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� Abstract
In this article, we present a flow cytometry assay by which human blood monocyte sub-
populations—classical (CD1411CD162), intermediate (CD1411CD161), and non-
classical (CD141CD1611) monocytes—can be determined. Monocytic cells were
selected from CD451 leukocyte subsets by differential staining of the low-density lipo-
protein receptor-related protein 1 (LRP1), which allows reducing the spill-over of natu-
ral killer cells and granulocytes into the CD161 monocyte gate. Percentages of
monocyte subpopulations established by this procedure were significantly comparable
with those obtained by a well-standardized flow cytometry assay based on the HLA-DR
monocyte-gating strategy. We also demonstrated that LRP1 is differentially expressed at
cell surface of monocyte subpopulations, being significantly lower in nonclassical
monocytes than in classical and intermediate monocytes. Cell surface expression of
LRP1 accounts for only 20% of the total cellular content in each monocyte subpopula-
tion. Finally, we established the within-individual biological variation (bCV%) of cir-
culating monocyte subpopulations in healthy donors, obtaining values of 21%, 20%,
and 17% for nonclassical, intermediate, and classical monocytes, respectively. Similar
values of bCV% for LRP1 measured in each monocyte subpopulation were also
obtained, suggesting that its variability is mainly influenced by the intrinsic biological
variation of circulating monocytes. Thus, we conclude that LRP1 can be used as a third
pan-monocytic marker together with CD14 and CD16 to properly identify monocyte
subpopulations. The combined determination of monocyte subpopulations and LRP1
monocytic expression may be relevant for clinical studies of inflammatory processes,
with special interest in atherosclerosis and cardiovascular disease. VC 2014 International
Society for Advancement of Cytometry
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INTRODUCTION

MONOCYTES are cornerstones of the immune system linking innate and adaptive

immunity and are critical drivers in many inflammatory diseases (1). Three mono-

cytic subpopulations have been defined in humans, based on the differential expres-

sion of the lipopolysaccharide (LPS) receptor CD14 and the FccIII receptor CD16, as

classical [CD1411CD162], intermediate [CD1411CD161], and nonclassical

[CD141CD1611] monocytes (2). The measurement of monocyte subpopulations
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represents an attractive tool for the diagnosis of several

inflammatory diseases, such as cardiovascular diseases (3).

Although flow cytometric differentiation of monocyte sub-

populations is based on quantification of surface CD14 and

CD16 expression, the correct identification of monocytes is

performed through a third pan-monocytic marker. Staining

protocols which only analyze CD14 and CD16 expression

fail to correctly distinguish monocytes from other leukocyte

subsets. These protocols usually rely on cellular physical

characteristics for defining monocytes by measuring

forward-angle scattered light [FSC] and orthogonal side scat-

ter [SSC] (2). Following such approach, CD161 monocytes

cannot be properly separated from other CD16-expressing

leukocytes, namely, neutrophil granulocytes (NGs) and natu-

ral killer (NK) cells, leading to an inaccurate assessment of

monocyte subpopulations. As a consequence, different

approaches using either CD86 or HLA-DR as third pan-

monocytic marker have been recently developed (4–6).

When using the CD86 monocyte-gating strategy, monocytic

cells are gated in a SSC versus CD861 plot, identifying

monocytes as CD861 cells with monocytic scatter properties

(5, 6). The HLA-DR monocyte-gating strategy allows to

exclude CD161 NK cells from the HLA-DR versus CD14

plot, whereas CD161 NG are separated from monocytes

from the FSC versus SSC plot (4).

Low-density lipoprotein receptor-related protein 1

(LRP1), also known as CD91, is a cell surface glycoprotein

synthesized as a precursor protein of 600 kDa. It is proteolyti-

cally cleaved by furin into two subunits: a large subunit of 515

kDa (LRP1-a), containing the extracellular binding domain,

and a subunit of 85 kDa (LRP1-b) comprising the membrane

spanning and cytoplasmatic domains. These subunits are

associated through noncovalent interactions (7). LRP1 is an

endocytic receptor which binds and internalizes multiple

structurally and functionally diverse ligands, including acti-

vated a2-macroglobulin (a2M*), Pseudomonas exotoxin A, lip-

oprotein lipase, and apolipoprotein E-enriched lipoproteins

(8). Although LRP1 is considered to be an endocytic receptor,

it has been reported to promote intracellular signaling, which

mediates proliferation, migration, and differentiation of dif-

ferent types of cells, including macrophages, vascular smooth

muscle cells (VSMCs), and neurons (9–13). These cellular

events have been associated with different inflammatory and

pathological processes such as atherosclerosis and Alzheimer’s

disease (14–17). LRP1 is expressed in a variety of cell types,

including hepatocytes, fibroblasts, neurons, and smooth mus-

cle cells (18). Among peripheral blood leukocytes, there are

several studies reporting that LRP1 is mainly expressed in

monocytes (19–22). However, LRP1 expression in each mono-

cyte subpopulation has not been established. This could unveil

specific functions of the receptor in each monocyte subset

during inflammatory processes, in particular in the develop-

ment of atherosclerosis.

