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Abstract

Background—Human immunodeficiency virus (HIV) infection is associated with increased
cardiovascular risk, and this risk correlates with markers of monocyte activation. We have shown
that HIV is associated with a prothrombotic monocyte phenotype, which can be partially mitigated
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by statin therapy. We therefore explored the relationship between oxidized LDL particles and
monocyte activation.

Methods—We performed phenotypic analysis of monocytes using flow cytometry on fresh
whole blood in 54 patients with HIV and 24 controls without HIV. Plasma levels of oxLDL,
soluble CD14, IL-6, soluble CD163 were measured by ELISA. In vitro experiments were
performed using flow cytometry.

Results—Plasma levels of oxLDL were significantly increased in HIV-infection compared to
controls (60.1 units vs 32.1 units, p<0.001). Monocyte expression of the oxLDL receptors, CD36
and Toll-like receptor 4, were also increased in HIV. OxLDL levels correlated with markers of
monocyte activation, including soluble CD14, TF expression on inflammatory monocytes, and
CD36. In vitro, stimulation with oxLDL, but not to LDL, resulted in expansion of inflammatory
monocytes and increased monocyte expression of TF, recapitulating the monocyte profile we find
in HIV disease.

Conclusions—OxLDL may contribute to monocyte activation and further study in the context

of HIV disease is warranted.

Keywords
HIV; monocytes; oxidized LDL; tissue factor

Introduction

Immune activation and inflammation are hallmarks of chronic HIV infection;12 and even in
the setting of combination antiretroviral therapy (ART) and well-controlled viremia, markers
of inflammation and immune activation often remain elevated?—4. Numerous studies have
demonstrated that markers of inflammation->6, coagulation®-”8 and indices of T cell and
monocyte activation?? are independently associated with morbidity and mortality in HIV-
infected patients.

Inflammation and leukocyte activation are important contributors to cardiovascular disease
(CVD) and thrombotic risk in the general population1®-12, Increased inflammation may
contribute to greater risk for both venous3-14 and arteriall® thromboembolic events in HIV-
infection. We, and others, have found increased expression of the procoagulant tissue factor
(TF) on the surfaces of monocytes'6-17 and platelets® and within the circulation as
microparticles*19. Among HIV-infected patients, D-dimer levels correlate with proportions
of TF+ monocytes 16 and with plasma levels of sSCD1417, suggesting a link between
monocyte activation and coagulation.

We have previously reported that a similar profile of monocyte activation is observed in
HIV-uninfected patients with acute coronary syndromes (ACS)1’. Monocyte subsets,
including the CD14PiMCD16™* patrolling monocytes, and CD14*CD16" inflammatory
monocytes, are enriched in HIV disease and in ACS; these cells express high levels of TF
and CX3CR1 (the fractalkine receptor)!’. As their eponym implies, CD14PimCD16*
monocytes appear equipped to “patrol” the vessel wall20, tethering to sites of activated
endothelium expressing fractalkine, where they may mediate thrombosis via the expression
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of TF. Inflammatory monocytes also express high levels of pro-inflammatory cytokines in
response to microbial products2®, and proportions of these cells are independent predictors
of cardiovascular events in HIV-uninfected subjects?L.

Enrichment of these monocyte populations have been described in inflammatory conditions
including: chronic kidney disease, atherosclerosis, sepsis, rheumatoid arthritis, and HIV
disease?1-25, What remains to be elucidated in each of these disease states, given distinct
pathologic pathways, are the mechanisms driving monocyte activation and differentiation. A
number of potential drivers of immune activation have been suggested in treated HIV
infection, including low level HIV replication, systemic translocation of bacterial products
from the damaged gastrointestinal tract, the presence of copathogens, and homeostatic
responses to cytopenia3. As many HIV-infected patients also have altered lipid and
metabolic profiles 2627 we sought to explore the role of inflammatory lipids in the
activation of monocytes in HIV disease.

