
Introduction
Despite advances in prevention and treatment, athero-
sclerotic cardiovascular disease (CVD) remains the lead-
ing cause of mortality in the United States (1). Although
well-established risk factors such as elevated serum cho-
lesterol, high blood pressure, diabetes, smoking, male
sex, and obesity have been identified, these factors do
not fully account for an individual’s risk of CVD (2). A
family history of premature CVD is also an independ-

ent risk factor, implying that genetic factors in addition
to those linked to the above risk factors also play an
important role (3). Identifying these factors is likely to
lead to a better understanding of pathogenesis and to
improved treatment and prevention strategies.

A cardinal feature of atherosclerosis is inflammation
of the vessel wall arising from interactions of leuko-
cytes with vascular endothelial cells, smooth muscle
cells, and fibroblasts (4–6). At the molecular level, inter-
actions among these cell types are regulated by cy-
tokines, adhesion molecules, and chemoattractants.
Chemokines are a large family of chemoattractants
that direct migration of leukocytes from the blood to
sites of inflammation (7, 8). Moreover, chemokines
such as MCP-1 (CCL2), RANTES (CCL5), SDF-1
(CXCL12), and fractalkine (FKN, or CX3CL1 in the
standard chemokine nomenclature) have been identi-
fied in human atherosclerotic lesions (9–12), and mice
genetically deficient in MCP-1 and its receptor CCR2
have reduced susceptibility to atherosclerosis (13–15).
Nevertheless, the importance of specific chemokines in
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CVD has not yet been established in humans. Recent-
ly, based on expression, functional, and epidemiologic
data, FKN and its receptor, CX3CR1, have emerged as
particularly interesting candidates (11, 12, 16–19).

FKN is an unusual chemokine because in addition to
a classic chemokine domain, it has a mucin-like stalk, a
transmembrane domain, and a cytoplasmic tail allowing
the molecule to be tethered to cells that express it, which
include inflamed endothelial cells (20, 21). Even under
conditions of physiologic flow, FKN can mediate strong,
direct, and rapid adherence of leukocytes expressing
CX3CR1, which include most NK cells and monocytes
as well as subpopulations of both CD4+ and CD8+ cyto-
toxic T lymphocytes (16, 22, 23). Importantly, FKN-
dependent adhesion of NK cells to endothelium has
been shown to promote endothelial cell damage (24).
Additionally, FKN may be cleaved by TNF-α–converting
enzyme (TACE) and released from cells (25, 26). In this
form it is able to act as a typical leukocyte chemoattrac-
tant at CX3CR1 via the classic Gi-coupled signaling
pathway common to almost all chemokines (16, 22, 23).
Although the adhesive activity of CX3CR1 does not
require activation of Gi-signaling, signaling does upreg-
ulate cell adhesion to fibronectin and ICAM-1 (27).

We have recently identified two nonsynonymous sin-
gle-nucleotide polymorphisms affecting codons 249 and
280 of CX3CR1 that are in complete linkage disequilib-
rium and that were both associated with reduced preva-
lence of atherosclerosis and coronary endothelial dys-
function in an NIH cardiac catheterization cohort and
with reduced prevalence of acute coronary events
(myocardial infarction and unstable angina) in the Acci-
dents Coronaires Aigus Bichat (ACABI) cohort from
France (18, 19). The polymorphisms cause amino acid
changes from valine to isoleucine at codon 249 (V249I)
and from threonine to methionine at position 280
(T280M); these codons are in helices 6 and 7, respective-
ly, of the seven-transmembrane domain receptor archi-
tecture (28). Since CX3CR1-M280 always occurs in the
presence of CX3CR1-I249, we will refer to the receptor
protein bearing both of these amino acids as CX3CR1-
M280. Based on homology with the known structure of
rhodopsin, these amino acids are both located in the
portion of the helices near the outside the cell (28).

Although our previous reports about CX3CR1-M280
in CVD were consistent with each other, they were
based on small case-control studies and therefore could
be significantly influenced by selection bias (18, 19). In
addition, we did not establish a causal mechanism of
action in CVD since no major defect in recognition of
FKN was identified for this variant. To further test the
relationship of CX3CR1 to the pathogenesis of CVD,
we have now addressed both of these issues directly.

Methods
Preparation of stably transfected cell lines. HEK 293 and
K562 cell lines from American Type Culture Collection
(Manassas, Virginia, USA) were electroporated with
pcDNA3.1 expression plasmids (Invitrogen Corp.,

Carlsbad, California, USA) encoding wild-type CX3CR1
(CX3CR1-WT) or CX3CR1-M280 (16). Plasmid inserts
were derived from genomic DNA by high-fidelity PCR
amplification (Invitrogen Corp.) and were sequenced
bidirectionally. After G418 selection for at least 3 weeks,
stable receptor expression was verified by flow cytome-
try. FKN-expressing human endothelial cells (926-FKN
cells) were obtained as previously described (29).

FKN binding assays. HEK 293 cells were washed and
placed in binding buffer (HBSS containing 1% BSA
and 0.01% sodium azide). 125I-FKN (2,200 Ci/mmol),
obtained from PerkinElmer Life Sciences (Shelton,
Connecticut, USA), was added to a final concentration
of 0.25 nM in 200 µl with 105 cells at 37°C with gentle
mixing. For competition binding experiments, unla-
beled FKN at various concentrations was added simul-
taneously with 125I-FKN and incubated for 2 hours.
For kinetic binding studies, 0.25 nM 125I-FKN was
added to 2 ml of cells at 106/ml. At various timepoints,
105 cells (100 µl) were removed for determination of
cell-associated radioactivity. After 48 minutes, 1,000-
fold excess unlabeled FKN (250 nM) was added to
assess the reversibility of binding. Cells were washed in
high-salt stop buffer (binding buffer containing 0.5 M
sodium chloride) to remove nonspecifically bound
radioligand. Binding to untransfected cells was less
than 1% of total cpm added in all experiments. Each
condition was tested in triplicate.

