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Chemokines and Chemokine Receptors
as Therapeutic Targets in Lupus Nephritis

Volker Vielhauer, Hans-Joachim Anders, and Detlef Schlöndorff

Summary: Recruitment of leukocytes is a characteristic feature of tissue injury in systemic lupus
erythematosus, including lupus nephritis. Locally secreted chemokines and their receptors are
important mediators of leukocyte recruitment to the specific sites of immune complex injury, and
contribute to renal inflammatory disease in the initiation and progression phase. Therefore,
chemokines and chemokine receptors represent potential therapeutic targets in lupus nephritis.
In this review we summarize available experimental and human data supporting their functional
role in lupus nephritis. Moreover, interventional studies with chemokine and chemokine receptor
antagonists that show the therapeutic potential of chemokine antagonists in experimental models
of lupus nephritis and potentially in human renal disease are discussed.
Semin Nephrol 27:81-97 © 2007 Elsevier Inc. All rights reserved.
Keywords: Chemokine, chemokine receptors, systemic lupus erythematosus, MRL/lpr
mouse, leukocyte recruitment, kidney, receptor antagonist, polymorphisms
f
e
c
i
l
i
fl
m
C
b
t
r
C
m
m
d

fl
e
t
m
t
t
p
f
h
l
m

he local infiltration of inflammatory cells
at the sites of immune complex–medi-
ated injury represents the hallmark of

enal disease in systemic lupus erythematosus
SLE). Among the mediators of inflammation,
he chemokines and chemokine receptors play
major role. The chemokines are a subgroup of
ytokines specifically mediating cell migration
nd chemotaxis. Although chemokines have a
elatively low level of sequence identity, their
-dimensional structure is highly homologous

n that they all have the same monomeric fold.
his fold results from a 4-cysteine motif that

orms 2 characteristic disulfide bridges. Depend-
ng on the relative position of the first 2 cysteines,
hemokines are divided into CC, CXC, C, and
X3C subfamilies, as listed in Table 1.1 Members
f the chemokine family markedly differ in their
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unction and specific expression patterns. For
xample, a group of chemokines (homeostatic
hemokines) are involved in physiologic hom-
ng of leukocytes to lymphoid tissues and in
ymphocyte and dendritic cell trafficking during
mmune surveillance.2-4 Other chemokines (in-
ammatory chemokines) mediate the recruit-
ent of leukocytes to sites of tissue injury.5,6

hemokines act via a family of 7-transmem-
rane–spanning G protein–coupled receptors
hat are classified according to the class of their
espective chemokine ligands (eg, CR, CCR,
XCR, and CX3CR receptors) (Table 1). Inflam-
atory chemokine receptors tend to ligate
ore than 1 chemokine, leading to a certain

egree of redundancy in the system.
After injury, parenchymal tissues produce in-

ammatory mediators that enhance endothelial
xpression of adhesion molecules such as selec-
ins and integrins, and the presentation of che-
okines by heparan sulfate proteoglycans at

he luminal endothelial cell surface adjacent to
he tissue lesion. Selectins mediate the rolling
rocess of leukocytes along the endothelial sur-

ace by interaction with their respective carbo-
ydrate ligands.7-9 During this rolling phase the

eukocytes are brought into contact with che-
okines retained on the endothelial surface.

hemokine binding to their respective, leuko-
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Table 1. Chemokine and Chemokine Receptor Classification

Chemokine Ligand Systematic/Common Name Chemokine Receptor

CC chemokines
CCL1 I-309, TCA-3 CCR8
CCL2 MCP-1 CCR2
CCL3 MIP-1� CCR1, 5
CCL4 MIP-1� CCR5
CCL5 RANTES CCR1,3,5
CCL7 MCP-3 CCR1,2
CCL8 MCP-2 CCR1,2,3,5
CCL9 MIP-1� CCR1
CCL11 Eotaxin CCR3
CCL13 MCP-4 CCR1,2,3
CCL14 HCC-1, HCC-3 CCR1,3,5
CCL15 HCC-2 CCR1,3
CCL16 HCC-4 CCR1,8
CCL17 TARC CCR4
CCL18 DC-CK1 CCR3 ?
CCL19 ELC CCR7
CCL20 MIP-3�, LARC CCR6
CCL21 SLC, 6Ckine CCR7
CCL22 MDC CCR4
CCL23 MIP-3, MPIF-1 CCR1
CCL24 Eotaxin-2 CCR3
CCL25 TECK CCR9
CCL26 Eotaxin-3 CCR3
CCL27 CTAK, ESkine CCR10

CXC chemokines
CXCL1 Gro-�, KC CXCR2
CXCL2 Gro-�, CINC-2�, MIP-2 CXCR2
CXCL3 Gro-�, CINC-2�, MIP�2 CXCR2
CXCL4 PF4 CXCR3-B
CXCL5 ENA-78 CXCR2
CXCL6 GCP-2 CXCR1,2
CXCL7 NAP-2 CXCR2
CXCL8 IL-8 CXCR1,2
CXCL9 MIG CXCR3
CXCL10 IP-10 CXCR3
CXCL11 I-TAC CXCR3
CXCL12 SDF-1 CXCR4
CXCL13 BCA-1 CXCR5
CXCL14 Bolekine, BRAK
CXCL15 Lungkine
CXCL16 SR-PSOX CXCR6

XC chemokines
XCL1 Lymphotactin XCR1
XCL2 SCM-1� XCR1

CX3C chemokines
CX3CL1 Fractalkine CX3CR1

Abbreviations: GCP-2, granulocyte chemotactic protein-2; Gro, growth-regulated oncogene; KC, keratinocyte-derived chemokine; MIP,
macrophage inflammatory protein; CINC, cytokine-induced neutrophil chemoattractant; ENA78, epithelial cell–derived neutrophil-
activating peptide 78; NAP-2, neutrophil-activating peptide-2; PF4, platelet factor 4; MIG, monokine induced by IFN-�; IP-10, interferon-
inducible protein-10; I-TAC, interferon-inducible T-cell � chemoattractant; SDF-1, stromal cell–derived factor-1; BCA-1, B-cell–attracting
chemokine-1; BRAK, breast and kidney–expressed chemokine; SR-PSOX, scavenger receptor for phosphatidylserine and oxidized lipopro-
tein; RANTES, regulated on activation, normal T-cell expressed and secreted; MPIF, myeloid progenitor inhibitory factor; HCC, hemofiltrate
CC chemokine; TARC, thymus and activation–regulated chemokine; MDC, macrophage-derived chemokine; DC-CK1, dendritic cell
chemokine 1; LARC, liver and activation–regulated chemokine; ELC, EBI1 ligand chemokine; SLC, secondary lymphoid tissue chemokine;
TCA-3, T-cell activation protein-3; TECK, thymus-expressed chemokine; CTACK, cutaneous T-cell–attracting chemokine; ESkine, embry-
onic stem cell–derived chemokine; MEC, mucosae-associated epithelial chemokine; SCM-1�, single cysteine motif-1� chemokine.
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Chemokines in lupus nephritis 83
yte-expressed receptor activate integrins.10 In-
egrin heterodimers are present in a low-affin-
ty, low-avidity state on the leukocyte surface
ut are induced to rapidly bind endothelial
ell–expressed ligands, the intercellular adhe-
ion molecules of the immunoglobulin super-
amily. On chemokine receptor activation this

