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Abstract

Background: Rates of insulin resistance are increased in HIV-infected patients on stable antiretroviral therapy (ART). Such
increase may partially be due to HIV-induced immune dysregulation involving monocytes (MO) and its subsets.

Materials and Methodss: Cross-sectional analysis of 141 HIV-infected subjects age = 40 years on stable ART. Homeostatic
model assessment-insulin resistance (HOMA-IR) and rates of metabolic syndrome were calculated. Subjects were classified
by fasting glucose and oral glucose tolerance test (OGTT) into clinical diabetes categories. Multi-parametric flow cytometry
was used to determine MO subset percentages: [classical (CD14""CD16~), intermediate (CD147*CD16"), non-classical
(CD14"°"*CD16™), and a recently identified fourth (CD14'°"/*CD167) ‘transitional’ MO subset] and percentage of activated
(CD38"HLA-DR*) CD8 T cells. Absolute levels of cells were calculated using clinical CBC and T cell subset data. Multiple
plasma soluble biomarkers were assessed by Luminex technology.

Results: Median age 50 years, CD4 count (percent) 505 cells/uL (29%), and 89% male. Total MO (r= —0.23, p=0.006) and
classical and non-classical MO subsets correlated negatively with CD4 percent. No correlations were seen with CD4 count as
absolute values. Log-total MO and log-classical MO predicted HOMA-IR independently of HIV immuno-virologic and
diabetes risk factors (3 =0.42, p=0.02 and =0.35, p=0.02, respectively) and were increased in subjects with metabolic
syndrome (p=0.03 and p=0.05 respectively). Total and/or subset MO levels correlated with multiple soluble plasma
biomarkers including CRP, IL-6, MMP-9, MPO, SAA, SAP and tPAI-1, with tPAI-1 independently predicting HOMA-IR (§ =0.74,
p<0.001).

Conclusions: MO levels increase with worsening HIV immune dysregulation as assessed by CD4 percent. CD4 percent may
provide additional information about MO and metabolic risk in this population beyond absolute values. MO, and specifically
classical MO, may contribute to insulin resistance and metabolic syndrome during chronic HIV infection. Multiple soluble
plasma biomarkers including tPAI-1 increase with increase in MO. Levels of tPAI-1 independently predict the development
of insulin resistance.
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Introduction hypogonadism, and higher rates of traditional risk factors in some
- ) HIV populations such as obesity and physical inactivity [1]. HIV-
Abnormalities of glucose metabolism occur commonly among induced immune dysregulation and inflammation may also play a
HIV-infected patients on stable antiretroviral therapy (ART) [1] role in the increased prevalence of insulin resistance and diabetes.
and may contribute to increased rates of cardio-metabolic Low CD4 count is an independent risk factor for altered insulin
complications. The etiologies for the higher prevalence of insulin sensitivity [2]. Higher systemic levels of C-reactive protein (CRP),
resistance and diabetes among ART-treated individuals with and soluble receptors of tumor necrosis factor-alpha (TNF-a),
chronic HIV are likely multifactorial including the possible effects STNF1 and sTNF2, accompany incident diabetes after initiation of

of various antiretroviral medications, presence of lipodystrophy, HIV antiretroviral therapy [3].

co-infection with hepatitis C virus (HCV), higher rates of
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While studies of HIV-induced immune activation have tradi-
tionally focused on the role of CD8 T cells, there is increasing
interest in the role that MO may play in non-infectious
complications seen among individuals with chronic HIV. MO
originate in the bone marrow and circulate in the peripheral blood
for 1—3 days before differentiating into macrophages within
various tissues. MO are a heterogencous population of cells, and
are classified by international consensus into several subsets on the
basis of their CD14 and CD16 surface expression: classical MO
lacking CD16 expression (CD14""CD167) and those expressing
CD16 comprised of intermediate (CD14""CDI16%) and non-
classical (CD14'°*/*CD16"") MO [4]. We have recently published
data reporting the identification of a fourth MO subset which we
have termed ‘transitional’ MO. This transitional MO subset is
characterized by reduced but still detectable levels of CD14
(CD14*CD167) and is associated within our cohort of HIV-
infected individuals on stable ART with increases in carotid
intima-media thickness, a well-established marker of arterial injury
[5,6]. Classical MO account for roughly 80—90% of circulating
MO in normal healthy individuals. This population has been
reported to increase in acute inflammation and to be rapidly
recruited to sites of infection [7,8,9]. The CDI6-containing
population increases with aging and chronic inflammatory
disorders, and compared to classical MO, shows higher expression
of pro-inflammatory cytokines, higher potency in antigen presen-
tation, and is more permissive for productive HIV infection
[10,11,12]. The CD16-containing MO subset expands with HIV
infection and is increased in subjects with HIV-associated
neurocognitive disorders [13,14]. An increase in non-classical
MO has been reported to correlate with HIV disease progression
in ART-naive subjects [15]. Increases in both non-classical and
intermediate MO subsets similar in pattern to those in HIV-
uninfected subjects with acute coronary syndrome have been
reported in HIV-infected individuals with uncontrolled HIV
disease [14]. In the general population, increases in circulating
MO have been observed in diabetic subjects compared to
nondiabetic controls [16,17,18]. CD16-bearing MO subsets have
been reported to be increased in patients with type 2 diabetes and
in particular in those with diabetic complications such as renal
disease [16,19]. Taken together these data indicate a potentially
important role for MO populations in the pathogenesis of HIV-
associated cardio-metabolic disorders.

