with proteinuria, impaired renal
function, and was particularly high in patients with proliferative lupus nephritis[59]. Successful treatment
decreased urinary CCL2/MCP-1 excretion[59]. Urinary CXCLS8/IL-8 was not associated with lupus
flares.

As described earlier, CXCR3 and its corresponding ligands are upregulated in patients with cellular
renal allograft rejection. Therefore, measuring the corresponding ligands might represent a potential tool
for the surveillance of allograft damage. In a baboon model of renal allograft rejection, the urinary
excretion of CXCL9/Mig and CXCL10/1P-10 was significantly increased during acute allograft rejection
and was found to rise before an increase in serum creatinine was seen[60]. To evaluate urinary excretion
of CXCL9/Mig and CXCL10/IP-10 as potential markers of allograft rejection, 69 renal allograft
recipients were prospectively evaluated in the early post-transplant period by ELISA[61]. Biopsy-proven
allograft rejection was subsequently shown to have developed in 14 patients and rejection was suspected
in 1 additional patient. The excretion of CXCL9/Mig was found to be significantly higher in these
patients as compared to normal controls, and to allograft recipients without rejection. Urinary
CXCL9/Mig excretion successfully predicted acute rejection with a sensitivity of 93% and a specificity of
89%. Importantly, an increase of urinary CXCL9/Mig preceded the clinical diagnosis and was found to
decrease after successful antirejection therapy[61]. Tatapudi and colleagues characterized CXCL10/IP-10
and CXCR3 mRNA in urine specimens of renal transplant patients[62]. The authors found a sensitivity of
100% and a specificity of 78% using a cutoff value of 9.11 copies of CXCL10/IP-10, and a sensitivity of
63% and specificity of 83% using the cutoff value of 11.59 copies of CXCR3. Measuring CCXL10/IP-10
in sera from 316 cadaver kidney graft recipients identified serum CXCL10/IP10 levels as a negative
predictor for allograft failure[63].

These results build on reports, dating back to the middle of the 90s, that demonstrate that the
measurement of chemokines in the urine may represent an important tool in clinical nephrology. The
clinical application has not been reached and larger, prospective studies are clearly needed to demonstrate
clinical applicability and the impact on disease courses.
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CHEMOKINE POLYMORPHISMS AS PREDISPOSING OR PROGNOSTIC FACTORS

Genetic variations including single nucleotide polymorphisms (SNPs) in chemokines or chemokine
receptors have been linked to diverse inflammatory diseases. It is thought that these variations may
change the tissue response to injury or the release of chemokines by infiltrating cells.

Several polymorphisms of chemokine and chemokine receptor genes of the host are linked to the
course of allograft dysfunction after renal transplantation[55]. An important functional role has been
demonstrated for the CCR5 mutation (CCR5Delta32). This mutation results in an absence of functional
CCR5 on the cell surface. Patients homozygous for CCR5Delta32 demonstrated a prolonged renal
allograft survival[64]. The G allele of the CCL2/MCP-1-2518 promotor polymorphism is associated with
an increased CCL2/MCP-1 expression in leukocytes and a decreased renal allograft survival[65].
Significant reductions were found in the risk of acute renal transplant rejection in recipients with the
CCR2-641 allele or who were homozygous for the CCR5 59029-A allele[66]. Little is known about the
role of donor polymorphisms on the outcome of allografts. It is hoped that with the information of
polymorphisms, the immunosuppressive therapy might be tailored to low or high risk groups.

The CCR5Delta32 mutation has also been associated with a better renal outcome in patients with IgA
nephropathy[67]. In a study of chemokine polymorphisms in Chinese children with lupus, a -28C/G
RANTES/CCL5 promotor polymorphism was associated with increased risk of developing lupus, with
higher ANA levels, lower complement, and higher incidence of central nervous system involvement[68].

No association was found with -2518(A/G) MCP-1 or an additional RANTES/CCL5 polymorphism
at -403 (G/A) and the course of IgA nephropathy[69].

