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Monocyte subsets differentially employ CCR2,
CCR5, and CX3CR1 to accumulate within
atherosclerotic plaques
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Monocytes participate critically in atherosclerosis. There are 2 major subsets expressing different chemokine
receptor patterns: CCR2*CX3CR1*Ly-6Ch and CCR2-CX3CR1**Ly-6C° monocytes. Both C-C motif chemokine
receptor 2 (CCR2) and C-X;-C motif chemokine receptor 1 (CX3CR1) are linked to progression of atheroscle-
rotic plaques. Here, we analyzed mouse monocyte subsets in apoE-deficient mice and traced their differen-
tiation and chemokine receptor usage as they accumulated within atherosclerotic plaques. Blood monocyte
counts were elevated in apoE~/- mice and skewed toward an increased frequency of CCR2*Ly-6Ch monocytes in
apoE~/- mice fed a high-fat diet. CCR2*Ly-6C" monocytes efficiently accumulated in plaques, whereas CCR2-
Ly-6C° monocytes entered less frequently but were more prone to developing into plaque cells expressing
the dendritic cell-associated marker CD11c, indicating that phagocyte heterogeneity in plaques is linked to
distinct types of entering monocytes. CCR2- monocytes did not rely on CX3CR1 to enter plaques. Instead,
they were partially dependent upon CCRS, which they selectively upregulated in apoE~/- mice. By comparison,
CCR2*'Ly-6CM monocytes unexpectedly required CX3CR1 in addition to CCR2 and CCRS to accumulate within
plaques. In many other inflammatory settings, these monocytes utilize CCR2, but not CX3CR1, for trafficking.
Thus, antagonizing CX3CR1 may be effective therapeutically in ameliorating CCR2* monocyte recruitment to

plaques without impairing their CCR2-dependent responses to inflammation overall.

Introduction

Monocytes are critical mediators of atherosclerosis. They traverse
the arterial endothelium to enter developing and established
lesions, and this trafficking is governed by chemokines. Atheroscle-
rotic lesions are markedly diminished in apoE~/~ mice that cannot
express the chemokine CCL2 (1) or its receptor C-C motif chemo-
kine receptor 2 (CCR2) (2). CCR1, CCRS, and C-X-C motif chemo-
kine receptor 2 (CXCR2) are other chemokine receptors proposed
to affect monocyte recruitment in mouse models of atheroscle-
rosis (3-7). Still another chemokine receptor, CX3CR1, has been
linked to atherosclerosis in both mouse models and human stud-
ies. Humans who carry a gene encoding the M280 polymorphism
in the C-X3-C motif chemokine ligand 1 (CX3CL1) locus that ren-
ders the molecule less functional in adhesion studies are relatively
protected from cardiovascular disease (8, 9), and apoE~- mice lack-
ing CX3CL1 or its receptor C-X3-C motif chemokine receptor 1
(CX3CR1) have reduced atherosclerosis (10-12). The mechanism(s)
explaining the role of CX3CL1 in atherosclerosis are still lacking.
While some hypotheses put forth the idea that CX3CL1 may, like
CCR2 and others, regulate monocyte recruitment into the plaque
(13, 14), itis also or alternatively possible that CX3CL1 affects criti-
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cal properties of smooth muscle cells, since smooth muscle cells
express CX3CL1 and CX3CR1 within lesions (14).

Although CCR2 in particular is considered to be a classical
chemokine receptor expressed by monocytes, not all monocytes
express CCR2 (15, 16). In humans as well as in mice, all monocytes
express CX3CRI1, but those that express the highest levels of
CX3CRI1 constitute the nonclassical subset of monocytes that
does not express CCR2 (16, 17). These monocytes, which in mice
are identified by low levels of surface Ly-6C (also called Gr-1) (16),
emigrate relatively poorly to sites of acute inflammation, com-
pared with CCR2" classical monocytes (16, 18, 19). The trafficking
patterns of CCR2-CX3CR1" monocytes are so far elusive, and it is
unclear whether they would be relevant in atherosclerosis, as they
may not be recruited to sites of inflammation such as atheroscle-
rotic plaques. On the other hand, if they do enter plaques, they
may very well utilize CX3CR1 to emigrate there.

Given the importance of monocytes and CX3CR1 in atherosclero-
sis, we set out to address these unknowns. We also assessed whether
the heterogeneity of “macrophages” in plaques was related to their
origin from the different monocyte subsets. Specifically, some pre-
sumed macrophages in plaques express unconventional markers
suchas CD11c (20, 21), which is usually not found on macrophages
but instead marks antigen-presenting DCs (22). The CD11c" cells
within atherosclerotic plaques may have important roles in disease,
as restoration of their ability to emigrate out of lesions correlates
with plaque regression (20). Because the CX3CR1MCCR2- subset
of monocytes has been observed to express low levels of CD11c in
Volume 117

Number 1 January 2007 185



research article

apoE~"-

CD115
3 8

N
o

Mono subsets (%)

Total monos (%)

WT Diet Chow
apoE~"

Ly-6C
Figure 1

Ly-6C" Ly-6C™ Ly-6C°

awrt
W apoE"-diet
[l apoE~ chow

CD11c

Characterization of blood monocytes in WT and apoE~- mice. (A) The frequency of monocytes (monos) was determined in WT mice and in
16-week-old apoE~~ mice fed a standard chow (Chow) or 12 weeks of a high-cholesterol/high-fat diet (Diet). Left: dot plots and histograms of
stained monocytes; middle panel: bar graph of total monocyte frequency. The relative frequencies of the 2 subsets of blood monocytes (Ly-6Ch and
Ly-6C') and the minor Ly-6C" subset were determined. apoE~- mice kept on a high-fat diet had significantly more Ly-6C" and fewer Ly-6C'®
blood monocytes. Plots show the mean values (+SEM) for 12—16 mice in each condition. *Significantly different from WT, P < 0.001. (B) His-
tograms show CD11c expression of either CD115*Ly-6C" (gray) or CD115+Ly-6C' cells (black). Plots are representative of flow cytometric
analyses for more than 10 animals studied per group. Cut-off for isotype-matched control mAb staining is shown by vertical lines in the plots.

the circulation of mice (18) and may be predisposed to differentia-
tion toward DC-like cells in humans (23), we wondered whether
the CD11cM cells within atherosclerotic plaques of apoE~7/~ mice
arose from CX3CR1"Ly-6Cl° monocytes rather than CCR2*Ly-6Ch
monocytes. Thus, here we used methods recently developed in our
laboratory (24) to label and trace the 2 major monocyte subsets in
atherosclerotic plaques. We documented their phenotype in apoE~~
mouse blood; assessed whether and at what rate each subset entered
plaques; traced their differentiation into CD11c¢” macrophages or
CD11c* DC-like cells within lesions; and compared the role of che-
mokine receptors — particularly CCR2, CCRS and CX3CR1 — in
mediating their entry into plaques.

