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Abstract

The human erythrocyte chemokine receptor has recently
been shown to be identical to the Duffy blood group antigen
and is expressed in multiple organs, including kidney. Here
we have examined the molecular properties of the renal
isoform. Immunoblot analysis of erythrocyte and kidney
detergent lysates, with a monoclonal antibody (Fy6) to the
Duffy antigen, revealed that the renal isoform had a molecu-
lar mass of 43-45 kD, which could be distinguished from
that observed in erythroid cells (38-47 kD). Chemical cross-
linking of kidney membranes to "SI-melanoma growth stim-
ulatory activity (MGSA) indicated that the renal chemokine
receptor had a molecular mass of 38-45 kD. Binding of
"MI-labeled MGSAto kidney membranes was competitively

inhibited by the addition of unlabeled MGSA, IL-8, regu-
lated on activation, normal T expressed and secreted, and
monocyte chemotactic protein-i. Scatchard analysis of
MGSAbinding showed that the chemokine receptor from
renal tissues had a binding affinity of 3.5 nMsimilar to that
observed for the erythroid isoform (5-10 nM). The primary
structure of the renal chemokine receptor predicted from
the nucleotide sequence of cDNAfrom renal tissues is identi-
cal to that reported for the erythroid isoform. Immunocyto-
chemical staining of kidney with Fy6 localized expression
to endothelial cells present in postcapillary venules. These
studies implicate the Duffy antigen/chemokine receptor in
the complex interactions between postcapillary endothelial
cells and granulocytes, which are modulated by pro-in-
flammatory chemokines. (J. Clin. Invest. 1994.94:985-991.)
Key words: interleukin-8 * melanoma growth stimulatory
activity * cytokine * inflammation * diapedesis

Introduction

The chemokines are a family of pro-inflammatory molecules
that have a variety of biological properties including leukocyte
chemotaxis and activation (1-3). The family is characterized
by the presence of four conserved cysteine residues and has
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been classified into two separate groups dependent on whether
the first two conserved cysteine residues are separated by an
intervening amino acid (C-X-C) or whether they are adjacent
(C-C) (1, 2). The C-X-C class members include IL-8, melanoma
growth stimulatory activity (MGSA),' and platelet factor 4
(PF4), while the C-C class members include regulated on activa-
tion, normal T expressed and secreted (RANTES); monocyte
chemotactic protein-i (MCP-1); and macrophage inflammatory
protein-1 (MIP-1) a and P.

The chemokines produce their biologic effects by interacting
with specific receptors on the surface of their target cells (1-
3). Chemokine receptors can be grouped into two separate
classes based on their ligand specificity. The first class belongs
to the seven transmembrane spanning family of G-protein cou-
pled receptors and binds either C-X-C or C-C chemokines (4-
6). The second class is exemplified by the erythrocyte chemo-
kine receptor which has a broader ligand specificity and can
accommodate both C-X-C and C-C chemokines (7, 8).

Recently the erythrocyte chemokine receptor has been
shown to be identical to the Duffy blood group antigen (9, 10).
The Duffy blood group antigen was first identified serologically
as the target of alloantibodies that can cause posttransfusion
hemolytic reactions (11). It was subsequently identified and
characterized as a 35-43-kD membrane glycoprotein (12, 13)
which is necessary for the invasion of human erythrocytes by
the monkey malaria Plasmodium knowlesi (14) and the human
malaria, Plasmodium vivax (15, 16). Production of an anti-Duffy
monoclonal antibody, anti-Fy6, (17) facilitated the purification
and the subsequent cloning of the cDNA for the Duffy antigen
receptor for chemokines (DARC) (18, 19). The nucleotide se-
quence of the cDNA encoding the DARCpredicts a primary
structure with novel topologic features, that include an amino
terminal extracellular domain, nine potential transmembrane
spanning regions, and a cytoplasmic carboxyl-terminal tail (19).

