Fractalkine Promotes Human Monocyte Survival
via a Reduction in Oxidative Stress
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Objective—The CX3C chemokine fractalkine (CX3CL1) has a critical role in the development of atherogenesis because
apolipoprotein-E—deficient mice lacking CX3CL1 or its receptor CX3CR1 develop smaller plaques and polymorphisms
in CX3CRI are associated with altered risk of cardiovascular disease. CX3CRI is found on numerous cell types involved
in atherogenesis but seems to have a key role in monocyte function. We aimed to elucidate the role of CX3CL1 in human
monocyte survival and determine the mechanism by which CX3CL1 spares monocytes from apoptosis.

Approach and Results—Primary human monocytes were prepared from healthy donors and subjected to serum-starvation to
induce spontaneous apoptosis. The addition of CX3CL1, but not other chemokines tested, promoted monocyte survival in
a dose-dependent manner with full-length CX3CL1 (including the mucin stalk) having a more potent antiapoptotic effect
than chemokine-domain CX3CL1. The prosurvival effect of CX3CL1 was evident in both monocyte subsets although
nonclassical monocytes were more prone to spontaneous apoptosis. In addition, we found that the effect of CX3CL1 was
independent of CX3CR1 genotype. Serum-starvation increased the level of intracellular reactive oxygen species, and this
was reduced by the addition of CX3CL1. Inhibition of oxidative stress with an antioxidant prevented monocyte apoptosis,
indicating that this is the dominant mechanism of cell death targeted by CX3CL1.

Conclusions—CX3CL1 has a substantial and highly reproducible antiapoptotic effect on human monocytes, via a mechanism
involving a reduction in oxidative stress. This suggests that CX3CL1 is likely to play a key role in human atherogenesis and
may provide a novel therapeutic target in cardiovascular disease. (Arterioscler Thromb Vasc Biol. 2014;34:2554-2562.)
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hemokines are a family of low molecular weight sol-

uble proteins, which orchestrate the migration of cells
expressing their cognate G-protein—coupled receptors.'
Divided into 4 subfamilies on the basis of structure, chemo-
kines regulate cell trafficking under normal conditions and in
response to inflammatory or injurious agents. Dysregulated
or excessive chemokine expression is a hallmark of multiple
chronic inflammatory diseases, including atherosclerosis.?
Fractalkine (CX3CL1) is the only member of the CX3C fam-
ily of chemokines and is expressed as a membrane-bound
molecule with the chemokine domain (CKD) attached to the
cell surface via a mucin-like stalk.’ Cleaved from the cell
surface under homeostatic and inflammatory conditions by
the metalloproteases ADAM10 and ADAM17, respectively,
CX3CL1 expression has been described on neurons, epithe-
lial cells, endothelial, and smooth muscle cells.*® CX3CL1
is the unique ligand for the 7 transmembrane G-protein—
coupled receptor CX3CR1 expressed on monocytes, natural
killer cells, T cells, and smooth muscle cells.!>'> CX3CRI1

has 2 nonsynonymous single-nucleotide polymorphisms,
V2491 and T280M, which are associated with an altered risk
of cardiovascular disease.'** The CX3CLI1-CX3CRI1 axis
has been implicated in multiple pathologies, including ath-
erosclerosis,'> multiple sclerosis,'® rheumatic diseases,!” and
neuropathic pain.!®!

In monocytes, the level of CX3CRI1 expression helps to
define the 2 major subsets in both humans and mice with clas-
sical monocytes (CD14** CD16" in humans, LyC" in mice),
expressing relatively lower levels of CX3CR1 than nonclassi-
cal monocytes (CD14* CD16* in humans, Ly6C" in mice).
Classical monocytes (previously referred to as inflammatory
monocytes) are known to be short-lived, respond rapidly to
infection or inflammation whereupon they migrate to tissue
and differentiate into inflammatory macrophages or dendritic
cells capable of producing high levels of effector cytokines.?!?
Nonclassical (known formerly as resident) monocytes have
been shown to crawl along the luminal side of endothelial
cells and display a patrolling behavior, which allows rapid
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Nonstandard Abbreviations and Acronyms

CKD chemokine domain

FL full-length

PEG-SOD  pegylated superoxide dismutase
ROS reactive oxygen species

entry into sites of infection.”® Recent evidence has demon-
strated that in mice, nonclassical monocytes in the blood are
derived from circulating classical monocytes, with their abun-
dance directly regulated by that of their precursor.* The 2
subsets also differ in their size (nonclassical monocytes being
smaller), their abundance (nonclassical monocytes comprise
=10% of circulating monocytes in humans), and their expres-
sion of the chemokine receptor CCR2: classical monocytes
express CCR2; nonclassical monocytes do not.

