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Aims During virally suppressed chronic HIV infection, persistent inflammation contributes to the development of cardio-
vascular disease (CVD), a major comorbidity in people living with HIV (LWH). Classical blood monocytes (CMs)
remain activated during antiretroviral therapy and are a major source of pro-inflammatory and pro-thrombotic fac-
tors that contribute to atherosclerotic plaque development and instability.

....................................................................................................................................................................................................
Methods
and results

Here, we identify transcriptomic changes in circulating CMs in peripheral blood mononuclear cell samples from par-
ticipants of the Women’s Interagency HIV Study, selected by HIV and subclinical CVD (sCVD) status. We flow-
sorted CM from participants of the Women’s Interagency HIV Study and deep-sequenced their mRNA (n = 92).
CMs of HIVþ participants showed elevated interleukin (IL)-6, IL-1b, and IL-12b, overlapping with many transcripts
identified in sCVDþ participants. In sCVDþ participants LWH, those reporting statin use showed reduced pro-
inflammatory gene expression to a level comparable with healthy (HIV-sCVD-) participants. Statin non-users main-
tained an elevated inflammatory profile and increased cytokine production.

....................................................................................................................................................................................................
Conclusion Statin therapy has been associated with a lower risk of cardiac events, such as myocardial infarction in the general

population, but not in those LWH. Our data suggest that women LWH may benefit from statin therapy even in
the absence of overt CVD.
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1. Introduction

Monocytes are key cells in the innate immune response and pathogene-
sis of HIV infection.1–3 In human blood, surface expression of CD14 and
CD16 distinguishes three monocyte subsets,4 each with unique tran-
scriptomic properties.5,6 Classical monocytes (CMs), the majority of cir-
culating monocytes,4 function as the main source of inflammatory
cytokines.7 In persistent HIV infection, monocytes have been implicated
as important reservoirs for replication-competent virus.8,9 The viral pro-
teins Nef and Tat have also been detected in monocytes in virally sup-
pressed patients,10 which along with the integrated virus11 could
influence cell phenotype.

Today almost half of the people living with HIV (LWH) worldwide are
on antiretroviral therapy (ART), which can lead to low or undetectable
HIV viral loads.12 In the Women’s Interagency HIV Study (WIHS), more
than 94% of participants with HIV are on ART, but measurable levels of
systemic inflammation remain.13 Chronic inflammation is associated with
serious non-AIDS-related events that are major causes of morbidity and
mortality.14,15 One study found that surface markers of activation on CM
predicted carotid artery intima-media thickness (cIMT) in virally sup-
pressed HIV participants independent of levels of circulating plasma bio-
markers, such as C-reactive protein, LPS, and sCD14.2 A fraction of CM
remain activated after ART-induced viral suppression and produce
proinflammatory cytokines,16 likely contributing to the known increased
cardiovascular risk in people LWH.17,18

In atherosclerosis, inflammatory cells accumulate in lipid-rich plaques
in large and medium-sized arteries.19 Atherosclerotic plaque rupture or
erosion causes most cases of cardiovascular disease (CVD).
Atherosclerotic plaques contain numerous immune cells, including many
macrophages,19 many of which are monocyte-derived.20 Circulating
monocytes, which feed atherosclerotic plaque formation,21–23 track
closely with atheroprogression and CVD risk in both mice and
humans.24,25 Specifically, blood levels of CM predict cardiovascular
events.26 Transcriptome studies in people with HIV suggest that these
cells maintain an activated phenotype despite ART and may contribute
to dysregulation of lipid metabolism.27 Hyperlipidaemia is a hallmark risk
factor for CVD28,29 and induces increased numbers of CM. Elevated
low-density lipoprotein (LDL) cholesterol is treated with statins30 or
PCSK9 inhibitors.31 Reducing LDL cholesterol greatly reduces the risk of
adverse cardiovascular events in the general population.32–34 It is pre-
dicted by 2030 that 78% of people LWH will be diagnosed with CVD.35

Thus, it is of the utmost importance to investigate and understand how
CM contribute to atheroprogression and persistent inflammation in
chronic HIV infection.

Prior work has characterized the monocyte transcriptome in people
without HIV infection,5 people LWH,27,36 or people with CVD,37 but
the CM transcriptome has not been interrogated for possible interac-
tions between HIV and subclinical CVD (sCVD). Here, we investigated
the CM transcriptomes of 92 participants of the WIHS with chronic,
treated HIV in the presence and absence of sCVD and identified tran-
scriptome pathways and networks in each condition. Additionally, we
reasoned that our study may provide a mechanistic underpinning for the
ongoing NIH-funded REPRIEVE clinical trial that explores pitavastatin
treatment to prevent future vascular events in people LWH.38 We find
that use of statin treatment in participants with HIV and sCVD (HþCþ)
is associated with a CM gene expression profile resembling that of the
control participants, while HþCþ participants not use of statins display
inflammatory gene expression. After stimulation with LPS, statin-treated
HþCþ participants produce significantly less tumour necrosis factor

(TNF), interleukin (IL)-1beta, and IL-6 cytokines compared to HþCþ

participants not reporting use of statins. In a comprehensive analysis of
all CM transcriptomes, we identified a gene expression signature in CM
that is enriched in transcriptomes across several cohorts of patients with
coronary artery disease and atherosclerosis and is associated with in-
creased risk for cardiovascular events.