In a prospective study, Boger et al. included 225 Caucasian patients with type 2 diabetes mellitus on
dialysis for less than 2 years[70]. Polymorphisms of CCL5/RANTES (Inl1l.1T/C, -403, and -28),
CCL2/MCP-1 (-2518), and CX3CR1 (T280M) were characterized by real-time RT-PCR. A significantly
higher risk of all cause mortality was demonstrated in patients with the CCL5/RANTES -403 and the
In1.1T/C mutation[70]. Mortality was mainly due to cardiovascular events. Renal diseases are associated
with a very high cardiovascular risk, which might even be potentiated by genetic variants of the
chemokine system.

TOLL-LIKE RECEPTORS, CHEMOKINES, AND RENAL DISEASES

Toll-like receptors (TLR) are a family of receptors that bind to pathogen-associated molecular
patterns[71]. These receptors help upregulate the expression of proinflammatory cytokines and
chemokines in response to LPS (TLR4), lipoproteins and peptidoglycans (TLR 1,2,6), viral RNA (TLR3),
and bacterial or viral unmethylated cytosine-guanosin dinucleotide (CpG) DNA (TLR 9)[71]. TLR
represent an intricate part of the innate immune response and act as bridge between the innate and
adaptive immune response. TLR are expressed on select subsets of inflammatory cells and on intrinsic
cells (e.g., tubular epithelial cells). Mouse renal tubular epithelial cells express TLR1, -2, -3, -4, and -6 in
vitro. Stimulation with LPS leads to an induction of CC chemokines (e.g., CCL2/MCP-1 and CCL5/
RANTES)[72]. This mechanism is thought to mediate the interstitial inflammation seen during sepsis or
infection. TLR3 (a receptor for double-stranded RNA, dsRNA) was found to be expressed by interstitial
inflammatory cells and mesangial cells in MRL Ipr/lpr mice. In vitro exposure of mesangial cells to
polyinosinic-cytidylic acid (pl:C) RNA led to an induction of CCL2/MCP-1[73,74]. Injection of pl:C
RNA into MRL Ipr/lpr mice aggravated the lupus nephritis. TLR9 was also localized to glomerular,
tubulointerstitial, and perivascular infiltrates in MRL Ipr mice, but not intrinsic renal cells[75]. Injection
of CpG-oligodeoxynucleotides resulted in an increase in anti-DNA antibodies, an aggravation of
crescentic nephritis, interstitial fibrosis, and increased proteinuria[75]. Increased chemokine expression
was associated with increased glomerular and interstitial inflammatory cell recruitment. These
mechanisms may provide insight into how infections help trigger lupus nephritis flares, via activation of
TLR on both inflammatory cells and intrinsic renal cells.
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SUMMARY

Promise of chemokine-based therapeutics in renal disease is beginning to show results. Blockades of
select receptors appear to reduce the infiltration of specific leukocytes and thereby limit tissue damage. In
human glomerular diseases and allograft rejection, both CCR5 and CXCR3 are currently the most
promising targets with CCR5 antagonists demonstrating therapeutic activity in patients with HIV
infection and other new drugs in the pipeline (e.g., TAC 220)[76]. In mouse models, CCR1 has been
demonstrated to be a suitable target, but the CCR1-expressing cell types have not been described in
human renal diseases. While chemokine receptor antagonism may work as a standalone therapy, their use
in combination with other anti-inflammatory regimens may be the most efficacious. In addition, the
detection of chemokines in urine may prove to be an important early indicator of specific renal damage.

ACKNOWLEDGMENTS

S.S. is supported by a grant from the Else Kroner-Fresenius Stiftung.

REFERENCES
1. Sean Eardley, K. and Cockwell, P. (2005) Macrophages and progressive tubulointerstitial disease. Kidney Int. 68,
437-455,
2. Alexopoulos, E., Seron, D., Hartley, R.B., and Cameron, J.S. (1990) Lupus nephritis: correlation of interstitial cells
with glomerular function. Kidney Int. 37, 100-1009.
3. Bohle, A., Wehrmann, M., Bogenschutz, O., Batz, C., Vogl, W., Schmitt, H., Muller, C.A., and Muller, G.A. (1992)

The long-term prognosis of the primary glomerulonephritides. A morphological and clinical analysis of 1747 cases.
Pathol. Res. Pract. 188, 908-924.

