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Abstract

Background—HIV is associated with atherosclerosis and low HDL. With inflammation, HDL
becomes dysfunctional. We previously showed that pro-inflammatory HDL has high HDL redox
activity (HRA). In this study, we: 1) compare HRA in HIV-infected versus non-HIV-infected
subjects and 2) relate HRA to indices of macrophage activation and cardiovascular disease risk.

Methods—102 HIV-infected subjects and 41 matched non-HIV controls without clinical
cardiovascular disease underwent coronary CT angiography (CTA) and testing for immune/
inflammatory biomarkers. The effect of purified HDL from each study subject on the oxidation
rate of dihydrorhodamine-123(DOR) was normalized to the DOR of pooled HDL from healthy
subjects. The normalized ratio DORsubject/DORpooled (nHRA) was used as a measure of HRA,
with higher HRA suggesting dysfunctional HDL.

Results—HRA was higher in HIV-infected versus non-HIV subjects (1.4+0.01 versus 1.3+0.01,
p=0.03). In multivariate modeling for HRA among all subjects, HIV status remained positively
related to HRA (p=0.02), even after controlling for traditional cardiovascular risk factors,
comorbid conditions, and immune activation. Among HIV-infected subjects, HRA correlated
inversely with HDL (rho=-0.32, p=0.002) and log adiponectin (r=—0.28, p=0.006) and correlated
positively with log sCD163 (r=0.24, p=0.02) - a monocyte/macrophage activation marker - and
with percent non-calcified coronary atherosclerotic plaque (r=0.29, p=0.03). sCD163 remained
significantly associated with HRA in multivariate modeling among HIV-infected subjects
(p=0.03).
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Conclusions—These data demonstrate increased HRA among HIV-infected subjects versus
matched non-HIV subjects with comparable HDL levels. In HIV-infected subjects, HRA relates to
macrophage activation and to non-calcified coronary atherosclerotic plaque, which may be rupture
prone. Further studies are needed in HIV-infected patients to elucidate the interplay between
immune activation, HDL function, and CVD risk.
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BACKGROUND

Relative to the general population, HIV-infected patients have a 50% increased risk of
myocardial infarction (MI) above that which can be accounted for by traditional markers of
cardiovascular disease (CVD) risk (1). Increasing evidence implicates immune activation as
a contributor to heightened CVD risk in HIV (2): We previously showed that among ART-
treated HIV-infected patients, macrophage activation relates to coronary atherosclerotic
plaque inflammation (3) and vulnerability (4) and progression of subclinical atherosclerosis
(5). In this study, we hypothesized that the interplay between macrophage activation and
HDL function may be related to increased CVD risk in HIV.

HDL is generally accepted to have cardioprotective functions, participating in reverse
cholesterol transport and exerting anti-inflammatory/anti-oxidant effects (6). However, HDL
functionality is altered in inflammatory milieus such that this typically anti-inflammatory/
anti-oxidant lipoprotein takes on pro-inflammatory and pro-oxidant properties (7) (8). Our
study compares a functional property of HDL cholesterol - HDL redox activity (HRA) - in
ART-treated HIV-infected subjects and non-HIV controls matched on traditional CVD risk
factors. Our study also assesses, the relationship between HRA and both immune/
inflammatory parameters and CVD risk markers. We have shown previously that increased
HRA correlates with pro-inflammatory properties of HDL, the latter quantified using a
physiologic cell-based assay (9) (10). Taken together, these data suggest that HRA is a
measure of HDL dysfunction.