Deletion of CX3CLI and its receptor in murine models of
atherosclerosis has shown a nonredundant role for this ligand—
receptor pair in atherogenesis. Cx3cr1~~ Apoe™~ mice develop
smaller lesions with fewer macrophages when fed either
a normal chow or a high-fat diet.>? Cx3cll™~ Apoe™ or
Ldlr”- mice also develop smaller lesions than single knockout
animals.”’ In murine models of atherosclerosis, hypercho-
lesterolaemia induces monocytosis, which is dominated by
the classical subset and these cells give rise to macrophages
within atherosclerotic plaques.”®* The reversal of hyper-
cholesterolaemia via statin treatment abolishes monocytosis
in these animals.”® Interestingly, deficiency of CX3CR1 in
Apoe™ mice has no effect on classical monocyte numbers in
the blood but prevents the increase in circulating nonclassical
monocytes.* Deletion of both CCL2 and CX3CR1 abrogates
monocytosis of both subsets. These findings were extended
by a study which showed that in Apoe™~ mice fed a high-fat
diet, transfer of Cx3cr1&™&® bone marrow (which lacks func-
tional CX3CR1) led to reduced monocyte numbers in blood
when compared with mice receiving wild-type bone mar-
row.’! These mice also developed smaller plaques that con-
tained higher numbers of apoptotic cells, suggesting a role
for CX3CRI in promoting intraplaque macrophage survival.
These authors also demonstrated that CX3CL1 could prevent
apoptosis of human monocytes in vitro although no mecha-
nism for this activity was proposed.

Previous work from our laboratory has demonstrated that
CX3CL1 promotes the survival and proliferation of primary
human vascular smooth muscle cells via an epidermal growth
factor receptor—dependent pathway.’> CX3CL1 has also been
implicated in the survival of other cells, including microglia,
in a Fas-induced apoptosis model, T cells in a murine asthma
model, and monocytes in a murine liver fibrosis model.?*-*
Despite the number of published studies implicating CX3CL1
in cell survival, a clear mechanism for this function is lacking.

In this study, we initially aimed to confirm the effect of
CX3CL1 on primary human monocyte survival then to extend
these findings by establishing the role of the stalk region of
CX3CL1 and determining whether the 2 common single-
nucleotide polymorphisms in CX3CR1 influence the response
to CX3CL1. We sought to elucidate the mechanism further by
which CX3CLI regulates human monocyte survival.
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Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

In the absence of growth factors, monocytes undergo sponta-
neous apoptosis within hours.* Using serum deprivation as a
reproducible method to induce apoptosis, we first sought to
establish whether CX3CL1 was able to prevent this phenom-
enon. Monocytes from anonymous human donors were iso-
lated using CD14 labeling and positive selection (to generate
cells predominantly from the classical monocyte subset unless
otherwise specified) and then incubated for 4 hours in serum-
free medium in the presence of 10% fetal calf serum (positive
control) or increasing doses of CX3CL1 CKD or full-length
(FL) CX3CL1, including the mucin stalk (FL). Apoptosis was
then quantified by staining with annexin V and 7-aminoacti-
nomycin D. Approximately 30% of monocytes died in this
timeframe, and this was significantly reduced by treatment
with fetal calf serum (P<0.001), 100 nmol/L CKD CX3CL1
(P<0.001), and 10 to 100 nmol/L. FL CX3CL1 (P<0.01-
0.001), implying that both forms of CX3CL1 are capable of
suppressing monocyte apoptosis but that FL. CX3CL1 can do
so at lower doses (Figure 1A and 1B). To confirm that there
was no difference in quality between the 2 forms of recom-
binant CX3CL1, we used a second assay—receptor inter-
nalization. Monocytes were incubated with an equivalent
dose (50 nmol/L) of CKD or FL. CX3CL1 then stained for
CX3CRI surface expression. Both forms of CX3CL1 induced
an equivalent internalization of receptor when compared with
untreated cells (Figure I in the online-only Data Supplement).
To assess whether monocytes were capable of producing any
endogenous CX3CL1 in response to serum-starvation, we
quantified soluble CX3CL1 in cell-free supernatants gener-
ated from monocytes starved for O to 4 hours in a sandwich
ELISA. No CX3CL1 was detectable at any time point (data
not shown).

