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Introduction

Monocyte/macrophages are crucial for immune and
inflammatory responses and are involved in the scaven-
ging of dying cells, pathogens, and molecules through
phagocytosis and endocytosis, and the use of pattern

o 1
recognition receptors.

Peripheral blood monocytes derive from bone marrow
precursors and migrate into tissues, where differenti-
ation into functionally distinct macrophages takes place.”
Monocytes were identified initially by their expression
of large amounts of CDI14. Further characterization
allowed monocytes to be divided into two subsets;
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Summary

Monocytes constitute 5-10% of total human peripheral blood leucocytes
and remain in circulation for several days before replenishing the tissue
macrophage populations. Monocytes display heterogeneity in size, granu-
larity and nuclear morphology, and in the expression of cell membrane
molecules, such as CD14, CD16, CD32, CD64, major histocompatibility
complex class II, CCR2, CCR5, among others. This has led to the sugges-
tion that individual monocyte/macrophage populations have specialized
functions within their microenvironments. This study provides evidence
for the occurrence of two peripheral blood monocyte subpopulations on
the basis of their differential expression of GMI1, a sphingolipid found
mostly in lipid rafts, a CD14* GM1'" population and a CD14* GM1"i"
population comprising about 97-5% and 2-5% of total CD14* cells,
respectively. GM1 expression correlates with functional differences in
terms of endocytic activity, susceptibility to mycobacterial infection, and
response to lipopolysaccharide (LPS) (modulation of Toll-like receptor-4
expression). CD14* GM1'" cells proved to be less endocytic and more
responsive to LPS, whereas CD14" GM1"8" cells are more endocytic and
less responsive to LPS. In addition, during monocyte to macrophage dif-
ferentiation in vitro, the percentage of CD14" GM1"M8" cells increases
from about 2-5% at day 1 to more than 50% at day 7 of culture. These
results suggest that GM1'™™ and GM1™#" monocytes in peripheral blood,
represent either different stages of maturation or different subsets with
specialized activities. The expression of CD16 on GM1"8"
possibility and, on the other hand that up-regulation of GM1 expression
and probably lipid rafts function is involved in the monocyte to macro-
phage differentiation process.

favours the first
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CD14"¢" CD16~ cells, also referred to as classic monocytes
because of the fact that this phenotype corresponds to
the original description of monocytes, and CD14" CD16"
cells.? It is now clear that monocytes are very heterogene-
ous and other subpopulations have been identified on the
basis of physical, functional and surface marker criteria.*
The CD14"8" CD16™ subpopulation represents approxi-
mately 90% of peripheral blood monocytes, whereas
the expression of CD14, CD16 and CD64 defines a
CD64" subpopulation comprising less than 10% of total
monocytes.3’5 CD14" CD16" monocytes express greater
amounts of major histocompatibility complex (MHC)
class II and CD32 (FcyRII), and resemble mature tissue
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macrophages.® A subpopulation known as FcyRI has also
been described.” Expression of chemokine receptors such
as CCR2 and CCR5 defines phenotypic differences among
monocytes.® A small percentage of human monocytes can
enter the cell-cycle in response to monocyte colony-stimu-
lating factor (M-CSF) and granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) in vitro® and these are
characterized by a relatively high expression of CD64 and
CD33 and a low expression of CD13.*

Interestingly, distinct subpopulations of human peri-
pheral blood monocytes give rise to dendritic cells with
different biological activities'® suggesting monocyte spe-
cialization.

Lipid rafts have been found in a great variety of mam-
malian cells, including macrophages'' and have been
shown to participate in the cell internalization process
of several pathogens.'”'’ Lipid rafts are cell-membrane
microdomains composed of cholesterol and sphingolipids,
such as GM1, that form a separate liquid-ordered phase
in the liquid-disordered matrix of the cell membrane lipid
bilayer.'"* Tt is estimated that 40-70% of total plasma
membrane is in the liquid-ordered phase'”™” and un-
biased proteomic analyses have shown that these micro-
domains are enriched in cell-signalling proteins.'® GM1 is
widely used as a marker of lipid rafts."*'® Thus, by using
the cholera toxin B, whose receptor is the lipid rafts con-
stituent GM1%° this work shows the occurrence of two
human peripheral blood monocytes: a minor subpopula-
tion of CD14" cells that express a relatively large amount
of GM1 on their cell membrane (CD14™ GM1%8"), and a
majority subpopulation of CD14"cells that express a relat-
ively small amount of GM1 (CD14" GMIIOW). These two
subpopulations showed different endocytic activity, sus-
ceptibility to Mycobacterium bovis infection and responses
to lipopolysaccharide (LPS). In addition, monocyte to
macrophage differentiation in vitro increased the percent-
age of the CD14" GM1™" cells. Because lipid rafts have
an important role as pathogen portals and as cell-signal-
ling platforms, these findings suggest a dependence on
GM1 for the biological activities of both monocyte sub-
populations and the mature macrophages.

