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cellular senescence in lymphocytic HIV-1 latent cell model,
depending on compounds and targeted complexes.

Discussion

In the present study, we combined system-level blood cell tran-
scriptomics and developed context-specific GSMM to provide a
comprehensive system-level characterization of HIV-1 infected
individuals with suppressive viremia either by natural (PLWHgc) or
drug-induced (PLWHagy) control. The transcriptomic data identified
up-regulation of OXPHOS as the characteristic feature of PLWHagt,
differentiating them from HIV-1 seropositive PLWHgc, who were not
on therapy. The main dysregulation seemed to occurin complexes |,
I, and IV of the OXPHOS pathway. FBA identified altered flux in
several glycolytic intermediates like pyruvate, aKG, glutamate, and
fructose-6-phosphate in PLWH gt compared with PLWHgc and HC.
Long-term cART also affected the redox homeostasis in T lymphocytes.
The invitro pharmacological inhibition of the OXPHOS complexes in
the latent lymphocytic cell model suggested a role of the complex
IV in latency reversal, complex I, Ill, and IV in apoptosis, and
complex IV in immunosenescence.
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Figure 4. Redox homeostasis during suppressive
viremia.

(A) Reactive oxygen species (ROS) detection in
lymphocytic and monocytic cell populations from HC
(n =18), PLWH¢c (n = 16), and PLWHagr (n = 18). UMAP
representation showing the distribution of
lymphocytic (CD4" and CD8" T cells) and monocytic
(classical monocytes [CM], intermediate monocytes
[IM], and non-classical monocytes [NCM]) cell
populations. (B) Median fluorescence intensity (MFI) of
ROS in CD4", CD8", CM, IM, and NCM in the cohort.
Histograms show a representative sample from HC,
PLWH¢c, and PLWH gt exhibiting the median expression
in each group. (C) Graphs showing MFI of ROS in each
individual from HC, PLWHec, and PLWHarr. (D) MFI of
ROS in PLWHgc (n = 16), short-term ART (sART, n = 8), and
long-term ART (InART, n = 8). Histograms show a
representative sample from PLWHec, SART, and InART
exhibiting the median expression in each group.
Statistical significance was determined using
Mann-Whitney U test (P < 0.05 with *<0.05, **<0.03,
**%<0.002) and represented with median. See also Fig S3.

Disrupted AA and central carbon metabolism have been pro-
posed as a prominent characteristic of PLWH on long-term suc-
cessful cART as reported by us and others (Mukerji et al, 2016; Babu
etal, 2019; Rosado-Sanchez et al, 2019; Valle-Casuso et al, 2019; Gelpi
etal, 2021; Meeder et al, 2021; Shytaj et al, 2021; Villumsen et al, 2022).
Altered glutaminolysis (i.e, glutamine lysed to glutamate) and
increased plasma glutamate have been observed in several cohorts
from both high income (Gelpi et al, 2021) and low- and middle-
income countries (Gelpi et al, 2021) and are required for optimal
HIV-1 infection of CD4" T cells (Clerc et al, 2019). Glutaminolysis is
the primary pathway fueling the TCA cycle and OXPHOS in naive and
memory T cell subsets which are critical factors for immune re-
covery in successfully treated PLWH (Rosado-Sanchez et al, 2019).
HIV-1 infection is more common in T cells with elevated glycolysis
and OXPHOS and inhibition of these metabolic activities can block
HIV-1 replication and reservoir transactivation (Valle-Casuso et al,
2019). Impairment of the metabolic steps preceding OXPHOS can
also result in lipid accumulation in macrophages (Castellano et al,
2019). Enhanced glycolysis and OXPHOS are characteristics of CD8" T
cell exhaustion (Rahman et al, 2021). However, long-term molecular
immune pathogenic consequences of successful cCART have not
yet been evaluated. In our study, we identified system-level
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Figure 5. Pharmacological inhibition of OXPHOS in lymphocytic HIV-1 latency cell model.

