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Fractalkine (FKk) is a structurally unusual member of the chemokine family. To determine its role in
vivo, we generated mice with a targeted disruption of CX;CR1, the receptor for Fk. CX;CRI7~ mice
were phenotypically indistinguishable from wild-type mice in a pathogen-free environment. In
response to antibody-induced glomerulonephritis, CX3CRI7~ and CX;CRI1** mice had similar levels
of proteinuria and injury. CX3CRI7~ and CX3CRI** mice also developed similar levels of disease in
myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis. We per-
formed heterotopic MHC class I/II cardiac transplants from BALB/c mice into C57BL/6 mice. In the
absence of cyclosporin A (CsA), there was no difference in graft survival time between CX;CR17~and
CX;CR1%* recipient mice. However, in the presence of subtherapeutic levels of CsA, graft survival time
was significantly increased in the CX3CR17/~ mice. Characterization of cells infiltrating the grafts
revealed a selective reduction in natural killer cells in the CX;CRI~~ recipients in the absence of CsA
and a reduction in macrophages, natural killer cells, and other leukocytes in the presence of CsA. We
conclude that Fk plays an important role in graft rejection. The development of CX;CR1 antagonists
may allow reductions in the doses of immunosuppressive drugs used in transplantation.

J. Clin. Invest. 108:679-688 (2001). DOI:10.1172/JCI1200112976.

Introduction

Fractalkine (Fk) is an unusual member of the
chemokine family of chemotactic cytokines, and has
structural and functional properties not found previ-
ously within the chemokine family. Structurally, the
chemokine-like domain of Fk is fused to a mucin stalk
and transmembrane domain, placing it at the cell sur-
face where it can effectively interact with other cells,
such as circulating leukocytes. Functionally, Fk can
efficiently capture cells through a direct interaction
with its cognate receptor, CX3;CR1, and thus acts as an
effective adhesion molecule (1-4). Another chemokine
(CXCL16) with a similar unusual architecture has been
reported recently (5).

Fk, which in the mouse is known as neurotactin, is
expressed on the surface of activated endothelial cells
in the vasculature and on neurons in the CNS, where
it appears to be involved in regulating the activity of
microglia (1, 6). It is upregulated by proinflammato-
ry cytokines and lipopolysaccharide and is shed as a
soluble protein, presumably through a posttransla-
tional cleavage event (1, 4, 7, 8). Soluble Fk is as
potent a chemoattractant as other members of the
chemokine family (2). Recent data suggest potential

roles for Fk in glomerulonephritis, the microglial
response to neuronal injury and inflammation of car-
diac endothelium (7, 9-11).

To provide more definitive data on the role of Fk in
vivo, we used homologous recombination in embry-
onic stem (ES) cells to create CX3CR1-deficient mice.
In a pathogen-free environment, CX3CR1-null mice
were viable, fertile, and indistinguishable from wild-
type littermates. Examination of peripheral blood
cells indicated that CX3CR1 plays a critical and
nonredundant role in mononuclear cell adhesion to
immobilized Fk. Despite its prominent expression in
the CNS, we found no evidence for developmental
defects or any differences in disease severity between
CX3;CR17* and CX3CRI7/~ mice in myelin oligodendro-
cyte glycoprotein-induced (MOG-induced) experi-
mental autoimmune encephalomyelitis (EAE). Simi-
larly, we found no difference in acute nephritis
induced by anti-glomerular basement membrane
antiserum. In a murine model of cardiac transplanta-
tion, however, immunosuppressed CX;CRI~/~ recipi-
ents had a dramatic prolongation in graft survival
time. These studies provide strong evidence for a role
for Fk in immune-mediated vascular disease.
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Methods

Generation of CX3CR17~ mice. A bacterial artificial chro-
mosome (BAC) library from Research Genetics
(Huntsville, Alabama, USA) was screened for the
murine CX3CRI gene by PCR. The primers used were:
GTCCTCGCCCTCACCAACAGC and TTGAGAGTCTC-
CAGGAAAATCA. A BAC containing CX3CR1 was identi-
fied (plate 52, K17). Restriction mapping of the
CX;3CR1-containing region was followed by subcloning
of Sacl and Xbal fragments containing the CX;CRI
gene and flanking sequences. These fragments were
subcloned into a shuttle vector and the ends were
sequenced. From this sequence information, primers
were designed to amplify the 2.3-kb short arm and the
5.9-kb long arm from the Sacl and Xbal fragments,
respectively. The Long PCR kit was used (Roche Mole-
cular Biochemicals, Indianapolis, Indiana, USA), and
the primers were designed with restriction nuclease
sites added onto the ends. The primers were: short arm
GCATCGATTGTCCACACTTTGGTCTTCC, GCGTCGACG-
GTGAGGTCCTGGAGGGGAAGG, and long arm ATG-
GCGCGCCCATCAGATTTCCCTGCCGCT, ATGGCCGGC-
CGCTCCAGTGACAGGAAACTG. Using primer-encoded
restriction sites, the short and long arms were cloned
into the pSV-Neo-TK vector (12) using Clal and Sall or
Ascl and Fsel. The CX3CR1 targeting vector was lin-
earized and electroporated into RF8 ES cells, and cul-
tured on leukemia-inhibiting factor-producing STO
feeder cells, as previously described (13). Clones resist-
ant to both G418 (150 pg/ml) and FIAU (0.25 mM)
were screened by Southern analysis of HindIII-digest-
ed genomic DNA hybridized with a probe located 5" of
the targeting vector (Figure 1). This Southern assay was
also used for screening the mouse lines. In addition, a
PCR assay was used to screen mouse lines containing a
common 5’ primer, AAGATAGGATGAGTGAAGAC, and
two 3’ primers, TAC CGGTGGATGTGGAATGTGTGCG
(neo gene) and GGTTGTTCATGGAGTTGGCGG (CX3CR1
coding region). Unless otherwise indicated, all mice
used in these studies were 50:50 hybrids of the
C57BL/6 and 129/Sv strains.