Flow cytometry. PBMCs were isolated using Lympho-
cyte Separation Medium (Cellgro; Mediatech Inc.,
Kansas City, Missouri, USA) from the heparinized
blood of healthy donors and were kept at room tem-
perature for no more than 30 minutes before use.
Washed HEK 293 cells, K562 cells, or PBMCs were
stained at 4°C for 30 minutes in labeling buffer (HBSS
with 0.1% BSA and 0.1% sodium azide) containing anti-
Fc reagent (Miltenyi Biotec, Auburn, California, USA)
with directly labeled mAb’s or isotype controls (BD
Pharmingen, San Diego, California, USA). Human
CX3CR1-directed mAb 2A9 was obtained as an FITC
conjugate from MBL International Corp. (Nagoya,
Japan). In some experiments, unconjugated mAb 2A9
(a generous gift from Toshio Imai of the Kan Research
Institute, Kyoto, Japan) was used instead, with second-
ary detection by a goat anti-rat phycoerythrin-conju-
gated polyclonal Ab (Caltag Laboratories Inc.,
Burlingame, California, USA). Flow cytometry was per-
formed with a FACScan and data were analyzed using
CellQuest software (Becton, Dickinson and Co., San
Jose, California, USA) after gating of dead cells using
propidium iodide and correction of results for non-
specific staining using isotype antibody controls.

Parallel plate flow chamber adhesion assay. Experiments to
determine the interaction between CX3CR1 variants
and FKN were carried out as previously described (16)
and recorded on videotape. Briefly, 926 cells or 926-
FKN–transfected cells were plated onto glass coverslips
in a six-well cluster dish the day before the experiment
and allowed to grow to confluence. Stably transfected
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K562 cells (expressing either CX3CR1-WT or CX3CR1-
M280) or untransfected K562 cells were resuspended in
flow buffer (PBS containing 0.75 mM CaCl2, 0.75 mM
MgCl2, and 0.5% BSA) at a concentration of 106 cells/ml.
The cells were loaded and allowed to interact with 926
cells in the flow chamber at room temperature or 37°C
at a shear stress of 0.25 dynes/cm2 for 5 minutes. The
shear stresses were adjusted using a Harvard model 44
syringe pump (Harvard Apparatus Co., South Natick,
Massachusetts, USA). Following 1-minute washes at 0.5,
1, 1.85, and 5 dynes/cm2, cells were subjected to a shear
stress of 10 dynes/cm2 for 5 minutes. Cells remaining
firmly attached to the coverslip at the end of this peri-
od were counted. Each condition was tested in triplicate.

Calcium flux. Cells were washed and resuspended at
107/ml in HBSS containing 10 mM HEPES prior to the
addition of 2.5 µM fura-2 AM (Molecular Probes Inc.,
Eugene, Oregon, USA). For PBMCs, 1.5 µl of a 20%
DMSO solution of Pluronic F-127 (Molecular Probes
Inc.) per 107 cells was mixed with fura-2 AM to HEK
293, or the same amount of fura-2 AM mixed 1:1 with
a 20% DMSO solution of Pluronic F-127 (Molecular
Probes Inc., Eugene, Oregon, USA) for PBMC. Cells
were incubated at 37°C for 45 minutes, washed once,
incubated at 25°C for 45 minutes, washed, and then
resuspended in HBSS. Cells (2 × 106 in 100 µl) were
pipetted into each well of a 96-well plate (Greiner Bio-
one Inc., Longwood, Florida, USA) coated with poly-L-
lysine (Sigma-Aldrich, St. Louis, Missouri, USA) and
centrifuged at 400 g for 10 minutes. The plate was then
loaded into the reading chamber of a FlexStation (Mol-
ecular Devices Corp., Sunnyvale, California, USA) set at
37°C and chemokines were added robotically. Fluores-
cence intensities emitted by cells excited at 340 and 380
nm were monitored at 510 nm. Data are the average of
triplicates expressed as change in relative fluorescence
calculated as the ratio of the two intensities using Soft-
maxPro Software (Molecular Devices Corp.), subtract-
ing the baseline from the peak change. Any change with
buffer alone was also subtracted.

Chemotaxis. Chemotaxis was performed using a pre-
viously published method (30). Briefly, PBMCs isolat-
ed as above were immunophenotyped and placed in
chemotaxis buffer (RPMI containing 1% BSA and 10
mM HEPES). Cells (5 × 105 in 100 µl) were loaded into
the top of each well of a Transwell chemotaxis plate
(Corning-Costar Corp., Cambridge, Massachusetts,
USA) with 5-µm pore inserts. The bottom of each well
contained 600 µl of prewarmed chemotaxis buffer
with the indicated chemokine concentration. SDF-1α
and the chemokine domain of FKN were obtained
from PeproTech Inc. (Rocky Hill, New Jersey, USA).
The plate was then incubated for 90 minutes at 37°C
in a 5% CO2 atmosphere, and cells migrating to the
lower chamber were counted and immunopheno-
typed. Specific chemotaxis is expressed as the percent-
age of cells that migrated (no. migrated/no. loaded),
subtracting the response to buffer alone. All condi-
tions were run in triplicate.