Because monocytes are reported to express a variety of che-
mokine receptors implicated in atherosclerosis, we also tested
interleukin-8 (CXCL8) and monocyte chemoattractant pro-
tein-1 (CCL2) for their ability to promote monocyte survival. At
a dose of 100 nmol/L, neither chemokine could rescue mono-
cytes from apoptosis, in fact CXCLS8 significantly increased
cell death compared with control (P<0.05; Figure 1C). To con-
firm that the CCL2 used in these experiments was active, we
tested it in a real-time monocyte chemotaxis assay where it
induced a robust migratory response (Figure II in the online-
only Data Supplement). Interestingly, CX3CL1 had no chemo-
tactic effect on these cells, despite robust receptor expression
and in contrast to previous reports®’ (Figure II in the online-
only Data Supplement and data not shown).

To address whether the effect of CX3CL1 on monocyte
apoptosis is specifically mediated via CX3CR1, we used a
receptor antagonist (AZ12201182 compound 18a, referred to
here as AZ), which inhibits CX3CL1 responses in multiple
assays.’>* Pretreatment with AZ blocked the antiapoptotic
activity of CX3CL1 but did not increase apoptosis in cells
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Figure 1. CX3C chemokine fractalkine (CX3CL1) prevents
monocyte apoptosis in response to serum-starvation. A, Primary
human monocytes were incubated for 4 hours in serum-free
medium (SFM; left), in SFM+10% fetal calf serum (FCS; middle),
or SFM+100 nmol/L CX3CL1 then stained with annexin V fluores-
cein isothiocyanate (FITC) and 7-aminoactinomycin D (AAD), and
analyzed by flow cytometry. Dead cells were defined as those

in the upper right quadrant. B, Monocytes were treated as in A
with the indicated doses of chemokine-domain (CKD) CX3CL1 or
full-length (FL) CX3CL1, including the mucin stalk. C, Monocytes
were treated as in A with the indicated chemokines at a dose

of 100 nmol/L. D, Monocytes were pretreated + AZ12201182
(AZ) and then treated as in A. Data shown as mean+SEM of

n=6 donors (B), 5 to 59 donors (C), and 5 donors (D). Data were
analyzed with 1-way ANOVA and Dunnett post hoc test (B and
C), *P<0.05, **P<0.01, and ***P<0.001 relative to SFM or Sidak’s
multiple comparison test (D), #P<0.05 relative to SFM, ns=not
significant, ***P<0.001 relative to agonist without AZ.

treated with serum-free medium or fetal calf serum (P<0.001;
Figure 1D).

We next assessed whether CX3CL1 was able to promote sur-
vival of the 3 known human monocyte subsets.* Human mono-
cytes are divided into 3 subsets based on their expression of
CD14 and CD16: classical monocytes (CD14** CD16-), inter-
mediate monocytes (CD14** CD16%), and nonclassical mono-
cytes (CD14* CD16*).2 Monocytes isolated by CD14 selection
included the classical and intermediate subsets, whereas those
isolated using a CD16 monocyte selection kit included the inter-
mediate and nonclassical subsets of cells (Figure 2A). Confirming
a previous report, the extent of apoptosis differed between the 2
subsets (CD16 cells showed increased cell death compared with
CD14 cells; P<0.05), but CX3CL1 had an equally potent anti-
apoptotic effect in both populations (P<0.01; Figure 2B).
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Figure 2. CX3C chemokine fractalkine (CX3CL1) prevents apop-
tosis of both monocyte subsets. A, Monocytes were isolated with
either CD14 labeling and magnetic selection to isolate mono-
cytes of the classical and intermediate subsets (left) or with a
CD16 monocyte isolation kit to isolate cells of the nonclassical
and intermediate subsets (right). Cells were stained with antibod-
ies against CD14 and CD16 and analyzed by flow cytometry.