igure 1. Role of chemokines and chemokine receptor
enal cells secrete inflammatory chemokines (2) and cytok
r tubulointerstitial capillaries, which upregulate expre
hemokines (4). The multistep cascade of leukocyte–end
he endothelial surface, a process mediated through tran
ddressins (5). Rolling leukocytes are brought into con
urface. Chemokine binding to respective leukocyte-expr
n shear-resistant, firm adhesion of the leukocyte to th
igands, the endothelial adhesion molecules of the im
ubsequent spreading, diapedesis, and migration of the
upported by interstitial chemokine gradients. Moreove
ctivate effector functions of recruited leukocytes (8). A
roduction, a positive feedback loop is formed, ultimate
ncreased integrin affinity and avidity is s
chieved through conformational changes, as-
ociation of integrins with the cytoskeleton,
nd integrin clustering.11 The firm binding of
eukocytes to the endothelial integrin ligands
esults in an irreversible arrest, which is the
rerequisite for subsequent transendothelial
igration and diapedesis of leukocytes into the

nal leukocyte infiltration. After tissue injury (1) intrinsic
3). This activates endothelial cells of adjacent glomerular
and luminal presentation of adhesion molecules and
al cell interactions is initiated by leukocyte rolling along
nd reversible binding of selectins to selectin ligands, the
with chemokines that are retained on the endothelial
receptors rapidly activates leukocyte integrins, resulting
othelium through irreversible interaction with integrin
globulin superfamily (6). This is the prerequisite for
yte into the inflamed tissue (7). The latter processes are
lly secreted chemokines may induce proliferation and
ated leukocytes become a major source of chemokine

ding to progressive renal inflammation and fibrosis.
s in re
ines (
ssion
otheli

sient a
tact
essed
e end
muno

leukoc
r, loca
s activ
ubendothelial tissue. Thus, chemokine signal-
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ng converts the low-affinity, selectin-mediated,
eukocyte–endothelial cell interaction into the
igh-affinity, integrin-mediated arrest that leads
o extravasation of the leukocytes (Fig. 1). In-
erestingly, selectin-mediated rolling is not an
ssential step in leukocyte adhesion in all situ-
tions. CX3CL1/fractalkine, a transmembrane
ucin-chemokine chimeric molecule induced

n the surface of activated endothelial cells,
ediates rapid capture (without rolling) and

ntegrin-independent firm adhesion of free-
owing monocytes, T cells, and natural killer
ells through interaction with its receptor
X3CR1.12

The chemokines may be produced and/or
eleased by activated endothelial cells, activated
latelets, and injured subendothelial parenchy-
al cells.13 Chemokines generated in the sub-

ndothelial tissue cross the endothelium via
ranscytosis after binding to glycosaminogly-
ans or the Duffy antigen-related chemokine
eceptor and are selectively presented on the
pical microvilli.14 The activated endothelium
lso upregulates structures such as heparan sul-
ate proteoglycans, which retain and present
hese chemokines to rolling leukocytes.14 The
oncerted interaction of adhesion molecules,
ndothelial heparan sulfate proteoglycans, and
he chemokine system provides a versatile sys-
em that allows for a high degree of variability
nd thereby specificity for leukocyte subclass
dhesion, depending on, for example, the spe-
ific microvascular bed.

The kidney is characterized by different com-
artments with serial microvascular networks.
he expression of proteoglycans, integrins, se-

ectins, and chemokines is likely to differ be-
ween high shear-stress and high-permeability
lomerular capillaries and the low shear-stress
eritubular microcirculation. Moreover, the
lomerular capillaries are unique in that they
re fenestrated and not separated by a base-
ent membrane from the adjacent mesangium.

urthermore, leukocyte subsets express differ-
nt types of chemokine receptors in a restricted
anner.5 The system is fine-tuned further by

he fact that T cells and monocytes/macro-
hages will change the type of chemokine re-
eptor expressed on their cell surface depend-

ng on their state of activation, maturation, p
issue location, and the local cytokine mi-
ieu.15-17 Thus, expression and endothelial pre-
entation of a chemokine in a given tissue, and
he presence of its receptor on a circulating
eukocyte, contribute to the selectivity of the
ocal leukocyte recruitment. Because multiple
hemokine receptors are involved in adhesion
nd chemotaxis of the different leukocyte sub-
ets, it would be desirable to identify those that
ave nonredundant functions for recruitment
f the immune cell subsets of interest. In the
ontext of chronic kidney disease the leukocyte
ubsets of interest include monocytes/macro-
hages and T cells.18,19

In this context we discuss the following
uestions. First, which renal cells express
hich chemokines during the initiation and
rogression of lupus nephritis, and what are the
pecific stimuli for chemokine expression? Sec-
nd, what is the functional role of chemokines
nd chemokine receptors in the recruitment of
eukocytes in lupus nephritis? Third, is chemo-
ine or chemokine receptor antagonism a fea-
ible concept for the treatment of lupus nephri-
is? Finally, how do the data from animal models
ranslate to human beings?

HICH RENAL CELLS EXPRESS
HEMOKINES DURING THE INITIATION
ND PROGRESSION OF LUPUS NEPHRITIS,
ND WHAT ARE THE SPECIFIC STIMULI
OR CHEMOKINE EXPRESSION?