Adbesion of peripberal blood leukocytes to Fk and Ab stain-
ing. Peripheral blood leukocytes were isolated as
described (14). In brief, blood was taken from the infe-
rior vena cava of a lightly anesthetized mouse and cen-
trifuged at 100 g for 30 minutes. Red cells were removed
by hypotonic lysis (155 mM NH4Cl, 10 mM KHCOs,
100 uM EDTA) for 15 minutes, and the cells were
washed with assay buffer. In some experiments, natural
killer (NK) cells and T cells were purified before the
adhesion assay. Cell suspensions from spleens and
lymph nodes (inguinal and axillary) were pooled and
passed through 70-um strainers (Falcon; Becton Dick-
inson Labware, Franklin Lakes, New Jersey, USA), and
washed with HBBS supplemented with 1% FCS
(vol/vol) and 1% HEPES (10 mM). Red cells were lysed
by hypotonic lysis, washed with staining buffer (PBS
plus 1% FCS and 0.1% NaNj3), and resuspended at a con-
centration of 10 cells/ml. Cells were stained with Ab’s
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Figure 1

Targeting vector for the CX3CR7T gene. The top line shows a partial
restriction map of the CX3CR1 locus indicating the recognition sites
for Hindlll (H) and Pstl (P). The targeting vector is shown in the cen-
ter, and the predicted structure of the targeted allele after homolo-
gous recombination is shown below. The coding region for CX3CR1
is indicated by the thick bar. The neo gene is flanked by loxP sites for
removal. Also indicated are the locations of the PCR primers and the
probe used for screening the ES cells and the mice.

NK1.1 (phycoerythrin, 0.25 pg/ml) and CD3 (cychrome,
0.25 pg/ml) (PharMingen, San Diego, California, USA)
for 30 minutes at 4°C, washed twice with staining
buffer, and resuspended at a final concentration of
15 % 106 cells/ml for sorting in a FacsVantage cell sorter
(Becton Dickinson, Mountain View, California, USA).

Static adhesion assays were performed as described
previously (15). Cells were adhered to a glass slide with
a Cytospin centrifuge (Shandon Lipshaw, Pittsburgh,
Pennsylvania, USA), at 17.9 g for 3 minutes. Both Fk-
adherent and cytospun cells were labeled with biotin-
conjugated primary Ab’s: hamster anti-CD3, rat anti-
CD11b, and rat anti-Ly-6G (1:200 dilution in 100 pl
of labeling buffer, PBS with 1% BSA and 0.1% sodium
azide, 30 minutes on ice) (PharMingen). Slides were
washed twice with labeling buffer and incubated with
streptavidin-FITC (20 minutes on ice). The slides were
washed and incubated in 3% paraformaldehyde (for 5
minutes) and viewed with a TE-300 inverted micro-
scope (Nikon, Tokyo, Japan) with a Diagnostics SPOT
RT digital camera (Diagnostic Instruments, Sterling
Heights, Michigan, USA). Diagnostic SPOT propri-
etary imaging software plus Twain for Windows
95/98/NT. Images were prepared with PhotoShop 5.5
(Adobe Systems Inc., Santa Clara, California, USA) and
IPTK 3.0 Image Analysis Toolkit (Reindeer Games,
Ashville, North Carolina, USA).

Induction of nephritis. Sheep were immunized with a
lysate of glomeruli prepared from Sprague-Dawley rat
kidneys, as described (16). Nephrotoxic serum (NTS)
was heat inactivated at 56°C for 45 minutes, absorbed
overnight with mouse red blood cells, and sterilized by
passage through a 0.2-pm filter before use. The mice
were backcrossed three times into the CD1 genetic
background. Male and female CX;CRI"”* and CX;CRI 7/~
mice (males ~35 g and females ~23 g) were sensitized by
subcutaneous injection of 200 g of normal sheep IgG
in CFA in divided doses in each flank. Beginning S days
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later, the mice received daily injections of NTS (males:
50 pl, females: 30 ul) for 3 days; control mice received
equivalent doses of normal sheep serum. At intervals of
3 to 21 days after the first dose of NTS, groups of mice
(3-4/group) were sacrificed, the kidneys were harvest-
ed, and blood was collected by cardiac puncture.

