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Abstract: Atherosclerosis, the major cause of vascular disease, is an inflammatory process driven
by entry of blood monocytes into the arterial wall. LDL normally enters the wall, and stimulates
monocyte adhesion by forming oxidation products such as oxidised phospholipids (oxPLs) and
malondialdehyde. Adhesion molecules that bind monocytes to the wall permit traffic of these cells.
CD14 is a monocyte surface receptor, a cofactor with TLR4 forming a complex that binds oxidised
phospholipids and induces inflammatory changes in the cells, but data have been limited for mono-
cyte adhesion. Here, we show that under static conditions, CD14 and TLR4 are implicated in adhesion
of monocytes to solid phase oxidised LDL (oxLDL), and also that oxPL and malondialdehyde (MDA)
adducts are involved in adhesion to oxLDL. Similarly, monocytes bound to heat shock protein 60
(HSP60), but this could be through contaminating lipopolysaccharide. Immunohistochemistry on
atherosclerotic human arteries demonstrated increased endothelial MDA adducts and HSP60, but
endothelial oxPL was not detected. We propose that monocytes could bind to MDA in endothelial
cells, inducing atherosclerosis. Monocytes and platelets synergized in binding to oxLDL, forming
aggregates; if this occurs at the arterial surface, they could precipitate thrombosis. These interactions
could be targeted by cyclodextrins and oxidised phospholipid analogues for therapy.

Keywords: monocyte; adhesion; CD14; TLR4; raft; oxidation; LDL; phospholipid; atherosclero-
sis; thrombosis

1. Introduction

Atherosclerosis is a focal chronic inflammatory process of arteries that is a major cause
of morbidity and mortality throughout the world [1]. It primarily involves the intimal
layer of the arterial wall, into which monocytes and lymphocytes traffic from the blood.
This traffic is likely to be a critical and rate limiting factor in the disease [2], and is shown
by monocyte traffic and accumulation correlating strongly with the existence of the focal
lesions of the disease, with little seen away from them. It is thought that the initiating factor
is the accumulation of LDL in the arterial intima: LDL was recently found to be transported
across the luminal endothelial layer by a specific scavenger receptor B1 dependent mecha-
nism [3,4]. LDL is an unstable micelle, in which the surface phospholipid oxidizes readily
in vitro, giving rise to the initial product, minimally modified LDL (mmLDL), which can
be followed by further oxidation of the apolipoprotein B100 protein to give fully oxidised
LDL (oxLDL). Minimally modified LDL contains oxidised phospholipids [5] that can be
recognized by EO6 antibody [6], while in fully oxidised LDL the apolipoprotein B (apoB) is
modified by malondialdehyde (MDA) adduct formation, detectable by MDA2 antibody [7].
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The generally accepted mechanism for plaque development is that ox-LDL or re-
lated products found in the arterial intima [8–10] are initially responsible for the induc-
tion of adhesion molecules that are found on the luminal endothelium of atherosclerotic
plaques [11–13]. These can then bind monocytes and initiate traffic, leading to the first
stages of the lesions. Both endothelial cells and macrophages can themselves amplify
the process by oxidizing LDL [14,15]. Further, macrophages, derived from the monocyte
traffic, accumulate in the developing plaques, and are also activated by modified LDL
present in the arterial intima [16–18]. They secrete cytokines which activate the luminal
endothelium, to express adhesion molecules such as P-selectin and ICAM-1 [19] together
with chemokines such as CCL2 (MCP-1) that directly attract monocytes [20]. In this manner,
the macrophage accumulation in the plaque is likely to become a self-perpetuating process,
a mechanism important in focal plaque generation [2]. Nevertheless, multiple attempts at
the therapeutic use of agents against the range of adhesion molecules implicated to date
have been unsuccessful [21].

In this study, we show a novel additional action for oxLDL, that it can directly induce
monocyte adhesion via a CD14 and Toll-like receptor 4 (TLR4) dependent mechanism, and
propose that adhesion to oxLDL or its components may be a contributory factor to plaque
generation and thrombosis. CD14 is a glycophosphatidylinositol (GPI) linked cell surface
molecule, highly expressed on monocytes and macrophages, that acts as a co-receptor
with the TLR2 and TLR4 [22]. This receptor complex can exist in localised cholesterol rich
membrane microdomains, known as lipid rafts, particularly after binding its ligands, such
as bacterial lipopolysaccharide (LPS) [23]. The lipid rafts can be disrupted by cholesterol
depletion with methyl β cyclodextrin (MCD) [24] and nystatin [24]. Also the lipid solvent
dimethyl sulfoxide (DMSO) can modify their structure [25,26]. The TLRs in the complex
induce a cascade of inflammatory signalling on ligation [27]. Importantly, the CD14-TLR4
receptor complex interaction with oxLDL also induces cytokine release from macrophages
and endothelial cells through binding to endogenous oxidised phospholipids [18].

The first information suggesting a role for CD14 in monocyte adhesion was provided
by Beekhuizen et al. (1991) [28], who found that a CD14 antibody inhibited the adhesion of
monocytes to cultured endothelial cells. Subsequently Poston and Johnson-Tidey (1996) [29]
observed that a similar antibody would strongly inhibit the binding of monocytes to both
the endothelial layer and the intima of tissue sections of human atherosclerotic plaques,
indicating that CD14 had a significant role in the adhesion. As ox-LDL is known to be
present in atherosclerotic plaques [30], we decided to investigate whether solid phase
ox-LDL could mediate monocyte adhesion. This would be a novel mechanism of monocyte
adhesion to the arterial wall in atherosclerosis. The identification and understanding of
this mechanism of monocyte adhesion to the arterial wall could aid the development of
novel therapies for atherosclerosis.