Framingham Heart Study Offspring Cohort subjects. The
design and methodology of the Framingham Heart
Study (FHS) has been previously published (31, 32).
The Offspring Cohort of the FHS enrolled 5,124 chil-
dren of the original participants and their spouses
beginning in the year 1971. They undergo a compre-
hensive medical exam every 4 years (defined as a cycle).
The FHS Offspring Cohort contained 1,888 unrelated
participants for whom DNA was available. Of these,
1,861 had given informed consent for genotyping and
were entered into the present study. All subjects are
Caucasian and all but two samples yielded informative
genotyping results. The study was approved by the
Institutional Review Boards of the National Institute
of Allergy and Infectious Diseases and Boston Univer-
sity School of Medicine.

Clinical definitions. CVD and established CVD risk fac-
tors were evaluated for the Offspring Study by a three-
physician endpoint committee at the time of the sixth
cycle (i.e., including data up to the year 1997, the last
year for which data are complete) (33). Of the 1,859
subjects whose genotypes were determined, 204
(11.0%) met the definition for CVD at the time of the
blood draw. Prevalent CVD was defined as a prior diag-
nosis of coronary heart disease (cardiac death, angina,
or myocardial infarction; n = 149, or 73% of cases),
cerebrovascular disease (stroke or transient ischemic
attack; n = 39, or 19% of cases), or peripheral vascular
disease (intermittent claudication; n = 47, or 23% of
cases). Note that the numbers add to more than 100%
because of overlap of diagnoses, especially coronary
heart disease and intermittent claudication, for which
19 individuals had both diagnoses. Surveillance for
CVD events consisted of regular examinations at the
study clinic and review of medical records from physi-
cian office visits and hospitalizations for heart and
cerebrovascular disease. Smoking was defined as a cur-
rent or prior history of tobacco use within 24 years of
the blood draw. Diabetes was defined as a fasting
blood glucose level of greater than 7.8 nmol/l (140
mg/dl), or treatment with dietary modification,
insulin, or oral hypoglycemic agents at the time of the
study. Hypertension was defined as a systolic blood
pressure of 140 mmHg or higher and/or diastolic pres-
sure of 90 mmHg or higher, or treatment with antihy-
pertensive medication.

Genotyping. CX3CR1 genotyping was performed on
coded DNA samples by laboratory personnel who had
no knowledge of the clinical status of the participants,
using previously published methods (18).

Statistical analysis. Unadjusted univariate analyses of the
relationship of CX3CR1 genotypes with prevalent CVD
were performed by simple cross-tabulation and calcula-
tions of odds ratios (ORs). Multivariable-adjusted logis-
tic regression analyses were conducted to examine the
independent contribution of CX3CR1 genotype with
prevalent CVD (Table 1). The OR and 95% confidence
limit were calculated using this model, and significance
of the associations was evaluated based on χ2 tests (SAS
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version 8; The SAS Institute Inc., Cary, North Carolina,
USA). Independence between established risk factors and
CX3CR1 genotypes was examined by a χ2 test with 1
degree of freedom for dichotomous measurements and
by testing the difference in mean of the risk factor
between genotype groups using a two-tailed Student t
test for continuous measurements. Tests of interaction
were also performed using a Breslow-Day test of the asso-
ciation of the CX3CR1-M280 allele with CVD, stratified
by age (less than 60 years vs. 60 years or more of age), sex,
diabetes, smoking, and use of β blockers or statins.

Results
Defective FKN binding to CX3CR1-M280. We hypothesized
that the association of CX3CR1-M280 with reduced risk
of atherosclerosis and acute coronary events may be due
to reduced ligand-receptor binding. To address this
directly, we carried out equilibrium competition binding
(2 hours at 37°C in the presence of azide) using mAb
2A9 to select separate HEK 293 cell lines with similar
surface expression of CX3CR1-WT and CX3CR1-M280,
as determined by FACS (Figure 1a). This is the first time
FKN binding affinity for CX3CR1-WT and CX3CR1-
M280 has been directly compared using recombinant
receptors. FKN binding was similar for both receptors
(Figure 1b). Scatchard analysis gave a Kd of 1.3 ± 0.2 nM
and 2.3 ± 0.5 nM for CX3CR1-WT and CX3CR1-M280,
respectively (n = 3). These values are close to the value
previously published for CX3CR1-WT in transfected
HEK 293 cells binding at room temperature (34). Moat-
ti et al. and Faure et al. have previously published two
studies indicating that FKN binds to PBMCs with high-
er affinity than this (Kd = 10–250 pM); however, consis-
tent with the present results, only small differences were
observed for CX3CR1-M280 homozygotes versus
CX3CR1-WT homozygotes (19, 35).

The number of binding sites per cell, or Bmax values,
were also similar: 630,000 ± 280,000 versus 460,000 ±
86,000 receptors/cell for cells expressing CX3CR1-WT

versus CX3CR1-M280, respec-
tively (n = 3). We infer from
this that mAb 2A9, used to
select these two cell lines for
similar receptor expression, in
fact does bind equivalently to
CX3CR1-WT and CX3CR1-
M280 and therefore can be
used to assess relative expres-
sion of the two variants.

