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Dyslipidemia promotes development of the atherosclerotic plaques that characterise
cardiovascular disease. Plaque progression requires the influx of monocytes into the
vessel wall, but whether dyslipidemia is associated with an increased potential of
monocytes to extravasate is largely unknown. Here (using flow cytometry) we examined
recruitment marker expression on monocytes from generally healthy individuals who
differed in lipid profile. Comparisons were made between monocyte subsets, participants
and relative to participants’ lipid levels. Monocyte subsets differed significantly in their
expression of recruitment markers, with highest expression being on either the classical or
non-classical subsets. However, these inter-subset differences were largely
overshadowed by considerable inter-participant differences with some participants
having higher levels of recruitment markers on all three monocyte subsets.
Furthermore, when the expression of one recruitment marker was high, so too was that
of most of the other markers, with substantial correlations evident between the markers.
The inter-participant differences were explained by lipid levels. Most notably, there was a
significant inverse correlation for most markers with ApoA1 levels. Our results indicate that
dyslipidemia, in particular low levels of ApoA1, is associated with an increased potential of
all monocyte subsets to extravasate, and to do so using a wider repertoire of recruitment
markers than currently appreciated.
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INTRODUCTION

Monocyte recruitment into the blood vessel wall is an essential step for atherosclerotic plaque
development which characterizes cardiovascular disease (CVD). Monocyte transformation into
macrophages, particularly adoption of an inflammatory phenotype, promotes plaque progression
including acquisition of an unstable plaque morphology which can lead to clinical events (1, 2). In
murinemodels of atherosclerosis, monocyte accumulation is proportional to lesion size (3) and blocking
monocyte recruitment reduces plaque progression (4). Similarly, inhibiting monocyte recruitment is
org February 2021 | Volume 12 | Article 6163051
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considered an attractive target for reducing human plaque
development, inflammation and consequently, clinical events (5).

Monocyte recruitment is primarily mediated by two key steps:
adhesion and migration (6, 7). Importantly, monocyte firm
adhesion is mediated through a well-orchestrated arrangement of
various adhesion molecules such as selectins and integrins (6–9)
and their transmigration mediated by the chemokine receptors and
their associated ligands (10–12). Which specific molecules
monocytes use likely varies as they are a heterogenous population
with three major subsets identified: Classical (CD14++CD16-),
intermediate (CD14++CD16+), non-classical (CD14+, CD16++)
(13). The expression of recruitment markers on human monocyte
subsets differs (14, 15). In particular, classical monocytes express
higher levels of adhesion molecules such as CD62L and chemokine
receptors CCR2, CXCR2, whereas CD16+ (intermediate and non-
classical) monocytes express higher levels of CCR5 and CX3CR1
(12, 14, 16–18). As such, classical monocytes are considered to have
a greater potential to migrate into injured or inflamed tissue than
the intermediate and non-classical subsets (19). Indeed, they do so
in murine models of inflammation, including models of
atherosclerosis (20); accordingly, a lack of classical, but not non-
classical monocytes greatly reduce lesion size (21).

Within the circulation itself, monocyte numbers are increased
in cardiovascular disease, with an increased proportion of
intermediate monocytes associated with occurrence of major
cardiovascular events (22, 23) and increased mortality (22, 24).
Whether the distinct recruitment marker profile of monocyte
subsets is also altered is unclear, but needs to be assessed if
monocyte migration, particularly of a specific subset, is to be
considered as a therapeutic target for reducing plaque progression.

The increased monocyte count in CVD is related to lipid levels
(dyslipidemia), primarily, to low levels of HDL-C that promote
monocytosis (25). HDL, through its major protein component
apolipoprotein A1 (ApoA1), is also known to have anti-
inflammatory properties (26–28), and in line with this, we
previously found monocyte inflammatory status, such as
production of IL-1b, is related to HDL-C and ApoA1 levels—
even for generally healthy individuals (29). Whether dyslipidemia
is also accompanied by increased potential for migration into the
plaque is important to discern because with an estimated 2 in 3
adults having dyslipidemia (30), influx of inflammatory
monocytes into the vessel wall may be silently promoting
atherosclerotic plaque development in countless dyslipidemic
individuals who are considered otherwise generally healthy. In
this study, we assessed monocyte recruitment marker expression
in individuals who were generally healthy but differed in lipid
levels. The results were compared between monocyte subsets,
between participants, and relative to participants’ lipid levels.
MATERIALS AND METHODS