This study sought to understand how HIV-induced immune
dysregulation influences MO and its subsets, and to then assess the
relationship of these MO to insulin resistance and glucose
dysregulation among HIV infected individuals on stable ART.
We also assessed CD8 T cell activation levels and levels of various
soluble plasma biomarkers as these parameters are known to play
a substantial role in HIV immune dysregulation. We found that
HIV immune dysregulation, as assessed specifically by CD4
percent but not as absolute CD4 count, is associated with an
increase in MO with a very modest increase in the percentage
represented by non-classical MO. In turn, we found that an
increase in MO, primarily accounted for by an increase in classical
MO, is associated with insulin resistance independent of HIV
immuno-virologic and traditional diabetes risk factors and with
metabolic syndrome. We further found that multiple positive
correlations exist between numbers of total MO and/or its subsets
and levels of various soluble plasma biomarkers including CRP,
interleukin-6 (IL-6), matrix metallopeptidase-9 (MMP-9), myelo-
peroxidase (MPO), serum amyloid A (SAA), serum amyloid P
component (SAP) and tissue plasminogen activator inhibitor-1
(tPAI-1). Levels of tPAI-1 increase as CD4 percent decreases and
predict insulin resistance in an adjusted model.
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Materials and Methods

Subjects and Study Design

We analyzed entry data of participants enrolled into the Hawaii
Aging with HIV-Cardiovascular (HAHC-CVD) cohort, a 5-year
longitudinal study investigating the role of immune activation and
mitochondrial-specific oxidative stress on the pathogenesis of
cardiovascular disease among HIV-infected patients on ART. The
study was approved by the Committee on Human Subjects of the
University of Hawaii and written informed consents were obtained
from all participants.

Entry criteria required subjects to have documented HIV
infection, be at least 40 years old, and be on stable ART for = 6
months. Blood pressure and waist and hip measurements were
obtained in triplicate and averaged. Body mass index (kg/m?) was
calculated. CBC, T cell subsets, plasma HIV RNA assessments,
chemistries and metabolic labs (glucose, insulin, total, directly
measured LDL and HDL cholesterol, and triglycerides) were
obtained at entry in a fasted state (nothing by mouth except water
for 12 hours). Subjects were assessed for past and current tobacco
use. All subjects without known history of diabetes underwent an
oral glucose tolerance test (OGTT). Homeostatic Model Assess-
ment of Insulin Resistance (HOMA-IR) was calculated using the
formula: [pre-OGTT glucose (mg/dL) X pre-OGTT insulin
(uIU)]/405.

Subjects were grouped by glucose dysregulation according to
the American Diabetic Association Guidelines utilizing fasting
glucose and results of the OGTT [20]. Impaired fasting glucose
(IFG) was defined as fasting glucose between 100 and 125 mg/dL
and impaired glucose tolerance (IGT) as a 2-hour OGTT glucose
level between 140—199 mg/dL. Diabetes was defined as self-
reported history of diabetes, use of diabetic medications, fasting
blood glucose = 126 mg/dL or a 2-hour OGTT glucose level
>200 mg/dL. Subjects were categorized as having metabolic
syndrome utilizing the parameters as proposed by the National
Cholesterol Education Program’s Adult Treatment Panel III
report (ATP IIT) [21].

Cell Flow Cytometry

Blood was separated within 30 minutes of the blood draw and
peripheral blood mononuclear cells (PBMC) were isolated using
Ficoll-Hypaque density gradient centrifugation (Pfizer, Inc., New
York, NY). Separated PBMC and plasma were cryopreserved for
future phenotypic analyses of cells and plasma cytokines. Banked
PBMC were phenotyped based on CD14 and CD16 cell surface
expression into 4 MO subsets [classical (CD14"™"CD167), inter-
mediate (CD147CD16"), non-classical (CD147°"CD16™), and
transitional (CD14*CD167)] and CD14-CDI16- cells using a
multiparametric panel of conjugated monoclonal antibodies
that identified the HLA-DR* PBMC live cell population
and excluded T lymphocytes, B cells, NK cells
(CD3 CDI19 CD14 CD20 CD56 ) and dead cells (aqua amine
reactive dye [AARD']) as shown in Figure 1. Cells are washed
twice and fixed with 1% paraformaldehyde solution (PFA) before
acquiring on a custom 4 laser BD Fortessa flow cytometer (BD
Biosciences, San Jose, CA). Data were analyzed using Flowjo
software (Treestar Inc Ashland, OR ).

