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Abstract

Previous studies of the effect of ART on gene expression in HIV-infected individuals have 

identified small numbers of modulated genes. Since these studies were underpowered or cross-

sectional in design, a paired analysis of peripheral blood mononuclear cells (PBMCs), isolated 

before and after ART, from a robust number of HIV-infected patients (N=32) was performed. 

Gene expression was assayed by microarray and 4,157 differentially expressed genes (DEGs) 

were identified following ART using multivariate permutation tests. Pathways and Gene Ontology 

(GO) terms over-represented for DEGs reflected the transition from a period of active virus 

replication before ART to one of viral suppression (e.g., repression of JAK-STAT signaling) and 

possible prolonged drug exposure (e.g. oxidative phosphorylation pathway) following ART. 

CMYC was the DEG whose product made the greatest number of interactions at the protein level 

in protein interaction networks (PINs), which has implications for the increased incidence of 

Hodgkin’s lymphoma (HL) in HIV-infected patients. The differential expression of multiple genes 

was confirmed by RT-qPCR including well-known drug metabolism genes (e.g., ALOX12 and 

CYP2S1). Targets not confirmed by RT-qPCR (i.e., GSTM2 and RPL5) were significantly 

confirmed by droplet digital (ddPCR), which may represent a superior method when confirming 

DEGs with low fold changes. In conclusion, a paired design revealed that the number of genes 

modulated following ART was an order of magnitude higher than previously recognized.
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1. Introduction

Antiretroviral therapy (ART) dramatically reduces the mortality and morbidity of HIV 

infection (Arts and Hazuda, 2012; Vittinghoff et al., 1999) and commonly refers to the use 

of multiple nucleoside reverse transcriptase inhibitors (NRTIs) in combination with a 

protease inhibitor (PI) or a non-nucleoside reverse transcriptase inhibitor (NNRTI). ART 

induces a sustained effective suppression of viral replication (<50 copies/mL) and optimally 

leads to an increase in CD4+ T-cell counts. In contrast to the obvious benefits of ART, long-

term exposures to this therapy may lead to drug-class specific toxicities. Liver toxicity has 

been associated with NNRTI treatment (Rivero et al., 2007) and lipodistrophy with PI 

exposure (Carr et al., 1998), whereas a large number of adverse effects have been attributed 

to NRTI use: myopathy, pancreatitis, neuropathy, lipodistrophy, bone density loss, hepatic 

steatosis and lactic acidosis (Grigsby et al., 2010; Montessori et al., 2004; Pacenti et al., 

2006). NRTI toxicity is associated with the inhibition of DNA polymerase gamma (Polg), 

which is responsible for the replication and repair of mitochondrial DNA (mtDNA), and also 

with the induction of oxidative stress, which further effects mtDNA replication, as well as 

overall energy production (Desai et al., 2008; Lewis et al., 2003). A review of in vitro 

studies suggests the following ranking with respect to NRTI effects on mitochondrial Polg: 

zalcitabine (ddC) ≥ didanosine (ddI) ≥ stavudine (d4T) > lamivudine (3TC) > zidovudine 

(AZT) > abacavir (ABC) (Kakuda, 2000). Finally, tenofovir (TDF) is a commonly used 

NRTI thought to have limited toxicity (Venhoff et al., 2007), although long term exposure in 

mice may be associated with mitochondrial toxicity in the renal proximal tubules (Kohler et 

al., 2009).

Relatively few studies have examined gene expression in samples from HIV-infected 

individuals treated with ART using a platform capable of assessing the whole transcriptome 

(Borjabad et al., 2011; Li et al., 2004; Rotger et al., 2010; Vigneault et al., 2011). Only Li et 

al. (2004) used a paired design in order to analyze gene expression in lymph node biopsies 

from 4 HIV-infected individuals before and after 28 days of ART. Paired statistical tests 

were not used to identify differentially expressed genes (DEGs) between time points but fold 

changes for genes were calculated for each individual (post-ART/pre-ART) and revealed 

that 162 genes were consistently differentially expressed across subjects. Although paired 

samples existed in the study of Rotger et al. (2010), a cross-sectional analysis was 

performed to identify 204 DEGs between CD4+ T cells isolated from ART-treated (N=67) 

and untreated (N=52) HIV-infected individuals (personal communication). Therefore, these 

studies suggest that ART has a limited effect on gene expression in vivo. In order to confirm 

this finding, gene expression was assayed by microarray in a paired design using PBMCs 

taken before and after ART from a robust number of HIV-infected subjects (N=32). 