(A) Schematic representation of inhibition of OXPHOS complexes with metformin (complex 1), aTOS (complex II), antimycin (complex I11), arsenic trioxide (complex V),
and oligomycin (complex V). (B) Drug toxicity for 24 h treatment of OXPHOS inhibitors. (C) Annexin V positive cells after treatment with OXPHOS inhibitors and respective
controls. (D) Activation from latency in J-Lat 10.6 cells after treatment with OXPHOS inhibitors and respective controls. (E) Percentage Ki-67 negative cells after treatment
with OXPHOS inhibitors or respective controls. (F) Percentage PCNA negative cells after treating with Antimycin or DMSO control. (G) Western blot detection of H2AX
(S139) and B-Actin in Jurkat and J-Lat 10.6 after treatment with OXPHOS inhibitors or respective controls. (H) Quantification of H2AX (S139). The graph shows fold change
(Fc) of protein expression in relation to respective control after normalization to B-Actin. Experiments were performed in three biological replicates. Significance was
determined using two-tailed t test (P < 0.05 with * < 0.05, ** < 0.033, *** < 0.002) and represented with mean and SD. Significance for each drug is compared with

respective control. See also Figs S4 and Sb.
Source data are available online for this figure.

up-regulation of OXPHOS as the main characteristic of PLWH on
long-term cART. When comparing with PLWHgc, an up-regulation of
OXPHQOS, and to certain extent glycolysis, was observed in PLWHgr.
Given that HIV-1 preferentially selects cells that have elevated
cellular OXPHOS and glycolysis for infection and replication, res-
ervoir seeding (Hegedus et al, 2014; Palmer et al, 2014; Valle-Casuso
et al, 2019) and cell-to-cell spread of HIV-1, this metabolic envi-
ronment permit ongoing replication during cART (Sigal et al, 2011).
Therefore, we hypothesize that up-regulation of OXPHOS in
PLWH gt Was the reason behind the relatively larger HIV-1 reservoir
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in long-term successfully treated infection compared with PLWHgc
with natural control of viral replication. This metabolic modulation
could potentially be a barrier to the post-treatment control of viral
replication.

Arecent seminal study showed that a higher HIV-1viral set point
in untreated patients during acute HIV-1 infection correlated
positively with OXPHOS and that in vitro pharmacological inhibition
of complex | (by rotenone or metformin) and complex Il (by
antimycin A) suppressed viral replication and immunometabolism
through an NLRX1 and FASTKD5-dependent mechanism (Guo et al,
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2021). Furthermore, we recently observed that blocking glycolysis
with 2-deoxyglucose (2-DG) increased cell death in lymphocytic and
pre-monocytic HIV-1 latent cell models (Gelpi et al, 2021), in line
with other studies (Valle-Casuso et al, 2019; Guo et al, 2021). These
studies indicate a critical role for glycolysis and OXPHOS in HIV-1
immuno-pathogenesis. In the present study, we observed that
latently infected cells treated with antimycin resulted in increased
markers of apoptosis in latent J-Lat 10.6 cells compared with the
parental Jurkat cells. This indicates an increased preferential cell
death of the latently infected cells without latency reversal. Only
inhibition of complex IV by arsenic trioxide showed a small degree
of latency reversal. Both the transcriptomic data and the in vitro
assays indicated the role of complex I, Ill, and IV as essential
components of the electron transport chain for generation of ATP
and cellular energy requirements. Complexes | and Il have a role in
ROS production and are essential in inflammatory macrophages
and T helper 17 (T417) cells while also playing a vital role in lym-
phocyte activation, proliferation, and differentiation (Yin & O'Neill,
2021). Recently, it has been shown that complex Il is crucial for the
suppressive function of Tregs (Weinberg et al, 2019). Our DCQ
identified increased frequency of Tregs in PLWHgr compared with
PLWHgc which is in line with recent findings (Caetano et al, 2020);
however, PLWHgc can present more activated Tregs (Gaardbo et al,
2014; Caetano et al, 2020). Finally, an earlier study reported the Cox-
Il enzyme leads to reduced T-cell apoptosis in HIV-1 infected cells
(Tripathy & Mitra, 2010). In contrast, our study indicated pharma-
cological inhibition of the complex IV with arsenic trioxide in-
creased apoptosis (as measured by the annexin V) both in latent
J-Lat 10.6 cells and non-latent Jurkat. Interestingly, inhibition of
complex IVin J-Lat 10.6 cells also showed latency reactivation which
could potentially be linked to apoptosis.