Since CX3CR1 is an adhe-
sion molecule, its ability to
capture cells may depend crit-
ically on FKN binding rate, a
parameter that may not be
revealed by equilibrium com-
petition binding analysis at 2
hours. To directly compare
this parameter for CX3CR1-
WT and CX3CR1-M280, we

carried out a kinetic study of FKN binding at 37°C
using the same cell lines tested in Figure 1. Untrans-
fected HEK 293 cells bound extremely low levels of
125I-FKN (<1% of radioactivity added) even after 2
hours of incubation, whereas cells expressing
CX3CR1-WT reached 50% of maximal 125I-FKN bind-
ing by 4.7 ± 1.7 minutes (Figure 1c). In contrast,
CX3CR1-M280 binding of 125I-FKN was markedly and
consistently delayed, with 50% maximal ligand bind-
ing occurring at 14.0 ± 4.5 minutes, a threefold
increase. Once binding had reached equilibrium,
labeled FKN was displaced by a 1,000-fold molar
excess of unlabeled FKN at a similar slow rate in both
CX3CR1-WT and CX3CR1-M280 cells (Figure 1d).

CX3CR1-M280 is defective in cell adhesive function. To
test the significance of delayed ligand binding by
CX3CR1-M280, we analyzed its adhesive activity using
a parallel plate flow chamber and conditions of phys-
iologic shear to model leukocyte–endothelial cell adhe-
sion. Stable K562 cell transfectants were prepared that
expressed CX3CR1-WT and CX3CR1-M280 on the
surface at equivalent levels, as determined by FACS
using mAb 2A9 (Figure 2a). Cells were allowed to bind
to 926 or 926-FKN endothelial cell monolayers on
glass coverslips at 37°C at 0.25 dynes/cm2 for 5 min-
utes. After the initial loading period, the cells were sub-
jected to increasing shear stress; the number of cells
remaining adherent after 5 minutes at 10 dynes/cm2

was quantified. Untransfected K562 cells do not nor-
mally express endogenous CX3CR1 and fail to adhere
to 926-FKN cells (Figure 2b). As previously reported,
CX3CR1-WT–expressing cells bound specifically and
robustly to 926-FKN cells, but bound at exceedingly
low levels to 926 cells lacking FKN (<2% binding to
926-FKN cells) (16). In three independent studies at
37°C, cells expressing CX3CR1-M280 showed
markedly reduced binding (28% ± 8.7% that of
CX3CR1-WT) to the 926-FKN monolayer (Figure 2b).
Similar results were obtained using FKN-coated glass
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Table 1
Clinical characteristics of participants in the FHS Offspring Cohort

CVD (n = 204) No CVD (n = 1,655) OR P

Age (yr) 65.9 ± 8.4 58.8 ± 9.8 1.97A <0.0001
Alcohol consumption (oz/wk) 2.4 ± 3.8 2.4 ± 3.5 0.96 0.10
BMI (kg/m2) 28.6 ± 5.2 27.9 ± 5.0 1.00 0.84
HDL cholesterol (mg/dl) 44.6 ± 14.4 51.5 ± 16.1 0.90A 0.42
Total cholesterol (mg/dl) 198.3 ± 47.2 206.3 ± 40.5 1.00 0.69
Triglycerides (mg/dl) 173.6 ± 171.5 141.4 ± 160.6 1.00 0.22
Male sex (%) 65.9 47.8 1.64 0.02
Hypertension (%) 59.1 30.0 1.05 0.79
Diabetes (%) 23.2 6.0 2.05 0.003
Current or former smokers (%) 82.5 64.7 2.35 0.0002
Use of statins (%) 30.8 9.6 2.18 0.0002
Use of β blockers (%) 47.1 10.3 5.27 <0.0001
Estrogen therapy (%, women only) 33.3 34.2 1.22 0.54
Menopause (%, women only) 94.4 77.5 1.03 0.96

AOR is given per 10 years for age and per 10 mg/dl increase for HDL. OR, odds ratio; oz, ounce.



slides (data not shown). The defect was even more pro-
nounced when the analysis was carried out at room
temperature (Figure 2b).

Impaired signaling by CX3CR1-M280. In addition to the
cell-cell adhesive function mediated by full-length mem-
brane-bound FKN, a chemotactically active soluble form
has also been described that acts at CX3CR1 through the
classic Gi-coupled pathway common to almost all
chemokines, which includes calcium flux. We therefore
tested the ability of the recombinant chemokine domain
of human FKN to induce calcium flux in the same cell
lines assessed for binding activity (Figure 3). Untrans-
fected HEK 293 cells failed to respond to FKN at the
highest concentration tested, 1,000 nM. In contrast, cells
expressing either CX3CR1-WT or CX3CR1-M280 both
responded to FKN with kinetics typical for calcium flux
responses to chemoattractants; however, the peak

response was reduced by 50–80%, depending on the con-
centration tested in cells expressing CX3CR1-M280 com-
pared with cells expressing CX3CR1-WT (Figure 3b).

To test whether native CX3CR1-M280 expressed in
primary cells is also defective, we isolated PBMCs
from individuals with the appropriate genotypes.
PBMCs from two healthy donors homozygous for
CX3CR1-M280 exhibited a reduction of approximate-
ly 50% in calcium flux response to FKN at 10, 100,
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Figure 1
CX3CR1-M280 binds FKN with delayed kinetics. (a)
Receptor expression on transfected HEK 293 cell lines. The
name of the transfected receptor is at the top of each FACS
plot. Thick lines: FITC-conjugated CX3CR1-specific mAb
2A9. Thin lines: isotype antibody controls. Data are repre-
sentative of three independent experiments. (b) Equilibri-
um competition binding of 125I-FKN to recombinant
CX3CR1 variants. Cell lines analyzed in a were incubated
with 0.25 nM 125I-FKN in the presence of azide and the
indicated amount of unlabeled FKN for 2 hours at 37°C.
Inset: Scatchard analysis of the binding data. (c) Kinetic
binding of 125I-FKN to recombinant CX3CR1 variants. Cell
lines analyzed in a were incubated with 0.25 nM 125I-FKN
at 37°C in the presence of azide for the indicated time peri-
od. Data in a and b are presented as mean ± SEM and are
representative of three independent experiments. (d) Kinet-
ic binding of 125I-FKN to recombinant CX3CR1 variants.
Cell lines analyzed in c were incubated with 125I-FKN for 48
minutes at 37°C, at which time a 1,000-fold molar excess
of unlabeled FKN was added. Serial samples of cells were
then removed at the indicated timepoints after addition of
the unlabeled ligand, and radioactivity was counted. Data
are presented as mean ± SEM and are representative of
three independent experiments.