While transcripts encoding an isoform of the chemokine
receptor can be detected in polyadenylated RNAfrom kidney
and spleen (19), the subpopulation of cells that express the
receptor has not been localized and the functional relationship
of the renal and erythroid isoforms has not been resolved. We
performed experiments to identify the cell types in kidney that
express this receptor, as well as studies to determine ligand
binding characteristics, immunologic identity, and primary
structure of the renal isoform.

1. Abbreviations used in this paper: DARC, Duffy antigen receptor for
chemokines; MCP-1, monocyte chemotactic protein-i; MGSA, mela-
noma growth stimulatory activity; MIP-1, macrophage inflammatory
protein-1; PF4, platelet factor 4; RANTES, regulated on activation,
normal T expressed and secreted.

Kidney Endothelium Expresses the Duffy Antigen/Chemokine Receptor 985



Methods

Materials. '251-IL-8 and 251I-MGSA (specific activity 2,200 Cilmmol)
were obtained from New England Nuclear (Boston, MA). Unlabeled
IL-8 and MGSAwere purified as previously described (8, 20). Enriched
human erythrocytes from outdated blood were obtained from Peninsula
Blood Bank (Burlingame, CA). Reagents for electrophoresis were from
Bio Rad Laboratories (Richmond, CA) and FMC BioProducts
(Vallensback, Denmark). All other reagent grade chemicals were from
Sigma Chemical Co. (St. Louis, MO). The Fy6 monoclonal antibody to

the Duffy blood group antigen was kindly provided by Dr. Margaret
Nichols (New York Blood Center, New York) as a hybridoma culture
supernatant containing 22 /ig per ml of IgG (17).

Isolation of erythrocytes and production of erythrocyte ghosts.
Human erythrocytes were isolated from whole blood using standard
techniques (21). Erythrocyte ghosts were prepared as described pre-

viously (8).
Procurement of human kidney. Human kidney was obtained at Uni-

versity of Louisville-affiliated Jewish Hospital according to a standard
protocol whereby the operative consent form includes permission that
the tissue can be used for research purposes after being thoroughly
examined by the pathologist responsible for diagnostic evaluation of the
specimen.

Preparation of cell membranes. Human kidney (2.7 grams) was

homogenized in 50 mMTris-HCl buffer, pH 7.4, containing 5 pg/ml
each of leupeptin and aprotinin, 0.1 mMPMSF, 0.05 mMPefabloc, and
1mMEDTA (lysis buffer). The homogenate was centrifuged at 500 g

for 20 min. The pellet, which consisted of cell debris and nuclei, was

discarded and the supernatant was centrifuged at 48,000 g for 30 min.
The resulting pellet, which consisted of total cell membranes was re-

moved and resuspended to a final concentration of 7.5 mg per ml in
lysis buffer and stored at -20'C until further use.

'25I-labeled chemokine binding to kidney membranes. Human kidney
membranes, 25-50 .tg of membrane protein, were incubated with 1251_
labeled MGSA(0.5 nM) and varying concentrations of unlabeled MGSA
at 37°C for 1 h in PBS, pH 7.4. Binding was stopped by filtration
through Whatman GF/C filters pretreated with 1% polyethyleneimine
(Whatman Inc., Clifton, NJ). Filters were rinsed three times with 2 ml
ice cold PBS and counted in a gammacounter (Iso-Data 100; Isodata,
Los Angeles, CA). Nonspecific binding was determined in the presence

of 100 nM unlabeled ligand. Binding data were analyzed by the Ligand
program (22) as modified for the IBM PC (23).

Immunoblot analysis. Proteins were subjected to electrophoresis in
12% Novex precast minigels and transferred electrophoretically to Pro-
blot (Applied Biosystems Inc., Foster City, CA) in 10 mMCAPS, pH
11 containing 10% methanol for 1 h at a current of 250 mA. After
transfer, the blots were incubated for 60 min at room temperature in 25
mMTris-HCl, pH 7.4, containing 150 mMNaCl and 0.1% Tween 20.
The blots were then incubated overnight at 4°C with a 1: 1,000 dilution
of anti-Fy6. The blots were washed several times in Tris buffer and
subsequently were incubated in a 1:20,000 dilution of horseradish perox-

idase conjugated goat anti-mouse antibody (Tago Immunodiagnostics,
Burlingame, CA) for 1 h at room temperature. After extensive washing,
the blots were developed by the ECL chemiluminescence procedure,
according to the manufacturer's instructions (Amersham Corp., Arling-
ton Heights, IL).

