
Systems Pharmacology Identifies an Arterial Wall Regulatory 
Gene Network Mediating Coronary Artery Disease Side Effects 
of Antiretroviral Therapy

Itziar Frades, PhD1,*, Ben Readhead, MBBS1,2,4,5,*, Letizia Amadori, PhD1,*, Simon Koplev, 
MScEng1, Husain A. Talukdar, PhD6, Heidi M. Crane, MD, MPH3, Paul K. Crane, MD, MPH3, 
Jason C. Kovacic, MD, PhD7, Joel T. Dudley, PhD1,2,4, Chiara Giannarelli, MD, PhD1,7,8, 
Johan LM. Björkegren, MD, PhD1,2,6,†, and Inga Peter, PhD1,2,†

1Dept of Genetics & Genomic Sciences, Icahn School of Medicine at Mount Sinai, New York, NY

2Icahn Institute of Genomics & Multiscale Biology, Icahn School of Medicine at Mount Sinai, New 
York, NY

3Dept of Medicine, University of Washington, Seattle, WA

4Institute for Next Generation Healthcare, Icahn School of Medicine at Mount Sinai, New York, NY

5ASU-Banner Neurodegenerative Disease Research Center, Arizona State University, Tempe, AZ

6Integrated Cardio Metabolic Centre, Dept of Medicine, Karolinska Institutet, Karolinska 
Universitetssjukhuset, Huddinge, Sweden

7Cardiovascular Research Center, Icahn School of Medicine at Mount Sinai, New York, NY

8Precision Immunology Institute, Icahn School of Medicine at Mount Sinai, New York, NY

Abstract

Background—Antiretroviral therapy (ART) for HIV infection increases risk for coronary artery 

disease (CAD), presumably by causing dyslipidemia and increased atherosclerosis. We applied 

systems pharmacology to identify and validate specific regulatory gene networks (RGNs) through 

which ART drugs may promote CAD.

Methods—Transcriptional responses of human cell lines to 15 ART drugs retrieved from the 

Library of Integrated Cellular Signatures (overall 1,127 experiments) were used to establish 

consensus ART gene/transcriptional signatures. Next, enrichments of differentially expressed 

genes and gene-gene connectivity within these ART-consensus signatures were sought in 30 RGNs 

associated with CAD and CAD-related phenotypes in the Stockholm Atherosclerosis Gene 

Expression study.
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Results—Ten of 15 ART signatures were significantly enriched both for differential expression 

and connectivity in a specific atherosclerotic arterial wall, AR-RGN, causal for CAD involving 

RNA processing genes. An atherosclerosis in vitro model of cholestryl ester (CE)-loaded foam 

cells was then used for experimental validation. Treatments of these foam cells with ritonavir, 

nelfinavir, and saquinavir at least doubled CE accumulation (P=0.02; 0.0009, and 0.02, 

respectively), whereas RNA silencing of the AR-RGN top key driver, polyglutamine binding 

protein 1 (PQBP1), significantly curbed CE accumulation following treatment with any of these 

ART drugs by >37% (P<0.05).

Conclusions—By applying a novel systems pharmacology data analysis framework, three 

commonly used ARTs (ritonavir, nelfinavir and saquinavir) were found altering the activity of a 

regulatory gene network (AR-RGN) promoting foam cell formation and risk of CAD. Targeting 

AR-RGN or its top key driver PQBP may help reduce CAD side effects of these ART drugs.
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Antiretroviral therapy (ART) has dramatically reduced mortality among people living with 

HIV (PLWH).1 As a result, opportunistic infections and other acquired immunodeficiency 

syndrome (AIDS)-related deaths are less common and non-AIDS related comorbidities, such 

as cardiovascular disease (CVD), account for the majority of deaths for PLWH.2 

Specifically, PLWH have a 1.5–2-fold increase in relative risk for myocardial infarction (MI) 

or atherosclerotic coronary artery disease (CAD),3, 4 due in part to an increased burden of 

CAD traditional risk factors such as smoking, dyslipidemia, and type 2 diabetes (T2D). In 

addition, both inflammation and the vascular effects of viral replication may promote the 

risk of CAD.