nflammatory Stimuli Induce Chemokine
xpression in Intrinsic Renal Cells

n the kidney, all types of glomerular (endo-
helial cells, podocytes, mesangial cells), tu-
ular, and interstitial cells can produce in-
ammatory chemokines on stimulation.13

roinflammatory stimuli include immune
omplexes, complement activation, reactive
xygen species, proinflammatory cytokines
eg, tumor necrosis factor [TNF]-�, interferon
IFN]-�, and interleukin [IL]-1), angiotensin
I, and pathogen-associated molecules such as
ipopolysaccharide.13 From early animal stud-
es it became clear that expression of inflam-

atory chemokines (eg, CC-chemokine li-
and [CCL]2/monocyte chemoattractant

rotein [MCP]-1 and CCL5/regulated on acti-
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Chemokines in lupus nephritis 85
ation, normal T-cell expressed and secreted
RANTES]) generally was restricted to the in-
ured compartment of the kidney. In acute
lomerulonephritis chemokines are produced
xclusively within glomeruli,20 whereas in
rimary tubulointerstitial diseases such as ob-
tructive nephropathy, chemokine expres-
ion is confined to tubular epithelial cells and
nterstitial infiltrates.21 When progression of a
lomerular disease leads to secondary tubulo-
nterstitial damage, chemokines, albeit of dif-
erent types, can be produced in both com-
artments.22 Moreover, the spatial expression
f chemokines correlates with local accumu-

ation of chemokine receptor–positive leuko-
ytes at sites of renal damage.20-22

enal Chemokine Expression
ediates Local Inflammation

hemokines are involved both in the initiation
nd progression of renal disease.18 The expres-
ion of chemokines usually precedes the infil-
ration of chemokine receptor–positive leuko-
ytes and the clinical manifestation of renal
njury such as proteinuria.20-22 On the other
and, termination of the renal chemokine pro-
uction correlated with the resolution of the

nflammatory process in models of reversible
enal injury.20 However, when local chemokine
xpression is augmented and prolonged by ad-
itional inflammatory stimuli that may be inde-
endent of the initial injury, the ongoing re-
ruitment of inflammatory cells leads to
ccelerated progression of the pre-existing re-
al disease toward severe renal damage with

oss of organ function.23,24

The functional roles of chemokines in the
athogenesis of renal inflammation such as glo-
erulonephritis have been identified in various

odent models by blocking chemokine activity
ith neutralizing antibodies, chemokine recep-

or antagonists, and targeted disruption of che-
okine and chemokine receptor genes.19,25

owever, neutralizing chemokine or chemo-
ine receptor activity also exacerbated renal
nflammation under certain conditions. CCR1-
nd CCR2-deficient mice subjected to nephro-
oxic serum nephritis, a model of immune com-
lex glomerulonephritis, developed enhanced

isease,26,27 and blocking CCL5/RANTES in a t
odel of acute glomerulonephritis aggravated
lomerular damage and proteinuria despite re-
ucing renal leukocyte infiltrates.28 These data
how that chemokines and their cognate recep-
ors not only play a role in renal leukocyte
ecruitment and activation, but also are in-
olved in orchestrating effector mechanisms of
he innate and adaptive immune response that
ediate renal injury.

xpression of Chemokines
nd Chemokine Receptors
n Experimental Lupus Nephritis

he study of SLE and lupus nephritis has been
ided by the availability of several mouse strains
hat develop a spontaneous autoimmune dis-
ase displaying many features in common with
LE. These models include the MRL/MpJ-faslpr

MRL/lpr) strain and the New Zealand Black
NZB) mice crossed with the New Zealand

hite (NZW) strain (NZB/W-F1 mouse).29 Lu-
us-prone MRL/lpr mice carry the lpr mutation

n the apoptosis-related Fas gene, which results
n an aberrant nonfunctional transcript. As a
onsequence of this mutation, autoreactive
ymphocytes escape thymic selection, leading
o their proliferation and activation. Autoim-
une disease in MRL/lpr mice is characterized

y high levels of circulating autoantibodies, im-
une complex deposition in the microvascula-

ure of various organs such as skin and kidney,
ocal complement activation, leukocyte infiltra-
ion, local tissue damage, and early death as a
esult of renal dysfunction. In the kidneys, cir-
ulating immune complexes are deposited in
he glomerular microvasculature, leading to a
rogressive mesangioproliferative glomerulone-
hritis with secondary interstitial inflammation
nd fibrosis.22

In MRL/lpr mice we found a limited number
f chemokines and chemokine receptors being
pregulated during progressive lupus nephritis.
ut of 9 chemokines tested, renal expression of
CL2/MCP-1, CCL4/MIP-1�, CCL5/RANTES,
nd CXCL10/IP-10 was induced, with CCL2/
CP-1 and CCL5/RANTES being the most abun-
ant.22 Immunohistochemical and in situ hy-
ridization analyses localized expression of
CL2/MCP-1 and CCL5/RANTES to glomeruli,
ubular epithelial cells, and interstitial mononu-
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86 V. Vielhauer, H.-J. Anders, and D. Schlöndorff
lear cell infiltrates.22 A similar localization of
CL2/MCP-1 protein in MRL/lpr kidneys has
een described in other reports.30,31 An in-
reased CCL2/MCP-1 expression in intrinsic
lomerular cells, tubular epithelium, and infil-
rating mononuclear cells also was reported in
he NZB/W-F1 mouse.32 In the MRL/lpr model
enal chemokine receptor expression was re-
tricted to an upregulation of CCR1, CCR2, and
CR5, but not CCR3 or CCR4.22 Because the
xpressed receptors bind CCL2/MCP-1, CCL4/
IP-1�, and CCL5/RANTES, the presence of the

arlier-described chemokine receptors on infil-
rating leukocytes is consistent with the pattern
f chemokines induced. Chemokine receptor
xpression was restricted to infiltrating mono-
uclear leukocytes and could not be detected

n intrinsic renal cells.22,33 Macrophages prom-
nently expressed CCR1, but also CCR2 and
CR5. In contrast, renal T lymphocytes, espe-
ially CD8-positive T cells, were CCR5 positive,
ith relatively low levels of CCR1 and CCR2

xpression.22,33,34 Glomerular, interstitial, and
erivascular infiltrates of chemokine receptor–
ositive leukocytes generally colocalized
ith sites of chemokine expression and renal

njury.22

A pathogenetic role for CXCR3 signaling in
upus is supported by a recent study that
erformed a genome-wide messenger RNA
mRNA) expression analysis in the spleens and
idneys of MRL/lpr mice throughout the dis-
ase course. The CXCR3 ligands CXCL9/MIG
nd CXCL10/IP-10 were induced early in the
pleens of MRL/lpr mice, with CXL10/IP-10 ex-
ression being increased also in nephritic kid-
eys.35 Interestingly, both chemokine genes
ap into known lupus susceptibility loci in
RL/lpr mice.35 CXCL9/MIG and CXCL10/IP-10

re known to mediate Th1 responses, which
re a characteristic feature of lupus. CXCL10/
P-10 also may have noninflammatory functions
n mediating glomerular injury. Human mesan-
ial cells proliferate in response to CXCL10/
P-10 and express a CXCR3-related recep-
or,36,37 indicating a role for this chemokine in
ediating mesangioproliferative glomerular le-

ions. Other upregulated chemokines found in
RL/lpr spleens were CCL4/MIP-1� and CCL5/

ANTES, and the corresponding receptor c
CR5. In addition, nephritic kidneys revealed
ncreased levels of the CCR1 ligand CCL9/