Cross-linking of )2sI-MGSA to cell membranes. Aliquots of the par-

ticulate membrane fraction (150 ,ug) were incubated in the presence of
S nM of '25I-MGSA, in the presence or absence of 1 pM unlabeled
MGSA, for 1 h at 37°C in PBS, pH 7.4. At the end of the incubation,
the membranes were pelleted by centrifugation (100,000 g, for 15 min),
made up to the original volume in PBS, and chemically cross-linked
with EDC(1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride) at a final concentration of 1 mMfor 1 h at room temperature. The
membranes were then pelleted as described above and solubilized in
SDS sample buffer in the presence of 50 mMDPT for 3 min at room

temperature and then analyzed by electrophoresis in 12% acrylamide
gels containing SDS.
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Figure 1. Western blot analysis
of human kidney membranes.
150 pg of erythrocyte ghosts
(lane 1) and kidney cell mem-
branes (lane 2) were subjected
to SDS-PAGE, transferred elec-
trophoretically to Problot, and
analyzed as indicated in Meth-
ods.

cDNA synthesis and sequencing. Total cellular RNAwas extracted
from normal kidney and explants of Wilm's tumors using guanidinium
isothiocyanate (24). RNA templates were reverse transcribed from an
oligo deoxythymidilate primer using reverse transcriptase (Promega,
Madison, WI). Single stranded cDNA was amplified by polymerase
chain reaction using primers designed from the 5' and 3' non-coding
sequences of the Duffy cDNA (13). Amplification products of the appro-
priate size (1.2 kb) were cloned into the TA vector (Invitrogen, La Jolla,
CA) and the nucleotide sequence was determined using the dideoxy
chain termination technique with a Sequinase kit (US Biochemical
Corp., Cleveland, OH). The sequencing reaction was initially primed
using forward and reverse universal primers to anneal to sites encoded
in the vector. Reactions were analyzed by electrophoresis in a 6% poly-
acrylamide gel. Subsequent primers were designed from the nucleotide
sequence that was derived.

Immunohistochemistry. Tissue blocks were obtained from the files
of the University of Louisville Hospital. Sections were cut at 6,um,
deparaffinized with xylene, and rehydrated with ethanol. After washing
with PBS, slides were incubated with anti-Fy6. Binding of the mono-
clonal antibody was detected by sequential incubations with a biotinyl-
ated secondary antibody, followed by complexes of avidin-biotinylated
peroxidase. The reaction product was localized by incubation with the
diaminobenzidine substrate.

Results

Renal tissues express the chemokine receptor polypeptide. Im-
munoblotting analysis was performed to determine whether the
DARCis expressed by kidney tissues. Polypeptides present in
membrane fractions from kidney tissues and erythrocytes were
resolved by gel electrophoresis, transferred to hybridization
membranes, and incubated with anti-Fy6. Detection of Duffy-
related proteins revealed a discrete band of 43-45 kD in the
kidney tissues and a heterogeneous, diffuse band ranging from
38 to 47 kD in erythroid cells (Fig. 1).

The renal isoform of the DARCbinds MGSA. Although the
molecular mass of the anti-Fy6 reactive component of the kid-
ney was similar to that of the erythrocyte, it appeared less
heterogeneous (possibly due to differences in glycosylation).
Also, since immunoblots were probed with a single monoclonal

986 Hadley et al.



kit

97-
6 e _ Figure 2. Covalent crosslinking of '"I-MGSA

to human kidney membranes. Membranes pre-
46 e _pared from human kidney were incubated with46-v_ 5 nM '"I-MGSA in the presence (lane 1), and

in the absence (lane 2) of 1 /uM unlabeled
MGSA. After 1 h at 40C the membranes were
washed free of unbound label. The bound '25I-
MGSAwas crosslinked by incubation with
EDCfor 1 h at 40C and then washed with PBS
before analysis by SDS-PAGE. 150 ,g of pro-
tein were applied to the gel. After electropho-