Renal immunopathology. Kidney halves were fixed
overnight at 4°C in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4 m, and stained
with periodic acid-Schiff reagent and Masson’s
trichrome for routine histology. All morphological eval-
uations were performed in a blinded fashion with three
or four kidneys from each group at each time point as
described (17). Glomerular pathology was assessed by
evaluating at least 100 glomeruli per kidney for hyper-
cellularity, necrosis, hyalinosis, microaneurysms, and
crescent formation. Interstitial injury was assessed by
determining the proportion of cortical tubules with
atrophy, necrosis, dilatation, or casts, and the propor-
tion of cortical-interstitium-containing inflammatory
infiltrates. Snap-frozen kidney halves were also sec-
tioned and examined with mAb’s for mouse leukocyte
surface markers as described (17).

Renal function. Urinary protein excretion was meas-
ured at intervals from O to 21 days on overnight urine
collections from mice housed in individual metabolic
cages. During the urine collection, mice were allowed
free access to water but not food. Protein concentration
was assayed with the Microprotein PR reagent kit
(Sigma Chemical Co., St. Louis, Missouri, USA). Blood
urea nitrogen was measured on serum samples taken at
intervals from 0 to 21 days using the Urea Nitrogen
assay kit (Sigma Chemical Co.).

Experimental autoimmune encephalomyelitis. CXsCRI"*
and CX3;CRI7~ mice (n = 10/group) were immunized
subcutaneously with 100 pug of MOG peptide (MEVG-
WYRSPESRVVHLYRNGK) in CFA (Sigma Chemical
Co.) supplemented with Mycobacterium tuberculosis
antigen (4 mg/ml) (Difco Laboratories, Detroit, Michi-
gan, USA); mice also received 150 ng of pertussis toxin
(Sigma Chemical Co.) by intravenous injection at day
0 and day 2, as described (18). Mice were weighed and
scored daily in a blinded manner as described (18).
Scores were as follows: 0, normal; 1, loss of tail tone; 2,
posterior paresis; 3, posterior paralysis and loss of
righting response; and 4, tetraparesis/moribund.
Comparisons of disease incidence and severity were
performed using the Fisher exact test and the two-
tailed ¢ test, respectively.

Transplantation. Heterotopic cardiac allografts were
performed as described (19), using BALB/c (H-24)
donors and fully MHC-mismatched CX;CRI7- or
CX;CR1"*B6/129 (H-2P) recipients (n = 6/group); con-
trol B6/129 mice included littermates and CX;CRIY*
mice obtained from The Jackson Laboratories (Bar
Harbor, Maine, USA). Cyclosporin A (CsA) (Sigma
Chemical Co.) was dissolved in olive oil and was admin-
istered daily (10 mg/kg, intraperitoneal injection) for
14 days, beginning on the day of engraftment.

Cardiac immunopathology. Histologic evaluation was
performed on paraffin sections stained with hema-
toxylin and eosin (H&E). Infiltrating cells were detect-
ed by immunoperoxidase staining of cryostat sections
with rat anti-mouse mAbs (PharMingen), and rabbit
anti-rat Fk and CX3CR1 polyclonal Ab’s (Torrey Pines
Biolabs, Houston, Texas, USA), as described (20).
Immunoperoxidase-stained sections of allografts har-
vested at serial intervals after transplant (days 1, 3, and
7), plus pretransplant samples (day 0), were evaluated
by quantitative morphometry using 20 fields per graft
and 3 grafts per group (21).

Ribonuclease protection assays. Intragraft expression of
cytokine, chemokine, and chemokine receptor mRNA
was determined by ribonuclease protection assay (RPA)
at day 7 after transplant (» = 3/group), using Ribo-
Quant kits from PharMingen. Expression levels were
normalized to GAPDH or L32 gene expression (21, 22).
RPA analysis was performed twice using separate sets
of grafts each time. For Fk, a mouse expressed sequence
tag clone (GenBank accession no. AA273590) was con-
firmed by sequencing and subcloned to prepare an RPA
template, which resulted in a 256-bp protected frag-
ment after nuclease digestion.

Results
Generation of CX3CRI7~mice. To selectively delete CX3CR1,
we generated a targeting vector in which the entire cod-
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Targeted deletion of the CX3CR7 gene. Genomic DNA from F;,
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off-

spring of heterozygous (+/-) parents was screened by both Southern
blot analysis and PCR. (a) Southern blot. Restriction endonuclease

digestion with Hindlll was probed with a fragment from the 5

’

untranslated region and produced a wild-type fragment of 8 kb and
a targeted fragment of 3.1 kb. The wild-type and targeted fragments
are indicated with the genotype of each mouse shown above the lane.
(b) PCR. A set of three primers was used: one 5" primer that annealed
in the 5" untranslated region and two 3’ primers, one each from the
neo and CX3CR1 genes. The reaction resulted in band sizes of 700 bp

for the wild-type allele and 500 bp for the targeted allele.