In our FBA, we identified altered flux in pyruvate, glutamate, and
aKG in the PLWHagrr compared with PLWHgc and HC. Recently, we
identified a higher level of glutamate in PLWH g in several cohorts
compared with HC (Gelpi et al, 2021). The level was even higher in
PLWHagr with metabolic syndrome (Gelpi et al, 2021). Blood glu-
tamate level has been reported to be higher in PLWH with dementia
(Ferrarese et al, 2001). Reducing the blood glutamate concentra-
tions with blood glutamate scavengers like pyruvate facilitates the
efflux of glutamate from the brain to the blood. This can limit the
neurotoxic effect of glutamate (Boyko et al, 2012) and has been
reported to effectively improve neurological recovery in traumatic
brain injury (Gottlieb et al, 2003; Zlotnik et al, 2007; Boyko et al, 2012).
The coordination between glutamate and pyruvate and its neu-
roprotective role in chronic HIV-1 infected patients on therapy
needs further studies to understand neurological complications in
HIV infection after successful treatment.

Although immune cell senescence decreases the overall cellular
activity, it is associated with a high metabolic need, usually by
increasing aerobic glycolysis. In the case of our lymphocytic cell
culture model, we detected an enrichment of the senescent marker
CD57 compared with the parental cell line, indicative of increased
chronic activation of latently infected cells. Furthermore, we de-
tected increased levels of DNA damage (H2AX [S139]) (Mah et al,
2010), decreased proliferation (Ki-67) (Lawless et al, 2010), and DNA
replication (PCNA) (Gonzalez-Magana & Blanco, 2020) after OXPHOS
inhibition. Earlier studies have shown how OXPHQOS inhibition in
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human fibroblasts induced senescence (Stockl et al, 2006).
Therefore, high plasticity of metabolic reprogramming could induce
an increase in glycolysis during OXPHOS inhibition which could
potentially be coupled to induction of senescence in the HIV-1
latent cells during the suppressive therapy.

Our study also showed that ROS was increased in patients on
long-term (median 19 yr) compared with short-term (median 7 yr) of
suppressive therapy. This could be linked to the use of the older
nucleoside reverse transcriptase inhibitors (NRTIs) like zidovudine
(AZT), stavudine (dsT), or didanosine (ddl) as a part of the initial
treatment regimen. The cell’s epigenetic state is closely associated
with ROS-induced oxidative stress due to mitochondrial damage
and altered OXPHOS (Guillaumet-Adkins et al, 2017). It is known that
antiretrovirals such as AZT, d4T, and ddl can cause mitochondrial
damage, ultimately altering OXPHOS (Pinti et al, 2006). Recent
molecular studies have reported that PLWH on treatment has
epigenetic age acceleration (Gross et al, 2016) compared with the
non-infected individuals that can partially be reversed with cART
initiation (Esteban-Cantos et al, 2021). Therefore, understanding the
biological mechanism of potential accentuated aging in PLWH on
long-term successful therapy who were exposed to earlier gen-
eration treatment regimen and dysregulated metabolic profile
could potentially provide a clinical intervention strategy to improve
the quality of life of PLWH gt