1 2 resis the gels were dried down and subjected
to autoradiography.

antibody, Fy6, it was possible that the anti-Fy6 reactive compo-
nent of the kidney was not the DARCbut rather a different
molecule with a shared epitope. It was therefore important to
demonstrate that the anti-Fy6 reactive molecule of the kidney,
like that of the erythrocyte, is a chemokine receptor. Wethere-
fore performed chemical cross-linking experiments to determine
whether this protein bound to labeled chemokines. Particulate
membrane fractions of the renal tissues were incubated with
"251-labeled MGSAin the presence and absence of the unlabeled

ligand and protein complexes were covalently coupled with the
cross-linking agent EDC. As shown in Fig. 2, the labeled com-
plex of - 53 kD was absent in reactions containing excess
unlabeled ligand. Assuming a molecular mass of - 8 kD for
MGSA, the mass of the receptor is deduced to be - 45 kD,
consistent with the molecular weight from immunoblotting with
anti-Fy6.

Analysis of renal DARCligand binding activity. The DARC
binds a broad repertoire of ligands, which is different from that
bound by members of the G-protein coupled IL-8 receptor fam-
ily (7, 8). To demonstrate that the renal isoform of the DARC
shares a spectrum of ligand binding that is similar to that of
the erythrocyte DARC, we performed radioligand displacement
experiments. The binding of '251-MGSA to human kidney mem-
branes was completely displaced by excess unlabeled MGSA,
IL-8, RANTES, and MCP-I (Fig. 3). The binding of radiola-
beled MGSAwas partially antagonized in reactions containing
excess unlabeled MIP-la.

Scatchard analysis was performed to compare the binding
affinities of the renal and erythroid isoforms of the DARC.
Membrane preparations were incubated with '"I-MGSA in the
presence of increasing amounts of unlabeled ligand and the
ratio of bound to free ligand was plotted as a function of the
bound ligand. Ligand binding was linear consistent with a single
class of binding sites, and a KD of 3.5±0.4 nM (Fig. 4). Co-
incubation with anti-Fy6 (at a final concentration of 3 nM)
resulted in 88% inhibition of specific ligand binding but anti-
bodies to the IL-8RA and IL-8RB (100 nM) had no effect on
binding.
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Figure 3. Inhibition of '"I-MGSA binding to human kidney membranes.
Humankidney membranes (80 jig) were incubated with 200 pMradiola-
beled MGSAin the presence of 100 nM unlabeled MGSA, IL-8,
RANTES, MCP-l, and MIP-la. The binding reactions were stopped as
described in Methods. Data are from three separate experiments and the
error bars show the SEM.

Primary structure of renal DARC. Complementary DNA
encoding the DARCwere isolated from mRNAtemplates in
renal tissues by reverse transcription and amplification with
oligonucleotide primers designed from 5' and 3' nontranslated
regions of the published sequence of the Duffy blood group
antigen (19). A PCRproduct of 1.2 kbp, the size predicted
from the mRNAtranscript, was subcloned into the TA vector
and sequenced. The nucleotide sequence of three clones was
identical to that of the published sequence, except for two single
base pair differences, which resulted in an alternative nucleotide
(T instead of C) in the first position of codon 181 and (A instead
of G) in the third position of codon number 182. Both sequences
encode leucine residues in both positions. Computerized analy-
sis of topologic features using the model of Eisenberg (25) to
identify potential transmembrane spanning regions predicts the
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Figure 4. Scatchard analysis of '25I-MGSA binding to human kidney
membranes. Human kidney membranes (80 Mg) were incubated with
200 pMradiolabeled MGSAin the presence of increasing concentrations
of unlabeled MGSAat 40C for 1 h. Binding was terminated by filtration
and counted as described in Methods.
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Figure 5. Immunohistochemical localization of the Duffy antigen/chemokine receptor to endothelial cells post-capillary venules in kidney. Sections
of formalin-fixed, paraffin-embedded human kidney were processed as described in Methods and incubated with anti-Fy6. After washing, structures
binding Fy6 were identified by sequential incubations with avidin-biotin-peroxidase complex and diaminobenzidine. The sections were counter
stained with hematoxylin. A: x400, B: xI 00. A demonstrates intense staining of cells lining a thin walled vascular space that resembles a venule
(arrow). There is no significant reactivity with endothelial cells lining a vein (V) or glomerullar capillaries (G) or with endothelial cells of renal
tubules (7). B shows a diseased kidney section that has proliferation of small venules which stain prominently (arrows). Faint reactivity in a
glomerulus (G) is localized to erythrocytes. Tubular epithelium (7) lacks significant reactivity.