4. Segerer, S., Nelson, P.J., and Schlondorff, D. (2000) Chemokines, chemokine receptors, and renal disease: from basic
science to pathophysiologic and therapeutic studies. J. Am. Soc. Nephrol. 11, 152-176.

5. Eddy, A.A. (2000) Molecular basis of renal fibrosis. Pediatr. Nephrol. 15, 290-301.

6. Porubsky, S., Schmid, H., Bonrouhi, M., Kretzler, M., Malle, E., Nelson, P.J., and Grone, H.J. (2004) Influence of

native and hypochlorite-modified low-density lipoprotein on gene expression in human proximal tubular epithelium.
Am. J. Pathol. 164, 2175-2187.

7. Segerer, S., Banas, B., Wornle, M., Schmid, H., Cohen, C.D., Kretzler, M., Mack, M., Kiss, E., Nelson, P.J.,
Schlondorff, D., and Grone, H.J. (2004) CXCR3 is involved in tubulointerstitial injury in human glomerulonephritis.
Am. J. Pathol. 164, 635-649.

8. Rot, A. and von Andrian, U.H. (2004) Chemokines in innate and adaptive host defense: basic chemokinese grammar
for immune cells. Annu. Rev. Immunol. 22, 891-928.

9. Douglas, I.S. and Nicolls, M.R. (2005) Chemokine-mediated angiogenesis: an essential link in the evolution of airway
fibrosis? J. Clin. Invest. 115, 1133-1136.

10. Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A., and Locati, M. (2004) The chemokine system in
diverse forms of macrophage activation and polarization. Trends Immunol. 25, 677-686.

11. Kim, C.H. (2005) The greater chemotactic network for lymphocyte trafficking: chemokines and beyond. Curr. Opin.
Hematol. 12, 298-304.

12. Ley, K. (2003) Arrest chemokines. Microcirculation 10, 289-295.

13. Terricabras, E., Benjamim, C., and Godessart, N. (2004) Drug discovery and chemokine receptor antagonists: eppur si
muove! Autoimmun. Rev. 3, 550-556.

14. Stahl, R.A. (1995) Chemoattractive cytokines (chemokines) and immune renal injury. Nephrol. Dial. Transplant. 10,
307-309.

15. Banas, B., Wenzel, U., Stahl, R.A., and Schlondorff, D. (1996) Role of chemokines in glomerular diseases. Kidney
Blood Press. Res. 19, 270-280.

16. Colvin, B.L. and Thomson, A.W. (2002) Chemokines, their receptors, and transplant outcome. Transplantation 74,
149-155.

17. Segerer, S. (2003) The role of chemokines and chemokine receptors in progressive renal diseases. Am. J. Kidney Dis.
41, S15-18.

18. Segerer, S. and Alpers, C.E. (2003) Chemokines and chemokine receptors in renal pathology. Curr. Opin. Nephrol.
Hypertens. 12, 243-249.

19. Murphy, P.M. (2002) International Union of Pharmacology. XXX. Update on chemokine receptor nomenclature.

841



Segerer and Nelson: Chemokines in Renal Diseases TheScientificWorldJOURNAL (2005) 5, 835-844

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Pharmacol. Rev. 54, 227-229.

Murphy, P.M., Baggiolini, M., Charo, I.F., Hebert, C.A., Horuk, R., Matsushima, K., Miller, L.H., Oppenheim, J.J.,
and Power, C.A. (2000) International union of pharmacology. XXII. Nomenclature for chemokine receptors.
Pharmacol. Rev. 52, 145-176.

Middleton, J., Patterson, A.M., Gardner, L., Schmutz, C., and Ashton, B.A. (2002) Leukocyte extravasation:
chemokine transport and presentation by the endothelium. Blood 100, 3853-3860.