Results
Increased blood monocyte levels in apoE~~ mice. Mouse blood
monocytes coexpress CD115 (M-CSF receptor) and F4/80 (18, 19).
There are 3 subpopulations (2 major) of monocytes with distinct
chemokine receptor profiles that express high, intermediate, or
low/absent levels of Ly-6C (Ly-6CM, Ly-6Ci*t, and Ly-6C', respec-
tively) (16, 18, 19). apoE~- mice had nearly a doubled frequency of
circulating monocytes compared with apoE*/* counterparts (Fig-
ure 1A). The distribution of the subsets was not altered in apoE~/-
mice maintained on a standard chow diet, but those fed a high-
fat diet showed a shift toward an increased frequency of Ly-6CM
monocytes (CCR2") compared with Ly-6C'® monocytes (CCR2-,
CX3CR1M) (Figure 1A). When C57BL/6 apoE*/* WT mice were fed
the same fat-enriched diet, no alterations in monocyte numbers
or subset distribution were observed (data not shown), suggesting
that these changes in monocyte subsets were disease driven.

CD11cis a marker for mouse DCs (22). As shown previously (18),
Ly-6Cl° monocytes, but not Ly-6C" blood monocytes, expressed
CD11c. This pattern of CD11c in monocytes was not altered in
apoE~~ mice (Figure 1B).

Labeling of blood monocyte subsets in apoE~~ mice. Tracing the fate of
monocytes in mice is challenging, as no tracking method is with-
out drawbacks. Following adoptive transfer, only a very small frac-
tion of transferred monocytes can be recovered (16). Thus, large
numbers of monocytes, pooled from many donors, are often trans-
ferred to overcome the relatively low sensitivity and quantitative
nature of the method. Additional concerns include how isolation
and manipulation of monocytes ex vivo affects subsequent differ-
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entiation and whether detection of a very small fraction of trans-
ferred cells accurately reflects behavior of the whole population
(25). Nonetheless, the approach has demonstrated utility, includ-
ing in studies of monocyte migration to atherosclerotic plaques
(26). Knock-in of reporter genes to the CX3CR1 locus in mice (27)
has revealed monocyte subsets that endogenously express dis-
tinct GFP intensity in blood (15, 16). Monocytes can be tracked
in these mice without adoptive transfer (15), as we have previously
done (19); however, such tracking is limited to a short term after
extravasation of monocytes, since subsequent differentiation can
either reduce GFP expression to undetectable levels, such as in
macrophages (27), or elevate it, as in at least some DC populations
(28). Moreover, the knock-in mice inherently lack at least 1 allele
of CX3CRI. As we set out to study the role of CX3CR1 in mono-
cyte trafficking and to examine time points beyond 1-2 days, these
problems precluded the use of this approach.

We have recently developed techniques to selectively label endog-
enous Ly-6CM or Ly-6Cl° monocytes i.v. through introduction of
inert particulates (24, 29). These methods have the advantage of
improved sensitivity and quantification of monocyte tracking over
adoptive transfer, while yielding results that are in agreement with
adoptive transfer approaches (29). Particles that lack TLR ligands
do not stimulate p38 MAPK activation or degradation of IkB in
cultured macrophages (30), so the extent of activation by inert
latex beads in blood monocytes may be only minimal, but this is
unclear. Although blood monocytes are predominantly labeled
in the version of the method that labels Ly-6C" monocytes, a few
neutrophils bear particles (24), and other organs such as spleen
and bone marrow do at least transiently harbor particulate-labeled
cells that are not monocytes, including neutrophils and B cells
(24) (which are minimally or are not recruited to atherosclerotic
plaques). Furthermore, labeling of Ly-6Ch monocytes is conduct-
ed following prior depletion of monocytes via use of apoptosis-
inducing liposomes (24), and the full effects of the prior depletion
are also not yet known. This drawback is similar to that in trans-
genically engineered mice where cell populations, such as DCs (31)
or macrophages (32), are induced to undergo selective apoptosis
through genetic manipulation. In the case of clodronate-loaded
liposomes, apoptosis of the targeted cell population is restricted to
the locale of liposome administration (33), generally in contrast to
transgenic models thatlead to apoptosis systemically. However, so
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Recruitment of labeled WT monocytes to peripheral sites of acute
inflammation. Ly-6C' or Ly-6C" monocytes in WT mice were labeled
with latex (24). (A) The appearance of latex* cells in the peritoneal cav-
ity was monitored by flow cytometry using F4/80 and CD115 antigens
to identify monocytes and macrophages. Macrophages are seen as the
prominent F4/80h population in the noninflamed peritoneum (left dot
plots). They become outnumbered by numerous infiltrating monocytes
(inflamed plots; lower levels of F4/80 in lower right quadrants) and
F4/80-CD115- neutrophils (inflamed plots; lower left quadrants).
Note that Ly-6C"i labeling of monocytes leads to both latex*F4/80+*
monocytes (inflamed plots; upper right quadrants) and latex*F4/80-
neutrophils (inflamed plots; upper left quadrants) appearing in the peri-
toneum, since some neutrophils transiently carry latex in this labeling
protocol (24). In the inflamed peritoneum, latex*Ly-6Chi monocytes out-
numbered latex+ neutrophils 4:1, even though neutrophils dominate in
acute peritoneal inflammation, in contrast to what occurs in atheroscle-
rosis. (B) The graph shows the actual frequency of latex+ Ly-6C'° or
Ly-6Chi monocytes in the inflamed peritoneum (gray bars), determined
by flow cytometry, compared with the expected/known frequency (white
bars) at which they would enter the peritoneum as unlabeled cells
(“expected” data are derived from previously published calculations
[ref. 16], as described in Methods). n = 4 mice per group. Differences
between the actual and expected frequencies were not significant. (C)
Levels of plasma cytokines (+ SD) were measured at baseline or 2,
12, and 24 hours after administration of latex in the Ly-6Ch or Ly-6C'°
monocyte labeling protocol. n = 3 mice per time point.

far, no major problems with the effects of prior DC or macrophage
apoptosis on interpretation of subsequent experiments in these
approaches have been described.

