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ABSTRACT   

Dysfunction of CD8+ T cells in people living with HIV-1 (PLWH) receiving anti-retroviral therapy 

(ART) has restricted the efficacy of dendritic cell (DC)-based immunotherapies against HIV-1. 

Heterogeneous immune exhaustion and metabolic states of CD8+ T cells might differentially 

associate with dysfunction.  However, specific parameters associated to functional restoration 

of CD8+ T cells after DC treatment have not been investigated in detail. Here, we studied the 

association of ART duration with memory subsets, exhaustion and metabolic profiles of CD8+ T 

cells from PLWH and improvement of polyfunctional and effector HIV-1 specific responses after 

stimulation with Gag-adjuvant-primed DC. HIV-1-specific CD8+ T cell responses from a larger 

proportion PLWH on ART for more than 10 years (LT-ARTp) improved polyfunctionality and 

capacity to eliminate autologous p24+ infected CD4+ T cells in vitro. In contrast, CD8+ T cells 

from PLWH on ART for less than a decade (ST-ARTp) were less responsive to DC treatment and 

functional improvement was limited in this group. This was associated with lower frequencies 

of central memory CD8+ T cells, increased co-expression of PD1 and TIGIT and reduced 

mitochondrial respiration and glycolytic induction upon TCR activation. In contrast, CD8+ T cells 

from LT-ARTp showed increased frequencies of TIM3+PD1- cells and preserved induction of 

glycolysis. Treatment of dysfunctional CD8+ T cells from ST-ARTp with combined anti-PD1 and 

anti-TIGIT antibodies plus a glycolysis promoting drug restored their ability to eliminate infected 

CD4+ T cells. Together, our study identifies specific immunometabolic parameters for different 

PLWH subgroups potentially useful for future personalized DC-based HIV-1 vaccines.  
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INTRODUCTION 

Current available antiretroviral therapies (ART) do not eradicate chronic HIV-1 infection due to 

persistent HIV-1 reservoir maintained through homeostatic proliferation of long-lived latently 

infected memory CD4+ T cells, the residual viral replication in tissues and dysfunctionality of the 

immune response (1-6). Under these conditions, it would take over 70 years to eliminate the 

HIV reservoir with the actual ART (7). Therefore, novel strategies aiming to eradicate the latent 

reservoir continue to be investigated. During the last decade, the field has focused on shock and 

kill strategies, based on the viral reactivation of latently HIV-1 infected cells using latency 

reversal agents (shock) and their elimination by improved immune cytotoxic cell subsets (killing) 

(8). In this regard, cytotoxic CD8+ T lymphocytes (CTL) are crucial immune cells for restraining 

the size of the reservoir in the initial phases of the infection (9) and for natural control of HIV-1 

replication in elite controller (EC) individuals (10). Several therapeutic strategies have focused 

on enhancing the magnitude and polyfunctionality of HIV-specific CD8+ T cell responses of 

people living with HIV-1 (PLWH) (10-12) to mimic effective and durable CTL responses of EC (12). 

However, none of the tested candidates for CD8+ T cell prevented viral rebound following 

treatment interruption in clinical trials (13, 14).  These negative results suggest the need of more 

personalized strategies which take into consideration complex factors contributing to CD8+ T 

cell dysfunction in these individuals.  

A potential strategy is to improve antigen-presenting cell function of dendritic cells (DC), which 

could also be compromised in PLWH (15). In this regard, previous studies on HIV-1 infected EC 

identified a DC activation state dependent on the TANK-Binding Kinase 1 (TBK-1) characterized 

by highly functional capacities to activate polyfunctional HIV-specific CD8+ T cell responses (16, 

17). TBK-1 is a master regulator downstream of multiple intracellular nucleic acid sensors such 

as TLR3/TRIF, RIG-I/MDA5 and cGAS/STING, which leads to the production of type I and II 

interferons (18). Therefore, activation of DC through agonists of nucleic acid sensors upstream 

of TBK-1 could be useful to potentiate their function to an EC-like phenotype. Consistently, our 

previous studies suggested that vaccination of humanized mice with DC primed with TBK1-

adyuvants increased polyfunctional HIV-1-specific CTL responses in lymphoid tissues (19). In 

addition, the use of DC might also be intrinsically useful to more efficiently reactivate the latent 

HIV-1 reservoir (20, 21). 

On the other hand, basal hyperactivation and immune exhaustion compromise the 

maintenance, functionality and effector function of CD8+ T cells against HIV-1-infected cells in 

PLWH (22-25). Multiple recent studies have shown that exhaustion of CD8+ T cells is a dynamic 
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process involving expression of multiple checkpoint inhibitory receptors that drive the 

transition, survival and function of distinct memory cell subsets (24, 26, 27). Importantly, 

expression of checkpoint inhibitory receptors such as PD1, TIGIT and TIM3 in T cells is also 

associated with deregulated glucose metabolism (28-30), which could lead to impaired effector 

function and longevity of HIV-1 specific CD8+ T cells (31-33). In fact, compromise of metabolic 

fitness has been reported in PLWH and suggested to affect CD8+ T cell function (34, 35). 

However, it is unknown whether specific patterns of expression of checkpoint inhibitory 

receptors might differentially associate with efficacy of DC treatment inducing polyfunctionality 

and cytotoxic ability of HIV-1-specific CD8+ T cells in PLWH on ART.  

In the present study, we evaluated the efficacy of adjuvant-primed DC reinvigorating 

polyfunctional and cytotoxic competent HIV-1-specific CD8+ T cells, and the association of this 

response with the immunometabolic state in different subgroups of PLWH at different times 

since ART initiation. We report enhanced response of CD8+ T cells to DC treatment in PLWH on 

ART for more than a decade, which associates with higher central memory (CM) frequencies, 

enrichment on TIM3+ PD1- cells and the ability to induce glycolysis upon TCR stimulation. In 

contrast, CD8+ T cells from PLWH under ART for less than 10 years were characterized by 

decreased frequency of CM, and an increased proportions of exhausted PD1+ TIGIT+ memory 

CD8+ T cells. These patterns correlated with impaired glycolytic metabolism and inability to 

reinvigorate cytolytic function of CD8+ T cells from these individuals after DC stimulation. 

Importantly, combined blockade of PD1 and TIGIT receptors and the use of the pro-glycolytic 

drug metformin more consistently restored functional cytotoxic ability of dysfunctional CD8+ T 

cells from PLWH. Collectively, our study uncovers new immunometabolic parameters associated 

with response to DC-based HIV-1 vaccine in PLWH, which might be useful for future personalized 

treatments.  
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MATERIALS AND METHODS 

Study participants and Ethic statement 

Human Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll (Pancoll, PAN 

Biotech) gradient centrifugation from peripheral blood samples of n=49 PLWH (age 48 [25-74], 

86% males) on antiretroviral therapy (8 [1-24] years) characterized by undetectable plasma 

viremia, 866 [430-1676] median CD4+ T cell counts and with clinical characteristics summarized 

in Table 1 provided by the Infectious Diseases Unit from Hospital de La Princesa, Madrid, Spain. 

N=12 HIV negative donors (Age 45.5 [23-70], 64% males) were provided either by the 

Immunology Service from Hospital de La Princesa or Centro de Transfusión of Comunidad de 

Madrid, Spain (Table 2) and used for comparison purposes. All participating subjects accepted 

donating samples after receiving and signing an informed consent, approved by the Ethics 

committee from Hospital Universitario de La Princesa (Register Number 3518) and following the 

Helsinki declaration. 

 

Monocyte-derived dendritic cell (MDDC) generation and in vitro stimulation 

Monocyte-derived DCs (MDDCs) were generated from circulating monocytes enriched by 

adherence and cultured in RPMI 1640 media supplemented with 10 % Fetal Bovine Serum 

(HyClone) in the presence of 100 IU/ml of GM-CSF and 100 IU/ml of IL4 (Prepotech) for 6 days. 