The total MO count was calculated using white blood cell count
(WBC) and percent MO values on the CBC conducted as part of
entry evaluations on the same blood specimen as that utilized for
flow cytometry. The CBC was performed by Diagnostic Labora-
tory Services (DLS), Inc., a local commercial Clinical Laboratory
Improvement Amendments ACT (CLIA)-certified laboratory.
Total numbers in each MO subset were then derived by
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Figure 1. Multiparametric flow cytometry protocol utilized for identification of classical, intermediate, non-classical, and
transitional monocyte subsets from peripheral blood mononuclear cells. Banked PBMC were phenotyped based on CD14 and CD16 cell
surface expression into four MO subsets: [classical (CD14*"CD167); intermediate (CD14*"CD16"), non-classical (CD14*"°"CD16"*), and transitional
(CD14"CD16 )] and CD14-CD16- cells using a multiparametric panel of conjugated monoclonal antibodies that identified the HLA-DR* PBMC live cell

CD16

CD16

population.
doi:10.1371/journal.pone.0090330.g001

multiplying the number of total MO by the percent of total MO
representing each MO subset as derived from cell flow cytometry.

Similarly, the number of total CD8 T lymphocytes was obtained
from T cell subset analyses performed by DLS as part of entry
evaluations. The number of activated CD38"HLA-DR" CD§ T
cells was derived by multiplying the total number of CD8 T cells
by the percentage of CD8 T cells co-expressing CD38 and HLA-
DR as assessed by flow cytometry.

Plasma Soluble Biomarkers

Testing was conducted using Milliplex Human Cardiovascular
Disease panels (EMD Millipore, USA) as outlined in the
manufacturer’s protocols. Soluble biomarkers assessed included
MMP-9, MPO, tPAI-1, CRP, SAA, SAP, IL-1, IL-6, IL-8, IL-10,
TNF-a, soluble E-selectin (sE-selectin), soluble vascular cell
adhesion molecule-1 (sVCAM-1), soluble intercellular cell adhe-
sion molecule-1 (SICAM-1), monocyte chemoattractant protein-1
(MCP-1), vascular endothelial growth factor (VEGF), interferon-
gamma (IFN-y), and N-terminal pro-brain natriuretic peptide
(NT-proBNP).

Statistical Analyses

Demographic, clinical and immunologic information was
summarized by median (quartilel, quartile3) values for continuous
variables and frequency (percentage) for categorical variables.
Continuous variables were first logjg-transformed to improve
normality before further analyses if their distributions were
skewed. Correlations between variables were performed by
Pearson correlation. The relationships between HOMA-IR and
various immune variables were assessed by univariate and
multivariate linear regression analyses, adjusting for immuno-
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virologic and HIV specific factors as well as for risk factors for
msulin resistance and diabetes. For soluble plasma biomarkers,
biomarkers were examined by multivariate analysis if the
univariate analysis produced a p<<0.10. MO differences by
diabetes categories and by presence or absence of metabolic
syndrome were assessed by ANOVA and ANCOVA. All statistical
analyses were conducted in SPSS (IBM, Version 21). A two-sided
p-value < 0.05 was regarded as statistically significant.

Results

Patient Characteristics

A total of 141 subjects enrolled into the HAHC-CVD cohort
who had available MO phenotype data were included in this
analysis. The demographic, clinical, and immunologic character-
istics of the subjects are summarized in Table 1. The majority of
the subjects were male and of Caucasian ethnicity. Entry criteria
for the cohort required subjects to be on ART and 86.5% of these
subjects were virologically suppressed at a plasma HIV RNA level
of < 50 copies/mL. The study recruited subjects age 40 or older,
and the median age of the selected subjects in this dataset was 50
years. The median current CD4 count (percent) was relatively
high at 505 cells/uL (29%) but the median self-reported nadir
CD4 was relatively low at 150 cells/uL. A total of 22.3% of the
population had evidence of glucose dysregulation. The median
MO percent was 8%, and the median total MO count was 400
cells/uL.. By subsets, the classical MO comprised the majority
(76%) of the MO population with intermediate, non-classical and
transitional MO comprising the rest in our gating strategy.
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Table 1. Baseline characteristics of the subjects.
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Table 1. Cont.