Materials and methods

Isolation of peripheral blood monocytes and in vitro
differentiation

Human peripheral blood mononuclear cells were obtained
from buffy coats from healthy donors. Mononuclear cells
were isolated by centrifugation over a layer of Ficoll-
Hypaque (Pharmacia, Upsala, Sweden). Mononuclear cells
were washed three times with phosphate-buffered saline
(PBS) and suspended in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM; Sigma, St. Louis
MO). Cells were plated on Petri dishes (Costar) and, after
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2 hr of incubation at 37° in 5% CO, atmosphere, non-
adherent cells were removed and the adherent cells were
incubated overnight (1 day monocytes). For in vitro dif-
ferentiation from monocytes to macrophages, adherent
cells were further incubated for 1-7 days as previously
described.”’ Cell morphology and CD206 expression (as
an assessment of monocyte to macrophage differenti-
ation) was carried out by culturing cells over coverslips in
six-well culture plates and stain them at the indicated
time points with either Giemsa or Kwik-Diff solution
(Shandon, Pittsburgh, PA) and with biotin-conjugated
anti-CD206 monoclonal antibody (mAb; Becton-Dickin-
son, San Jose, CA), followed by streptavidin-fluoroscein
isothiocyanate (FITC; Sigma), respectively.

Cytofluorometric analyses

Monocyte/macrophages were scraped from the Petri
dishes, washed and adjusted to 1x 107 cells/ml in
ice-cold 0-1% Dbovine serum albumin (BSA)-PBS.
Then 100 ul of the cell suspension was added to
12 mm X 75 mm polystyrene tubes (Becton-Dickinson),
where cells were labelled simultaneously with anti CD14—
phycoerythrin (PE) mAb and cholera toxin B-FITC for
45 min at 4°, or a combination of anti-CD14-PE mADb,
anti-CD16-FITC mAb and cholera toxin B-biotin fol-
lowed by streptavidin—PerCp. Non-stained cells, CD14—
PE, CDI16-FITC, cholera toxin B-FITC, cholera toxin
B-biotin followed by streptavidin—PerCp and isotype-
matched immunoglobulin-PE and immunoglobulin—
FITC-labelled cells were used as controls for each
individual experiment. Labelled cells were analysed by
flow cytometry (FACScan; Becton-Dickinson) and Cell-
Quest Plus software (Becton-Dickinson).

Rhodamine B isothiocyanate (RITC)—dextran uptake

One-day monocytes grown in six-well plates were incuba-
ted with 1 mg/ml of RITC—dextran (73 000 MW; Sigma)
for 20 min at 4° or at 37°. Cells were washed three times
with ice-cold 0-1% BSA, 0-01% NaN; PBS and labelled
with cholera toxin B-FITC for 45 min at 4°. Endocytosis
was expressed as the mean fluorescence intensity (MFI) at
4° and 37° and as the change in mean fluorescence inten-
sity (AMFI) between cell samples incubated at 4° and 37°.