B, Monocytes of each subset were incubated as in Figure 1 with
serum-free medium (SFM), fetal calf serum (FCS), or CX3CL1 and
apoptosis quantified by annexin V/7-aminoactinomycin D (AAD),
staining. Data shown as mean+SEM of 3 donors from 3 experi-
ments. Data were analyzed by 1-way ANOVA and Tukey mul-
tiple comparison test, **P<0.01 relative to SFM of each subset,
#P<0.05 relative to SFM of CD14 subset.

Because CX3CL1 seems to have such a potent effect on
monocyte survival, we investigated whether the 2 known poly-
morphisms of CX3CR1 had any effect on the antiapoptotic
effect of CX3CL1. DNA from all donors was stored at the time
of assay, and we were therefore able to genotype all donors
subsequently for both polymorphisms (V2491 and T280M)
to establish whether CX3CR1 genotype affected response to
CX3CL1. Using an allelic discrimination polymerase chain
reaction—based assay, we found that 47% of donors possessed
the VV/TT genotype, 15% VI/TT, and 38% were heterozygote
at both loci VI/TM. We did not identify any donors with the
rarer homozygote haplotypes, as would be expected in this
modest (n=34) sample size. These frequencies are in line with
other published studies although we did see an over-represen-
tation of the VI/TM genotype in our sample.*! To minimize
variation between experiments, the response to serum-starva-
tion was normalized to 100% and the response to CX3CL1
expressed as a fraction of this. We found that the antiapoptotic
effect of CX3CL1 was independent of CX3CR1 genotype in
donors with the most common genotypes (Figure 3).
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We next sought to address the mechanism by which
CX3CL1 mediates monocyte survival. Previous studies have
demonstrated that spontaneous apoptosis of monocytes and
neutrophils involves an increase in intracellular reactive
oxygen species (ROS).*#2 Oxidative stress is known to drive
opening of the mitochondrial permeability transition pore,
leading to induction of apoptosis via the intrinsic pathway.*
To establish whether growth factor withdrawal induced
monocyte oxidative stress in our hands, we used the fluo-
rogenic CellROX green probe, which exhibits bright green
fluorescence once oxidized and bound to DNA. Compared
with cells incubated with fetal calf serum, monocytes
serum-starved for 30 minutes demonstrated an increase in
ROS as determined by flow cytometry (Figure 4A; Figure
III in the online-only Data Supplement). CX3CL1 was able
to block the increase in ROS induced by serum-starvation
(P<0.01; Figure 4A), whereas CCL2 used at an equivalent
dose had no effect (Figure 4A). We next assessed whether
FL CX3CL1 could reduce levels of intracellular ROS. As
shown in Figure 4B, FL. CX3CL1 also significantly reduced
the level of oxidative stress induced by serum-starvation
(P<0.05). We used a second assay to measure intracellular
superoxide specifically, namely incubation of cells with the
superoxide indicator dihydroethidium and quantification of
2-hydroxyethidium (measuring superoxide) and ethidium
(measuring other ROS) by high performance liquid chro-
matography. Serum-starvation increased the generation of
2-hydroxyethidium, and this was blocked by the addition
of CX3CL1 (P<0.01; Figure 4C). Levels of ethidium were
unaffected by serum-starvation or the addition of CX3CL1
(data not shown).

To ensure that the effect of CX3CL1 on intracellular ROS
levels was mediated via CX3CRI1, we pretreated cells for
30 minutes with the AZ compound before serum-starvation
or CX3CL1 treatment. Addition of AZ blocked the ability of
CX3CL1 to reduce ROS levels but did not affect ROS levels in
cells that were not treated with CX3CL1 (Figure 4D).
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Figure 3. The antiapoptotic effect of CX3C chemokine fractalkine
(CX3CL1) is independent of CX3CR1 genotype. Genomic DNA
was isolated from a subgroup of donors used in Figure 1C and
genotyped for the 2 nonsynonymous single-nucleotide polymor-
phisms (SNPs) V2491 and T280M in CX3CR1 using a polymerase
chain reaction-based allelic discrimination assay. Only the 3
most common haplotypes were identified, and the response