Study Population
This study was approved by the Western Sydney Local Health
District (WSLHD) Human Research Ethics Committee.
Informed signed consent was obtained from all participants.
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We recruited individuals (n = 30) who were in generally good
health but differed in lipid levels – with a wide range of lipid
levels achieved by including participants visiting the Westmead
Lipid clinic. Exclusion criteria included: a documented history of
CVD, diagnosed hypertension, diabetes mellitus (Type I or II), a
current acute or chronic inflammatory disease (C-reactive
protein (CRP) > 5.0 mg/L), being a current smoker, and/or
taking lipid-lowering or anti-inflammatory medication.

Biochemical and Lipid Measurements
Peripheral blood samples were collected from overnight-fasted
participants. Leukocyte counts, total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglyceride (TG), apolipoprotein A1
(ApoA1), apolipoprotein B (ApoB), glucose and CRP were
measured using standard laboratory methods at the Institute for
Clinical Pathology and Medical Research (ICPMR) at
Westmead Hospital.

Assessment of Expression of Surface
Adhesion Molecules and Chemokine
Receptors on Monocyte Subsets
Surface marker assessment was performed by whole blood flow
cytometry on K2EDTA-anti-coagulated blood. Whole blood
aliquots (50 µL) were stained with anti-CD14-V450 (BD
Pharmingen), anti-CD16-APC (Abcam) and anti-HLA-DR Per-
CP (Biolegend) to identify monocyte subsets. PE-conjugated
antibodies against surface adhesion molecules, selectins: CD44
and CD62L; integrins: CD11a, CD11b, CD11c, CD18, CD29,
CD49d, and chemokine receptors: CD182, CD183, CD184,
CD195, CD197, CCR2, CX3CR1 (all PE antibodies from BD
Pharmingen) were also added. The tubes were then incubated
for 30 min at 4°C in the dark. PE-conjugated matching isotype
controls were used to determine relative degree of surface marker
expression. The cells were fixed, and red blood cells lysed, by the
addition of 250 µL Optilyse C (Beckman Coulter).

Flow Cytometry
Flow cytometry was used to detect monocyte surface marker
expression. Data was collected on a BD FACS™ Canto II flow
cytometer (BD) using FACSdiva software (v6.0, BD). At least
5,000 events—based on cells falling in a strong CD14 positive
gate on SSC-A vs. CD14 density plot—were recorded.

CompBeads (BD), were used to generate a compensation
matrix which was applied before data analysis, which was
performed using FlowJo® software (v10.1r5, Tree Star, USA).
The gating strategy for identifying the monocytes subsets, while
excluding potential contaminating cell types including B cells, T
cells, neutrophils and NK cells, was as previous (29). The relative
level of expression was determined by the ratio of the geometric
mean fluorescence intensity (MFI) of the marker of interest over
the MFI of the isotype control as previously reported (31).

Statistical Analysis
SPSS software (v25, IBM Corporation) was used for statistical
analysis. Data for adhesion molecule and chemokine receptor
February 2021 | Volume 12 | Article 616305
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expression are shown as mean ± SD unless otherwise stated. The
data were log transformed to stabilise the variance prior to
analysis. Comparisons between monocyte subsets were
performed using ANOVA followed by post-hoc Tukey’s test.
The differences between the monocyte subsets were back
transformed to provide fold changes and associated 95%
confidence intervals (CIs). Comparisons between sexes were
conducted using the Student’s t-test for normally distributed
data. Associations between monocyte subsets and monocyte
subset adhesion and migration profile and participants’ lipid
levels were assessed using Spearman’s rank correlations. All tests
were two-tailed and a p value of <0.05 was considered
statistically significant.
RESULTS

Monocyte Subsets Differentially Express
Surface Adhesion Molecules and
Chemokine Receptors
Characteristics of the participants are summarized in Table 1.

