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Background: People with HIV (PWH) demonstrate increased cardiovascular disease (CVD), due in part to
increased immune activation, inflammation, and endothelial dysfunction.
Methods: In a randomized trial (INTREPID), 252 HIV-infected participants with dyslipidemia and no history of
coronary artery disease were randomized (1:1) to pitavastatin 4 mg vs. pravastatin 40 mg for 52 weeks. Using
a proteomic discovery approach, 92 proteins biomarkerswere assessed using Proximity Extension Assay technol-
ogy to determine the effects of statins on key atherosclerosis and CVD pathways among PWH. 225 participants
had specimens available for biomarker analysis pre- and post-baseline.
Findings: Themean agewas 49.5± 8.0 (mean± SD), LDL-C 155± 25mg/dl and CD4 count 620± 243 cell/mm3.
Among all participants, three proteins significantly decreased: tissue factor pathway inhibitor [TFPI; t-statistic =
−6.38, FDR p-valueb0.0001], paraoxonase 3 [PON3; t-statistic = −4.64, FDR p-value = 0.0003], and LDL-
receptor [LDLR; t-statistic =−4.45, FDR p-value = 0.0004]; and two proteins significantly increased galectin-
4 [Gal-4; t-statistic = 3.50, FDR p-value = 0.01] and insulin-like growth factor binding protein 2 [IGFBP-2;
t-statistic = 3.21, FDR p-value = 0.03]. The change in TFPI was significantly different between the pitavastatin
and pravastatin groups. Among all participants, change in TFPI related to the change in LDL-C (r = 0.43, P b

0.0001) and change in Lp-PLA2 (r=0.29, P b 0.0001).
Interpretation: Using a proteomics approach, we demonstrated that statins led to a significant reduction in the
levels of TFPI, PON3, and LDLR and an increase in Gal-4 and IGFBP-2, key proteins involved in coagulation,
redox signaling, oxidative stress, and glucose metabolism. Pitavastatin led to a greater reduction in TFPI than
pravastatin. These data highlight potential novel mechanisms of statin effects among PWH.
Fund: Thisworkwas supported by an investigator-initiated grant to S.K.G. fromKOWAPharmaceuticals America,
Inc. and the National Institutes of Health [P30 DK040561; Nutrition Obesity Research Center at Harvard]. M.T.
was support by National Institutes of Health [5KL2TR001100-05; Harvard Catalyst KL2 grant].

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

People living with HIV(PWH) demonstrate increased cardiovascular
disease (CVD) rates which remain increased controlling for traditional
ospital, Program in Nutritional
4, USA.
on).

. This is an open access article under
risk factors. [1], [2] Persistent immune activation, arterial inflammation,
endothelial dysfunction and increased coagulation among PWHon anti-
retroviral therapy (ART) are thought to contribute to increased CVD
among PWH [3]. Strategies to reduce and/or prevent atherosclerosis
are critical to decreasing CVD mortality in this population.

Statins may be a useful strategy to reduce and/or prevent atheroscle-
rotic CVD amongPWH [4]. [5] Atorvastatin, for example, has been shown
to reduce atherosclerotic plaque among HIV-infected participants [5],
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T1:1
T1:2 Research in context

T1:4 Evidence before this study

T1:5 Prior epidemiological studies have demonstrated that people living
T1:6 with HIV (PWH) have an increased risk of atherosclerotic cardio-
T1:7 vascular disease (CVD). Persistent immune activation, endothelial
T1:8 dysfunction, and increased arterial inflammation have been impli-
T1:9 cated in the pathophysiology of atherosclerotic CVD in HIV. Ran-
T1:10 domized controlled trials evaluating the lipid lowering effect of
T1:11 statins among people living with HIV have examined the effect
T1:12 of statins on several protein biomarkers using single-assay
T1:13 radioimnunoassays. These prior studies, however, have been lim-
T1:14 ited in their ability to evaluate potential pleotropic statin effects
T1:15 among individuals with HIV, which is of clinical significance
T1:16 given the multiple contributors to increased atherosclerotic CVD
T1:17 in this population. Prior proteomics studies of statin effects have
T1:18 been performed but are very small and none have been conducted
T1:19 in HIV, a population in whom statins hold a potentially critical role
T1:20 to reduce inflammation.

T1:21
T1:22 Added value of this study

T1:23 We performed the largest study to date evaluating the change in
T1:24 proteins after statin therapy among individuals with HIV using a
T1:25 novel proteomic approach\\Proximity Extension Assay (PEA)
T1:26 technology. This proteomic approach permitted simultaneous as-
T1:27 sessment of the effects of statins on over 90 proteins in our
T1:28 study population. The statins investigated – pitavastatin and prav-
T1:29 astatin – have been shown to have less drug-drug interactions
T1:30 with anti-retroviral therapy compared to other statins and there-
T1:31 fore, are clinically relevant and important among PWH. Through
T1:32 this evaluation, we identified 5 proteins which significantly
T1:33 changed (false discovery rate p-value b0.05) with statin therapy
T1:34 – tissue factor pathway inhibitor, paraoxonase 3, and LDL-
T1:35 receptor, galectin-4 and insulin-like growth factor binding protein
T1:36 2. These proteins notably play important roles in various pathways
T1:37 central to atherogenesis and atherosclerotic CVD, including
T1:38 tissue-factor mediate coagulation, oxidative stress, redox signal
T1:39 pathways and glucose metabolism.

T1:40
T1:41 Implications of all the available evidence

T1:42 Our findings identified several pathways through which statins
T1:43 may affect CVD risk among PWH. Given that PWH have increased
T1:44 cardiovascular disease risk even after controlling for traditional
T1:45 risk factors, understanding the effect of statins ondifferent cardio-
T1:46 vascular pathways is critical to understanding the potential role of
T1:47 statins in preventing and treating atherosclerotic CVD among
T1:48 PWH.