Further, we investigated whether other ligands of CD14 and TLR4 might exist in
the endothelium of human atherosclerotic arteries. It is known that the atherosclerotic
endothelium suffers from oxidative stress [31], a process potentially able to generate
ligands, such as oxidised phospholipids from endogenous lipids. Another stress-related
potential ligand is heat shock protein 60 (HSP60), which has been reported to bind CD14
and TLR4 [32,33], but unlike other HSPs, can be present at the cell surface [34,35]. HSP60
has been shown to be present on stressed endothelial cells [34], and to be detectable on
the endothelial cells of human atherosclerotic plaques [36,37]. We therefore investigated
by immunohistochemistry (IHC) the presence of oxidised epitopes in these cells, and
determined whether monocytes would bind to solid phase human HSP60. As with ox-LDL,
if a role for HSP60 in the adhesion of monocytes to the arterial wall can be identified,
it could provide a target for therapeutic intervention. However, a technical problem in
investigation has been identified, as commercial sources produce recombinant HSP60 in
bacteria [38]. Despite efforts to minimize contamination, bacterial lipopolysaccharide (LPS)
can remain. At the time HSP60 was bought for this study, contamination could not be
excluded. Interestingly, LDL shares with HSP60 the ability to bind LPS [39], and likewise
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the presence of LPS in LDL isolated in the laboratory is difficult to exclude. However, LDL
also binds LPS in vivo, indeed it has a physiological role in transporting it to the liver after
leakage from the gut, a process that leads its degradation [40]. As a consequence, the effects
of bound LPS on either oxLDL or HSP60 results have to be considered in this study.

2. Materials and Methods
2.1. Human Tissues and Ethical Committee Statement

Aortas and coronary arteries were obtained from autopsies with the written permis-
sion of relatives. The autopsies were performed on hospital patients aged 60 years or
more that had died from the complications of atherosclerosis or unrelated causes. Ethical
permission for the research was obtained from London City and East Research Committee,
ref 08/H0704/140, 30 April 2009. The study conducted according to the guidelines of the
Declaration of Helsinki.

2.2. U937 Cell Culture

U937 cells are pro-monocytes of the human myeloid leukaemia cell lineage that mature
and differentiate into monocyte-like cells upon phorbol myristate acetate (PMA) stimulation.
U937 cells were obtained from the EACC, Porton Down, UK and initially grown from the
frozen aliquot in 10 mL of medium. Subsequently they were maintained in suspension
culture by dilution and regrowth weekly or biweekly. The culture media was comprised of
RPMI 1640, 10% fetal calf serum (FCS), penicillin, streptomycin and glutamine, and was
also used in the experiments.

Prior to experiments, U937 cells were stimulated with PMA 10 ng/mL, (Merck Life
Science, Gillingham, UK) for 48 h. Upon stimulation, PMA activates intracellular signalling
via protein kinase C and increases differentiation, with CD14 expression [41] and increased
solid phase adherence. On the day of the experiment, cells were viewed under an optical
microscope to confirm PMA-mediated activation, resulting in the cells becoming adherent
and forming a few small visible clumps. The cells were washed and resuspended for use in
the assays.

2.3. Monocyte Isolation

Monocytes, isolated from whole blood, were also used in adhesion assays, to assess
whether data obtained from U937 cells aligned with that of human blood monocytes.
Citrated whole blood, from the London Transfusion Service, was used to obtain monocytes,
allowing extended time between blood withdrawal and experiments. One millilitre of 6%
w/v Dextran 500 (Merck: D-1037) was added per 10 mL of blood, using 60 mL in total.
The tubes were left for one hour at a 45◦ angle, allowing for red blood cell sedimentation.
The leukocyte-rich plasma was prudently removed and placed over a NycoPrep 1.068
(Accurate Chemical, NY, USA) gradient: 3 mL of NycoPrep was used for every 10 mL of
plasma. The plasma was then centrifuged at 2000 rpm for 15 min. The supernatant plasma
layer was removed, and the monocytes isolated at the interface [42]. This method gave
monocytes of >90% purity by CD14 staining. Normally 1 × 106 monocytes were obtained
from every 10 mL of blood. Isolated monocytes were then washed twice in 1% BSA/PBS
and resuspended for the adhesion assays.

2.4. Isolation of Human LDL and Oxidation

Blood was taken from healthy volunteers. LDL (1.019 to 1.063 g/mL) was isolated from
the plasma by sequential density ultracentrifugation at 4 ◦C, as described previously [43].
The LDL was oxidised either by storage in the dark for 3–6 months, or treated with 1 µM
FeSO4 for 96 h at 4 ◦C. These methods give rise to minimally modified LDL, principally
containing oxidised phospholipids. It is referred to as oxidised LDL (oxLDL).
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2.5. Plate Sensitisation

A coating solution of 15 mM sodium carbonate with 0.05% sodium azide at pH 9.6
was employed for sensitising high binding 96 well plates (Merck, CLS9108). The coating
proteins, human fibronectin (FN) (Merck), low endotoxin HSP60 (Enzo, Exeter, UK), and
oxLDL, were added at 10 µg protein/mL, with 50 µL per well. The plates were then placed
briefly on a vortex mixer to ensure even coating of the base of all wells, and incubated at
4 ◦C overnight, and washed four times in PBS. In assays with blood monocytes, a short
blocking step in a 1% albumin-PBS solution was then additionally performed beforehand.

2.6. Fluorescent Static Solid Phase Adhesion Assay

Ninetysix-well plate fluorescent adhesion assays were performed with the sensitised
plates to investigate the role of oxLDL and HSP60 in the induction of U937 cell and human
monocyte adhesion, together with the identification of ligands involved by inhibition
with antibodies and other agents. The antibodies are listed in Table 1, together with
the non-immune immunoglobulin controls against which they are compared in the ex-
periments. All the antibodies were murine monoclonals against human determinants,
except a polyclonal rabbit anti human apolipoprotein B. In preparation for the assays,
5-(and 6)-carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE; ThermoFisher C-1157,
Waltham, MA, USA) was dissolved in DSMO to give a 10 mM stock solution. This was
stored in aliquots at−20 ◦C or−80 ◦C, in the dark. To perform an assay, carboxyfluorescein
stock (10 mM) was diluted to 100 µM in the cell suspension in medium with 5–10 × 106

cells/ml. This was covered in foil, and incubated for 30′. The cells were washed three
times in RPMI +10% FCS, and 50 µL added to the 96 well plates at a final concentration
of 3.2 × 105 cells/well. Also studied were the membrane active agents, nystatin, methyl
β cyclodextrin (MCD) and dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO,
USA). MCD and nystatin are cholesterol binding and depleting agents, and DMSO a lipid
solvent. The wells had inhibitors added diluted in the same medium where required to a
final total volume of 100 µL. Assays were done with at least triplicate replicates. The plates
were incubated at 37 ◦C for one hour in a CO2 incubator. The wells were then washed
three times. Aliquots of the original cell suspension were added to at least three unused
wells. The plates were then counted in a Fluoroskan 96 well plate reading fluorescent
spectrophotometer (ThermoFisher). The data are expressed as the percentage of input cells
bound ± SEs, using a mean value of the wells filled with cell suspension as reference.