Remarkably, the current study demonstrated that a much larger number of genes (N = 4,157) 

than previously known were modulated following ART, which revealed novel findings with 

respect to the metabolism and toxicities associated with this treatment.
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2. Materials and Methods

2.1. Participants

Thirty-six HIV-infected men in the San Diego Primary Infection Cohort (SD PIC) were 

initially selected retrospectively for this study based on the following criteria: (1) ART-

naive before enrollment, (2) continuously adhered to ART, (3) achieved viral suppression, 

(4) had viably stored PBMC samples both before and 48 weeks after ART. Viral suppression 

was defined as achieving <50 HIV RNA copies/ml within 48 weeks from the start of ART 

without evidence of subsequent viral rebound (i.e., no two concurrent measurements of >500 

HIV RNA copies/ml). Complete demographic and clinical information for these subjects is 

presented in Supplementary Table 1.

2.2. Microarray Data Analysis

Microarray data were generated as previously described (Woelk et al., 2010). Briefly, RNA 

was isolated rom PBMC samples using RNeasy Mini Kits (QIAGEN, Germantown, 

Maryland, USA) and quality was assessed using the 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, California, USA). All samples were deemed of sufficient quality 

(mean RNA integrity number 8.11 0.91) for hybridization to HumanWG-6 v3 Expression 

BeadChips (Illumina, San Diego, California, USA). Raw gene expression data were log2 

transformed and robust spline normalized using the Bioconductor package lumi (Du et al., 

2008) in R (version 2.8.0). The quality of microarray data was examined using plots of inter 

quartile range (IQR) versus median expression for each array. Four outlier samples were 

identified and paired array data for subjects 13, 14, 15 and 16, who were all on a PI-based 

regimen, were removed from analysis to leave a total of 32 subjects (Supplementary Table 

1). Unsupervised clustering identified batch effects based on the date of microarray 

hybridization and these were removed using ComBat (Johnson et al., 2007). Multivariate 

permutation tests implemented in BRB-Array Tools (Simon et al., 2009) were used in a 

paired approach to identify genes differentially expressed such that there was 95% 

confidence of no more than 1% false positives. Gene expression data are available at the 

Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number 

GSE44228.

2.3. Pathway, Gene Ontology and Protein Interaction Network Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, gene ontology terms and 

protein interaction networks (PINs) associated with DEGs were identified as previously 

described (Perez-Santiago et al., 2012). Pathway analysis was performed using functional 

class scoring implemented in BRB-Array Tools (Simon et al., 2009), which analyzes the 

entire expression data set instead of a list of DEGs and generates a p-value for each KEGG 

pathway (Kanehisa et al., 2010) as opposed to a p-value for each gene (Datson et al., 2010). 

The Biological Networks Gene Ontology (BiNGO) tool (Maere et al., 2005) was used to 

perform gene ontology (GO) analysis and uses a hypergeometric test to identify those GO 

terms that are significantly overrepresented in the list of DEGs. The protein-protein and 

protein-DNA interactions of the protein products of DEGs were visualized using 

MetaCore™ (GeneGo, St. Joseph, MI, USA). These networks reveal hubs, which often 

represent transcription factors that control the regulation of multiple target genes. In all 
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analyses, the false discovery rate (FDR) associated with multiple testing was corrected using 

the Benjamini-Hochberg method (Benjamini and Hochberg, 1995) and an FDR-corrected p-

value <0.05 was considered significant. In a conservative approach for pathway analysis, a 

KEGG pathway was only identified as being significant with an FDR-corrected p-value 

<0.05 for both the Fisher (LS) statistic and the Kolmogorov-Smirnov (KS) test.

2.4. RT-qPCR and ddPCR Analysis

RT-qPCR validation of the gene expression detected by microarray analysis using TaqMan 

Gene Expression Assays (Life 675 Technologies, Carlsbad, CA) was performed as 

previously described (Perez-Santiago et al., 2012; Woelk et al., 2012) for 16 targets 

(Supplementary Table 2). Briefly, cDNA was reverse transcribed from paired RNA samples 

for 12 randomly selected subjects for each target from a total of 17 subjects (Supplementary 

Table 1). RT-qPCR was performed with the 7900HT Fast Real-Time PCR System (Life 

Technologies) using 50 ng of cDNA in a 20 L reaction volume for each target in duplicate. 