Mpycobacterium bovis bacille Calemtte—Guérin (BCG)
in vitro infection

Mpycobacterium bovis BCG grown in 7H9 medium (kindly
provided by Dr Oscar Rojas-Espinosa) was stirred for
1 hr in order to disrupt bacterial clumps. Bacterial clumps
were allowed to sediment for 5 min and the supernatant
containing unaggregated bacteria were labelled with PKH-
26 (Sigma) as previously described.”” Briefly, 1 x 10°
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bacteria were washed with PBS, pH 7-4, and the cell pellet
was dissolved in 300 pl of PKH-26 diluent. PKH-26 fluor-
ochrome was diluted in a separate eppendorf tube in
300 pl of PKH-26 diluent. The bacterial suspension was
added to the PKH-26-containing eppendorf tube and was
gently shaken and incubated for 15 min at room tempera-
ture, after which 600 pl of fetal calf serum (FCS; Gibco,
Grand Island, NY) was added and further incubated for
5 min at room temperature. The labelled bacteria were
washed twice with PBS, pH 7-4, suspended in DMEM
supplemented with 5% FCS and used for infection, for
which 1 day monocytes, seeded on six-well microplates
(Nunc, Naperville, IL) were exposed to PKH-26-labelled
mycobacteria. The infected cultures were incubated for
30 min at 37° in 5% CO, atmosphere, after which cells
were washed, scraped, and fixed with 4% paraformalde-
hyde, fixed cells were then labelled with cholera toxin
B-FITC for 45 min at 4° and then analysed by flow
cytometry. Expression of GM1 was assessed in FL-1 chan-
nel and PKH-26 expression (indicative of BCG infection)
in channel FL-2.

LPS-induced regulation of Toll-like receptor (TLR4)
expression

One day monocytes were scraped from the Petri dishes,
washed and suspended in DMEM; 2 x 10° cells were pla-
ted in six-well culture plates and allowed to adhere for
2 hr. Cells were then stimulated with LPS (100 ng/ml) for
2 hr, or for 24 hr, or left unstimulated, after which cells
were washed, suspended in ice-cold 0-1% BSA-PBS and
stained for CD14, GM1 and TLR-4 as follows: cholera
toxin B-biotin (Sigma) and mouse anti-TLR4 (Becton-
Dickinson) for 45 min at 4°. After washing, cells
were incubated in the presence of streptavidin—PerCp
(Beckton-Dickinson) and anti-mouse immunoglobulin
G (IgG)-FITC, and finally anti-CD14-PE mAb (Becton-
Dickinson) for 45 min at 4°. After washing, cells were
analysed in a FACScan (Becton-Dickinson) by using FL-1,
FL-2 and FL-3 channels. Appropriate non-stained, and
single-stained controls were used for flow cytometry
compensation.

Results

Freshly isolated human peripheral blood monocytes
exhibit two distinct populations based on GM1
expression

Human peripheral blood monocytes were isolated as indi-
cated in Materials and Methods, and stained with the B
subunit of cholera toxin coupled to FITC, which is
known to recognize the GM1 ganglioside® widely used as
a marker of lipid rafts,"* and with anti-CD14 mAb-PE in
order to electronically gate on the monocyte cell popula-
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tion only. In addition, in some experiments an anti-CD16
mAb-FITC was included in the staining procedure in
which case, GM1 was stained with cholera toxin-biotin,
followed by streptavidin—PerCp. Figure 1 shows a repre-
sentative experiment out of eight (for CD14/G1) and one
out of four (for CD14/G1/CD16) in which GM1 expres-
sion clearly defines two monocyte subpopulations. The
CD14* GM1'™" subpopulations comprises about 95-5%
of total CDI14% cells, whereas the major population,
CD14" GM1™¢" comprises about 2:5% of total CD14"
cells. Interestingly, most (average 95%) CD14" GM1Me"
cells are also CD16" whereas only a minor subpopulation
of GM1" monocytes (average 5%) are CD16".

CD14* GM1™#" monocytes have a higher endocytic
activity than CD14* GM1"°" monocytes

Following the observation that GM1 expression defines
two subpopulations of CD14" cells, we investigated whe-
ther those cells also present differences in biological
activity. Accordingly, endocytic activity was assessed by
dextran uptake assays. Figure 2 shows a representative
experiment out of six, along with the MFI and standard
deviation values (upper right corner), in which
CD14" GM1"¢" monocytes present a higher endocytic
activity (MFI at 37° = 98-99, SD = 5-02; AMFI = 34.76
SD = 11:03) than CD14" GM1'" cells (MFI at 37° =
3727, SD = 2-45; AMFI = 22:13, SD = 3.-02).