Table 1. Antibodies.

Primary
Antibodies

Immunoglobulin
Class

Human Target
Antigen Supplier

EO6 IgM Oxidised
phospholipid Avanti

HTA125 IgG2a TLR4 BioRad

II-13 IgG2a HSP60 Abcam

LK-1 IgG1 HSP60 Merck/Sigma

MDA2 IgG2a Malondialdehyde Abcam

ML30 IgG1 HSP60 Reference [44]

MOPC104E IgM Negative control Merck/Sigma

MOPC21 IgG1 Negative control Merck/Sigma

polyclonal - Apolipoprotein B Dako/Invitrogen

UCHM1 IgG2a CD14 BioRad

UPC10 IgG2a Negative control Merck/Sigma

W6/32 IgG2a MHC/HLA Class 1 Abcam
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2.7. Surface Expression of Oxidised Phospholipid, MDA and HSP60 on HUVEC

Human umbilical vein endothelial cells (HUVEC), ref C12203, were obtained from
Promocell, Heidelberg, Germany, or were gifts from colleagues. The cells were cultured as
previously described [45], added to gelatin coated 96 well plates, and grown to confluency
in medium with either 20% FCS or 20% normal human serum (NHS) for at least 18 h. Five
replicates were used for each condition. They were then washed in PBS, fixed in 0.1%
glutaraldehyde for 10 min, washed and blocked with 10% milk in PBS for 1 h. Primary
antibodies to oxidised phospholipid (EO6), MDA and to HSP60 at appropriate dilutions, or
the same concentrations of Ig controls were added to the plates and placed on a shaker for
one hour. All subsequent stages were also on the shaker. The wells were then washed three
times with 10% milk for 10 min, and then incubated with 1/2000 peroxidase conjugated
rabbit anti mouse Ig in 10% milk for one hour at room temperature. They were then
washed once more with 10% milk, and twice with PBS. A colour reaction for peroxidase
was produced with o-phenylenediamine dihydrochloride (OPD) prepared from tablets
(Sigma), and absorbance read at 450 nm.

2.8. Immunohistochemistry (IHC)

The avidin-biotin-complex (ABC) immunoperoxidase technique was used to observe
endothelial expression of HSP60 and oxLDL in frozen atherosclerotic plaque specimens.
Tissue sections were cut onto APES-coated slides and stored at −20 ◦C. Non-specific
binding was inhibited with 5–10% serum of the same species as the chosen secondary
antibody added for at least 10 min. Excess serum was tapped off, before addition of the
primary antibody in PBS, and incubated for one hour, then washed twice with PBS. The
details of all primary antibodies used in the study are given in Table 1.

The secondary antibody, complementary to the Ig species of the primary antibody and
conjugated to biotin, was added, before slide incubation for 30 min and two-fold washing.
Glucose oxidase or 0.3–1.0% hydrogen peroxide in PBS was added, incubated for 30 min
and washed twice, to block corresponding intrinsic enzymes. Slides were then incubated for
30 min at 37 ◦C, before being washed twice. Preincubated avidin-biotin complex was added
to the slides, before a 30 min incubation period and two-fold PBS washing. The slides were
then flooded with diaminobenzidine 0.75 mg/mL and hydrogen peroxide 0.015% solution
for 5–15 min, washed with tap water, counterstained with Mayer’s haematoxylin, and
differentiated in acid alcohol for a few seconds. They were then dehydrated and mounted
in DPX Mountant. Endothelial expression was quantitated as previously described [19].

2.9. Adhesion under Static and Flow Conditions

The effect of flow on adhesion of peripheral blood mononuclear cells (PBMC) to oxLDL
was investigated using Ibidi µ-Slides VI slide chambers (Ibidi, Germany), as previously
described [46]. PBMC were isolated from healthy volunteer donors by separation on
a Histopaque (Sigma) gradient according to the manufacturer’s instructions. The Ibidi
slides were coated overnight with oxLDL or native LDL (nLDL) at 10 µg/mL, or with a
recombinant stable modified form of human galectin-9 (Gal 9) at 20 µg/mL as positive
control [46]. This stable form of Gal-9 was obtained from GalPharma (Takamatsu, Japan).
Gal-9 is highly susceptible to proteolytic degradation at the linker region. The stable form of
Gal-9 is a mutant of native Gal-9 with a truncated linker region, which prevents proteolytic
degradation whilst retaining all known activities of native Gal-9 [47,48]. PBMC were fed
into the chambers at 106 cells/mL at a shear rate of 1 dyne/cm2. For adhesion under
flow, video sequences were taken after 7 min of flow: for static adhesion the flow rate was
stopped for 15 min prior to recording fields for analysis. Images were then quantitated
off-line using Image-Pro (Media Cybernetics, Rockville, MD, USA) software.

2.10. Data Analysis and Statistical Analysis

In the plate adhesion assay, Fluoroskan results were used to calculate percentage
adhesion to the wells. These were averaged across the repeats and plotted as bar charts. All
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assays were performed with varied numbers of repeats, as indicated in figures. In some,
mean values of all experiments are shown, in others typical results, as stated. Statistical
analysis, by one-way analysis of variance (ANOVA), was performed using GraphPad Prism
(Version 8), or by paired t tests. A p-value of <0.05 was deemed statistically significant. The
standard error of repeats is shown on the graphs.