T1:49
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whereas rosuvastatin has been shown to reduce the progression of ca-
rotid intima-media thickness (cIMT) [4].We previously described the ef-
fects of two statins known to have few drug-drug interactions with anti-
retroviral therapy (ART), pitavastatin and pravastatin, on LDL and effects
on a limited number of inflammatorymarkers among dyslipidemic HIV-
infected participants in INTREPID (HIV-infected patieNts and TREatment
with PItavastatin vs. pravastatin for Dyslipidemia) [6,7], a large double-
blind, parallel-group study. Larger reductions in the pitavastatin group
were shown for lipoprotein associated phospholipase A2 (Lp-PLA2), ox-
idized LDL (oxLDL), and soluble CD14 (sCD14) [7], a biomarker that has
been associatedwith the progression of atherosclerosis [8] andmortality
[9] in HIV.
This prior work assessed only specific biomarkers, using traditional
single-assay radioimmunoassay (RIA) and other immunoassay tech-
niques. To advance discovery of important pathways affected by statin
therapy, we first used a Proximity Extension Assay in a small study of
atorvastatin in HIV and identified multiple pathways of interest [10].
We now extend this approach to the much larger INTREPID trial, to
compare the effects of pitavastatin and pravastatin on over 90 proteins,
simultaneously. To our knowledge, this is the largest proteomics discov-
ery analysis to date, investigating statin effects on key atherosclerosis
and CVD pathways in HIV. The proteomic technique utilized in this cur-
rent analysis offers a high-throughput, sensitive and specific method to
evaluate proteins that may be associated with atherosclerotic disease in
HIV [10,11]. We hypothesized that statins would have novel effects on
heretofore unknown, but relevant, atherosclerosis pathways in HIV.
Moreover, given our prior data [7], we hypothesized that pitavastatin
would result in significantly greater changes in relevant cardiovascular
pathways among PWH.

2. Methods

2.1. Study design

INTREPID was a randomized, double-blind, double-dummy, active-
controlled, parallel-group, superiority trial performed from 23 February
2011 to 29 March 2013 [6]. The study was conducted at 45 sites in the
United States and Puerto Rico, and the primary aim was to compare
the effect of pitavastatin 4 mg daily vs. pravastatin 40 mg daily on
LDL-C reduction in individuals with HIV and dyslipidemia for 12
weeks, followed by a 40-week safety extension period. Primary results
for this study at Week 12 and Week 52, including data on safety, have
been reported [6].Written informed consent was obtained from all par-
ticipants prior to enrollment and approval was obtained by the institu-
tional review board at each participating study site. The trial is
registered on ClinicalTrials.gov (NCT01301066).

Male or female participants, with documented HIV infection, be-
tween the ages of 18 and 70, with a CD4-cell count N200 cells/ml for
N3 months, and HIV-1 RNA b200 copies/ml, prescribed ART for N6
months, and without change in ART within 3 months prior to randomi-
zation, were eligible. Participants on darunavir were excluded due to a
significant drug-drug interaction between darunavir and pravastatin.
Participants with conditions causing secondary dyslipidemia, history
of coronary heart disease or a coronary heart disease equivalent, prior
or current muscular or neuromuscular disease, or active systemic infec-
tions were excluded. Participants receiving statins were eligible after a
4-week washout period. After a wash-out period of at least 4 weeks
and a 4-week diet stabilization period (previously described) [6], lipid
eligibility was determined based on a LDL-C value of at least 130 mg/
dl but b220mg/dl and triglyceride value b400mg/dl.

Participants were randomized 1:1 to active pitavastatin 4 mg once
daily and a matching pravastatin placebo vs. pravastatin 40 mg once
daily and a matching pitavastatin placebo. Randomization was per-
formed using a central interactive voice response system as previously
described [6], and study investigators, site staff, and participants were
masked to treatment codes.

2.2. Procedures

Study visits occurred every 4 weeks for the first 12 weeks with sub-
sequent visits occurring quarterly through Week 52. Measurements of
the creatinine, lipid panel, and CD4 cell count, were performed using
standard techniques. HIV-RNA was assessed using Cobas AmpliPrep
and COBAS TaqMan HIV-1 Test, version 2.0 (Roche Molecular Diagnos-
tics, Pleasanton, CA, USA; lower limit of detection of 20 copies per ml).
Plasma sCD163, hs-IL6, sCD14, MCP-1, Lp-PLA2, and oxLDL were quan-
tified as previously detailed elsewhere [7]. EDTA plasma samples col-
lected at baseline and at the end of study visit were sent for analysis



60 M. Toribio et al. / EBioMedicine 35 (2018) 58–66
of 92 proteins. Analysis of 92 proteins comprising the Olink Cardiovas-
cular III panel (http://www.olink.com/products/cvd-iii-panel/) was
performed using PEA (Proximity Extension Assay) technology. The
PEA technique allows simultaneous assessment of proteins using
oligonucleotide-labeled antibody probe pairs that bind to each protein
within the sample (Fig. 1). The PEA technique also permits accurate as-
sessment of protein levels with repeated measurements by requiring
both dual recognition of correctly matched antibody pairs and DNA-
barcoding from sequence-specific oligonucleotides to generate a signal
[12]. The assay measures fold change in log 2 units. For this analysis,
the raw data are converted into a t-statistic which can be compared
across assays. The coefficient of variation of Olink's Cardiovascular III
panel proteins is demonstrated in Supplemental Table 1. Detailed infor-
mation on the PEA technique and the Cardiovascular III Panel are found
on http://www.olink.com/products/document-download-center/. In
terms of validation to immunoassays, we previously assessed a few pro-
tein biomarkers using standard immunoassays among participants
within the INTREPID trial [7]; and among the proteins previously
assessed, two were also evaluated using PEA technology as part of this
current study. Significant correlationswere shown for soluble scavenger
receptor cysteine-rich type 1 protein M130 (sCD163) and monocyte
chemotactic protein 1 (MCP-1) comparing PEA vs. the standardized
assay for these proteins (both P b .0001).

2.3. Statistical analysis

The initial objective of INTREPIDwas to compare the between-group
difference in the percent change in fasting serum LDL-C between two
treatment groups\\pitavastatin and pravastatin [6]. In this post-hoc
analysis, changes in the level of 92 proteins before and after statin ther-
apy were assessed among all participants first pooling data from both
groups and then among each treatment group individually. Secondary
objectives included the assessment of between-group difference in the
change of the protein biomarkers assessed before and after statin ther-
apy. All available datawere included in an intent to treat analysis. A total
of 35 participants did not complete the study toWeek 52 but had inter-
im data available for this analysis [median follow up duration: 12.1 (4.4,
12.4) weeks (Median, IQR)] and therefore were included in this intent
to treat analysis. Baseline demographic data, HIV-specific parameters,
and markers of immune activation and arterial inflammation are pre-
sented as mean ± standard deviation and the means of each statin
group were compared using a student's t-test for continuous variables
and χ2 test for categorical variables. Among all study participants and
for each study group, a t-statistic for the treatment effect of the
statin(s) and the corresponding p-value was calculated. This analysis
was repeated for the pitavastatin group and pravastatin group, respec-
tively. Between group differences in mean change of these proteins in
the pitavastatin vs pravastatin groups were determined using the
Fig. 1.Overview of the Proximity Extension Assay demonstrating the (a) immunoassay, (b) exte
biomarkers in this study. [12] Image courtesy of Olink Proteomics AB. (a) For this immunoassay
antigens (protein biomarkers) in a solution. Antigen binding, in turn, brings the PEA probes in c
and upon addition of a DNA polymerase results in extension of the two oligonucleotides to form
of primers results in preamplication of the new DNA sequences. (d) Microfluidic qPCR is used
independent samples t-test for each protein. Due to the large number
of proteins assessed, false discovery rate p-values (FDR p-values) were
determined [13]. Statistically significant change in the level of a protein
was defined by a false discovery rate p-value b0.05. Tests for interaction
were performed to determine if use of specific ART classes, e.g.
protease-inhibitor use, non-nucleoside reverse transcriptase inhibitor
use (NNRTI), and integrase-inhibitor use, modified the effect of statins
on proteins assessed. Bivariate analyses between two variables were
performed using a Pearson correlation coefficient. With 225 evaluable
participants, the current proteomics discovery analysis had 90% power
to detect a 0.3 SD change, based on estimated SD of 1.0, with a false dis-
covery rate of 0.05 using a two-sided one-sample t-test. Statistical anal-
yses were performed using SAS software (version 9.4; SAS Institute)
and SAS JMP software (version 11.0; SAS Institute).
3. Results