presence of an amino terminal extracellular domain, seven trans-
membrane spanning regions, and a cytoplasmic carboxy-termi-
nal tail. These features place the DARCin the superfamily of
seven transmembrane domain G-protein coupled receptors (26)
together with the other cloned chemokine receptors (3).

Immunohistochemical localization of the DARCin kidney.
The kidney is a structurally complex organ composed of blood
vessels, glomeruli, and tubules with diverse functions. Immuno-
histochemistry was performed to identify the cell types that
express the DARC. Staining of archival tissues with anti-Fy6
demonstrated that intense immunoreactivity was localized to
the endothelial cells lining blood vessels. These structures were
identified as venules because they were thin, irregular and
lacked a significant mural structure (Fig. 5, A and B). Staining
appeared homogenous along small venules in a pattern most
consistent with the staining of endothelial cells along this subset
of the vasculature. Arteries, arterioles, capillaries, and veins
were negative for staining with anti-Fy6 although they did show
staining with anti-CD 34. Renal tubules in the cortex and me-
dulla also lacked significant expression of the receptor, although

a faint blush was- inconsistently evident in structures resembling
proximal tubules.

Discussion

In this communication we present five separate lines of evidence
to suggest that the DARCis expressed on endothelial cells of
post capillary venules of human kidney. First, MGSAand anti-
Fy6 bind to molecules of the same molecular mass (Figs. 1 and
2) which is similar, although slightly higher (possibly due to
altered glycosylation), than the human erythrocyte DARC(7,
8). Second, membranes prepared from human kidney display
the same chemokine binding profile as that displayed by the
human erythrocyte DARC(Figs. 3 and 4). Third, the binding
of the chemokine MGSAto kidney membranes is inhibited by
anti-Fy6, but unaltered by monoclonal antibodies that block the
binding of IL-8 and MGSAto IL-8RA and IL-8RB. Fourth, the
nucleotide sequence of cDNA encoding the DARCisolated
from renal tissue predicted a primary structure identical to that
reported for the Duffy blood group antigen (19). Finally, immu-
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Figure 5 (Continued)

nochemistry with anti-Fy6 localized the expression of the
DARCto endothelial cells lining postcapillary venules in sec-
tions of human kidney (Fig. 5).

Since the kidney is a highly perfused organ, it is a formal
possibility that the biochemical data reflect, at least in part,
Duffy antigen derived from erythrocytes. However, the renal
and erythroid forms of DARCappear to be distinguishable by
immunoblotting analysis (Fig. 1). Furthermore, cells in the kid-
ney that express DARCare clearly identified by immunohisto-
chemistry (Fig. 5, A and B). These cells, and not erythrocytes,
are the source of the mRNAtemplates encoding DARCthat
were present in renal tissues. In addition antibodies to glycopho-
rin A, which is expressed in erythrocyte membranes, crossreact
as expected with erythrocyte membranes but not with renal
membranes (data not shown). Thus, the constellation of findings
supports the interpretation that the biochemical data is represen-
tative of DARCexpressed by non-erythroid cells in the kidney.