METHODS

Study participants

102 HIV-infected men and 41 non-HIV-infected men (ages 18-55) without known or
clinically evident CVD were recruited from the Boston area to participate in the original
study. non-HIV subjects were prospectively matched to HIV-infected subjects based on
traditional CVD risk factors including age, gender, and body mass index (BMI). The clinical
study was approved by Institutional Review Boards from the Massachusetts General
Hospital (Partners Healthcare) and Massachusetts Institute of Technology, and all subjects
gave informed consent. Data on the relationship between coronary atherosclerosis and
circulating inflammatory biomarkers were previously published (11) (12) (4), but data on
HRA in this group have not been reported.
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Assessment of demographic, metabolic, immunologic/inflammatory and coronary
atherosclerotic plague parameters

Demographic data were assessed by history. Techniques for assessment of metabolic,
immunologic/inflammatory, and coronary atherosclerotic plaque parameters are as per our
previously published findings (11) (12) (4).

Fluorometric biochemical cell-free assay for assessment of HDL Redox Activity (HRA)

HRA was assessed using a validated fluorometric biochemical cell-free assay (9) (13). This
assay measures the effect of purified HDL from cryopreserved serum on the rate of
oxidation of the fluorogenic probe dihydrorhodamine 123 (DHR) (9). In the performance of
this assay, quadruplicates of 1.25 ug of HDL cholesterol were added to 96-well plates
(polypropylene, flat bottom, black, Fisher Scientific). Hepes Buffered Solution was added to
each well to a final volume of 150 pl, followed by addition of 25 pl of the working solution
of 50 uM DHR, for a total volume of 175 pl (final DHR concentration of 7 uM).
Immediately following DHR addition, the plate was protected from light and placed in a
fluorescence plate reader. The fluorescence of each well was assessed at two minute
intervals for an hour with a Synergy 2 Multi-Mode Microplate Reader (Biotek, VT), using a
485/538 nm excitation/emission filter pair with the photomultiplier sensitivity set at
medium. The DHR oxidation rate (DOR) was calculated for each well as the slope for the
linear regression of fluorescence intensity between 10 and 50 min, and this rate was
expressed as fluorescence units per minute (FU minute™1). The mean rate of quadruplicates
for the wells containing the HDL samples was recorded. The DOR of each sample was
normalized to the DOR of HDL from pooled serum of healthy blood bank donors. The
normalized ratio DORsubject/DORpooled (nHRA) was used as a measure of HRA, with
higher HRA suggesting dysfunctional HDL.

Statistical analysis

Between-group comparisons were performed using the Student's t-test for normally
distributed variables and the Wilcoxon rank sum test for non-normally distributed variables.
Dichotomous parameters were compared between groups using chi-square test likelihood
ratios. Univariate regression analyses were performed among all subjects and then
separately in the HIV-infected and non-HIV groups to assess the relationship of
demographic, cardiometabolic, and immunologic/inflammatory parameters to HRA. Non-
normally distributed parameters were related to HRA using Spearman's rho or were log-
transformed and related via the Pearson's correlation coefficient. Multivariate regression
modeling for HRA was performed among all subjects and among HIV-infected subjects
only. In the model among all subjects, independent variables included: a) relevant CVD risk
parameters, including those which were significantly different between groups (e.g.
diabetes, cigarette smoking, triglycerides, statin use, antihypertensive medicine use, hepatitis
C, and sCD163 as a marker of systemic immune activation) b) parameters which were found
to be related to HRA on univariate analysis in the overall group, the HIV-infected group,
and/or the non-HIV infected group (age, BMI, HDL, and adiponectin, in addition to
triglycerides and sCD163) and c) HIV status. In the model among HIV-infected subjects
only, independent variables included only those variables related to HRA in the overall
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group and/or the HIV-infected group (BMI, triglycerides, HDL, sCD163, and adiponectin).
JMP 9.0 (SAS Institute) was used to perform statistical analyses.

RESULTS

Characteristics of study participants

Study participants included 102 HIV-infected men and 41 non-HIV infected men
prospectively recruited to match on age, gender, and BMI. As per Table 1, most HIV-
infected subjects were receiving stable ART and were virologically suppressed. Between
groups, there was no statistically significant difference in age, family history of premature
heart disease, smoking, diabetes prevalence, BMI, and blood pressure. Levels of HDL
cholesterol were not significantly different between groups (46 mg/dl (41, 52) versus 45
mg/dl (38, 55), non-HIV-infected versus HIV-infected, p=0.75). Levels of total and LDL
cholesterol were also comparable between groups, whereas triglyceride levels were higher in
the HIV-infected group (109 mg/dl (81,182) versus 80 mg/dl (64, 123), p=0.001).