3.1. Study participants

A total of 252 participants were deemed eligible and randomly
assigned to receive pitavastatin (126 participants) or pravastatin (126
participants). Paired samples were available for proteomic analyses
from 190 participants completing to Week 52 and from 35 additional
participants with specimens available from an interim visit (n = 225;
Fig. 2). Of the 225 participants with samples before and after treatment
for this analysis, 114 were randomized to pravastatin and 111 to
pitavastatin.
3.2. Baseline demographics

The mean age for study participants was 49.5 ± 8.0 [mean ± stan-
dard deviation (SD)]. Eighty-eight percentweremale and 26%wereHis-
panic or Latino. The mean Framingham Risk Score was 6.5 ± 4.9% and
mean LDL-C level was 155± 25mg/dl. With regards to HIV-specific pa-
rameters, the mean CD4 lymphocyte count was 620 ± 243 cells/mm3

and log HIV viral load was 1.1 ± 0.2 copies. Baseline demographics did
not significantly differ between groups other than for a small difference
in CD4 lymphocyte count (Table 1). Eighty-four out of the 225 partici-
pants (37%) were on a PI-based therapy, 120 out of the 225 participants
(53%) were on an NNRTI-based therapy, two out of the 225 participants
were on both a protease inhibitor and NNRTI, and the remainder of par-
ticipants were either on an integrase-inhibitor-based therapy or NRTIs
only. Baseline demographics did not differ among the 225 participants
included in this study and the 27 participants who were not included
because they did not have available blood samples for proteomic analy-
sis (Supplemental Table 2). Prior analysis of INTREPID study participants
demonstrated a mean duration of HIV infection of 12.6 ± 7.5 years [6].
nsion, (c) preamplification, (d) and detection steps used for proteomic analyses of protein
, pairs of specific antibodies labeled with DNA oligonucleotides bind to their target-specific
lose proximity. (b) Pair-wise binding ofmatching PEA probes occurs through hybridization
DNA barcodes thatwill now serve as a reporter of the protein biomarkers. (c) The addition
for amplification and quantification of these new DNA barcodes.

http://www.olink.com/products/cvd-iii-panel/
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Fig. 2. Consort Diagram. Out of 594 participants screened, 342 participants were screen failures. Two hundred and fifty-two participants were enrolled and randomized. *Twenty-seven
participants who were screen failures had at least two or more criteria for inclusion that were not met and/or exclusion criteria that were met. **Other Inclusion criteria: absolute
neutrophil count N750 cells/ml, hemoglobin at least 9.0 g/dl for female participants and at least 10.0 g/dl for male participants, platelets at least 100,000/ml, ALT and AST 2.5 times the
upper limit of normal (ULN) or less (note participants coinfected with hepatitis B or C were required to have ALT and AST 1.5 times the ULN or less), fasting glucose 125mg/dl or less,
CK 3 times the ULN or less (if a transient increase in CK level was suspected due to exercise or trauma, CK may have been repeated at screening after an ‘exercise washout’ at the
discretion of the Investigator), serum creatinine 1.3 times the ULN or less and estimated glomerular filtration rate (eGFR) at least 60ml/min per 1.73 m2 based on the modification of
diet in renal disease equation at http://www.nephron.com/MDRD_GFR.cgi (if a creatinine level was suspected to be temporarily increased due to factors such as dehydration,
creatinine testing may have been repeated and the eGFR may have been recalculated at screening at the discretion of the Investigator), and TSH b1.5 times the ULN. Abbreviations:
ANC, absolute neutrophil count; hgb, hemoglobin; plt, platelet; AST, aspartate aminotransferase; ALT, alanine transferase; CK, creatinine kinase; TSH, thyroid-stimulating hormone; Cr,
creatinine; CAD, coronary heart disease; HIV RNA, Human Immunodeficiency Virus ribonucleic acid; ART, antiretroviral therapy; BMI, body mass index; HMG-CoA, 3-hydroxy-3-
methylglutaryl-coenzyme A
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3.3. Change in protein biomarkers from baseline

The overall pattern of effects within each treatment group was gen-
erally concordant in that proteinsmost often changed in the samedirec-
tion in response to each statin. A small minority of discordant responses
were seen, but changes between statin arms for these proteins did not
achieve statistical significance (Supplemental Table 3). Therefore, the
primary analysis pooled the data from each group to obtain an overall
effect. In this intent to treat analysis, three proteins, tissue factor path-
way inhibitor (TFPI), paraoxonase 3 (PON3), and LDL-receptor (LDLR)
decreased, (Fig. 3a; Table 2a) and two proteins, galectin-4 (Gal-4) and
insulin-like growth factor binding protein 2 (IGFBP-2), increased with
statin therapy using a FDR p-value b0.05. Additional proteins, including
proprotein convertase subtilisin/kexin type 9 (PCSK9), met nominal p-
value thresholds, but only trended toward significance with FDR p-
value ≤0.1 (Table 2a). The t-statistics for the remainder proteins which
were nonsignificant (absolute t-statistic b2) are demonstrated in Sup-
plemental Table 4. Among all participants, no significant modification
of statin effects on protein levels was seen with use of protease-
inhibitors, NNRTI's, and integrase-inhibitors for those proteins meeting
FDR p-values b0.05 (Supplemental Tables 6a, 6b, and 6c).
3.4. Change in protein biomarkers from baseline in the pitavastatin group
compared to the pravastatin group

Although the overall pattern of effects was similar for both statins
studied, there were some specific differences with respect to relevant
proteins.Within the pitavastatin group, TFPI and PON3were significant-
ly reduced using a FDR p-value b0.05(Table 2b), whereas no proteins
met this threshold within the pravastatin group (Table 2c). The change
(i.e., t-statistic for the treatment effect) in TFPI was significantly greater
among the pitavastatin vs. pravastatin group (Fig. 3b; pitavastatin vs.
pravastatin: −5.92 vs.-3.06, P = 0.03).