to CX3CL1 was analyzed by genotype. For each donor in each
experiment, the response to serum-starvation was normalized to
100% and the effect of CX3CL1 expressed as a fraction of this to
minimize technical variation between experiments. Data shown
as mean+SEM, n=34 donors. No significant difference between
genotypes was detected using 1-way ANOVA. AAD indicates
7-aminoactinomycin D.
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As mentioned previously, the nonclassical monocyte subset
has been reported to undergo a greater degree of spontaneous
apoptosis and have a higher basal level of intracellular ROS when
compared with classical monocytes.* To confirm this report and
address whether CX3CL1 was capable of reducing ROS in both
subsets, we isolated the 2 predominant subsets as described
above from the same donor and used them in the CellROX assay.
In contrast to Zhao et al,* we found no significant difference in
the basal level of ROS between the 2 subsets (geometric mean for
classical monocytes was 12.7+5 versus 11.2+2 for nonclassical
monocytes; data not shown). Interestingly, despite its ability to
prevent apoptosis in both subsets, CX3CL1 was unable to reduce
intracellular ROS levels in nonclassical monocytes (Figure 4E).

To confirm that the CellROX green assay specifically
measured ROS production induced by serum-starvation, we
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Figure 4. Serum-starvation induces production of reactive
oxygen species, which is blocked by CX3C chemokine fractal-
kine (CX3CL1) in classical monocytes. A, Monocytes were loaded
with CellROX green reagent, and then incubated for 30 minutes
with serum-free medium (SFM), fetal calf serum (FCS), CX3CL1,
or CCL2 then analyzed by flow cytometry. Data are shown as
geometric mean of 3 to 12 donors from 2 to 6 experiments.

B, Cells were treated as in A with SFM, FCS, or full-length (FL)
CX3CL1. n=4 donors from 2 experiments. C, Monocytes were
loaded with dihydroethidium then treated with agonists as in A.
Levels of 2-hydroxyethidium were analyzed by high performance
liquid chromatography (HPLC), data shown as fold change rela-
tive to FCS sample for each donor, n=4 donors from 2 experi-
ments. D, Cells were loaded with CellROX green+2 pumol/L
AZ12201182 (AZ) then incubated with SFM, FCS, or CX3CL1.
n=8 donors from 4 experiments. E, Classical and nonclassical
monocytes were isolated from the same donor as described in
Figure 2 then treated as in A. Data shown as fold change rela-
tive to FCS sample for each donor. n=5 donors from 2 experi-
ments. Data shown as mean+SEM. Data were analyzed by 1-way
ANOVA and Dunnett (A-D) or Sidak (E) post hoc test, *P<0.05,
**P<0.01, **P<0.001, ns=not significant relative to SFM.
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Figure 5. Inhibition of superoxide prevents monocyte apoptosis.
A, Cells were preincubated with the indicated dose of pegylated-
superoxide dismutase (PEG-SOD U/mL) at the same time as
CellROX green loading, then serum-starved for 30 minutes and
analyzed by flow cytometry. Data shown as fold change in Cell-
ROX green geometric mean relative to serum-free medium (SFM)
for each donor, n=4 donors from 2 experiments. B, Cells were
pretreated for 30 minutes+the indicated dose of PEG-SOD
(U/mL) then treated with the indicated agonist or serum-starved
for 4 hours and apoptosis quantified as in figure 1. n=6 donors
from 3 experiments. C, Cells were pretreated for 30 minutes+a
submaximal dose of PEG-SOD (100 U/mL) then treated+a sub-
maximal dose of CX3CL1 (50 nmol/L). n=4 donors from 2 experi-
ments. Data shown as mean+SEM. Data were analyzed by 1-way
ANOVA and Dunnett post hoc test, *P<0.05, ***P<0.001 relative
to SFM. AAD indicates 7-aminoactinomycin D.

used the antioxidant enzyme pegylated-superoxide dismutase
(PEG-SOD), which is cell permeant and catalyzes the dis-
mutation of superoxide into oxygen and hydrogen peroxide.
Pretreatment of cells with PEG-SOD reduced intracellular
ROS production induced by serum-starvation (Figure 5A). To
assess whether increased oxidative stress is absolutely required
for monocyte apoptosis, we pretreated cells with increasing
doses of PEG-SOD and then measured apoptosis induced
by serum-starvation. PEG-SOD induced a dose-dependent
reduction in monocyte apoptosis, with a dose of 400 U/mL
completely ablating cell death induced by serum withdrawal
(P<0.05-0.001; Figure 5B). To prove that CX3CLI acts via
an antioxidant mechanism to reduce monocyte apoptosis, we
pretreated cells with a submaximal dose of PEG-SOD (100
U/mL), a submaximal dose of CX3CL1 (50 nmol/L), or the
2 combined. As shown in Figure 5C, neither PEG-SOD alone
nor CX3CL1 could significantly block apoptosis at these sub-
maximal doses, but the combination of both had an additive
and significant antiapoptotic effect (P<0.05). This suggests
that CX3CL1 and PEG-SOD are likely to act via the same
mechanism because they show an additive rather than syner-
gistic or opposite effect.