These studies were performed in compliance with the Institutional Review Board at Case
Western Reserve University/University Hospitals. Blood samples were obtained following
informed consent. Healthy donors not known to be HIV-1 infected (N=24) were recruited
from the general Case Western Reserve University staff population. HIV-infected donors
(N=54) were recruited from the Special Immunology Unit of University Hospitals/Case
Medical Center. None of the donors were fasting and all donors were selected by
convenience sampling. Framingham-based risk score was calculated using the online
calculator at www.mdcalc.com and is expressed as the risk of incident coronary heart
disease within a 10 year period 28,

Cell preparation and incubations

Blood was drawn into EDTA coated tubes (ThermoFisher Scientific, Waltham, MA). Whole
blood (500ul) was incubated in 15 ml polypropylene Falcon tubes (Becton Dickinson
Labware, Franklin Lakes, NJ) for 3 hours with or without lipopolysaccharide (LPS, from E.
Coli, 20ng/mL, Invivogen, San Diego, CA), low-density lipoprotein (LDL 50ug/mL) or
oxidized LDL (oxLDL 50 ug/mL, Biomedical Technologies Incorporated, Ward Hill, MA).

Flow Cytometry

Monocytes subsets were identified by size, granularity, and by expression levels of CD14
and CD16. Fluorescence minus 1 and isotype gating strategies were used to identify
expression of surface markers as previously reported!’.

Cell surface molecule expression was monitored using the following fluorochrome-labeled
antibodies: anti-Tissue Factor fluorescein isothiocyanate (FITC) (American Diagnostica,
Stamford, CT), anti-CD14 Pacific Blue, anti-CD16 phycoerythrin (PE), anti-CD36
allophycocyanin (APC), (BD Pharmingen, San Diego, CA), and anti-HLA-DR APC-cy7
(BD Biosciences, San Jose, CA), anti-Toll-like receptor (TLR) 2 APC, anti-TLR4 PEcy7,
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and anti-TLR-6 biotin (eBioscience, San Diego, CA), streptavidin APC-cy7 (BD
Bioscience).

Whole blood samples were incubated for 15 minutes on ice with FACS Lyse buffer (BD
Biosciences) and then washed in buffer (phosphate buffered saline with 1% bovine serum
albumin and 0.1% sodium azide). Cells were then stained for 30 minutes in the dark on ice
and then washed in buffer, fixed in 1% formaldehyde, and analyzed using a Miltenyi MACS
Quant flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany). MACS Quant
software (version 2.21031.1, Miltenyi Biotec), and Prism 5.0 Graphpad software (La Jolla,
CA) were used to organize and analyze the data.

Measurement of ox-LDL, IL-6, sCD14, and sCD163

Fresh whole blood samples were collected in EDTA containing tubes and were centrifuged
for 15 minutes at 495x g. Plasma was removed and frozen at —80°C until thawed once and
analyzed in batch. Levels of soluble CD14, soluble CD163, and IL-6 were measured using
Quantikine ELISA kits (R&D Systems Minneapolis MN). The inter-assay variability ranged
0.4-8.6%, 0.7-18.3%, and 2.02-15.36%, respectively. Levels of oxLDL were also measured
by ELISA (Mercodia Uppsala, Sweden); the intra-assay variability ranged 7.4-8.3%.

Statistical Methods

Results

We used conventional measures of central location and dispersion to describe the data. We
compared group medians using Mann-Whitney’s U test or one-way ANOVA with repeated
measures where appropriate. We evaluated correlations between pairs of continuous
variables using Spearman’s rank correlation. All comparisons are two-sided without formal
correction for multiple comparisons, and p values <0.05 were considered statistically
significant. Differences in gender and race between the populations were compared using a
Chi-square test.