Clinical and Demographic Information

Clinical and Demographic Information

Age

Males, n (%)
Race/ethnicity

White

Full or part Hawaiian/Pacific Islander (NH/PI)
Asian

African-American

Native American/Alaskan
Mixed (other than NH/PI)
Hepatitis C, n (%)*

Body mass index (kg/m?)
Waist to hip ratio

Male

Female

Systolic BP/diastolic BP
History of smoking, n (%)
Glucose metabolism®
Normal

Impaired fasting glucose(IFG)/glucose
tolerance(IGT)

Diabetes

Fasting glucose (mg/dL)

HOMA-IR

Total cholesterol (mg/dL)

LDL cholesterol (mg/dL)

HDL cholesterol (mg/dL)

Triglyceride (mg/dL)

Metabolic Syndrome n(%)*
Immunologic Parameters

WBC count (x10° cells/L)

Monocyte (%)

% undetectable HIV RNA (< 50 copies/mL)
Nadir CD4 count (cells/uL)®

Current CD4 count (cells/ulL)

Current CD4%

Current CD8%

CD38+HLA-DR CD8 T-lymphocytes (%)
CD38+HLA-DR CD8 T-lymphocytes (cells/uL)
Monocyte Subsets (%)°

Classical (CD14""CD167)

Intermediate (CD147*CD16")
Transitional CD14"CD16 ")
Non-classical (CD14"°%CD16™)
Absolute monocyte count (cells/pL)
Classical (CD14™CD167)

Intermediate (CD14**CD16")

PLOS ONE | www.plosone.org

50 [45, 57]
125 (88.6%)

85 (60.3%)

18 (12.8%)

8 (5.7%)

5 (3.6%)

3 (2.1%)

22 (15.6%)

16 (11.3%)

25.8 [23.7, 27.9]

0.94 [0.91, 0.98]

0.94 [0.79, 0.95]

120 [113, 129]/75 [69, 82]
93 (66.4%)

109 (77.8%)
16 (11.4%)

15 (10.7%)

87 [81, 94]

1.49 [0.81, 2.50]
177 [155, 202]
107 [89, 130]
42 [33, 53]

113 [82, 166]
25 (17.7%)

53 [4.3,6.3]
87,91

122 (86.5%)

150 [50, 245]
505 [341, 640]
29 [21,36]

44 [36, 52]
10.5[7.7, 16.8]
76.6 [47.8, 124.1]

76 [71.7, 81.9]
1.6 [0.60, 4.1]
14.1 [9.3, 18.9]
5.9 [4.0, 8.7]
400 [329, 530]
310 [231, 410]
6.3 [2.5, 15.8]

Transitional CD14"CD167)
Non-classical (CD14"°“CD16™)

55.8 [38.6, 81.3]
246 [13.7, 35.3]

All values reported are median [quartile1, quartile 3], except for frequency
counts [n (%)].

HOMA-IR: Homeostatic Model Assessment of Insulin Resistance.

By self-report, one patient with unknown HCV status.

One patient with missing data.

“Based on the United States Cholesterol Education Program Adult Treatment
Panel Guidelines (2001).

9Nadir CD4 count based on self-report (data available from 132 subjects).
€The sum may not necessarily add to 100% as the median percentage rather
than the mean is reported.

doi:10.1371/journal.pone.0090330.t001

Relationship of CD4 and CD8 T cell Parameters to MO
and Plasma Soluble Biomarkers

Self-reported nadir CD4 T cell count did not correlate with
numbers of total MO or MO subsets. Similarly current CD4 T cell
count as an absolute value did not correlate with any MO
parameters. However, multiple correlations were seen between
current CD4 T cells examined as a percentage of lymphocytes and
various MO parameters. Current CD4 percent correlated
negatively with log-total MO (r=-—0.23, p=0.006) and MO
subsets log-classical MO (r=—0.19, p=0.023) and log-non-
classical MO (r=-0.23, p=0.005) with a trend for log-
transitional MO (r=—0.15, p=10.080). No correlation was found
between current CD4 percent and log-intermediate MO (r = 0.05,
p=0.561).

The association between CD4 percent and MO can be seen
visually in Figure 2 which shows the median total and subset MO
numbers categorized by CD4 percent quarties. Total MO
increased in stepwise fashion with lower CD4 percent quartiles.
All MO subsets contributed to this increase, although with a
slightly higher contribution from non-classical MO. This could be
demonstrated by the negative correlation between CD4 percent
and percent (rather than the absolute value) of MO comprising
non-classical MO (r=—0.19, p=0.024).