The relative quantitation (RQ) value for each gene in each sample was calculated after 

assessing the expression of a normalizer (GAPDH, Assay ID: Hs00192713_m1) using the 

2−ΔΔCT method. RQ values were log2 transformed and averaged across biological replicates 

within each time point to calculate fold change differences before and after ART for 

comparison to microarray data and for significance testing using paired t-tests.

TaqMan Gene Expression Assays were also used to assess differential gene expression by 

ddPCR using the QX100 system (Bio-Rad, Hercules, CA) for GSTM2, RPL5 and STAT1. 

ddPCR is thought to be more sensitive than RT-qPCR since target RNA is distributed across 

thousands of oil emulsion droplets which each undergo reverse transcription and a 

subsequent end-point PCR reaction. Since some droplets contain no template while others 

contain one or more copies, the number of target RNA molecules present was calculated 

from the fraction of positive end-point reactions using Poisson statistics (Hindson et al., 

2012). Five nanograms of RNA in a 20 L PCR reaction volume were used for each target in 

duplicate. The copy numbers for each target were averaged across duplicates and normalized 

to GAPDH prior to fold change calculations and significance testing using paired t-tests.

3. Results

3.1. Numerous Genes are Differentially Expressed following ART

Gene expression was compared in a paired analysis using samples taken before and 48 

weeks after ART from 32 HIV-infected individuals (Supplemental Table 1). Multivariate 

permutation tests identified 4,157 DEGs with 95% confidence that no more than 1% were 

false positives (Supplemental Table 3). The gene exhibiting the greatest upregulation 

following ART was the alpha subunit of the immunoglobulin epsilon receptor (FCER1A, 

fold change of 2.01) and the gene with the greatest downregulation was interferon alpha 

inducible protein 27 (IFI27, fold change of −19.61). The differential expression of both of 

these genes was confirmed by RT-qPCR (Figure 1).
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3.2. Pathway and Gene Ontology Analysis Reflect the Repression of HIV Replication and 
Exposure to ART

Functional class scoring was used to identify a large number of KEGG pathways 

significantly enriched for DEGs (Table 1). Pre-ART samples were taken during active HIV 

replication while post-ART samples were isolated after prolonged drug exposure and the 

inhibition of virus replication. Fold changes were calculated by dividing post-ART gene 

expression levels by pre-ART levels. Therefore, DEGs mapping to antiviral pathways 

originally triggered by HIV replication should be downregulated following ART. This was 

best exemplified by the Proteasome pathway, where all DEGs mapping to this pathway 

were downregulated following ART, including those required for conversion of the standard 

20S proteasome to the immunoproteasome (Supplementary Figure 1). The proteasome is 

thought to act as an early intracellular defense against HIV infection since it has been shown 

to degrade HIV virion components and because proteasome inhibitors increase the 

efficiency of infection (Schwartz et al., 1998; Wei et al., 2005). The JAK-STAT signaling 

and Cytokine-cytokine receptor interaction pathways were also significantly over-

represented for DEGs. The major components of JAK-STAT signaling were downregulated 

(i.e., IFNG, JAK2, STAT1, STAT2, and IRF9), thus reflecting the abation of innate immune 

responses following ART. However, the PI3K-Akt signaling arm of the JAK-STAT signaling 

pathway was upregulated leading to the upregulation of anti-apoptotic AKT3 (Brunet et al., 

1999), suggesting a reversal in HIV-induced apoptosis due to virus suppression (Figure 2). 

Others have shown that ribosomal genes are downregulated in interferon (IFN) treated 

PBMCs, which may diminish viral protein synthesis (Stark et al., 1998; Taylor et al., 2004). 

The cessation of IFN responses following ART resulted in the reversal of this 

downregulation such that the majority of DEGs mapping to the Ribosome pathway (81%) 

were upregulated (data not shown). The downregulation following ART of the proteasome 

subunit PSMA4, components of JAK-STAT signaling (i.e., IFNG and STAT1), and 

downstream IFN stimulated genes (ISGs, namely OAS1, IFI27, and the activation marker 

CD38) were confirmed by RT-qPCR, as was the upregulation of ribosomal protein RPS23 

but not RPL5 (Figure 1).