Given these potential drawbacks, before using the particu-
late labeling method, we carried out experiments in WT mice to
determine whether the labeling methods affected known traffick-
ing patterns of Ly-6CM and Ly-6C'® monocytes or caused overt
activation. We determined that engulfment of beads did not
alter recruitment of monocytes to the acutely inflamed perito-
neum, since accumulation of latex-labeled WT Ly-6C° or Ly-6Ch
monocyetes in the thioglycollate-inflamed peritoneum (Figure 2A)
mirrored the frequency predicted from studies that tracked unla-
beled adoptively transferred Ly-6CM and Ly-6C'° monocytes into
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the inflamed peritoneum (16) (Figure 2B). We were able to dis-
tinguish resident macrophages from newly entering monocytes,
because the latter express lower levels of F4/80 than resident mac-
rophages (34) (Figure 2A). This finding indicates that uptake of
beads does not impair either subset of monocytes from emigrating
out of the blood. In addition, migration of the latex” subsets was
low to absent in the noninflamed peritoneum, where the major
population was resident F4/80Mlatex” macrophages (Figure 2A),
suggesting that the uptake of beads during labeling does not
induce inflammatory patterns of extravasation.

To assess whether administration of latex beads i.v. leads to sub-
stantial activation of monocytes, we stained monocytes for activa-
tion markers. CD62L is readily shed upon cellular activation (35)
and is expressed by Ly-6C" but not Ly-6C'° monocytes (16). Stain-
ing for CD62L revealed that latex*Ly-6C" monocytes did not shed
this activation-sensitive adhesion molecule (data not shown). Tis-
sue factor is induced by many monocyte activation stimuli, but its
expression and associated procoagulant activity were undetectable
in the sera of latex-labeled mice (data not shown). Furthermore,
we have carried out a whole mouse genome Affymetrix array (only
1 array has been completed in this ongoing analysis to date) by
sorting latex Ly-6Ch and latex*Ly-6CP monocytes from a pool of
5 female WT mice. The similarity of gene signatures, studied 24
hours after latex administration, between latex* and latex Ly-6CM
monocytes isolated from the same mice was greater (1> = 0.9984)
than the natural biological variability observed in another gene
array comparison of sorted Ly-6Ch monocytes from 2 separate
sorts of unmanipulated mice (> = 0.9806). Thus, at least at the
time point and condition examined to date, the carriage of latex
bead(s) per se does not dramatically alter the monocyte.

We further reasoned that if overt activation is a major conse-
quence of our labeling method, cytokine cascades associated
with inflammation would be activated. Measuring cytokines
in plasma would also allow us to detect whether any cells — not
just monocytes — were activated enough to induce inflammatory
gene expression. Thus, we measured the plasma levels of TNF-q,
IL-6, and IFN-y in naive animals (time 0, baseline) or 2, 12, and 24
hours after latex was introduced i.v. IL-6 was not detectable in any
treatment (data not shown). Low levels of IFN-y were found, but
these were similar to baseline levels (Figure 2C). Although levels of
TNF-o were mildly increased in the Ly-6Chi labeling protocol (Fig-
ure 2C), the difference was not statistically significant compared
with baseline, and levels were near the detection limit of the ELISA.
Thus, the particle labeling protocols did not trigger strong signs
of monocyte or systemic activation, suggesting that monocytes
or any other cells were not grossly activated by encounter with
the beads. Taking all these data together, we conclude that the 2
techniques of selectively labeling Ly-6C" and Ly-6C'® monocytes,
respectively, could permit the design of experiments to trace the
fate of monocyte subsets in atherosclerotic lesions.

To study the entry of monocytes from the circulation into athero-
sclerotic lesions, we labeled blood monocyte subsets in apoE~/~ mice.
Intravenous injection of 0.5-um latex particles efficiently and selec-
tively labels monocytes in the circulation of WT mice (24). In WT
mice, 10%-15% of the monocytes are phagocytically labeled using
this approach, and even after 5-7 days following initial labeling,
5%-7% of blood monocytes remain latex” (24). We applied this tech-
nique to apoE~~ mice. After i.v. injection of latex, 1%-2% of blood
leukocytes acquired the fluorescent beads within 1 day, and 90% of
these latex” cells were CD115* monocytes (Figure 3A). Atday 1, 10%
Number 1
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Figure 3

Labeling of monocyte subsets in apoE~- mice. (A) Blood analysis after i.v. injection of latex beads in apoE~- mice. Representative plots (=5
mice per time-point) at days 1-5 gated on all cells, monocytes, or latex* cells. (B) Blood apoE~- monocyte subsets 4, 8, or 24 hours after injec-
tion of latex: gating on all monocytes (All monos) or only latex* monocytes (Latex* monos); n = 4 mice per time point. (C) Schematic of injection
protocols for labeling monocyte subsets. Injection of latex labeled Ly-6C'® monocytes; injection of clodronate-loaded liposomes (clo-lip) followed
by latex 18 hours later labeled Ly-6C" monocytes. (D) Blood analyses trace the depletion, reappearance, and subset of apoE~~ monocytes over
time after i.v. injection of clo-lip followed by latex (n = 5 per time point). (E) Latex* apoE~- monocytes (%) that remained Ly-6C"i or Ly-6Cl after
clo-lip/latex or latex only injection, respectively. Reductions in frequency of Ly-6C" monocytes among circulating latex+ cells reflected the extent
of their conversion to Ly-6C'® monocytes. (F and G) Summary of the labeling efficiency using the 2 labeling techniques in apoE~- mice (shown
for 7-month-old mice on chow diet), presented as (F) percentage of latex* cells among all blood monocytes or (G) normalized to account for the
absolute frequency of apoE~~ monocytes after injection of latex i.v. (Ly-6C'® monocyte labeling) or latex i.v. following monocyte depletion (Ly-6Ch
monocyte labeling). Normalized data were calculated by multiplying total frequency of the traced monocyte subset in the PBMC population by
frequency of latex labeling within that subset.