2. Methods

2.1 Study setting, sample selection, and
inclusion criteria
The Women’s Interagency HIV Study (WIHS) is an ongoing longitudinal
cohort study of over 4000 women with or at risk of HIV infection that
was initiated in 1994 at six (now expanded to 10) US sites.39,40

Recruitment in the WIHS occurred in four waves (1994–1995, 2001–
2002, 2010–2012, and 2013–2015) from HIV primary care clinics,
hospital-based programmes, community outreach, support groups, and
other locations. Briefly, the WIHS involves semi-annual follow-up visits,
during which participants undergo similar detailed examinations, speci-
men collection, and structured interviews assessing health behaviours,
medical history, and medication use. All participants provided informed
consent. Each site’s Institutional Review Board approved the studies and
complied with the Declaration of Helsinki.

Participants from the current analysis were part of a vascular substudy
nested within the WIHS.41,42 The baseline visit for the vascular substudy
occurred between 2004 and 2006, and a follow-up visit occurred on av-
erage 7 years later. Participants underwent high-resolution B-mode ca-
rotid artery ultrasound to image six locations in the right carotid artery:
the near and far walls of the common carotid artery, carotid bifurcation,
and internal carotid artery. A standardized protocol was used at all
sites,43 and measurements of carotid artery focal plaque, a marker of
subclinical atherosclerosis, were obtained at a centralized reading centre
(University of Southern California). sCVD was defined based on the
presence of one or more carotid artery lesions present.43

Because we were interested in the independent and joint relationships
of HIV infection and sCVD with RNA expression by CMs, we used a
two-by-two factorial design based on HIV status (Hþ or H-) and pres-
ence of carotid artery focal plaque at either vascular substudy visit (Cþ

or C-) to define four groups of participants: HþCþ, HþC-, H-Cþ, and
H-C-. HIV infection status was ascertained by enzyme-linked immuno-
sorbent assay (ELISA) and confirmed by western blot. Cþ participants ei-
ther had one or more plaques at each vascular substudy visit, or more
than one plaque at a single visit. C- participants with self-reported coro-
nary heart disease or current lipid-lowering therapy use were excluded.

From the initial 1865 participants in the WIHS vascular substudy, we
selected 92 participants for RNA-Seq analysis: 23 HþCþ, 23 HþC-, 23
H-Cþ, and 23 H-C-. We created 23 quartets with one participant from
each of the four groups, all of whom were matched within the quartet by
the following characteristics: race/ethnicity, age at the baseline vascular
substudy visit (within 5 years), smoking history, and date of specimen col-
lection (within 1 year). We relaxed the matching criteria (e.g. age within
10 years instead of 5 years) for three additional quartets in order to in-
crease the sample size.

Demographic, clinical, and laboratory variables were assessed from
the same study visit using standardized protocols. Supplementary mate-
rial online, Table S1 shows characteristics of the study population. The
median age at the baseline study visit was 45 years [interquartile range
(IQR) 40–51], and 96% of participants were either of black race or
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Hispanic ethnicity. Most (86%) reported a history of smoking. Substance
use was highly prevalent, with 43% of HIVþ and 50% of HIV- participants
reporting either a history of injection drug use; current use of crack, co-
caine, or heroin; or alcohol use (>_14 drinks per week). Among HIVþ
participants, over 80% reported use of HAART at the time PBMCs were
obtained, and 59% reported an undetectable HIV-1 RNA level. The me-
dian CD4þ T-cell count was 585 cells/mL (IQR 382–816) in HIVþ
women without sCVD and 535 cells/mL (IQR 265–792) in HIVþ women
with sCVD.

2.2 PBMC thawing and monocyte isolation
In the WIHS, blood was taken at each visit, PBMCs isolated by standard-
ized methods, frozen, and stored in liquid nitrogen (lN2) in the WIHS’s
specimen repository. This study is based on transcriptomes of CMs iso-
lated from frozen PBMCs obtained from the 92 matched WIHS partici-
pants at WIHS Visits 27–36. PBMCs were thawed from cryopreserved
specimens collected from the semi-annual WIHS core visit that occurred
as close as possible in time to the most recent vascular substudy visit and
had adequate volume.

Participant PBMCs were thawed and processed in groups of 6–8 at a
time. Cryopreserved samples were transported on dry ice from liquid ni-
trogen stock. Samples were warmed in 37�C water bath until a small ball
of ice remained, then removed and immediately diluted with 1 mL of
warm cRPMI and transferred and diluted again in an additional 8 mL of
warm cRPMI. Samples were then washed with PBS and stained with via-
bility reagent (Ghost DyeTM Red 710, Tonbo Bioscience) according to
manufacturer recommendation. Samples were stained with antibody
cocktail containing CD14 (M5E2, Biolegend), CD16 (3G8, Biolegend),
and dump channel: CD3 (OKT3, Tonbo Bioscience), CD19 (HIB19,
Tonbo Bioscience), CD56 (5.1H11, Biolegend), CD66b (G10F5,
Biolegend), gated based on living cells and excluding dump channel-
positive cells. CMs were defined as CD14þþCD16- and sorted directly
into TRIzolVR LS Reagent (Life Technologies) and frozen at -80�C. FCS
files were exported from FACS Diva (BD Bioscience) and processed us-
ing FlowJo v10.2 (FlowJo, LLC).