In this study, we have developed a flow cytometry assay

for the determination of monocyte heterogeneity and LRP1

monocytic expression in human whole peripheral blood.

Based on this LRP1 monocyte-gating strategy, we have estab-

lished the within-individual biological variation of the mono-

cyte heterogeneity and LRP1 expression in monocyte

subpopulations for healthy subjects. These analytical and bio-

logical features become the combined analysis of both param-

eters in an attractive diagnostic tool to be used in the

characterization of different inflammatory processes.

MATERIALS AND METHODS

Groups of Subjects

Groups of subjects were created for different studies; each

individual was enrolled in the Hospital Privado Centro M�edico

de C�ordoba (C�ordoba, Argentina), after each individual had

signed the corresponding informed consent. These studies

were approved by Hospital Privado’s Ethics Committee.

Group A: Analysis of method comparison. Twenty-three

subjects (14 females and nine males; aged between 26 and 59

years) were included. They were nondiabetic and had had no

fever or infections in the week prior to the blood draw.

Group B: Determination of monocyte heterogeneity and

LRP1 expression in monocyte subpopulations. Twenty-

three healthy subjects (12 females and 11 males; aged between

20 and 47 years) were included.

Group C: Establishment of within-individual biological var-

iation. Ten healthy subjects (five females and five males;

aged between 25 and 35 years) were included. During the

study period, they took no medication and did not change

their daily habits of life.

The criteria for healthy subjects were as follows: total

cholesterol, <200 mg/dl; HDL-cholesterol, �50 mg/dl

(females) and �40 mg/dl (males); fasting plasma glucose,

<100 mg/dl; plasma creatinine, �1.2 mg/dl; nonsmoking; and

without arterial hypertension.

Calculation of Within-Individual Biological Variation

Six specimens of venous blood were collected from each

subject of Group C, during 6 weeks at intervals of one per
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week. Specimens of each individual were analyzed in dupli-

cate. To minimize preanalytical variance as much as possible,

the same phlebotomist collected the specimens at approxi-

mately the same time of the day (between 08:00 and 09:30

a.m.). To calculate the within-individual biological variation,

we applied the procedure described by Fraser and Harris (23).

Briefly, the within-run analytical variance (aS(2)) of duplicate

patients was calculated as follows:

aS25
X
ðdÞ2=23n;

where
P

(d) is the sum of the differences of duplicates and n

is the total number. The within-individual biological variance

(bS(2)) was calculated as follows:

bS25tS22aS2;

where tS(2) is the total intraindividual variance. The Cochran

test was used to detect the presence of outliers. To evaluate

whether the individual mean value differed significantly

between subjects, we used Reed’s criterion. Then, the mean

values of analytical and biological variances were obtained

from teen subjects. Finally, the results of each variability were

expressed as relative coefficient of variation for analytical

imprecision (aCV%) and within-individual biological varia-

tion (bCV%), calculated from the same mean value for LRP1

expression in each monocyte subpopulation. In the same

experiment, aCV% and bCV% were calculated for monocyte

subpopulations. These variables were calculated from the

measurement of monocyte subpopulation counts (cells per

microliter), which were established by referring the percentage

of each monocyte subpopulation determined by flow cytome-

try with the automated white blood cell count.

The analytical performance of the flow cytometry assay

for monocytic heterogeneity based on the LRP1 monocyte-

gating strategy was compared with the well-established

method based on the HLA-DR monocyte-gating strategy (4).

Monoclonal Antibodies

To detect LRP1 in monocyte subpopulations by flow

cytometry, PE-conjugated anti-LRP1 monoclonal antibody

(clone MCA1955PE; isotype: mouse IgG1; AbD Serotec, UK)

was used. All antibodies are detailed in Supporting Informa-

tion Table S1. All isotype controls were purchased from their

respective manufacturers.

Blood Sampling and Staining Procedure

Fresh whole blood was drawn into EDTA-K3 collection

tubes (DVS, No. 1213752.5; Buenos Aires, Argentina), and

specimens were prepared for flow cytometry within 30 min.