Sandhoff, R., Grieshaber, H., Djafarzadeh, R., Sijmonsma, T.P., Proudfoot, A.E., Handel, T.M., Wiegandt, H.,
Nelson, P.J., and Grone, H.J. (2005) Chemokines bind to sulfatides as revealed by surface plasmon resonance.
Biochim. Biophys. Acta 1687, 52-63.

Ali, S., Malik, G., Burns, A., Robertson, H., and Kirby, J.A. (2005) Renal transplantation: examination of the
regulation of chemokine binding during acute rejection. Transplantation 79, 672-679.

Banas, B., Wornle, M., Merkle, M., Gonzalez-Rubio, M., Schmid, H., Kretzler, M., Pietrzyk, M.C., Fink, M., Perez
de Lema, G., and Schlondorff, D. (2004) Binding of the chemokine SLC/CCL21 to its receptor CCR7 increases
adhesive properties of human mesangial cells. Kidney Int. 66, 2256-2263.

Wornle, M., Schmid, H., Merkle, M., and Banas, B. (2004) Effects of chemokines on proliferation and apoptosis of
human mesangial cells. BMC Nephrol. 5, 8.

Banas, B., Wornle, M., Berger, T., Nelson, P.J., Cohen, C.D., Kretzler, M., Pfirstinger, J., Mack, M., Lipp, M., Grone,
H.J., and Schlondorff, D. (2002) Roles of SLC/CCL21 and CCR7 in human kidney for mesangial proliferation,
migration, apoptosis, and tissue homeostasis. J. Immunol. 168, 4301-4307.

Nibbs, R., Graham, G., and Rot, A. (2003) Chemokines on the move: control by the chemokine “interceptors” Duffy
blood group antigen and D6. Semin. Immunol. 15, 287-294.

Segerer, S., Bohmig, G.A., Exner, M., Calin, Y., Cartron, J.P., Kerjaschki, D., Schlondorff, D., and Regele, H. (2003)
When renal allografts turn darc. Transplantation 75, 1030-1034.

Segerer, S., Regele, H., Mack, M., Kain, R., Cartron, J.P., Colin, Y., Kerjaschki, D., and Schlondorff, D. (2000) The
duffy antigen receptor for chemokines is up-regulated during acute renal transplant rejection and crescentic
glomerulonephritis. Kidney Int. 58, 1546-1556.

Weber, M., Blair, E., Simpson, C.V., O'Hara, M., Blackburn, P.E., Rot, A., Graham, G.J., and Nibbs, R.J. (2004) The
chemokine receptor D6 constitutively traffics to and from the cell surface to internalize and degrade chemokines. Mol.
Biol. Cell 15, 2492-2508.

Nibbs, R.J., Kriehuber, E., Ponath, P.D., Parent, D., Qin, S., Campbell, J.D., Henderson, A., Kerjaschki, D., Maurer,
D., Graham, G.J,, and Rot, A. (2001) The beta-chemokine receptor D6 is expressed by lymphatic endothelium and a
subset of vascular tumors. Am. J. Pathol. 158, 867-877.

Zoja, C., Benigni, A., and Remuzzi, G. (2004) Cellular responses to protein overload: key event in renal disease
progression. Curr. Opin. Nephrol. Hypertens. 13, 31-37.

Anders, H.J., Belemezova, E., Eis, V., Segerer, S., Vielhauer, V., Perez de Lema, G., Kretzler, M., Cohen, C.D.,
Frink, M., Horuk, R., Hudkins, K.L., Alpers, C.E., Mampaso, F., and Schlondorff, D. (2004) Late onset of treatment
with a chemokine receptor CCR1 antagonist prevents progression of lupus nephritis in MRL-Fas(lpr) mice. J. Am.
Soc. Nephrol. 15, 1504-1513.

Perez de Lema, G., Maier, H., Nieto, E., Vielhauer, V., Luckow, B., Mampaso, F., and Schlondorff, D. (2001)
Chemokine expression precedes inflammatory cell infiltration and chemokine receptor and cytokine expression
during the initiation of murine lupus nephritis. J. Am. Soc. Nephrol. 12, 1369-1382.