2.3 Flow cytometry analysis
PBMCs were thawed and resuspended in complete RPMI 1640 at a con-
centration of 106 cells per well in a 96-well plate. Cells were washed and
resuspended in complete media with brefeldin-A (5 mg/mL: Sigma) and
stimulated with 100 ng of ultrapure LPS (Sigma) for 6 h at 37�C. Samples
were then washed with PBS and stained with viability reagent (FVS-700,
BD Biosciences) according to manufacturer recommendation. Samples
were washed again and stained with extracellular antibody cocktail con-
taining CD14 (M5E2, Biolegend), CD16 (3G8, Biolegend), CD142 (HTF-
1, BD Biosciences), HLA-DR (G46-6, BD Biosciences), CD86 (IT2.2,
Biolegend), CD36 (CB38, BD Biosciences), and dump channel: CD3
(OKT3, Tonbo Bioscience), CD19 (HIB19, Tonbo Bioscience), CD20
(2H7, Biolegend), CD2 (RPA-2.10, Biolegend), CD56 (5.1H11,
Biolegend), and CD66b (G10F5, Biolegend). Cells were then fixed and
permeabilized using the eBioscienceTM Intracellular Fixation &
Permeabilization Buffer Set and subsequently stained with the following
intracellular antibodies: IL-6 (MQ2-13A5, BD Biosciences), IL-1beta
(JK1B-1, BD Biosciences), IL-8 (E8N1, BD Biosciences), TNFa (Mab11,
BD Biosciences), and CCL2 (2H5, BD Biosciences). Data were acquired
on a BD LSRII. FCS files were exported from FACS Diva (BD
Bioscience) and processed using FlowJo v10.2 (FlowJo, LLC). Analysis
was based on living cells and excluding dump channel-positive cells.

2.4 RNA isolation and sequencing
All sorted samples frozen at -80�C were thawed to room temperature
together and processed in one batch. A custom script on a Beckman
Coulter Biomek FXP was used to extract total RNA from Trizol using
the Direct-zol 96 MagBead RNA kit (Zymo, R2100). Ribosomal RNA
was depleted using Ribo-Zero rRNA Removal Kit (Illumina,
MRZH11124). A 100 ng aliquot of each sample’s RNA was then pre-
pared into sequencing libraries, according to manufacturer’s instructions,
using the Truseq Stranded Total RNA Library Prep Kit (Illumina, RS-122-
2203). The resulting libraries were deep sequenced on the Illumina
HiSeq 4000, using single-end reads with lengths of 50 nucleotides. The
single end, 50 bp RNA-Seq reads that passed Illumina filters, were filtered
for reads aligning to tRNA, rRNA, and adapter sequences before RNA
metrics were calculated. The reads were then aligned to human genome
version hg19 (GRCh37.p13, https://www.gencodegenes.org) using
TopHat v1.4.1.44 Post mapping QC was conducted with RSeQC pack-
age45 for quality parameters such as read quality, read distribution, junc-
tion saturation, junction annotation and gene body coverage. Differential
expression analysis was performed on the protein coding genes using
edgeR46 with upper quartile normalization.47 The differentially
expressed genes with a significance cut-off of FDR <0.05 were consid-
ered for the downstream analysis.

The 92 samples were sequenced at a read depth of about 75 million
per sample. The read quality score was 40 (highest possible,
Supplementary material online, Figure S5A), and the percentage of
unmapped reads was below 20% in all groups (Supplementary material
online, Figure S5B). The 50 to 30 coverage was excellent (Supplementary
material online, Figure S5C). Most reads mapped to exons and the 50 and
30 untranslated regions, with less than 5% of reads mapping to other sites
(Supplementary material online, Figure S5D). The number of detected
splice sites showed saturation (Supplementary material online, Figure
S5E), and most mapped to known splice sites (Supplementary material
online, Figure S5F).

Preliminary validation experiments on fresh and frozen samples
showed that RNA quality did not change after �6 months of storage in
liquid nitrogen (IN2, data not shown). WIHS samples were stored for an
average of �4.5 years (4.69± 0.99 years). There were no correlations
between RIN numbers and duration of storage (data not shown).

2.5 Qiagen ingenuity pathway analysis
Differentially expressed gene lists were uploaded to IPA and processed
using the Core Analysis function.48 Disease and Biological Functions
were used after negative log transformation of the P-value overlap and
application of a strict significance cut-off (P < 0.001). The data were fur-
ther analysed using the comparison analysis function within IPA and sub-
sequently filtered for upstream regulators. P-value overlap and activation
z-score were used to show significant activation or inhibition as a predic-
tion of its effect on observed gene expression. P-value overlap was used
to explain gene expression changes by measuring whether there was a
statistically significant overlap between the dataset genes and the genes
that are regulated by a transcriptional regulator, as calculated by Fisher’s
exact test. The activation z-score was used to infer the activation of inhi-
bition states of predicted transcriptional regulators based on the pub-
lished literature.

2.6 Gene signature analysis
In order to identify co-expression patterns in the RNA-seq dataset,
PRESTO49 was employed on the RPKM-normalized gene matrix of all
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participants. Variable genes threshold was used to achieve roughly 3000
input genes for maximal recovery and resolution of subsequent clusters
(3300 total genes). All samples were used with additional pre-processing
requiring expression of each gene to be greater than 0 in at least 1 partic-
ipant. tSNE settings: perplexity of 30 and 2000 iterations. Clustering was
performed using DBScan and exported for subsequent analyses.