Pathway analysis also identified KEGG pathways significantly enriched for DEGs that may 

be related to ART exposure. For example, the NRTI components of ART are nucleoside and 

nucleotide analogs, whose incorporation terminates viral DNA synthesis, and thus it is 

relevant that the pyrimidine and purine metabolism pathways were significant (Table 1). The 

downregulation of the ribonucleotide reductase M2 (RRM2) gene, which mapped to both of 

these pathways, was confirmed by RT-qPCR (Figure 1). The toxicity associated with NRTIs 

has been attributed, in part, to reduced oxidative phosphorylation activity (Desai et al., 

2008). In accordance with this result, the oxidative phosphorylation pathway was 

significantly enriched for DEGs and the genes that did map complexes I, III and IV were 

consistently downregulated (data not shown).

The GO terms that were significantly over-represented for DEGs following ART supported 

the results of pathway analysis. For example, significant GO terms related to biological 

processes included nucleic acid metabolic process, immune system process, and cellular 

protein metabolic process (Supplemental Figure 2A). Significant GO terms related to 
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molecular function included purine ribonucleotide binding, chemokine receptor activity, and 

cytokine binding (Supplemental Figure 2B).

3.3. Interferon Regulatory Factors, Apoptotic Factors, and c-Myc Form Major Hubs in 
Protein Interaction Networks

A PIN was generated in MetaCore™ to visualize the protein-protein and protein-DNA 

interactions of the products of the 4,157 genes that were differentially expressed following 

ART. For visualization purposes, only those genes whose protein products formed at least 

25 interactions were selected (Figure 3). c-Myc formed the most interactions (N=515) and 

the upregulation (1.46 fold) of this gene was confirmed by RT-qPCR (Figure 1). In support 

of pathway analysis, which revealed repression of the Jak-Stat signaling pathway following 

ART, interferon regulatory factors (IRF2, 7, and IRF9 or ISGF3) and signaling molecules 

(JAK2, STAT1 and 2) were identified as downregulated hubs in the PIN. IRF8 was 

upregulated factor but this supports the repression of JAK-STAT signaling since IRF8 is a 

repressor of ISG expression (Weisz et al., 1992). The downregulation of IRF7 was 

confirmed by RT-qPCR (Figure 1) in addition to other IFN associated genes as previously 

noted (i.e., CD38, IFNG, STAT1, OAS1, and IFI27). Network analysis also revealed a cluster 

of apoptosis related hubs with genes encoding pro-apoptotic proteins that were 

downregulated following ART (e.g., Bax, Granzyme B, PML, and Caspase−1, −2 and −3). 

Many of these pro-apoptotic proteins are part of p53 dependent apoptotic pathways (Shen 

and White, 2001) and this was reflected in the protein network, as p53 was also present as a 

major downregulated hub (Figure 3). In contrast, anti-apoptotic proteins often exhibited 

upregulation following ART (e.g., BCL2 and Sirtuin1) and the upregulation of BCL2 was 

confirmed by RT-qPCR (Figure 1).

3.4. Comparison to Previous Studies of ART-Treated Versus Untreated HIV-Infected 
Individuals

The overlap between the 4,157 genes differentially expressed in PBMCs following ART 

were compared to those genes identified in similar studies examining tissue from the lymph 

node (Li et al., 2004), CD4+ T cells (Rotger et al., 2010), and a treatment interruption study 

in monocytes (Tilton et al., 2006) (Figure 4). Analyzing gene expression in the PBMC 

compartment captured the vast majority of genes (97%) previously identified as 

differentially expressed when CD4+ T cells were compared cross-sectionally between ART-

treated and untreated HIV-infected individuals. Lesser overlap in DEGs was identified 

between PBMCs and lymphoid tissue (43%) or monocytes (12%). There were no genes 

upregulated across all 4 studies but the following 9 ISGs were downregulated in common: 

IFI6, IFI35, IFIT3, ISG15, OAS2, STAT1, MX2, IFITM1, and GBP1. These genes further 

emphasize the downregulation of the IFN response following ART regardless of tissue or 

cell type.

3.5. Comparison to Previous Studies that Identified Drug Modulated Genes

Microarray studies examining changes in gene expression following NRTI-treatment were 

identified in order to further investigate the overlap between NRTI-modulated genes and 

those genes differentially expressed following ART in the current study. NRTI was the 
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primary focus since every HIV-infected individual in this study was treated with NRTIs 

(Supplemental Table 1). Unfortunately, there appears to be a lack of microarray studies 

examining gene expression changes in human primary immune cells treated with NRTIs. 