Because decreases in CD4 percent can result not only from a
decrease in the number of CD4 T cells but by an increase in other
lymphocyte cell types including CD8 T cells, we assessed the
relationship between CD4 percent and CD8 T’ cell parameters.
CD4 percent correlated negatively with log-total CD8 T cells
(r=—0.45, p<0.001) and with log-total CD38+HLA-DR+CD8 T
cells (r=-—0.49, p<0.001). In turn, log-total CD8 T cell count
correlated positively with log-total MO (r=10.35, p<<0.001), log-
classical MO (r=0.27, p=0.001), and log-transitional MO
(r=0.29, p=0.001), with marginal significance with log-non-
classical MO (r=0.16, p=0.061). Similar relationships were seen
for activated CD8 T cells. Log-CD38"HLA-DR*CD8 T cells
correlated with log-total MO (r = 0.36, p<0.001), log-classical MO
(r=0.29, p<<0.001), log-transitional MO (r=0.29, p=0.001), and
log-non-classical MO (r=0.20, p=0.018). No correlation was
seen between log-CD38+HLA-DR+CD8 T cells and log-interme-
diate MO (r=—0.02, p=0.81).

The database was examined for any correlations between CD4
percent and various soluble plasma biomarkers. Total CD4 count
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Figure 2. Absolute counts (cells/uL) of total monocytes by classical, intermediate, transitional and non-classical monocyte subset
components by CD4 T cell percent quartiles.
doi:10.1371/journal.pone.0090330.g002

did not correlate with any soluble plasma biomarkers assessed. Total CD8 T cell count correlated with log-sVCAM (r = 0.20,
CD4 percent correlated negatively with log-transformed values of ~ p=0.026). CD8 T cell percent correlated with log-TNF-o
tPAI-1 (r=-0.19, p=0.032) and TNF-a (r=—0.20, p=10.028). (r=0.19, p=0.040).
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Figure 3. Absolute counts (cells/uL) of total monocytes by classical, intermediate, transitional and non-classical monocyte subset
components by HOMA-IR quartiles.
doi:10.1371/journal.pone.0090330.g003

PLOS ONE | www.plosone.org 5 February 2014 | Volume 9 | Issue 2 | 90330



various HIV-associated and diabetes risk factors.

Monocytes and Insulin Resistance in HIV

Table 2. Multivariate linear regression analysis of the relative contribution of total monocyte count to HOMA-IR adjusting for

Regression coefficient Standard Error p-value 95% Confidence Interval
Age, years 0.004 0.003 0.239 —0.003 0.011
Male (yes or no) —0.028 0.086 0.743 —0.198 0.141
Caucasian (yes or no) —0.021 0.055 0.710 —0.129 0.088
Hepatitis C (yes or no) 0.132 0.080 0.103 —0.027 0.290
Past or current smoking (yes or no) —0.032 0.055 0.565 —0.140 0.077
Body Mass Index (kg/m?) 0.035 0.006 <0.001* 0.023 0.047
Current protease inhibitor use (yes or no) —0.012 0.057 0.834 —0.124 0.100
Current CD4% —0.001 0.003 0.788 —0.006 0.004
Plasma HIV RNA <50 copies/mL (yes or no) 0.036 0.080 0.652 —0.123 0.195
Log-total monocyte count 0424 0.177 0.018* 0.073 0.775

*statistically significant.
doi:10.1371/journal.pone.0090330.t002

Relationship of Cellular and Soluble Plasma Biomarkers
to HOMA-IR

No associations were seen between CD4 percent or log-total
CD4 count and HOMA-IR (r=—0.08, p=0.359 and r=0.05,
p=0.581 respectively). Similarly, there was no association
between CD8 T cell parameters (CD8 percent, log-total CD8 T
cells, log-total CD38+HLA-DR+CD8 T cells) or log-CD4/CD8
ratio and HOMA-IR. However, log-total MO (r= 0.26,
p =0.002) and log-total classical MO (r=0.26, p=0.002) corre-
lated positively with HOMA-IR. These associations are shown
graphically in Figure 3 which depicts the quantity of total MO and
its subsets by increasing HOMA-IR quartiles. The increase in total
MO with higher HOMA-IR quartiles was contributed primarily
by an increase in classical MO.

The relationship of MO to HOMA-IR was examined further in
multivariate linear regression models with HOMA-IR as the
dependent variable, adjusting for immuno-virologic and HIV
specific factors (CD4 percent, presence/absence of plasma HIV
RNA, and current protease inhibitor use) as well as for traditional
risk factors for diabetes (age, gender, race, hepatitis C, smoking,
body mass index [BMI]). Of these parameters, BMI (B =0.03,
p<<0.001) and self-reported hepatitis C co-infection (f=0.21,

p=0.021) were significantly associated in univariate linear
regression with log-HOMA-IR. As shown in Table 2 using our
multivariate model, log-total MO (B =0.42, p=0.018) remained a
significant predictor of log-HOMA-IR. When this relationship was
examined individually by specific MO subsets, log-classical MO
was also a significant predictor (f=0.35, p=0.023), but not the
other subsets.