ART impacts multiple steps of the HIV life cycle: binding or attachment of HIV to the 

surface of the host CD4 cell, fusion of the HIV envelope with the CD4 membrane, reverse 

transcription converting HIV RNA to HIV DNA, integration into the host cell’s nucleus, 

replication, assembly, and budding (Figure 1). Multiple ART drug classes (7 to date) 

targeting distinct stages in the HIV life cycle have been approved by the Food and Drug 

Administration.5 The most commonly used classes include: nucleoside reverse transcriptase 
inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs), both of 

which target reverse transcription via different mechanisms; protease inhibitors (PIs), which 

target the key enzyme that cleaves the long non-infectious protein chains into smaller HIV 

proteins that form infectious HIV, and integrase inhibitors, which target virus integration to 

the cell. Other classes include entry inhibitors, such as fusion inhibitors, co-receptor 
antagonists, and most recently post-attachment inhibitors6 (Figure 1). ART is typically 

prescribed as regimens of three or more drugs to decrease risk of resistance.

While ART reduces viral replication and chronic inflammation decreasing HIV-related 

morbidity and mortality, early studies suggested it may increase CVD risk.7 CVD risk has 

been linked to longer ART or PI duration,8, 9 recent abacavir or didanosine use,10 and ART 

interruptions,11 though findings vary.12, 13 Specifically, patients on ART have shown 
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dyslipidemia,14 with the greatest effect noted when PI and NNRTI drug classes were 

prescribed in combination and applied to higher levels of total cholesterol, low density 

lipoprotein (LDL) cholesterol and triglycerides.15 PIs have also been associated with 

impaired glucose metabolism and older NRTIs with body morphology abnormalities 

including peripheral lipoatrophy with fat loss and central lipohypertrophy with visceral fat 

accumulation.16, 17

However, the reported data are largely observational making it difficult to infer the causality. 

Yet, several potential mechanisms have been proposed. For example, ART-associated 

dyslipidemia has been suggested to act through structural similarity of the catalytic region of 

the HIV-1 protease and the homologous human retinoic acid-binding protein type 1 

(CRABP-1) to LDL receptor-related protein type 1 (LRP1).18 PI therapy has been suggested 

to promote body morphology abnormalities and increase plasma lipid levels by inhibiting 

mitochondrial DNA polymerase γ, leading to respiratory chain dysfunction and altered 

levels of adipocytokines involved in energy homeostasis.18 Newer drug classes such as 

integrase inhibitors and entry inhibitors have less effect on lipid and glucose metabolism, but 

may still produce cardiometabolic effects through weight gain19 or other mechanisms.

The biological pathways by which individual ART medications and classes impact CAD risk 

require further investigation using a systematic, rigorous and unbiased approaches with 

experimental validation of putative mechanisms. Therefore, in this study, we used a novel in 
silico systems pharmacology framework to identify biological networks and pathways 

through which ART may promote atherosclerosis and thus CAD.

First, we used the National Institute of Health’s Library of Integrated Cellular Signatures 

(LINCS) database20 to identify transcriptional signatures induced by ART in a wide range of 

human cells.21 Next, we looked for enrichment and co-expression of these ART signatures 

in CAD-causal regulatory gene networks (RGNs) constructed from genotype and gene 

expression data of multiple vascular and metabolic tissues from CAD patients in the 

Stockholm Atherosclerosis Gene Expression (STAGE) study.22 Finally, to validate the 

prediction that the pro-atherosclerotic effect of ART drugs was mediated by a particular 

RGN, we used a well-established in vitro foam cell model of atherosclerosis.23 This model 

mimics the macrophages that are ultimately transformed into lipid-laden foam cells, the 

prototypical cells in the atherosclerotic plaque.24

Our novel in silico systems pharmacology framework (Figure 2) could be useful to pinpoint 

pathways that promote off-target drug effects, help anticipate side effects of new ART 

regimens, design novel therapies, and improve the identification of PLWH at highest risk for 

ART-associated cardiometabolic complications.