Subsequently, MDDCs were harvested and cultured over-night in media alone or in the presence 

of 5 g/ml of a pool of 15-mer overlapping HIV-1 Gag peptides provided by the NIH AIDS Reagent 

Program (#11057) either individually or in combination with 1 g/ml of 2’3’-c’diAM(PS)2 

(Invivogen) STING agonist and 2.5 g/ml of Poly I:C (SIGMA) TLR3 ligand as adjuvant treatment. 

Maturation of MDDC after treatment with Gag-peptides and/or adjuvants was assessed by flow 

cytometry analysis of CD40 expression in these cells. 

 

Isolation of human peripheral blood T lymphocyte populations  

Total or individual CD8+ or CD4+ T cells were purified from PBMC suspensions from our PLWH 

and HIV-1 negative control study cohorts by negative immunomagnetic selection (purity >90%) 

using the Untouched Human T cell and CD4 T cell Dynabeads Kits (Invitrogen) and the MojoSort 

Human CD8 T cell (BioLegend) isolation kit. In some experiments, memory CD45RA- CD8+ T cells 

from PLWH and HIV-1 negative controls were also isolated by sequential negative 
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immunomagnetic selection protocol. Briefly, total CD8+ T cells were isolated from PBMCs as 

previously described and subsequently, memory cells were purified after treatment with mouse 

anti-human CD45RA mAbs (Biolegend) and Goat anti-Mouse IgG covered Dynabeads 

(Invitrogen). 

 

In vitro activation of HIV-1 specific CD8+ T cell responses from PLWH. 

To assess the impact of MDDC therapy on the magnitude and polyfunctionality of HIV-1 specific 

CD8+ T cell responses, MDDCs pretreated with media only or either with the Gag peptides alone 

or incubated with adjuvants were co-cultured with purified autologous T cells in a 1:5 ratio. After 

5 h incubation, 0.25 g/ml Brefeldin A (SIGMA), 0.0025 mM Monensin (SIGMA) and 0.2 g/ml 

anti-CD107a-APC antibody (Biolegend) were added to the media and then cultured over-night. 

Analysis of magnitude (total IFN expression) and polyfunctionality (co-expression of IFN and 

CD107a) of CD8+ T cells after MDDC and antigen stimulation was analyzed by flow cytometry.  

 

In vitro analysis of CD8+ T cells functionality. 

To evaluate cytotoxic function of CD8+ T cells from PLWH on ART receiving DC therapy, CD8+ T 

cells were precultured with autologous MDDC as previously described at a 1:3 ratio. After 24 h, 

unstimulated CD4+ T cells were purified from the same patient, stained with 5 M violet cell 

trace tracker (Invitrogen), and cultured in the presence of 30 M Raltegravir (Selleck Chemicals) 

alone or in combination with 50 nM Romidepsin (Selleck Chemicals) in the absence or the 

presence of autologous CD8+ T cells treated with MDDC pretreated under different conditions 

at a 2:1 ratio. After 24 h, intracellular HIV-1 p24 protein levels present in violet+ CD4+ T cells 

were analyzed by flow cytometry. In some functional experiments, we evaluated the impact of 

blocking different check point inhibitory receptors and/or stimulating glycolysis in CD8+ T cells 

during co-culture with the activated MDDCs. In these assays, media was supplemented with 2 

g/ml of mouse IgG1 K anti-human PD-1 antibody (Biolegend) either alone or in combination 

with 1 g/ml mouse IgG2 B anti-human TIGIT (R&D systems) or 1 g/ml goat IgG anti-human 

TIM-3 (R&D systems) and alone or in combination of 5 mM Metformin (SIGMA). As a control, we 

used the appropriate corresponding isotype control antibodies (mouse IgG1 K and mouse IgG2 

B, both from Biolegend, goat IgG from SIGMA) and a drug carrier control. 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


Flow cytometry  

Analysis of cell viability ex vivo or after culture was performed using APC-H7 (Tonbo Biosciences) 

or LIVE/DEA Fixable Yellow 405 (invitrogen) viability dye, in the presence of different panels of 

monoclonal antibodies. For analysis of MDDC activation we used Lineage (CD3 APC, CD19 APC, 

CD56 APC), CD11c Pacific Blue, CD40 FITC, and HLA-DR PerCP (all from Biolegend). For analysis 

of in vitro activation of HIV-1 specific CD8+ T cell responses anti-human CD3 CF-Blue 

(Immunostep), CD8 PerCP, CD107a APC (Biolegend) and IFN FITC (BD Pharmigen) mAbs were 

used. For functional assays with CD8+ T cells anti-human CD3 FITC, CD4 APC, CD8 PerCP 

(Biolegend), and anti-HIV-1 p24 PE (Beckman coulter) were used. CD8+ T cell memory and 

exhaustion phenotypes were defined using anti-human CD3 CF-Blue (Immunostep), CD8 

APC/Cy7, CD45RO PE/Cy7, PD1 PerCP, TIGIT APC and TIM3 FITC (Biolegend), and CCR7 PE (R&D 

systems). Clones of antibodies used in our study are detailed in Table 3. For intracellular staining 

we used Fixation buffer and Intracellular staining Perm Wash buffer (Biolegend). Samples were 

analyzed on a FACS Canto II cytometer (BD Biosciences). Analysis of individual and Boolean 

multiparametric flow cytometry data was performed using FlowJo v10.6 software (Tree Star). 

 

RNA extraction and qPCR mRNA quantification  

Total RNA was isolated using the RNeasy Micro Kit (Qiagen) either from MDDCs from HIV-1 

negative donors activated with individual or combined adjuvants, or from memory CD45RA- 

CD8+ T cells from PLWH and HIV-1 negative controls. cDNA was then synthesized using the 

reverse transcription kit from Promega. Transcriptional levels of PD-L1 (Forward: 

CACATCCATCATTCTCCCTTTTC, and Reverse: CATCCCAGAACTACCTCTGG), CD155 (Forward: 

TGGACGGCAAGAATGTGACC, and Reverse: ATCATAGCCAGAGATGGATACC) and Gal-9 (Forward: 

CACACATGCCTTTCCAGAAG, and Reverse: AAGAGGATCCCGTTCACCAT) on MDDC, and HIF1a 

(Forward: AGCCGAGGAAGAACTATGAACATAA, and Reverse: GTGGCCTGTGCAGTGCAA), GLUT1 

(Forward: TCAACCGCAACGAGGAGAA, and Reverse: TCAACCGCAACGAGGAGAA), PDK1 

(Forward: GTGGTTTATGTACCATCCCATCTCT, and Reverse: TCCATAGTGGCTCTCATTGCAT) and 

GAPDH (Forward: AGCCACATCGCTCAGACAC, and Reverse: GCCCAATACGACCAAATCC) on 

memory CD8 T cells were quantified by qRT-PCR using a final 0.5 M concentration of each 

primer and SYBR Green GoTaq qPCR Master Mix (Promega). Amplification was performed in a 

StepOne Plus Real time PCR system (Applied Biosystems). Finally, relative mRNA expression was 

determined after normalization of each transcript to endogenous -actin expression (Forward: 

CTGGAACGGTGAAGGTGACA, and reverse: CGGCCACATTGTGAACTT). 
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Analysis of metabolic activity  