3. Results
3.1. Ox-LDL as a Monocytic Cell Adhesion Ligand, Actions of Inhibitory Antibodies

The adhesion assays used both monocytes isolated from donor blood, and cultured
stimulated U937 cells, but as the U937 cells were more easily available, the bulk of the
assays were performed with them. No major differences in behaviour between them were
observed.

Solid phase oxLDL was effective as a mononuclear cell adhesion ligand. Comparison
was made with fibronectin (FN), a well established monocyte ligand, which binds to
their α5β1 integrin receptor, and with nLDL. With U937 cells the adhesion to oxLDL
was significantly higher than that observed with nLDL, but the adhesion to oxLDL was
significantly lower than adhesion to fibronectin (FN) (Figure 1A). As was observed with
U937, significantly higher numbers of blood monocytes adhered to oxLDL that nLDL
(Figure 1B) but in contrast to U937, blood monocytes bound with a similar efficiency to both
oxLDL and FN (Figure 1D). These results show that LDL oxidation induces the adhesion of
both peripheral monocytes and U937 cells.

As CD14 has been implicated both as an oxLDL ligand, and in monocyte adhesion
to endothelial cells [28], inhibition by a CD14 antibody was investigated. With U937 cells,
UCHM1 gave dose related or near-complete inhibition of U937 adhesion to solid phase
ox-LDL (Figure 1C), and there was a similar effect on monocytes (Figure 1D). With U937
cells, this inhibition is compared to the effect of the IgG2a isotype matched Ig control,
UPC10, in four experiments, and was highly significant in all: the combined results are
shown in Figure 1C. In Figure 1D it can be seen that the same strong inhibition by anti-
CD14 compared to control Ig applies with monocyte adhesion. These results show that
an antibody to CD14 is capable of interfering with the adhesion process, thus providing
evidence that CD14 and the complexes with TLR4, in the raft membrane microdomains in
which it is found, are involved in the adhesion interaction.

To further investigate the adhesion, the effects of antibodies against components of
oxLDL and the putative CD14–TLR4 receptor complex were also studied. For oxidation
products in oxLDL, the effects of antibodies to malondialdehyde and oxidised phospho-
lipids were used. A monoclonal antibody to MDA, MDA2, gave effective inhibition of
adhesion, both with monocytes and U937 cells, even to 0.1 µg/mL with the latter (Fig-
ure 1D,F). Phospholipids, which are present on the surface of the LDL particle oxidize
readily, and so form ligands known to induce inflammatory reactions. They also show
evidence of a role in the adhesion, as the monoclonal EO6 was inhibitory (Figure 1E). It
is relevant to note that this antibody inhibited significantly more than the IgM control Ig
MOPC104E, as IgM can give an appreciable level of non-specific binding to a plastic surface
(manuscript in preparation). In addition, an antibody against native LDL, to apolipopro-
tein B was used. Interestingly, this also gave strong inhibition (Figure 1D,F), suggesting
that the apolipoprotein had a significant role in the adhesion mechanism. However, this
apolipoprotein can be in a modified state in oxLDL, and still maintain reactivity with
antibodies.

To demonstrate that the CD14-TLR4 complex is involved, inhibition of adhesion by a
TLR4 antibody was investigated. An antibody to TLR4 gave strong dose-related inhibition
of U937 adhesion (Figure 1F). The involvement of this molecule is potentially important, as
it is a major monocyte co-receptor with CD14, and implicated in transmembrane signalling.
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Figure 1. U937 cell and blood monocyte adhesion to oxidised LDL in a static adhesion assay.
(A) Adhesion of U937 cells to native LDL (nLDL), oxidised LDL (oxLDL) and fibronectin (FN); means
of six experiments (expts). (B) Monocyte adhesion to nLDL and oxLDL, one of two similar expts.
(C) Inhibition of U937 adhesion to oxLDL by control immunoglobulin (Ig) or CD14 antibody, means of
four similar expts. (D) Inhibition of adhesion of monocytes by antibodies to CD14, malondialdehyde
(MDA), and apolipoprotein B (apoB). One of two similar MDA expts. (E) Inhibition of U937 adhesion
to oxLDL by anti-oxidised phospholipid antibody (EO6), one of three similar expts. (F) Inhibition of
U937 adhesion to oxLDL by antibodies to CD14, Toll like receptor 4 (TLR4), MDA and apoB, one of
three similar TLR4 expts. Control Ig in C, D and F is UPC10, in E it is MOPC104E. Figures in inhibitor
and control Ig legends are concentrations in µg/mL. Statistical analysis was by paired t tests and
ANOVA; $ p < 0.05, $$ p < 0.01 compared to (v) nLDL; ££ p < 0.01, v FN; and * p < 0.05 ** p < 0.01,
*** p < 0.001 v Ig control of same concentration.

3.2. HSP60 as a Monocytic Cell Adhesion Molecule, Actions of Inhibitory Antibodies

In a similar way to oxLDL, HSP60 coated wells gave effective adhesion of U937 cells
and blood monocytes in the static assay. Further, the adhesion was likewise significantly
inhibited by the CD14 antibody with both cell types (Figure 2A,B). To demonstrate the
specificity of the adhesion to the HSP60 molecule, a panel of HSP60 antibodies was em-
ployed, all of which produced profound inhibition of the adhesion in the assay. Figure 2C
shows the results with II-13, used as a hybridoma supernatant, and with ML30. A further
antibody, LK1, gave similar results. Importantly, in Figure 2C, the same two antibodies were
also investigated in fibronectin sensitized wells, in which they were completely without
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inhibitory activity, demonstrating specificity of their activity to HSP60 well sensitization.
As further controls, the non-immune Igs UPC10 (IgG2a) and MOPC21 (IgG) were also
without inhibitory activity. Again, as with oxLDL, it was important to show the role of the
TLR4 in addition to CD14 in the receptor complex. Accordingly, inhibition by the TLR4
antibody was investigated, and highly significant inhibition of the adhesion was produced
(Figure 2D), a result that was reproducible with blood monocytes.