Materials and Methods

The LINCS dataset used in the analyses is publically available. The study methods are 

described in sufficient detail to allow reproducibility and replication of the results and 

procedures. The additional material can be available directly from the corresponding 
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authors. Our study did not involve human subjects and therefore no IRB approval was 

required. The detailed methods are available as Supplemental Material.

Results

Enrichment of ART-Induced Transcriptional Signatures in 4 of 30 CAD-causal RGNs

Transcriptional signatures associated with 15 ART drugs in LINCS (Supplemental Table S1) 

constituted a total of 13,428 genes; some downregulated and some upregulated in at least 2 

experiments. Among the 30 CAD-causal RGNs identified in the STAGE study22 

(Supplemental Table S2), two were consistently enriched in the ART-induced gene 

signatures (Figure 3). The strongest enrichment was in AR-RGN, a network of RNA 

processing genes that was derived from the atherosclerotic arterial wall tissue and associated 

with the extent of coronary atherosclerosis in the STAGE study.25 Specifically, the 

downregulated genes induced by three PIs showed significant overlap with AR-RGN genes, 

including 29/73 genes shared by saquinivir (adjusted P=0.048), 27/73 by nelfinavir 

(P=0.035), and 23/73 by ritonavir (P=0.035). The AR-RGN was also enriched in ART-

induced signatures of the two NRTIs, tenofovir (15/73 genes, P=0.01) and lamivudine (25/73 

genes, P=0.048), and NNRTI efavirenz (16/73 genes, P=0.03) (Table 1). Genes from the 

immune system process RGNs were enriched among the genetic signatures induced by 

integrase inhibitor raltegravir (1¾5, P=0.049) and entry inhibitor maraviroc (33/57, 

P=0.048). Raltegravir-induced signature was also enriched in another CAD-causal RGN 

involved in steroid and lipid metabolism (35/170 genes, P=0.035). This subcutaneous fat–

specific network was strongly associated with fasting glucose levels (5.0×10−27) and HDL 

(8.0×10−38) in the STAGE study.22

Co-expression of Genes in 9 of 30 CAD-Causal RGNs in the ART-Induced Signatures

Next, we used the ART-induced signature from LINCS to determine whether the gene-gene 

connections predicted by the 30 CAD-causal RGNs could be reproduced. We observed 

significant gene co-expression between RGN genes and at least one ART-induced signature 

for 9 CAD-causal RGNs (Figure 3). The connectivity of the AR-RGN genes was 

reproducible in as many as 9 out of 15 ART-induced signatures, including those of the PIs 

nelfinavir, ritonavir, indinavir, and saquinavir and the NNRTI efavirenz (Figure 3). AR-RGN 

genes were also strongly co-expressed in the ART signatures induced by zidovudine, 

stavudine, and lamivudine (all NRTIs). Moreover, stronger-than-expected co-expression of 

AR-RGN genes was observed in the signature of the entry inhibitor maraviroc (Figure 3). In 

addition to AR-RGN enriched in RNA processing genes, ART-induced gene signatures for 

all 4 PIs, NNRTI nevirapine, integrase inhibitor elvitegravir and entry inhibitor maraviroc 

overlapped with at least one of the immune-mediated RGNs involved in immune system 

processing, innate response or regulation of inflammatory response. Also, single ART drugs 

were co-expressed with RGNs representing regulation of nucleotide biosynthetic process, 

cell death, endopeptidase activity, and blood pressure (Figure 3). Adjusted P-values from co-

expression analysis between the 30 RGNs and 15 ARTs are provided in Supplemental Table 

S3.
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AR-RGN Key Driver Polyglutamine Binding Protein 1 (PQBP1) Is Upregulated Following 
ART Treatment in LINCS