The Journal of Clinical Investigation |

September 2001

| Volume 108 | Number5

681



@ 7004

= H No treatment

S 6001 O + Sol. FK

S 5001

(5]

2 4004

g

§ 300

£

c 2004

o

@ 1004

K=

]

< CX3CR1 CX5CR1
wild-type null

Figure 3

Peripheral blood cell adhesion to Fk. Peripheral blood was obtained
from CX3CR1 wild-type and null mice, and the leukocytes were iso-
lated as a buffy coat. Cells were labeled with the fluorescent dye 2*,7’-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester, and tested for adhesion to Fk in cell culture chambers. Excess
cells were washed off after a 30-minute incubation, and adhesion
was measured as a function of fluorescence. Results are reported as
arbitrary fluorescent units. Excess soluble Fk (100 nM) was added to
compete with adhesion to the tethered Fk. This assay is representa-
tive of three performed. The adhesion of wild-type cells was signifi-
cantly reduced by the addition of soluble Fk (P < 0.001).

ing region was replaced by a neomycin-resistance gene
(Figure 1). ES cell clones were screened for correct
homologous recombination and injected into blasto-
cysts to generate chimeric male mice. Matings between
heterozygous oftspring from these mice resulted in mice
homozygous for the CX3;CR1 deletion (Figure 2).
CX3CRI7~ mice were born at the expected Mendelian
ratios: 19 CX;CRI* (23%); 43 CX;CRI*/- (51%); and 22

Cytospin

Figure 4

Cell types adhering to Fk. (a) Peripheral blood
leukocytes from CX;CR1** mice were isolated
as a buffy coat and either spun onto a glass
slide (cytospin) or allowed to adhere to
Ab- tethered Fk (Fk-adherent). Cells were then
labeled with biotinylated Ab’s (CD3 or
CD11b) and fluorescent streptavidin for iden-
tification. Bright-field and fluorescent images
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CX3CR17/- (26%). They showed no overt developmental
or morphological abnormalities and were fertile.

Peripheral blood leukocyte adhesion to Fk. CX3CR1 is the
only nonviral receptor known to interact with Fk (2,
23). To determine whether deletion of CX3;CR1 elimi-
nated all activity toward Fk, we measured adhesion of
murine peripheral blood leukocytes to tethered Fkina
static adhesion assay. Leukocytes from the CX;CRI1"*
mice adhered well to Fk, and addition of soluble Fk
reduced this interaction to near background levels (Fig-
ure 3). In contrast, we were unable to detect specific
binding of cells from CX3CR17~ to Fk, suggesting that
they lacked functional Fk receptors.

CX;3CR1 expression has been demonstrated on circu-
lating monocytes and T cells in humans and rats, and
on NK cells in humans and mice (2, 10, 23, 24). We used
the Fk adhesion assay to identify cell types in murine
peripheral blood that interacted with Fk. As shown in
Figure 4a, although CD3* T cells comprised a large per-
centage of the input cells, virtually none adhered to Fk
in the static assay. Most of the cells that bound to Fk
stained positive for CD11b, a marker for monocytes
and neutrophils. The neutrophil-specific GR1 mAb did
not stain the adherent cell population, indicating that
these cells were predominately monocytes. In addition,
purified murine neutrophils failed to adhere to Fk
(data not shown). These data are quantified in Figure
4b. Because NK cells comprise a small fraction of the
total peripheral blood leukocytes, they were purified
and analyzed separately. As shown in Figure 4c, puri-
fied NK cells, but not CD3 T cells, demonstrated spe-
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Figure 5

Histology of control and nephritic kidneys. CX;CR7** (a,
c) and CX3CR7~/~ (b, d) mice were preimmunized with
normal sheep serum and then injected intravenously
with normal sheep serum or nephrotoxic serum. Sections
of kidneys harvested from mice immunized with normal
sheep serum show normal renal morphology (a, b). In
contrast, cortical sections obtained 21 days after injec-
tion with nephrotoxic serum (c, d) show proliferative
and inflammatory glomerular changes, including hyper-
cellularity, focal necrosis, increased matrix, thickening of
capillary loops, and occlusion by matrix and
microthrombi, as well as a periglomerular interstitial
mononuclear cell infiltrate. (H&E-stained paraffin sec-
tions; original magnification, X790). Shown are repre-
sentative sections from 4 to 6 animals per group.

cific binding to immobilized Fk. These results indicate
that murine monocytes and NK cells, but not T cells,
express functional Fk receptors and that CX3CR1 plays
a nonredundant role in cellular adhesion to Fk.
CX3CR17/~ and CX;CR17* mice develop equally severe
glomerular and interstitial injury. Fk is expressed on
glomerular endothelium, and CX3CR1-bearing leuko-
cytes infiltrate the glomeruli in the Wistar-Kyoto rat
model of crescentic glomerulonephritis (10). In that
model, administration of a polyclonal Ab directed
against rat CX;CR1 or treatment with the viral protein
vMIP-II inhibited leukocyte infiltration and crescent
formation and improved renal function (10, 25). We
sought to determine if the interaction of Fk and
CX3CR1 contributes to glomerular and interstitial
injury in an accelerated model of nephrotoxic nephri-
tis in mice. As measured by elevation of blood urea
nitrogen, proteinuria, and quantitative morphology,
renal injury was equally severe in wild-type and
CX3;CR17~ mice (Table 1). Although there was less
injury in females than in males and the severity varied
between animals in each group, all animals exhibited
some degree of glomerular and interstitial inflamma-
tion when examined 14 and 21 days after immuniza-

tion (Table 1, Figure 5). Blood urea nitrogen was equal-
ly elevated from day 3 in both groups of male and
female mice and was persistently elevated in the males
on day 21 (Table 1). Proteinuria was also present in
both groups of male and female mice from day 3 and
was undiminished by CX;CR1 deficiency. In fact, there
was a nonsignificant trend toward higher levels of
urine protein excretion in female CX3;CRI7~ than in
female CX3CRI** mice after 14 and 21 days (Table 1).
Quantitative immunohistochemistry for all leukocytes,
granulocytes, macrophages, and T-cell subsets revealed
no differences between CX3CRI*¥* and CX3;CRI17/-
nephritic mice (data not shown).