Figure 2. U937 cell and blood monocyte adhesion to heat shock protein 60 (HSP60) in a static adhesion
assay. (A) U937 adhesion, inhibition by CD14, means of 3 expts. (B) Monocyte adhesion, inhibition by
anti-CD14, means of four expts. UCHM1 antibody used in A an dB. (C) Monocyte adhesion, inhibition
by anti-CD14 and HSP60 antibodies II-13 (neat supernatant and 1/10 dilution) and ML30; effects of
the same antibodies on FN adhesion. One of two similar expts. (D) U937 adhesion, inhibition by
TLR4 antibody HTA125, single expt. Control Ig is UPC10 in A, B and D, UPC10 and MOPC21 (dark
blue) in C. Statistical analysis was by paired t tests and ANOVA, * p < 0.05, *** p < 0.001, **** p < 0.0001
v appropriate Ig control.
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3.3. Effects of Membrane Active Agents

To investigate whether lipid raft domains were involved in the CD14/TLR4 dependent
adhesion, the effects of the raft disrupting agents NST and MCD were studied on U937 cells,
together with those of DMSO. At concentrations used previously for raft disruption, both
NST and MCD strongly inhibited U937 adhesion to oxLDL (Figure 3A), and to fibronectin
(Figure 3B). As these agents are cholesterol solvents, the effect on oxLDL adhesion could
conceivably be explained by disruption of the oxLDL target, however the very similar
effects on FN adhesion preclude this from being the major mechanism, and additionally
indicates that the known integrin mediated adhesion of monocytic cell adhesion to FN is
also likely to be dependent on membrane rafts. Further, CD14/TLR4 mediated adhesion
was extremely sensitive to the action of nystatin and MCD, as these inhibitors were active
in lower concentrations than usually used for raft disruption, seen with binding to HSP60
(Figure 3C). OxLDL gave similar results. Similarly, the changes in membrane structure
caused by DMSO proved extremely active at inhibiting HSP60 adhesion, down to the
lowest level tested of a 1/5000 dilution in the assay (2.8 mM DMSO) (Figure 3D). Together,
these results suggest that the CD14/TLR4 dependent adhesion is highly sensitive to the
fine structure of the monocytic cell membrane.

Figure 3. Inhibitory activity of membrane active agents on U937 adhesion. (A) The inhibition by
raft disrupting agents nystatin (NST) and methyl β cyclodextrin (MCD) of adhesion to oxLDL at
standard concentrations. (B) By NST and MCD to FN at standard concentrations. (C) By NST and
MCD to HSP60 at low concentrations. (D) By dimethyl sulfoxide to HSP60, dilutions in assay stated.
Concentrations of NST are given in µg/mL and MCD in mM. A total of three expts were done with
each of oxLDL, FN and HSP60 as ligands. Statistical analysis by ANOVA, different from HSP60,
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.4. Variants of the Assay

It proved possible to perform the assay with the cells suspended in PBS with 1% bovine
serum albumin, rather than in medium with 10% FCS. This demonstrated in Figure 4A,
with monocyte adhesion to HSP60, with inhibition by CD14 antibody, compared to slight
but significant inhibition by control Ig. The results are very similar to those with the
standard method. This variation could be useful in avoiding any non-specific effects of
serum proteins, which may exist.

Figure 4. Variants on the adhesion assay. (A) Monocyte adhesion to HSP60 with cells suspended
in 1% bovine serum albumin: inhibition by CD14 antibody or Ig control (UPC10). (B) Monocyte
adhesion to lipopolysaccharide (LPS), comparison with FN or HSP60 as ligands. Statistical analysis
by ANOVA; different from appropriate Ig control, **** p < 0.0001; different from HSP60, $$ p < 0.01;
different from uncoated, ## p < 0.01.

In view of the ability of both HSP60 and LDL to bind LPS, it is relevant to determine
whether LPS itself can act as a monocyte adhesion molecule. Therefore, an experiment was
done in which it was coated similarly to the other ligands. It proved to be equally effective
at binding monocytes as FN and HSP60 (Figure 4B). This result implies that there is a
possibility that monocytic binding to both oxLDL and HSP60 might depend at least to some
extent on the presence of bound LPS. LPS binding by LDL is a physiological interaction,
however the low levels of adhesion of non-oxidised LDL found in this study demonstrate
the changes on oxidation are by far the major contributors to the adhesion found with
oxLDL. The situation with HSP60 is more complex, and is discussed below.

3.5. Comparison of PBMC Adhesion to oxLDL under Static and Flow Conditions

Blood PBMC were perfused through a flow chamber to allow determination of adhe-
sion to oxLDL under both static and flow conditions, compared to galectin 9 [46] as the
positive control. The monocyte isolation procedure was found not to exclude platelets,
which adhered to the chambers under all conditions, including controls.

Under static conditions, oxLDL allowed effective adhesion of the PBMC, similar to
galectin-9 (Figure 5A,B), and was much less with native LDL (Figure 5C,D). However,
under flow no adhesion to oxLDL was seen, despite galectin-9 recruiting and supporting
adhesion. The presence of platelets resulted in an unexpected finding, in two of four
experiments with different cell donors, aggregates of PBMC with platelets were present on
static adhesion to oxLDL (Figure 5E), which were absent with the other ligands.



Biomedicines 2022, 10, 3083 11 of 21

Figure 5. Static adhesion of peripheral blood mononuclear cells to oxidised LDL in a flow chamber.
The cells were introduced into a flow chamber coated with ligands, measured under static conditions,
viewed by phase contrast microscopy and quantitated. Coating: (A) human recombinant galectin 9,
(B) oxidised LDL, (C) native LDL. (D) Quantitation of adhesion by image analysis of cells per area.
(E) Formation of mononuclear cell- platelet aggregates (arrows) on adhesion to oxLDL. Four similar
flow chamber expts were done, each under flow and static conditions.