Tesch, G.H., Maifert, S., Schwarting, A., Rollins, B.J., and Kelley, V.R. (1999) Monocyte chemoattractant protein 1-
dependent leukocytic infiltrates are responsible for autoimmune disease in MRL-Fas(lpr) mice. J. Exp. Med. 190,
1813-1824.

Shimizu, S., Nakashima, H., Masutani, K., Inoue, Y., Miyake, K., Akahoshi, M., Tanaka, Y., Egashira, K., Hirakata,
H., Otsuka, T., and Harada, M. (2004) Anti-monocyte chemoattractant protein-1 gene therapy attenuates nepbhritis in
MRL/Ipr mice. Rheumatology (Oxford) 43, 1121-1128.

Shimizu, S., Nakashima, H., Karube, K., Ohshima, K., and Egashira, K. (2005) Monocyte chemoattractant protein-1
activates a regional Th1l immunoresponse in nephritis of MRL/Ipr mice. Clin. Exp. Rheumatol. 23, 239-242.

Inoue, A., Hasegawa, H., Kohno, M., Ito, M.R., Terada, M., Imai, T., Yoshie, O., Nose, M., and Fujita, S. (2005)
Antagonist of fractalkine (CX3CL1) delays the initiation and ameliorates the progression of lupus nephritis in
MRL/Ipr mice. Arthritis Rheum. 52, 1522-1533.

Garcia, G.E., Xia, Y., Harrison, J., Wilson, C.B., Johnson, R.J., Bacon, K.B., and Feng, L. (2003) Mononuclear cell-
infiltrate inhibition by blocking macrophage-derived chemokine results in attenuation of developing crescentic
glomerulonephritis. Am. J. Pathol. 162, 1061-1073.

Wu, H., Wang, Y., Tay, Y.C., Zheng, G., Zhang, C., Alexander, S.I., and Harris, D.C. (2005) DNA vaccination with
naked DNA encoding MCP-1 and RANTES protects against renal injury in adriamycin nephropathy. Kidney Int. 67,
2178-2186.

Vielhauer, V., Berning, E., Eis, V., Kretzler, M., Segerer, S., Strutz, F., Horuk, R., Grone, H.J., Schlondorff, D., and
Anders, H.J. (2004) CCR1 blockade reduces interstitial inflammation and fibrosis in mice with glomerulosclerosis
and nephrotic syndrome. Kidney Int. 66, 2264-2278.

Gong, R., Rifai, A., Tolbert, E.M., Biswas, P., Centracchio, J.N., and Dworkin, L.D. (2004) Hepatocyte growth factor

842



Segerer and Nelson: Chemokines in Renal Diseases TheScientificWorldJOURNAL (2005) 5, 835-844

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

ameliorates renal interstitial inflammation in rat remnant kidney by modulating tubular expression of macrophage
chemoattractant protein-1 and RANTES. J. Am. Soc. Nephrol. 15, 2868-2881.

Anders, H.J., Vielhauer, V., Frink, M., Linde, Y., Cohen, C.D., Blattner, S.M., Kretzler, M., Strutz, F., Mack, M.,
Grone, H.J., Onuffer, J., Horuk, R., Nelson, P.J., and Schlondorff, D. (2002) A chemokine receptor CCR-1 antagonist
reduces renal fibrosis after unilateral ureter ligation. J. Clin. Invest. 109, 251-259.

Eis, V., Luckow, B., Vielhauer, V., Siveke, J.T., Linde, Y., Segerer, S., De Lema, G.P., Cohen, C.D., Kretzler, M.,
Mack, M., Horuk, R., Murphy, P.M., Gao, J.L., Hudkins, K.L., Alpers, C.E., Grone, H.J., Schlondorff, D., and
Anders, H.J. (2004) Chemokine receptor CCR1 but not CCR5 mediates leukocyte recruitment and subsequent renal
fibrosis after unilateral ureteral obstruction. J. Am. Soc. Nephrol. 15, 337-347.