Instead, Grigsby et al.’s (Grigsby et al., 2010) study examining the effects of TDF on mouse 

osteoblasts and Desai et al.’s (Desai et al., 2008) investigation of liver cells isolated from 

mice exposed to AZT in combination with 3TC were selected for comparison purposes. 

TDF was the most common NRTI used to treat the HIV-infected individuals in our study 

and AZT/3TC was a common pairing of NRTIs (Supplemental Table 1). In addition to these 

NRTI-treatment studies, well-known drug metabolism genes comprising the Drug 

Metabolism PCR Array (SABiosciences) were also selected for comparison.

There was limited overlap between genes differentially expressed in PBMCs following 

ART, NRTI-modulated genes, and well-known drug metabolism genes (Supplemental 

Figure 3). The greatest overlap appeared to be with well-characterized drug metabolism 

genes whereby 9 genes (i.e., ALOX12, CYB5R3, CYP2E1, GPX1 and 4, GSTM2 and 3, 

GSTT1, and PON2) were upregulated and 5 genes (i.e., BLVRA, GSTZ1, MARCKS, MT2A, 

and NAT1) downregulated following ART. Although not included on the Drug Metabolism 

PCR Array, CYP2S1 was also selected for RT-qPCR analysis because it was upregulated 

(1.30 fold) to a greater extent than CYP2E1 (1.14 fold) and belongs to same family of well-

characterized drug metabolism genes. The upregulation of ALOX12 and CYP2S1 but not 

GSTM2 were confirmed by RT-qPCR (Figure 1) and thus the expression of this latter target 

was subjected to analysis by ddPCR.

3.6. Confirmation of Gene Expression by RT-qPCR and ddPCR

As discussed throughout the results, the differential expression of a large number of targets 

was significantly confirmed by RT-qPCR, which validated the conclusions drawn from 

microarray analysis (Figure 1). However, the significant upregulation of RPL5 and GSTM2 

following ART was not confirmed by RT-qPCR. Therefore, the expression of these targets 

was assessed by ddPCR, which is more sensitive than RT-qPCR because target transcripts 

are distributed across several thousands of droplets that each undergo an end-point PCR 

reaction (Baker, 2012; Strain et al., 2013). After confirming the significant downregulation 

of STAT1 (selected as a positive control), ddPCR was able to identify significant 

upregulation of both RPL5 and GSTM2 where RT-qPCR had failed (Figure 1). When 

ddPCR results were substituted for RT-qPCR results, the gene expression for all targets 

correlated with microarray results with an r2 of 0.93 (data not shown).

4. Discussion

Paired gene expression analysis of 64 PBMC samples taken from 32 HIV-infected 

individuals before and after ART identified 4,157 genes that were significantly differentially 

expressed. This number of DEGs is an order of magnitude higher than similar studies that 

examined expression differences between samples taken from ART-treated and untreated 

subjects. These previous studies used cross-sectional (Rotger et al., 2010) or underpowered 

approaches (Li et al., 2004), and our study demonstrates the effectiveness of a sufficiently 

powered paired analysis. Gene expression differences before and after ART in the PBMC 
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compartment demonstrated near complete overlap with genes identified in the CD4+ T cell 

subset but much less overlap with the monocyte subset and lymphoid tissue (Figure 4). 

However, there was a core set of 9 ISGs (IFI6, IFI35, IFIT3, ISG15, OAS2, STAT1, MX2, 

IFITM1, and GBP1) that were downregulated across compartments following ART. 

Interestingly, none of the members of this core set of ISGs were detected as differentially 

expressed in brain tissue between ART-treated and untreated HIV-infected subjects with 

HAND (Borjabad et al., 2011) suggesting that these findings may not extend across the 

blood-brain barrier. In summary, these genes have been identified for the first time as 

biomarkers of the host response to HIV that are relevant across multiple compartments 

associated with the peripheral blood.