The expression of CD11b, CD62L, CCR2, and CXCR2
(CD182) was significantly higher on classical monocytes when
compared to intermediate and non-classical monocytes, and
higher on the intermediate compared to non-classical (Figures
1A, B: all p<0.001). Of note, there was no appreciable expression
of CCR2 on the non-classical subset and low levels on the
intermediate subset for most participants. The expression of
Frontiers in Immunology | www.frontiersin.org 3
CD11a, CD11c, and CD49d was highest on non-classical
monocytes followed by the intermediate subset with significant
differences between all the subsets (Figure 1A: for CD11a: NC/C
and NC/I both p<0.001, I/C p<0.01; CD11c: NC/C and I/C: both
p<0.001 and NC/I: p<0.01; CD49d: all p<0.001). The expression
of CD18 was signficiantly higher on the intermediate and non-
classical subsets compared to the classicals, with minimal
difference between the intermediate and non-classicals (Figure
1A: I/C and NC/C: both p<0.01). The expression of CD29 was
highest on non-classicals followed by classicals and then the
intermediates (Figure 1A: NC/C and NC/I both p<0.001 and C/I
p<0.01). All monocyte subsets expressed CD44 with minimal,
but still significant, differences in expression between them
(Figure 1A: C/I and NC/I p<0.01 and NC/C p<0.05). As a
whole, no appreciable expression of CCR5 (CD195), CCR7
(CD197), CXCR3 (CD183), CXCR4 (CD184), or CX3CR1 was
detected (data not shown) except for CCR5 for which low or
minimal levels were detected on the intermediate and non-
classical monocyte subsets of 8 individuals. As we had
previously found that the expression of monocyte
inflammatory markers is not distinct between the subsets, but
rather a continuum from the classical, through the intermediate
to the non-classical subset (29), we assessed whether the
differences in expression of adhesion molecules or chemokine
receptors seen between the monocyte subsets were distinct or
occurred in a gradual manner. We viewed the expression of
adhesion molecules (integrins: CD11b and CD11c) as well as the
chemokine receptor, CCR2 within the subsets by heat map on
the CD14/CD16 dot plot (Figure 1C). The change in expression
of CD11b and CD11c between the subsets was independent of
their subset divisions as evident by both low and high expression
within the classical subset (Figure 1C). Interestingly, for CD11b
its expression was relative to that of CD14. CCR2 expression
followed the traditional classical to non-classical maturation
understanding, decreasing through the intermediate to non-
classical population (Figure 1C).
The Expression of Recruitment Markers
Varies Greatly Between Participants
There were considerable differences in the expression of
recruitment markers between individuals (Figure 2A) with
marker levels being higher—on all three subsets—for some
participants compared to others.

With the increased recruitment marker levels occurring for all
subsets, not just one, we looked to see if there was any
relationship in the degree of marker expression between the
subsets. This was indeed the case, the level of expression of
recruitment markers for one subset correlated significantly with
that of the next subset (Figure 2B: CD11a and CD44, all
monocyte subsets—p<0.001 and CCR2, classical vs.
intermediate—p<0.001). Note, CCR2 correlated only between
the classical and intermediate subsets due to lack of appreciable
expression on the non-classical subset.

With the expression of the most recruitment markers varying
between participants, the question arises whether an increased level
of onemarker is associated with increased levels of others. This was
TABLE 1 | Characteristics of study participants.

Characteristics of study participants n = 30

Age (years) 45 ± 12 (27–68)
Sex
Male 16 (53)
Female 14 (47)
Blood pressure
SBP (mmHg) 121 ± 17 (100–160)
DBP (mmHg) 77 ± 8.6 (64–95)
Lipid profile
TC (mmol/L) 5.3 ± 1.5 (3.6–9.8)
HDL-C (mmol/L) 1.4 ± 0.48 (0.59–2.7)
LDL-C (mmol/L) 3.2 ± 1.4 (1.5–7.9)
Cholesterol/HDL-C Ratio 4.3 ± 2.2 (2.0–11)
Apo A1 (g/L) 1.4 ± 0.45 (0.53–2.5)
Apo B (g/L) 0.92 ± 0.38 (0.29–2.0)
Triglycerides (mmol/L) 1.2 ± 0.73 (0.27–3.6)
Glucose (mmol/L) 4.9 ± 0.87 (3.0–7.1)
Risk Factors
Dyslipidemia
TC (>5.5 mmol/L) 11 (36)
LDL-C (>3.5 mmol/L) 9 (30)
TG (>2 mmol/L) 3 (10)
HTN (SBP/DBP, mm Hg) 1 (3)
Glucose (> 5.4 mmol/L) 5 (16)
SBP, systolic blood pressure; DPB, diastolic blood pressure; TC, total cholesterol; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG,
triglycerides; HTN, hypertension and Apo, Apolipoprotein. Data for age, blood pressure
and lipid profile are presented as mean ± SD and (range). Data for sex and risk factors are
number of patients and percentage n (%).
February 2021 | Volume 12 | Article 616305
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assessed (for each subset), and indeed, numerous significant
moderate and strong correlations were observed (Figure 2C).
Correlations were evident not just between the adhesion
molecules (e.g. CD11a and all other adhesion markers for each
Frontiers in Immunology | www.frontiersin.org
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subset) or between the chemokine receptors (CCR2 and CXCR2
for the classical and intermediate subsets), but also between
adhesion molecules and chemokine receptors (for example
CD11a and CXCR2 for the classical and intermediate subsets).
A