In conclusion, our study indicated a system-level up-regulation
of OXPHOS and, to a certain extent, glycolysis in PLWHagrr compared
with the PLWHgc. Furthermore, we show how this up-regulation could
play a role in latent reservoir dynamics and immunosenescence in
HIV-1-infected individuals with long-term successful therapy.
Pharmacological inhibition of the OXPHOS complexes could have
a role in latency reversal, apoptotic properties, and immunose-
nescence in latently infected cells. Further studies are warranted to
elucidate the molecular mechanisms underlying the observed shift
in OXPHOS in PLWH gt and how its coordination with glutaminolysis
can lead to immune dysregulation during successful therapy.

Materials and Methods

Cohort description

The study population includes three groups of PLWH, with two
groups as suppressed viremia (PLWHagr and PLWHgc, n = 19 each),
and one group with viremia (PLWHyp herein, n =19). In addition, we
enrolled 19 HC. The study was approved by the regional ethics
committees of Stockholm (2013/1944-31/4 and 2009/1485-31) and
amendment (2019-05585 and 2019-05584, respectively) and per-
formed in accordance with the Declaration of Helsinki. All par-
ticipants gave informed consent. The patient’s identity was
anonymized and delinked before analysis.

Transcriptomics analysis

PBMCs were used for RNA-sequencing (RNA-Seq) using Illumina
HiSeq2500 or NovaSeq6000 as described by us (Akusjarvi et al,
2022). Differential gene expression analysis was performed using
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the R/Bioconductor package DESeq2 v1.26.0 (DOI: 10.18129/
B9.bioc.DESeq2). Gene list enrichment analysis for cART-specific
genes was performed using enrichr module of python package
GSEAPY v0.9.16 (Subramanian et al, 2005; Chen et al, 2013) and
MSigDB hallmark gene set v7.4. GSEA between PLWHarr and PLWHE¢
was performed using GSEA v4.1.0 software (Subramanian et al, 2005)
and MSigDB hallmark gene set v7.4. Metabolomics data were
generated using the Metabolon HD4 (Metabolon Inc.) (Akusjarvi
et al, 2022).

DCQ

DCQ by measuring the proportion of different cells in each sample
was performed using the deconvolution algorithm adapted from
Estimating the Proportions of Immune and Cancer cells (Chen
et al, 2013). The reference gene expression profile consists of
gene-level expression data of 18 blood cell types and it is based
on Human Protein Atlas version 20.1 and Ensembl version 92.38.
Signature genes for the 18 blood cell types in the reference profile
were downloaded from CellMarker (Zhang et al, 2019) and Pan-
glaoDB (Franzen et al, 2019). The transcript per million (TPM)
transformed gene expression data of all genes from the samples
were used in the procedure along with reference profile and
signature gene list to estimate the cell proportion.

ART-specific gene identification

Significantly regulated genes (adjusted P < 0.05) in all the pair-wise
comparisons among the four cohorts were used to derive the cART-
specific genes. The list of significant genes in each of the com-
parisons was considered as individual sets and various set oper-
ation procedures were used for the derivation. The set operations
performed are represented below.

ART ={z | zeX,orze X, orzeXs}
NULL={z|zeY,0orzeY,orzeYs}
ART-specific genes = {z | z € ART and z ¢ NULL}

where,

X, ={z | zis gene regulated in HC versus PLWH gt}
X, = {z | zis gene regulated in PLWHgc versus PLWH gt}
X3 ={z | z is gene regulated in PLWHyp versus PLWHagr}
Y, ={z | zis gene regulated in HC versus PLWHp}
Y, = {z | z is gene regulated in PLWHgc versus PLWHyp}
Y3 ={z | zis gene regulated in HC versus PLWHgc}