CD14* GM1™#" monocytes are more susceptible
to infection with Mycobacterium bovis BCG than
CD14* GM1'°" monocytes

In addition to dextran uptake as a measure of endocytic
activity, the susceptibility of GM1'" and GM1™&" mono-
cyte subpopulation to infection with bacteria was also
evaluated. Mycobacterium bovis BCG was chosen because
it has previously been shown that mycobacterial infections
are dependent on lipid rafts'>** and also because BCG
is a mycobacterial strain used as a vaccine for a deadly
disease (tuberculosis). Figure 3 and Table 1 show that
CD14" GM1"¢" monocytes are more susceptible to infec-
tion with BCG than CD14" GM1'" monocytes, as indica-
ted for both the percentage of infected cells and the mean
fluorescence intensity, in monocytes exposed to PKH-26
labelled mycobacteria.

LPS stimulation induces differential expression
of TLR4 in CD14" GM1"" and CD14" GM1"&"
monocytes

Freshly isolated monocytes are readily activated by LPS
through a signalling complex that involves TLR4. In
order to identify possible signalling differences between
the CD14* GM1'°Y and CD14" GM1"%#" subpopulations,
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Figure 1. GM1 expression in freshly isolated CD14" cells. Human peripheral blood mononuclear cells were obtained from buffy coats. After
washing, cells were stained and FACS analysed for expression of both CD14 (anti human CD14-PE MAb) and GM1 (cholera toxin B subunit-
FITC) in the region corresponding to monocytes. (a) Representative experiment out of 12 showing isotype control, CD14 staining only, GM1
staining only, and staining for both markers. (b) From the double stained cells showed in (a), a dot plot depicting size and CD14 expression was
constructed, cells in the square are CD14". From this region (CD14" cells), another dot plot depicting size and GM1 expression was constructed.
Two cell populations are shown (GM1'*" and GM1"%). In trying to look for morphological differences between these two populations, FSC
(Size) and SSC (Granularity) were assessed on both GMI1Y and GM1"#" CD14" cells. (c) CD16 expression in the CD14" GM1'°Y and
CD14* GM1™&" monocyte subpopulations. Isotype control in black and CD16 expression in white. The average percentage of CD16" cells is 5%

and 95% for GM1'™" and GM1™¢" monocytes, respectively (n = 4).

we analysed the expression of TLR4 following LPS
stimulation.

Down-regulation, followed by up-regulation of TLR4
cell-surface expression was observed at 2 hr and at
24 hr poststimulation in both CD14* GM1™" and
CD14" GM1"#" cells. However, changes in the expression
of TLR4 following LPS stimulation were more evident
in CD14" GM1"™ cells than in CD14" GM1"&" cells.
Figure 4(a) shows a representative experiment of TLR4
expression (n = 6), and Fig. 4(b) shows the TLR4 expres-
sion referred to as the average percentage of change over
the basal TLR4 expression label. It can be observed that
in CD14" GM1'™ monocytes, the average TLR4 down-
regulation (at 2 hr) and the corresponding up-regulation
(at 24 hr) are more than twice the observed changes in
CD14" GM1"" cells.

© 2007 Blackwell Publishing Ltd, Immunology, 120, 536-543

Monocyte to macrophage differentiation in vitro
increases the percentage of CD14* GM1™" cells

In order to investigate whether differentiating macropha-
ges regulate GM1 expression in vitro, freshly isolated
monocytes were cultured in vifro and, at the indicated
time-points (1, 3, and 7 days), cell morphology was
observed as well as the expression of CD206, as an assess-
ment of monocyte to macrophage differentiation (Fig. 5).
On the other hand, cells carefully scraped from the Petri
dishes, were stained for CD14 and GMI, and FACS
analysed. Figure 5 shows that, as with freshly isolated
monocytes, differentiated monocytes present two sub-
populations with differential expression of GMI. Interest-
ingly, as differentiation proceeds, the percentage of the
CD14" GM1"#" subpopulation increases so that, by day 7
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Figure 2. Endocytic activity of CD14* GM1™¢" and CD14* GM1""
human monocytes. Endocytic activity was assessed by exposure of
monocytes to 1 mg/ml of RITC—dextran (73 000 MW) for 30 min at
4° or 37°. Dot plots indicate dextran uptake (FL-2) versus GM1
expression (FL-1) from the gate corresponding to monocytes. The
MFI and the standard deviation is shown in each case (n = 6).
CD14* GM1™® monocytes have a higher endocytic activity
(AMFI = 34-76, SD = 11-03) as compared to CD14" GM1"™Y cells
(AMFI = 22:13, SD = 3-02).
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Figure 3. Infection of CD14* GM1™¢" and CD14" GM1"" human
monocytes by Mycobacterium bovis BCG. Human monocytes were
cultured in the presence of PKH-26-labelled BCG for 30 min at 37°,
after which, cells were washed, scraped out from the culture dishes,
fixed with 4% paraformaldehyde-PBS and FACS analysed. Dot plots
are from a representative experiment out of four.
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Table 1. Infection of GM1°Y and GMIM®" monocytes with
Mpycobacterium bovis BCG