The gene set enrichment analysis (GSEA) tool50 was used as previ-
ously described.51 In brief, the tool determines whether a list of genes
(signature or cluster genes) is represented in differentially expressed
genes of two given conditions (for example, control versus disease). We
used the GSEA tool embedded in the GenePattern 2.0 framework52

with standard settings (weighted, 100 iterations).

2.7 Statistical analysis
Participant clinical data were summarized using SAS 9.4 (SAS Institute,
Cary, NC, USA). The v2 tests or Fisher’s exact tests were used for com-
paring categorical variables among 4 and between 2 groups; Kruskal–
Wallis/Wilcoxon tests were used for comparing continuous variables
among 4 or between 2 groups. Flow cytometry data and RNA quality
control data were further analysed in PRISM v7 and v8 (GraphPad
Software). Kaplan–Meier analysis was performed in Prism v8; significance
determined by log-rank test (Mantel–Cox). RNA and FACS quality con-
trol data normality was determined using the D’Agostino and Pearson
normality test and significance was determined by the Kruskal–Wallis
test with Dunn’s test used for multiple comparisons or t-test; significance
was attributed to P < 0.05. Heatmaps and hierarchical clustering were
performed using Morpheus (https://software.broadinstitute.org/mor
pheus/).

3. Results

3.1 In HIV and sCVD, CMs highly express
pro-inflammatory gene programmes
To determine how gene expression in CMs is altered in HIV or sCVD,
we utilized cryopreserved PBMC samples from participants of the
WIHS, purified CMs by fluorescent activated cell sorting, and subse-
quently prepared Illumina libraries from these samples for sequencing.

The WIHS enrolled women with and at risk for HIV infection.39 All
participants provided informed consent prior to enrolment. Each site’s
Institutional Review Board approved the studies and complied with the
Declaration of Helsinki (see Section 2). Carotid artery B mode ultra-
sound was used to define sCVD as the presence of at least one carotid
artery plaque as evidenced by focal intima-media thickness greater than
1.5 mm measured at six arterial locations.43Ninety-two participants
were matched by age, race/ethnicity, and smoking status into 23 quar-
tets, containing one participant from each of the following groups:
HIV-sCVD- (H-C-), HIVþsCVD- (HþC-), HIV-sCVDþ (H-Cþ), and
HIVþsCVDþ (HþCþ). Most clinical parameters were similar among the
four groups, with the exception of LDL cholesterol, which was higher
among sCVDþ participants, and statin use, which was present in 5 of 23
H-Cþ participants and 10 of 23 HþCþ participants, but in none of the
sCVD- participants (Supplementary material online, Tables S1 and S2).
Additionally, there was no apparent difference in the frequency of
monocyte subsets between the groups (Supplementary material online,
Figure S1).

In order to determine gene regulation differences in HIV and sCVD
participants, we first performed differential gene expression (DE) analy-
sis,46 using H-C- as a healthy reference group (Figure 1A). CMs from

HþC- and H-Cþ participants significantly overexpressed 204 and 179
genes, respectively, compared to the healthy reference (Figure 1B,
Supplementary material online, Tables S3–S6). The top over- and under-
expressed genes in HIV or sCVD were uniformly expressed in mono-
cytes of all participants within each group. The gene sets shared several
notable similarities between HIV and sCVD, including IL12B, encoding
for the p40 subunit of IL-12 and IL-23, TFPI2, encoding for tissue factor
pathway inhibitor-2, and CSF3, encoding for G-CSF (Figure 1C). Forty-
two overexpressed genes (�20%) were commonly regulated in HIV and
sCVD (data not shown). The overlap was even more striking when look-
ing at canonical pathway analysis of DE genes (Figure 1D and E). In both
HþC- and H-Cþ participants, we saw activation and significant enrich-
ment for inflammatory pathways such as DC maturation, IL-6 signalling,
Th1 pathway and NFjB signalling compared with H-C- participants
(Figure 1D and E). Likewise, inhibition of PPAR signalling and liver X and
retinoic acid receptor (LXR/RXR) pathways was common between the
two groups (Figure 1D and E). PPAR, LXR and RXR pathways are known
down-regulators of pro-inflammatory gene expression53 and inhibitors
of inflammatory cytokine secretion in monocytes and macrophages.54

The common highly-expressed genes in HIV and sCVD CMs included
both subunits of IL-23, p19 (IL23a) and p40 (IL12b), IL-1a and IL-6, a clas-
sical pro-inflammatory cytokine and one of the best-established blood
biomarkers for CVD and atherosclerosis.55–57

Next, we investigated the relatedness of upstream control of gene ex-
pression as revealed by potential transcriptional regulators in each con-
dition (Figure 1F). The NFjB subunits RELA and NFKB1 were highly
activated and enriched in both HþC- and H-Cþ groups, as well as the
known inflammatory macrophage-driving transcription factor IRF5.58

HþC- participants showed additional activation for IRF1 and 8, which
have been shown to play a crucial role in macrophage host inflammatory
and defense responses59 and are specifically induced in monocyte-
derived DCs infected by HIV.60 Additional activation of STAT1 suggest
CMs from these participants may be further along in their maturation to
macrophages.61 A comprehensive list of transcription regulators and
their activation scores is shown in Supplementary material online,
Table S7.