IP-1� and an increased CCR2 expression.35

Inoue et al38 reported an increased CX3CL1/
ractalkine expression in MRL/lpr mice during
upus nephritis. Significant expression of
X3CL1/fractalkine was seen in the glomeruli
nd, to a lesser extent, in the interstitial micro-
asculature. CX3CL1/fractalkine was localized
redominantly in the glomerular endothelial
ells, with occasional expression also in the
esangial cells.38

When the temporal expression of chemo-
ines and chemokine receptors was character-
zed during MRL/lpr lupus nephritis, chemo-
ine expression was proximal within the
ascade of events leading to kidney injury.22 A
rogressive increase in renal chemokine ex-
ression was detected as early as week 8. At
his time point, levels of circulating and glomer-
lar immune complexes were increased, but no
roteinuria, leukocyte infiltrates, or histopatho-

ogic signs of renal damage could be observed.
oreover, expression of chemokine receptors

nd inflammatory cytokines occurred later in
he disease process, subsequent to the onset of
hemokine expression, and in parallel with the
ccurrence of renal leukocyte infiltrates and

njury.22 This sequence would be consistent
ith a scenario in which the glomerular mes-

ngial and subendothelial deposition of im-
une complexes and concomitant comple-
ent activation triggers mesangial and

ndothelial cells to locally release chemokines
nd induce expression of adhesion molecules.
eposited immune complexes and comple-
ent may directly induce chemokine produc-

ion in intrinsic renal cells, but, in addition,
ocally secreted cytokines, including IL-1, IFN-�,
nd TNF-� could be necessary to stimulate the
lomerular release of chemokines.39,40 These
ytokines may be produced either by adja-
ent glomerular cells or by infiltrating neutro-
hils and macrophages initially attracted by
he glomerular immune complex and comple-
ent deposits.41,42 Indeed, experimental ani-
al studies have identified a variety of cyto-

ines as important mediators of lupus
ephritis (see later). Glomerular release of

hemokines and alteration of the endothelial
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Chemokines in lupus nephritis 87
ell phenotype in turn causes local adhesion,
ctivation, and infiltration of further leuko-
ytes, which are mostly monocytes/macro-
hages. The concerted interaction and activa-
ion of glomerular endothelial, mesangial, and
nfiltrating inflammatory cells then results in
he generation of additional proinflammatory
ytokines, lipid mediators of inflammation
eg, leukotrienes, platelet activating factor,
nd prostanoids), reactive oxygen species, ni-
ride oxide, and enzymes such as proteases,
atrix metalloproteinases, plasminogen acti-

ator, and granzymes. Together, these disrupt
he functional unit consisting of glomerular
ndothelial, mesangial, and podocytic cells
ith the consequence of loss of glomerular
ermselectivity and proteinuria.
Interestingly, when renal chemokine expres-

ion was augmented by additional stimuli inde-
endent of the initial autoimmune process (eg,
hrough activation of Toll-like receptors), an
ncreased recruitment of inflammatory cells
ead to accelerated progression of lupus nephri-
is toward severe renal damage and early loss of
rgan function.43 For example, activation of the
oll-like receptor TLR3, which is a receptor for
ouble-stranded RNA, with its synthetic ligand
olyinosinic–cytidylic acid aggravated glomer-
lar and interstitial renal disease in MRL/mice,
nd resulted in an increased glomerular and
nterstitial infiltration of macrophages and

cells. This was associated with enhanced re-
al expression of the chemokines CCL2/MCP-1
nd CCL5/RANTES, which colocalized to glo-
erular crescents and interstitial leukocytic cell

nfiltrates.44 In vitro studies confirmed an in-
uced expression of these chemokines in TLR3-
ositive mesangial cells, macrophages, and den-
ritic cells on stimulation with the synthetic

igand polyinosinic–cytidylic acid.44 Similarly,
reatment of MRL/lpr mice with the TLR7 ago-
ist imiquimod or unmethylated bacterial DNA
otifs (CpG-DNA), which activate TLR9, mark-

dly induced local chemokine expression in
lomeruli, tubular epithelial cells, and renal leu-
ocyte infiltrates, the latter staining positive for
LR7 and TLR9.24,45 Imiquimod and CpG-DNA

ncreased renal leukocyte infiltrates and se-
erely aggravated glomerular and tubulointersti-

ial damage in MRL/lpr mice.24,45 Thus, chemo- u
ines appear not only to play important roles in
he initiation of lupus nephritis, but also may be
mportant mediators of the progression phase,
ncluding disease exacerbation triggered by vi-
al or bacterial infections.

A role of chemokines in the progression of
upus nephritis also has been suggested for the
-cell attracting chemokine CXCL13/BLC. In
he NZB/W-F1 model, Ishikawa et al46 showed a
arkedly enhanced expression of CXCL13/BLC

n the thymus and kidney of mice with estab-
ished autoimmune disease and lupus nephritis.

yeloid dendritic cells isolated from spleen and
hymus were identified as the major producers
f CXCL13/BLC.46 Subsequent studies colocal-

zed the renal expression of CXCL13/BCL with
nfiltrating CD11c-positive dendritic cells.47 Im-
ortantly, renal CXCL13/BLC expression corre-

ated with disease activity, and it was nearly
bsent during remission of nephritis induced by
ombined treatment with cyclophosphamide
nd costimulatory blockade. Even when den-
ritic cells were present in the residual renal

nfiltrates during remission, these were nega-
ive for CXCL13/BCL.47 CXCL13/BCL showed
referential chemotactic activity for CXCR5-
ositive B1 lymphocytes as compared with B2
ells.46 B1 lymphocytes are considered to be a
ajor source of natural antibodies. Therefore,

enal accumulation of these cells, together with
nfiltration of activated, CXCR5-positive CD4 T
ells, may lead to local production of autoanti-
odies that directly mediate progression of re-
al disease.46,47 These data suggest a capacity of
hemokines expressed by renal dendritic cells
o orchestrate de novo formation of lymphoid-
ike infiltrates in nephritic kidneys that directly
ontribute to local autoimmune disease.