B

C

FIGURE 1 | Comparison of recruitment marker expression between monocyte subsets. Expression of (A) adhesion molecules, CD11a, CD11b, CD11c, CD18, CD29 (all
integrins), CD44 (selectin), CD49d (integrin) and CD62L (selectin) and (B) chemokine receptors, CCR2 and CXCR2 by monocyte subsets, measured by flow cytometry.
C: classical; I: intermediate; and NC: non-classical, n=30. Data presented as box and whisker plots, with outliers denoted by circles and representative histograms. Black
lined histograms: isotype control, red histograms: classical monocytes, orange histograms: intermediate monocytes and blue histograms: non-classical monocytes. The
data were log transformed to appropriate normality and in order to stabilise the variance prior to analysis. Statistical calculations of significance were performed using
repeated measures ANOVA for significant differences in the relative expression levels of the markers between any 2 monocyte subsets within subject, ‡‡p < 0.001;
‡p < 0.01; *p < 0.05. The differences between subsets were back transformed to provide fold changes (relative to the isotype control) and associated 95% confidence
intervals (CIs). (C) Differential expression of recruitment markers on monocyte subsets. Heat map showing the degree of expression from high (red) to low (blue) of
integrins, CD11b and CD11c and chemokine receptor, CCR2 on whole blood monocyte population based on CD16 and CD14 expression. The heat maps represent
classical, intermediate and non-classical monocytes, respectively. The heat maps were created using Flow Jo software.
February 2021 | Volume 12 | Article 616305
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Altered Lipid Levels May be One Factor
Promoting Monocyte Subset Recruitment
We then assessed whether the variation seen between the
participants was explained by their lipid profile.

There were many correlations between the recruitment
markers and ApoA1 levels—Table 2. Notably, for integrins,
CD11b, CD11c, and CD29 expression inversely correlated with
ApoA1 levels on all monocyte subsets (Figures 3A, B: CD11b:
classical and intermediate, p<0.001 and non-classical, p<0.01;
Frontiers in Immunology | www.frontiersin.org 5
CD11c: classical, p<0.01, intermediate, p=0.001 and non-
classical, p<0.05; and CD29: classical, p<0.01, intermediate and
non-classical, p=0.001). Interestingly, of the integrins, CD29
inversely correlated with glucose levels on all monocyte subsets
(Table 2, all p<0.05).

Correlations between chemokine receptors and lipid levels
were evident for e.g. CCR2 and CXCR2—Table 2. Notably, the
expression of CCR2 positively correlated with the LDL-C levels
on classical monocytes only (Table 2: p<0.05) and inversely
A