GM1'v GM1hieh
Experiment BCG" (%) MFI BCG" (%) MFI
1 1-54 255 13-83 267
2 2:35 217 15-28 308
3 4-08 258 19-72 315
4 204 250 13.97 337
Mean 2.5 245 157 306
SD 0-55 14 1-14 20-25

Day 1 monocytes were infected with PKH26-labelled M. bovis BCG
and stained for CD14 and GM1. Both percentage of infected cells
and MFI in each population are shown for four independent experi-
ments, along with mean and standard deviations.

of culture more than 50% of total CD14" cells are
CD14" GM1M¢", By comparison, at day 1 of culture, the
CD14* GM1M¢" subpopulation comprises only about
2:5% of total CD14" cells (see also Fig. 1).

Discussion

Monocytes, macrophages and dendritic cells belong to a
network of cells critical for both innate and adaptive
immunity. There is growing evidence that the monocyte/
macrophage lineage is phenotypically and functionally
heterogeneous, which suggests fine specialization.>*

Here, we provide evidence for the identification of two
subsets in freshly isolated human peripheral blood mono-
cytes on the basis of their differential expression of the
ganglioside GM1, a main component and marker of lipid
rafts.'* Lipid rafts are envisaged as islands of highly
ordered saturated lipids (such as GM1) and cholesterol
that are laterally mobile in the plane of a more fluid dis-
ordered bilayer of largely unsaturated lipids.'*" GM1
functions as the receptor for the B subunit of cholera
toxin®® and there is a clear lipid raft-dependence for the
internalization of cholera toxin, leading to toxicity.”
Lipid rafts have other important biological functions, such
as pathogen internalization'>** and cell signalling.”>
The functioning of lipid rafts depends on their constitu-
ents.”® In fact, cholesterol depletion from cell membranes
causes a loss of pathogen invasion,'>**** BCR signal-
ling,”?° TCR signalling,”® etc. Thus, the finding that a
minor monocyte subpopulation (2:5% of total CD14"
cells) express a relatively large amount of GM1, whereas
most freshly isolated human monocytes (97-5% of total
CD14" cells) express, by comparison, a small amount of
GM1, raises several questions, such as whether those two
subpopulations have specialized functions, whether that
function is dependent on the GM1 content, and whether
those two subpopulations represent different activation or
maturation stages of monocytes.

© 2007 Blackwell Publishing Ltd, Immunology, 120, 536-543
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Figure 5. Morphological and phenotypical changes in the course of
monocyte to macrophage in vitro differentiation. Human peripheral
blood mononuclear cells were obtained from buffy coats, adherent
cells were cultured at 37° on coverslips in six-well culture plates. At
the indicated time-points, cells were (a) stained with either Giemsa
(as for day 1) or Kwik-Diff solution (as for days 3 and 7) (for cell
morphology) and (b) for CD206 (for assessment of monocyte to
macrophage differentiation). Magnification 100x.