(range, 6%-13%) of blood monocytes were latex”. The percentage In apoE7/~ mice, like WT mice (24), i.v. injection of latex initially
of latex" monocytes decreased over time, more rapidly than in WT  appeared in both monocyte subsets, but by 8 hours and thereafter,
mice (24), to about 2%-2.5% (range 1%-3.5%) of blood monocytes  the vast majority of all circulating latex* monocytes were Ly-6C®
being latex* at days 3-7 (Figure 3A, and data not shown). (Figure 3B) (24). During the first several hours that followed i.v.
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administration of latex beads, we noticed that Ly-6C° monocytes
in particular were often (Figure 3B), though not always (see Figure
1D in ref. 24), transiently reduced. It is likely that these monocytes
marginated in the vasculature, suggesting that they were at least
transiently activated by the injection of beads. Thus, i.v. injection of
latex particles labels a portion of Ly-6C!° monocytes (approximately
10% of total monocytes, or 20% of the Ly-6Cl® subset) in apoE7/~
mice efficiently and specifically for more than 5 days (Figure 3C).
Ly-6Ch monocytes, on the other hand, can be stably labeled
using a modification of this technique (Figure 3C), as previously
described (24), wherein monocytes are transiently depleted using
clodronate-loaded liposomes prior to introduction of latex beads.
The i.v. injection of clodronate-loaded liposomes initially fully
depleted blood monocytes in apoE~/~ mice (Figure 3D; 4 hours
after iv. injection of latex beads i.v., 22 hours after i.v. injection of
clodronate-loaded liposomes). Neutrophils and B cells that carry
latex in the absence of monocytes donate the latex to bone mar-
row monocytes (24), with a few neutrophils remaining latex" in
the circulation (ref. 24 and Figure 2). Monocytes that returned to
the circulation on day 2 were Ly-6Ch, and 13% (range, 8%-17%)
were latex* (Figure 3D). Latex’ monocytes remained exclusively
Ly-6Chi for 4 days. At day 5, the percentage of latex” monocytes
had decreased by more than half, and apparent conversion of
these monocytes to the Ly-6C'° subset began to occur (18) and
was completed by day 7 (Figure 3, E and F). Early in the Ly-6CM
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Figure 4

Tracing recruitment of monocyte subsets in atherosclerotic plaques.
(A) Representative photomicrograph of a lesional section from a
7-month-old apoE~- mouse where latex*Ly-6Ch monocyte-derived
cells were observed. Red: CD68* cells; blue: DAPI-stained nuclei;
green: latex beads (internal elastic lamina is also green due to auto-
fluorescence). Arrows indicate the presence of latex+ cells within
the lesion section. lu, lumen of aorta. Original magnification, x260.
(B) Quantification of the recruitment of apoE~- Ly-6Ch and Ly-6C'®
monocyte subsets into lesions 1, 3, or 5 days after subset labeling
in age-matched apoE~- mice (7 months) maintained on a chow diet.
Mean number of latex* cells per lesion section is shown on the left,
and normalized data that accounts for the differences in frequency of
latex* monocyte subsets over time are shown on the right. (C) The
effect of feeding a high-fat/high-cholesterol diet on the accumulation
of apoE~- monocyte subsets into plaques 5 days after latex labeling.
Mean number of latex* cells per lesion section is shown on the left,
and normalized data that accounts for the differences in frequency of
latex* monocyte subsets in response to diet are shown on the right.
For all data points, 5-8 mice were studied.

labeling protocol, monocyte counts are reduced in the blood fol-
lowing depletion (24), such that the normalized frequency of
latex” monocytes of each subset in the circulation indicates that
latex*Ly-6Cl° monocytes were 3-fold more frequent in blood than
Ly-6Ch monocytes on the first day after labeling (Figure 3G) fol-
lowing the respective labeling strategies. Data were normalized
by evaluating the fraction of total PBMCs that was latex* at each
time point, since total PBMC counts did not vary significantly in
response to any of the experimental manipulations. By day 3 and
thereafter, the normalized frequency of labeled monocytes was
similar in the 2 subsets (Figure 3G).

Both Ly-6C" and Ly-6C monocytes enter atherosclerotic plaques, but
they differ in entry efficiency. We thus examined the capacity of the
different monocyte subsets to enter and accumulate in atheroscle-
rotic plaques. In mice in which monocyte subsets were labeled, we
counted the number of latex*CD68* cells in lesion sections after
immunohistochemical staining of explanted aortic arches (Figure
4A) as a function of time (Figure 4B). Although lesion area differed
between sections, the mean lesion area was similar among the dif-
ferent animals evaluated, since the mice were age and sex matched.
Therefore, data were plotted as the number of latex” cells per lesion
section. Given that only about 10% of monocytes were labeled with
each technique (Figure 2), the actual number of newly entering
monocytes in a given plaque would be proportionally higher. Both
monocyte subsets entered the advanced atherosclerotic plaques
of these mice. The initial entry of Ly-6C" monocytes into lesions
was approximately 20-fold greater than the recruitment of Ly-6Cl°
monocytes, when normalized for the variances in frequency of
labeled cells in blood using the 2 labeling protocols (Figure 4B).
Ongoing accumulation of latex* monocytes was observed through
the 5-day experimental time course. This accumulation increased
linearly for Ly-6C'° monocytes but tapered in Ly-6C" monocytes
even after normalization.

The rates at which both Ly-6CM or Ly-6C® monocytes were
recruited and retained in plaques was increased by 3-fold (after
normalization) in mice fed a fat-rich diet (Figure 4C), consistent
with another recent study (26).