Figure 2
CX3CR1-M280 has defective adhesion activity. (a) Receptor expres-
sion in transfected K562 cell lines. The name of the transfected
receptor is at the top of each FACS plot. Thick lines: CX3CR1-spe-
cific mAb 2A9. Thin lines: isotype antibody control. Data are repre-
sentative of three independent experiments. (b) Flow-based adhe-
sion assay. K562 cells were perfused over monolayers of
untransfected (shown as 926) and FKN-transfected (shown as 926-
FKN) human endothelial cells at room temperature (RT) or 37°C
and allowed to capture at a shear stress of 0.25 dynes/cm2, then
washed at progressively higher shear stresses up to 10 dynes/cm2.
The numbers of cells remaining firmly bound to 926 cell monolay-
ers at 10 dynes/cm2 are shown. Data represent the mean ± SD of
results from three separate experiments at 37°C and four separate
experiments at room temperature.



and 1,000 nM relative to PBMCs from three healthy
age- and race-matched donors homozygous for
CX3CR1-WT (Figure 4, a and b). The difference ap-
peared to be specific since ATP induced equivalent
responses in both groups and the cells showed simi-
lar CX3CR1 expression in terms of the percentage of
positive cells and mean fluorescence (<20% differ-
ence, P > 0.15, data not shown). FKN also induced
approximately twofold greater chemotaxis of CD56+

cells from these same three donors compared with
the two CX3CR1-M280 homozygotes (Figure 4c). The
difference appeared to be specific since the chemo-
kine SDF-1 (CXCL12), which acts at CXCR4, induced
similar chemotactic responses for CD56+ cells from
both groups. CD56+ cells from both groups were 90%

mAb 2A9–positive and the mean fluo-
rescence intensities differed by less than
20% (P > 0.30).

CX3CR1-M280 in the FHS Offspring Cohort.
We next tested the epidemiologic associa-
tion of CX3CR1-M280 with CVD in the
FHS Offspring Cohort. As expected, estab-
lished risk factors and CVD therapy were
significantly higher in the CVD group
(Table 1). In addition, the observed allele
frequencies and compound genotype fre-
quencies of CX3CR1-V249I and CX3CR1-
T280M polymorphisms in the unstratified
FHS Offspring Cohort were similar to
those expected based on our previous
study of 176 North American Caucasian
random blood donors (Table 2) (36). Also
consistent with our previous studies, we
found that in the present cohort these
polymorphisms are in complete linkage
disequilibrium (18, 19, 35, 36). According-

ly, of the four possible haplotypes, only three are found
(V249T280, I249T280, and I249M280). It is important to note
for what follows that while M280 is never found in the
absence of I249, the converse is not true. In fact, approx-
imately 40% of haplotypes containing I249 lack M280.
Linkage disequilibrium also results in the production
of just six of the nine possible compound genotypes (18,
19, 35, 36). The proportion of genotypes for each allele
considered separately was consistent with Hardy-Wein-
berg predictions. Thus, in the absence of stratification
by clinical group, the overall genetic makeup of the FHS
Offspring Cohort based on polymorphism of CX3CR1
did not deviate from expectations.

Since the defective receptor CX3CR1-M280 actually
has two amino acid changes, the functional defect
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Figure 3
Calcium mobilization by CX3CR1-M280 is defective. Data represent the mean ± SEM
of one representative experiment (a) and three independent experiments (b). The cell
lines used were the same as those analyzed in Figure 1. (a) Kinetics. Shown are real-
time fura-2 AM fluorescence traces of untransfected HEK 293 cells or HEK 293 cells
expressing the recombinant receptor indicated by the key at upper right in response
to 1 µM soluble FKN added at 19 seconds. (b) Concentration dependence. Shown is
the maximal fura-2 AM fluorescence change of HEK 293 cells stably transfected with
the indicated construct in response to the indicated concentration of FKN. P values
at the top of each set of bars compare results for CX3CR1-M280 and CX3CR1-WT
by two-tailed Student t test.

Figure 4
Leukocytes from CX3CR1-M280 homozygotes have defective calcium flux and chemotactic responses to FKN. PBMCs from donors homozygous
for CX3CR1-WT (i.e., genotype 1 in Table 2) and CX3CR1-M280 (i.e., genotype 3 in Table 2) were used. (a) Calcium flux: kinetics. Shown are
real-time fura-2 AM fluorescence traces in response to the addition of 1 µM soluble FKN (arrow). Data represent the mean ± SEM of triplicates,
and are representative of four independent experiments. (b) Calcium flux: FKN concentration dependence. Shown is the maximal fura-2 AM
fluorescence change of PBMCs in response to the indicated concentration of FKN. Data are summarized as the mean ± SEM of results from four
independent experiments, two for each CX3CR1-M280 homozygote, in which each condition was tested in triplicate. P values at the top of each
set of bars compare results for CX3CR1-M280 and CX3CR1-WT by two-tailed t test. (c) Chemotaxis. PBMCs from the indicated donors were
added to the top of Transwell chemotaxis chambers. Specific chemotaxis of CD56+ NK cells (>90% mAb 2A9–positive for all five donors) was
determined in response to the indicated concentration of FKN or 10 nM SDF-1 (CXCL12). Data are summarized as the mean ± SEM of results
from four independent experiments, two for each CX3CR1-M280 homozygote, in which each condition was tested in triplicate. P values at the
top of each set of bars compare results for CX3CR1-M280 and CX3CR1-WT by two-tailed Student t test.