Isolated CD8+ T cells from HIV negative donors or PLWH on ART at different times since 

treatment initiation were isolated as previously described and cultured for 2 h in RPMI 1640 

media supplemented with 10 % Fetal Bovine Serum in the presence of IL-2 10 IU/ml. Then, 3x105 

cells from each donor were plated per replicate in DMED media adjusted to a pH of 7.4 in a p96 

well plate (Seahorse XFe96 FluxPak Agilent Technologies 102416-100) in the presence of 0.125 

mM Sodium pyruvate, 25 mM Glucose and 0.125 mM Glutamine. Cells were left alone or 

activated using Immunocult human CD3/CD28 T Cell Activator (Stem Cell Technologies) for 15 

min; and 1 μM oligomycin, 1.5 μM CCCP, and 1 μM Rotenone plus 1 μM Antimycin A were 

sequentially injected following the Seahorse protocol specifications. Oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR) was measured using XF96 Extracellular Flux 

Analyzers (Seahorse); three measures (5 min) were obtained for each condition. Mitochondrial 

mass was evaluated as a control by flow cytometry using the MitoTracker Green staining probe 

(Invitrogen) at a concentration of 6.25 nM per million of cells. In some experiments, 

incorporation of glucose and fatty acid metabolism was determined by flow cytometry analysis 

of isolated CD8+ T cells from PLWH and control donors stained with 2-NBDG (Invitrogen) and 

500/510 BODIPY (Molecular Probes) fluorescent probes, respectively following manufacture’s 

specifications. 

 

Statistics 

Statistical significance of differences between the cells from different or within the same patient 

cohorts under different treatments were assessed using Mann Whitney U or Wilcoxon matched-

pairs signed-rank tests. Multiple comparison correction using a Kruskal-Wallis test with post-hoc 

Dunn’s test correction method was applied when appropriate. Chi-square with Yate’s correction 

was used to compare differences in proportions of some parameters within different 

cell/patient populations. Non-parametric Spearman correlation was performed to test both 

individual correlations and to generate correlation networks. Statistical analyses were 

performed using GraphPad Prism 7.0 software. OCR and ECAR results were analyzed with 

Seahorse Wave software and then subjected to t-test multiple comparisons performed with 

GraphPad Prism 7.0 software and to a linear mixed model statistical analysis with R 4.1.1 version 

as previously described (36).  
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RESULTS 

ART duration determines basal and DC-induced magnitude and polyfunctionality of HIV-

specific CD8+ T cell in PLWH  

For our study, we included a cohort of n=49 PLWH who had been under ART for at least 1 year 

and were characterized by undetectable HIV-1 plasma viremia in blood (Table 1). We first 

addressed intrinsic abilities of HIV-1-specific CD8+ T cells from these individuals to respond to 

Ag presentation by unstimulated and adjuvant-primed DC in vitro. To this end, we generated 

monocyte derived dendritic cells (MDDCs) from PBMCs from our cohort and cultured them in 

the presence of a specific pool of HIV-1 Gag peptides alone or in combination with the 2’3’-

c’diAM(PS)2 STING agonist and the TLR3 ligand Poly I:C, as adjuvants. Higher level of maturation 

defined by up-regulation of CD40 was confirmed on adjuvant-treated MDDC from PLWH 

(Supplementary figure 1 A, left panel). We then evaluated the proportion of IFN+ CD8+ T cells 

from PLWH responding to HIV-1 Gag peptides presented by autologous MDDCs. Basal HIV-1 Gag 

specific-CD8+ T cell response was heterogeneous and two groups of PLWH were identified 

according to variations in the proportions IFN + cells above (Gag responders) or below (Gag 

non-responders) an optimal response cut-off of 2.5 fold-change from baseline (Figure 1A). 

Interestingly, Gag responders were significantly enriched in individuals who had been under ART 

for more than a decade (from hereafter, LT-ARTp), while Gag non-responders were significantly 

enriched in PLWH on ART for less than 10 years (from hereafter, ST-ARTp) (Figure 1B). Significant 

differences in age were found in ST-ARTp and LT-ARTp groups, which were mainly composed by 

males (97% vs 67%, respectively). We did not find any other highly significant differences in 

other clinical parameters analyzed (Table 1). Next, we further assessed the impact of adjuvant-

primed MDDCs loaded with HIV-1 Gag peptides on the magnitude and polyfunctionality of 

autologous HIV-1-specific CD8+ T cells responses in these two separate PLWH subgroups 

(Supplementary figure 1B). First, we confirmed that MDDCs from each patient subgroup were 

able to similarly and significantly increase CD40 expression after exposure to adjuvants 

(Supplementary figure 1A, right). In terms of magnitude, the induction of HIV-1 specific IFN+ 

CD8+ T cells from LT-ARTp compared to baseline did not further increase after co-culture with 

Gag adjuvant-primed MDDCs and responses were similar to those induced by Gag-MDDCs alone 

(Figure 1C right panel). On the contrary, co-culture with Gag adjuvant-primed MDDCs 

significantly increased proportions of INF+ CD8+ T cells in ST-ARTp from baseline, in contrast to 

MDDC loaded with peptide only although levels did not reach those observed in LT-ARTp (Figure 

1C left panel). Importantly, Gag-loaded adjuvant-primed MDDCs significantly increased the 

frequencies of polyfunctional IFN+ CD107a+ CD8+ T cells in both ST-ARTp compared to baseline 
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and in response to Gag only MDDCs (Figure 1D, left). A similar significant increase on 

polyfunctionality of HIV-1 specific CD8+ T cells compared to baseline was observed in response 

to both Gag only and Gag-adjuvant primed MDDCs on LT-ARTp (Figure 1D, right). Together, our 

results indicate that prolonged ART restores intrinsic abilities of HIV-specific CD8+ T cells to 

respond to DC treatment, while adjuvant stimulation enhances polyfunctionality of activated T 

cells. 

Differential restoration of cytotoxic function after DC treatment in CD8+ T cells from LT-ARTp 

and ST-ARTp  

Next, we assessed whether changes on the magnitude and polyfunctionality of HIV-1 Gag-

specific CD8+ T cell response after treatment with adjuvant-matured Gag-loaded MDDCs 

correlated with an increase in their cytotoxic capacity to eliminate HIV-1-infected CD4+ T cells. 

To address this, CD8+ T cells from ST-ARTp and LT-ARTp pre-stimulated with MDDCs primed in 

the absence or the presence of Gag peptides and adjuvants were subsequently co-cultured in 

bulk with autologous CD4+ T cells. These assays were performed in the presence of Romidepsin, 

a latency reversal agent, and the integrase inhibitor Raltegravir to prevent new rounds of 

infections in culture. After 24 h, frequencies of cells expressing intracellular HIV-1 p24 were 

evaluated by FACS (Supplemental Figure 1C). As shown in Supplementary figure 2A, 

Romidepsin treatment alone increased the frequencies of HIV-1 p24+ in CD4+ T cells from an 

important proportion of both ST-ARTp and LT-ARTp.  

Notably, Gag-adjuvant-primed MDDCs enhanced cytotoxic capacities of CD8+ T cells to reduce 

frequencies of HIV-1 p24+ CD4+ T cells below baseline levels in 62% of the LT-ARTp individuals 

tested, while only 39% of the ST-ARTp exhibited these functional profiles (Figure 2A-C, in blue). 