This work shows that freshly isolated CD14* GM1"€"
monocytes have a higher endocytic activity (dextran
uptake), as well as a higher susceptibility to infection with
Mycobacterium bovis BCG than CD14" GM1'Y mono-
cytes. Accordingly, the majority of peripheral blood
monocytes (about 97-5%) have a low endocytic activity,
which is in keeping with a previous finding in which the
endocytic activity of total monocytes, macrophages and
dendritic cells was compared.”® It is known that endo-

© 2007 Blackwell Publishing Ltd, Immunology, 120, 536-543

cytosis, and mycobacterial infections are dependent on
lipid rafts,'>'®*>»* thus the highly endocytic, and
more susceptible to Mycobacterium bovis BCG-infection
CD14* GM1"€" subpopulation could represent activated/
differentiating monocytes resembling macrophages. The
finding that most GM1™" monocytes do express CD16,
whereas most GM1'°" monocytes are CD16~ seems to fur-
ther support the notion that GM1™€" cells are monocytic
en route to a macrophage generation.® In addition, in the
RITC-Dextran uptake experiments, background fluores-
cence in the CD14" GM1™" cells at 4° was higher that in
the CD14" GM1'" cells. A higher autofluorescence is fre-
quently observed in macrophages as compared to other
cell types.

On the other hand, the CD14" GM1"" subpopulation
showed a greater response to LPS than CD14* GM1"i"
cells in regard to short-term down-regulation of TLR4, as
shown by Husebye et al. for total monocytes.”* TLR4 is
an important component of the LPS signalling cluster,
along with CD14, CD55, CD11/CD18, MD-1, CXCR4,
and hsp70/90,35 and has been shown to translocate into
lipid rafts upon LPS stimulation in a monocyte cell line.""
Thus, it is somewhat intriguing that a monocyte subpop-
ulation with a comparatively minor amount of the lipid
raft constituent GM1 is more sensitive to LPS-mediated
activation. LPS stimulation involves multiple receptors®
and the cell-surface expression of one of them, TLR4, is
tightly regulated, leading to either a protective immune
response or a pathological condition such as hepatic
apoptosis and organ failure.®” If LPS-TLR4 signalling is
dependent on lipid rafts, as has been reported''”> then
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Figure 6. GM1 expression in the course of monocyte to macrophage
in vitro differentiation. Human peripheral blood mononuclear cells
were obtained from buffy coats, adherent cells were cultured at 37°
in six-well culture plates. At the indicated time-points, cells were
scraped from the tissue-culture plates and FACS analysed for expres-
sion of both CD14 (anti CD14—PE mAb) and GM1 (cholera toxin B
subunit—-FITC). (a) Representative dot-plots experiments for days 1,
3 and 7 of culture. (b) Average percentage and standard deviations
of CD14" GM1"" and CD14" GM1"®" cells during in vitro differen-
tiation (n = 8).

the finding that GM1'" and GM1™#" monocytes have a
different response to LPS implies that lipid rafts are
necessary and that the relative amount of their lipid con-
stituents (GM1 in this case) in naturally occurring cells is
a determinant for cell signalling, which brings more com-
plexity to the LPS-TLR4 system.

In any event, the most abundant monocyte subpopula-
tion in human peripheral blood (CD14" GM1'") is more
reactive to LPS than the approximate 2-5% remaining
CD14" GM1™" cells. In this regard, it may be interesting
to determine whether the lateral diffusion®® of TLR4 in
response to LPS is dependent on the amount of GMI. It
may also be possible that GM1'" and GM1™" mono-
cytes have differential activity of TLR4-signalling regula-
tory molecules’®*® and peripheral blood mononuclear
cells seem to offer a suitable model to study this.

Finally, in the process of monocyte to macrophage
differentiation in vitro (Fig. 5), the percentage of
CD14" GM1™" cells increases from about 2-5% at day 1
to more than 50% by day 7 of culture (Fig. 6). To the
best of our knowledge, this is the first evidence of up-
regulation of GM1 expression during monocyte to macro-
phage differentiation. However, it has been shown that
resting T cells express very low levels of the raft marker
GM1, and that phytohaemagglutinin activation induces
both the synthesis and the mobilization of GM1 from
intracellular stores to the cell membrane, so that activated
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cells (3 days after PHA activation) express very high levels
of GM1.*' So, it is likely that, on the one hand, the
CD14* GM1"¢" peripheral blood monocytes that com-
prise only about 2:5% of total CD14" cells represent acti-
vated/differentiating cells in healthy individuals, and, on
the other, that macrophages require a greater amount of
GM1 on their cell membrane to achieve their specialized
functions. The percentage, functioning and biological role
of CD14* GM1'°¥ and CD14* GM1"#" subpopulations in
pathological conditions remain to be determined.
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