Cosgrove, D., Meehan, D.T., Grunkemeyer, J.A., Kornak, J.M., Sayers, R., Hunter, W.J., and Samuelson, G.C. (1996)
Collagen COL4A3 knockout: a mouse model for autosomal Alport syndrome. Genes Dev. 10, 2981-2992.

Ninichuk, V., Gross, O., Reichel, C., Khandoga, A., Pawar, R.D., Ciubar, R., Segerer, S., Belemezova, E., Radomska,
E., Luckow, B., de Lema, G.P., Murphy, P.M., Gao, J.L., Henger, A., Kretzler, M., Horuk, R., Weber, M., Krombach,
F., Schlondorff, D., and Anders, H.J. (2005) Delayed chemokine receptor 1 blockade prolongs survival in collagen
4A3-deficient mice with Alport disease. J. Am. Soc. Nephrol. 16, 977-985.

Cugini, D., Azzollini, N., Gagliardini, E., Cassis, P., Bertini, R., Colotta, F., Noris, M., Remuzzi, G., and Benigni, A.
(2005) Inhibition of the chemokine receptor CXCR2 prevents kidney graft function deterioration due to
ischemia/reperfusion. Kidney Int. 67, 1753-1761.

Bertini, R., Allegretti, M., Bizzarri, C., Moriconi, A., Locati, M., Zampella, G., Cervellera, M.N., Di Cioccio, V.,
Cesta, M.C., Galliera, E., Martinez, F.O., Di Bitondo, R., Troiani, G., Sabbatini, V., D'Anniballe, G., Anacardio, R.,
Cutrin, J.C., Cavalieri, B., Mainiero, F., Strippoli, R., Villa, P., Di Girolamo, M., Martin, F., Gentile, M., Santoni, A.,
Corda, D., Poli, G., Mantovani, A., Ghezzi, P., and Colotta, F. (2004) Noncompetitive allosteric inhibitors of the
inflammatory chemokine receptors CXCR1 and CXCR2: prevention of reperfusion injury. Proc. Natl. Acad. Sci. U. S.
A. 101, 11791-11796.

Anders, H.J., Frink, M., Linde, Y., Banas, B., Wornle, M., Cohen, C.D., Vielhauer, V., Nelson, P.J., Grone, H.J., and
Schlondorff, D. (2003) CC chemokine ligand 5/RANTES chemokine antagonists aggravate glomerulonephritis
despite reduction of glomerular leukocyte infiltration. J. Immunol. 170, 5658-5666.

Bird, J.E., Giancarli, M.R., Kurihara, T., Kowala, M.C., Valentine, M.T., Gitlitz, P.H., Pandya, D.G., French, M.H.,
and Durham, S.K. (2000) Increased severity of glomerulonephritis in C-C chemokine receptor 2 knockout mice.
Kidney Int. 57, 129-136.

Topham, P.S., Csizmadia, V., Soler, D., Hines, D., Gerard, C.J., Salant, D.J., and Hancock, W.W. (1999) Lack of
chemokine receptor CCR1 enhances Thl responses and glomerular injury during nephrotoxic nephritis. J. Clin.
Invest. 104, 1549-1557.

Strutz, F. and Neilson, E.G. (2003) New insights into mechanisms of fibrosis in immune renal injury. Springer Semin.
Immunopathol. 24, 459-476.

Yoshimoto, K., Wada, T., Furuichi, K., Sakai, N., Iwata, Y., and Yokoyama, H. (2004) CD68 and MCP-1/CCR2
expression of initial biopsies reflect the outcomes of membranous nephropathy. Nephron Clin. Pract. 98, c25-34.
Segerer, S., Cui, Y., Hudkins, K.L., Goodpaster, T., Eitner, F., Mack, M., Schlondorff, D., and Alpers, C.E. (2000)
Expression of the chemokine monocyte chemoattractant protein-1 and its receptor chemokine receptor 2 in human
crescentic glomerulonephritis. J. Am. Soc. Nephrol. 11, 2231-2242.