3.6. Expression of Oxidised Lipids and HSP60 on HUVEC

Experiments were done to detect oxidised lipids and HSP60 on HUVEC. The method
did not include permeabilisation, so that surface expression relevant to adhesion was
measured. Normal human serum (NHS) contains higher levels of lipoproteins than FCS,
and overnight culture of HUVEC in 20% NHS was compared to 20% FCS, to provide a
source of lipid to affect the endothelial cells. There was no significant increase in binding
with the EO6 antibody to oxidised phospholipids compared to MOPC21 Ig controls in any
of three experiments, whereas a control antibody to MHC-1 (Figure 6) or ICAM-1 gave a
strong signal. By contrast, MDA was strongly positive. In one experiment which compared
signals +/− NHS and +/− TNFα, giving four sets of data, MDA was strongly expressed
under all these conditions, with similar results (Figure 6). The variations in conditions
did not add any further relevant information, but all served to demonstrate the surface
expression of MDA. In a further three similar experiments, no significant binding of the
HSP60 antibody panel compared to Ig control was found.
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Figure 6. ELISA assay for the surface expression of oxidised lipids and HSP60 on HUVEC. (A) Cells
cultured in 20% normal human serum with and without TNFα stimulation. (B) A second plate in
same assay with culture in 20% FCS. Statistical analysis by ANOVA, different from appropriate
MOPC21 (Ig) control, **** p < 0.0001. OD, optical density.

3.7. Oxidised Lipids and HSP60 in the Endothelium of Human Atherosclerotic Plaques

To determine the possible target molecules for the monocyte- oxidised receptor ad-
hesion in the endothelium of atherosclerotic human arteries, IHC was done on specimens
of coronary and carotid vessels for LDL and oxidation epitopes. It is interesting that the
arterial endothelium of large arteries is heavily laden with native LDL: this was found
universally in a panel of 20 vessels, with no apparent difference between normal and
atherosclerotic regions (Figure 7A). This correlates with the existence of a specific transport
mechanism [3,4].

Figure 7. LDL, HSP60 and MDA in human arterial normal and atherosclerotic endothelium. (A) Na-
tive LDL in normal arterial wall, apoB antibody. (B) HSP60 in endothelium of atherosclerotic plaque,
ML30 antibody. (C) MDA in atherosclerotic endothelium, MDA2 antibody. (D) Image analysis of
MDA2 reactivity in atherosclerotic (lesions) and normal endothelium, analysis of 10 coronary or
carotid arteries. Arrows—endothelium, arrowhead—probable mononuclear cell in traffic: ** p < 0.01,
paired t test.
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Oxidised phospholipid was sought in the endothelium by EO6 IHC. None was found
in 15 atherosclerotic arteries, despite high levels in plaque macrophages. By contrast,
endothelial reactivity for MDA was extensive in atherosclerotic vessels (Figure 7B), with an
increase over relatively normal areas in the same vessels, which were without significant
thickening of the intima or macrophage infiltration. Comparison was made by image
analysis, demonstrating a significant increase in the atherosclerotic areas (Figure 7D).

4. Discussion

This study focuses on the demonstration that oxLDL, and HSP60 can act as adhesion
ligands for monocytes under static conditions; the adhesion being mediated at least in
part by interactions through their CD14/TLR4 receptor complex. It has shown that PMA
stimulated U937 cells are an excellent model for blood monocytes in adhesion studies with
almost identical results, so it is appropriate for the results to be discussed as those for
monocytes. During the course of the work, evidence has accumulated that MDA-modified
adducts may be a monocyte adhesion target. MDA can also be an adduct onto molecules
other than those in LDL, which could widen its relevance. Western blotting of HUVEC
would be useful to identify the modified proteins. Only one similar previous report is
known which showed that under static conditions, that macrophages adhere to oxLDL via
scavenger receptors [49]: it is discussed below. Although the ability of oxLDL to activate
monocytes is well known, the adhesive consequences of the interaction have been little
considered. They could be important in the recruitment of monocytes from the blood to the
developing atherosclerotic plaque if the relevant oxidised lipid targets are presented on the
interior surface of the arterial wall, either on endothelial cells, other cells, or on non-cellular
matrix.

Adhesion under static conditions can contribute to the overall process of monocyte–
endothelial adhesion, for example it is the mechanism of the important endothelial adhesion
molecule ICAM-1 [50]. In atherosclerosis, static adhesion interactions could synergise with
P-selectin, which is active under flow, and is highly expressed in atherosclerotic plaques [51].
The previous static adhesion study [49] showed that macrophages adhered to solid phase
oxLDL through both scavenger receptor A, and the scavenger receptor CD36. The CD36
activated the macrophages to produce hydrogen peroxide. Similarly, the scavenger receptor
CD36 is present on monocytes, and is known as a platelet adhesion receptor for collagen [52]
and thrombospondin-1 [53]. The role of scavenger receptors in leukocyte adhesion has
been reviewed quite recently [54].

The results here have shown that under static conditions, oxLDL is an effective mono-
cyte adhesion molecule, similar to FN in its ability to bind to the cells. This ability lies
specifically in the oxidation, as native LDL bound much less effectively. The mechanisms of
adhesion of monocytes to oxLDL and HSP60 were investigated by inhibition with specific
antibodies, and controlled by the use of non-immune Igs, a recognised approach used in
many in vitro studies, which is also effective in vivo. Adhesion was effectively inhibited by
the antibodies to all the candidate molecules investigated, but much less by the control Igs.
With the oxLDL target, the CD14 antibody demonstrated the role of this receptor. As CD14
is constrained to rafts by its GPI anchor, it provides evidence for the involvement of lipid
rafts in the adhesion mechanism. The activity of the TLR4 antibody also confirmed this
molecule’s involvement in the adhesion receptor complex. Inhibition by the MDA antibody
correlated with its known role in monocyte adhesion to oxLDL via scavenger receptors,
as found previously [49]. Inhibition by an apoB antibody of adhesion to the oxLDL target,
although apoB isa normal part of the LDL structure, can be explained by its modification
by malondialdehyde forming an adduct, and so could become a ligand. It is however an
open question whether the inhibitory antibody has to be against an adhesion ligand, or
could just be in the close proximity and cause inhibition by steric hindrance.