Univariate linear regression was used to identify soluble plasma
biomarkers associated with log-HOMA-IR to select biomarkers for
testing in multivariate models. The following biomarkers were
associated with log-HOMA-IR in a univariate model at p<<0.10
level: sE-selectin, tPAI-1, CRP, SAP, IL-6, and IL-8. When
examined by multivariate linear regression adjusting for immuno-
virologic and cardio-metabolic parameters as performed for MO,
log-tPAI-1 (B=0.74, p<<0.001) alone remained associated with
log-HOMA-IR (Table 3).

Relationship of Cellular and Soluble Plasma Biomarkers
to Fasting Glucose and Clinical Diabetes Classification
The only associations found between cellular biomarkers and
fasting glucose values was that between log-total CD4 count and
log-fasting glucose (r=0.17, p=0.043). This association was no

Table 3. Multivariate linear regression analysis of the relative contribution of tissue plasminogen activator inhibitor-1 (tPAI-1) to
HOMA-IR adjusting for various HIV-associated and diabetes risk factors

Regression coefficient Standard Error p-value 95% Confidence Interval
Age, years 0.008 0.003 0.019* 0.001 0.015
Male (yes or no) —0.051 0.081 0.530 —0.211 0.109
Caucasian (yes or no) —0.029 0.054 0.598 —0.136 0.079
Hepatitis C (yes or no) 0.164 0.085 0.055 —0.004 0.332
Past or current smoking (yes or no) —0.035 0.054 0.514 —0.142 0.072
Body Mass Index, (kg/m?) 0.030 0.006 <0.001* 0.018 0.042
Current protease inhibitor use (yes or no) —0.031 0.057 0.589 —0.143 0.082
Current CD4% 0.0003 0.002 0.895 —0.005 0.005
Plasma HIV RNA < 50 copies/mL (yes or no) —0.019 0.082 0.812 —0.182 0.143
Log-tPAI-1 0.745 0.133 <0.001* 0.480 1.010

*statistically significant.
doi:10.1371/journal.pone.0090330.t003
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longer present when adjusted for immuno-virologic and diabetes
risk factors.

Log-transformed ~ sE-selectin  (3=0.08, p=0.007), MPO
(B=0.04, p=0.089), tPAI-1 (B =0.08, p=0.050), IL-8 (f=0.08,
p=0.053), and IL-10 (B =0.02, p=10.064) values were associated
with log-fasting blood glucose at p<<0.10 level using simple linear
regression. Analyses by multivariate linear regression adjusting for
immuno-virologic and diabetes risk parameters showed weak
associations of uncertain significance [log-sE-selectin (B =0.07,
p=0.044), log-tPAI-1 (B=0.09, p=0.035), and log-IL-10
(B=0.02, p=10.037)].

No differences by diabetes clinical classification (normal, IFG/
IGT, or diabetes) were found for any cellular parameter except for
total CD8 T cell count (cells/pl) [means(SD): normal 796.1
(861.8), IFG/IGT 1017.6 (590.2), diabetes: 661 (304.6),
p =0.034]. In terms of soluble biomarkers, differences by diabetes
clinical classification were found for various biomarkers (pg/mL):
sICAM [means(SD): normal 151.2 (61.0), IFG/IGT 242.5 (298.6),
diabetes: 144.9 (117.0); p=0.026], MPO [normal 19.0 (14.7),
IFG/IGT: 16.3 (6.0), diabetes 44.1 (SD 81.6); p=10.014], MCP-1
[normal 144.4 (51.6), IFG/IGT 146.7 (52.3), diabetes 186.8 (64.5);
p =0.045], and VEGF [normal 37.4 (34.6), IFG/IGT 36.8 (42.9),
diabetes 79.7 (110.2); p=0.019]. Comparisons by t-test showed
that MPO (p=0.004), MCP-1 (p=0.013), and VEGF (p=0.009)
were significantly higher among diabetic subjects compared to
subjects with normal glucose levels.
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Table 4. Correlation table of absolute counts of total monocytes, monocyte subsets and CD38"HLA-DR*CD8 T cells with various
plasma cytokines.