3.5. Predictive markers of change in proteins after statin therapy

In evaluating the relationship between baseline parameters and the
change in the proteins among all participants, only baseline Framing-
ham Risk Score was predictive of change in PON3 (r=0.17, P = 0.01;
Supplemental Table 5a). Within the pitavastatin group, the change in
TFPI was related to baseline log HIV-1 viral load (r = 0.20, P = 0.03;
Supplemental Table 5b) and inversely related to baseline Lp-PLA2 levels
(r = −0.21, P = 0.03). None of the selected baseline parameters

http://www.nephron.com/MDRD_GFR.cgi


Fig. 3. Waterplot diagrams demonstrating t-statistic on y-axis and protein biomarkers on x-axis among (a) all participants and (b) among the pitavastatin group and pravastatin group.
(a) Among all participants, 2 proteins significantly increased (defined as a false discovery rate p-value b0.05): Gal-4 and IGFBP-2 and 3 proteins significantly decreased: TFPI, PON3, and
LDLR. Protein biomarkers that significantly changed with statin therapy are shaded in red. Abbreviations: Gal-4, galectin-4; IGFBP-2, insulin-like growth factor-binding protein 2; PCSK-9,
proprotein convertase subtilisin/kexin type 9; IL-1RT2, interleukin-1 receptor type 2; Notch 3, neurogenic locus notch homolog protein 3; BLM hydrolase, bleomycin hydrolase; GDF-15,
growth/differentiation factor 15; Ep-CAM, epithelial cell adhesionmolecule; TIMP4,metalloproteinase inhibitor 4; TFF3, trefoil factor 3; CHI3L1, chitinase-3-like protein 1; CCL16, c-cmotif
chemokine 16; SHPS-1, tyrosine-protein phosphatase non-receptor type substrate 1; CD163, scavenger receptor cysteine-rich type 1 protein M130; SCGB3A2, secretoglobin family 3A
member 2; CNTN1, contactin-1; CCL15, c-c motif chemokine 15; AXL, tyrosine-protein kinase receptor UFO; CDH-5, cadherin-5; AP-N, aminopeptidase N; KLK6, kallikrein-6; CHIT1,
chitotriosidase-1; CSTB, cystatin-B; MPO, myeloperoxidase; TNF-R2; tumor necrosis factor receptor 2; OPG, osteoprotegerin; PGLYRP1, peptidoglycan recognition protein 1; MMP-3,
matrix metalloproteinase-3; IL-17RA, interleukin-17 receptor a; CTSD, cathepsin D; TNF-R1, tumor necrosis factor receptor 1; SELE, E-selectin; ALCAM, CD166 antigen; TNFRSF10C,
tumor necrosis factor receptor superfamily member 10C; PSP-D, pulmonary surfactant-associated protein D; FABP4, fatty acid-binding protein, adipocyte; GRN, granulins; IL2-RA, inter-
leukin-2 receptor subunit alpha; MB, myoglobin; IL-6RA, interleukin-6 receptor subunit alpha; RETN, resistin; vWF, vonWillebrand factor; TNFRSF14, tumor necrosis factor receptor su-
perfamily member 14; CPA1, carboxypeptidase A1; FAS, tumor necrosis factor receptor superfamily member 6; DLK-1, protein delta homolog 1; U-PAR, urokinase plasminogen activator
surface receptor; TR-AP, tartrate-resistant acid phosphatase type 5; EPHB4, ephrin type-B receptor 4; IL-17RA, interleukin-17 receptor a; LTBR, lymphotoxin-beta receptor; PI3, elafin; Gal-
3, galectin-3; CPB1, carboxypeptidase B; PECAM-1, platelet endothelial cell adhesionmolecule; JAM-a, junctional adhesionmolecule a; PLC, perlecan; ICAM-2, intercellular adhesionmol-
ecule 2; IL-18BP, interleukin-18-binding protein; TNFSF13B, tumor necrosis factor ligand superfamily member 13B; TLT-2, trem-like transcript 2 protein; EGFR, epidermal growth factor
receptor; ITGB2, integrin beta-2; IGFBP-7, insulin-like growth factor-binding protein 7; CXCL16, c-x-c motif chemokine 16; IGFBP-1, insulin-like growth factor-binding protein 1; PRTN3,
myeloblastin; SELP, P-selectin; TR, transferrin receptor protein 1; AZU1, azurocidin; MMP-9, matrix metalloproteinase-9; RARRES2; retinoic acid receptor responder protein 2; MCP-1,
monocyte chemotactic protein 1; OPN, osteopontin; CASP-3, caspase-3; PDGF subunit a, platelet-derived growth factor subunit a; PAI, plasminogen activator inhibitor 1; SPON1,
spondin-1; CCL24, c-c motif chemokine 24; CD93, complement component C1q receptor; t-PA, tissue-type plasminogen activator; uPA; urokinase-type plasminogen activator; CTSZ, ca-
thepsin Z; MEPE, matrix extracellular phosphoglycoprotein; TFPI, tissue factor pathway inhibitor (b) In comparing the treatment effects for protein biomarkers between the pitavastatin
group and the pravastatin group, TFPI was the only protein biomarker which demonstrated a significant difference in treatment effects between these two groups (pitavastatin vs. prav-
astatin:−5.92 vs.-3.06, P = 0.03). The pitavastatin t-statistic treatment effect on each protein biomarker are shaded in blue whereas the pravastatin t-statistic treatment effect on each
protein biomarker are shaded in red. Proteins are ordered based upon their pitavastatin t-statistic treatment effect. Abbreviations: IGFBP-2, insulin-like growth factor-binding protein
2; IL-1RT2, interleukin-1 receptor type 2; TFF3, trefoil factor 3; PCSK-9, proprotein convertase subtilisin/kexin type 9; ST2, ST2 protein; CCL16, c-c motif chemokine 16; SCGB3A2,
secretoglobin family 3Amember 2; TR-AP, tartrate-resistant acid phosphatase type 5; PSP-D, pulmonary surfactant-associatedprotein D;Notch 3, neurogenic locus notchhomolog protein
3; CD163, scavenger receptor cysteine-rich type 1 proteinM130; SELE, E-selectin; Gal-4, galectin-4; Ep-CAM, epithelial cell adhesionmolecule; TIMP4,metalloproteinase inhibitor 4; KLK6,
kallikrein-6; MB, myoglobin; PI3, elafin; CCL15, c-c motif chemokine 15; CHI3L1, chitinase-3-like protein 1; SHPS-1, tyrosine-protein phosphatase non-receptor type substrate 1; BLM hy-
drolase, bleomycinhydrolase;MMP-2,matrixmetalloproteinase-2; AP-N, aminopeptidaseN; IL-1RT1, interleukin-1 receptor type 1; PGLYRP1, peptidoglycan recognition protein 1; CHIT1,
chitotriosidase-1; MPO, myeloperoxidase; OPG, osteoprotegerin; GRN, granulins; CNTN1, contactin-1; MMP-3, matrix metalloproteinase-3; CPA1; carboxypeptidase A1; AXL, tyrosine-
protein kinase receptor UFO; CXCL16, c-x-c motif chemokine 16; EGFR, epidermal growth factor receptor; CPB1, carboxypeptidase B; IL-6RA, interleukin-6 receptor subunit alpha; IL2-
RA, interleukin-2 receptor subunit alpha; CDH-5, cadherin-5; CSTB, cystatin-B; TNFRSF10C, tumor necrosis factor receptor superfamily member 10C; ALCAM, CD166 antigen; GDF-15,
growth/differentiation factor 15; AZU1, azurocidin; FAS, Tumor necrosis factor receptor superfamily member 6;; TLT-2, trem-like transcript 2 protein; EPHB4, ephrin type-B receptor 4;
PAI, plasminogen activator inhibitor 1; FABP4, fatty acid-binding protein, adipocyte; TR, transferrin receptor protein 1;MMP-9, matrixmetalloproteinase-9; TNF-R1, tumor necrosis factor
receptor 1; CTSD, cathepsin D; CCL24, c-c motif chemokine 24; TNF-R2; tumor necrosis factor receptor 2; Gal-3, galectin-3; LTBR, lymphotoxin-beta receptor; IL-17RA, interleukin-17 re-
ceptor a; TNFRSF14, tumor necrosis factor receptor superfamily member 14; PRTN3, myeloblastin; RARRES2; retinoic acid receptor responder protein 2; RETN, resistin; vWF, von
Willebrand factor; IL-18BP, interleukin-18-binding protein; JAM-a, junctional adhesion molecule a; U-PAR, urokinase plasminogen activator surface receptor; MCP-1, monocyte chemo-
tactic protein 1; IGFBP-7, insulin-like growth factor-binding protein 7; SELP, P-selectin; PECAM-1, platelet endothelial cell adhesion molecule; ICAM-2, intercellular adhesion molecule 2;
TNFSF13B, tumor necrosis factor ligand superfamily member 13B; PLC, perlecan; DLK-1, protein delta homolog 1; PDGF subunit a, platelet-derived growth factor subunit a; CASP-3, cas-
pase-3; SPON1, spondin-1; IGFBP-1, insulin-like growth factor-binding protein 1; OPN, osteopontin; ITGB2, integrin beta-2; CTSZ, cathepsin Z; CD93, complement component C1q recep-
tor; t-PA, tissue-type plasminogen activator; MEPE, matrix extracellular phosphoglycoprotein; uPA; urokinase-type plasminogen activator; COL1A1, collagen alpha-1(I) chain; LDL
receptor; low-density lipoprotein receptor; PON3, paraoxonase 3; TFPI, tissue factor pathway inhibitor
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Table 1
Baseline demographics and immune markers.