GSMM, FBA, and essentiality analysis

Group-specific human GSMMs were reconstructed by integrating
transcriptomics data on human reference GSMM obtained from
Metabolic Atlas (Robinson et al, 2020). The metabolic model re-
construction was performed using task-driven Integrative Net-
work Inference for Tissues (tINIT) algorithm (Agren et al, 2012, 2014;
Robinson et al, 2020). The algorithm creates a context-specific
model by selecting only reaction that can carry flux based on the
provided transcript expression table (transcript per million). The
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reconstructed models were then checked for biological feasibility
by analyzing their capacity to carry out 56 essential metabolic
tasks. FBA was performed using MatLab function solvelP from
RAVEN toolbox v2.4.0 (Wang et al, 2018) and ATP hydrolysis as
objective function. Plasma metabolomics data were used as a
reference to constrain the exchange reactions in the model as-
suming that exchange reaction fluxes were relatively influenced
by availability of extracellular metabolites. We calculated log,-
scaled changes of exchange metabolites against the control
cohort, and it was used proportionally to compute the reaction
bounds.

Network topology analysis was performed on the metabolic
networks generated for the cohorts. The metabolic networks were
created by drawing edges between reactants, products, and en-
zymatic genes of each of the reactions, which showed significant
(>107°) and varying flux values among the cohorts. The networks
were then analyzed using igraph toolkit. The absolute value of the
flux scaled between 0 and 1 was used as edge weight. Leiden al-
gorithm (Traag et al, 2019) was used to identify communities and the
betweenness centrality of all the nodes was computed. Nodes were
ranked based on their centrality measurement. Nodes with high
centrality were considered as most influential for the existence and
functioning of the network.

Visualization

R package ggplot2 v3.3.2 (Wickham, 2016) was used to create all
bubble plots, scatter plots, and boxplots. R/Bioconductor
package ComplexHeatmap v2.2.0 (Gu et al, 2016) was used to
create all the heat maps. Network diagrams were drawn in
Cytoscape ver 3.6.1 (Shannon et al, 2003). Venn diagrams were
generated using the online tool InteractiVenn (Chen & Boutros,
2011).

Total HIV DNA quantification

Total DNA was extracted from PBMCs using QlAamp DNA mini kit
(QIAGEN) according to manufacturers’ instructions. HIV-1 DNA
quantification was performed using Internally Controlled qPCR (IC-
qPCR) as described by Vicenti et al (2018). In brief, total HIV-1 DNA was
quantified in PLWHagr (n =17) and PLWHec (n = 14) using 500 ng of DNA
in duplicates. Quantification was performed using Takara Universal
Mastermix (Takara) on an ABI 7500F using primers (B8 globin F;
AGGGCCTCACCACCAACTT, B globin R; GCACCTGACTCCTGAGGAGAA,
HXB2 F; GCCTCAATAAAGCTTGCCTTGA, HXB2 R; GGCGCCACTGCTAGA-
GATTTT) and probes (B globin; HEX-ATCCACGTTCACCTTGCCCCACA-
TAM, HXB2; FAM-AAGTAGTGTGTGCCCGTCTG-MGBEQ) targeting B
globin and HIV-1 (HXB2) and normalized to B globin levels.

Cell culture

The latency cell model J-Lat clone 10.6 (NIH HIV reagent program)
was used together with its parental cell line Jurkat. Cells were
cultured in StableCell RPMI 1640 (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Gibco) and 20 U/ml penicillin and
20 pg/ml streptomycin (Gibco) at 37°C and 5% CO,.
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Drug treatment

Cytotoxicity assays were performed for metformin (Sigma-Aldrich),
arsenic trioxide (Sigma-Aldrich), oligomycin (Sigma-Aldrich), anti-
mycin (Sigma-Aldrich), and aTOS (Sigma-Aldrich) (Fig S3A). Exper-
imental concentrations with low cytotoxicity were chosen and
assayed for 24 h. All assays were performed in biological triplicates
and analyzed for viability using flow cytometry, as described below.