could be caused by CX3CR1-M280 or CX3CR1-I249 act-
ing alone, or by both acting together. Since CX3CR1-
M280 has not been observed in the absence of CX3CR1-
I249 in our studies, its association with a clinical
outcome in an epidemiologic study cannot be evalu-
ated separately from CX3CR1-I249. In addition, since
only 11% of the entire cohort has CVD, we calculated
that the cohort lacks power at the level of approxi-
mately 50% risk reduction observed in the ACABI and
NIH cohort studies to analyze homozygosity of
CX3CR1-I249 and CX3CR1-M280 individually, as they
represent only 7% and 3% of the cohort, respectively.
Therefore, as with the ACABI and NIH cohort studies,
we analyzed the association of CVD in the FHS Off-
spring Cohort with CX3CR1-M280 and CX3CR1-I249
individually by dominant (homozygotes plus het-
erozygotes) genetic models (18, 19).

In this cohort, possession of a CX3CR1-M280 allele
was less frequent in the CVD group than in those with-
out CVD (25.5% vs. 33.4%; univariate or unadjusted
OR, 0.68; 95% confidence interval, 0.49–0.95; P = 0.023,
Table 2), suggesting that this allele may act as a protec-
tive genetic factor. Importantly, there were no signifi-
cant differences in any established risk factors when the
cohort was stratified by the presence or absence of a
CX3CR1-M280 allele (Table 3). Moreover, after multi-
variable adjustment, possession of CX3CR1-M280 still
independently predicted a lower risk of CVD (OR, 0.60;
95% confidence interval, 0.41–0.88; P = 0.008). In tests
for interaction, there were no significant differences in
ORs across strata of age, sex, diabetes mellitus, cigarette
smoking, hypertension, or use of statin or β-blocker
drugs. The multivariable OR was stronger in men (OR,
0.53; confidence interval, 0.32–0.88; P = 0.015) than in
women (OR, 0.71; confidence interval, 0.38–1.33; 
P = 0.28), but the protective association was suggested
in both sexes. Three of the six compound genotypes (3,
4, and 6 in Table 2) contain CX3CR1-M280; however, as
mentioned previously, the cohort lacks power to eval-
uate the first two individually. Thus results for the
dominant genetic model for CX3CR1-M280 are largely
due to genotype 6 (Table 2).

There was no significant association for the CX3CR1-
I249 allele in the dominant genetic model in either
unadjusted (OR, 0.87; P = 0.34) or multivariable adjust-
ed (OR, 0.94; P = 0.71; Table 2) analyses of prevalent
CVD (comparing CX3CR1-I249 heterozygotes plus
homozygotes versus CX3CR1-V249 homozygotes, i.e.,
compound genotypes 2–6 versus compound genotype
1; Table 2). Again, the cohort lacks power to analyze
compound genotypes 2, 3, and 4 separately. However,
there is sufficient power to analyze compound geno-
types 5 and 6 separately versus compound genotype 1.
We have already indicated that compound genotype 6 is
associated with reduced risk of CVD; therefore, com-
pound genotype 5 must logically be associated with
increased risk of CVD in this cohort, as shown in Table
2. This result was not expected since genotype 5 showed
a trend toward decreased risk of CVD in the NIH and
ACABI cohort studies (Table 4). This may relate to dif-
ferences in the design of the studies as well as demo-
graphic differences among the recruited patient groups.
For example, both the ACABI and NIH cohorts were
younger (mean age, 48 years and 57 years, respectively)
and more heavily male dominated (male sex, 89% and
64%, respectively) than the current study cohort. The
comparison of genotypes 5 and 6 in the FHS Offspring
Cohort is also significant before (OR, 1.6; P = 0.04) and
after adjustment (OR, 2.3; P = 0.002). Since genotype 6
differs from genotype 5 only by heterozygosity for
CX3CR1-M280, this suggests that any hazardous effect
of CX3CR1-I249 in the FHS Offspring Cohort is reversed
by possession of the CX3CR1-M280 allele.

To address the specificity of CX3CR1-M280 associa-
tion with CVD, we tested three other common poly-
morphisms: CCR2-64I and CCR5∆32, which are
chemokine receptor polymorphisms unlinked to
CX3CR1-M280 in genes clustered with CX3CR1 on chro-
mosome 3p21 (18, 35–37), and SDF1-3′α, a polymor-
phism in the gene for the chemokine SDF-1, which is
located on chromosome 10 (38). Unlike CX3CR1-M280,
none of these exhibited a statistically significant asso-
ciation with CVD in dominant genetic models either
before (OR: 0.85, 1.14, and 0.95; P = 0.42, 0.47, and 0.73,
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Table 2
Prevalence of CVD according to CX3CR1 genotype

Genotype Amino acid at CVD No CVD Univariate Adj.

codon 249 codon 280 n (%) n (%) OR P OR P
1 V/V T/T 105 (51) 794 (48) 1.0 – 1.0 –
2 I/I T/T 3 (1) 23 (1) NE – – –
3 I/I M/M 4 (2) 51 (3) NE – – –
4 I/I T/M 4 (2) 52 (3) NE – – –
5 V/I T/T 44 (22) 285 (17) 1.2 0.42 1.5 0.06
6 V/I T/M 44 (22) 450 (27) 0.74 0.11 0.66 0.06
2–6 V/I or I/I 99 (49) 861 (52) 0.87 0.34 0.94 0.71
3, 4, 6 T/M or M/M 52 (25) 553 (33) 0.68 0.02 0.60 0.008
Total 204 (11) 1,655 (89)

All OR and P values are given for the comparison with genotype 1 except the last, which is with genotypes 1, 2, and 5 (T280 homozygotes); Adj., adjusted in
multivariable analysis; NE, not evaluable because of small numbers of participants with these genotypes. V, valine; T, threonine; I, isoleucine; M, methionine.



respectively) or after multivariate analysis (OR: 0.70,
1.23, and 0.99; P = 0.12, 0.32, and 0.94, respectively).