Ligand binding to CD14 receptor complexes recruits and modulates receptors in the
complex, which include several Fc receptors [55]. Further, such complexes can undergo en-
docytosis following CD14 ligation [56]. They can also after Fc receptor engagement, which
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might occur through cross-linking following the addition of the experimental antibodies
to adhesion ligands in the complex, when the Fc of the added antibody could bind to Fc
receptors in the complex. Hence, antibodies to CD14 and other receptors in the complex
might cause inactivation through its loss from the cell membrane, with CD14 antibodies
even possibly by two mechanisms. Such Fc interactions might also explain the unexpected
commonly seen mild inhibitory effects of control Igs in the adhesion experiments (e.g.,
in Figure 4A). Binding of experimental antibodies or controls with Fc receptors could
be enhanced if they contained Ig aggregates, which can bind avidly to Fc receptors: a
few experiments failed when control Ig inhibition became very large. Overall, it seems
possible that the monocyte adhesion receptor- raft complex, containing multiple individual
adhesion receptors, may behave in an organized integrated fashion. In this way it could
resemble the immunological synapse involved in T lymphocyte- antigen presenting cell
interactions [57].

Further evidence that monocyte adhesion involved lipid rafts is shown here by the
great sensitivity of all the adhesion interactions investigated using the raft disrupting
agents MCD and nystatin. The adhesion targets so affected included FN. This shows that
with an oxLDL target these agents were not acting primarily by disrupting the oxLDL
through their action as cholesterol solvents, because the results were very similar with both
targets. Previously, MCD had also been shown to cause endothelial cells to reduce adhesion
molecule expression and the adhesion of monocytes [58], and to inhibit monocyte adhesion
to endothelial cells stimulated with LPS or oxLDL [59], although the involvement of lipid
rafts in these events was not investigated. In addition, the sensitive disruption shown here
of adhesion to FN, which binds primarily to α5β1 integrin, confirms that raft structure is
required for integrin mediated adhesion, as determined previously [60].

A further factor which may aid in the adhesion of monocytes to oxLDL in the assay
is the ability of oxLDL to activate the cells. The interaction induces activation of integrin
adhesion to endothelial cells [11,61], which might also lead to increased adherence to the
plastic of the plate wells, although the mechanisms of this interaction are poorly defined.
OxLDL mediated monocyte activation via CD14 and TLR4 has also been shown to induce
cytokine secretion [16]. The abilities of statins to inhibit oxLDL effects on monocytes
are well documented [62–65]. It would therefore be of considerable interest to test their
effects in the oxLDL adhesion assay: inhibition could add another arm to their pleiotropic
beneficial effects.

The sensitive inhibition of monocyte adhesion seen with DMSO was studied following
previous work on a different cell–cell interaction, lymphocyte mediated antibody dependent
cellular cytotoxicity (R.N.P., unpublished results). This was also very effectively inhibited.
Therefore, the profound effects that DMSO has on leukocyte cell membranes [25,26,66]
are able to modify the cells’ abilities at cell–cell contact. Consequently the dissolving
of potential inhibitory agents in DMSO for study in such cellular interactions has to be
avoided. Importantly, DMSO has potential for the therapy of atherosclerosis, as it was
shown to inhibit the disease in a rabbit model without lowering blood cholesterol [67].
Further, extensive studies have shown low toxicity in man, particularly at lower doses [68].
A clinical trial could be justified.

This study has shown that in a similar manner to oxLDL, solid phase HSP60 caused
potent monocyte adhesion. However, the significance of this interaction is qualified by
the likely presence of LPS in the commercial samples of HSP60 that were used, even
though described as having low endotoxin when purchased some years ago [38]. With
ox-LDL, the evidence that native LDL from the same source binds monocytes much less
effectively shows that the adhesion is likely to depend on oxidation products, and not
LPS. However, a similar argument does not apply to HSP60, and LPS itself was effective
at binding monocytes. As HSP60 does not circulate to the extent of LDL, it is less likely
to acquire LPS in vivo. Hence, the in vivo relevance of this adhesion is in doubt, despite
the demonstrated frequent presence of HSP60 in the endothelial cells of atherosclerotic
lesions, and the knowledge that it can be present at their cell surfaces [34]. In the HSP60
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adhesion assay, comparison of the inhibitory activity of antibodies against the other heat
shock proteins, such as HSP90, that are not surface- expressed could be a valuable negative
control.

The principal importance of monocyte adhesion to oxLDL particles in vivo may be ad-
hesion of monocytes to exposed sub-endothelial oxLDL following endothelial denudation
in atherosclerosis. Tissue samples have shown that oxidised phospholipids are plentiful
in the human atherosclerotic intima, including in subendothelial fatty streak lesions [69],
furthermore both endothelial cells and macrophages can induce the local oxidation of
LDL [70]. LDL is plentiful in the arterial intima, and the accumulation of oxLDL is a
consequence of the active traffic of LDL into the arterial wall, seen here by IHC, combined
with labile nature of LDL particles. It is worth noting that the endothelial LDL transporter,
SR-B1, is down-regulated by oestrogens [71], which might be involved in the protection of
pre-menopausal women from atherosclerotic disease. Once formed in the arterial intima, it
is possible that oxLDL bound to matrix, or derived phospholipids, could mediate monocyte
adhesion to exposed non-endothelial intima, and explain the CD14 dependent adhesion
seen previously with tissue sections of atherosclerotic arteries [29]. Loss of endothelial
integrity, potentially exposing intimal oxLDL to the blood, is an important antecedent
to thrombosis [72]. It was interesting and unexpected that synergy between monocyte
and platelet adhesion was observed in the flow chamber experiments, through the acci-
dental presence of platelets in the monocyte preparation, and gave rise to aggregates of
monocytes and platelets. The interactions between monocytes and platelets are highly
relevant to arterial thrombosis, as monocytes are present in thrombi [73]. In this context,
these interactions are likely to result from the simultaneous activation of the monocytes
and the platelets on oxLDL, with the platelet CD36 receptor likely to be involved in their
activation [74]. The aggregation is mediated by interactions between the platelets and
the monocytes, particularly by enhanced platelet P-selectin interaction with the monocyte
PSGL-1 ligand [75,76]. Platelet– monocyte interaction enhances monocyte production of
tissue factor and fibrin generation [77,78]. In these ways, monocyte adhesion to exposed
intimal LDL oxidation products could exacerbate the development of thrombosis. Further-
more, circulating monocyte-platelet aggregates have been associated with acute coronary
syndromes [79]. This potential mechanism could enhance the value of targeting monocytes
and oxLDL in the prevention of thrombosis, in addition to atherosclerosis.