To explore whether the established key drivers of the AR-RGN that modulate foam cell 

formation in vitro22 are affected by ritonavir, nelfinavir, and saquinavir, we examined their 

effects on the expression of key driver genes identified in AR-RGN (e.g., DRAP1, POLR2I, 
and PQBP1)22 using the LINCS data (Figure 4, Supplemental Table S1). Indeed, the 

expression of PQBP1 was consistently upregulated by ritonavir and nelfinavir across a range 

of cell and dosage conditions (Figure 4). This result prompted in vitro experiments aimed to 

mitigate ART-induced CE accumulation by targeting PQBP1.

Foam Cell Formation in THP1 Cells after ART is Mediated by AR-RGN and PQBP1

LINCS ART signature overlap, co-expression, and activation of key driver PQBP1 in AR-

RGN suggest that this network mediates possible side effects of ritonavir, nelfinavir, and 

saquinavir by increasing foam cell formation. We validated the effects of selected ART 

drugs on CE accumulation in THP-1 cells in vitro. Nelfinavir and saquinavir induced a ~3-

fold increase (P=0.0009 and P=0.02, respectively, for the 15 μM dose) and ritonavir a ~2.5-

fold increase (P=0.02 for the 30 μM dose) in CE accumulation (Figure 5). In contrast, 

treatment with maraviroc significantly reduced CE accumulation (P=0.02 and 0.002 at 15 

μM and 30 μM, respectively), while treatment with raltegravir showed no effect.

To assess whether the induced foam cell formation in vitro is mediated by AR-RGN, we 

compared AR-RGN expression between THP-1 foam cells treated with dimethyl sulfoxide 

(DMSO, control) versus selected ART drugs (Figure 6). The overall RNA-Seq signature 

induced by ritonavir, nelfinavir, and saquinavir that promoted CE accumulation in THP-1 

foam cells was clearly different from the signatures induced by DMSO and maraviroc that 

significantly reduced CE accumulation (Figure 6a). Similarly, 59 genes, including PQBP1 of 

the AR-RGN in the THP-1 foam cells, were significantly up or downregulated by ritonavir, 

nelfinavir, or saquinavir, whereas only 14 AR-RGN genes were differentially expressed in 

response to maraviroc (false discovery rate, FDR<10%; Figure 6b). PQBP1 also 

demonstrated differential expression of specific isoforms for some of the ART experiments 

in foam cells (Supplemental Figure S1). Across all treatments of the THP-1 foam cells, 

including DMSO, the integrity of AR-RGN, measured as mean connectivity of AR-RGN 

genes compared to the connectivity of 10,000 random gene sets of genes of equal size, was 

intact (Figure 6c, top panel). This was also true when assessing the mean connectivity for 

AR-RGN for each treatment besides ritonavir, where the connectivity of AR-RGN was only 

slightly higher than background (Figure 6c, lower panels). Taken together, these results 

strongly suggest that the effects of these ART drugs on CE accumulation in THP-1 foam 

cells are mediated by AR-RGN and its top key driver, PQBP1.

Combined ART and Silencing of the Key Driver Gene PQBP1 in AR-RGN Partially Restores 
Baseline CE Levels in THP-1 Foam Cells

Next, we tested whether siRNA silencing of PQBP1 would reduce ART-induced increases in 

CE accumulation in THP-1 foam cells observed in Figure 5. We found that silencing of 

PQBP1 prior to treatment with nelfinavir, saquinavir, or ritonavir reduced CE accumulation 
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in THP-1 foam cells by 37%, 58%, and 39%, respectively (Figure 7), suggesting PQBP1 as 

the primary means by which these drugs lead to CE accumulation.