Gene expression was assayed in paired samples that represented a transition from a baseline 

of active HIV replication to a period of virus suppression and prolonged ART exposure (48 

weeks). This transition should be reflected by receding activation of antiviral pathways and 

the increasing modulation of processes related to drug metabolism. The identification of 

KEGG pathways and GO terms over-represented for DEGs, as well as the hubs identified in 

PINs, clearly reflected this transition. Antiviral processes associated with IFN signaling 

(Figure 1), proteasome degradation (Supplemental Figure 1) and apoptosis (Figure 2) were 

repressed following ART. Whereas pathways associated with NRTI metabolism and 

oxidative phosphorylation were enriched for DEGs and may reflect prolonged ART 

exposure (Table 1). Unfortunately, there was minimal overlap between genes differentially 

expressed following ART compared with murine osteoblasts (Grigsby et al., 2010) or liver 

cells (Desai et al., 2008) exposed to NRTIs (Supplemental Figure 3). This may be because 

these studies were not performed PBMCs, which represent a substrate for HIV replication 

and are activated during ongoing infection. A number of well-characterized drug 

metabolism genes were modulated by ART of which the upregulation of ALOX12 and 

CYP2S1 was confirmed by RT-qPCR (Figure 1). ALOX12 belongs to a family of non-heme 

iron dioxygenases and CYP2S1 encodes a member of the cytochrome P450 superfamily of 

enzymes but their roles in ART metabolism are currently not well understood. 

Encouragingly, Vigneault et al. (Vigneault et al., 2011) also noted that CYP2S1 was 

expressed to a greater extent in CD4 T cells isolated from HIV-infected ART-treated 

subjects compared to uninfected controls. Furthermore, Borjabad et al. (Borjabad et al., 

2011) demonstrated that CYP46A1 and CYP4x1 were upregulated in the brain tissue of HIV-

infected subjects with HAND treated with ART compared to untreated subjects. Finally, 

many of the pathways identified as significantly over-represented for DEGs in PBMCs 

(Table 1) were related to similar biological processes identified by Li et al. (2004) who 

examined gene expression in lymphoid tissue: Immune Activation, IFN Related, Chemokine 

Receptors and Ligands, Apoptosis, Nucleic Acid and Protein Metabolism, and Extracellular 

Matrix. This suggests that although the overlap between DEGs was moderate between 

PBMC and lymphoid tissue (46%) the same higher order biological processes are being 

affected across tissue types.

Virus suppression resulting from ART clearly prolongs life for HIV-infected individuals but 

as this population ages it is becoming apparent that they suffer from a higher incidence of 

several non-AIDS related disorders compared to healthy individuals, which include 
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neurocognitive decline, cancer, as well as heart, liver, kidney and bone disease (Deeks, 

2011). With respect to the PBMC samples analyzed in this study, Patel et al. (2008) 

observed significantly higher rates of Hodgkin’s lymphoma in HIV-infected patients 

compared to the general population with incidence rates increasing despite the advent of 

ART. This increase in Hodgkin’s lymphoma (HL) in HIV-infected patients has previously 

been associated with immunosuppression resulting from co-infection with Epstein-Barr 

virus (Righetti et al., 2002) but the potential contribution of ART-modulated genes should 

not be overlooked. Specifically, the current study found that CMYC was upregulated 

following ART (Figure 1) and was the hub that formed the most protein-protein and protein-

DNA interactions (Figure 2). Although this upregulation was modest (1.46 fold by RT-

qPCR), c-MYC is believed to regulate 15% of all genes, including genes involved in cell 

division, cell growth, and apoptosis (Gearhart et al., 2007), and dysregulated expression of 

c-MYC has been associated with multiple types of cancer (Pelengaris et al., 2002). Increased 

copy number of CMYC has been noted in HL cell lines (Joos et al., 2003) and 

downregulation of CMYC by curcumin has been shown to decrease the viability of 

lymphomas (Mackenzie et al., 2008). Finally, the Oxidative Phosphorylation pathway was 

significantly over-represented for DEGs (Table 1). Multiple components of complexes I, III 

and IV, required for oxidative phosphorylation were downregulated in the current study and 

many cancer cells tend to exhibit reduced oxidative phosphorylation (Solaini et al., 2011). 

Furthermore, oxidative phosphorylation has been shown to be impaired in HIV-infected 

children born to seropositive mothers who were exposed to NRTIs (Barret et al., 2003). It 

has been noted that during acute HIV infection the enzymatic activity of Complexes I, II and 

III is decreased while those of Complexes IV and V are increased (Ladha et al., 2005; 

Tripathy and Mitra, 2010). This lends weight to ART resulting in the downregulation of 

genes in Complexes I and III in this study as opposed to this signal coming from the 

upregulation of these genes by HIV prior to ART, which might be an argument for Complex 

IV.