About 50 ml of whole blood was added to a 5-ml polystyrene

round-bottomed tube (No. 352008; BD Biosciences), and 1 ml

of each antigen-specific fluorochrome-labeled antibody (dilu-

tion 1:50) was added. The sample was then incubated for 20

min at 4�C in the dark. Lysis of erythrocytes was performed

using a lysing buffer (No. 555899; BD Pharm Lyse) for 15

min. To ensure maximum viability, stained cells were analyzed

promptly.

Flow Cytometry Gating Strategy

First, CD45-positive leucocytes were visualized in a SSC

versus CD45 plot showing all fluorescence-3 (PC5-positive)

events. An acquisition threshold was set such that any

unwanted events like CD45-negative platelets, dead cells, and

debris were not recorded. The monocytes were then defined

by sequential gating on all CD45-positive leukocytes using the

SSC versus LRP1-staining plot, whereas monocyte subpopula-

tions were identified from CD14 versus CD16 plot following

the criteria previously defined (2). Using isotype controls,

voltage, and compensation, the instrument was set such that

the cells were adequately positioned in the dot plots. The

mean fluorescence intensity (MFI) for LRP1 in classical, inter-

mediate, and nonclassical monocytes was determined from

the cell distribution pattern obtained in the CD14 versus

CD16 plot. MIFlowCyt standard is available in Supporting

Information S1.

Confocal Microscopy

To visualize LRP1 cellular localization, each monocyte

subpopulation was isolated first from monocytes selected from

the SSC versus CD45 plot using the BD FACSAriaTMIIu cell

sorter then from the CD14 versus CD16 plot. Isolated cells

were incubated and processed for fluorescence microscopy

(details in Supporting Information S2). Fluorescent images

(0.25-mm z-axis optical sections) were obtained with an Olym-

pus FluoView FV300 Confocal Laser Scanning Biological

Microscope (Olympus, New York, NY) and processed using

FV10-ASW Viewer 3.1 software (Olympus). The quantification

of fluorescence intensity corresponding to LRP1 detection at

intracellular (permeabilized condition) and plasma membrane

(nonpermeabilized condition) levels was carried out using the

ImageJ software (Rasband, W.S., ImageJ, US National Insti-

tutes of Health, Bethesda, MD, http://imagej.nih.gov/ij/, 1997–

2012), where at least 50 cells per condition were analyzed.

Western Blot and Reverse Transcriptase-PCR Assays

To evaluate LRP1 expression in leukocyte subsets, lym-

phocytes, granulocytes, and monocytes were isolated from the

SSC versus CD45 plot using the BD FACSAriaTMIIu cell sorter,

and Western blot analysis was performed as described previ-

ously (24). To evaluate the specific mRNA for LRP1, each iso-

lated leukocyte subset was treated with TRIzolVR Reagent

(Invitrogen, Buenos Aires, Argentina). Specific primers for

LRP1 and GADPH were used. More details for both assays are

available in Supporting Information S2.

Statistics

For statistical analysis, the parametric paired single-sided

Student’s t-test was used. For method comparison, linear

regression analysis, Pearson’s correlation coefficient (r), and

Bland-Altman analysis were used. For statistical significance,

the threshold below the P value calculated was chosen at the

0.05 level. Other statistical tests were calculated using the Info-

stat software (version 2011; Grupo InfoStat, FCA, Universidad

Nacional de C�ordoba, Argentina).
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RESULTS

LRP1 Expression in Human Monocytes from

Leukocyte (CD451) Subsets

To evaluate whether LRP1 can be used as a third marker

for monocyte identification, we examined LRP1 expression in

each leukocyte subset as identified from a SSC versus CD45

plot (Fig. 1A). With this graphical representation, three leuko-

cyte subsets were identified: granulocytes (I), lymphocytes (II),

and monocytes (III). To evaluate LRP1 expression in each

region, a PE-conjugated antibody against LRP1-a was used and

analyzed by flow cytometry. Figure 1B shows that all events

gated in Region III were LRP1 positive, whereas all events gated

in Regions I and II did not show a significant staining for this

receptor when compared with fluorescence control signals. In

addition, all events of the three regions represented in the SSC

versus CD45 plot were isolated by cell sorting to evaluate LRP1

expression by RT-PCR and Western blot analysis. Figure 1C

shows that the specific RNA transcript for LRP1 was clearly

amplified in monocytes (III), whereas in granulocytes (I) and

lymphocytes (II), either a weak or no amplification was

detected. By Western blot analysis, LRP1 was only immunode-

tected in monocyte lysates with a mouse monoclonal antibody

anti-LRP1-a (515 kDa; Fig. 1D). Similar results were obtained

when Western blot assays were performed using a mouse

monoclonal antibody anti-LRP1-b (85 kDa; data not shown).