Initial studies measuring plasma markers of inflammation and oxidized LDL were
performed on samples from 54 HIV-infected patients and 24 healthy donors not known to be
HIV-infected. Demographic information is displayed in Table 1; in brief, 26% of the HIV/-
infected patients were female, 34% were Caucasian. Their median age was 44 years, 91%
were receiving ART; median CD4+ T cell count and plasma HIV-1 RNA level were 534
cells/ul and 48 copies/mL, respectively. Among the uninfected donors, 67% were female,
75% were Caucasian, and the median age was 38 years. Compared to the HIV-infected
population, the uninfected donors were slightly younger (p=0.04), more often female
(p=0.002), and more often Caucasian (p=0.025).

The median plasma levels of oxLDL were increased in HIV-infected patients (60.1 units/L,
N=49) compared to levels among uninfected donors (32.1 units/L, N=19, p<0.001, Figure
1A). Among the HIV-infected donors, oxLDL levels correlated with levels of LDL (r=0.66,
p<0.001) and total cholesterol (r=0.45, p=0.005), but not with levels of triglycerides
(r=0.22, p=0.15) or high density lipoproteins (HDL, r=—0.23, p=0.64).
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We also measured plasma levels of IL-6 and sSCD14, as these markers have been associated
with all-cause mortality 12, and cardiovascular events 29 in HIV-infected patients. Not
surprisingly, levels of IL-6 (Figure 1B) and sCD14 (Figure 1C) were both increased in HIV-
infected patients (p=0.02, and p<0.001). We also measured sCD163, as it has been
associated with non-calcified coronary artery plaques 30, with perivascular fat3!, and with
arterial inflammation in HIV-infected subjects32. Levels of sSCD163 also tended to be
increased in patients, but this increase did not reach significance (p=0.06, Figure 1D).
Among HIV-infected patients, plasma levels of oxLDL and sCD14 were related (r=0.51,
p=0.0004, Figure 1E) more closely than were levels of LDL and sCD14 (r=0.31, p=0.06),
suggesting the possibility that oxLDL, more so than total LDL, may activate monocytes.
There was no correlation between levels of oxLDL and IL-6 (r= 0.15, p=0.3) or sCD163
(r=0.1, p=0.65). Plasma oxLDL levels were also related to Framingham Risk Score (FRS)
among patients with HIV disease (r=0.48, p=0.009). Plasma levels of LDL were also related
to FRS (r= 0.495, p=0.006).

We analyzed the proportional representation and activation phenotype of monocyte subsets
in whole blood samples from our donor groups. Flow cytometry data, including monocyte
subset proportions and TF expression, have been published previously on 32 of the 54
patients 17. Among the 22 HIV+ patients not previously reported, we found an expansion of
inflammatory (28% vs. 17%) and patrolling (12.2% vs. 8.7%) monocytes in HI\VV+ donors
compared to these proportions in uninfected donors (p=0.001 and 0.01, respectively),
confirming our previous findings!’. We also confirmed that in HIV disease, inflammatory
(10.5%) and patrolling (18.2%) monocytes are enriched for cells that express TF, when
compared to these proportions in uninfected donors (5% and 8.8%, p=0.0004 and p<0.0001,
respectively). This trend is also seen when analyzing all HIV+ patients; proportions of
inflammatory and patrolling monocytes are enriched in HIV-infected patients (32.5% and
14.1%, p<0.0001 and p=0.001), and so are proportions of inflammatory and patrolling
monocytes that express TF (17.1% and 23.6%, p<0.0001). Among all HIV-infected patients,
plasma oxLDL levels are related to the proportion of TF+ inflammatory monocytes (r=
0.483, p=0.001, Figure 1F), providing another link between oxLDL levels and monocyte
activation. There was no relationship between plasma levels of LDL and TF expression on
any monocyte subset (%TF+ traditional, r=0.09, p=0.64, % TF+ inflammatory, r= 0.26,
p=0.18, and % TF+ patrolling, r=—0.04, p=0.83) among the HIV-infected population.