Pitavastatin N = 111 Pravastatin N = 114

Age 50.0 ± 7.6 49.1 ± 8.4
Sex, % female 14 (16/111) 11 (12/114)
Race

White % 85 (94/111) 76 (87/114)
Black % 12 (14/111) 19 (21/114)
Asian % 1 (1/111) 1 (1/114)
Other % 2 (2/111) 4 (4/114)

Hispanic % 24 (27/111) 28 (32/114)
Hepatitis B/C 8 (9/111) 11 (12/114)
eGFR (ml/min/1.73m2) 80 ± 16 81 ± 16
Total Cholesterol (mg/dl) 239 ± 32 238 ± 31
HDL-C (mg/dl) 49 ± 15 49 ± 12
LDL-C (mg/dl) 156 ± 27 154 ± 24
Triglycerides (mg/dl) 177 ± 95 169 ± 70
BMI (kg/m2) 27.4 ± 4.6 28.3 ± 5.0
Framingham Risk Score % 6.7 ± 5.1 6.3 ± 4.7
Log HIV-1 Viral Load (copies/ml) 1.1 ± 0.3 1.1 ± 0.2
CD4 count (cells/mm3)⁎ 663 ± 264 576 ± 212
sCD163 (ng/ml) 1114 ± 567 1006 ± 393
hsIL-6 (pg/ml) 1.7 ± 2.8 1.7 ± 2.3
MCP-1 (pg/ml) 158.7 ± 67.0 151.8 ± 67.8
sCD14 (ng/ml) 2085 ± 1285 1893 ± 1031
oxLDL (U/l) 78.3 ± 21.9 77.8 ± 18.9
Lp-PLA-2 (ng/ml) 193.8 ± 61.6 186.9 ± 71.7
hsCRP (mg/dl) 4.3 ± 8.7 5.5 ± 14.8

Normally distributed data are reported as mean± standard deviation.
No significant differences between baseline values unless indicated.
Abbreviations: eGFR, estimated glomerular filtration rate; HDL-C, high density lipoprotein
cholesterol; LDL-C, low density lipoprotein cholesterol; BMI, body mass index; HIV-1,
Human Immunodeficiency Virus-1; sCD163, soluble CD163; hsIL-6, high sensitivity inter-
leukin-6, MCP-1, monocyte chemoattractant protein-1; sCD14, soluble CD14; oxLDL, oxi-
dized low density lipoprotein; Lp-PLA2, lipoprotein-associated phospholipase A2; hs-CRP,
high sensitivity c-reactive protein.
⁎ P-Value= 0.008

Table 2
Difference in protein biomarker levels before and after statin therapy.