Comparison of HRA in HIV-infected group versus non-HIV group

HRA - a normalized value - was significantly higher in the HIV-infected group versus the
non-HIV group (1.4 £ 0.01 versus 1.3 = 0.01, p=0.03). HRA was not significantly different
between HIV-infected subjects with detectable viral load and HIV-infected subjects with
undetectable viral load (1.4 = 0.02 versus 1.4 £+ 0.01, p=0.68).

Univariate relationships between HRA and demographic, metabolic, immunologic/
inflammatory, and CVD risk parameters

Among all subjects, HRA was inversely related to HDL levels (rho=-0.29, p=0.0007) and
log adiponectin levels (r=-0.26, p=0.002). HRA was positively related to triglycerides
(rh0=0.18, p=0.04) and log sCD163 levels (r=0.22, p=0.009) among all subjects.

Among non-HIV controls, there was a statistically significant relationship between HRA
and age (rho=0.31, p=0.05). Statistically significant relationships between HRA and other
inflammatory/immune and cardiometabolic parameters were not detected among non-HIV
controls.

Among HIV-infected subjects, a significant inverse relationship was noted between HRA
and HDL levels (rho=-0.32, p=0.002) and between HRA and log adiponectin levels (r=
-0.28, p=0.006). Also among HIV-infected subjects, there was a significant positive
relationship between HRA and levels of the monocyte/macrophage activation marker
sCD163 (r=0.24, p=0.02) (Figure 1), but no statistically significant relationship between
HRA and log levels of other circulating inflammatory/immunologic markers including high-
sensitivity C-reactive protein (hs-CRP), interleukin-6 (IL-6), d-dimer, lipopolysaccharide
(LPS), and sCD14. Moreover, there was a statistically significant positive relationship
between HRA and the percentage of non-calcified coronary atherosclerotic plaque (r=0.29,
p=0.03) among HIV-infected subjects, but no statistically significant relationship between
HRA and the percentage of non-calcified coronary atherosclerotic plague among all subjects
(p=0.28) or among non-HIV controls (p=0.11). HRA was not significantly related to HIV/-
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specific parameters including duration of HIV, duration of ART, ART class (data not
shown), current CD4 count, nadir CD4 count, and log viral load (Table 2).

Multivariate regression modeling for HRA among all subjects and among HIV-infected
subjects alone

Among all subjects, HIV status remained positively related to HRA in multivariate modeling
controlling for CVD risk factors and parameters related to HRA on univariate analysis in the
overall group, the HIV-infected group, and/or the non-HIV infected group (R? for model
0.20, p=0.009; HIV estimate=0.02, standard error=0.01, p=0.02) (Table 3a). Among HIV-
infected subjects only, sCD163 remained positively related to HRA controlling for variables
related to HRA in the overall group and/or the HIV-infected group (R2 for model=0.16,
p=0.007; sCD163 estimate 0.00003, standard error 0.00001, p=0.03) (Table 3b).

DISCUSSION

Our data are the first to show increased HRA among chronically infected, ART-treated HIV-
infected patients versus matched non-HIV subjects with comparable HDL levels. This
observation suggests that HDL functional properties - specifically HRA - are not fully
captured by simple measurement of HDL levels among HIV-infected patients. As discrepant
lipid levels per se do not appear to account for the heightened CVD risk in HIV-infected
patients (1), it is reasonable to further investigate the degree to which lipoprotein functional
properties, such as HRA, contribute. Although the biological significance of high HRA has
yet to be fully determined, high HRA is felt to represent a measure of HDL dysfunction (9).
We previously demonstrated that higher HRA correlated significantly with “pro-
inflammatory HDL”, or HDL with decreased ability to prevent LDL from inducing MCP-1
expression and monocyte migration into the subendothelial space of human aortic
endothelial and smooth muscle cell co-cultures (9) (10). If HRA indeed reflects HDL
dysfunction, HRA could have potential relevance to CVD risk in HIV.