LRP1 Monocyte-Gating Strategy for the Measurement

of Monocyte Subpopulations

To evaluate whether LRP1 can be used as a marker for

monocyte-gating strategy, whole peripheral blood was treated

with the following fluorescence-conjugated antibodies: anti-

CD14-FITC, anti-LRP1-a-PE, anti-CD45-PC5, and anti-

CD16-APC-Cy7. Figure 2A shows a SSC versus LRP1 plot

from the leukocyte CD451 separation (Fig. 1A), where the

monocyte region (III) is LRP1-positive and clearly separated

of granulocyte (I) and lymphocyte (II) regions. Then, all

events gated in LRP1-positive monocytes (III) were repre-

sented in a CD16 versus CD14 plot (Fig. 2B). In this plot,

three monocyte subpopulations can be observed:

CD1411CD162, CD1411CD161, and CD141CD1611,

which are in accordance with classical, intermediate, and non-

classical monocytes (5, 25, 26). May-Gr€unwald-Giemsa stain-

ing of each subpopulation isolated by cell sorting (Supporting

Information Fig. S1) clearly shows that these cells are mono-

cytes (Fig. 2C). Figure 2D shows that MFI of LRP1 in non-

classical monocytes is approximately twofold lower than in

classical and intermediate monocytes (Fig. 2D).

To evaluate whether NK and NG are included in mono-

cyte subpopulations selected using the LRP1 gating strategy,

whole peripheral blood were stained with anti-CD15-FITC or

anti-CD56-FITC, together with anti-CD45-PC5 and anti-

LRP1-PE antibodies. Based on the SSC versus LRP1 plot (Fig.

2A), none of the events gated in Region III showed a positive

staining for CD15 or CD56 when compared with events gated

in Regions I and II, respectively (Fig. 2E). In addition, and as

expected for NG, CD151 cells were identified in all events

gated in Region I but not in Region II, which is in agreement

with the NG identification. CD561 cells were partially

detected in events gated in Region II but not in Region I,

which is in concordance with the NK detection in the region

of lymphocyte subset. Finally, all events gated in Regions I, II,

and III showed some level of positive staining for CD16

expressed in NG, NK, and in monocytes corresponding to

intermediate and nonclassical subpopulations.

Figure 1. Characterization of LRP1 expression in monocytes from whole peripheral blood. A: SSC versus CD45 plot for granulocytes (I),

lymphocytes (II), and monocytes (III) selection. Percentages of cells in Regions I, II, and III are indicated. B: Representative flow cytometry

analysis showing the expression of LRP1 in granulocytes (I), lymphocytes (II), and monocytes (III). The LRP1 expression level (open histo-

gram) is compared with isotype control (gray histogram). C: RT-PCR analysis for specific transcript of LRP1 in cell lysates of granulocytes

(I), lymphocytes (II), and monocytes (III) gated and isolated by cell sorting from SSC versus CD45 plot. GAPDH is shown as loading control.

D: Western blot analysis for LRP1 in cell lysates of granulocytes (I), lymphocytes (II), and monocytes (III) gated and isolated as indicated

before. Calreticulin is shown as protein loading control. In Panels A and B, whole blood was stained with fluorochrome-conjugated anti-

bodies to CD45 and LRP1, and samples were analyzed by flow cytometry after red cell lysis. All results shown are representative of at least

three independent experiments.
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Considering that the LRP1 monocyte-gating strategy

identifies monocyte subpopulations by flow cytometry, we

compared our LRP1-based versus the classical HLA-DR

monocyte-gating strategy, by determining the percentage of

monocytic subpopulations from whole peripheral blood of 22

donors (defined in Group A of subjects in the Materials and

Methods section). The HLA-DR strategy was performed by

the flow cytometry assay described by Heimbeck et al. (4), fol-

lowing the procedure detailed in Supporting Information Fig-

ure S2. No differences were observed between the mean of

Figure 2. LRP1 monocytic gating strategy for identification of monocyte subpopulations. A: SSC versus LRP1 plot, where LRP11 mono-

cytes (III) are selected with respect to LRP1-negative cells and scatter properties as granulocytes (I) and lymphocytes (II). Percentages of

cells in Regions I, II, and III are indicated. B: CD14 versus CD16 plot, where CD1411CD162 or classical, CD1411CD161 or intermediate, and

CD141CD1611 or nonclassical monocytes are identified. Percentages of cells gated in classical, intermediate, and nonclassical monocytes

are indicated. C: Representative May-Gr€unwald-Giemsa (MG-G) staining of classical (CD1411CD162), intermediate (CD1411CD161), and

nonclassical (CD141CD1611) monocytes gated and isolated by cell sorting from CD14 versus CD16 plot. Scale bars represent 10 mm. D:

Representative flow cytometry analysis showing the LRP1 expression in classical (CD1411CD162), intermediate (CD1411CD161), and non-

classical (CD141CD1611) monocytes, where MFI values are indicated. The LRP1 expression level (open histogram) is compared with iso-

type control (gray histogram). In Panels A, B, and D, whole blood was stained with fluorochrome-conjugated antibodies to CD45, CD14,

CD16, and LRP1, and samples were analyzed by flow cytometry after red cell lysis. E: Representative flow cytometry analysis showing the

expression of CD15, CD56, and CD16 in leukocytes separated by SSC versus LRP1 gating strategy of granulocytes (I), lymphocytes (II), and

monocytes (III). The expression level of each marker (open histogram) is compared with its respective isotype control (gray histogram).

Whole blood was stained with fluorochrome-conjugated antibodies to CD15, CD56, CD16, and LRP1, and samples were analyzed by flow

cytometry after red cell lysis. All results shown are representative of at least three independent experiments.
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percentages in classical, intermediate, and nonclassical mono-

cytes measured by both flow cytometry assays (P> 0.05),

which demonstrates that both approaches have the same abil-

ity for detecting a broad interval of percentages in each mono-

cyte subpopulation (Table 1). Moreover, the method

comparison analysis demonstrated that both flow cytometry

assays are comparable for the determination of monocyte sub-

populations, showing significant values of the Pearson’s corre-

lation coefficient (r � 0.9 and P< 0.0001; Fig. 3). Finally,

Bland-Altman analysis shows that the majority of the differen-

ces (22 of 23) are symmetrically distributed around the mean

bias within 95% of confidence interval (61.96 SD) in each

monocyte subpopulation (Supporting Information Fig. S3),

which indicates that both flow cytometry assays may be con-

sidered identical methods for the determination of monocyte

subpopulations in peripheral blood. However, the apparent

differences observed in intermediate and nonclassical mono-

cytes may be attributed to technical aspects, mainly related to

the analytical and instrumental setting of the HLA-DR strat-

egy used as reference method.

Differential Expression of LRP1 in Monocyte

Subpopulations

It is known that the subcellular distribution of LRP1 is

predominantly intracellular (�70%, against �30% at the

plasma membrane) in different types of cells (27). As shown

above, by using flow cytometry, we determined that LRP1 sur-

face expression levels are higher in classical and intermediate

than in nonclassical monocytes (Fig. 2D). However, the sub-

cellular distribution of LRP1 in monocytes is unknown.

Therefore, here we used fluorescence confocal microscopy to

evaluate the LRP1 expression at intracellular and plasma

membrane levels in each monocyte subpopulation isolated by

cell sorting. Then, LRP1 expression was examined with a

mouse monoclonal antibody against LRP1-b (clone 5A6)

under permeabilized and nonpermeabilized cell conditions in

classical, intermediate, and nonclassical monocytes. Figure 4

shows that under nonpermeabilized conditions, LRP1 surface

expression levels are higher in classical than in nonclassical

monocytes, which is in agreement with flow cytometry results

presented before. Under permeabilized conditions, intracellu-

lar LRP1 expression presented a characteristic of perinuclear

punctuate in both monocyte subpopulations, which is also

visualized in other types of cells (24). The image quantifica-

tion demonstrated that the intracellular LRP1 expression is

also greater in classical than nonclassical monocytes (Fig. 4).

In addition, the cellular distribution of LRP1 in intermediate

monocytes showed a similar pattern of expression to classical

monocytes (data not shown). Finally, from the analysis of flu-

orescence intensity between nonpermeabilized and permeabil-

ized conditions, we estimate that �80% of LRP1 is expressed

at the intracellular level in both classical and nonclassical

monocytes.

To verify that LRP1 is highly expressed in classical/inter-

mediate monocytes when compared with nonclassical mono-

cytes, we used the flow cytometry assay based on LRP1

monocyte-gating strategy and measured LRP1 in monocyte

subpopulations in whole peripheral blood of healthy donors

(defined in Group B of subjects in the Materials and Methods

section). Figure 5A shows that mean values of MFI for LRP1

were significantly lower in nonclassical than in classical and

intermediate monocytes, whereas there were no significant

differences between the latter subpopulations. Moreover, no

significant difference of MFI was observed between female

and male healthy donors (data not shown).