On the other hand, CD8+ T cells that were unable to reduce proportions of HIV-1 p24+ CD4+ T 

cells after receiving MDDC stimulation were more represented among ST-ARTp (61%) compared 

to the LT-ARTp group (38%) (Figure 2B-C). Actually, in these functional assays from ST-ARTp we 

observed a significant increase in percentages of infected cells compared to baseline after 

exposure to Gag-adjuvant-primed MDDC, indicating the loss of antiviral properties in CD8+ T 

cells. In contrast, in the LT-ARTp displaying a dysfunctional phenotype after Gag-adjuvant-

primed MDDC, the increase in the proportion of HIV p24+ CD4+ T cells detected compared to 

baseline was not even significant, suggesting that cells from these individuals retained some 

level of functionality (Figure 2B-C). Therefore, the improved phenotypic polyfunctionality of HIV-

1-specific CD8+ T cells from PLWH induced in response to Gag-adjuvant-primed MDDCs is not 

always accompanied by increased cytotoxic properties of these cells, and years on ART seem to 

be a critical parameter that also determines recovery of effector function in CD8+ T cells. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


Differential memory subset distribution and distinct patterns of co-expression of checkpoint 

inhibitory receptors in CD8+ T cells from ST-ART and LT-ART groups  

Differences between CD8+ T cells from ST-ARTp and LT-ARTp in their basal response to HIV-1 

Gag-peptide stimulation and in the acquisition of cytotoxic function after treatment with Gag-

adjuvant-primed MDDCs could be associated to either deficiency on DC activation, memory 

subset distribution or immune exhaustion of CD8+ T cells. We previously showed that adjuvant 

combination similarly increased the percentage of CD40+ MDDCs in both ST-ARTp and LT-ARTp, 

despite higher basal percentages of activation in ST-ARTp cells (Supplemental Figure 1A).  

Since dysfunction of HIV-1-specific CD8+ T cell responses has been linked to reduced 

percentages of central memory (CM) cells (34), we next analyzed the proportions of different 

CD8+ T cell memory subsets in ST-ARTp and LT-ARTp. We observed that CD8+ T cells from LT-

ARTp contained higher proportions of CCR7+ CD45RO+ CM cells, reaching similar percentages 

to HIV-1 negative controls (HC), and consistent lower frequencies of CCR7+ CD45RO- naïve cells 

(NA) (Figure 3A). On the contrary, CD8+ T cells from ST-ARTp were characterized by significantly 

lower frequencies of CM CD8+ T cells compared to LT-ARTp and tended to present higher 

proportions of CCR7- CD45RO+ effector memory (EM) and CCR7- CD45RO- terminally 

differentiated (TD) cells (Figure 3A). Preservation of CM cells was most evident in LT-ARTp that 

had received treatment shortly after diagnosis, but not in the case of ST-ARTp, highlighting the 

importance of both rapid ART initiation and adherence to preserve durable HIV-1-specific 

immunity (Figure 3A, right plot).  

Next, we asked whether differences of proportions in CD8+ T cell memory subsets from LT-ARTp 

and ST-ARTp could also be associated with the immune exhaustion state of these lymphocytes. 

In addition to inducing maturation, adjuvant treatment also increases expression of ligands for 

immunomodulatory checkpoint inhibitory receptors such as PD-L1, CD155 and Galectin-9 on 

MDDCs (Supplementary figure 3A-C), suggesting that bounding of these receptors might limit 

the ability of CD8+ T cells from PLWH to increase functional activities after MDDC stimulation. 

In addition, the co-expression of checkpoint inhibitory receptors has been associated to terminal 

exhaustion on T cells (22, 24, 37). Therefore, we determined the surface co-expression of PD1, 

TIGIT and TIM3 in CM and EM CD8+ T cells from ST-ARTp, LT-ARTp and HC by flow cytometry 

using boolean gating (Supplementary figures 4A-B). Notably, CD8+ T cells from ST-ARTp were 

significantly enriched on higher proportions of the PD1+ TIGIT+ TIM3- CM and EM cells in 

contrast to LT-ARTp, whose CD8+ T cells contained significantly higher proportions of the PD1- 

TIGIT+ TIM3- simple positive CM and EM cells, similarly to HC (Figure 3 B-C, Supplementary 

figure 4A- B). CD8+ T cells from ST-ARTp also showed higher co-expression of PD1 and TIM3 
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among the TIM3+ CM and EM population compared with the LT-ARTp (Figure 3D-E, 

Supplementary figure 4A-B). In addition, the proportions of PD1+ TIGIT+ TIM3+ cells were rare 

but significantly higher in EM CD8+ T cells from ST-ARTp, compared with LT-ARTp and HC 

(Supplementary figure 4B). Based on these results, we asked whether expression of these 

receptors is associated with memory T cell differentiation and/or proliferation. Interestingly, we 

observed an association between the differential dynamics of expression of PD1, TIGIT and 

TIM3, the proliferation and proportions of CM, and the recovery of CD8+ EM T cells in response 

to allogenic adjuvant-primed MDDC in vitro stimulation. Of note, proliferating CM and EM CD8+ 

T cells stimulated with MDDCs selectively induced TIM3 expression, whereas the induction of 

TIGIT and PD1 expression was weaker and not restricted to proliferating cells (Supplementary 

figure 5A-C). Therefore, our data indicate that non-overlapping co-expression profiles of 

different checkpoint inhibitory receptors induced after MDDC treatment are present on CD8+ T 

cells from PLWH at different times since ART duration.  

 

Differential induction of glycolytic metabolic activity in CD8+ T cells from ST-ART and LT-ART 

PLWH 

Metabolic plasticity and glycolytic activity have been associated with exhaustion, effector 

function of CD8+ T cells and with their ability to mediate viral control (34, 38). Thus, we focused 

on studying the metabolic profiles of CD8+ T cells from LT-ARTp and ST-ARTp. To this end, we 

selected CD8+ T cells from LT-ARTp with high cytotoxic function and from ST-ARTp with 

dysfunctional characteristic and displaying opposite co-expression profiles of checkpoint 

receptors. These patients were also matched by age and sex with cells from HIV negative donors 

(Tables 1 and 2). Then, we studied mitochondrial respiration and the glycolytic rate by 

determining oxygen consumption (OCR) and extracellular acidification rate (ECAR) on CD8+ T 

cells from these PLWH groups and HC at baseline and after TCR/CD28 stimulation (Figure 4A-B, 

Supplementary figure 6A-B, also see Methods). While CD8+ T cells from HC induced significantly 

higher OCR after TCR stimulation, OCR values were significantly lower on stimulated CD8+ T cells 

from ST-ARTp, whereas cells from LT-ARTp mildly induced OCR upon TCR activation and 

differences were not significant compared to HC (Figure 4A, Supplementary figure 7A, C), 

suggesting potential defects on mitochondrial respiration on PLWH that were more marked in 

cells from ST-ARTp. In addition, we observed a significant increase of ECAR upon TCR activation 

in cells from all groups. Interestingly, CD8+ T lymphocytes from LT-ARTp showed increased ECAR 

induction, which was significantly higher than HC, suggesting higher ability to induce glycolysis 

(Figure 4B, Supplementary figure 7B, D). ECAR levels exhibited by CD8+ T cells from ST-ARTp 
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after TCR stimulation were not significantly higher than those present in stimulated cells from 

HC (Figure 4B, Supplementary figure 7B, D).  Importantly, we confirmed that the observed 

changes in the increase on ECAR in TCR-stimulated CD8+ T cells were not due to differences in 

glucose uptake or total mitochondrial mass between ST-ARTp, LT-ARTp and HC subgroups 

(Supplementary figure 7E-F). Alternatively, we observed that the basal transcriptional levels of 

the glucose metabolism regulator HIF1 was increased on memory CD8+ T cells from ST-ARTp 

compared to HC. In addition, mRNA levels of GLUT1 in memory CD8+ T cells from LT-ARTp were 

significantly lower compared to HC (Figure 4 C). The transcriptional levels of other molecules 

involved in the glycolytic metabolism such as PGK1 and GAPDH followed similar patterns as 

HIF1 on CD8+ T cells from ST-ARTp but were not significantly altered compared to HC 

(Supplementary figure 8A). Together, our results indicate that prolonged ART might preserve 

the ability of CD8+ T cells from PLWH to induce glycolysis and mitochondrial respiration upon 

TCR stimulation. 