In our study, among all subjects and among HIV-infected subjects only, HRA was
significantly associated with circulating levels of the monocyte/macrophage activation
marker soluble CD163 (sCD163). Among HIV-infected subjects, sSCD163 remained
significantly associated with HRA even after controlling for other parameters associated
with HRA on univariate analyses. One possible explanation for the relationship between
sCD163 and HRA is that immune activation in HIV alters HDL structural/functional
properties. Previous studies have demonstrated structural/functional (7) (8) changes to HDL
circulating in experimental or naturally occurring infectious/inflammatory conditions (i.e.
“acute-phase HDL"). Among HIV-infected patients, there have been studies relating HDL
particle size to CVD risk (14) but no studies to our knowledge have related functional HDL
changes to such risk. Moreover, among HIV-infected patients, there have been studies
suggesting that new initiation of ART introduces salutory changes to HDL structure,
possibly by dampening immune activation (15). Further studies are needed to elucidate the
interplay between immune activation, ART, HDL structure/function, and CVD risk in HIV.

We also note a positive association between HRA - but not HDL levels - and percent non-
calcified plaque among HIV-infected patients. Previous studies in non-HIV subjects with
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suspected CVD have shown that non-calcified plaque better predicts major adverse cardiac
events versus calcified plaque (16). Our findings reinforce that HDL levels and HDL
functional assessments may provide complementary information relevant to CVD risk in
HIV. Indeed, in non-HIV cohorts with autoimmune diseases, acute-phase HDL has already
been shown to track with CVD risk (17). We did not observe an association between HRA
and percent non-calcified coronary plaque in the non-HIV-infected group, and this may have
been due to the smaller sample size of this group and the lower frequency of plaque or to
differences in mechanisms of atherogenesis between HIV-infected patientsand non-HIV
infected control subjects.

Limitations of this study include the cross-sectional design, which precludes conclusions
about causality and about the biological significance of HRA. Moreover, the study was
conducted among men from one demographic area, and further studies are needed to
determine the generalizability of the results. Concerns regarding biochemical assessments of
HDL function have previously been described (13) (18). Although the absolute difference in
HRA between groups was small, this was statistically significant and was large relative to
the SD of the assay. HRA in our subjects was hormalized to HRA in a population mean of
healthy blood bank donors, resulting in the low observed standard deviation of the assay.
The statistically significant positive association of HRA to relevant immunological and
cardiometabolic indices among all subjects and among HIV-infected subjects lends credence
to the potential clinical relevance of the difference in HRA observed between HIV-infected
subjects and controls. Strengths of the study include the relatively large size of the HIV-
infected group, matching between groups on age, gender, and BM|1, and extensive
phenotypic data - including CT angiography data - available for novel comparisons with
HRA. This study thus builds on a previous, smaller study by our group in a different, HIV-
infected cohort, showing a relationship between HRA and waist circumference (19).

Our study shows increased HRA among chronically HIV-infected subjects versus matched
non-HIV subjects with comparable HDL levels. Among all subjects, the relationship
between HIV status and HRA holds even when controlling for traditional CVD risk factors
and immune parameters. Moreover, the data show that HRA among HIV-infected subjects is
significantly associated with macrophage activation and with a measure of CVD risk -
percent non-calcified coronary plaque. This study suggests the need for future explorations
of the biologic significance of HRA and the relationship between immune activation, HDL
structure/function changes, and CVD risk in HIV. Of great interest would be the
development of strategies to improve HDL structure and function while reducing CVD risk
among ART-treated HIV-infected patients.
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Figure 1.
Relationship between HDL Redox Activity (HRA) and log levels of the monocyte/

macrophage activation marker soluble CD163 (sCD163) among HIV-infected subjects
(n=102) (r=0.24, p=0.02).
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Table 1