Individual Biological Variation of LRP1 Expression in

Monocyte Subpopulations

To evaluate whether LRP1 expression may be affected by

monocyte variations, we calculated the within-individual bio-

logical variation of both monocyte heterogeneity and LRP1

expression in monocyte subpopulations using an experimen-

tal design previously proposed by Fraser and Harris (23). This

procedure allows determining the total within-individual vari-

ability, which includes analytical imprecision (aCV%) and

within-individual biological variation (bCV%), from a con-

tinuous analysis of blood samples of normal subjects during

an established period of time. Thus, both absolute monocyte

subpopulations (cells per microliter of whole blood) and

LRP1 levels (MFI values) were measured in 10 donors, and

then subsequent variability was calculated. A summary of data

obtained from this study is shown in Supporting Information

Figure S4 and Tables S2 and S3. Figure 5B shows that the

mean percentage of bCV% for LRP1 in monocytes was signifi-

cantly comparable in nonclassical (18.9%), intermediate

(16.5%), and classical (16.0%) subpopulations (P> 0.05).

Analytical imprecision (aCV%) was also similar in the three

monocyte subpopulations analyzed, with aCV%< 5%. Values

Table 1. Percentages of monocyte subpopulations determined by flow cytometry assays with LRP1 strategy (LRP1) and HLA-DR strategy

(HLA-DR) in whole peripheral blood of 23 donorsa

MONOCYTES CLASSICAL INTERMEDIATE NONCLASSICAL

STRATEGY LRP1 HLA-DR LRP1 HLA-DR LRP1 HLA-DR

Mean (%) 84.9b 84.7b 5.9b 6.8b 9.2b 8.4b

SD (%) 4.3 4.5 2.3 2.0 3.1 3.3

Min (%) 76.4 77.3 2.4 3.5 4.4 3.6

Max (%) 93.1 92.8 11.1 11.4 14.0 15.6

SD, standard deviation; Min, minimal value; Max, maximal value.
aFourteen females and nine males.
bNonsignificant differences between means (P> 0.05).
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of bCV% for monocyte subpopulations calculated from

monocyte counting (nonclassical, 21.1%; intermediate,

19.6%; classical, 17.5%) were not different (P> 0.05) from

those calculated for LRP1 expression in monocyte subpopu-

lations. In addition, the analytical imprecision was <5% for

the determination of monocyte subpopulation counts,

which is comparable with the analytical variation (4.1%)

reported with the HLA-DR monocyte-gating strategy (4).

The within-individual biological variation calculated for

monocyte subpopulations was comparable with the varia-

tion previously reported for total monocyte (17.8% in

http://www.westgard.com/biodatabase1.htm). No significant

difference of bCV% for monocytic heterogeneity and LRP1

expression was observed between female and male donors

(data not shown).

DISCUSSION

Both monocyte heterogeneity and LRP1 expression have

been linked to the development of atherosclerosis and cardio-

vascular diseases (6, 14, 15, 20, 25, 28). LRP1 is highly

expressed in macrophages, VSMCs, and foam cells during

atherosclerotic development in human and animal models of

atherosclerosis (15). In addition, although it is known that

LRP1 is principally expressed in monocytes of peripheral blood

cells (19, 21, 22), its expression in relation to monocyte hetero-

geneity remains to be established. In the current study, we have

demonstrated that LRP1 is mainly expressed in monocytes,

which allows a clear separation of these cells by flow cytometry

from other leukocyte subsets using a SSC versus LRP1 plot. All

the monocytes gated from this plot were negative for CD15

and CD56, which are cell markers for NG and NK, respectively.

Both NG and NK express high levels of CD16 and can produce

an important bias in the determination of nonclassical and

intermediate monocytes if these cells are incorrectly included

in the monocyte-gating strategy (4, 25). We have also demon-

strated that all events gated in granulocyte and lymphocyte

regions of SSC versus LRP1 plot showed a high level of expres-

sion of CD16; however, these gated regions did not detect the

expression of LRP1, which indicates that monocytes were not

included in these leukocyte subsets. Thus, we conclude that,

from SSC versus LRP1 plot, monocytes can be clearly separated

and that this marker may be conveniently used as a third pan-

marker for monocyte selection by flow cytometry. Our findings

confirm the previous characterization of LRP1 as a monocyte

differentiation antigen (22), which is expressed in the total

monocytic subpopulations. In addition, CD300e (IREM-2) is

another antigen that is selectively expressed by monocytes and

myeloid dendritic cells, which is positive in at least 80% of

monocytes in normal peripheral blood (29). Although CD300e

is proposed to be a marker to classify myeloid leukemias (espe-

cially those with monocytic component), the combined detec-

tion with LRP1 may constitute a potential tool for the

diagnostic of this type of leukemias.