Distinct plaque phenotypes of recruited monocyte subpopulations.
CD11c* cells within plaques are poorly characterized, although
they are known to be found in large numbers in many areas of
Volume 117 189

Number 1 January 2007



research article

A

(¢}

CLy-6C™
W Ly-6C"

» 60

o

O 40

;

>

% 20

0 Day 1

Day3 Day5

Figure 5

Phenotype of invading monocytes within atherosclerotic lesions of
apoE~- mice. (A and B) CD11c* cells (red) in lesions (A, from Ly-6Cl
labeling; original magnification, x260; B, from Ly-6C" labeling; original
magnification, x130). In areas where plaques were more advanced,
CD11c* cells typically surrounded and coalesced with necrotic cores
that lacked intact nuclei (identified by DAPI staining in blue). Some
CD11c* cells were multinucleated. Cells bearing latex beads (green)
are indicated by arrows. (C) The fraction of each latex* monocyte sub-
set that colocalized with CD11c in lesion sections after monocyte label-
ing. For each time point and condition, 3 or more mice were individually
analyzed, and approximately 50 sections per animal were scored.

plaque (20, 21). Immunostaining for these cells revealed that in
some plaques areas, almost all CD68* cells costained with CD11c
(20). However, in other areas, only some CD68" cells were CD11c".
In these areas, CD11c* cells were often found in clusters (Figure S,
A and B). Some were very large cells that appeared multinucleated
and/or closely associated with developing necrotic cores (Figure
SB). When Ly-6CM monocytes were labeled with latex, 20%-30% of
latex* cells in atherosclerotic plaques coexpressed CD11c, whereas
approximately 60% of latex” cells in atherosclerotic plaques were
CD11c" when the latex labeling traced Ly-6C® monocytes (Figure
5C), suggesting that the latter subset is more predisposed than
classical CCR2* monocytes to become CD11c" cells in lesions.
Ly-6C" but not Ly-6C, monocytes employ CCR2 and CX3CRI to enter
atherosclerotic plaques. We next studied the chemokine receptors
used by monocyte subsets to enter and accumulate within ath-
erosclerotic plaques. We expected Ly-6C" monocytes to use CCR2
to enter lesions. It is thought that Ly-6Cl° monocytes, which lack
CCR2 (15, 16), utilize CX3CR1 for migration (16), but Ly-6CM
monocytes also express substantial levels of CX3CR1 (16). Because
both CCR2-deficient and CX3CR1-deficient mice have reduced
plaque development when crossed with apoE-deficient mice (2, 10,
11), we could not readily directly compare the rate of monocyte
influx in these strains. Instead, we designed an experimental plan
that permitted us to study the recruitment of WT, CCR2-deficient,
190
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and CX3CR1-deficient monocytes into atherosclerotic plaques
that were derived uniformly from apoE-deficient CCR2*CX3CR1*
mice. Specifically, we surgically transferred donor atherosclerotic
aortic arches (36) from apoE~- mice (CCR2*CX3CR1") into recipi-
ent mice that were CCR2*/*CX3CR1*/* (WT), CCR27/-CX3CR1*/*,
or CCR2*/*CX3CR1"/- and whose monocytes had been labeled
with latex. Ly-6CM monocyte subset labeling efficiency did not
differ in WT and KO mice (data not shown). Labeling of Ly-6Cl°
monocytes was similar in CX3CR17/- Ly-6C! and WT mice, but
Ly-6C!°> monocytes showed reduced labeling in CX3CR1-/~ mice
when carboxylate-modified beads were used, although this differ-
ence was not significant when plain polystyrene beads were used
(as in the lesion analysis). However, CCR2"/~ mice had fewer circu-
lating Ly-6Ch monocytes, as reported previously (19, 37).

As expected, latex* CCR27/~ Ly-6Ch monocytes were markedly
less efficient than WT latex*Ly-6Ch monocytes at entering and
accumulating within the grafted plaques (Figure 6A). The mean
reduction in latex” CCR27/- Ly-6Ch monocytes in plaques was
72%, compared with WT controls (Figure 6A, left panel). How-
ever, when we accounted through normalization for the fact that
Ly-6Ch monocytes exit the bone marrow less efficiently than WT
monocyetes, resulting in reduced numbers of circulating latex*
monocytes, there was only a 44% decrease in monocyte entry into
plaques (Figure 6A, right panel), suggesting that CCR2 has 2 roles
in mediating monocyte accumulation in atherosclerotic plaques:
one effect is at the level of monocyte exit from the bone marrow;
the other is emigration from blood into plaques.

Latex* CCR27/- Ly-6C'® monocytes entered plaques as well as
WT monocytes (Figure 6B), which was expected, since this subset
does not express CCR2 (16). Unexpectedly, however, latex*Ly-6Cl
monocyetes also did not require CX3CR1 to emigrate into plaques
(Figure 6B), but latex"Ly-6C" monocyte entry into plaques was
reduced by 54% in the absence of CX3CR1 (P < 0.02) (Figure 6A).
Thus, Ly-6C" blood monocytes utilize both CCR2 and CX3CR1
to enter atherosclerotic lesions. The CX3CRI1 ligand CX3CL1
was detected on the endothelium overlying plaques (Figure 6C),
consistent with the possibility that monocyte CX3CR1 may bind
CX3CL1 on endothelium.