Although chemokine expression triggers re-
al leukocyte influx, the action of inflammatory
ediators such as cytokines, complement com-
onents, and prostanoids is essential for both
riving the autoimmune process (ie, autoanti-
ody production and immune complex forma-
ion) and subsequent tissue damage (ie, lupus
ephritis) in SLE. In fact, most cytokines inves-
igated have been found to be deregulated in
LE and lupus nephritis. In particular, there is
ncreasing evidence that supports a role for an

nabated activation of type I interferon in the
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isease pathogenesis.48,49 In addition, a signifi-
ant role for IFN-� in SLE has been described,35

ith knockout of IFN-� or its receptor in MRL/
pr mice delaying both the onset of disease and
he severity of glomerulonephritis.50-52 Interest-
ngly, IFN-� also limited interstitial macrophage
xpansion in MRL/lpr kidneys, indicating an
dditional negative regulatory role for this cyto-
ine.53 IL-1 also may play a pathogenetic role in
upus nephritis. Established MRL/lpr nephritis
id not respond to therapy with an IL-1 recep-
or antagonist in 1 study, but an alternative IL-1
argeting approach using a recombinant IL-1
eceptor as a trap for IL-1 ameliorated renal
isease in murine models of lupus.54,55 Experi-
ental evidence also supports a local proin-

ammatory role for TNF-� in lupus nephritis,56

hereas other reports indicate a dual function
f this cytokine, with TNF-� having an addi-
ional anti-inflammatory function.57,58 Breeding
f various knockout alleles onto the MRL/lpr
ackground, neutralizing experiments, or over-
xpression have identified additional cytokines
hat mediate lupus nephritis, including IL-6,59,60

L-10,61 IL-12,62 IL-18,63 and colony-stimulating
actor-1.64 Moreover, studies in transgenic lu-
us mice illustrated the role of the complement
ystem in mediating renal injury.65-67

HAT IS THE FUNCTIONAL ROLE OF
HEMOKINES AND CHEMOKINE
ECEPTORS IN THE RECRUITMENT OF
EUKOCYTES IN LUPUS NEPHRITIS?

functional role of single chemokines and che-
okine receptors in mediating leukocyte recruit-
ent and renal disease during lupus nephritis has

een identified in several experimental studies,
ainly using lupus-prone mouse strains with tar-

eted deletion of chemokines or chemokine re-
eptors. MRL/lpr mice genetically deficient in
CL2/MCP-1 lived longer than CCL2/MCP-1–in-

act MRL/lpr controls, and were protected from
he loss of renal function.30 Infiltration of glomer-
lar macrophages, but not T cells, was reduced in
CL2/MCP-1–deficient mice. This was associated
ith less proteinuria and less glomerular injury

ie, glomerular hypercellularity, glomerulosclero-
is, and crescent formation). In the interstitium
he accumulation of both macrophages and T

ells was reduced, and this was accompanied by A
decrease in tubulointerstitial injury including
ubular atrophy and apoptosis. The largest de-
rease in renal leukocyte infiltrates occurred at
he sites of the most abundant MCP-1 expression
ie, the tubulointerstitial compartment).30 Inter-
stingly, perivascular T-cell infiltrates, a character-
stic feature in kidneys of MRL/lpr mice, were not
ltered in CCL2/MCP-1–deficient mice. This is
onsistent with the minimal expression of CCL2/
CP-1 in the perivascular zone,30 and the absent

xpression of the CCL2/MCP-1 receptor
CR2 in perivascular T-cell infiltrates.22 Other
hemokines such as CCL5/RANTES may be
esponsible for recruiting infiltrating leuko-
ytes into perivasculitic lesions, and the ac-
umulation in part may be secondary to local
roliferation.30 Thus, a positive feedback

oop would be formed because T-cell– ex-
ressed CCL5/RANTES will facilitate further
ecruitment of perivascular lymphocytes. In-
erestingly, CCL2/MCP-1 appears to mediate
ot only renal disease but also arthritis in

upus-prone mice. When MRL/lpr mice were
reated with a CCL2/MCP-1 antagonist, the
nset of arthritis was prevented and, when
iven after the disease already had developed,
marked reduction in symptoms and histopa-

hology was observed.68

A nonredundant role for the CCL2/MCP-1–
CR2 axis in mediating lupus nephritis has
een confirmed when CCR2-deficient MRL/lpr
ice were studied.69 CCR2-deficient animals

urvived significantly longer than MRL/lpr wild-
ype controls. CCR2 deficiency reduced lymph-
denopathy and glomerular and tubulointersti-
ial lesion scores in MRL/lpr kidneys. This was
ccompanied by a reduced infiltration of mac-
ophages and T cells both into the glomerular
nd tubulointerstitial compartment. In glomer-
li, macrophage and T-cell infiltrates were de-
reased significantly at 20 weeks, whereas the
educed interstitial leukocyte accumulation al-
eady was evident at 14 weeks, with a more
ronounced decrease at the later time point.
evels of circulating immunoglobulin isotypes
nd immune complex deposition in glomeruli
ere comparable in CCR2-deficient and -intact
ice. Moreover, IFN-� mRNA expression was

nchanged in spleens from both genotypes.

pparently, the Th1–Th2 balance of the sys-
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Chemokines in lupus nephritis 89
emic immune response was not affected by the
ack of CCR2 in this model. However, anti-
sDNA antibody levels were reduced in the
bsence of CCR2, and the frequency of CD8-
ositive T cells in peripheral blood was signifi-
antly lower in CCR2-deficient MRL/lpr mice.69

hus, CCR2 deficiency reduced not only renal
eukocyte infiltration and injury, but also the
ystemic T-cell response in MRL/lpr mice.
hese data suggest an important role for CCR2
oth in the general development of autoimmu-
ity and in the renal involvement of the lupus-

ike disease.
In CCR1- and CCR5-deficient MRL/lpr mice,

reliminary studies from our own group re-
ealed striking compartment-specific differ-
nces in the function of these 2 receptors in
upus nephritis (unpublished data). Glomerular

acrophage and T-cell infiltrates were not re-
uced in mice lacking the CCR1 at early (14
eeks) and late (20 weeks) time points. In

ontrast, CCR5 deficiency in MRL/lpr mice re-
ulted in a substantial reduction in glomerular
acrophages and T cells at early and late time
oints of lupus nephritis. Conversely, in the

nterstitial compartment, macrophage and T-
ell infiltration was reduced in CCR1-deficient
ice at both time points, whereas CCR5 defi-

iency did not affect the number of interstitial
nflammatory cells, despite the local expression
f corresponding chemokine ligands. Consis-
ently, we recently reported an exclusive role
f CCR1, but not CC5, in mediating interstitial

eukocyte infiltration in a model of non–im-
une-mediated interstitial injury induced by

reteral ligation.70 Thus, mechanisms of chemo-
ine-mediated leukocyte recruitment into glo-
eruli or the renal interstitium rely on the non-

edundant, compartment-specific action of
istinct chemokine receptors, with CCR1 me-
iating leukocyte recruitment into the intersti-
ium, and CCR5 into glomeruli. In contrast,
CR2 clearly facilitates leukocyte infiltration in
oth renal compartments.