Flow cytometry

PBMCs were subjected to flow cytometry analysis. Samples were
thawed in 37°C water bath and washed with flow cytometry buffer
(PBS + 2% FBS + 2 mM EDTA). Total cellular ROS levels were mea-
sured using the CellROX Deep Red Flow Cytometry Assay Kit
(Invitrogen) according to the manufacturer's instructions. Briefly,
750 nM of CellROX deep red reagent was added to PBMCs and
incubated for 1 h at 37°C, protected from light. The cells were then
stained with Live/Dead fixable near-IR dye (Invitrogen), and cell
surface markers were detected by incubating cells with anti-CD3
(clone OKT3, BD Bioscience), anti-CD4 (clone SK3; BD Bioscience),
anti-CD8 (clone HIT8a; BiolLegend), anti-CD14 (clone MS5E2; Bio-
Legend), and anti-CD16 (clone 3G8; BD Bioscience) for 20 min on ice
in flow cytometry buffer. Positive and negative controls for ROS
measurement were performed by incubating cells with either tert-
butyl hydroperoxide (200 uM) or N-acetyl cysteine (5 mM) for 45 min
at 37°C before the addition of CellROX deep red reagent. All cells
were fixed with 2% paraformaldehyde before acquiring on BD FACS
Symphony flow cytometer (BD Bioscience). Compensation setup
was performed using single-stained controls prepared with
antibody-capture beads: anti-mouse lg, k/negative control com-
pensation particles set (BD Biosciences) for mouse antibodies and
ArC amine-reactive compensation bead kit (Invitrogen) for use with
LIVE/DEAD fixable dead cell stain Kkits.

Flow cytometry for cell lines was conducted by extracellular
staining using anti-CD57 (clone HNK-1; BioLegend) and LIVE/DEAD
Near-IR viability stain (Invitrogen) followed by fixation using ki-67
fixation/permeabilization kit (eBioscience). Intracellular staining
was performed using anti-Ki-67 (clone Ki-67; BioLegend) and anti-
PCNA (clone PC10; BioLegend). Analysis of apoptosis was performed
using Annexin-V Alexa647 conjugate (Thermo Fisher Scientific)
staining in combination with LIVE/DEAD Near-IR viability stain
(Invitrogen) prior fixation using 4% PFA. Samples were acquired on
BD FACS Fortessa (BD Bioscience). Flow cytometry data were an-
alyzed and compensated with Flowjo 10.6.2 (TreeStar Inc.) and
statistical analysis was performed using Mann-Whitney U test or
two-tailed t test in Prism 9.3.0 (GraphPad Software Inc.).

Western blot

Cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with
1x PhosSTOP (Sigma-Aldrich) and 2x cOmplete protease inhibitor
cocktail (Roche) on ice for 30 min. Protein estimation was per-
formed using DC protein assay (Bio-Rad Laboratories) and 37.5-48
uL of protein run in each well on NuPage 4-12% BisTris 20 well, T mm
precast gels (Thermo Fisher Scientific) and transferred using the
iBlot transfer system (Invitrogen) with iBlot PVDF Transfer stack
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(Invitrogen). Membranes were incubated with Phospho-Histone
H2AX (Ser139) (Cell Signaling Technology) and B-Actin (Sigma-
Aldrich). Secondary antibody incubation was performed using
Dako Immunoglobulins/HRP (Aglient Technologies) and mem-
branes developed using ECL (Amersham) on ChemiDoc (Bio-Rad
Laboratories). Relative protein quantification was performed using
ImageLab 6.0.1 (Bio-Rad Laboratories) and statistical significance
using a two-tailed t test in Prism 9.3.0 (GraphPad Software Inc.).

Data Availability

The raw RNA sequencing (RNAseq) data have been deposited in the
NCBI/SRA with PRJNA420459. The metabolomics data are available
from dx.doi.org/10.6084/m9.figshare.19747582. All the codes are
available at github: github.com/neogilab/LongART.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202201405.
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