EAE. Given reports of the upregulation of Fk during
EAE (9, 26) and expression of CX3;CR1 by microglial
cells (6,27), we tested the importance of CX3CR1 in the
pathogenesis of EAE by comparing disease severity in
CX3CRI7* and CX3CRI7~ mice. As seen in Figure 6,
there was no significant difference between the groups
with respect to clinical scores or in disease incidence
(data not shown).

Cardiac allograft survival. Given the prominent expres-
sion of Fk on endothelial cells and a report of Fk upreg-
ulation by inflamed heart tissue (7), we sought to deter-

Table 1
Renal function and histology 14 and 21 days after immunization with nephrotoxic serum in CX3CR7*%* and CX3CR7~/~ male and female mice.

Glomerular injury

BUNA Urine protein® Crescent®  Inflammation/necrosisP Tubular-interstitial injury®

Day 14 Male*/* 64+13.6 22.6+6.05 0 0.6+0.96 1.5+1.00
Male/- 58+8.9 27.7+6.76 0-4 0.4+0.96 1.0+0.82

Female*/* 59+5.1 4.0+2.80 0 0.3+0.58 0.7+0.58

Female”~ 56+8.7 13.1+11.60 0-12 1.0+ 0.00 1.0+ 0.00

Day 21 Male*/* 58+3.8 46 6+ 14.29 0-6 2.3+0.58 5.3£0.58
Male/- 67 +11.1 54.3+12.42 8-30 2.7+0.58 3.7+2.31

Female*/* 31+4.5 5.9+5.67 0-2 1.3+0.50 0.8+0.50

Female”~ 35+4.9 12.5+£14.70 0-20 1.3+0.96 1.3+1.26

ABlood urea nitrogen (n = 3-4/group; normal values: male < 50 mg/dl, female < 38mg/dl). BUrine protein (n = 3-7/group; normal values: male 8.6 + 4.66
mg/18 hours, female 3.3 £ 1.79 mg/18 hours). “Percentage of glomeruli with crescents. °Combined score of glomerular inflammation and necrosis on a scale
of 0-3 for each. ECombined score of interstitial inflammation, tubular dropout, and cast formation on a scale of 0-3 for each. There were no statistically sig-
nificant differences in any of the measurements included in the table. (Student’s t test was used for all except crescent scores, which were analyzed by two-tailed
Mann-Whitney U test.) Glomerular injury scores represent 4-6 animals per group.

The Journal of Clinical Investigation | September2001 | Volume108 | Number$ 683



3.01 @ CX,CR1 null L
O Wwild-type 'y

5 2 17 ./2 e
3 20 —o— \f/
i TAT\ g “Tm
G oW g
5 10 ;/f

05 yar

o—o—0=0o-Q
1 6 7 10 13 15 16 19 20 21 22 24 26 27
Days postimmunization

Figure 6

Lack of requirement for CX3CR1 expression in development of
murine EAE. Wild-type and CX3CR7-null mice were immunized with
MOG peptide and weighed and scored daily. No significant differ-
ences were noted at any point. Results are representative of two sep-
arate experiments, using 10 mice per group in each experiment.

mine if Fk plays a role in cardiac allograft rejection.
BALB/c (H-24) donor hearts were implanted into fully
MHC-mismatched B6/129 (H-2b) mice. At the RNA
level, Fk expression was induced in the grafted heart as
early as 1 day after transplant and was maximally upreg-
ulated by day 3 (Figure 7a). At the protein level, both Fk
and CX3;CR1 were detected in the capillary beds of
rejecting hearts (Figure 7, d and e), but not control
hearts (Figure 7b). To determine if Fk was playing a role
in the rejection process, we compared the survival of
CX3;CR17- and CX3;CRIY* recipient mice after cardiac
transplantation. In the absence of immunosuppression,
there was no difference in graft survival between the two
genotypes (Figure 8). In the presence of CsA, however,
there was a dramatic prolongation of graft survival in
the CX;CRI17~ mice (Figure 8). Histological examination
of the hearts revealed prominent cellular infiltrates in
the CX;CRI17* recipients (with or without CsA) and the
CX;CR17~ recipients in the absence of CsA, but not in
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Figure 7

Expression of Fk and CX3CR1 during development of cardiac allograft rejection. (a) RPA analysis of Fk mRNA expression showing baseline
expression in two control hearts (day 0) and increasing expression in allografts harvested at day 1, 3, or 7 after transplant. Arrow indicates
Fk-protected fragment. Each lane represents mRNA from a different allograft. (b) Immunoperoxidase staining of normal heart with an
anti-Fk Ab. Heart harvested 7 days after transplant and stained with an anti-Fk Ab (c) or with control IgG (d). (e) Infiltrating mononuclear
cells in day-7 allografts stained for CX3CR1. Arrows in b-e indicate examples of intragraft vascular endothelium; cryostat sections with

hematoxylin counterstain. Original magnifications, x200.