Discussion
We have shown that CX3CR1-M280, a mutant form of
the chemokine receptor CX3CR1, is defective in adhesive
and chemotactic activity in vitro and is associated with
lower risk of CVD in the FHS Offspring Cohort. The 
latter result, obtained using a population-based, prospec-
tive cohort, is consistent with our previous two case-con-
trol studies that linked this mutation to reduced risk of
atherosclerosis, acute coronary events, and coronary
endothelial cell dysfunction (18, 19). The association is
independent of other CVD risk factors and is similar in
magnitude in all three cohorts (Table 4). Moreover, in all
three cohorts, the magnitude of risk
reduction associated with possession of
CX3CR1-M280 is similar to the magni-
tude of risk augmentation attributable
to established CVD risk factors. For
example, in the FHS Offspring Cohort,
the multivariable adjusted ORs were
2.05 for diabetes, 2.35 for smoking, 1.64
for male sex, and 1.97 for every decade
of age, compared with 1.66 (the recipro-
cal of 0.60, the OR for CX3CR1-M280 in
this cohort) (Tables 1, 2, and 4 and refs.
18, 19). It is important to emphasize
that this level of risk reduction associat-
ed with possession of CX3CR1-M280
was observed in a dominant genetic
model, indicating that it is due mainly
to contributions from heterozygous
individuals. Together these data suggest
a pathogenic role for CX3CR1 in ather-
osclerotic CVD in humans. This is fur-
ther supported by the ApoE–/– mouse

model of CVD, since Combadiere et al. have recently
shown that CX3CR1–/–ApoE–/– double knockout mice as
well as CX3CR1+/–ApoE–/– have a greater than 50% reduc-
tion in lesion size at 25 weeks (39).

Our data suggest a model of CVD pathogenesis in
which FKN promotes transmigration of CX3CR1+

leukocytes from the blood into atherosclerotic coro-
nary arteries and their reorganization in plaque. This
model is consistent with the prevailing view that ath-
erosclerosis is an inflammatory disease and with the
known proinflammatory roles of FKN and CX3CR1 —
for example as reported in rodent models of cardiac
allograft rejection, stroke, and glomerulonephritis (4,
40–44). It is also consistent with the physical presence
of both FKN and CX3CR1 in human atherosclerotic
plaque (12). FKN is not found in normal human coro-
nary arteries, but has been detected by immunohisto-
chemistry in the intima, media, and adventitia of native
atherosclerotic vessels as well as in coronary arteries
from cardiac transplants that have developed acceler-
ated atherosclerosis (12). Lesional cells that stain posi-
tive colocalize with markers for macrophages, foam
cells, and T cells (12). FKN could promote adhesion of
these cells to each other (since they appear to also
express CX3CR1) and to CX3CR1+ monocytes trans-
migrating from the blood into the vessel wall. In this
regard, FKN-positive endothelium has been detected in
atherosclerotic plaques from coronary arteries in reject-
ed human cardiac transplants, suggesting a potential
role for FKN in the initial adhesive interaction of ves-
sel wall with blood leukocytes (12). However, FKN has
not been unequivocally detected on endothelium in
native atherosclerosis at autopsy (11, 12). Lesions
found in the latter setting are older and more mature
than in transplantation, where a more accelerated form
of atherosclerosis occurs. FKN has been found on
smooth muscle cells in human atherosclerotic plaques;
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Table 3
Conventional risk factors according to CX3CR1 genotype

Risk factor CX3CR1 GenotypeA

280 T/T 280 T/M or M/M
n = 1,254 n = 605

Mean age (yr) 59.4 ± 9.6 59.9 ± 9.3
Male sex (%) 49.4 50.7
Hypertension (%) 33.4 32.8
Diabetes (%) 8.2 8.2
Current or former smokers (%) 68.0 64.0
Alcohol consumption (oz/wk) 2.5 ± 3.6 2.4 ± 3.4
BMI (kg/m2) 27.9 ± 5.0 28.2 ± 5.1
HDL cholesterol (mg/dl) 50.9 ± 16.3 50.3 ± 15.7
Total cholesterol (mg/dl) 204.9 ± 43.3 206.6 ± 37.1
Triglycerides (mg/dl) 146.4 ± 183.4 142.9 ± 105.8
Use of statins (%) 11.5 13.1
Use of β blockers (%) 14.6 14.0
Estrogen therapy (%, women only) 35.0 31.5
Menopause (%, women only) 77.9 80.5

AP > 0.05 in all categories.