By using a different experimental approach,
oore et al71 delivered chemokines locally into

he adult kidney of MRL/lpr mice to specifically
nvestigate chemokine function in the effector
hase of the renal immune response. As dis-

ussed earlier, in addition to CCL2/MCP-1, the m
acrophage and T-cell attractant CCL5/RAN-
ES, which binds to CCR1 and CCR5, is upregu-

ated prominently in lupus nephritis, with its
ncreased expression already present before re-
al injury.22,71 In advance of nephritis, CCL5/
ANTES was delivered under the renal capsule
f MRL/lpr kidneys via gene transfer using ge-
etically modified tubular epithelial cells. This
ostered the local recruitment of macrophages
nd T cells that were instrumental in initiating
nterstitial nephritis.71 Thus, it is likely that early
xpression of CCL5/RANTES in MRL/lpr kid-
eys is important for initiating renal disease.

In summary, these experimental data indi-
ate that in progressive lupus nephritis: (1) a
imited number of chemokines are upregulated
n the initiation phase before infiltration of che-

okine receptor–positive inflammatory cells,
roteinuria, and kidney damage are observed;
2) chemokine generation is restricted to sites
f subsequent inflammatory cell infiltration; (3)
hemokine receptor expression parallels mono-
uclear cell infiltration; (4) proinflammatory cy-
okines are induced late, in parallel with inflam-
atory cell infiltration and renal injury; (5)

ustained or augmented renal chemokine pro-
uction is associated with progression of dis-
ase; and (6) single chemokines and chemokine
eceptors play a nonredundant, compartment-
pecific role in mediating renal leukocyte infil-
ration and subsequent tissue injury. CCR2,
CR5, and their respective chemokine ligands,
ut not CCR1, are instrumental in glomerular

eukocyte accumulation. In contrast, CCR1 and
CR2, but not CCR5, mediate leukocyte infil-

ration into the tubulointerstitial compartment.
hus, the specific expression of chemokines
nd chemokine receptors could be an ideal
herapeutic target in lupus nephritis because
hemokine production precedes renal leuko-
yte infiltration and cytokine expression associ-
ted with progressive kidney disease.72

S CHEMOKINE OR CHEMOKINE
ECEPTOR ANTAGONISM A FEASIBLE
ONCEPT FOR THE TREATMENT OF
STABLISHED LUPUS NEPHRITIS?

ene knockouts and transgenics may have dis-
dvantages in identifying chemokines and che-

okine receptors as therapeutically targetable
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90 V. Vielhauer, H.-J. Anders, and D. Schlöndorff
ediators of lupus nephritis. As illustrated in
CR1- and CCR2-deficient mice subjected to
ephrotoxic serum nephritis, genetic alter-
tions may be responsible for changing sys-
emic immune responses and leukocyte matu-
ation, thus affecting the induction of the
isease model. Moreover, compensatory che-
okine and chemokine receptors may evolve

rom redundant ligands and receptors in genet-
cally deficient mice during development and
rowth. Thus, for validating the therapeutic po-
ential of chemokine or chemokine receptor
lockade the use of specific antagonists in ap-
ropriate animal models remains the method of
hoice. Because proinflammatory chemokines
end to ligate more than 1 chemokine receptor,
hemokine receptor blockade may be preferred
ather than targeting a single chemokine. How-
ver, the specificity of each antagonist needs to
e shown for the respective species of the
nimal model. In fact, many chemokine or che-
okine receptor antagonists developed for the
uman system have no significant specificity for
he respective molecule in mice or rats.73 To
imic the clinical setting of affected patients,

rug administration to the animal preferentially
hould be started only after the disease has
ecome manifest in the affected mice.

With this approach the inflammatory chemo-
ine receptor CCR1 was identified as a poten-
ial therapeutic target in lupus nephritis. In pre-
ious studies we had identified CCR1 as an
mportant mediator of leukocyte infiltration
nto the interstitial renal compartment of mice

ith obstructive nephropathy.70 Preliminary
tudies also showed a reduced interstitial leu-
ocyte accumulation in CCR1-deficient MRL/lpr
ice (unpublished data, discussed previously).
hus, CCR1 appeared to be a reasonable target

o block renal leukocyte infiltration into the
nterstitium of lupus kidneys. We used BX471, a
mall molecule antagonist with blocking activ-
ty for murine CCR1, to treat female MRL/lpr

ice from 20 to 24 weeks of age.33 CCR1 block-
de reduced the numbers of interstitial macro-
hages and T cells at 24 weeks.33 The reduction
f the interstitial immune cell infiltrates was
ssociated with a reduced number of interstitial
yofibroblasts, renal transforming growth fac-
or-� mRNA expression, and interstitial colla- o
en I deposits, indicating a beneficial effect of
he CCR1 blockade on the subsequent renal
brosis. Moreover, the blood urea nitrogen lev-
ls in BX471-treated MRL/lpr mice were re-
uced. Glomerular macrophages, glomerular
athology, and proteinuria were not decreased
y the CCR1 antagonist. CCR1 blockade also
id not affect serum DNA autoantibody levels.33

hus, CCR1 blockade can improve renal func-
ion and tubulointerstitial damage in MRL/lpr
ice with established proliferative lupus ne-
hritis. In contrast, CCR1 blockade has no ef-

ect on the glomerular macrophage infiltration,
lomerular pathology, and, hence, proteinuria.
hese results are in line with the data obtained

n the CCR1-deficient MRL/lpr mice. Moreover,
lack of effects of CCR1 blockade on glomer-
lar lesions in the nephrotic syndrome of ex-
erimental adriamycin nephropathy recently
as been shown, as opposed to ameliorated
ubulointerstitial disease.74

Because CCR1 blockade cannot prevent
lomerular macrophage recruitment one
ould expect that targeting a chemokine or

hemokine receptor that can block the glo-
erular or even both the glomerular and in-

erstitial recruitment would be even more
ffective. As already indicated by the benefi-
ial effects seen in CCL2/MCP-1– and CCR2-
eficient MRL/lpr mice,30,69 the CCL2/MCP-1–
CR2 axis should be promising. In fact,
asegawa et al31 were the first to show that a
H(2)-terminal–truncated CCL2 analogue can
lock glomerular and interstitial macrophage
nd T-cell recruitment in MRL/lpr mice with
upus nephritis. They initiated an 8-week
ourse of treatment with the CCL2 analog in
- and 12-week-old mice, thereby mimicking
reatment in prenephritic and early nephritic
RL/lpr mice. Both protocols resulted in a
elay of renal damage. Glomerular hypercel-

ularity, glomerulosclerosis, crescent forma-
ion, and vasculitis were reduced compared
ith control mice. CCL2/MCP-1 antagonism

rom weeks 12 to 20 resulted in a markedly
iminished infiltration of macrophages and T
ells into glomeruli, the interstitium, and
erivascular areas.31 These beneficial effects
ere associated with a decreased production