3.2 Statin use in HIV correlates with a
strong anti-inflammatory phenotype in CM
Gene expression analysis of CMs from HþCþ participants yielded only 9
DE genes when compared to the H-C- reference group. We reasoned
that this lack of DE genes might be caused by a confounder. Indeed, al-
most half of the HþCþ participants (10 of 23) reported taking LDL
cholesterol-lowering statins at the time of blood draw (Supplementary
material online, Table S2). To examine whether statin treatment might
influence gene expression in CM of these participants, we performed dif-
ferential gene expression analysis between participants reporting statin
use (HþCþSþ) and not reporting statin use (HþCþS-) participants within
the HþCþ group (Figure 2A). Statin use (Sþ) was associated with signifi-
cantly lower expression of most differentially expressed genes
(Figure 2B, Supplementary material online, Tables S8 and S9), but there
were minimal clinical differences between these groups (Supplementary
material online, Table S10). Next, we asked how statins may influence
known canonical pathways by using the DE gene list as input to IPA.
Analysis of statin-users (HþCþSþ), predicted activation of the anti-
inflammatory LXR/RXR and PPAR signalling pathways and inhibition of
many of the pro-inflammatory and monocyte activation pathways that
were indicative of HIV and sCVD CMs (Figure 2C). These data suggest
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that CMs from HþCþ participants without statin treatment may be
enriched for pro-inflammatory gene programmes.

3.3 Statin use is linked with reduced
inflammatory-associated gene expression
in CM
Next, we contrasted the CM transcriptomes of HþCþSþ and HþCþS-

participants with those of healthy (H-C-) participants. We found that the
CM transcriptomes of HþCþSþ participants were quite similar to
healthy (H-C-) participants (Figure 3A, left, Supplementary material on-
line, Tables S11 and S12). However, HþCþS- participants displayed a
large number of highly expressed transcripts (Figure 3A, right,
Supplementary material online, Tables S13 and S14) compared to
healthy. There were both unique and shared genes regulated in CM of
HþC-, H-Cþ, and HþCþS- participants (Figure 3B, additional comparisons
in Supplementary material online, Tables S15–S18). The expression of 27
genes was significantly increased in all three diseased participant groups

(HþC-, H-Cþ, HþCþS-), suggesting there may be a core programme of
inflammatory genes involved in CMs that is shared between HIV and
sCVD. Half of the genes up-regulated in HþCþS- participants (59 of 108)
were uniquely expressed. To further investigate the role of these genes
in CMs, we looked at enriched canonical pathways (Figure 3C). Here, we
saw pro-inflammatory pathways such as IL-6 signalling, DC maturation,
and leucocyte extravasation signalling, suggesting that CM of HþCþ par-
ticipants had an enhanced potential to extravasate and differentiate into
mo-DCs or inflammatory macrophages. Furthermore, we identified key
upstream regulating cytokines, transcriptional regulators, and transmem-
brane receptors likely to be influencing monocyte gene expression
(Figure 3D). The cytokines TNF, IL1B, and IL1A were highly enriched in
HþCþS-, as were the transcriptional regulators RELA, SP1, and HMGB1,
which are associated with M1-macrophage polarization.51,62 TLR3, 4,
and 9 pathways were also activated. TLR3 increases with the transition
from monocytes to mo-DCs63 and TLR4 is involved in the NFjB-medi-
ated activation of IL6 and NOS2,64 which are both potent inflammatory
molecules. NFjB mediated gene activation was further implicated by

Figure 1 Inflammatory transcriptome signatures and pathways in CM associated with HIV and sCVD. Differential gene expression analysis was per-
formed, using edgeR, between (A) HþC- vs. H-C- (HIV signature), H-Cþ vs. H-C- (sCVD signature); n = 23 each group. (B) Volcano plots for these compari-
sons; red genes indicate significance by FDR < 0.05 and jlog2FCj>1. (C) Heatmaps of top 10 up- and down-regulated genes by log2FC for each comparison,
hierarchically clustered on genes (rows) and participants (columns); gene expression was normalized by row z-score. Full gene lists for each group shown in
Supplementary material online, Tables S3–S6. (D) DE gene lists were uploaded to Qiagen IPA and used in individual core analyses. Log fold change between
(E) HþC- vs. healthy or (F) H-Cþ vs. healthy was used to predict significantly enriched activated and inhibited pathways, and upstream transcription regula-
tors; significance calculated by right-tailed Fisher’s exact test, P < 0.05, all transcription regulators in Supplementary material online, Table S7.

1170 E. Ehinger et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa188#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..identifying common DNA-binding motifs in the up-regulated genes by
PScan65 (Figure 3E), where several NFjB/REL motifs were highly
enriched (Figure 3E).