the CX3CR17~ mice treated with CsA (Figure 9). Given
our data on the expression of CX3;CR1 by mouse NK
cells and monocytes, we undertook a serial analysis of
infiltration by these cell types after cardiac transplanta-
tion (Figure 10). The early recruitment of NK cells seen
at day 3 after transplant was decreased in CX3CRI7~ vs.
CX3CRI1*/* allograft recipients (P < 0.001), and use of
CsA further diminished the numbers of NK cells in
CX;CRI7/- recipients (P < 0.05 for CX;CRI7/- receiving
CsA vs. CX3;CRI7~ alone). Use of CsA decreased day 3
macrophage recruitment (P < 0.001) in both CX3CR1*
and CX;CRI/ recipients, but again the lowest numbers
of cells were seen in CX;CRI7~ recipients treated with
CsA (P < 0.01 vs. CX3CRI** mice on CsA) (Figure 10).

Comparison of intragraft populations at day 7, just
before rejection in all but the CX3CR1/- mice treated
with CsA, showed broadly similar numbers of each cell
type in CX;CRI*/* vs. CX3CRI-/- recipients, whereas use
of CsA in wild-type mice led to a modest decrease in
overall cellularity (CD45%), as well as T cells and T cell
subsets and macrophages (Figure 11). However, allo-
grafts in CX3CR17/~ mice receiving CsA showed a fur-
ther marked decrease (P < 0.01) in each of these leuko-
cyte populations, as well as evidence of immune
activation (IL-2R expression), when compared with
each of the other groups.

To elucidate the mechanisms underlying the
increased survival of CsA-treated CX;CRI7/~ mice, we
measured chemokine and cytokine levels in the graft-
ed hearts. Fk and RANTES (Figure 12) were the most
abundant of the chemokines assayed and were present
at lower levels in CX3CRI7~ mice than in wild-type mice.
Treatment with CsA did not affect the levels of Fk or
RANTES. MCP-1 and IP-10 were also present at
reduced levels in the CX3;CRI7/~ mice. Of the
chemokines and cytokines that were measured, IL-6
and macrophage inflammatory proteins-1a and -1
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Survival of CX3CR1-/~ and CX3CR1** recipient mice after cardiac
transplantation. CX3CR7~/~ mice rejected fully MHC-disparate car-
diac allografts at the same tempo as CX3CR7*/* recipients. Howev-
er, whereas administration of a subtherapeutic dose of CsA pro-
longed allograft survival only 2-3 days in CX3CR7*/* recipients,
allograft survival was significantly prolonged in CX3CR7~/~ mice
treated with the same course of CsA (P < 0.005 Mann-Whitney vs.
wild-type/CsA, n = 6/group).

were selectively decreased in CX;CRI/~ mice treated
with CsA, as were the receptors CCR1 and CCRS.

Discussion

The interaction of Fk and CX3CR1 can modulate
leukocyte function through a number of potential
mechanisms, including chemotaxis (1, 2), upregulation
of integrins (28), and direct adhesion (1, 3, 4), depend-
ing on whether Fk is in the soluble or membrane-teth-
ered form. High levels of expression of Fk and CX3CR1
have been reported in the CNS (6, 9, 29), and evidence
for a functional role in glomerulonephritis has also
been reported (10, 25). In addition, there is emerging
evidence that selected chemokines and their receptors
are present and play an important role in transplant
rejection (30). To evaluate the importance of the
Fk/CX;CR1 interaction in vivo, we used homologous
recombination in ES cells to create mice in which the

gene for CX3CR1 was selectively deleted. Here we report
that Fk/CX3CR1 interactions appear to play a role in
the immune-mediated rejection of cardiac allografts,
but are not critical for normal CNS development and
do not modulate the severity of disease in widely used
models of multiple sclerosis or Ab-induced nephritis.

Adhesion of CX3;CR1-expressing cells to Fk is rapid and
efficient (3) and may provide a mechanism for leukocyte
capture in areas of high blood flow, such as renal
glomeruli. Many chemokines and chemokine receptors
are upregulated in glomerulonephritis, including mono-
cyte chemoattractant protein 1 (MCP-1) (17, 31) and Fk
(10). In one study, neutralizing Ab’s to MCP-1 reduced
the severity of anti-GBM-mediated disease in mice (32)
and similar studies in MCP-1-deficient mice revealed less
severe tubular injury than in wild-type nephritic mice
(33). Recently, increased severity of nephritis was report-
ed in CCR2-deficient mice in this model (34). Lack of
CCRI has also been shown to enhance the severity of
glomerular injury during NTS-induced nephritis, con-
sistent with a role of recruited cells in mediating the res-
olution of glomerular lesions (17). In rats, Fk expression
is upregulated in the glomeruli during anti-glomerular
basement membrane-induced nephritis (25); treatment
with an anti-CX3CR1 polyclonal Ab decreased leukocyte
infiltration in the glomeruli, decreased crescent forma-
tion, and improved renal function (10). Similar results
were obtained with vMIP-II, a viral protein encoded by
herpesvirus 8 that blocks many chemokine/receptor
interactions (10). Here we show that when challenged
with nephrotoxic serum, no significant differences in
renal function or crescent formation were detected
between the CX3CR1 wild-type or knockout mice. The
lack of concordance between these results and those in
the rat may indicate differences in CX3CR1 expression
between the two species, features unique to the Wistar-
Kyoto rat strain, or a lack of absolute specificity of the
antagonists used in the rat studies.