In summary, thousands of genes appear to be differentially expressed in PBMCs when 

comparing pre- and post-ART samples from HIV-infected individuals. Mapping these genes 

onto higher order biological processes reflects the transition from active virus replication 

(pre-ART) to viral suppression and drug metabolism (post-ART). One possible limitation of 

this study, due to the lack of an uninfected control, is the difficulty in confirming whether a 

gene is truly upregulated post-ART or was downregulated pre-ART and thus appears 

upregulated post-ART. Useful controls would be samples taken prior to HIV infection and 

ART treatment, which are nearly impossible to obtain, or samples taken before and after 

ART from a control arm of healthy subjects, which is ethically questionable. However, we 

are confident in our interpretation of the data since they have reconfirmed and extended the 

findings of previous studies (Li et al., 2004; Rotger et al., 2010) and no evidence in the 

literature was found for the downregulation of well known drug metabolism genes (i.e., 

ALOX12, CYP2S1, and GSTM2) by HIV pre-ART suggesting these genes are truly 

upregulated post-ART. The use of ddPCR to assay gene expression represents a novel aspect 

of this work and preliminary findings suggest that ddPCR is superior to RT-qPCR when 

confirming the differential expression of genes with low fold changes. Finally, over the 

course of this study it became clear that there is currently a lack of studies that have exposed 
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primary immune blood cells to NRTIs in vitro. Future experiments identifying ART-

modulated gene expression in blood cells are important since these cells circulate throughout 

the body and thus may distribute any associated toxicities to a variety of compartments. In 

addition, studies that examine the difference between different regimen types (e.g. PI vs. 

NNRTI) should be performed in the future but were underpowered in the current analysis 

due to the removal of outlier microarray data from paired samples for 4 PI-treated subjects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

The number of genes modulated following ART is an order of magnitude higher than 

previously recognized.

Well characterized drug metabolism genes not previously associated with ART appear 

upregulated by ART.

A core set of interferon stimulated genes respond to HIV regardless of tissue type and 

then recede following ART.

Droplet Digital PCR (ddPCR) has been used to confirm gene expression for the first time 

in an infectious disease setting.
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Figure 1. 
Gene expression analysis of 17 targets by RT-qPCR and a subset of 3 targets by ddPCR in 

12 of the patients used for microarray analysis. Fold changes were calculated by dividing 

expression levels after 48 weeks of ART by those at baseline before ART initiation for 

microarray (black bars), RT-qPCR (grey bars) and ddPCR (white bars). An asterisk 

indicates a significant difference in gene expression (p < 0.05) between baseline and 48 

weeks of ART as determined using a paired t-test. Error bars depict the standard error of the 

mean across the 12 samples analyzed and were calculated for fold changes in the RT-qPCR 

data using the error propagation formula for ratios. For microarray and ddPCR data, error 

bars were calculated by first converting all values to their natural logarithms and computing 

the standard error of the mean of the log transformed value such that positive error bars 

equate to fold change * expSEM-1 and negative error bars equate to fold change * expSEM−1.
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Figure 2. 
Jak-STAT Signaling Pathway from KEGG (ID: hsa04630) overlaid with log2 fold change 

values using PathVisio indicating up (red) or downregulation (blue) following ART. The 

scale for log2 fold change values is indicated at the bottom of the pathway diagram. Genes 

not significantly differentially expressed are depicted in grey.
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Figure 3. 
Direct protein interaction network constructed using MetaCore™ and visualized in 

Cytoscape. This network contains only those differentially expressed genes whose protein 

products had greater than 25 interactions at the protein-protein or protein-DNA level. The 

size of the node is reflective of the number of interactions and the color key indicates 

whether the protein coding gene was upregulated (red) or downregulated (blue) following 

ART. The expression of genes marked with an asterisk was confirmed by RT-qPCR.
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Figure 4. 
Venn diagram depicting the overlap in genes differentially expressed between PBMCs 

isolated from HIV-infected individuals pre- and post-ART (PBMCs), between lymph node 

samples taken from HIV-infected patients pre- and post-ART (Lymph, Li et al. 2004), 

between CD4+ T cells from ART-treated or untreated HIV-infected individuals (CD4, 

Rotger et al. 2010), and between monocytes taken from HIV-infected individuals before and 

after the interruption of HAART (Monocytes, Tilton et al. 2006). The differentially 

expressed genes upregulated (A) or downregulated (B) while on ART for all 4 studies are 

presented.
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