 

Combined blockade of checkpoint inhibitory receptors and administration of glycolysis 

promoting drugs efficiently restores cytotoxic function of CD8+ T cell from ST-ARTp  

PD1, TIGIT and TIM3 checkpoint inhibitory receptors can affect the glycolytic metabolism (28-

30), but our results suggested that specific combinations of these receptors might differentially 

affect glycolysis induction and function of CD8+ T cells from ST-ARTp and LT-ARTp. Supporting 

this possibility, we observed significant positive correlations between the increase on glycolytic 

capacities, defined by delta ECAR from basal versus maximum values after TCR activation on 

CD8+ T cell, and the percentages of single positive TIGIT or TIM3 expression from the total CM 

or EM cells (Figure 5A-B, upper panels; Supplementary figure 8B-C, upper panels). In contrast, 

higher ratios of co-expression of PD1 and TIGIT or TIM3 compared with single expression of TIGIT 

or TIM3 in these memory CD8+ T cell subsets negatively correlated with the induction of 

glycolysis, respectively (Figure 5 A-B, lower panels; Supplementary figure 8B-C, lower panels). 

Therefore, our data demonstrate that specific patterns of TIGIT and PD1 co-expression in CM 

and EM CD8+ T cells correlate with impaired ability to induce glycolysis in total CD8+ T cells from 

PLWH. 

Finally, we asked whether simultaneous blockade of multiple checkpoint inhibitors and/or 

treatment with pro-glycolytic drugs such as Metformin might represent potential modulatory 

treatments to more efficiently restore functional properties of CD8+ T cells from ST-ARTp after 

DC-treatment. To test these strategies, we stimulated dysfunctional CD8+ T cells from ST-ARTp 
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with autologous adjuvant-primed and Gag-peptide loaded MDDCs in the presence of individual 

or a cocktail of antibodies specific for PD1, TIGIT and TIM3 alone or in combination with 

Metformin (see Methods). As shown in Figure 5C, combination of anti-TIGIT and anti-PD1 

antibodies tended to increase the cytotoxic capacity of CD8+ T cells from ST-ARTp to eliminate 

p24+ CD4+ T cells in the presence of Romidepsin and Raltegavir, but it was not significantly 

different to CD4+ T cells cultured alone. Notably, the combined treatment of Metformin with 

anti-TIGIT and anti-PD1 mAbs was more efficient in restoring the cytotoxic capacities of CD8+ T 

cells from ST-ARTp and significantly reducing proportions of p24+ cells compared to CD4+ T cells 

alone (Figure 5C). Of note, corresponding isotype controls did not significantly alter proportions 

of HIV-1 p24+ cells detected. Dysfunction of CD8+ T cells was not corrected by individual 

blockade of PD1 or the combination of anti-PD1 and anti-TIM3 antibodies. Interestingly, the 

simultaneous blockade of TIM3 and PD1 in combination with Metformin seemed to even worsen 

their cytotoxic capacities, supporting a protective role of this receptor in line with our previous 

observations (Figure 5C, Supplemental Figure 5). Together, our data indicate that simultaneous 

blockade of TIGIT and PD1 combined with pro-glycolytic metabolism drugs can improve the 

functionality of CD8+ T cells from ST-ARTp after MDDC stimulation. 
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DISCUSSION 

The present study evaluated the efficacy of adjuvant-primed MDDC restoring cytotoxic 

capacities of CD8+ T cell from different groups of PLWH, who are under ART and characterized 

by undetectable plasma HIV-1 viral load, as a potential therapeutic candidate to treat HIV 

infected individuals. Previous studies using adjuvants have suggested that targeting innate 

immunity could be useful to potentiate HIV-1-specific CD8+ T cells. In this sense, innate-specific 

adjuvant-mediated activation displayed promising results when CD40+ cells were activated 

through TLR3 (39). However, these approaches failed in preventing viral rebound after stopping 

ART, probably because adjuvants were administered systemically and could have induced a 

general hyper-inflammatory response favoring HIV-1 replication (40-45). Our therapeutic 

approach is based on the activation of DCs with the combined use of TLR3 and STING agonists 

in the presence of a pool of HIV-1-Gag peptides, which has been previously associated with 

increased polyfunctional HIV-1 specific CD8+ T cell responses in lymphoid tissues in vivo (19). 

Compared with previously published approaches, our strategy allows avoiding bystander 

activation of other cells than DCs in response to adjuvants. In this study, we have shown that 

this method can also be useful to induce polyfunctional HIV-1-specific CD8+ T cell from PLWH 

responses resulting in reduction of HIV-infected CD4+ T cells in vitro. 

We have also demonstrated that the years under antiretroviral treatment determine the basal 

capacity of HIV-1 specific CD8+ T cells to respond to MDDC stimulation and antigen presentation. 

We have observed differences on checkpoint inhibitory receptor phenotypes and on frequencies 

of central and effector memory CD8+ T cells that are associated with the time since ART 

initiation. These results are in line with previous studies reporting the recovery from immune 

exhaustion upon HIV-1 pharmacological suppression, as well as differences in metabolism in 

these treated individuals (34, 46-48). Our study identifies for the first time immunological and 

metabolic patterns that are specifically associated with effective responses of CD8+T cells to DC-

based treatment in different subgroups of PLWH. 

We have defined that prolonged treatment duration is required to restore phenotypical and 

effector capacities of CD8+ T cells and to respond to MDDC-based HIV-1 vaccines. Those results 

are in line with previous studies by Perdomo-Celis et al (49), demonstrating that CD8+ T cell 

cytotoxic and polyfunctional capacities are reduced in PLWH compared to HIV negative 

individuals, and that ART only slightly reinvigorates the cytolytic capacities after two years of 

treatment. We have found a negative correlation between the time from HIV diagnosis to ART 

initiation and preserved proportions of CM CD8+ T cell subpopulation in LT-ARTp. These findings 

are in agreement with previous studies suggesting that early ART initiation preserves immune 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


function of memory T cells (50). One of the limitations of the present study is that we considered 

IFN and CD107a co-expression as a readout of polyfunctional HIV-1-specific T cells without 

taking into account their co-expression with TNFα, which also has been associated with durable 

and efficient CD8+ T cell responses in HIV-1 EC and in humanized mice (19, 51). We neither 

assessed whether detected polyfunctional CD8+ T cells completely corresponded the antigen-

specific cells induced by our adjuvant primed MDDC-based therapy by analyzing TCR specificity 

by tetramer staining. Thus, further studies evaluating the HIV-1-specific TCR CD8+ T cell 

responses will be required to further confirm our results.   

On the other hand, our study provides novel and relevant information about the parameters 

determining the exhaustion and metabolic state of CD8+ T cells and their connection with the 

response to DC therapy.  We have described that ST-ARTp contain lower proportions of CM CD8+ 

T cells and that those cells are characterized by higher co-expression of TIGIT and PD1. 