We next compared surface expression levels of several putative receptors for oxLDL: CD36,
TLR4, TLR633, and TLR2 34 on blood monocytes of 22 HIV-infected patients and 24
uninfected donors. Expression of TLR2 was similar on monocyte subsets from HIV+ and
HIV-donors (not shown). The proportion of each monocyte subset expressing TLR4 is
increased among patients (p<0.03 for all, Figure 2A). Among both donor groups, the
proportion of monocytes expressing CD36 is lowest among the patrolling monocyte subset,
however, for each monocyte subset, the proportion of CD36+ cells is greater in the HIV+
subjects (p<0.04 for all, Figure 2B). Measurement of TLR6 was not reproducible. Plasma
levels of oxLDL were directly related to the proportion of monocytes that expressed CD36
in patient samples (for %CD36+CD14+CD16-r=0.51, p=0.04, CD36+CD14+CD16+ r=0.56,
p=0.03, CD36+CD14PM CD16+ r=0.45, p=0.08, not shown) but only among patrolling
monocytes in uninfected donors (r=0.72, p=0.03, not shown), consistent with an earlier
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report that oxLDL can induce CD36 expression3. Among patient samples, plasma LDL
levels were related to %CD36+CD14+CD16-r=0.64, p=0.01, CD36+CD14+CD16+ r=0.61,
p=0.02).

To explore further the role of oxLDL in activation of monocytes, we performed ex vivo
stimulation assays, where whole blood samples from uninfected donors were left
unstimulated, or were exposed to LPS (20ng/ml), naive LDL (50ug/ml) or oxLDL (50ug/ml)
for three hours. Exposure to LPS and oxLDL, but not LDL results in an increase in the mean
proportion of inflammatory monocytes (No stim: 16.2 +/- 1.3 %, LPS= 33.6 +/- 4.8 %,
LDL=15.7 +/- 1.2 %, oxLDL=36.0+/- 4.1 %, Figure 3A and 3B). There was no change in
the proportions of patrolling monocytes.

Next, we measured induction of TF expression on monocyte subsets (Figure 4). Tissue
factor expression was increased in response to stimulation with oxidized LDL, but not native
LDL on classical monocytes (No stim: 2.7 +/- 0.7 %, LPS= 6.5 +/- 1.8 %, LDL= 2.7 +/-
0.6 %, oxLDL=13.0 +/- 3.0 %). Similarly, only oxidized LDL stimulation increased TF
expression by inflammatory monocytes (No stim: 9.3 +/= 0.6 %, LPS= 16.3 +/- 3.2 %,
LDL=9.6 +/- 1.1 %, oxLDL= 33.0 +/- 3.8 %); LPS induced TF expression on
inflammatory monocytes, but the differences between unstimulated and LPS stimulated
samples did not reach significance (p=0.07). Additional TF expression by patrolling
monocytes was not consistently observed after stimulation with LPS, LDL or oxidized LDL.

Discussion

Markers of monocyte activation?, inflammation, and coagulation? are predictive of all-cause
mortality in HIV-infected patients. The underlying mechanism(s) that may contribute to
monocyte activation, inflammation, and coagulation in this setting have been incompletely
described?. Recently, Piconi et al demonstrated that low-density LDL and apolipoprotein A
were better correlated with cardiovascular risk in ART-treated, HIV+ patients than were
inflammatory markers36. We propose that oxidized low-density lipoprotein may play a role
in monocyte activation in HIV disease.