NFjB is an integral transcription factor in the function and activation
of macrophages and is required for the induction of macrophage-
associated pro-inflammatory genes, including IFNG, IL12B, TNF, IL1B,
and IL6.66 To determine the expression patterns of these genes across
participants, we counted the number of individuals whose CMs
expressed IFNG, IL12B, TNF, IL1B, or IL6 at a level higher than CM of
healthy (H-C-) participants. We observed significant differences in the
number of expressed pro-inflammatory cytokines (Figure 3F). About
one-third of HþC- and HþCþS- participants expressed all five pro-
inflammatory cytokines. HþCþSþ participants, however, showed ex-
pression of only 1, 2, or 3 of these top inflammatory cytokines, suggesting
a lower inflammatory burden. In order to determine the actual cytokine
production of CMs in HþCþS- and HþCþSþ at the protein level, we
stimulated participant PBMCs with LPS and measured cytokine expres-
sion by flow cytometry. CMs from HþCþS- participants produced more
inflammatory cytokines at the protein level (Supplementary material on-
line, Figure S2) than HþCþSþ, as was apparent in the gene expression
data (Figure 3F). TNF and IL-6, cytokines downstream of NFjB, were in-
creased in HþCþS- CMs at the mRNA (Figure 3G) and protein level
(Figure 3H) compared to HþCþSþ participant CMs. However, only IL-
1b protein differed, not mRNA in this comparison (Figure 3H).

3.4 CVD risk assessment by co-expression
gene networks in CM
The present study lacks participant outcome data from the WIHS, and
therefore cannot be used directly to determine an association between
monocyte gene expression and cardiac event risk. However, by using

the RPKM-normalized gene expression data and PRESTO,49 an algo-
rithm that identifies co-expression networks, we were able to identify
13 clusters of co-regulated genes (Figure 4A). We applied the gene lists
from each cluster to external datasets using Gene Set Enrichment
Analysis (GSEA)50 to suggest an association of cluster gene expression
and disease phenotypes. Cluster 9 genes were evaluated in non-WIHS
patients without HIV and with CVD, including blood transcriptomes of
patients with or without acute myocardial infarction67 (Supplementary
material online, Figure S3A), and patients with stable coronary artery dis-
ease or ST-segment elevation myocardial infarction68 (Supplementary
material online, Figure S3B). In both instances, cluster 9 genes were
enriched in patients that presented with myocardial infarction. When ap-
plied to tissue biopsy transcriptomes from patients who underwent ca-
rotid endarterectomy,69 cluster 9 genes were found to be highly
enriched in atheroma plaque compared to macroscopically intact adja-
cent tissue (Figure 4B). Cluster 9 genes were also more enriched in sam-
ples taken from ruptured plaque compared to stable plaque70

(Figure 4C).
Because cluster 9 genes were associated with CVD events (MI), ather-

oma, and ruptured plaque phenotypes, we sought to determine if cluster
9 genes could independently predict cardiovascular events. We utilized
patient PBMC transcriptomes from the Biobank of Karolinska
Endarterectomy (BiKE), which prospectively collected atherosclerotic
plaque tissue and PBMCs from patients undergoing carotid endarterec-
tomy for high-grade carotid artery stenosis.71 First, we confirmed that
cluster 9 genes were associated with myocardial infarction events in pa-
tient PBMCs (Figure 4D). Next, we ranked patients by their mean expres-
sion of all cluster 9 genes and divided high and low expressing patients
into two groups. We found that high expression of cluster 9 genes was
significantly associated with myocardial infarction [hazard ratio (HR) =
2.95, 95% confidence interval (CI) (1.08–8.04), Figure 4E]. Using a set of

Figure 2 Anti-inflammatory transcriptome modification in CM of statin-using HþCþ participants. (A) Differentially expressed genes (FDR < 0.05,
jlog2FCj>1) within HþCþ participants taking statins (Sþ, n = 10) or not (S-, n = 13) at the time of PBMC visit, determined using edgeR. (B) Hierarchically clus-
tered heatmap of DE genes; heatmap normalized by row z-score. Gene lists in Supplementary material online, Tables S8 and S9. DE gene list with log2FC
was used as input into Qiagen IPA core analyses. (C) Predicted regulation of canonical pathways between Sþ and S-; red bar indicates activation, blue bar indi-
cates inhibition in HþCþSþ. All pathways shown were significantly enriched; significance calculated by right-tailed Fisher’s exact test, P < 0.05.
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..core genes (15 genes) that were enriched in BiKE patient PBMCs isolated
from patients who had an ischaemic event (Figure 4D), we were addition-
ally able to identify that high expression of these core genes was

associated with myocardial infarction [HR = 3.30, 95% CI (1.35–8.06),
Figure 4F]. Expression of cluster 9 genes was also elevated in HþCþS-

participants compared to HþCþSþ in our study (Supplementary material

Figure 3 Statin use associated with reduced pro-inflammatory cytokine and gene expression in HþCþ participants. (A) Differentially expressed genes
were determined, by edgeR, for HþCþSþ (n = 10) and HþCþS- (n = 13) participants vs. H-C- (n = 23, Supplementary material online, Tables S11–S14), re-
spectively; significance defined by FDR < 0.05, jlog2FCj>1, red genes higher in HþCþ, blue higher in H-C-. (B) Venn diagram of highly expressed genes from
DE analyses between each disease group vs. H-C-. DE genes and log2FC from HþCþS- vs. H-C- were used for a core pathway analysis in Qiagen IPA. (C)
Significantly enriched, activated and inhibited canonical pathways and (D) the predicted top upstream cytokines, transcriptional regulators, and transmem-
brane receptors influencing gene expression. (E) Up-regulated gene list (HþCþS-) was used as input into PScan to identify significantly enriched common
DNA-binding motifs; P < 0.05. RPKM gene expression of top 5 pro-inflammatory cytokines, INFG, IL12 (IL12B), IL1 (IL1B), IL6, and TNF, for each participant
within the HþC-, HþCþS-, and HþCþSþ groups compared to the median RPKM expression of the H-C- participants. Participants with higher expression
than the median (greater than healthy) were considered positive expressers of the gene. (F) All combinations of gene expression patterns of top 5 inflamma-
tory genes. Fraction of participants overexpressing 0–5 inflammatory genes. The v2 analysis was used to determine significance in pattern differences. (G)
RPKM normalized gene expression for HþCþS- (n = 13) and HþCþSþ (n = 10) participants for inflammatory cytokines TNF, IL1B, and IL6; significance by
Mann–Whitney test. Cryopreserved PBMCs were stimulated with LPS for 6 h and CM subsequently analysed by flow cytometry for intracellular cytokine
expression (median fluorescence intensity) for (H) TNFa, IL-1b, and IL-6; HþCþS- (n = 8) and HþCþSþ (n = 8), significance determined by unpaired t-test.
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online, Figures S4 and S5), suggesting a higher CVD event risk in these
individuals compared to statin-using participants.