B

C

FIGURE 2 | (A) Variation in adhesion marker expression between the participants and monocyte subsets. Monocyte subset adhesion molecules, CD11b, CD49d
(integrins) and chemokine receptor, CXCR2 expression. Each line on the graph is representative of relative adhesion marker expression from one participant. Participants
with the highest marker expression were ranked based on monocyte subsets expressing the highest, CD11b, CD49d, and CXCR2. Red lines show participants with
highest CD11b, CD49d, and CXCR2 expression (n = 10), green lines show participants with intermediate CD11b, CD49d, and CXCR2 expression (n=10) and blue lines
show participants with lowest geometic mean fluoroscence intensity (MFI), CD11b, CD49d, and CXCR2 expression (n=10). C: Classical; I: intermediate and NC: non-
classical. (B) Relationship between adhesion molecule expression by the monocyte subsets. Expression of CD11a (all p < 0.001; n=30), CD44 (all p < 0.001; n=30) and
CCR2 (C- p < 0.001; n = 30). Data presented as scatter plots. The statistical significance of correlation was determined by Spearman’s rank correlation. All tests were
two tailed. r represents correlation coefficient and p represents the statistical significant value. (C) Heatmap with correlation matrix. Panel 1: Classical monocytes, 2:
Intermediate monocytes and 3: Non-classical monocytes. For all heatmaps, values are Spearman’s rank correlation coefficients. The color in the heatmap represents the
degree of correlation. Red (value of 1) represents a stronger correlation coefficient and more significant p value. Yellow (value of 0.362) represents a moderate correlation
coefficient and p value of 0.05 or less. White boxes represent non-significant correlations.
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TABLE 2 | Recruitment marker expression relative to lipid levels for each monocyte subset.

TG(mM) Apo A1(g/L) Apo B(g/L) Apo A1: ApoB ratio Glucose (mmol/L)

r p r p r p r p r p

.266 0.156 −0.353 0.056 −0.092 0.630 −0.101 0.595 0.011 0.955

.208 0.271 −0.361* 0.050 −0.044 0.819 −0.137 0.469 0.101 0.594

.219 0.245 −0.334 0.072 −0.080 0.672 −0.940 0.623 0.136 0.473

.104 0.583 −0.469** 0.009 −0.121 0.524 −0.208 0.269 −0.292 0.118

.144 0.449 −0.362* 0.050 −0.023 0.902 −0.189 0.318 −0.150 0.429

.248 0.186 −0.409* 0.025 0.010 0.956 −0.290 0.120 −0.140 0.461

.238 0.205 −0.444* 0.014 −0.232 0.217 −0.050 0.793 −0.211 0.264

.184 0.332 −0.414* 0.023 −0.157 0.408 −0.126 0.507 −0.233 0.216

.139 0.464 −0.345 0.062 −0.187 0.323 −0.050 0.795 −0.334 0.071

.002 0.993 −0.655** 0.000 −0.028 0.885 −0.415* 0.022 −0.321 0.084

.002 0.992 −0.618** 0.000 −0.093 0.623 −0.345 0.062 −0.307 0.098

.208 0.270 −0.476** 0.008 0.027 0.889 −0.294 0.115 −0.335 0.070

.206 0.275 −0.490** 0.006 0.033 0.864 −0.297 0.112 −0.217 0.249

.269 0.151 −0.578** 0.001 −0.006 0.977 −0.325 0.080 −0.290 0.120

.133 0.483 −0.399* 0.029 0.072 0.707 −0.275 0.141 −0.329 0.076
035 0.853 −0.355 0.054 −0.070 0.713 −0.204 0.281 −0.206 0.275
107 0.574 −0.234 0.213 0.065 0.733 −0.261 0.163 −0.298 0.109
035 0.855 −0.433* 0.017 −0.097 0.608 −0.246 0.190 −0.340 0.066
.100 0.599 −0.549** 0.002 −0.217 0.249 −0.168 0.376 −0.375* 0.041
.067 0.723 −0.592** 0.001 −0.171 0.365 −0.254 0.176 −0.401* 0.028
.151 0.426 −0.559** 0.001 −0.193 0.308 −0.164 0.387 −0.389* 0.034
.236 0.208 −0.267 0.153 −0.061 0.748 −0.115 0.547 −0.142 0.454
.204 0.278 −0.518** 0.003 −0.168 0.374 −0.156 0.412 −0.331 0.074
.250 0.183 −0.479** 0.007 −0.135 0.476 −0.143 0.451 −0.300 0.108
.023 0.904 −0.430* 0.018 −0.225 0.231 −0.055 0.773 −0.320 0.085
.038 0.842 −0.201 0.286 −0.150 0.428 0.061 0.748 −0.226 0.229
.085 0.654 0.040 0.834 −0.224 0.233 0.233 0.215 0.063 0.740
.107 0.580 −0.418* 0.024 −0.070 0.719 −0.138 0.476 −0.437* 0.018
.043 0.826 −0.429* 0.020 −0.097 0.616 −0.043 0.823 −0.163 0.399