Two different flow cytometry assays for the determina-

tion of monocyte subpopulations have been proposed. These

approaches, using either CD86 (5, 6, 30) or HLA-DR (4) as a

third pan-monocytic marker, may yield identical results. We

determined that percentages of monocyte subpopulations

measured by our LRP1 monocytic strategy were significantly

comparable with those obtained with the HLA-DR procedure,

which may be considered as an alternative procedure for the

measurement of monocyte subpopulations by flow cytometry.

In addition, Heimbeck et al. (4) demonstrated that women

have lower absolute number of nonclassical monocytes than

men, which is attributed to an estrogenic effect. In our study,

Figure 3. Analysis of method comparison for monocyte hetero-

geneity by flow cytometry assays using LRP1 and HLA-DR mono-

cyte-gating strategy. Each panel represents the comparative

analysis for percentages of classical, intermediate, and nonclassi-

cal monocytes. Data of regression analysis, Pearson’s correlation

coefficient (r), and P significance are shown. Samples of whole

blood extracted from 23 subjects (14 females and nine males)

were divided into two specimens and stained with fluorochrome-

conjugated antibodies to CD45, CD14, CD16, and LRP1 or CD45,

CD14, CD16, and HLA-DR and then analyzed by flow cytometry

after red cell lysis.
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using both HLA-DR and LRP1 monocyte-gating strategies, we

also observed that there was a trend toward lower values in

females (n 5 14) with respect to males (n 5 9); however, in

our case, this was not significant (8.1% [63.0%] vs. 8.9%

[63.9%] for HLA-DR strategy; and 8.9% [63.0%] vs. 9.6%

[63.3%] for LRP1 strategy). Finally, one possible advantage

of our assay, when compared with the HLA-DR monocyte-

gating strategy, is that a low proportion of NK subset

expresses HLA-DR, which can be expanded in response to IL-

2 during certain immune responses (31). Therefore, under

these conditions, these HLA-DR1 NK cells could be com-

puted as CD161 monocytes. As we demonstrated that LRP1 is

not expressed in NK, HLA-DR1 NK would be completely

excluded from monocyte events selected through our LRP1

monocyte-gating strategy. Nevertheless, additional studies are

necessary to determine whether LRP1 can be expressed by NK

subsets under certain immune responses.

LRP1 plays a key role during different cellular events,

including adhesion and cell motility of nonmalignant and

malignant cells (12, 24, 32, 33). The molecular function of

LRP1 would be dependent on its expression at the cell surface

level, where LRP1 can interact with and regulate other mem-

brane proteins such as urokinase receptor, platelet-derived

growth factor receptor b, and Type I membrane metalloprotei-

nase (MT1-MMP; Refs. 24, 34, and 35). However, LRP1 is

expressed in low proportion at the plasma membrane, being

mostly detected at the intracellular level (24, 27). In our study,

we demonstrate that LRP1 is principally expressed at the

intracellular level in three monocyte subpopulations and that

�20% of total receptor is detected at the plasma membrane.

In addition, we show that cell surface LRP1 is differentially

detected by flow cytometry in monocyte subpopulations,

being higher in CD1411 monocytes (classical and intermedi-

ate) than in CD141 monocytes (nonclassical) of healthy

Figure 4. Representative confocal microscopy for the analysis of LRP1 cellular distribution in classical (CD1411CD162) and nonclassical

(CD141CD1611) monocytes. Left panel: Cells were treated under nonpermeabilized conditions. Right panel: Cells were treated under per-

meabilized conditions. In each condition, LRP1 was stained with an anti-LRP1 (b-subunit) monoclonal antibody and revealed with an Alexa

Fluor488-conjugated secondary antibody. DIC images of monocytes are shown. The graphs represent the quantitative analysis of fluores-

cence intensity. Bars are the mean value 6 1 SEM (standard error of the mean) of fluorescence intensity for at least 50 cells per condition.

Three independent experiments were performed in triplicate. *P< 0.05 indicates statistical significance of the fluorescence intensity in

nonclassical (CD141CD1611) with respect to classical (CD1411CD162) monocytes both in nonpermeabilized and in permeabilized condi-

tions. White scale bars represent 10 mm.
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subjects. Thus, LRP1 is highly expressed in the monocyte sub-

population that possesses a high inflammatory potential, as

they are the main producers of reactive oxygen species in

unstimulated conditions and selectively produce IL1b and

TNFa on LPS stimulation (5, 36). On the other hand, LRP1 is

expressed at low levels in nonclassical monocytes, which are

induced to secrete IL1b and TNFa by viruses and nucleic acids

via the TLR7-TLR8-MyD88-MEK pathway rather than by LPS

stimulation (36). Interestingly, it has been reported that LRP1

can mediate the induction of inflammatory cytokines in

Schwann cells (37), as well as MMP-9 production in macro-

phages (12), when these cells are stimulated by the LRP1

ligand, a2-macroglobulin. However, it is unknown whether

inflammatory factors can modify the LRP1 expression in

monocyte subpopulations. In this way, it has been reported

that LRP1 is upregulated in total monocytes of human immu-

nodeficiency virus 1-infected long-term nonprogressor

patients, suggesting that this receptor may maintain CD81

responses in these patients (19). Thus, further studies are

required to establish the functional roles and stability of LRP1

in each monocyte subpopulation during inflammatory

processes.