A further mechanism may allow oxLDL to bind to the glycocalyx of endothelial cells.
Human arterial endothelial cells secrete an endothelial cell specific lipoprotein lipase that
is found in the surrounding cell glycocalyx [80]. It has been shown to bind oxLDL with
high affinity, and could allow the concentration of oxLDL around endothelial cells [81].
Further, lipoprotein lipase has been found to be a monocyte adhesion ligand, but without
known involvement of oxLDL [82]: possibly bound oxLDL can act as a target for monocyte
adhesion.

There is an analogous potential involvement of oxLDL in adherence of monocytes
to the LOX-1 scavenger receptor on endothelial cells. LOX-1 has been implicated as a
monocyte adhesion molecule [83], again oxLDL could be binding to it, particularly as
experimentally oxLDL in the medium was inhibitory. It is tempting to think of oxLDL as
the filling in an adhesion sandwich in both instances.

It is also likely that macrophages in plaques will adhere to oxLDL, either via CD14/TLR4
or scavenger receptors. Within the body of the atherosclerotic intima, oxLDL is present
bound to matrix. This could enhance through the adhesion, the retention and localization
of macrophages that have entered by traffic from the blood. Ox-LDL would also activate
them. These mechanisms could exacerbate the disease, and aid the focal development of
an atherosclerotic plaque, particularly by concentrating the inflammatory actions of the
macrophages [2].

The inhibition of adhesion to oxLDL found with the MDA2 antibody supports previ-
ous findings that MDA adducts are targets for monocyte adhesion via the CD36 receptor.
CD36 was not investigated, as initially we were not anticipating this finding. This adhesion
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raises the possibility that monocytes might bind to the high levels of MDA adducts present
in atherosclerotic endothelium. MDA adducts were detectable by ELISA on HUVEC, sug-
gesting that they can be present at the endothelial cell membrane, as the cells in the assay
were fixed but not permeabilised. Surface expression is clearly necessary for adhesion. As
this evidence is indirect, further work is required to support this hypothesis. In addition, in
animal models, an atherogenic diet or immunization induced MDA specific antibodies [84],
which might enhance arterial inflammation and monocyte adhesion. CD36 is also a worth-
while target for further investigation in the treatment of cardiovascular disease, as CD36
low molecular weight inhibitors reduced both atherosclerosis and metabolic abnormalities
in a leptin and LDL receptor double knockout mouse model [85].

The situation with CD14/TLR4 dependent adhesion to endothelial cells is less clear.
Previous work has suggested that CD14 may be implicated in the adhesion of monocytes
to endothelial cells [28] and to the atherosclerotic arterial wall [29]. Consequently we
attempted some further experiments on CD14 dependent monocyte adhesion to HUVEC,
but they were not technically successful. However, our results with cultured TNFα stim-
ulated HUVEC gave no significant signals in ELISA assays using EO6 antibody reactive
with oxidised phospholipid. Human atherosclerotic arteries were also investigated for the
presence of oxidised epitopes by IHC. In our work, positive signals with EO6 were absent
from the endothelial cells of lesions by the avidin-biotin complex technique, however a
previous study by Gargalovic et al. [86] included an image (Figure 3D in that paper) that
showed limited but distinct positivity at the luminal surface of the shoulder region of a
human plaque, although it was not mentioned. This staining was accompanied by the
inflammatory transcription factor ATF3 that can be induced by oxidised phospholipid. The
positive cell type was not identified, but might have been endothelial cells or trafficking
monocytes, either of which could be a site for further monocyte adhesion. Overall, our
results have not provided good evidence to support oxidised phospholipids being targets
for CD14 dependent adhesion to endothelial cells, but the IHC method might have lacked
sensitivity, and TNFα might not have been the appropriate stimulant to mimic conditions
in the arterial wall. However, it seems likely there is little oxidised phospholipid in the
human atherosclerotic endothelium.

This study highlights the importance of some new avenues for therapy of atheroscle-
rotic cardiovascular disease. The CD14-TLR2/4 receptor interaction with oxidised phos-
pholipids has shown promise as a target, demonstrated by the development of a family of
active oxidised phospholipid analogues, named lecinoxoids [87]. In a hyperlipidaemic rab-
bit atherosclerosis model, the lead compound VB-201 caused 50% reduction in lesions [87].
Similar results were obtained in the apoE knockout mouse atherosclerosis model [88]. These
actions were despite no effect on the hyperlipidaemia. The lecinoxoids have been shown to
inhibit CD14 and TLR2/4 dependent monocyte activation and inflammatory signalling [87].
It would be interesting to determine their effects on monocyte adhesion to oxLDL.

Importantly, cyclodextrins have been found recently to have anti-atherosclerotic ac-
tivity in animal models [89–92]. Remarkably, in a mouse model, lesions were found to
regress even with a continued atherogenic diet [90]. Multiple mechanisms of atherosclerosis
amelioration have been identified:- cellular cholesterol efflux [93], decreased complement
activation by cholesterol crystals [94,95], and an anti-inflammatory action mediated by
simulation of the LXR transcription factor [90]. The effects of raft disruption have received
less attention in this therapeutic action, although they could underlie some of these other
mechanisms. Indeed, the cyclodextrins could have a major therapeutic advantage by acting
in all these ways, bringing to mind the pleiotropic effects of the statins [96].

Overall, this study has provided a direct connection between the oxidation of lipid,
known to be central to atherosclerosis, and monocyte adhesion, also known to be essential
for this fundamentally inflammatory disease. The functional relevance of the mechanisms
uncovered is already well supported by animal models, together offering exciting new
possibilities for prophylaxis and therapy.
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