Interestingly, LT-ARTp displayed higher percentages of CM CD8+ T cells, which were more 

enriched by single expression of TIGIT or TIM3. While previous studies had described that co-

expression of checkpoint inhibitory receptors might be associated with reduced cytotoxic 

activity of HIV-1 specific CD8+ T cells in PLWH (37), our study provides new information 

suggesting that different combinations of specific checkpoint inhibitory receptors might 

differentially affect functional exhaustion of T cells. The role of PD1 limiting the development 

and effector function of memory CD8+ T cells, and the beneficial effect of PD1 blockade have 

already been described in cancer and also in other viral infections. Anti-PD1 mAb based 

therapies have yielded promising results in animal models of SIV-infection in macaques, 

enhancing specific CD8+ T cell responses and reducing the plasma viral load, resulting in 

enhanced survival of the animals. However, they were not sufficient to prevent viral rebound 

after treatment interruption (15, 52, 53). Thus, modulation of additional checkpoint inhibitory 

receptors and metabolic pathways might be required to more efficiently reinvigorate functional 

HIV-specific CD8+ T cells in PLWH. In this regard, we have demonstrated that the combined 

blockade of anti-PD1 and anti-TIGIT improves the cytotoxic capacities of CD8+ T cells from ST-

ARTp against HIV-infected CD4+ T cells more effectively than anti-PD1 blockade alone. These 

data are supported by similar results in a gastric cancer animal model (29). Our results also 

indicate that combined TIM3 and PD-1 blockade seemed to disrupt cytotoxic function of CD8+ T 

cell from ST-ARTp individuals. Although TIM3 blockade inhibited T regulatory function and has 

yielded promising results on different cancer model, TIM3 has also been reported as a marker 

of proliferating IFN+ Th1 cells, key in the antiviral response. The effector function of these cells 

could be dependent on TIM3 expression (54, 55). In this regard, CD8+ T cells co-expressing PD1 
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and TIM3 are more prone to respond to PD1 blockade in cancer therapies (33). Therefore, it is 

unclear whether TIM3 expression might be beneficial or detrimental for CD8+ T cell response 

generation in PLWH and further studies are required to address this question.  

Another key aspect of our study is the fact that we have analyzed the association between 

phenotypical and functional differences on CD8+ T cells from HIV-1 chronic patients exposed to 

DC with checkpoint inhibitory markers expression and other processes associated to exhaustion, 

such as mitochondrial respiration and the glucose metabolism. Previous studies have reported 

a correlation between glycolysis increase and effective cytotoxic functions of CD8+ T cells against 

HIV-infected cells in treated PLWH (56). Reduced glycolysis has been associated to HIV-1 latency 

and oxidative stress in infected individuals (57). We reported higher induction of ECAR after TCR 

stimulation in CD8+ T cells from LT-ARTp displaying effective cytotoxic function against HIV-1-

infected cells, whilst enrichment of TIGIT+ PD1+ in CD8+ T cells from ST-ARTp associated to 

reduced ability to increase ECAR upon TCR activation. We were able to describe a correlation 

between CD8+ T cell effector and cytotoxic functions upon MDDC activation, basal CD8+ T cell 

memory exhaustion phenotypes, metabolic dysfunctional state and years under ART treatment 

in a cohort of PLWH on ART. However, an important limitation from our study is that we did not 

directly address the metabolic and functional properties of CD8+ T cells from ST-ARTp and LT-

ARTp isolated based on the differential expression of checkpoint receptors. In addition, 

immunosenescence has been described as a process affecting metabolism thorough adult life to 

elderly, but we have not extensively analyzed the impact of differences in age on our study 

cohorts by excluding the youngest and oldest individuals. Oxidative metabolism seems to be 

largely altered in PLWH, however, the mechanisms leading to these observations have not been 

assessed. The role of T cell factor-1, which is expressed by effective long-lived PD1 low memory 

CD8+ T cells during chronic infections (33, 58), and mitochondrial fission and fusion, which also 

play a critical role on effector T cell function and memory maintenance (59, 60) may be also 

playing a role in these processes, and will be of interest to fully understand the mechanisms 

driving the differences on the metabolic dysfunction described in this study.   

Our PLWH cohort was defined by individuals who were under ART, with undetectable plasma 

HIV-1 viral load (<20 mRNA copies/ml), with no co-infection with HCV, and CD4+ T cell counts 

higher than 400 cells/ml. In this regard, we focused on PLWH who more likely contain preserved 

memory CD8+ T cells able to mediate competent immune responses, as reduction of antigen 

exposure on treated PLWH has been described to partially restore CD8+ T cell function and 

reduce exhaustion, compared to non-treated PLWH (61-63). This allowed us to evaluate the 

capacity of our adjuvant-DC strategy to induce CD8+ T cell responses in PLWH at different times 
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since treatment initiation. However, some of the observed responses and differences might not 

be present in viremic PLWH with low CD4+ and CD8+ T cell counts. In these patients, memory 

CD8+ T cell populations could be diminished and balanced to a more terminally and exhausted 

memory phenotype, and therefore less capable of mediating competent cytotoxic effector 

responses even after DC stimulation. Therefore, further analysis should address the 

effectiveness of DC therapy and the proposed combined treatment with blocking antibodies and 

glycolysis inductors for this particular populations of PLWH reinvigorating their memory T cells. 

In conclusion, our study identifies specific immunometabolic parameters for different groups of 

PLWH defined by anti-retroviral treatment duration, non-overlapping expression of checkpoint 

inhibitory receptors and metabolic state of CD8+ T cells that can be modulated through 

personalized therapies to fine-tune functional HIV-1 CD8+ T cell responses, providing new tools 

to advance and improve DC-based HIV-1 vaccines. 

  

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


Acknowledgements 

We would like to thank the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH for providing 

HIV-1 PTE Gag Peptide Pool from NIAID, DAIDS (cat #11057) for the study. We would also like to 

thank Álvaro Serrano Navarro for his help on adapting the linear mixed model previously 

described by Martin-Cofreces N. et al (35) to our data. 

 

Funding 

EMG was supported by the NIH R21 program (R21AI140930), the Ramón y Cajal Program 

(RYC2018-024374-I), the MINECO/FEDER RETOS program (RTI2018-097485-A-I00), by 

Comunidad de Madrid Talento Program (2017-T1/BMD-5396). EMG and IDS are supported by 

Centro de Investigación Biomédica en Red (CIBER) de Enfermedades Infecciosas. MJB is 

supported by the Miguel Servet program funded by the Spanish Health Institute Carlos III 

(CP17/00179), the MINECO/FEDER RETOS program (RTI2018-101082-B-100), and Fundació La 

Marató TV3 (201805-10FMTV3). EMG and MJB are both funded by “La Caixa Banking Foundation 

(H20-00218) and by REDINCOV grant from Fundació La Marató TV3. FSM was supported by 

SAF2017-82886-R and PDI-2020-120412RB-I00 grants from the Ministerio de Ciencia e 

Innovación, and HR17-00016 grant from “La Caixa Banking Foundation. HF was funded by 

PI21/01583 grant from Ministerio de Ciencia e Innovación, Instituto de Salud Carlos III. MJC was 

supported by PID2019-104406RB-I00 from Ministerio de Ciencia e Innovación. 

 

Author contributions 

EMG developed the research idea and study concept, designed and supervised the study. 

MCM designed and conducted most experiments of the study.  

ISC contributed to functional assays. 

IT, MCM, CDA performed analysis of checkpoint receptors and proliferation in MLR experiments 
from the study. 

NMC, MCM and EMG designed and performed Seahorse experiments. 

MCM, ISC, CDA processed peripheral blood samples from PLWH and HIV negative donors. 

MJB, HDF, NMC provided critical feedback during experimental design and execution phases of 
the studies and were directly involved in the experiments. 

MJC provided reagents for transcriptional analysis of metabolic regulators and provided critical 
feedback. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


FSM, AA, MAMF, IDS, LGF, and JS provided peripheral blood from PLWH and HIV negative 
controls, reagents, clinical expertise and participated on the analysis of the data. 

 

Conflict of Interest Disclosure 

The authors declare no conflict of interest. 

 

Data Availability 

The data that support the findings of this study will be available upon reasonable request to the 

corresponding author of the study. 