Discussion

In this study, we used a novel in silico systems pharmacology data analysis framework 

combined with an in vitro atherosclerosis model to identify and experimentally validate 

biological networks and associated pathways that likely mediate CAD progression in 

response to ART. In human cell lines treated with 15 individual commonly used ART drugs, 

we identified transcriptional signatures that were significantly enriched in CAD-causal 

RGNs active in metabolic and arterial wall tissues. We also found that AR-RGN, an arterial 

wall-specific RNA processing network, reported to regulate foam cell formation,22 

consistently overlapped with as many as 3 (ritonavir, nelfinavir, and saquinavir) of the 4 PI 

ART-induced gene signatures. Finally, in a THP-1 foam cell model of atherosclerosis, we 

confirmed a causal role of AR-RGN and its key driver PQBP1 in mediating CAD-causal 

pathways arising from these PIs. Our data provide first evidence that nelfinavir and 

saquinavir increase the CE accumulation in foam cells, a mechanism that could contribute to 

the increased risk for CAD. Using our unbiased data-driven approach we also predicted and 

experimentally reproduced the known effect of ritonavir on foam cell formation,25 

supporting the robustness of our approach. Moreover, the fact that PQBP1 and AR-RGN are 

intracellular molecular mediators of augmented foam cell formation prompted by these PIs 

is novel and merits further investigation.

In the STAGE study,22 AR-RGN was the only cross-species-validated, atherosclerosis-

specific RGN that was also linked to mouse atherosclerosis, strongly supporting its causal 

role in promoting CAD. Among the AR-RGN key drivers, the top driver PQBP1 was the 

most consistently upregulated gene in response to several ARTs in LINCS and demonstrated 

differential expression of specific isoforms for some of our ART experiments in foam cells 

(Figure 6; Supplemental Figure S1). PQBP1, a key regulator of mRNA processing and gene 

transcription, has been shown to bind to immunogenic reverse-transcribed HIV-1 DNA.26 

Mutations in the PQBP1 locus severely impair the innate immune response to HIV-1 

challenge.26 Moreover, PQBP1 has been linked to lipid metabolism, with PQBP1 repression 

leading to reduction of lipid content in mammalian primary white adipocytes.27 We detected 

that silencing of PQBP1 by siRNA reduced CE accumulation by 37%−58% in foam cells 

treated with PIs nelfinavir, saquinavir or ritonavir (Figure 7). Our findings are consistent 

with previous observational studies demonstrating that ART-associated dyslipidemia is 

especially evident with the use of PIs, which promote a decrease in plasma high-density 

lipoprotein cholesterol and increase overall cholesterol, triglycerides, and LDL cholesterol, 

hereby promoting an increased risk of CVD (reviewed in 18). Our findings suggest that while 

PQBP1 in itself is not a PI drug target but as a network key driver it plays a central role in 

AR-RGN gene activity and foam cell formation. We suggest that downregulation of the 

RNA processing pathway is likely to be a broad off-target effect of this class of compounds; 

therefore, PQBP1 inhibition could be considered as a novel strategy to decrease the 

cardiometabolic side effects of PIs.
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Of note, CE accumulation in foam cells was not affected following raltegravir treatment and 

was reduced by maraviroc (Figure 5). While raltegravir has previously been shown not to 

alter foam cell formation,28 no previous reports involving the in vivo foam cell model have 

been published for maraviroc. However, our findings are consistent with reports that 

maraviroc reduces the development and progression of atherosclerotic plaques in humans29 

and animal models of HIV30 and improves lipid profiles in dyslipidemic HIV patients.31 

Thus, the enrichment of the maraviroc-induced transcriptional signatures within AR-RGN 

and the associated reduction in foam cell formation suggest that maraviroc protects against 

CAD by modulating RNA processing in AR-RGN in a way that reduces foam cell 

formation.