5 (Spearman’s rank correlations). Shading indicates the significant values shown in bold. Dark blue indicates the values
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TC (mM) LDL-C(mM) HDL-C(mM) TC: HDL-C ratio

r p r p r p r p

C_CD44 n=30 0.045 0.811 0.080 0.674 −0.080 0.673 0.152 0.424 −0
I_CD44 0.110 0.564 0.137 0.472 −0.115 0.546 0.197 0.296 −0
NC_CD44 0.104 0.583 0.112 0.555 −0.090 0.636 0.190 0.314 −0
C_CD62L 0.028 0.883 0.190 0.314 −0.104 0.585 0.164 0.388 −0
I_CD62L 0.227 0.228 0.256 0.172 0.029 0.878 0.156 0.411 −0
NC_CD62L 0.234 0.214 0.248 0.186 −0.121 0.524 0.287 0.125 −0
C_CD11a 0.080 0.673 0.216 0.251 0.078 0.681 0.059 0.757 −0
I_CD11a 0.116 0.541 0.290 0.120 0.031 0.869 0.130 0.493 −0
NC_CD11a 0.107 0.574 0.307 0.099 0.138 0.468 0.065 0.732 −0
C_CD11b 0.224 0.235 0.339 0.067 −0.251 0.182 0.352 0.056 −0
I_CD11b 0.118 0.536 0.341 0.065 −0.200 0.290 0.276 0.140 −0
NC_CD11b 0.263 0.160 0.279 0.136 −0.047 0.804 0.251 0.180 −0
C_CD11c 0.199 0.293 0.285 0.127 −0.105 0.580 0.260 0.166 −0
I_CD11c 0.147 0.438 0.203 0.283 −0.186 0.324 0.291 0.119 −0
NC_CD11c 0.200 0.289 0.295 0.114 −0.049 0.795 0.237 0.207 −0
C_CD18 0.135 0.477 0.322 0.083 −0.032 0.868 0.139 0.463 0
I_CD18 0.186 0.326 0.410* 0.025 0.003 0.988 0.187 0.322 0
NC_CD18 0.196 0.298 0.455* 0.012 −0.012 0.950 0.198 0.293 0
C_CD29 0.010 0.958 0.267 0.154 −0.010 0.958 0.131 0.491 −0
I_CD29 0.108 0.571 0.348 0.060 −0.056 0.768 0.205 0.277 −0
NC_CD29 0.051 0.787 0.215 0.255 0.001 0.997 0.148 0.435 −0
C_CD49d 0.040 0.834 0.207 0.272 0.077 0.684 0.078 0.682 −0
I_CD49d 0.017 0.928 0.197 0.296 −0.008 0.966 0.122 0.522 −0
NC_CD49d 0.022 0.908 0.156 0.410 0.010 0.956 0.115 0.545 −0
C_CXCR2 −0.023 0.902 0.246 0.190 0.063 0.741 0.020 0.915 −0
I_CXCR2 0.002 0.991 0.190 0.314 0.219 0.245 −0.115 0.545 −0
NC_CXCR2 −0.159 0.401 −0.016 0.934 0.187 0.323 −0.276 0.140 −0
C_CCR2 0.158 0.412 0.371* 0.048 0.060 0.757 0.141 0.464 −0
I_CCR2 0.070 0.719 0.304 0.109 0.056 0.774 0.011 0.953 −0

C, classical; I, intermediate; NC, non-classical; r, correlation coefficient; p, level of significance (2-tailed), **p ≤ 0.01; *p ≤ 0.0
significant at p ≤ 0.01 and light blue, at p ≤ 0.05.
.
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correlated with the ApoA1 levels on classical and intermediate
subsets (Table 2: CCR2 - both p<0.05). CXCR2 expression
inversely correlated with the ApoA1 levels but only on classical
monocytes (Table 2: CXCR2—classical: p<0.05). The expression
of chemokine markers, CCR2 (on the classicals) also inversely
correlated with the glucose levels (Table 2—p<0.05). Note, while
there was a spread in participants’ ages—Table 1, there was no
association between age or sex and monocyte recruitment
marker profile (data not shown).
DISCUSSION

It is well recognized that classical and non-classical monocytes
have distinct migratory patterns, and this is attributed to their
Frontiers in Immunology | www.frontiersin.org 7
specific expression of adhesion molecules and chemokine
receptors. While significant differences in recruitment marker
expression by the monocyte subsets were seen here, they were
overshadowed by the considerable differences between
participants which suggests that monocyte subset extravasation
potential is specific for individuals. The relatively higher
expression of recruitment markers on all monocytes of those
with low ApoA1 would increase the cells capacity to extravasate
and, given the wide range of markers this occurred for, suggests
that the subsets could potentially do so using a wider repertoire
of recruitment markers than currently appreciated.