Isoforms of other erythrocyte membrane proteins have been
described in nonhematopoietic tissues (27-29). These proteins
may differ in primary structure from erythroid isoforms because
of alternative splicing of pre-mRNA, as occurs for protein 4.1
(28, 29), or tissue-specific transcriptional initiation as has been
described for murine band 3 (30). Also, tissue specific alternate
promoters have been proposed for human band 3 (31) and glyco-
phorin C (32, 33), although these have not yet been identified.
Proteins in nonhematopoietic tissue that are homologous to ery-

throid proteins but are encoded by separate genes have also
been described (34). It is clear that investigations into the struc-
ture and function of numerous erythrocyte membrane proteins
are currently being extended to elucidate their structure and
function in nonhematopoietic tissue.

In this report we present evidence that DARCis not specific
to erythrocytes but is present along postcapillary venules of the
kidney. Furthermore, preliminary data from our laboratories
indicate that this protein is expressed along post-capillary ve-
nules throughout the body except for liver. The molecular basis
of the tissue specific expression of DARCremains to be eluci-
dated. It is clear from the present study that the amino acid
sequence of DARC(deduced from cDNA) expressed in kidney
is the same as that of DARCexpressed on erythrocytes; it is
possible, as has been suggested for glycophorin C, that tissue
specificity is determined by alternate promoters.

The major finding of this study is the localization of DARC
to endothelial cells that line postcapillary venules. Post-capillary
venules are a dynamic interface that comprise the site for leuko-
cyte transmigration from the vascular space into the tissue space
during inflammation. This process, which is part of the inflam-
mation cascade, is characterized by cytokine-mediated endothe-
lial cell and leukocyte activation, selectin-mediated leukocyte
rolling, integrin-mediated leukocyte adherence, and ultimately
migration of the leukocyte out of the vascular space into the
surrounding tissues along chemokine gradients (35-37). Endo-
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thelial cells, activated by cytokines in vivo, produce IL-8 (20),
which may set up a chemotactic gradient favoring transendothe-
lial diapedesis of leukocytes.

The localization of the DARCto endothelial cells of post-
capillary venules, together with its ability to bind proinflamma-
tory chemokines, suggests that it may play a major role in
this inflammatory cascade. At least three distinct possibilities
suggest themselves. First, the DARCof postcapillary venules
could be involved in signal transduction that facilitates the inter-
action between immune cells and the endothelial cell. Second,
the receptor could act as a docking protein to concentrate ligands
at the cell surface for presentation to specific receptors on the
appropriate immune cells. This mechanism has been suggested
by Rot (38), who demonstrated that radiolabeled IL-8, injected
into rats, binds to post-capillary venules as determined by auto-
radiography of tissue sections. Interestingly such a role has
been recently been described for MIP-1,. (39), a member of
the chemokine family that does not bind to the erythrocyte
chemokine receptor. Alternatively, as suggested by Darbonne
et al. (40) for erythrocytes the DARCmight act as an intravascu-
lar sink, which could bind and inactivate circulating chemo-
kines. This would presumably generate a chemokine gradient
with higher concentrations of active chemokines found in the
subendothelial matrix (41), possibly bound to sulfated glycans
(42). Clearance of IL-8 from the plasma by binding to erythro-
cytes has been demonstrated in humans treated with IL-1 (43).
However, the significance of the erythrocyte chemokine recep-
tor's role as a sink for chemokines must be interpreted in light
of the fact that individuals who lack expression of this protein
on their erythrocytes (44), yet have no obvious abnormality in
the regulation of inflammation. It is also possible that the DARC
plays a role in angiogenesis that accompanies inflammation and/
or the growth of tumors as IL-8 has recently been implicated
in angiogenesis and endothelial cell migration (45).

In addition to their potential in furthering our understanding
of events that modulate the inflammatory cascade, the findings
reported here also underscore the concept of molecular hetero-
geneity of endothelial cells (46). Reactivity with Fy6 antibodies
was exclusive to the endothelial cells of postcapillary venules,
and was not a feature of endothelial cells of arteries, capillaries
or large veins, including umbilical vein, which is unlike the
global expression of CD34 and factor VIII molecules by endo-
thelial cells (47). The specificity of the microvascular location
of DARC, as well as its binding of proinflammatory chemokines
further supports a functional, rather than simply a structural role
for this protein.
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