f IFN-� and IL-2 in the kidney. Of note, levels
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Chemokines in lupus nephritis 91
f anti-DNA antibodies and circulating im-
une complexes were not affected.31 Subse-

uent studies confirmed these findings by us-
ng gene transfer of a plasmid transfection
ector encoding a truncated CCL2/MCP-1,
hich acts as a CCR2-receptor blocker, into

he skeletal muscles of 16-week-old MRL/lpr
ice.75 Treated MRL/lpr mice showed a sur-

ival benefit and ameliorated glomerulone-
hritis with reduced crescent formation.
oth glomerular and interstitial macrophages
ere reduced. However, in this study, CCL2/
CP-1 antagonism did not influence vascu-

itic lesions.75 Additional studies from the
ame group further defined that a delayed
ene transfer with a truncated CCL2/MCP-1
oes not affect the presumed role of CCL2/
CP-1 in helper T-cell polarization, but re-
uces the local Th1-immune response in
RL/lpr kidneys.76 This was evident by unal-

ered production of IFN-� and IL-12 in spleno-
ytes, whereas glomerular expression of IL-12
nd interstitial expression of IFN-� and IL-12
ere reduced significantly.76 Clearly, the re-

ults of these interventional studies blocking
he CCL2/MCP-1–CCR2 axis are consistent
ith the data obtained in the respective

nockout mice and underline the importance
f CCL2/MCP-1 and CCR2 in mediating both
lomerular and interstitial leukocyte infiltra-
ion and subsequent parenchymal injury in
upus nephritis.

Recently, Inoue et al also evaluated CX3CR1/
ractalkine blockade with a truncated CX3CL1 ana-
og in MRL/lpr mice.38 When the CX3CL1/fracta-
kine analog was given to 8-week-old MRL/lpr

ice for another 8 weeks the glomerular and
ubulointerstitial damage improved, which was
ssociated with a reduced number of CX3CR1-
ositive monocytes in the glomerular and inter-
titial compartment. Again, serum DNA autoan-
ibody levels were not affected. Interestingly,
he beneficial effect of the CX3CL1/fractalkine
nalog was restricted to autoimmune tissue in-
ury in the kidney, in contrast to lungs and
alivary glands, which might be attributed to
he expression of CX3CR1 on glomerular and
eritubular endothelial cells.38

Homeostatic chemokines have different

unctions than inflammatory chemokines. 1
owever, blocking homeostatic chemokines
lso may have beneficial effects in lupus ne-
hritis, for example, through interfering with
ystemic immune responses and with the gen-
ration of effector leukocytes. Thus, the ad-
inistration of a CXCL12/SDF-1 antagonist to
ZB/NZW mice with established lupus ne-
hritis reduced DNA autoantibody produc-
ion, glomerular immune complex deposits,
roteinuria, and renal injury.77

In summary, these interventional animal
tudies identified blockade of CCR2 or
X3CR1 as promising therapeutic options to

arget both glomerular and interstitial infil-
rates in lupus nephritis. CCR1 antagonists
an only reduce leukocyte infiltration and in-
ury in the tubulointerstitial compartment.
ecause interference with CCL2/MCP-1 and
CR2 had the most beneficial effects in terms
f glomerular and tubulointerstitial pathol-
gy, proteinuria, and survival of the lupus
ice, these might represent the optimal tar-

et in SLE.

OW DO THE DATA FROM ANIMAL
ODELS OF LUPUS NEPHRITIS

RANSLATE TO HUMAN BEINGS?

escriptive Studies

he experimental data obtained in animal mod-
ls of lupus are supported by several biopsy
tudies confirming a similar expression of che-
okines78-80 and chemokine receptors37,81-84 in
uman lupus nephritis. These studies localized
RNA and protein expression of the chemo-

ines CCL2/MCP-1, CCL3/MIP-1�, CCL4/MIP-
�, and CCL5/RANTES in intrinsic renal cells of
lomeruli (podocytes, endothelial, mesangial,
nd parietal endothelial cells) and the intersti-
ium (mainly in proximal tubular epithelial
ells). In addition, a prominent production of
hese chemokines by infiltrating macrophages
nd T cells was noted.78-80 Recently, transcrip-
ional phenotyping of glomeruli isolated by la-
er-capture microscopy from clinical biopsy
pecimens of patients with lupus nephritis also
dentified CCL2/MCP-1 as abundantly ex-
ressed in nephritic glomeruli, in addition to an

ncreased glomerular expression of CCL3/MIP-

�.85 By immunohistochemistry and in situ hy-
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92 V. Vielhauer, H.-J. Anders, and D. Schlöndorff
ridization, renal expression of chemokine re-
eptors generally was localized to infiltrating
nflammatory cells, with the exception of a
XCR3 isoform that, as discussed earlier, was
etected in mesangial cells.37 Available data in-
icate that glomerular macrophages express
CR2, whereas glomerular CCR5 expression
as relatively low.81,82 In contrast to CCR5,
glomerular expression of CCR1 was not de-

ected,83 which is consistent with the experi-
ental data discussed earlier that indicated an

bsent role of CCR1 in mediating glomerular
eukocyte infiltration. In the tubulointerstitial
ompartment, macrophages were reported to
xpress CCR1, CCR2, and CCR5.81-83 CCR2 also
s expressed on a subset of interstitial T cells,

ith the majority of T cells being positive for
CR5 and CXCR3.37,81,82 In crescentic glomer-
lonephritis, leukocytes in both the glomerular
nd interstitial compartments are almost uni-
ormly positive for CX3CR1, the CX3CL1/fracta-
kine receptor. In contrast to CCR1, CCR2, and
CR5, CX3CR1 expression is not restricted to
pecial leukocyte subpopulation or a single re-
al compartment.84 Recently, expression of the
XC chemokine receptor CXCR1 was found in

nfiltrating, mainly polymorphonuclear, leuko-
ytes in and around the glomeruli and the tu-
ulointerstitium.86 These data point to a func-
ional, albeit incompletely understood, role of a
XCR1-mediated infiltration of polymorphonu-
lear leukocyte in the pathogenesis of lupus
ephritis. Moreover, smooth muscle cells of
rterioles were commonly positive for CXCR1,
ith its expression apparently reduced in ne-
hritic kidneys compared with control tissue.86

he latter finding suggests an additional homeo-
tatic role of CXCR1 signaling in normal kidney.