  

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


REFERENCES 

1. Coiras M, López-Huertas MR, Pérez-Olmeda M, Alcamí J. Understanding HIV-1 latency 
provides clues for the eradication of long-term reservoirs. Nature reviews Microbiology. 
2009;7(11):798-812. 
2. Marsden MD, Zack JA. Establishment and maintenance of HIV latency: model systems 
and opportunities for intervention. Future virology. 2010;5(1):97-109. 
3. Pierson T, McArthur J, Siliciano RF. Reservoirs for HIV-1: mechanisms for viral 
persistence in the presence of antiviral immune responses and antiretroviral therapy. Annual 
review of immunology. 2000;18:665-708. 
4. Pallikkuth S, Sharkey M, Babic DZ, Gupta S, Stone GW, Fischl MA, et al. Peripheral T 
Follicular Helper Cells Are the Major HIV Reservoir within Central Memory CD4 T Cells in 
Peripheral Blood from Chronically HIV-Infected Individuals on Combination Antiretroviral 
Therapy. Journal of virology. 2015;90(6):2718-28. 
5. Chun TW, Fauci AS. HIV reservoirs: pathogenesis and obstacles to viral eradication and 
cure. Aids. 2012;26(10):1261-8. 
6. Henderson LJ, Reoma LB, Kovacs JA, Nath A. Advances toward Curing HIV-1 Infection in 
Tissue Reservoirs. Journal of virology. 2020;94(3). 
7. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, et al. Long-term follow-
up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nature 
medicine. 2003;9(6):727-8. 
8. Deeks SG. HIV: Shock and kill. Nature. 2012;487(7408):439-40. 
9. Shan L, Deng K, Gao H, Xing S, Capoferri AA, Durand CM, et al. Transcriptional 
Reprogramming during Effector-to-Memory Transition Renders CD4(+) T Cells Permissive for 
Latent HIV-1 Infection. Immunity. 2017;47(4):766-75.e3. 
10. Martinez-Picado J, Deeks SG. Persistent HIV-1 replication during antiretroviral therapy. 
Current opinion in HIV and AIDS. 2016;11(4):417-23. 
11. Walker-Sperling VE, Cohen VJ, Tarwater PM, Blankson JN. Reactivation Kinetics of HIV-1 
and Susceptibility of Reactivated Latently Infected CD4+ T Cells to HIV-1-Specific CD8+ T Cells. 
Journal of virology. 2015;89(18):9631-8. 
12. Motoyama EK, Brody JS, Colten HR, Warshaw JB. NHLBI workshop summary. Postnatal 
lung development in health and disease. The American review of respiratory disease. 
1988;137(3):742-6. 
13. Pantaleo G, Levy Y. Therapeutic vaccines and immunological intervention in HIV 
infection: a paradigm change. Current opinion in HIV and AIDS. 2016;11(6):576-84. 
14. Bekerman E, Hesselgesser J, Carr B, Nagel M, Hung M, Wang A, et al. PD-1 Blockade and 
TLR7 Activation Lack Therapeutic Benefit in Chronic Simian Immunodeficiency Virus-Infected 
Macaques on Antiretroviral Therapy. Antimicrobial agents and chemotherapy. 2019;63(11). 
15. Seddiki N, Lévy Y. Therapeutic HIV-1 vaccine: time for immunomodulation and 
combinatorial strategies. Current opinion in HIV and AIDS. 2018;13(2):119-27. 
16. Martin-Gayo E, Buzon MJ, Ouyang Z, Hickman T, Cronin J, Pimenova D, et al. Potent Cell-
Intrinsic Immune Responses in Dendritic Cells Facilitate HIV-1-Specific T Cell Immunity in HIV-1 
Elite Controllers. PLoS pathogens. 2015;11(6):e1004930. 
17. Martin-Gayo E, Cole MB, Kolb KE, Ouyang Z, Cronin J, Kazer SW, et al. A Reproducibility-
Based Computational Framework Identifies an Inducible, Enhanced Antiviral State in Dendritic 
Cells from HIV-1 Elite Controllers. Genome biology. 2018;19(1):10. 
18. Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as a therapeutic 
target in inflammatory diseases. Nature reviews Immunology. 2021;21(9):548-69. 
19. Calvet-Mirabent M, Claiborne DT, Deruaz M, Tanno S, Serra C, Delgado-Arévalo C, et al. 
Poly I:C and STING agonist-primed DC increase lymphoid tissue polyfunctional HIV-1-specific 
CD8(+) T cells and limit CD4(+) T-cell loss in BLT mice. European journal of immunology. 2021. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


20. Kristoff J, Rinaldo CR, Mailliard RB. Role of Dendritic Cells in Exposing Latent HIV-1 for 
the Kill. Viruses. 2019;12(1). 
21. Kristoff J, Palma ML, Garcia-Bates TM, Shen C, Sluis-Cremer N, Gupta P, et al. Type 1-
programmed dendritic cells drive antigen-specific latency reversal and immune elimination of 
persistent HIV-1. EBioMedicine. 2019;43:295-306. 
22. Kahan SM, Wherry EJ, Zajac AJ. T cell exhaustion during persistent viral infections. 
Virology. 2015;479-480:180-93. 
23. Kinloch-de Loes S. Role of therapeutic vaccines in the control of HIV-1. The Journal of 
antimicrobial chemotherapy. 2004;53(4):562-6. 
24. Fenwick C, Joo V, Jacquier P, Noto A, Banga R, Perreau M, et al. T-cell exhaustion in HIV 
infection. Immunological reviews. 2019;292(1):149-63. 
25. Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibitory pathway. Nature 
reviews Immunology. 2018;18(3):153-67. 
26. Reiser J, Banerjee A. Effector, Memory, and Dysfunctional CD8(+) T Cell Fates in the 
Antitumor Immune Response. Journal of immunology research. 2016;2016:8941260. 
27. Kallies A, Zehn D, Utzschneider DT. Precursor exhausted T cells: key to successful 
immunotherapy? Nature reviews Immunology. 2020;20(2):128-36. 
28. Bengsch B, Johnson AL, Kurachi M, Odorizzi PM, Pauken KE, Attanasio J, et al. 
Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor 
PD-1 Are an Early Driver of CD8(+) T Cell Exhaustion. Immunity. 2016;45(2):358-73. 
29. He W, Zhang H, Han F, Chen X, Lin R, Wang W, et al. CD155T/TIGIT Signaling Regulates 
CD8(+) T-cell Metabolism and Promotes Tumor Progression in Human Gastric Cancer. Cancer 
research. 2017;77(22):6375-88. 
30. Lee MJ, Yun SJ, Lee B, Jeong E, Yoon G, Kim K, et al. Association of TIM-3 expression with 
glucose metabolism in Jurkat T cells. BMC immunology. 2020;21(1):48. 
31. Jones N, Cronin JG, Dolton G, Panetti S, Schauenburg AJ, Galloway SAE, et al. Metabolic 
Adaptation of Human CD4(+) and CD8(+) T-Cells to T-Cell Receptor-Mediated Stimulation. 
Frontiers in immunology. 2017;8:1516. 
32. Ma EH, Bantug G, Griss T, Condotta S, Johnson RM, Samborska B, et al. Serine Is an 
Essential Metabolite for Effector T Cell Expansion. Cell metabolism. 2017;25(2):345-57. 
33. Guo Y, Xie YQ, Gao M, Zhao Y, Franco F, Wenes M, et al. Metabolic reprogramming of 
terminally exhausted CD8(+) T cells by IL-10 enhances anti-tumor immunity. Nature 
immunology. 2021;22(6):746-56. 
34. Angin M, Volant S, Passaes C, Lecuroux C, Monceaux V, Dillies MA, et al. Metabolic 
plasticity of HIV-specific CD8(+) T cells is associated with enhanced antiviral potential and natural 
control of HIV-1 infection. Nature metabolism. 2019;1(7):704-16. 
35. Day EA, O'Neill LAJ. Targeting mitochondria to beat HIV-1. Nature immunology. 
2021;22(4):398-9. 
36. Martin-Cofreces NB, Chichon FJ, Calvo E, Torralba D, Bustos-Moran E, Dosil SG, et al. The 
chaperonin CCT controls T cell receptor-driven 3D configuration of centrioles. Science advances. 
2020;6(49). 
37. Ruiz A, Blanch-Lombarte O, Jimenez-Moyano E, Ouchi D, Mothe B, Peña R, et al. Antigen 
Production After Latency Reversal and Expression of Inhibitory Receptors in CD8+ T Cells Limit 
the Killing of HIV-1 Reactivated Cells. Frontiers in immunology. 2018;9:3162. 
38. Phan AT, Doedens AL, Palazon A, Tyrakis PA, Cheung KP, Johnson RS, et al. Constitutive 
Glycolytic Metabolism Supports CD8(+) T Cell Effector Memory Differentiation during Viral 
Infection. Immunity. 2016;45(5):1024-37. 
39. Cheng L, Wang Q, Li G, Banga R, Ma J, Yu H, et al. TLR3 agonist and CD40-targeting 
vaccination induces immune responses and reduces HIV-1 reservoirs. The Journal of clinical 
investigation. 2018;128(10):4387-96. 
40. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immunity to work. 
Immunity. 2010;33(4):492-503. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