Early studies have shown that bone marrow precursors

give rise to monocytes in blood, which circulate for a few days

(2–3 days) before they migrate into the tissue where they

develop into different types of macrophages (38). At present,

scarce data are available on biological factors affecting levels

of monocyte subpopulations. Recently, it was reported that

intermediate monocytes undergo diurnal variation, which

were highest at 6 p.m. and lowest at 6 a.m. (39). In addition,

the cellular regulation of LRP1 expression is very complex and

can be mediated at the gene level by transcriptional regulation

as well as by intracellular traffic through protein sorting to the

plasma membrane (40–42). The lrp1 gene expression is upreg-

ulated by intracellular cholesterol ester accumulation and

hypoxia in cardiomyocytes and VSMCs in patients with ische-

mic cardiomyopathy (43). Thus, it can be hypothesized that

LRP1 levels in monocytes depend on regulatory factors of

LRP1 expression as well as on the biological variations of

monocytes. In this way, both LRP1 expression and monocyte

subpopulations in peripheral blood undergo natural fluctua-

tions around a homeostatic setting point of each subject,

which is known as within-individual biological variation (23).

Here, we established the within-individual biological variation

(bCV%) for both parameters and, on the basis of the variabili-

ty data, concluded that the bCV% of LRP1 in monocytes and

in each monocyte subpopulation were very comparable.

Finally, the total variation yield by the measurement of LRP1

and monocyte subpopulations [(aCV%2 1 bCV%2)
1=2] was

not higher than 20%. These results obtained from healthy

subjects will allow us to evaluate the clinical significance of

relative changes in the value of LRP1 expression and mono-

cyte counts in different inflammatory processes, such as ather-

osclerosis. A priori, we conclude that changes in LRP1

expression and monocyte subpopulation counts lower than

20% will not be clinically relevant because this value is influ-

enced by natural fluctuations in peripheral blood. However,

further clinical studies are necessary to verify this possibility

with special interest in atherosclerosis and cardiovascular

disease.

In conclusion, we propose that the flow cytometry assay

based on the LRP1 monocyte-gating strategy may be used to

determine, in a unique procedure, monocyte heterogeneity

and LRP1 expression in monocytes. These parameters have

clinical diagnostic interest in inflammatory diseases, particu-

larly in atherosclerosis. Interestingly, our assay may also be

used with other monocyte markers involved in the develop-

ment of atherosclerosis, such as CD36, CCR2, CCR5,

CX3CR1, and CD11a, and thus constitute an attractive

Figure 5. A: Levels of LRP1 expression in monocyte subpopula-

tions of healthy subjects. Bars represent the mean values of MFI

(6 1 standard deviation) for LRP1 expression in classical

(CD1411CD162), intermediate (CD1411CD161), and nonclassical

(CD141CD1611) monocytes by flow cytometry assay using the

LRP1 monocyte-gating strategy measured in 23 healthy subjects

(12 females and 11 males). *P< 0.05 indicates statistical signifi-

cance of nonclassical (CD141CD1611) monocytes with respect to

intermediate (CD1411CD161) and classical (CD1411CD162)

monocytes. Whole blood was stained with fluorochrome-

conjugated antibodies to CD45, CD14, CD16, and LRP1, and sam-

ples were analyzed by flow cytometry after red cell lysis. B: Ana-

lytical (aCV%) and within-individual biological (bCV%) variation

of LRP1 expression in monocyte subpopulations and in monocyte

counts of healthy subjects. Bars represent the mean value (%) (6

1 standard error of the mean) of aCV% (white bars) and bCV%

(gray bars) of LRP1 expression (left line) and monocyte heteroge-

neity (right line) in classical (Cl), intermediate (In), and nonclassi-

cal (Ncl) monocytes. The variability of LRP1 expression and

monocyte heterogeneity were established using the flow cytome-

try assay based on the LRP1 monocyte-gating strategy. Ten

healthy subjects (five females and five males) were studied dur-

ing 6 weeks with intervals of one by week.
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diagnostic tool for the clinical study of subjects with high risk

of cardiovascular disease.
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