Role of CCRS in monocyte migration to plaques. To identify chemo-
kine receptors that Ly-6C!® monocytes use to enter plaques, we
examined data from an ongoing preliminary gene array analysis
that compared gene expression among monocyte subsets. CCRS
was selectively upregulated in apoE7/~ Ly-6C'° monocytes (data
not shown), consistent with reports that the human CD16* coun-
terparts to these mouse monocytes preferentially express elevat-
ed levels of CCRS (38). To verify selective CCRS upregulation in
apoE-deficient Ly-6Cl° monocytes, we conducted real-time PCR
for CCRS and other chemokine receptors from sorted monocyte
subpopulations. Indeed, CCR5S mRNA was selectively induced in
Ly-6C'* monocytes from apoE~/~ mice (Table 1). Cell-surface expres-
sion of CCRS was very weak relative to control staining in Ly-6Chi
monocytes, but expression was higher in Ly-6C' monocytes (Fig-
ure 7A). To determine whether CCRS participated importantly
in mediating entry or accumulation of monocyte subsets into
plaques, we treated cohorts of apoE”~ mice with anti-CCRS neu-
tralizing mAb (39) or isotype control. Anti-CCRS did not deplete
circulating monocytes and did not significantly alter the frequen-
cy of Ly-6Chi or Ly-6C'® blood monocytes containing or lacking
latex beads (data not shown). Nonetheless, there was a statistically
significant inhibition of approximately 50% in Ly-6C'® monocyte
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Chemokine receptor utilization for entry of monocytes into atherosclerotic lesions. Atherosclerotic
aortic arches from apoE~- mice were surgically transplanted into WT, CCR2--, or CX3CR1-~ mice
1 day after Ly-6Ch or Ly-6C'° blood monocytes had been labeled, respectively. Recruitment of latex+
monocytes into the aortic graft was analyzed 3 days later. (A) Ly-6C"i and (B) Ly-6C'> monocyte
trafficking. Plots show the number of latex* cells in atherosclerotic lesion sections (left; mean + SEM
shown for each animal studied) or the normalized mean values that take into account frequency of
circulating latex* monocytes (right; values from all animals are averaged) after Ly-6C" or Ly-6C'®
monocyte labeling in mice that received transplants of apoE~~ aortic arches containing atheroscle-
rotic lesions. (C) Immunostaining of lesion section to identify CD31+ endothelial cells (green) and

CX3CLA1 (red). Original magnification, x130.

entry into plaques (Figure 7B). Thus, although Ly-6C'° monocytes
do not use CCR2 or CX3CRI to enter atherosclerotic plaques, they
are partially dependent upon CCRS to do so. However, the anti-
body also partially blocked Ly-6Ch monocyte entry into or early
accumulation within plaques (Figure 7C), even though it is less
obvious that Ly-6CP monocytes expressed CCRS. Thus, the effect
of the anti-CCRS neutralizing mAb was not limited to regulation
of the trafficking of Ly-6C'° monocytes.

Discussion

Here we applied techniques for differentially labeling mouse
monocyte subsets with latex beads administered i.v. in order to
uncover details regarding monocyte recruitment to atherosclerotic
plaques. The experiments we describe herein suggest that carriage
of latex beads as a tracer has minimal effects on monocyte traf-

Table 1
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ficking and activation, but it is impor-
tant to point out that the effects on
monocytes, or other systemic effects, of
our methods are not fully known, as to
date we have only a partial understand-
ing of the mechanisms of labeling (24).
Our approach reveals that both major
subsets of monocytes enter athero-
sclerotic plaques, with a greater rate
of recruitment of the “inflammatory”
Ly-6ChCCR2* monocyte subset (also
called classical monocytes).

CCR2 and CX3CR1 are the major che-
mokine receptors used to classify mono-
cyte subsets (16, 17). Here we assessed
the role of these chemokine receptors in
mediating the recruitment of the differ-
ent subsets of monocytes into plaques.
It is perhaps not surprising that we
observed a strong dependency of classi-
cal monocytes on CCR2 for entry into
plaques. However, it was unexpected
that this same subset of monocytes
would depend also on CX3CR1 to emi-
grate into lesions. By contrast, the pre-
diction that Ly-6C*CCR2- monocytes
(termed nonclassical) would instead
employ CX3CRI1 to enter plaques,
based on previous literature suggest-
ing that nonclassical monocytes use
CX3CRI1 for trafficking (16), was not
correct. These nonclassical monocytes entered plaques in a CCR2-
and CX3CR1-independent manner and instead used CCRS for traf-
ficking into plaques. The role of CCRS was not specific to Ly-6Cl
monocytes, as neutralizing this chemokine also partially blocked
Ly-6Ch monocytes, further emphasizing the point that multiple
chemokine receptors operate in concert to control the migration
of a single population of cells. Future studies will be needed to
determine whether anti-CCRS acts directly on monocytes or affects
monocytes indirectly through modulation of other CCRS* cells.

Mice lacking CX3CR1 and CX3CL1 were described previously
and had no notably distinct phenotype compared with WT coun-
terparts (40). In acute inflammatory assays, such as inflammation
induced by thioglycollate injection into the peritoneum, CX3CR1
was not required (27), in contrast to CCR2 (41-43). Moreover,
CX3CRI1 was not required for responses to contact sensitizers,

Results of real-time PCR comparing chemokine receptor mRNA among monocyte subsets

WT Ly-6C'e WT Ly-6Chi ChowA Ly-6C'e Chow Ly-6C" Diet® Ly-6Clo Diet Ly-6CMi
Cert 8.9 28.5 5.5 23.7 5.3 735
Cer2 144.1 706.0 144.4 1,337.1 1225 1,396.2
Cx3ert 1,342.1 740.7 1,694.2 7724 1,633.0 786.3
Cers 12.4 10.4 35.7 116 32.8 12.9

The relative expression of each CCR was calculated against the relative abundance of cDNA encoding for ubiquitin. Using this method, we were able to
discern relative differences in copy number for a given cDNA, but comparisons between different cDNAs (i.e., relative expression of CCR2 to CCR5) were
not valid. AChow refers to 6-month-old apoE~~ mice maintained on a standard chow diet. EDiet refers to 6-month-old apoE-~- mice maintained on a high-fat

diet from 6 weeks of age.
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Figure 7

Role of CCR5 in monocyte migration into plaques. (A) Blood monocyte
subsets were stained for CCR5 expression in apoE~~ mice. Bold line,
staining with anti-CCR5 mAb; thin line, isotype control staining. (B)
apoE~- mice were treated i.v. with latex to label Ly-6C'e monocytes.
The mean number of latex* cells in lesion sections collected along the
entire aortic arch of apoE~- mice treated with control mAb or anti-CCR5
was determined by an observer blinded to the experimental protocol.
Each data point represents analysis of an individual mouse. Differ-
ences between control and anti-CCR5 were significant; P < 0.01. (C)
An analysis similar to that represented in B, except apoE~- mice were
treated so that Ly-6C" monocytes were latex* during the assay. Differ-
ences between control and anti-CCR5 were significant; P < 0.04.

peripheral nerve injury, or challenge with Toxoplasma gondii (27).
CCR2, by contrast, is needed for migration of monocytes in
these and other reactions to injury (2, 44, 45). Thus, CX3CR1
may be more selectively involved in recruitment of inflammatory
monocytes into atherosclerotic plaques, but by contrast CCR2 is
widely required by monocytes in nearly all models of inflamma-
tion. Therapeutics designed to block plaque growth by inhibiting
monocyte recruitment would be expected to have fewer side effects
if they targeted a molecular event more selective for plaque devel-
opment, instead of a pathway that was universally required for
monocyte recruitment to sites of injury. Thus, we propose that the
use of antagonists of CX3CR1 may be more favorable for reducing
the advance of atherosclerotic disease than antagonists of CCR2.