The immune system process I pathway showed strong gene co-expression with the 

transcriptional signatures of all four PIs, as well as those of nevirapine, elvitegravir, 

raltegravir, and maraviroc. One of its 3 key gene regulators, CEBPA, mediates adipocyte 

differentiation that may be involved in the peripheral loss of adipose tissue or lipoatrophy, a 

common side effect of PIs.32 Another key regulator of this pathway, HMGA1 (high mobility 

group AT-hook 1), helps regulate gene transcription, including integration of retroviruses 

into chromosomes. The HMGA1 variant rs146052672 has been linked to risk for T2D, acute 

myocardial infarction, and metabolic syndrome.33

The drug-induced transcriptional signature of the integrase inhibitor raltegravir was enriched 

in CAD-related RGNs involved in immune process and steroid and lipid metabolism. Steroid 

and lipid metabolism RGN includes key driver genes such as apolipoprotein A, the major 

protein component of HDL particles in plasma, and CYP4F2, a cytochrome P450 

monooxygenase that regulates drug metabolism and synthesis of cholesterol, steroids, fatty 

acids, and other lipids. The beneficial regulatory effects of raltegravir on this RGN could 

explain earlier findings that raltegravir reduces the oxidative stress induced by treatment 

with PIs.28

NNRTIs and NNRIs induce less dyslipidemia than PIs but there are variations within a drug 

class. For example, efavirenz has greater adverse effects on lipid metabolism than other 

NNRTIs such as nevirapine (reviewed in 34). In our study, the efavirenz- but not nevirapine-

induced transcriptional signature showed significant enrichment and co-expression in AR-

RGN. Also, switching from tenofovir-based to lamivudine-based NRTI therapy has been 

shown to increase lipid levels,35 which is consistent with our findings indicating an opposite 

effects of tenofovir-induced downregulation and lamivudine-induced upregulation of genes 

that overlap with AR-RGN. Future studies are warranted to determine whether structural 

modifications of certain drugs based on our findings could reduce ART-associated side 

effects.

A limitation of our study is the lack of data in LINCS on the transcriptional responses for 

multi-drug ART regimens, the standard of care for HIV infection. However, our approach 

enabled us to parse out specific effects of individual drugs. Further studies are warranted to 

detect the enrichment of multi-drug ART transcriptional signatures in the causal CAD RGNs 

using our single-drug framework. Also, transcriptional profiles for ART drugs were often 

generated in cell lines not directly relevant to CAD pathogenesis. Moreover, in LINCS, only 
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978 genes were directly measured with the L1000 array, whereas <12,450 genes were 

computationally inferred, leaving a large number of genes out of analysis. Therefore, we 

conducted RNA-Seq analysis in THP-1 foam cells, a well-characterized in vitro model of 

atherosclerosis directly measuring gene expression genome-wide. Importantly, additional 

factors such as genetic predisposition, lifestyle (diet, smoking, and exercise), viral load, 

degree of chronic inflammation, co-morbidities, and concomitant medications may 

exacerbate the effects of ART on CAD risk. While our approach cannot predict which 

patients receiving ART may be more susceptible to cardiometabolic complications, the 

genes that are differentially expressed in response to specific drugs could contain single 

nucleotide variants that may cause a predisposition to adverse effects.

In summary, our study shows that systems pharmacology can be used to detect specific 

mechanisms of CAD risk associated with ART regimens and help identify key drivers of 

ART-associated effects and highlight drugs that are particularly likely to promote 

cardiovascular risk. As treatments for HIV continue to evolve, our approach may be useful 

in anticipating side effects of new classes of ART drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of the HIV life cycle and antiretroviral therapy targets.
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Figure 2. 
Schematic flow of analytic and experimental validation steps. A. Genes differentially 

expressed in response to 15 antiretroviral therapy (ART) drugs were identified in the LINCS 

database. Their enrichments and co-expression were then sought in 30 regulatory gene 

networks (RGNs) identified in the STAGE study as coronary artery disease (CAD)-causal.22 

Genes most essential for the activity of RGNs, or key drivers (K1-K5) were also included in 

this analysis. B. A schematic example of a RGN with 5 key disease drivers. C. Experimental 

validation of atherosclerosis-related RGN (AR-RGN) enriched in ART signatures using an 

atherosclerosis model in vitro. THP-1 monocytes were differentiated into THP-1 

macrophages in vitro and then incubated with AcLDL and individual ART drugs to form 