4. Discussion

ART is of vital importance for controlling the viral burden in HIV, but the
ramifications of persistent inflammation remain to be addressed. In peo-
ple LWH, non-AIDS-related comorbidities, like CVD, present at an

earlier age than in the general population.72 Cardiovascular events are a
major cause of death.14,73 Therefore, it remains a priority to understand
how persistent inflammation contributes to accelerated comorbid dis-
ease in higher-risk people LWH.17 Previously, we found that circulating
serum biomarkers of monocyte-associated inflammation, soluble CD14
and soluble CD163, were associated with increased atherosclerotic pla-
que in CVD and HIV.13 We also found that women with both CVD and
HIV showed a loss of CXCR4 cell surface expression on non-CMs.74 It is
well-known that monocytes, particularly CM, are major contributors to

Figure 4 Higher cardiovascular risk associated with CM gene cluster in HþCþ participants. (A) To identify gene co-expression networks, the entire
RPKM gene expression matrix (n = 92) was used as input into PRESTO. The top �3300 variable genes segregated into 13 clusters identified using DBScan.
(B) Cluster 9 gene list was applied to tissue biopsy transcriptomes of hypertensive patient-matched carotid endarterectomy macroscopically intact tissue vs.
atheroma plaque (n = 32, GSE43292); all cluster 9 genes across all patients shown below. (C) Transcriptomes of laser micro-dissection macrophage-rich
(CD68þ) carotid plaque regions of stable (n = 5) or ruptured (n = 6) plaques (GSE41571) using gene set enrichment analysis (GSEA). Top 25 genes and their
expression across patient plaques shown below. (D) GSEA applied to PBMC transcriptomes (n = 97) of the BiKE cohort (GSE21545) and identified core en-
richment genes within cluster 9. (E) Patients were divided into top and bottom tertiles based on their PBMC mean expression of all cluster 9 gene
[HR = 2.95, 95% CI (1.08–8.04)] or (F) core enrichment genes [15 genes, HR = 3.30, 95% CI (1.35–8.06)] and analysed for gene expression-associated
ischaemic event risk. Kaplan Meier curves show time (days) until ischaemic event; significance by log-rank test, hazard ratio (HR) by Mantel–Haenszel
analysis.
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.
innate inflammatory responses75,76 and are prominently involved in
CVD progression24 and event prediction.26 Here, we implemented the
first study investigating the CM transcriptome and co-expression path-
ways likely responsible for enhanced progression and risk of CVD in
people LWH.

Differential gene expression analysis revealed that both HIV and
sCVD are associated with high expression of hundreds of pro-
inflammatory genes, many of which are connected with known
inflammatory pathways or recognized disease biomarkers.1,57 Many pro-
inflammatory pathways induced by chronic HIV infection or sCVD are
overlapping. These CM switch on the transcription of several pro-
inflammatory programmes. Two pathways of anti-inflammatory genes,
the PPAR and LXR pathways, were inhibited in HþC- and H-Cþ partici-
pant groups.53 These results support the hypothesis of a chronic inflam-
matory state in people LWH, where CM remain activated and
contribute to systemic inflammation. Under these conditions, CMs have
been found to possess higher surface expression of integrins,77 there-
fore, likely possessing a higher potential for tissue recruitment and
extravasation.

Unexpectedly, the CM transcriptomes of participants with both HIV
and CVD did not show any synergy and not even an additive effect com-
pared to HþC- or H-Cþ. We suspected a confounding parameter that
we had not considered. Indeed, about half of the HþCþ participants
reported taking cholesterol-lowering statins, which are known to wield
several additional pleiotropic benefits beyond lipid lowering.78 We spec-
ulated that statin therapy may alter the systemic inflammatory environ-
ment and influence the CM transcriptome. Interestingly, we found a
large number of pro-inflammatory transcripts to be suppressed in HþCþ

participants taking statins, including pro-inflammatory pathways, IL-6 and
TREM1 signalling. Integrin signalling and the M1-associated transcription
factor HMGB1 signalling were also suppressed by statin treatment.
Upstream analysis showed suppression of the inflammatory cytokines
TNF, IL1a, IL1b, and IFNc. The M1-associated transcription factors
RELA, HMGB1, and NFKB151 were also suppressed in statin-users. This
suggests that monocytes of statin-using HþCþ participants may have a
lower propensity to extravasate, and a reduced potential to mature into
inflammatory DCs and M1-macrophages. In these participants, statin
treatment was also associated with activation of the anti-inflammatory
LXR and PPAR signalling pathways, which are known to play a major
role in lipid homeostasis and metabolic disease.79 The PPAR pathway
was also activated in monocytes of statin-using individuals, which inhibits
their ability to produce some pro-inflammatory cytokines.54