Indeed, our findings that classical monocytes unexpectedly uti-
lize CX3CRI1 to enter atherosclerotic plaques may explain in large
part the role of CX3CR1 in the disease. CX3CR1 and CX3CL1 are
known to be involved in atherosclerosis (10-12), but the steps at
which these molecules acted and the cell types that required these
molecules for plaque growth had not been identified. Although
some models predicted that CX3CR1 was involved in monocyte
recruitment (13), others favored a role for CX3CR1 in smooth
muscle cell biology (14, 46). We cannot eliminate the possibility
that CX3CR1 is needed by smooth muscle cells to promote cardio-
vascular disease, but we show for the first time to our knowledge a
direct role for this molecule in monocyte recruitment.

That deficiencies in either CCR2 or CX3CRI1 greatly reduce the
entry of classical monocytes into atherosclerotic plaques indicates
that these chemokine receptors have nonredundant roles and may
act at different stages during recruitment. Recently, it has been
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revealed that CCR2 mediates monocyte egress from the bone mar-
row (37), a step far upstream of direct monocyte entry into plaques.
However, since we were able to normalize for the decrease in circu-
lating monocytes by quantifying latex* monocytes in the blood,
our findings indicate that CCR2 is also important for migration
of monocytes at a step downstream of exit from the bone mar-
row. Another recent study showing that signals through CCR2
can increase monocyte binding to CX3CL1 fits very well with our
findings and offers potential mechanistic insight as to how these
chemokine receptors can work together in the same cell type (47).

It is important to note that the extent of the block that we
observed in monocyte recruitment to plaques when monocytes
lacked CX3CR1 was greater than the overall reduction in lesion
area in apoE~/~ x CX3CR17/~ mice or in apoE~~ x CX3CL1"/- mice.
Our assays were short term (<5 days), but disease develops and
progresses over weeks, months, and years. Thus, we anticipate
that if given more time, more monocytes would be able to over-
come deficiency in CX3CR1 and enter plaques. From a thera-
peutic standpoint, total abrogation of monocyte recruitment
may not be needed to achieve benefit, and the polymorphism in
CX3CR1 in the human population that leads to relative protec-
tion from cardiovascular disease (8) supports this idea. However,
human atherosclerotic plaques may have only low levels of or no
CX3CL1 expressed in the arterial endothelium, as its expression is
not readily detected on the arterial endothelium (46, 48). The fail-
ure to detect CX3CL1 in these studies may relate to the sensitivity
of the assay for detection, but we cannot exclude the possibility
that human lesions differ from those in mice and do not express
CX3CL1 in the arterial endothelial compartment in vivo.

Besides providing an analysis of the role of chemokine recep-
tors in monocyte recruitment to atherosclerotic plaques, our study
examines aspects of macrophage heterogeneity within plaques.
A phenotypic difference retained in plaques between recruited
Ly-6Ch and Ly-6C!° monocytes is that the latter express CD11c
in lesions more frequently. This differential expression may be a
marker for functional differences between the 2 populations with-
in plaques. CD11c is widely expressed in atherosclerotic plaques
of mice (20, 21) and colocalizes with CD68, a marker often used
to delineate macrophages. However, there are also many CD68*
cells in lesions that are CD11c", reflecting a more traditional mac-
rophage phenotype. CD11c is typically regarded as a DC marker
(31, 49), and in many tissues, it is restricted to DCs. The major
exception to the association of CD11c with DCs is its expression
by lung macrophages. We find that Ly-6C!* monocytes are particu-
larly predisposed to becoming CD11c" cells within lesions. Thus,
if these lesional cells are DCs, they are likely to arise not from a DC
precursor independent of monocytes but instead from (Ly-6C')
monocytes. Future studies will be focused on further characteriz-
ing this DC-like population in an effort to determine their role in
disease compared with that of traditional CD11c” macrophages.

Methods
Mice. Standard (Ly5.2; CD45.2) C57BL/6 mice, congenic (LyS.1; CD45.1)
CS57BL/6 mice, and LyS.2 apoE "/~ mice were purchased from Taconic or
Jackson Laboratory. Congenic Ly5.1 (CD45.1) apoE” mice were bred and
maintained in our colony. Some apoE~- mice were transitioned at 5 weeks
of age to a high-fat diet (21% milk fat, 0.15% cholesterol; Harlan Teklad).
CCR27/- mice (42) and CX3CR17/- mice (27) were also maintained in our
colony. All mice were fully backcrossed at least 10 generations on the
C57BL/6 background. They were housed in a pathogen-free environment
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at Mount Sinai School of Medicine and used in accordance with protocols
approved by the Institutional Animal Care and Utilization Committee.

Labeling of blood monocytes and normalization of data. 0.5-um Fluoresbrite
FITC-dyed (YG) plain microspheres or 0.5-um Fluoresbrite polychromatic
red microspheres (2.5% solids [wt/vol]; Polysciences Inc.) were diluted 1:25 in
PBS, and 250 ul of the solution was injected into the lateral tail vein of mice
in order to selectively label Ly-6C' monocytes (24). For selective labeling of
Ly-6C" monocytes (24), 250 ul of liposomes containing clodronate (33) were
iv. injected in order to transiently deplete monocytes, followed by 250 ul
fluorescent microspheres i.v. 16-18 hours later. Clodronate was a gift from
Roche and was incorporated into liposomes as described previously (33).