Discussion

In this study, we have demonstrated that CX3CL1 has a sub-
stantial and highly reproducible prosurvival function in pri-
mary human monocytes. This effect was apparent in both
monocyte subsets and was independent of CX3CRI1 genotype.
Growth factor withdrawal was found to increase intracellu-
lar ROS, and this effect was absolutely required for apopto-
sis induction. In classical monocytes, CX3CL1 was found
to reduce ROS in 2 independent assays, suggesting that the
reduction in oxidative stress is the predominant mechanism
by which CX3CL1 promotes monocyte survival. Interestingly,
although CX3CL1 can block apoptosis of both predominant
monocyte subsets, it did not affect ROS levels in nonclassical
monocytes, suggesting a differential mechanism operates in
the 2 subsets. To our knowledge, this is the first report of a
chemokine reducing intracellular ROS levels to increase cell
survival.

Our data show that FL. CX3CL1 has a more potent effect on
monocyte survival than chemokine-domain alone. Although
the stalk has no known independent signaling function, we
could speculate that the presence of the stalk causes the CKD
to adopt a different structure that could stabilize a recep-
tor conformation, which promotes more potent antiapop-
totic signaling. Indeed the only other chemokine known to
be expressed as a membrane-bound molecule, CXCL16,*
has been shown to have differential effects depending on
whether the stalk is present. Petit et al*> demonstrated that
a single amino acid substitution in the CXCL16 recep-
tor CXCR6 (E274Q) abrogated binding of soluble (CKD)
CXCL16 but had no effect on adhesion mediated by FL
membrane-bound CXCL16. Thus, the stalk may induce sta-
bilization of an alternative receptor conformation, which is
unaffected by the point mutation.The effect of CX3CL1 on
monocyte apoptosis in our study was found to be indepen-
dent of CX3CRI1 genotype in donors with the most common
genotypes. The most recent meta-analysis of the 2 common
CX3CR1 polymorphisms has shown that there is a demon-
strable link between CX3CR1 genotype and susceptibility
to coronary artery disease, with the M280 allele associated
with reduced risk.*' The mechanism for altered disease sus-
ceptibility remains unclear because the M280 allele has been
associated with both increased and decreased adhesion to
CX3CL1%-¥, Radioligand binding assays in transfected cells
demonstrated that all variants of the receptor have similar
affinity for CX3CL1*%. These mutations are predicted to fall
in transmembrane domains 6 and 7 of CX3CR1; it remains to
be seen exactly how the polymorphisms in CX3CR1 might
affect receptor activation and cell function.The 2 predomi-
nant human monocyte subsets (classical and nonclassical)
both express CX3CR1 on their surface (>10-fold above iso-
type control levels), but the nonclassical subset have higher
levels: =2-fold more in our experiments (data not shown);
other authors have shown 5-fold higher levels in nonclassical
versus classical.® Despite this, both subsets were found to
respond equally to CX3CL1 in apoptosis assays although the
nonclassical subset was found to be more sensitive to serum-
starvation, as previously reported.* These same authors
found that nonclassical monocytes produce higher levels of
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ROS than classical monocytes in response to growth factor
withdrawal and that blocking oxidative stress leads to a sub-
stantial reduction of apoptosis in nonclassical monocytes but
a relatively minor effect in the classical subset. In contrast,
we found that the induction of oxidative stress is the domi-
nant mechanism of cell death in the classical subset (which
predominate in our experiments) because blocking ROS
via the addition of PEG-SOD ablated monocyte apoptosis.
Furthermore, we observed no difference in the basal level of
ROS in the 2 subsets. This may reflect donor variability or
differences in the way ROS was measured between our study
and that by Zhao et al.** Interestingly, although CX3CL1
could block apoptosis of both subsets, a reduction in intra-
cellular ROS levels was only seen in the classical subset.
Because we have clearly demonstrated that this reduction in
ROS is required for classical monocyte survival, a second
mechanism must exist in nonclassical monocytes to mediate
the antiapoptotic effects of CX3CLI.