Figure 9

sections, representative of n = 6/group).
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Comparison of histology of cardiac allografts.
CX;CR1*/* recipients, (c) CX3CRT%* recipients treat-
ed with CsA, and (b) CX3CR1~/~ recipients each show
severe cellular rejection with extensive mononuclear
cell infiltration and myocyte necrosis (arrows).
CX3CR1~/~ recipients (b) also showed areas of coag-
ulative necrosis (arrowhead). By contrast, CX3CRT~/~
recipients (d) treated with CsA showed intact
myocardium and vessels and only a mild degree of
mononuclear cell infiltration. (H&E-stained paraffin

(a)
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Serial analysis of NK cell and macrophage infiltration of cardiac allo-
grafts. Allografts (3/group) were harvested on day 0 (pretransplant)
and 1, 3, and 7 days after transplant, and the extent (mean + SD, 20
fields/graft) of NK cell (DX3*) and macrophage (F4/80") infiltration
was determined. (a) The number of intragraft NK cells peaked at day
3 and was significantly decreased on days 1 and 3 in the CX3CR7-/~
recipients. Administration of CsA decreased NK cell infiltration in
both CX3CR71*/* and CX3CR17~ mice (*P < 0.001, ** P < 0.005). On
day 3 after transplant in the presence of CsA there were fewer NK
cells in the CX3CR7/~ recipients than in the CX3CR7*/* mice (P < 0.05).
(b) Macrophage recruitment at days 3 and day 7 after transplant was
diminished by CsA (*P < 0.001 comparing no CsA versus plus CsA).
Macrophage recruitment was most depressed in CX3CR7/~ recipients
in the presence of CsA (P < 0.01 comparing CX3CRT*/* versus
CX3CR17/- recipients at day 3 after transplant; P < 0.001 comparing
these same groups at day 7).

It is worth noting that while the activity and expres-
sion of Fk and CX3CR1 in humans and rats have been
studied in some detail, much less is known about these
proteins in the mouse, and it has been unclear whether
or not murine lymphocytes express CX3CR1. In prelim-
inary studies, we were unable to detect chemotaxis or
changes in intracellular calcium levels in murine lym-
phocytes in response to soluble Fk (Haskell and Charo,
data not shown). In cell adhesion studies, we found that
primary murine monocytes and NK cells, but not lym-
phocytes or granulocytes, bound to immobilized Fk.
These data are consistent with those of Jung et al. (23),
who reported expression of CX3CR1 on murine mono-
cytes and NK cells, but not T cells. This unusual discor-
dance between gene expression in humans and mice is
interesting and has important implications for the
choice of disease models in which to explore Fk func-
tion. In addition, the lack of expression of CX3CR1 in
murine lymphocytes suggests that expression patterns
in the rat should be reinvestigated, as well.

In the CNS, Fk is expressed on neurons, and CX3;CR1
is expressed on microglial cells (6, 27), suggesting that
neuronally derived Fk may mediate interactions
between these two cell types (6). Consistent with this
hypothesis, Boehme et al. (35) showed that ligation of
CX3CR1 by Fk inhibited Fas-mediated death of rat
brain microglia, and others have also reported that Fk
has anti-apoptotic activity (36, 37). Neuronal Fk has
also been implicated in the pathogenesis of HIV-1
encephalitis (38). Expression of Fk and CX3CR1 in the

CNS has raised the question of whether Fk plays a role
in multiple sclerosis, a demyelinating disease charac-
terized by a prominent leukocyte infiltrate. Several
studies have reported the presence of Fk and or
CX;CR1 in EAE, a rodent model of human multiple
sclerosis (9, 26, 29, 39). These reports documented Fk
expression during the progression of the disease, but
did not reach a consensus on the potential importance
of the Fk/ CX3CR1 interaction on the severity of dis-
ease. In the current study we found no difference in the
clinical course of MOG-induced EAE in CX3CR1 wild-
type versus knockout mice. This finding is consistent
with the report of Schwaeble et al. who used MOG to
induce EAE in the rat and found no change in the level
of expression of Fk (29). Therefore, despite its promi-
nent expression in the CNS, Fk does not appear to have
a functional role in EAE.

With regard to the cardiovascular disease, Harrison et
al. (7) reported that inflammatory agents, such as
lipopolysaccharide and TNF-o, upregulated in vivo
expression of Fk in rat aortic endothelial cells and car-
diac myocytes. In the context of organ transplantation,
anumber of chemokines and their receptors have been
detected in rejecting hearts (30), but there are only a few
mechanistic studies that speak to their importance in
the rejection process. Mulligan et al. (40) showed thata
RANTES-neutralizing Ab prolonged heterotopic cardiac
graft survival in rats. Using mice that were genetically
deficient in CCR1, Gao et al. (21) reported significantly
prolonged survival of completely MHC-mismatched car-
diac grafts and essentially permanent engraftment of
MHC class II mismatched hearts. Horuk et al. showed
that a functional antagonist of CCR1 was efficacious in
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Figure 11

Leukocyte accumulation at day 7 after transplant. Analysis of
immunoperoxidase-stained cell populations showed significant
reductions (*P < 0.01) in recruitment of intragraft CD45* cells (all
leukocytes); T cells (CD3); CD4 and CD8 T cell subsets;
macrophages and IL-2R* (CD25*) cells in CX3CR7~~ animals treated
with CsA vs. each of the other three groups. (Mean + SD, 20 consec-
utive fields per graft and three grafts per group.)
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a rat heart transplant model (41). Hancock et al. have
also found that, in the presence of CsA, CXCR3 mice
maintained their cardiac allografts permanently and
without evidence of chronic rejection (22).