Total monocyte Classical Intermediate Transitional Non-classical CD14" CD38"HLA-DR' CDS T

count CD14"'CD16~ cD14"'cD16" CD14'CD16~ lewep16*™ cells
CRP 0.23" 0.27" 047" -0.10 0.15 —0.09
IFN-y 0.02 —-0.06 0.10 0.12 0.01 0.13
IL-14 0.22" 0.18 —0.06 0.20° 0.15 0.02
IL-6 0.29" 035" 0.20° 0.03 0.04 0.03
IL-8 0.16 0.16 0.05 0.04 —0.05 —0.10
IL-10 021" 024" 0.05 0.10 0.09 0.20"
MCP-1 0.14 0.12 0.21" —0.05 029" 0.10
MMP-9 030" 030" 031" 0.08 0.05 —0.02
MPO 0.29" 030" 042" —0.01 0.14 0.18"
NT-proBNP 0.16 0.12 —-0.02 0.14 0.04 0.12
SAA 0.29" 0317 043™ -0.05 0.23" 0.07
SAP 0.17 0.18" 045" -0.17 0.26" —.04
sE-selectin 0.11 0.11 0.22" -0.07 0.09 —.08
SICAM-1 0.08 0.11 0.10 —-0.07 —0.06 025"
SVCAM-1 0.08 0.10 027" —-0.12 0.19" 0.18"
TNF-o 0.19" 0.17 —0.06 0.16 0.03 029"
tPAI-1 0.32" 0.28" 0.18" 020" 0.12 0.003
VEGF 0.13 0.13 —-0.02 0.23" -0.08 0.02
Values were log-transformed prior to analysis.
Pearson Correlation was utilized.
*Correlation significant at the 0.05 level (2-tailed).
** Correlation significant at the 0.01 level (2-tailed).
doi:10.1371/journal.pone.0090330.t004

Relationship of Immune Parameters to Metabolic
Syndrome

No differences were found for individuals with or without
metabolic syndrome by CD4 or CD8 parameters. Higher total
MO levels were found in subjects with metabolic syndrome: [mean
(SD): 504 (143) cells/uL in subjects with vs 427 (161) cells/uL in
subjects without metabolic syndrome, p=0.029]. This result
remained significant when adjusted for age, gender and ethnicity
(p=0.013). By subsets, a trend towards significance was seen for
difference in classical MO (p=0.051) and for intermediate MO
(p=0.059). Soluble biomarkers sE-selectin (p =0.007) and sICAM
(p =0.041) were higher in subjects with metabolic syndrome.

Correlations between Monocytes and Activated CD8 T
Cells and Soluble Plasma Biomarkers

The correlations between MO and activated CD8 T cells and
soluble plasma biomarkers are shown in Table 4. Correlations at
p<0.01 were seen between CD38*HLA-DR*CDS8 T cells and
sICAM and TNF-a. A larger number of positive correlations were
found between MO and/or MO subsets and various plasma
biomarkers. Specifically, correlations at p<<0.01 were found
between total MO and CRP, IL-6, MMP-9, MPO, SAA and
tPAI-1. Associations between classical MO and intermediate MO
and various biomarkers overall mirrored the correlations seen with
total MO. Non-classical MO showed correlations at p<<0.01 with
MCP-1 and SAP.
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DISCUSSION

Our study found that HIV-associated immune dysregulation, as
assessed by a decrease in CD4 percent is characterized by an
increase in the total MO population with a small rise in the
percentage accounted for by non-classical MO. This association
was seen specifically with CD4 T cells assessed as a percentage of
CD4 T cells and not as an absolute value of total CD4 T cells. In
turn, we found that an increase in total MO, comprised largely of
classical MO, accompanies insulin resistance. This association
remained after adjustment for HIV immuno-virologic and
traditional diabetes risk factors. Higher levels of MO were seen
in subjects with metabolic syndrome. Positive correlations were
detected between MO and many plasma biomarkers. Included
among these biomarkers was tPAI-1 which also correlated
mversely with CD4 percent, positively with MO levels, and
predicted insulin resistance.

Insulin resistance is increasingly recognized as a state of chronic,
low-level inflammation [22,23,24]. Immune activation and
inflammation also occur in the context of HIV and are predictors
of HIV disease progression and mortality, and of multiple non-
infectious chronic complications [25,26,27]. Such activation may
be secondary to HIV itself, to co-pathogens such as CMV or
hepatitis C, or be secondary to microbial translocation across a
damaged gut mucosa [28]. There is also increasing recognition
that in addition to CD8 T cells, MO may play a role in the
immune activation and inflammation that drive many of these
disease processes [29].

Our study found an association between low CD4 percent and
MO increase and, in turn MO increase and increase in insulin
resistance. One potential interpretation of the data is that an
increase in MO is part of HIV-induced immune activation, and
that such increase in turn may drive the increased risk of insulin
resistance seen in chronic HIV. While our study did not show a
direct association between CD4 count, either as a percent or as
total numbers, and insulin resistance or diabetes as shown in larger
epidemiologic studies [2,33,34,35], it is consistent with a study that
demonstrated a higher prevalence of elevated sCD14, a marker of
MO activation, among HIV-infected veterans with a CD4 cell
count <200 cells/pL [33]. Our inability to find a direct link
between CD4 percent and insulin resistance may be related to the
small sample size of our cohort.