THP-1 foam cells. To assess the role of key driver genes in AR-RGN in foam cell formation 

induced by ART drugs, THP-1 macrophages were subjected to key driver silencing. CVD, 

cardiovascular disease. STAGE, the Stockholm Atherosclerosis Gene Expression study.22 

Red color exemplifies downregulated genes, green color upregulated genes.
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Figure 3. 
CAD-causal regulatory gene networks enriched for ART drug gene signatures. Circular 

layout of 10 CAD-causal RGNs from the STAGE study22 that were either enriched (yellow), 

co-expressed (orange) or both (red) with 15 ART drug-induced gene signatures identified in 

the LINCS database at P<0.05. PI, protease inhibitors; NRTI, nucleoside-analog reverse 

transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors.
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Figure 4. 
Summary of expression changes for the key driver genes in LINCS. A, Expression changes 

of 7 AR-RGN key drivers induced by 15 antiretroviral therapy (ART) drugs profiled in 

LINCS. Four key drivers have validated relationships with cholesterol ester accumulation. 

Median Z-score of gene expression ranks are shown within each cell. B, Expression changes 

of 7 AR-RGN key drivers in response to ritonavir, nelfinavir, saquinavir, maraviroc, and 

raltegravir. Persistent induction of PQBP1 by ritonavir, and nelfinavir, across a range of cell-

line contexts (color legend on the right; details at http://lincs.hms.harvard.edu/db/cells/) 

suggested that these compounds increase cholesterol accumulation, possibly by interacting 

with PQBP1. AR-RGN, atherosclerosis-related regulatory gene network.
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Figure 5. 
Effect of ART drugs on cholesteryl ester (CE) accumulation in THP-1 foam cells. CE 

accumulation was measured in cell lysates of THP-1-derived macrophages pre-treated with 

DMSO (−), nelfinavir, saquinavir, ritonavir, maraviroc (5, 15 and 30 μM), and raltegravir (5 

and 30 μM) for 24 hours and then incubated with AcLDL (50 μg/mL) for additional 48 

hours. Drug treatment was maintained throughout the experiment. Results are shown for 3 

independent experiments with 3 technical replicates (n=9). Data are expressed as mean

±SEM.
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Figure 6. 
Effects of antiretroviral (ART) drugs on gene expression in THP-1 foam cells. A. Heat map 

of all differentially expressed genes comparing treatments with DMSO versus ritonavir, 

nelfinavir, saquinavir and maraviroc, respectively, in THP-1 foam cells incubated with 

acetylated LDL. B. Volcano plots showing differentially expressed AR-RGN genes in 

THP-1 foam cells following ART drug treatments. C. Permutation test showing the mean 

connectivity (r, Pearson correlations, x-axis) of atherosclerosis-related regulatory gene 

network (AR-RGN) genes (arrow) compared to the null distribution of 1,000 random equally 
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sized sets of genes in THP-1 foam cells following ART drug treatments (color code indicates 

each ART drug).
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Figure 7. 
Effect of PQBP1 silencing on cholesteryl ester (CE) accumulation in antiretroviral therapy 

(ART)-treated foam cells. THP-1 macrophages were first transfected with a pool of 3 

PQBP1 siRNAs or a pool of 2 control siRNAs. Following a 24 hour pre-treatment with 

either DMSO (–), nelfinavir (15 μM), saquinavir (15μM), or ritonavir (30 μM), AcLDL (50 

μg/mL) was added to the culture media for the following 48 hours. Drug treatment was 

maintained throughout the experiment. CE accumulation and PQBP1 expression levels were 

measured in cell lysates. Results are shown for 3 independent experiments with 3 technical 

replicates (n=9) for CE accumulation measurements and 2 technical replicates (n=6) for 

PQBP1 RNA level quantification. Data are expressed as mean±SEM. NELF, nelfinavir; 

SAQ, saquinavir; RIT, ritonavir.
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