Hancock, W.W. (2002) Chemokines and transplant immunobiology. J. Am. Soc. Nephrol. 13, 821-824.

Panzer, U., Reinking, R.R., Steinmetz, O.M., Zahner, G., Sudbeck, U., Fehr, S., Pfalzer, B., Schneider, A., Thaiss, F.,
Mack, M., Conrad, S., Huland, H., Helmchen, U., and Stahl, R.A. (2004) CXCR3 and CCR5 positive T-cell
recruitment in acute human renal allograft rejection. Transplantation 78, 1341-1350.

Segerer, S., Bohmig, G.A., Exner, M., Kerjaschki, D., Regele, H., and Schlondorff, D. (2005) Role of CXCR3 in
cellular but not humoral renal allograft rejection. Transpl. Int. 18, 676-680.

Nakashima, H., Akahoshi, M., Shimizu, S., Inoue, Y., Miyake, K., Ninomiya, I., Igawa, T., Sadanaga, A., Otsuka, T.,
and Harada, M. (2004) Absence of association between the MCP-1 gene polymorphism and histological phenotype of
lupus nephritis. Lupus 13, 165-167.

Rovin, B.H., Song, H., Birmingham, D.J., Hebert, L.A., Yu, C.Y., and Nagaraja, H.N. (2005) Urine chemokines as
biomarkers of human systemic lupus erythematosus activity. J. Am. Soc. Nephrol. 16, 467-473.

Kanmaz, T., Feng, P., Torrealba, J., Kwun, J., Fechner, J.H., Schultz, J.M., Dong, Y., Kim, H.T., Dar, W., Hamawy,
M.M., Knechtle, S.J., and Hu, H. (2004) Surveillance of acute rejection in baboon renal transplantation by elevation
of interferon-gamma inducible protein-10 and monokine induced by interferon-gamma in urine. Transplantation 78,
1002-1007.

Hauser, 1.A., Spiegler, S., Kiss, E., Gauer, S., Sichler, O., Scheuermann, E.H., Ackermann, H., Pfeilschifter, J.M.,
Geiger, H., Grone, H.J., and Radeke, H.H. (2005) Prediction of acute renal allograft rejection by urinary monokine
induced by IFN-gamma (MIG). J. Am. Soc. Nephrol. 16, 1849-1858.

Tatapudi, R.R., Muthukumar, T., Dadhania, D., Ding, R., Li, B., Sharma, V.K., Lozada-Pastorio, E., Seetharamu, N.,
Hartono, C., Serur, D., Seshan, S.V., Kapur, S., Hancock, W.W., and Suthanthiran, M. (2004) Noninvasive detection
of renal allograft inflammation by measurements of mMRNA for IP-10 and CXCR3 in urine. Kidney Int. 65, 2390
2397.

843



Segerer and Nelson: Chemokines in Renal Diseases TheScientificWorldJOURNAL (2005) 5, 835-844

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

Rotondi, M., Rosati, A., Buonamano, A., Lasagni, L., Lazzeri, E., Pradella, F., Fossombroni, V., Cirami, C., Liotta,
F., La Villa, G., Serio, M., Bertoni, E., Salvadori, M., and Romagnani, P. (2004) High pretransplant serum levels of
CXCL10/1P-10 are related to increased risk of renal allograft failure. Am. J. Transplant. 4, 1466-1474.

Fischereder, M., Luckow, B., Hocher, B., Wuthrich, R.P., Rothenpieler, U., Schneeberger, H., Panzer, U., Stahl, R.A.,
Hauser, I.A., Budde, K., Neumayer, H., Kramer, B.K., Land, W., and Schlondorff, D. (2001) CC chemokine receptor
5 and renal-transplant survival. Lancet 357, 1758-1761.

Kruger, B., Schroppel, B., Ashkan, R., Marder, B., Zulke, C., Murphy, B., Kramer, B.K., and Fischereder, M. (2002)
A monocyte chemoattractant protein-1 (MCP-1) polymorphism and outcome after renal transplantation. J. Am. Soc.
Nephrol. 13, 2585-2589.