Table 4
Comparison of three cohorts and results for risk of CVD by CX3CR1 genotype using
dominant genetic models

ACABI NIH FHS

Type of cohort Case-Control Case-Control Population based
Race of participants Caucasian Caucasian Caucasian
Location Paris, France Bethesda, Framingham, 

Maryland, USA Massachusetts, USA
Endpoint UA, MI 50% stenosis CVD
Cases (n) 151 197 204
Controls (n) 249 142 1,655
Male sex (%) 89 63 50
Association with CX3CR1 alleles:

I249 dominant:
Unadjusted OR (P) 0.57 (0.008) 0.60 (0.02) 0.87 (0.34)
Adjusted OR (P) 0.43 (0.001) 0.54 (0.03) 0.94 (0.71)
M280 dominant:
Unadjusted OR (P) 0.58 (0.03) 0.58 (0.02) 0.68 (0.02)
Adjusted OR (P) 0.49 (0.002) 0.58 (0.03) 0.60 (0.008)

The ACABI and NIH cohorts are described in more detail in the text and in refs. 18, 19. UA, unsta-
ble angina; MI, myocardial infarction; FHS, FHS Offspring.



however, FKN actions on smooth muscle cells have not
yet been delineated (12). At the histological level,
CX3CR1 expression parallels that of FKN in athero-
sclerotic coronary arteries, but unlike FKN it is also dif-
fusely expressed in normal coronary arteries, including
on smooth muscle cells (12). Colocalization of FKN
and CX3CR1 has not yet been demonstrated within the
same cell in atherosclerotic plaque (12).

In this model of pathogenesis, FKN/CX3CR1 inter-
action may play several roles, but it is clearly not the
only factor involved in lesion formation. A protective
effect of CX3CR1-M280 may be most pronounced at
the level of blood monocyte binding to coronary
endothelium, since here the receptor’s ligand-binding
rate would be most vulnerable to vascular shear force.

Since CX3CR1-M280 allele distribution occurs in
Hardy-Weinberg equilibrium, this mutation does not
have an overall effect on reproductive fitness. More-
over, we were able to evaluate two individuals who are
homozygous for this mutation, both Caucasian men
apparently in good health in their late 40s. Thus severe
loss of CX3CR1 adhesive function does not appear to
be deleterious in humans. This is consistent with the
lack of spontaneous disease in CX3CR1 knockout mice
and is reminiscent of CCR5∆32, a complete loss-of-
function mutation that inactivates the chemokine
receptor and major HIV coreceptor CCR5 (39, 45, 46).

Like any genetic association study, it is possible that
the association reported here is due to population strat-
ification. However, this is a population-based study
using Caucasians from a single town (Framingham,
Massachusetts, USA) where there is relative genetic
homogeneity. Also we do not find any statistically sig-
nificant association with three other common poly-
morphisms with similar power: CCR2-64I, CCR5∆32,
and SDF1-3′α, which argues against cryptic population
structure explaining the association. Finally, this is the
third study demonstrating an association of similar
magnitude using three very geographically disparate
Caucasian populations (Table 4). While it remains pos-
sible that the association is due to linkage with another
as-yet-unknown polymorphism, evidence that CX3CR1-
M280 has impaired function and that CX3CR1 knock-
out mice have reduced susceptibility to atherosclerosis
strongly suggests that the association is direct.

Our data identify a series of important new directions
for future research. Since the CX3CR1-M280 receptor
contains two amino acid changes, the loss of function
associated with this receptor may be due to only one or
to both, and site-directed mutational analysis will be
needed to determine this. Since the CX3CR1-M280 but
not the CX3CR1-I249 allele is consistently associated
with reduced risk of CVD in three cohorts, we speculate
that CX3CR1-M280 is the most likely cause of the func-
tional defect. In addition, CX3CR1-M280 may be gener-
ally useful as a genetic probe to evaluate the potential
role of CX3CR1 in the pathogenesis of other inflamma-
tory diseases in humans. Reasonable candidates include
glomerulonephritis, cardiac transplant rejection, and

stroke, all of which have been shown to be ameliorated
by genetic activation or immunoneutralization of
CX3CR1 or FKN in rodent models (40–42, 44).

The chemokine receptors CXCR2 and CCR2 and the
CCR2 ligand MCP-1 (CCL2) have also been implicat-
ed in atherosclerosis based on mouse models (13–15,
47). A polymorphism of the MCP-1 promoter (–2,518
G/G) that increases promoter activity in vitro has been
associated with increased risk of CVD (48). Moreover,
the CCR2-64I polymorphism has been associated with
reduced coronary artery calcification; however, evi-
dence that CCR2-64I affects receptor function is cur-
rently lacking (49). Two studies have linked the
CCR5∆32 allele with a decreased risk of CVD (48, 50).
Since CX3CR1-M280 is not linked to these polymor-
phisms, additional work in larger cohorts will be need-
ed to test whether combinations of these factors fur-
ther affect risk of CVD. It should also be noted that
our current study and another recent Japanese study
did not find a statistically significant relationship
between these polymorphisms and CVD (51). Consis-
tent with our results in the FHS, this Japanese study
also failed to find an association of CX3CR1-I249 with
CVD, but CX3CR1-M280 was not tested (51).

In conclusion, our data suggest that the chemokine
receptor mutation CX3CR1-M280 in heterozygous form
is independently and causally associated with reduced
risk of CVD in humans, and that the mechanism may
involve reduced inflammatory leukocyte infiltration of
the vessel wall. Our results provide support for the
inflammation hypothesis of atherosclerosis pathogen-
esis and identify CX3CR1-M280 as a potential new fac-
tor for risk assessment and management in CVD. In
addition, our results point to CX3CR1 as a potential
new drug target in CVD.

Note added in proof. While this paper was in press, Lesnik
et al. (52) reported a similar reduction in atheroscle-
rotic lesion size in CX3CR1–/–apoE–/– double-knockout
mice to that found in ref. 39.
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