Demographics

Non-HIV-Infected Controls (n=41) HIV-Infected Subjects(n=102) P-value

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Demogr aphics
Age, years 45.0 (415, 50.5) 48.0 (41.8, 52.0) 0.18
Race 0.19
White 61 63
Black 17 22
Hispanic 7 12
Asian 7 1
Native American 5 3
Family history of premature heart disease, % 13 22 0.24
Current smoker, % 29 41 0.20
Diabetes mellitus, % 2 7 0.26
Use of antihypertensive medications, % 8 29 0.003
Use of lipid-lowering medications, % 13 27 0.05
Hepatitis C infection, %, self-reported 2 25 0.0003
Metabolic Parameters
Body mass index, kg/m? 26.3 (23.5, 29.6) 25.7 (23.7, 29.1) 0.75
Systolic blood pressure, mm Hg 117 (110, 124) 120 (112, 127) 0.22
Total cholesterol level, mg/dL 177 (154, 201) 173 (155, 201) 0.94
LDL cholesterol level, mg/dL 110 £33 101 +31 0.15
HDL cholesterol level, mg/dL 46 (41, 52) 45 (38, 55) 0.75
Triglyceride level, mg/dL 80 (64, 123) 109 (81, 182) 0.001
Adiponectin level, ng/mL 4362 (3326, 7106) 5454 (2521, 10125) 0.50
HIV Disease-Related Parameters
Duration of HIV infection, years N/A 13.8+6.5 N/A
Currently receiving antiretroviral therapy, % N/A 95 N/A
Duration of antiretroviral therapy, years N/A 7.9 (3.1, 11.0) N/A
Current PI treatment, % N/A 52 N/A
Current NRTI treatment, % N/A 92 N/A
Current NNRTI treatment, % N/A 47 N/A
Current CD4+ count, cells/mm3 N/A 473 (303, 748) N/A
Nadir CD4 count, cells/mm3, self-reported N/A 175 (57, 278) N/A
HIV RNA level (viral load), copies/mL N/A <50 (<50 to <50) N/A
Undetectable viral load (<50 copies/mL), % N/A 81 N/A
Immunologic/lnflammatory Parameters
High-sensitivity C-reactive protein (CRP), mg/L 1.3(0.7,3.3) 1.6 (0.7, 3.8) 0.49
High-sensitivity interleukin-6 (I1L-6), pg/mL 0.6 (0.5, 1.0) 0.9(0.7,1.5) 0.01
D-dimer, ng/mL <220 (<220, 333) <220 (<220, 322) 0.93
Lipopolysacharide (LPS), ng/mL 0.07 (0.06,0.1) 0.1(0.07,0.1) 0.0004
Soluble CD 14 (cSD14), ng/mL 211 (121, 374) 305 (157, 440) 0.08
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Non-HIV-Infected Controls (n=41) HIV-Infected Subjects (n=102) P-value

Soluble CD163 (sCD163), ng/mL 765 (572, 1054) 1063 (695, 1577) 0.0007

LDL = low density lipoprotein; HDL = high density lipoprotein; PI = protease inhibitor; NRTI = nucleoside reverse transcriptase inhibitor; NNRTI
= non-nucleoside reverse transcriptase inhibitor.
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Univariate Associations between HDL Redox Activity and Demographic, Metabolic, and Immunologic/
inflammatory Parameters Among All Subjects, HIV-Infected Subjects, and Non-HIV-Infected Control

Subjects

All Subjects (n=143)

HIV-Infected Subjects (n=102)

Non-HIV-Infected Control
Subjects (n=41)