A recent study in mice showed that an antagonist at
CX3CR1 (F1) blocked survival of bone marrow—derived
monocytes of both the 7/4"e" (equivalent to classical) and
the 7/4°% (equivalent to nonclassical) subsets in vitro."
This suggests that CX3CR1 has some constitutive pro-
survival signaling activity because there is no exogenous
source of CX3CLI in these experiments. The mechanism
for this remains unclear. In vivo, antagonism of CX3CR1
only affected the classical subset, in contrast to a previously
published study where only the nonclassical subset was
affected.’! Thus, there is a discrepancy between in vivo and
in vitro studies and between 2 in vivo studies both in Apoe™~
mice. Possible differences include the timepoint of analysis,
the length of time on a high-fat diet, the way the subsets were
identified by flow cytometry, and the method of CX3CL1
inhibition—an acute antagonism of CX3CR1 versus genetic
ablation.

The effects of CX3CL1 on intracellular ROS levels in our
studies were replicated in 2 independent assays: CellROX
green staining that measures multiple species and dihy-
droethidium loading that specifically measures superoxide
when 2-hydroxyethidium production is quantified by high
performance liquid chromatography. Because CX3CL1 had
a similar effect in both assays and PEG-SOD dramatically
reduced CellROX green fluorescence, we hypothesize that
the predominant ROS affected by CX3CLI1 is superoxide.
Sources of superoxide in monocytes include the mitochon-
drial respiratory chain and several isoforms of NADPH
oxidase.* Given that submaximal doses of CX3CLI and
PEG-SOD were shown to have an additive effect (rather than
synergistic or opposite), it seems likely that they act via a
common mechanism, namely a reduction in intracellular
superoxide levels.

Our results demonstrating a reduction in ROS induced
by CX3CL1 are in direct contrast with those in a recently
published study showing that CX3CL1 can induce ROS."
Using a model of vincristine-induced pain, Old et al'
demonstrated that vincristine increases adhesion molecule
expression leading to infiltration of CX3CRI1* monocytes
into the sciatic nerve These cells then differentiate into
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macrophages and are activated by CX3CL1 produced by
local endothelial cells leading to an increase in ROS. This
leads to the activation of the TRPI1A channel in sensory
nerves, generating pain. We could speculate on possible
reasons for the apparently contradictory finding of ROS
production in response to CX3CL1 compared with the
decrease shown in our study. These factors could include
the fact that these cells have been recruited to a site of
injury, which may select a subpopulation of monocytes that
respond in a different way to CX3CL1. Because we have
shown only an effect of CX3CL1 on ROS production by
classical monocytes, it may be that the cells recruited are
nonclassical monocytes. Alternatively, the fact that these
cells have matured to macrophages may have altered the
signaling pathways induced by CX3CL1 leading to ROS
production rather than inhibition. In addition, the in vitro
experiments performed by Old et al' analyzing the effect
of CX3CL1 on ROS used Biogel-elicited peritoneal macro-
phages. Extensive experience in our laboratory has shown
that these are not a pure population and may include con-
taminating cells (eg, neutrophils), which may respond dif-
ferently to CX3CL1. Finally, we cannot ignore the fact that
these experiments were performed in mice and that there
are already known signaling differences that exist between
human and murine CX3CR1.*® The mechanism by which
CX3CL1 is able to reduce intracellular ROS levels remains
to be determined. The rapidity of the effect (within 30
minutes) rules out de novo transcription of an antioxidant
factor, which suggests that it must rely on changes in abun-
dance, post-translational modification, or localization of
existing proteins. It has been known for 20 years that the
expression of the antiapoptotic protein Bcl-2 can decrease
the net concentration of intracellular ROS and thus prevent
cell death.’*! Multiple mechanisms have been postulated
for this effect, which seems to be indirect.’?. Furthermore,
Bcl-2 is transcriptionally regulated but can also be post-
translationally modified by phosphorylation at multiple
sites, which can alter Bcl-2 activity or drive proteasome-
mediated degradation.”* However, we have ruled out any
effect of CX3CL1 on the total level of antiapoptotic Bcl-2
family members, including Bcl-2, Bcl-xL, and Mcl-1, or
on levels of phospho-Bcl-2 in data not presented here. A
previous study has shown some effect of CX3CL1 on the
Bcl-2 family in microglia although this was over a much
longer timecourse than that used in our experiments, which
is likely to suggest a different mechanism.?* A recent pub-
lication demonstrates that mechanisms that regulate ROS
continue to be uncovered, which may in the future allow us
to delineate the pathways further that mediate CX3CL1’s
effects on ROS.%