We report here that HIV-infected patients have increased plasma levels of oxLDL
confirming a previous report3’. A relationship between plasma levels of oxLDL and carotid
intima-media thickness (CIMT) has also been reported in HIV disease38. Increased levels of
oxLDL have also been observed in HIV-uninfected patients with acute coronary syndromes
(ACS) or with stable coronary artery disease (CAD)3°. Oxidized LDL uptake by
macrophages within unstable coronary plaques has been found in persons with acute
myocardial infarction 40. We have reported previously that in HIV-infection and among
uninfected persons with ACS there are alterations of monocyte subsets and a procoagulant
phenotypel817. Thus, elevated levels of oxLDL in both patient populations may be a driving
force that contributes to the shared monocyte activation profiles in these distinct conditions.
The mechanisms behind the increased levels of oxLDL that we and others have reported in
HIV-infected patients and patients with CVD are likely complex. Increased circulating
levels of LDL in these patients may be related to multiple factors, including genetic factors,
lifestyle, and in the case of HIV disease, antiretroviral therapy. The persistent inflammatory
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environment reported in HIV disease3, including high levels of inflammatory cytokines and
abetted by activation of oxidases released from macrophages and neutrophils, may promote
pro-inflammatory alterations of lipid particles.

Oxidized LDL is a proinflammatory form of LDL that is often found within atheromatous
plaques and may contribute to smooth muscle cell and endothelial cell activation, and to the
generation of foam cells*L. Several receptors have been proposed for oxLDL, including the
heterotrimer of CD36, TLR4, and TLR633, or the dimer of CD36 and TLR2 34, Activation
of the heterotrimer CD36:TLR4:TLR6 on myeloid cells by oxLDL activates the
inflammasome and generation of IL-1p 3342, Previous studies found that oxLDL can induce
TF expression on endothelial cells 43 and monocytes 44, increasing procoagulant activity.
Here, we confirm that TF expression is increased on monocytes following exposure to
oxLDL. We show for the first time, that exposure of monocytes to oxLDL results in an
increased proportion of CD14+CD16+ cells, a cell type that is proportionally enriched in
HIV-infected patients!” and is predictive of cardiovascular events in HIV-uninfected
patients?!. Baker et al recently found that the proportion of CD16+monocytes predicted
coronary artery calcium progression in HIV-infected persons®.

We report that CD36, TLR4, and TLR2 are expressed on all three monocyte subsets 2% and
that expression of CD36 and TLR4 is increased on monocytes among HIV-infected patients;
and that plasma levels of oxLDL also appear to be directly related to expression of CD36 on
monocytes in HIV-infected patients. Plasma levels of oxLDL were also directly related to
sCD14, a marker of monocyte activation that has been linked to mortality in HIV disease?.
This novel finding may provide insights into the drivers of sSCD14 expression and provide
targets for therapeutic intervention.

Statins have previously been associated with anti-inflammatory effects including the
reduction of CRP*6 and diminished monocyte TLR4 expression®’. We recently
demonstrated that rosuvastatin treatment reduces sCD14 levels and monocyte TF expression
in ART-treated HIV+ patients*8, Statins have been associated with reductions in oxLDL in
HIV-uninfected populations#?; thus, it is tempting to speculate that the anti-inflammatory
action of statins may operate, in part, through the attenuation of oxLDL-mediated monocyte
activation.

Our current study has limitations; the cross-sectional nature does not enable us to measure
changes in oxLDL levels over time or during modifications to ART. The donor populations
are not ideally matched, with more women and Caucasians among the uninfected donors
than among the patients, however, when we compared levels of oxLDL, IL-6, sSCD14, and
sCD163 between women donors in the HIV infected (N=14) and uninfected groups (N=14),
levels of these markers remained increased among HIV+ donors (P=0.0004, 0.07, 0.008, and
0.04, respectively). We also did not measure lipid profiles in our uninfected donors and
cannot comment on the similarities and differences for these indices between the groups.
While we measured significant increases in oxLDL in HIV-infected patients, there are likely
multiple modified lipids and lipid subclasses that may be altered in HIV disease and some of
these molecules may be pro-inflammatory.
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This study does provide evidence for altered proinflammatory lipid levels in HIV-infected
patients and a relationship between these levels and monocyte activation. Antiretroviral
therapy is becoming more effective, yet markers of immune activation and coagulation
remain elevated in treated HIV-infected patients®®. During treated HIV disease there are
likely multi-directional relationships between coagulation, inflammation, lipid profiles, and
metabolism, with alterations in any likely affecting the others. Here, we demonstrate that
pro-inflammatory oxLDL levels are related to indices of monocyte activation and confirm
that this lipid species can induce in vitro a monocyte phenotype that is linked to morbidity;
identifying another potential target for future interventional studies to prevent cardiovascular
disease in patients living with HIV.
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Figurel. Plasmalevelsof oxLDL areincreased in HIV-1infected patientsand correlate with
levels of SCD14 and tissue factor expression on inflammatory monocytes