2a. All participants

Protein T-statistic P-Value False discovery rate p-Value

TFPI −6.38 b0.0001 b0.0001
PON3 −4.64 b0.0001 0.0003
LDLR −4.45 b0.0001 0.0004
Gal-4 3.50 0.0006 0.01
IGFBP-2 3.21 0.002 0.03
PCSK9 2.72 0.007 0.10
IL-1RT2 2.66 0.008 0.10
Notch 3 2.57 0.01 0.10
GDF-15 2.56 0.01 0.10
BLM hydrolase 2.56 0.01 0.10
Ep-CAM 2.52 0.01 0.10
TIMP4 2.45 0.01 0.11
COL1A1 −2.32 0.02 0.14
TFF3 2.31 0.02 0.14
CHI3L1 2.19 0.03 0.16
SHPS-1 2.13 0.03 0.16
CCL16 2.13 0.03 0.16
ST2 2.12 0.03 0.16
CD163 2.12 0.03 0.16
MMP-2 2.12 0.04 0.16
SCGB3A2 2.09 0.04 0.16
CNTN1 2.02 0.04 0.18
CCL15 2.02 0.04 0.18

2b. Pitavastatin group

TFPI −5.92 b0.0001 b0.0001
PON3 −3.79 0.0002 0.01
IGFBP-2 3.15 0.002 0.06
LDLR −2.99 0.003 0.08
IL-1RT2 2.73 0.007 0.13
TFF3 2.36 0.02 0.30
PCSK9 2.26 0.03 0.33
ST2 2.16 0.03 0.35
CCL16 2.14 0.03 0.35
COL1A1 −2.01 0.05 0.39

2c. Pravastatin group

Gal-4 3.50 0.0007 0.06
LDLR −3.29 0.001 0.06
TFPI −3.06 0.003 0.08
PON3 −2.74 0.007 0.16
GDF-15 2.66 0.009 0.16
BLM hydrolase 2.10 0.04 0.53

Amongall participants, proteinbiomarkerswith a p-valueofb0.05 and an absolute t-statis-
tic N2 are shown. Of these protein biomarkers, 5 protein biomarkers had a false discovery
rate p-value thatwasb0.05 (TFPI, PON3, LDLR, Gal-4, and IGFBP-2) andare shaded.Another
6 proteins trended toward a significant change with a false discovery rate p-value ≤0.10.
Abbreviations: TFPI, tissue factor pathway inhibitor; PON 3, paraoxonases 3; LDLR, low
density lipoprotein receptor; Gal-4, galectin-4; IGFBP-2, insulin-like growth factor binding
protein 2; PCSK9 proprotein convertase subtilisin/kexin type 9; IL-1RT2, interleukin-1 re-
ceptor, type II; Notch 3, neurogenic locus notchhomolog protein3;GDF-15, growth/differ-
entiation factor 15; BLMhydrolase; bleomycin hydrolase; Ep-CAM, epithelial cell adhesion
molecule; TIMP4; metalloproteinase inhibitor 4; COLIA1, collagen, type 1, alpha 1; TFF3,
trefoil factor 3; CHI3LI, chitinase-3 like protein 1; SHPS-1, Src homology 2 (SH2) do-
main-containing protein tyrosine phosphatase substrate 1; CCL16, Chemokine (C-C
motif) ligand 16; ST, ST2 protein; CD163, cluster of differentiation 163; MMP-2, matrix
metalloproteinase-2; SCGB3A2, secretoglobulin family 3A member 2; CNTN1, contactin
1; CCL15, chemokine (C-C motif) ligand 15.
Amongthepitavastatingroup, proteinbiomarkerswithap-valueofb0.05andanabsolute t-
statisticN2 are shown.Of these proteinbiomarkers, 2 proteinbiomarkers had a false discov-
ery rate p-value that was b0.05 (TFPI and PON3) and are shaded, whereas 2 other protein
biomarkers trended toward a significant change with a false discovery rate p-value b0.10.
Abbreviations: TFPI, tissue factor pathway inhibitor; PON 3, paraoxonases 3; IGFBP-2, in-
sulin-like growth factor binding protein 2; LDLR, low density lipoprotein receptor; IL-
1RT2, interleukin-1 receptor, type II; TFF3, trefoil factor 3; PCSK9 proprotein convertase
subtilisin/kexin type 9; ST2, ST2 protein; CCL16, Chemokine (C-C motif) ligand 16;
COLIA1, collagen, type 1, alpha 1.
In the pravastatin group, protein biomarkerswith a p-value of b0.05 and an absolute t-sta-
tistic N2 are shown. None of the protein biomarkers had a false discovery rate p-value of
b0.05. There were 3 protein biomarkers which trended toward a significant change with
a false discovery rate p-value b0.10.
Abbreviations: Gal-4, galectin-4; LDLR, lowdensity lipoprotein receptor; TFPI, tissue factor
pathway inhibitor; PON 3, paraoxonases 3; GDF-15, growth/differentiation factor 15; BLM
hydrolase; bleomycin hydrolase.
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predicted change in these proteins within the pravastatin group (Sup-
plemental Table 5c).

We also evaluated the change in proteins with change in LDL-C, and
change in other relevant biomarker data available from prior analyses
using traditional assays in the study participants [7]. Among all partici-
pants, the change in TFPI was directly related to the change in LDL-C (r
=0.43, P b 0.0001; Table 3a) and the change in Lp-PLA2 (r=0.29, P b

0.0001). The change in LDL-C was also directly related to the change in
PON3 (r = 0.20, P = 0.004) and change in LDLR (r=0.27, P b 0.0001;
Table 3a). Within the pitavastatin group, the change in LDL-C was di-
rectly related to the change in TFPI (r = 0.54, P b 0.0001; Table 3b),
PON3 (r= 0.34, P = 0.0008), and LDLR (r=0.42, P b 0.0001). Within
the pravastatin group, the change in LDL-C was also directly related to
the change in TFP1 (r=0.26, P = 0.008; Table 3c).

4. Discussion

Very limited studies have begun to assess the pleiotropic effects of
statins in human disease models using a proteomic approach [14–17].
HIV is a useful model to assess the effects of statins on key pathways
of immune activation, endothelial dysfunction, and inflammation. This
study provides new biological insights into the effects of statins leverag-
ing a large randomized trial broadly investigating the effects of statins
on cardiovascular and atherogenesis protein biomarkers in HIV. To ac-
complish this, we used a high throughput proteomics method and
PEA technology, to simultaneously assess the levels of over 90 protein
biomarkers and identified significant changes in several notable protein
biomarkerswith statin therapy. Of note, the statins utilized in this study
– pitavastatin and pravastatin – have fewer drug-drug interactionswith
ART compared to other statins such as simvastatin and atorvastatin,
which are metabolized predominately by the CYP450 3A4 isoenzyme
[18]. As such, these statins - pitavastatin and pravastatin - are ideally
suited for prevention and/or treatment of CVD and dyslipidemia



Table 3
Correlation Analysis between Changes in LDL-C and ImmuneMarkers and Changes in Pro-
tein Biomarkers.