Increased levels of chemokine protein and
RNA, especially CCL2/MCP-1, can be de-

ected in the urine of patients with active dis-
ase.78,87-89 Consistent with the increased renal
xpression of CXCL10/IP-10 in MRL/lpr mice,35

recent study reported increased urinary
RNA levels of CXCL10/IP-10 and its cognate

eceptor CXCR3 in patients with class IV lupus
ephritis that correlated with disease activity.90

erum levels of CXCL10/IP-10 in addition to
CL3/MIP-1�, CCL2/MCP-1, CCL5/RANTES,

nd CXCL12/SDF1 are increased significantly in t
LE patients.91 Moreover, patients with SLE
howed abnormal T-cell expression of several
hemokine receptors, including increased
CR1 and CXCR2 expression. Interestingly, pa-

ients with renal involvement also had in-
reased surface expression of CCR3 and
XCR3, but lower serum levels of soluble
XCL10/IP-10, compared with SLE patients
ithout renal disease or controls.91 In human

utaneous lupus lesions, infiltrating leukocytes
onsisted of mainly CXCR3-expressing cells,
nd the CXCR3 ligands CXCL9/MIG, CXCL10/
P-10, CXCL11/I-TAC, and CCL5/RANTES were
he most abundantly expressed chemokines in
hese lesions.92

In summary, these data indicate that chemo-
ines are important mediators of renal leuko-
yte infiltration in human disease. Apparently,
ocally expressed CCL2/MCP-1 attracts CCR2-
ositive macrophages into injured glomeruli,
nd potentially also into the tubulointerstitial
ompartment. Glomerular expression of CCL3/
IP-1�, CCL4/MIP-1�, and CCL5/RANTES also
ay mediate the infiltration of CCR5, but not
CR1-positive subsets of macrophages or T
ells. In contrast, the prominent infiltration of
nterstitial T cells in lupus nephritis appar-
ntly is facilitated by tubulointerstitial expres-
ion of CCL3/MIP-1�, CCL4/MIP-1�, CCL5/
ANTES, and CXCR3 ligands such as CCL10/

P-10, which act on T-cell expressed CCR5
nd CXCR3. CCR1 and CCR5 appear impor-
ant for the recruitment of macrophages into
he tubulointerstitium. The uniform expres-
ion of CX3CR1 on infiltrating renal leukocytes
uggests that CX3CL1/fractalkine acts as an ad-
esion molecule early in the extravasation pro-
ess, without cell type– or compartment-spe-
ific differences.

enetic Data

he functional relevance of chemokines in the
athogenesis of lupus nephritis also is sug-
ested by genetic polymorphisms of chemo-
ine or chemokine receptor genes that have
een associated with the development of lupus
ephritis in human beings. In the 5’ flanking
egion of the CCL2/MCP-1 gene an A/G poly-
orphism at position -2518 upstream from the
ranscription site was reported to be associated
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Chemokines in lupus nephritis 93
ith circulating CCL2 levels.93 In 1 study, the
/A genotype was found more commonly in
ontrols than in SLE patients. Moreover, the
/A genotype was observed in only 23% of the
LE patients with lupus nephritis compared
ith 58% of those without nephritis.94 Periph-

ral blood mononuclear cells isolated from SLE
atients with the A/G and G/G genotypes se-
reted substantially more CCL2/MCP-1 than
ells obtained from patients with the A/A geno-
ype.94 Thus, a CCL2 -2518 A/G or G/G geno-
ype may predispose to the development of
LE, and SLE patients with these genotypes may
e at higher risk of developing lupus nephritis,
resumably because of an increased CCL2/
CP-1 secretion that augments leukocyte re-

ruitment and activation. Consistent with the
arlier-described findings, a preliminary study
eported greater monocyte interstitial infiltrates
n patients with lupus nephritis who were het-
rozygous or homozygous for the -2518 G al-
ele.95 However, other investigators could not
nd an association between the -2518 (A/G)
olymorphism in the CCL2/MCP-1 gene and the
usceptibility to SLE or lupus nephritis.96,97 The
eason for these discrepant results may lie in
he different ethnic backgrounds and the rela-
ively small number of patients examined, re-
ulting in insufficient statistical power to reach
alid conclusions. Regarding other chemokines
r chemokine receptors, a recent study in Chi-
ese children with SLE did not find a significant
ifference in the frequency of the -2518 (A/G)
CL2/MCP-1 and a -403 (G/A) CCL5/RANTES
ene polymorphism between patients and con-
rols.98 However, significant differences were
bserved in the distribution of a -28 (C/G)
CL5/RANTES gene polymorphism, with the
CL5/RANTES -28G allele leading to increased
xpression of CCL5/RANTES. This genotype
as more frequent in SLE patients and was

ssociated significantly with higher initial levels
f antinuclear antibodies, lower levels of com-
lement C3, and a higher incidence of central
ervous system lupus.98 Another Chinese study
uggested a probable link between the G/A
olymorphism at the CCL5/RANTES -403 locus
ith renal involvement in SLE.99 Interestingly, a

ignificant increase in the frequency of the �32

eletion in the CCR5 gene, a CCL5/RANTES t
eceptor, was observed in SLE patients with
iopsy-proven nephritis, and a higher severity

ndex was found among patients bearing the
32 CCR5 allele.100 This is somehow contradic-

ory to other studies that found an association
etween the �32 mutation and improved renal
utcomes, for example, better long-term graft
urvival in renal transplant recipients.101 Thus,
here are inconsistencies between these ge-
etic analyses and there are problems with
heir statistical validity (too few cases for ge-
etic analysis). Nonetheless, genetic variants
etween SLE patient groups may extend to
he chemokine system, which may influence
he response to a particular antichemokine
herapy.

ONCLUSIONS

reatment of lupus nephritis with immunosup-
ressive agents has significantly increased renal
nd overall survival of patients with SLE. Con-
idering the risk of infections, sterility, and ma-
ignancy associated with this type of treatment,
he search for potentially more selective immu-
osuppressive targets has identified chemokine
nd chemokine receptors as promising candi-
ates for therapeutic intervention. Prophylactic
nd, more importantly, therapeutic blockade of
elected chemokines and receptors in experi-
ental animal models have proven the thera-
eutic potential of chemokine antagonism in

upus nephritis. Biopsy specimens and urinary
xcretion data from patients with lupus nephri-
is point toward CCL2/MCP-1–CCR2 and
XCR3 as major targets for human glomerular

esions, and CCR1 and CCR5 for subsequent
nterstitial lesions. With an increasing number
f human chemokine receptor antagonists be-

ng developed and evaluated in clinical trials,
pecific blockade of chemokine functions of-
ers the promise for a new therapeutic strategy
n the treatment of lupus nephritis that is both
elective and efficacious. In view of potential
dditional benefits of therapeutic strategies tar-
eting pathogenic antibody and immune com-
lex formation, costimulation, adhesion mole-
ules, and cytokines,102 clinical trials ultimately
ill prove whether chemokine antagonism may
evelop into one of several adjuvant biologic

herapies of human lupus nephritis.
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