To normalize data wherein different monocyte subsets were labeled or dif-
ferent strains of mice were used, we calculated the frequency of total labeled
monocytes of each subset in the circulation. To do this for each animal at
each time point available, we multiplied the percentage of blood PBMCs that
were Ly-6CM or Ly-6Cl° monocytes (depending on the subset being traced)
by the percentage of latex* monocytes. This value represents the percentage
of latex” PBMCs and is a reliable normalization factor because total PBMC
counts did not vary significantly in response to any of the experimental
manipulations. We then took a mean value of the relevant time points avail-
able. For example, for day-S analyses, we took the mean of normalized fre-
quencies from days 1, 3, and 5 (see Figure 3F). For day-3 analyses, we took the
mean of the normalized frequency from day 1 and 3. We divided the number
of latex" monocytes enumerated in plaque sections by this value to derive a
normalized value quantifying recruitment into plaques.

Surgical transfer of the aortic arch. One day prior to surgical transfer of athero-
sclerotic aortic arches to recipient mice, monocyte subsets of the designated
recipients were labeled with latex beads as described above. Atherosclerotic
aortic arches from CD45.1" apoE~/~ mice, kept on a hypercholesterolemic/
high-fat diet for 12 weeks, were surgically transplanted into the abdominal
aorta of WT, CCR27/-, or CX3CR17/~ mice, as previously described (20, 36).
In this protocol, lesions rapidly regress, but previous studies have shown
that the rate of incoming (in contrast to exiting) monocytes is not altered in
the first 3-day window after surgery (20). Two to 4 surgeries were performed
on a given day, and the recipients on each day of surgery always included
matched representatives of WT and either CCR27/- or CX3CR17/~ genotypes,
allowing comparison between genotypes in side-by-side processing.

Effect of anti-CCRS mAb on monocyte recruitment to plaques. apoE~/~ mice
(7 months of age, maintained on a normal chow diet) were administered
latex beads i.v. (24) simultaneously with 50 ug i.p. of anti-CCR5 mAb
MC-68 (39) or 50 ug i.p. of rat IgG2b (catalog MAB0061; R&D Systems).
For mice wherein Ly-6C" monocytes were to be latex labeled, clodronate-
loaded liposomes were administered 1 day prior to latex and mADb injec-
tion. All mice were given a second administration of mAb i.p. 2 days after
the initial injection. Mice were sacrificed 5 days after the first administra-
tion of mADb. Aortic arches were prepared and analyzed in a blinded man-
ner as per the protocol described in “Immunostaining,” below.

Model of acute inflammation in the peritoneal cavity. Inflammation was
induced by i.p. injection of 1 ml 4% thioglycollate (Sigma-Aldrich). After
18 hours, cells in the peritoneal lavage were stained for F4/80 and CD115.
The actual frequency of latex” Ly-6Cl° or Ly-6C" monocytes entering the
inflamed peritoneum was compared with the expected frequency of entry if
migration was normal. This expected frequency was determined by study-
ing how efficiently each monocyte subset exited blood and entered the
inflamed peritoneum after adoptive transfer, as previously reported (16).
For example, the published data regarding the frequency of Ly-6C!> mono-
cyte entry in the thioglycollate-inflamed peritoneum were calculated as fol-
lows (16): (600 Ly-6C!° monocytes/2,200 total monocytes in peritoneum
after adoptive transfer) + (1,600 Ly-6C'° monocytes/650 Ly-6CP monocytes
in the circulation) = 0.11, or 11%. We thus multiplied 11% by the frequency
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of latex* blood Ly-6Cl° monocytes for each animal in our study that were
given thioglycollate to derive the predicted frequency of latex"Ly-6Cl°
monocytes entering the peritoneum, if carriage of beads did not impact
trafficking. The actual frequency of peritoneal latex* Ly-6C'® monocytes
was determined by examining the frequency of F4/80*CD115%latex" cells
in the peritoneal lavage of Ly-6Cl° latex-labeled mice using flow cytometry.
A similar calculation was performed for Ly-6Ch monocytes.

Flow cytometry. Blood was drawn and prepared for staining as described
previously (24). Staining for flow cytometric analysis was conducted using
fluorochrome-conjugate combinations of the following mAbs: CD115,
CD11c, CD45.1,and CD45.2 from eBioscience; F4/80 (AbD Serotec); Gr-1
(reacts with Ly-6C and Ly-6G, but only Ly-6C is expressed by monocytes),
CD11b, and CD62L from BD Biosciences — Pharmingen; or appropriate
IgG isotype controls (BD Biosciences — Pharmingen or R&D Systems).
Detection of CCRS expression involved staining with unconjugated MC-68
(39), followed by biotinylated anti-rat IgG2b (Jackson ImmunoResearch
Laboratories Inc.) and streptavidin APC (CALTAG Laboratories).

Immunostaining. The aortic arch or the transplanted aortic graft was
flushed with 25 ml of PBS, excised, and frozen in OCT (Sakura). Sections of
8 um were collected (every fourth section kept) along the entire aortic arch
and fixed with 3% paraformaldehyde. All of the collected sections (typically
about 50 per animal) were evaluated, including those lacking beads, and the
mean number of latex* cells per section + SEM along the entire arch was
determined. Immunofluorescence microscopy was performed using biotin-
conjugated CD11c (BD Biosciences — Pharmingen), biotinylated anti-mouse
CX3CL1 polyclonal antibody (R&D Systems), biotinylated normal goat
IgG (R&D Systems), or biotin-conjugated hamster IgG (BD Biosciences —
Pharmingen), followed by Streptavidin-Cy3 (Sigma-Aldrich). Identification
of CD68 or CD31 was made using mAbs against these proteins from Serotec
or rat IgG as the isotype control (R&D Systems) followed by anti-rat Cy3 or
Cy2 conjugates (Jackson ImmunoResearch Laboratories Inc.). The number
of latex" cells per section was manually counted at high magnification.

PCR. For real-time PCR analysis of chemokine receptors expressed by
sorted monocyte subsets, previously described methods were used (50).

ELISAs. ELISA kits to detect TNF-a, IL-6, and IFN-y were purchased from
R&D Systems and used according to manufacturer’s directions.

Statistics. All data are presented as mean + SEM or mean + SD. Two-tailed
Student’s ¢ test was used for comparisons between experimental groups.
Significant differences were defined at P < 0.05.
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