Recently, Robinson et al. reported that blockade of
CX3CR1, with the same rabbit anti-rat polyclonal Ab as
that used in the rat glomerulonephritis studies (10),
markedly prolonged survival of completely MHC-mis-
matched hearts in the mouse in the absence of CsA
(42). Here we report that Fk is upregulated in a murine
cardiac allograft transplant model, and that CX3;CR1-
expressing cells infiltrate the transplanted tissue. In the
absence of immunosuppressive agents, there was no
difference in the time to rejection or in the histological
changes between the hearts in the CX;CRI7/~ and
CX3CRI1"* mice. We obtained similar results using Fk
knockout mice as donors and either wild-type or
CX3CRI~~ mice as recipients (Hancock et al., unpub-
lished results). However, in the presence of low levels of
CsA, there was a marked prolongation of graft survival
in the CX;CR17~ mice. The reasons for the differences
between our data and those of Robinson et al. (42) may
relate to the methodology employed. Use of blocking
Ab’s may remove all cells that bear the target receptor
from the transplant, whereas selective removal of
CX;CR1 abrogates only Fk-dependent adhesion and
signaling. This is consistent with our finding that
CX3CRI7- and CX3CRI"* mice were indistinguishable
in acute nephritis model, while protection has been
reported using CX3;CR1-blocking Ab’s in a similar
model, as noted above (10). It will be interesting to

Figure 12

Chemokine and cytokine expression in
rejecting allografts. Analysis of day 7 car-
diac allografts by RNase protection. (a)
Use of CsA did not affect intragraft expres-
sion of Fk mRNA, though overall levels in
CX3CR1~/~ were decreased (P < 0.01) com-
pared with CX3CR7*/* recipients. (b) Com-
pared with CX3CR1*/* recipients, targeting
of CX3CR1 plus CsA resulted in significant
decreases in the chemokines MIP-1a,
MIP-1B, RANTES, IP-10, and MCP-1. Ltn,
lymphotoxin (c) Decreased levels of IFN-y
and IL-6 in CX3CR71~/~ mice treated with
CsA. (d) Reduced expression of CCR1 and
CCR5 in CX3CR1~/~ mice treated with CsA.
(Mean £ SD, n = 3/group, Mann-Whitney
U test, *P < 0.05, **P < 0.01, and

*¥**p <0.005.)

(@)

determine whether the effect of Fk in transplant rejec-
tion is as the tethered, full-length form acting as an
adhesion molecule or the soluble form acting as a
chemoattractant and integrin-activating agent. This
question will likely require the creation of mice with Fk
mutated to prevent cleavage.

Because monocytes and NK cells express CX;CR1,
and because they have been implicated in the rejection
of transplanted organs, the time course of their infil-
tration into grafted hearts was of particular interest to
us. NK cells are effector cells of the innate immune sys-
tem, and the selective reduction in the number of NK
cells in the CX3CR17/~ recipients suggested a functional
role in graft rejection. The decreased levels of IFN-y,
MCP-1, and RANTES in the CX;CR1~7/~ mice could be
due to the reduced numbers of NK cells infiltrating the
graft. However, despite the reduction in NK cell recruit-
ment, allograft survival was not prolonged in the
CX3CRI7~mice unless they were treated with low-dose
CsA. This finding suggests that the NK cells act in con-
cert with CsA-sensitive T cells to effect graft rejection
and agrees nicely with the work of Maier et al. (43), who
found that CD28~~ mice rejected cardiac allografts vig-
orously and that depletion of NK cells by injection of
the Ab NK1.1 dramatically prolonged graft survival.
These authors also reported that treatment of the
CD287/~ mice with CsA failed to prolong allograft sur-
vival and concluded that CsA did not abrogate NK cell
function (43). Taken together with our results, these
observations suggest that NK cells of the innate
immune system and T cells of the adaptive immune
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system act in concert to reject transplanted organs and
that the Fk/CX5CR1 interaction is critical for recruit-
ment of NK cells to the graft.

In summary, we have shown that CX3CR1 appears to
be the primary receptor for Fk in the mouse. Despite
high levels of expression of this ligand-receptor pair in
the CNS and the kidney, CX;CRI-null mice develop nor-
mally and do not have increased susceptibility in widely
used models of EAE or acute nephritis. The absence of
CX;CR1 confers protection from transplant rejection
and a reduction in the number of NK cells in the grafts.
These data indicate an early and important role for FK
in mediating cell infiltration in transplant rejection. It
will be interesting to determine if antagonists of Fk or
CX;3CR1 will allow the use of reduced levels of immuno-
suppressive agents in organ transplantation.
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