By subsets, classical, non-classical and transitional MO, but not
intermediate MO, contributed to the increase in MO with falling
CD4 percent. Non-classical MO represented a slightly larger
percentage of this MO increase. The association between CD4 T
cells and MO was specifically related to CD4 percent and not to
total numbers of CD4 T cells. Decrease in CD4 percent may
represent a decrease in total CD4 count or, may also be secondary
to increase(s) in other lymphocyte subsets including CD8 T cells.
Our study did find a negative correlation between CD4 percent
and total numbers of CD8 T cells. However, neither total CD8 T
cells nor total activated CD8 T cells explained insulin resistance,
while a clear association was seen between total MO or classical
MO and insulin resistance in adjusted models. It is worthy of note
that a number of studies in the literature have found independent
predictive values for percentage of CD4 T cells and CD#4 absolute
count in respect to HIV disease progression or death [30,31,32].
One study explored the role of CD8 T cells as a potential
explanation for the association between CD4 percent and disease
progression and found that it did not explain this relationship [31].
We speculate that CD4 percent may provide additional informa-
tion on increased risk for cardio-metabolic complications mediated
in part through MO immune activation. Analysis of large cohort
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datasets to determine whether CD4 percent and MO levels are
related to such complications might be considered.

The association between MO and glucose metabolism identified
in our study was primarily with insulin resistance with little or no
relationship to fasting glucose levels or to diabetes classification.
When examined by subsets, we found that classical MO, the
largest subset represented, played the most prominent role in the
MO increase associated with insulin resistance.

Metabolic syndrome is a constellation of inter-related metabolic
risk factors associated with increased risk for the development of
diabetes and cardiovascular disease. While its limitations and
significance in the context of HIV is uncertain, the metabolic
syndrome is closely related to the presence of insulin resistance,
and, given the association between MO and insulin resistance
found in our study, the finding of increased MO with metabolic
syndrome is not surprising, and adds to the likelihood that MO do
indeed play a pathologic role in increasing both diabetes and
cardiovascular disease risk in the HIV-infected population.

Our study found multiple positive correlations between MO
and/or its subsets and plasma biomarkers CRP, IL-6, MMP-9,
MPO, SAA, SAP and tPAI-1. Significant correlations were also
found between CD38"HLA-DR'CD8 T cells and biomarkers
sICAM and TNF-o. Interestingly we also found correlations
between low CD4 percent and TNF-o0 and (PAI-1, and
correlations between HOMA-IR and CRP, I1L-6, SAP, and
tPAI-1. This suggests that cellular immune parameters and soluble
plasma biomarkers are likely inter-related in the roles they play in
HIV immune dysregulation and insulin resistance. These results
are furthermore consistent with studies that have found higher
levels of hs-CRP and sTNF1 and sTNF2 in association with
msulin resistance and diabetes in the context of HIV [3], [36].

The associations found for tPAI-1 are worthy of particular
attention. TPAI-1 is an inhibitor of fibrinolysis and believed to
play a crucial role in the development of atherothrombotic disease.
In our study, higher levels of tPAI-1 were associated with lower
CD4 percent and predicted insulin resistance in an adjusted
model. Our findings are consistent with studies in the general
population that have demonstrated associations between high
levels of circulating PAI-1 and insulin resistance, diabetes and
cardiovascular disease [37,38]. Levels of PAI-1 have been reported
to be higher in HIV infected individuals than in seronegative
controls [39], and to be associated with insulin resistance [40]. It
has been linked to protease inhibitor-containing ART [41], and, in
contrast to some other plasma markers of inflammation, have been
reported to not improve after the initiation of ART [42]. Our
finding of a negative correlation between tPAI-1 and CD4 percent
suggests that in addition to the potential role of antiretroviral
medications, HIV-associated immune dysregulation may play a
role in high tPAI-1 levels seen in the treated population.
Furthermore our study links tPAI-1 with total and classical MO
but not with T cell activation.

This study is limited by its cross sectional nature and the
relatively modest size of the cohort. However the strengths of the
study are the careful clinical and metabolic characterization
performed in the cohort in association with detailed phenotypic
characterization of MO and CD8 T cells, and biomarker assays
performed in plasma. We conclude that chronic HIV in subjects
on stable ART is characterized not only by dysregulation and
immune activation of CD8 T cells but also of MO, and that higher
levels of MO may contribute to the increased rates of insulin
resistance and metabolic syndrome seen in this population. MO
may therefore play a substantial role in the increased risk of
cardio-metabolic disease during chronic HIV. CD4 percent may
provide additional information beyond absolute values about MO
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and metabolic risk in the HIV-infected population. Increase in
MO is associated with increase in multiple plasma soluble
biomarkers, including tPAI-1 which also predicts insulin resistance
in adjusted models.
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