Monocytes are the major source for several cytokines, both systemi-
cally and locally, in response to inflammation.80 Statin treatment appears
to modulate the expression of combinations of central pro-
inflammatory cytokines compared to both non-statin-treated partici-
pants and HþC- participants. These findings are consistent with so-called
pleiotropic anti-inflammatory effects of statins.78 Statin pleiotropic
effects have not yet been studied in HIV. An ongoing prospective clinical
trial (REPRIEVE) aims to examine the ability of statin therapy to prevent
vascular events in people with HIV without known CVD.38 Our data
provides monocyte transcriptomic evidence supporting the REPRIEVE
hypothesis, which holds that the use of statins (pitavastatin) will reduce
the incidence of future major adverse cardiovascular events in people
LWH on any ART programme, even if they do not have evidence of
CVD and are low-to-moderate CVD risk. We think statin treatment
should be combined with ART in people LWH, even those with no or
only early signs of CVD to limit pro-atherogenic immune phenotypes.

By comparing statin-using and -non-using HþCþ groups to healthy
controls, we establish the combinatorial inflammatory phenotype of HIV
and CVD. Here, statin-using HþCþ participant CM transcriptomes ap-
proach those seen in healthy (H-C-) participants, with only a handful of
genes being significantly different. In contrast, statin-untreated HþCþ

participants not reporting statin use show many highly expressed inflam-
matory transcripts. These transcripts overlap with transcripts from both
HIV and sCVD, but many are unique to HþCþ participants. Further in-
vestigation of the CM machinery of these individuals aligns with common
M1-macrophage and mo-DC genes and pathways. This is most clear in
upstream analysis where the top 3 transcriptional regulators are M1-
associated factors,51 and in a canonical pathway comparison with both
HIV and sCVD associated pathways. Several pathways highest in HþCþ

participants suggest an increased capacity for these monocytes to ad-
here, extravasate, and secrete cytokines/chemokines and pro-
thrombotic factors. These data suggest CM in HþCþ participants pos-
sess an even more pro-atherogenic20 phenotype than in participants
with single disease (HþC- or H-Cþ).

The subclinical vascular inflammation that is reflected in the CM tran-
scriptomes of HIVþ individuals is of great concern. Addressing and treat-
ing this inflammation is expected to alleviate the development and
burden of CVD in chronic HIV. Here, we were able to identify major co-
expression networks associated with each participant group and pin-
point a specific group of CM genes that highly correlate with cardiovas-
cular risk and plaque instability. These genes were most highly expressed
in the HþC- and HþCþS- groups, and lowest in HþCþSþ. Cluster 9
showed enrichment for many TNF-related cytokines and receptors, as
well as Trx pathway signalling. The 15 core genes were applied as a bio-
marker signature to patient blood. Expression of this signature signifi-
cantly predicted ischaemic events such as myocardial infarction. This
signature suggests a new and robust method for measuring ischaemic
risk in patients. An advantage of our signature is that it was derived
through hypothesis-free co-expression analysis. Thus, the presence and
stability of atherosclerotic plaques can be determined by a simple multi-
plex qPCR of patient blood to determine the expression of these 15
core signature genes. The monotonic nature of the transcriptome signa-
ture then provides a robust predictor of CVD risk. It is also important to
note that this type of analysis is robust to biological patient-to-patient
variability, which means this signature provides a better risk assessment
across a population of patients than other traditional biomarkers.

As with any study, the present work has some limitations. It uses a sur-
rogate marker (carotid lesions) instead of overt clinical disease to define
CVD. cIMT has been shown to be highly predictive of clinical coronary
events.81,82 There is value of studying preclinical forms of CVD, because
it suggests strategies to avert adverse events later. We focused only on
CM in this study; non-classical or intermediate monocyte gene expres-
sion may provide further insights. Our collection of statin use is from
participant self-report and dichotomized here simply as reported use
versus no use without regard to dose and adherence. In addition to the
possibility of misclassification, the lack of randomization of statins opens
the possibility for other confounding factors to influence our results. We
also are unable to explicitly rule out the lipid-lowering effect of statins as
a contributor to reduced inflammation, due to the cross-sectional nature
of our study. Finally, our results entirely within a cohort of women may
not be generalizable to men.

Despite these limitations, our study provides (i) the first comprehen-
sive examination of the transcriptomes of CM associated with CVD and
HIV in a well-established and well-characterized cohort; (ii) evidence
that statin therapy may alleviate expression of pro-inflammatory genes
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.
and cytokines in CM; and (iii) evidence for gene networks in CM that are
associated with cardiovascular risk, plaque destabilization, and ischaemic
events.
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Translational perspective
Monocytes from women living with HIV express many more pro-inflammatory genes than uninfected controls. An overlapping list of genes is
expressed in samples from women with ultrasound evidence of carotid plaque. The inflammatory burden is enhanced in women with both HIV and
carotid plaque, and this is mitigated by statin treatment, almost to the level of healthy participants. Thus, the present monocyte transcriptome data
from 92 women support the idea that participants with HIV may specifically benefit from statin treatment, perhaps more so than seronegative
subjects.
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