The differences in monocyte subset recruitment marker
expression is consistent with the understanding that monocyte
subsets employ both common and distinct mechanisms in their
recruitment to sites of injury (32), with classical monocytes
A

B

FIGURE 3 | Recruitment marker expression relative to lipid levels. (A) Classical, Intermediate and Non-classical correlations for chemokine receptor, CD11b, CD11c,
and CD29 with ApoA1, n=30 (B) Classical and Intermediate correlations for chemokine receptor, CCR2 with ApoA1, n=30. Data presented as scatter plots. The
statistical significance of correlation was determined by Spearman’s rank correlation. All tests were two-tailed. r represents correlation coefficient; p represents level
of significance and N.S. represents non-significant.
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expressing higher levels of CD11b, CD62L, and CCR2 and non-
classicals expressing higher levels of CD11a, CD11c, and CD49d.
Consistent with other studies (16, 33), the intermediate subset
expressed adhesion molecules such as CD11a, CD49d, and
CD62L, as well as chemokine receptors, such as CCR2, at a
level between that of the classical and non-classical subsets—
which reflects their position as an intermediatory cell between
the other two populations (34). The differences between subsets
were substantial for markers such as CD62L, CD49d, and CCR2,
and indeed, for this reason they are often used to define the
subsets (14, 18, 35). Though significant differences between the
subsets were seen for several other markers, such as CD44 and
CD18, the actual differences were quite minimal, and not likely
to be of biological significance. The subset differences reflect
incremental changes as the cells mature from one subset to the
next. Notably however, the subset expression of some makers did
not align with the typical classical to non-classical transition
pattern. A good example of this being CD11b, where its
expression (as seen on a flow cytometry heat-map) was relative
to that of CD14. This highlights the considerable heterogeneity
within each subset and is consistent with the more recent
understanding that there are actually a multitude of monocyte
phenotypes (36), or perhaps there is more than one
maturation pathway.

Interestingly, we could not detect clear expression of CX3CR1,
CCR5, CXCR2, or CXCR4 on the subsets. This seems to contrast
with some other studies (14, 16, 18, 37). Antibody-specific
differences (such as clone and concentration) are likely to
underlie the minimal expression of CX3CR1, which has shown
clear expression in other studies (14, 16, 18). Using isolated
PBMCs, both CXCR4 and CCR5 have been detected, with
CXCR4 expressed by more than 80% of monocytes and CCR5
expressed by approximately 10–40% of monocytes; however, the
relative level of expression was not reported in these studies (16).
As isolation can lead to an incidental activation of monocytes (38),
then the minimal manipulation with our experimental approach,
not just choice of antibody, may explain why marker expression
here did not mirror findings in isolated monocytes.

Overshadowing the differences between the subsets, was the large
variation in recruitment marker expression between participants.
Using 30 participants enabled us to see that although there was a
consistent trend in the change in marker expression from one subset
to the next, there were participants for whom all three of their
monocyte subsets expressed a marker at higher levels than all three
monocyte subsets of other participants. Thus though monocyte
subsets are recognized to have distinct migratory potential (12),
their extravasation potential is specific for individuals. Furthermore,
the finding that recruitment marker expression on the classicals
correlated with that of the intermediates, which then correlated with
that of the non-classicals indicates that the migratory potential of the
intermediates and non-classicals is determined by that of
the classicals. We suggest that the migratory potential of the
monocytes is likely to be pre-primed, beforehand, in the bone
marrow as several studies show that alterations in the bone
marrow are recapitulated as cells differentiate into the monocyte
subsets (39–43). Of note, this potential is likely to vary with the
Frontiers in Immunology | www.frontiersin.org 8
presence of co-morbidities or in different disease states. For example,
monocyte subset expression of CCR2 and CX3CR1 is altered in
infection (44).