Despite its potent antiapoptotic effects on human mono-
cytes, CX3CL1 did not induce monocyte chemotaxis in our
studies. This has been a consistent finding in our laboratory
using multiple batches of recombinant protein (both CKD and
FL) and with both primary monocytes and the monocytic cell
line THP-1. In fact, the inability of CX3CLI to induce che-
motaxis has been reported previously.* Instead CX3CL1 was
found to function predominantly as an adhesion molecule.
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Because in vitro chemotaxis assays using monocytes rely
on both migration through the pore and then adhesion to the
underside of the membrane, we could speculate that surfaces
that support greater monocyte adhesion may show an appar-
ent chemotactic effect of CX3CL1. Another possible reason
is differences in cell preparation although primary monocytes
generated in our laboratory show robust migration to CCL2.
We used the same dose of CX3CL1 (10 nmol/L), which has
been shown to promote transendothelial migration of mono-
cytes,'> and a wider dose range did not reveal any chemo-
taxis (data not shown). Thus, it is hard to reconcile these
data with published studies showing a chemotactic effect of
CX3CL1.12%

The use of serum-starvation as a method to induce mono-
cyte apoptosis in vitro is convenient and provides consistent
results. It seems likely that the necrotic core of advanced
plaques may represent an environment, which is both nutri-
ent poor and hypoxic because of inadequate vascularization,
making our model a relevant approach to study the effect
of CX3CL1. Numerous pathways have been suggested to
promote macrophage apoptosis within plaques although a
dominant mechanism seems to be the induction of endo-
plasmic reticulum stress.’”8 Once the level of macrophage
apoptosis exceeds the available mechanisms for clearance
of dying cells (a process known as efferocytosis), plaque
progression is inevitable because apoptotic macrophages
undergo secondary necrosis, a highly inflammatory process
that promotes further monocyte recruitment, activation, and
cell death.” It will be interesting to see whether CX3CLI1
can prevent macrophage apoptosis induced by endoplasmic
reticulum stress, which can be recapitulated in vitro with
free cholesterol loading.’

In patients with cardiovascular disease, peripheral leuko-
cyte count is a predictor of mortality®®! and correlates with
the degree of plaque regression in response to statin treat-
ment.*” Thus, agents that promote monocyte/macrophage sur-
vival either in the periphery or within atherosclerotic plaques
are likely to have a critical role in atherogenesis. Our dem-
onstration that CX3CL1 has a robust antiapoptotic effect on
human monocytes suggests a direct means by which it could
contribute to atherosclerosis. Furthermore, we provide here a
mechanism by which CX3CL1 exerts its effects in monocytes.
Treatments inhibiting CX3CL1/CX3CR1 may, therefore, be
a novel avenue for therapeutic intervention in cardiovascular
disease.
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Significance

Monocytes are central to the process of atherogenesis and give rise to macrophage-derived foam cells, which are present from the earliest
stages of atherosclerotic plaque development. Factors that drive monocyte recruitment or promote monocyte survival are thus likely to have
a critical role in vascular disease. Further understanding of these mechanisms may facilitate future development of therapies targeting ath-
erosclerosis. In this article, we show that a member of the chemokine family, known as fractalkine (CX3CL1), is able to promote the survival
of primary human monocytes. Different forms of CX3CL1 have altered antiapoptotic activity, and the function of CX3CL1 is independent of
fractalkine receptor genotype. We show that CX3CL1 mediates its effects by opposing the increase in oxidative stress, which would otherwise
lead to apoptosis. CX3CL1 seems to be unique among chemokines for its ability to promote monocyte survival and may, therefore, represent
a novel therapeutic target.