Abdi, R., Tran, T.B., Sahagun-Ruiz, A., Murphy, P.M., Brenner, B.M., Milford, E.L., and McDermott, D.H. (2002)
Chemokine receptor polymorphism and risk of acute rejection in human renal transplantation. J. Am. Soc. Nephrol.
13, 754-758.

Panzer, U., Schneider, A., Steinmetz, O.M., Wenzel, U., Barth, P., Reinking, R., Becker, J.U., Harendza, S., Zahner,
G., Fischereder, M., Kramer, B.K., Schlondorff, D., Ostendorf, T., Floege, J., Helmchen, U., and Stahl, R.A. (2005)
The chemokine receptor 5 Delta32 mutation is associated with increased renal survival in patients with IgA
nephropathy. Kidney Int. 67, 75-81.

Liao, C.H,, Yao, T.C., Chung, H.T., See, L.C., Kuo, M.L., and Huang, J.L. (2004) Polymorphisms in the promoter
region of RANTES and the regulatory region of monocyte chemoattractant protein-1 among Chinese children with
Systemic lupus erythematosus. J. Rheumatol. 31, 2062-2067.

Steinmetz, O.M., Panzer, U., Harendza, S., Mertens, P.R., Ostendorf, T., Floege, J., Helmchen, U., and Stahl, R.A.
(2004) No association of the -2518 MCP-1 A/G promoter polymorphism with incidence and clinical course of IgA
nephropathy. Nephrol. Dial. Transplant. 19, 596-601.

Boger, C.A., Fischereder, M., Deinzer, M., Aslanidis, C., Schmitz, G., Stubanus, M., Banas, B., Kruger, B., Riegger,
G.A., and Kramer, B.K. (2005) RANTES gene polymorphisms predict all-cause and cardiac mortality in type 2
diabetes mellitus hemodialysis patients. Atherosclerosis [e-Pub ahead of print]

Anders, H.J., Banas, B., and Schlondorff, D. (2004) Signaling danger: toll-like receptors and their potential roles in
kidney disease. J. Am. Soc. Nephrol. 15, 854-867.

Tsuboi, N., Yoshikai, Y., Matsuo, S., Kikuchi, T., lwami, K., Nagai, Y., Takeuchi, O., Akira, S., and Matsuguchi, T.
(2002) Roles of toll-like receptors in C-C chemokine production by renal tubular epithelial cells. J. Immunol. 169,
2026-2033.

Anders, H.J. (2005) A toll for lupus. Lupus 14, 417-422.

Patole, P.S., Grone, H.J., Segerer, S., Ciubar, R., Belemezova, E., Henger, A., Kretzler, M., Schlondorff, D., and
Anders, H.J. (2005) Viral double-stranded RNA aggravates lupus nephritis through Toll-like receptor 3 on glomerular
mesangial cells and antigen-presenting cells. J. Am. Soc. Nephrol. 16, 1326-1338.

Anders, H.J., Vielhauer, V., Eis, V., Linde, Y., Kretzler, M., Perez de Lema, G., Strutz, F., Bauer, S., Rutz, M.,
Wagner, H., Grone, H.J., and Schlondorff, D. (2004) Activation of toll-like receptor-9 induces progression of renal
disease in MRL-Fas(lpr) mice. FASEB J. 18, 534-536.

Mills, S.G. and DeMartino, J.A. (2004) Chemokine receptor-directed agents as novel anti-HIV-1 therapies. Curr. Top.
Med. Chem. 4, 1017-1033.

This article should be referenced as follows:

Segerer, S. and Nelson, P.J. (2005) Chemokines in renal diseases. TheScientificWorldJOURNAL 5, 835-844. DOI
10.1100/tsw.2005.105.

Handling Editor:
John J. Friedewald, Editorial Board Member for Nephrology — a domain of TheScientificWorldJOURNAL.

844