Demogr aphic Parameters

Age, years rho=0.13 p=0.14 rho=0.02 p=0.88 rho=0.31 p=0.05*
Cigarette smoking, pack-years rho=-0.07 | p=0.44 rho=-0.08 p=0.48 rho=-0.29 p=0.08
Metabolic Parameters
Body mass index, kg/m?2 rho=0.17 p=0.05* rho=0.11 p=0.30 rho=0.30 p=0.06
Systolic blood pressure, mm Hg rho=0.04 p=0.64 rho=-0.04 p=0.67 rho=0.15 p=0.35
Total cholesterol level, mg/dL rho=-0.03 | p=0.75 rho=-0.10 p=0.35 rho=0.17 p=0.31
HDL cholesterol level, mg/dL rho=-0.29 | p=0.0007* | rho=-0.32 p=0.002* rho=-0.17 p=0.29
LDL cholesterol level, mg/dL r=0.08 p=0.39 r=0.03 p=0.74 r=0.27 p=0.09
Triglyceride level, mg/dL rho=0.18 p=0.04* rho=0.11 p=0.29 rho=0.20 p=0.23
Log adiponectin, ng/mL r=-0.26 p=0.002* r=-0.28 p=0.006* r=-0.24 p=0.14
Immunologic/inflammatory Parameters
Log high-sensitivity C-reactive protein r=-0.10 p=0.26 r=-0.07 p=0.50 r=-0.21 p=0.19
(CRP), mg/L
Log high-sensitivity interleukin 6 (I1L-6), r=-0.04 p=0.66 r=-0.03 p=0.80 r=-0.24 p=0.20
pg/mL
Log D-dimer, ng/mL r=0.004 p=0.97 r=-0.004 p=0.97 r=-0.02 p=0.93
Log lipopolysacharide (LPS), ng/mL r=0.02 p=0.86 r=—0.04 p=0.72 r=—0.03 p=0.85
Log soluble CD14 (sCD14), ng/mL r=0.10 p=0.24 r=0.04 p=0.70 r=0.17 p=0.30
Log soluble CD163 (CD163), ng/mL r=0.22 p=0.009* r=0.24 p=0.02* r=0.03 p=0.84
Duration of HIV infection, years N/A N/A r=0.10 p=0.36 N/A N/A
Duration of antiretroviral therapy, years N/A N/A rho=0.19 p=0.14 N/A N/A
Current CD4 count, cells/mm3 N/A N/A rho=-0.006 p=0.96 N/A N/A
Nadir CD4 count, self-reported, cells/mm3 N/A N/A rho=-0.009 p=0.94 N/A N/A
Log HIV-RNA level (viral load) N/A N/A r=0.18 p=0.11 N/A N/A
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Zanni et al.

Multivariate Model for HDL Redox Activity Among All Subjects Overall R2=0.20, p=0.009

Table 3A

Parameter Estimate Standard Error | p value
HIV 0.02 0.01 0.02*
Hepatitis C 0.02 0.01 0.18
sCD163 0.00002 0.00001 0.24
Age -0.0008 0.001 0.50
Body mass index (BMI) 0.002 0.002 0.36
Diabetes mellitus (DM) -0.003 0.02 0.86
Current cigarette smoking -0.01 0.009 0.09
Triglycerides -0.0001 0.00008 0.22
HDL cholesterol -0.001 0.0006 0.10
Current statin use 0.02 0.01 0.17
Current antihypertensive medication use | —0.004 0.01 0.70
Adiponectin —0.000003 | 0.000002 0.15
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Multivariate Model for HDL Redox Activity Among HIV-Infected Subjects Overall R?=0.16, p=0.007

Table 3B

Parameter Estimate Standard Error | p value
sCD163 0.00003 0.00001 0.03
HDL cholesterol -0.001 0.0007 0.07
Adiponectin -0.000004 | 0.000002 0.09
Body mass index (BMI) | 0.0007 0.002 0.74
Triglycerides -0.0001 0.00007 0.14
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