3a. All participants

delta TFPI delta
PON3

delta LDLR delta
Gal-4

delta
IGFBP-2

delta LDL-C r = 0.43 r= 0.20 r = 0.27 r =−0.05 r= −0.26
P b 0.0001 P = 0.004 P b 0.0001 P = 0.50 P = 0.0002

delta sCD163 r = 0.01 r= −0.11 r = 0.06 r = 0.04 r= −0.12
P = 0.83 P = 0.12 P = 0.39 P = 0.60 P = 0.08

delta hsIL-6 r = 0.06 r= 0.007 r = 0.01 r = 0.04 r= 0.10
P = 0.40 P = 0.92 P = 0.87 P = 0.57 P = 0.15

delta MCP -1 r =−0.14 r= −0.11 r = −0.006 r =−0.07 r= 0.07
P = 0.05 P = 0.11 P = 0.93 P = 0.31 P = 0.32

delta sCD14 r = 0.06 r= −0.11 r = −0.0009 r = 0.05 r= −0.02
P = 0.39 P = 0.11 P = 0.99 P = 0.49 P = 0.78

delta oxLDL r = 0.04 r= −0.13 r = 0.10 r =−0.02 r= −0.21
P = 0.52 P = 0.06 P = 0.13 P = 0.82 P = 0.002

delta Lp-PLA2 r = 0.29 r= 0.02 r = 0.25 r = 0.03 r= −0.19
P b 0.0001 P = 0.75 P = 0.0003 P = 0.66 P = 0.006

delta hsCRP r = 0.03 r= 0.006 r = −0.10 r = 0.07 r= −0.001
P = 0.72 P = 0.94 P = 0.16 P = 0.32 P = 0.99

3b. Pitavastatin group

delta TFPI delta PON3 delta LDLR delta Gal-4 delta IGFBP-2

delta LDL-C r = 0.54 r= 0.34 r = 0.42 r = −0.06 r= −0.14
P b 0.0001 P = 0.0008 P b 0.0001 P = 0.57 P = 0.17

delta sCD163 r = 0.03 r= −0.08 r = 0.02 r = 0.03 r= −0.08
P = 0.73 P = 0.40 P = 0.82 P = 0.76 P = 0.45

delta hsIL-6 r = 0.004 r= −0.07 r =−0.04 r = 0.07 r= 0.04
P = 0.97 P = 0.46 P = 0.65 P = 0.49 P = 0.65

delta MCP -1 r =−0.13 r= −0.15 r = 0.15 r = −0.17 r= −0.04
P = 0.19 P = 0.14 P = 0.14 P = 0.09 P = 0.68

delta sCD14 r = 0.008 r= −0.11 r =−0.04 r = 0.003 r= 0.005
P = 0.94 P = 0.29 P = 0.71 P = 0.97 P = 0.96

delta oxLDL r = 0.06 r= −0.11 r = 0.16 r = −0.002 r= −0.21
P = 0.52 P = 0.26 P = 0.12 P = 0.99 P = 0.03

delta Lp-PLA2 r = 0.43 r= 0.10 r = 0.43 r = 0.07 r= −0.09
P b 0.0001 P = 0.33 P b 0.0001 P = 0.46 P = 0.39

delta hsCRP r = 0.01 r= −0.18 r =−0.12 r = 0.02 r= −0.008
P = 0.90 P = 0.09 P = 0.23 P = 0.85 P = 0.94

3c. Pravastatin group

delta TFPI delta PON3 delta LDLR delta Gal-4 delta IGFBP-2

delta LDL-C r = 0.26 r = 0.05 r = 0.16 r =−0.10 r= −0.37
P = 0.008 P = 0.61 P = 0.11 P = 0.31 P = 0.0001

delta sCD163 r =−0.05 r = −0.16 r = 0.12 r = 0.03 r= −0.17
P = 0.64 P = 0.11 P = 0.23 P = 0.76 P = 0.08

delta hsIL-6 r = 0.08 r = 0.05 r = 0.05 r = 0.01 r= 0.14
P = 0.44 P = 0.63 P = 0.62 P = 0.89 P = 0.16

delta MCP-1 r =−0.14 r = −0.07 r = −0.16 r = 0.05 r= 0.16
P = 0.16 P = 0.45 P = 0.11 P = 0.64 P = 0.09

delta sCD14 r = 0.07 r = −0.13 r = 0.04 r = 0.08 r= −0.03
P = 0.50 P = 0.17 P = 0.70 P = 0.42 P = 0.77

delta oxLDL r =
−0.008

r = −0.20 r = 0.02 r = −0.06 r= −0.25

P = 0.94 P = 0.04 P = 0.86 P = 0.52 P = 0.01
delta Lp-PLA2 r = 0.10 r = −0.07 r = 0.08 r =−0.05 r= −0.27

P = 0.30 P = 0.48 P = 0.43 P = 0.62 P = 0.005
delta hsCRP r = 0.05 r = 0.06 r = −0.12 r = 0.12 r= −0.001

P = 0.65 P = 0.55 P = 0.26 P = 0.26 P = 0.99

Correlation Analysis between Changes in LDL-C and ImmuneMarkers and Changes in Pro-
tein Biomarkers among (a) All Participants, (b) Pitavastatin group, and (c) Pravastatin
group.
Correlation between the protein biomarkers which significantly changedwith statin ther-
apy and LDL-C and systemicmarkers of immune activation are shown. Significant correla-
tions (p b 0.05).
Abbreviations: TFPI, tissue factor pathway inhibitor; PON 3, paraoxonases 3; LDLR, low
density lipoprotein receptor; Gal-4, galectin-4; IGFBP-2, insulin-like growth factor binding
protein 2; LDL-C, low density lipoprotein cholesterol; sCD163, soluble CD163; hsIL-6, high
sensitivity interleukin-6, MCP-1, monocyte chemoattractant protein-1; sCD14, soluble
CD14; oxLDL, oxidized low density lipoprotein; Lp-PLA2, lipoprotein-associated phospho-
lipase A2; hs-CRP, high sensitivity c-reactive protein.
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among PWH on ART, lending clinical relevance to our findings. More-
over, these particular statins may aggravate glucose parameters less
than other statins, suggesting potential utility in non-HIV populations.
[19–22]

In our study, TFPI levels were significantly decreased with statin
therapy; and the reduction in TFPI was significantly greater in the
pitavastatin group compared to the pravastatin group. In a prior study
amongparticipants livingwithHIV by deFilippi, et al., the effects of ator-
vastatin versus placebo on protein biomarkers were investigated using
PEA technology. In that study, TFPI was also significantly reduced with
atorvastatin versus placebo [10]. Moreover, data from the current
study are consistent with a very small prior study demonstrating lova-
statin reduced TFPI in non-HIV-infected subjects [23]. TFPI, of note, is a
natural inhibitor of tissue factor-mediated coagulation which is synthe-
sized predominately by the vascular endothelium [24,25]. Tissue factor-
mediated coagulation plays a central role in acute thrombosis associated
with the disruption of atherosclerotic plaque [26]. Moreover, animal
studies also suggest that TFPI plays a role in atherogenesis in addition
to thrombosis [24]. While most of the TFPI protein can be found
bound to the endothelium, the remainder 15–20% can be found in the
plasma, either attached to lipoproteins or unbound [27]. It is the un-
bound TFPI which has physiologically active, anti-coagulant properties
[28]. The importance of TFPI is highlighted by the fact that complete de-
ficiency in this protein has never been described in humans and com-
plete deficiency of TFPI in animal models results in embryonic
lethality [24]. As such, given the physiologic importance of TFPI, partic-
ularly in atherosclerosis, significant changes in the level of this protein
biomarker may have clinically relevant implications in the treatment
and/or prevention of CVD among PWH.