The inter-participant differences occuring for most markers
raised the question as to whether there were correlations between
the expression of the recruitment markers themselves. The
considerable number, and strength, of the correlations seen
would provide a synergistic increase in migration potential and
the fact that the correlations were evident for all three monocyte
subsets indicates that the monocyte subsets likely migrate using a
wider repertoire of recruitment molecules than previously expected.

Consistent with our previous findings assessing the
inflammatory profile of monocyte subsets in generally healthy
individuals, we found that lipid levels explained the inter-
participant variations (29). Interestingly, although there was a
spread in participants’ ages, there was no association between age
or sex and monocyte recruitment profile. Most notably, low
levels of ApoA1 were associated with higher levels of both
adhesion molecules and chemokine receptors. Whether this is
causal, in that ApoA1 impacts recruitment marker expression, or
the reverse that marker expression alters ApoA1 levels, was not
investigated. However, an increased potential to extravasate
when ApoA is low is consistent with studies showing that
incubating monocytes with ApoA1 can reduce monocyte
diapedesis towards a range of chemokines under both acute
and chronic conditions in vitro (26, 45). Because chemokines and
chemokine receptors are critical in the development of
atherosclerosis, modulation of their expression by ApoA1
suggest that low ApoA1 levels may allow increased monocyte
recruitment. Though ApoA1 is a key protein associated with
HDL, no associations were evident between markers examined
and HDL-C. This may reflect the fact that ApoA1 mediates many
of the inflammatory effects of HDL, including reduction of
CD11b on monocytes (27). Some clinical studies indicate
ApoA1 may be a better prognostic marker than LDL-C or
HDL-C in prediction of severity of coronary artery disease (46,
47); its link with monocyte recruitment may factor into this.

The finding that the expression of CCR2 is associated with
participants’ LDL-C levels is consistent with previous findings of
patients with hypercholesterolemia, including familial
hypercholesterolemia (48–51).

As alterations in adhesion molecule and chemokine receptors
impacts monocyte migration (49), our findings here suggests that
changes in monocyte recruitment may be occurring, undetected,
in individuals who are considered generally healthy even though
they have dyslipidemia. This is important as a high proportion of
adults [two thirds in Australia (52)] have dyslipidemia, many of
whom would be untreated.

The expression of CD29 being associated with the
participants’ glucose levels suggests that adhesion potential of
all monocyte subsets may be affected by elevated glucose levels.
Indeed, various studies have shown that the levels of glucose
impact on the expression of adhesion molecules (53–55). While
increased monocyte migration into plaques has been seen in
diabetes, whether this is due to increased levels of recruitment
markers is unclear, as there is also increased myelopoiesis in
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diabetes (56). Similarly, in other comorbidities, such as
hypertension (HTN) increased monocyte adhesion occurs (57–
59) and thus the level of expression of the markers examined
here, may be increased further in established CVD and in
particular in those with co-morbidities.

Overall, the finding that most of the associations between the
monocyte adhesion molecule or chemokine receptor expression
were with participants’ ApoA1 levels suggest that therapies aimed
to lower LDL-C or TC alone might not aid in full reversal of this
acquired adhesive or migratory phenotype of monocytes, and thus
therapies elevating ApoA1 levels should also be considered.

In summary, our results are consistent with the
understanding that monocyte subsets differentially express
adhesion molecules and chemokine receptors which would
broadly dictate their recruitment potiential. However, these
inter-subset differences are overshaddowed by differences
between individuals, with all monocytes in some individuals
having a greater potential to migrate and to do so using a wider
repertoire of recruitment markers than currently appreciated.
The findings in this study, combined with our previous
observation that inflammatory markers, such as cytokines, are
also raised on all monocytes relative to lipid levels indicates that
all monocytes, not just one subset, can acquire an increased pro-
atherogenic phenotype in the circulation itself i.e. even before
they become macrophages. The impact of this on plaque
development is yet unclear. However, monocyte adoption of
pro-atherogenic phenotype would be expected to promote
plaque development as they would enter the vessel wall primed
to become pro-atherogenic macrophages. Together with other
contributing risk factors, monocyte priming may exacerbate
atherosclerosis development. That most associations were
found with ApoA1 suggests that to effectively reduce monocyte
migration into the plaques to slow/inhibit plaque progression,
the lowering of LDL-C alone may not be sufficient.
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