Plasma samples from all donors were thawed and levels A) oxidized LDL B) IL-6, C)
sCD14, and D) sCD163 were measured by ELISA. There is a direct correlation between
plasma levels of oxLDL and E) sCD14 and oxLDL and F) the proportion of inflammatory
(CD14+CD16+) monocytes in HIV disease. Monocytes were assessed by flow cytometry.
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Figure 2. Expression of TLR4 and CD36 areincreased on monocyte subsets from HIV-1 infected
patients

Whole blood samples were obtained from 54 HIV-1 infected donors and 24 healthy donors
and the relative proportions of monocyte subsets were analyzed by flow cytometry. Three
monocyte subsets were identified by size and granularity and by CD14 and CD16
expression. Representative histograms and summary data showing expression of A) Toll-
Like Receptor 4 or B) CD36 on monocyte subsets from uninfected donors and HIV-1
infected patients are displayed.
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Figure 3. Exposur e of whole blood samplesto oxL DL, but not LDL, resultsin proportional
increasesin inflammatory (CD14+CD16+) monocytes

Whole blood was obtained from HIV-1 uninfected subjects and was exposed to
lipopolysaccharide (LPS, 20 ng/mL), LDL (50 pg/mL), or oxLDL (50 pg/mL) for 3 hours.
Surface expression of CD14 and CD16 was measured on monocyte subsets by flow
cytometry. Exposure to LPS or oxLDL, but not LDL resulted in an increase in the
proportional representation of inflammatory monocytes. A) Representative dot plots B)
Summary data. (repeated measures ANOVA, bonfierroni post tests; *** p<0.001)
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Figure 4. Exposure of whole blood samplesto oxL DL, but not LDL, resultsin increased surface
expression of TF on classical and inflammatory monocyte subsets

Whole blood was obtained from HIV-1 uninfected subjects and was exposed to
lipopolysaccharide (LPS, 20 ng/mL), LDL (50 pg/mL), or oxLDL (50 pg/mL) for 3 hours.
Surface expression tissue factor was measured on monocyte subsets by flow cytometry.
OxLDL induces TF expression on classical and inflammatory monocytes. (repeated
measures ANOVA, bonfierroni post tests; * p<0.05, *** p<0.001)
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Demographic information for HIV-1 uninfected controls and HIV-1 infected patients.

Table 1

HIV-1 uninfected Controls

HIV-1infected patients

Age Median =38 years Median 44 years
Range=23-64 Range= 23-73
Gender (% Female) 67% 26%
CD4+ T cell Count *NR. Median= 534 cells/uL
Range= 15-1343
Plasma HIV-1 RNA TNA. Median = 48copies/mL
Range=48-578,997 copies/mL
On ART (%) N.A. 91%
Hepatitis Coinfection N.R. 13%
Diabetes N.R. 6%
Diagnosed Hypertension N.R 37%
Current Smoker (%) 38% 52%
Aspirin Use N.R. 2%
Statin Use N.R. 28%
Total Cholesterol N.R 158
LDL N.R. Median= 92
Range= 33-189
HDL N.R. Median= 43
Range = 16-86
Triglycerides N.R. Median = 116
Range = 43-1056
Framingham Risk Score N.R. Median =5.9
Range = 0-35.7

Information reported is from available patient information.

TN.A. = not applicable

*

N.R. = not reported
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