Increased TFPI levels have been described in various conditions in-
cluding smoking, diabetes, male gender, increasing age, atherosclerosis,
and HIV [29]. And notably, activatedmonocytes expressing tissue factor
have been implicated in the pathogenies of plaque rupture in HIV
[30,31]. Increased TFPI levels have been described in individuals with
coronary heart disease, with highest levels in thosewith higher CAD se-
verity. As such, it could be that increased TFPI levels in the peripheral
circulation among individuals with atherosclerosis are compensatory
or conversely a marker of endothelial dysfunction.

Since plasma TFPI is primarily bound to apolipoprotein B (apo B), re-
duction via statins might be expected to lower lipoprotein-bound TFPI
[23,32]. Indeed, in the current study, the degree of TFPI reduction was
highly related to the decrease in LDL-C. By reducing LDL-C, statins
could alter the balance between free and bound TFPI, and increase free
TFPI, due to a reduction in the major carrier apo B. Future studies
assessing statin effects on TFPI activity at the endothelial surface will
provide additional insights to this important question.

We previously have described increased arterial inflammation in
PWH and how this could also contribute to the increased risk of CVD
among PWH [33–35]. Within the INTREPID trial, in turn, we previously
demonstrated significant reduction with statin therapy of a systemic
marker of arterial inflammation\\Lp-PLA2 [7]\\which has been asso-
ciated with increased CVD in the general population [36] and among
PWH [37,38]. Interestingly, in this current study, there was a significant
relationship between the reduction of TFPI and the reduction of Lp-PLA2
with statin therapy. This relationship highlights the potential interplay
between coagulation and inflammation that has been described in var-
ious inflammatory states and now requires further investigation among
PWH [39].

In addition to the effects of statins on coagulation pathways, we also
demonstrated a significant change among PWH with statin therapy in
protein biomarkers involved in oxidative stress and redox signaling
pathways. PON3, for example, was significantly reduced by statin ther-
apy and this reduction remained significantwith analysis of participants
in the pitavastatin arm only. PON3 notably can be found on the surface
of HDL particles where it is involved in the oxidative modification of
LDL-C in addition to its role in monocyte activation [40]. In a cross-
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sectional study evaluating PWH as well as individuals without HIV, sys-
temic levels of PON3 were notably three times higher in the HIV group
[41]. Given the role of PON3 in oxidation, increased levels among PWH
may be a marker of oxidative stress. Numerous studies have demon-
strated that HIV infection induces oxidative stress through increases in
reactive oxygen species triggered directly by several HIV-1 proteins
[42]; and oxidative stress through various mechanisms, in turn, plays
an important role in atherogenesis [43]. Alternatively, reduction of
PON3 may lead to increases in oxidized LDL, though our data did not
show a significant pattern in this regard.

Statin therapy in our study also led to a significant change in levels of
another protein biomarker, Gal-4, which may also affect atherogenesis.
Gal-4, of note, plays an important role in stabilizing lipid rafts [44],
which in turn has downstream effects in redox signaling pathways
[45]. No prior studies, however, have examined levels of Gal-4 among
PWH and/or among individuals with atherosclerosis. Taken together,
the significant change in systemic levels of protein markers such as
PON3 and Gal-4 with statin therapy among PWH seen in this study
highlight potential effects of statins on oxidative stress and redox sig-
naling pathways which are known to play a significant role in athero-
genesis [43].

This study demonstrated a decrease in LDLR in response to statin
therapy. While statins are known to upregulate LDLR on the hepatic
cell surface due to cholesterol depletion, they may simultaneously in-
crease surface recycling of LDLR as well as degradation, due to an in-
crease in PCSK9. Indeed, trends toward increased PCSK9 with statin
therapywere shown in the current study. Although the net effect on cir-
culating LDLR resulting from these effects of statin therapy is not
known, animal studies have suggested that statins may reduce the
half-life of the LDLR [46]. Further research on this, particularly regarding
statin effects on PCSK9 in HIV, is needed.

Statin therapy, and most notably pitavastatin, increased insulin like
growth factor binding protein-2 (IGFBP-2) in this study. IGFBP-2,
through induction of GLUT-4 translocation, contributes to improved in-
sulin sensitivity [47]. This effect on IGFBP-2mayhelp to explain theneu-
tral effects of pitavastatin on glucose parameters as shown in INTREPID
[6] and is consistent with effects of pitavastatin shown in preclinical
studies on GLUT-4 translocation.

INTREPID included dyslipidemic individuals with HIV. This study is
therefore highly relevant for those HIV patients most in need of statin
therapy, but different results might be seen among HIV-infected indi-
viduals with lower LDL-C levels. Moreover, we studied two specific
statins of importance to the HIV field, given their general lack of signif-
icant interactionswith ART. Our datamay not apply to other statins, but
we do note similarities to prior studies that reinforce our results, for ex-
ample effects on TFPI notedwith atorvastatin in amuch smaller study of
HIV patients with normal LDL-C. Changes in systemic levels of proteins
may not reflect the activity of each protein at the tissue level or the bi-
ologically active form of the protein. Despite these limitations, the
study has many strengths. The study was large enough to allow us to
contrast effects across key statins clinically relevant to themanagement
of CVD in HIV. Moreover, we used a highly stringent false discovery rate
p-values to determine treatment effects and a high-throughput assess-
ment of protein biomarker levels with demonstrated sensitivity and
specificity.

In conclusion, this study is the largest study evaluating the change in
protein biomarkers after statin therapy among individualswithHIV. En-
dothelial dysfunction [3,48] as well as increased systemic immune acti-
vation and arterial inflammation [33] are all felt to be significant
contributors to increased CVD among PWH. Through simultaneous as-
sessment of systemic protein levels in these pathways, using PEA tech-
nology, we identified key protein biomarkers which significantly
changed after statin therapy. Additional studies are now needed to ex-
plore the potential mechanisms of statin effects on these pathways
among PWH, both in terms of pathophysiology and potential optimiza-
tion of treatment effects. Moreover, the clinical significance of changes
in these pathways identified in this novel discovery approach need to
be determined. For example, key pathways identified in this study will
also inform analyses in the large REPRIEVE trial (NCT02344290), and
embeddedmechanistic sub-study investigating statin effects to prevent
primary CVD events in HIV. Finally, similar proteomic approaches
should now be performed in large, randomized studies among non-
HIV populations to further extend these findings.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.08.039.
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