41. Poteet E, Lewis P, Li F, Zhang S, Gu J, Chen C, et al. A Novel Prime and Boost Regimen of 
HIV Virus-Like Particles with TLR4 Adjuvant MPLA Induces Th1 Oriented Immune Responses 
against HIV. PloS one. 2015;10(8):e0136862. 
42. Phillips B, Van Rompay KKA, Rodriguez-Nieves J, Lorin C, Koutsoukos M, Tomai M, et al. 
Adjuvant-Dependent Enhancement of HIV Env-Specific Antibody Responses in Infant Rhesus 
Macaques. Journal of virology. 2018;92(20). 
43. Kasturi SP, Rasheed MAU, Havenar-Daughton C, Pham M, Legere T, Sher ZJ, et al. 3M-
052, a synthetic TLR-7/8 agonist, induces durable HIV-1 envelope-specific plasma cells and 
humoral immunity in nonhuman primates. Sci Immunol. 2020;5(48). 
44. Borducchi EN, Liu J, Nkolola JP, Cadena AM, Yu WH, Fischinger S, et al. Antibody and 
TLR7 agonist delay viral rebound in SHIV-infected monkeys. Nature. 2018;563(7731):360-4. 
45. Liang F, Lindgren G, Sandgren KJ, Thompson EA, Francica JR, Seubert A, et al. Vaccine 
priming is restricted to draining lymph nodes and controlled by adjuvant-mediated antigen 
uptake. Science translational medicine. 2017;9(393). 
46. Plana M, García F, Gallart T, Tortajada C, Soriano A, Palou E, et al. Immunological benefits 
of antiretroviral therapy in very early stages of asymptomatic chronic HIV-1 infection. Aids. 
2000;14(13):1921-33. 
47. Korencak M, Byrne M, Richter E, Schultz BT, Juszczak P, Ake JA, et al. Effect of HIV 
infection and antiretroviral therapy on immune cellular functions. JCI Insight. 2019;4(12). 
48. Sáez-Cirión A, Sereti I. Immunometabolism and HIV-1 pathogenesis: food for thought. 
Nature reviews Immunology. 2021;21(1):5-19. 
49. Perdomo-Celis F, Velilla PA, Taborda NA, Rugeles MT. An altered cytotoxic program of 
CD8+ T-cells in HIV-infected patients despite HAART-induced viral suppression. PloS one. 
2019;14(1):e0210540. 
50. Buzon MJ, Martin-Gayo E, Pereyra F, Ouyang Z, Sun H, Li JZ, et al. Long-term 
antiretroviral treatment initiated at primary HIV-1 infection affects the size, composition, and 
decay kinetics of the reservoir of HIV-1-infected CD4 T cells. Journal of virology. 
2014;88(17):10056-65. 
51. Collins DR, Urbach JM, Racenet ZJ, Arshad U, Power KA, Newman RM, et al. Functional 
impairment of HIV-specific CD8(+) T cells precedes aborted spontaneous control of viremia. 
Immunity. 2021;54(10):2372-84.e7. 
52. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, Lai L, et al. Enhancing SIV-specific 
immunity in vivo by PD-1 blockade. Nature. 2009;458(7235):206-10. 
53. Mylvaganam GH, Chea LS, Tharp GK, Hicks S, Velu V, Iyer SS, et al. Combination anti-PD-
1 and antiretroviral therapy provides therapeutic benefit against SIV. JCI Insight. 2018;3(18). 
54. Hudson WH, Gensheimer J, Hashimoto M, Wieland A, Valanparambil RM, Li P, et al. 
Proliferating Transitory T Cells with an Effector-like Transcriptional Signature Emerge from PD-
1(+) Stem-like CD8(+) T Cells during Chronic Infection. Immunity. 2019;51(6):1043-58.e4. 
55. Liu Z, Xiang C, Han M, Meng N, Luo J, Fu R. Study on Tim3 Regulation of Multiple 
Myeloma Cell Proliferation via NF-κB Signal Pathways. Frontiers in oncology. 2020;10:584530. 
56. Rahman AN, Liu J, Mujib S, Kidane S, Ali A, Szep S, et al. Elevated glycolysis imparts 
functional ability to CD8(+) T cells in HIV infection. Life science alliance. 2021;4(11). 
57. Shytaj IL, Procopio FA, Tarek M, Carlon-Andres I, Tang HY, Goldman AR, et al. Glycolysis 
downregulation is a hallmark of HIV-1 latency and sensitizes infected cells to oxidative stress. 
EMBO molecular medicine. 2021;13(8):e13901. 
58. Utzschneider DT, Charmoy M, Chennupati V, Pousse L, Ferreira DP, Calderon-Copete S, 
et al. T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the Immune Response to 
Chronic Viral Infections. Immunity. 2016;45(2):415-27. 
59. Liesa M, Shirihai OS. Mitochondrial Networking in T Cell Memory. Cell. 2016;166(1):9-
10. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


60. Buck MD, O'Sullivan D, Klein Geltink RI, Curtis JD, Chang CH, Sanin DE, et al. 
Mitochondrial Dynamics Controls T Cell Fate through Metabolic Programming. Cell. 
2016;166(1):63-76. 
61. Cao W, Mehraj V, Trottier B, Baril JG, Leblanc R, Lebouche B, et al. Early Initiation Rather 
Than Prolonged Duration of Antiretroviral Therapy in HIV Infection Contributes to the 
Normalization of CD8 T-Cell Counts. Clin Infect Dis. 2016;62(2):250-7. 
62. Gálvez C, Urrea V, Dalmau J, Jimenez M, Clotet B, Monceaux V, et al. Extremely low viral 
reservoir in treated chronically HIV-1-infected individuals. EBioMedicine. 2020;57:102830. 
63. Warren JA, Clutton G, Goonetilleke N. Harnessing CD8(+) T Cells Under HIV Antiretroviral 
Therapy. Frontiers in immunology. 2019;10:291. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.14.476403doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476403
http://creativecommons.org/licenses/by-nd/4.0/


 

FIGURE LEGENDS 

Figure 1. Magnitude and polyfunctionality of HIV-specific CD8+ T cell responses in PLWH on 

ART. (A): Fold-change in IFN expression from total live CD8+ T cells after Gag-peptide 

presentation by MDDCs, highlighting individuals who responded (Gag responders, in purple, 

fold-change > 2.5) and those who did not respond (Gag non-responders, in pink, fold-change 

<2.5) to basal HIV-1-Gag presentation by MDDC. (B): Upper panel showing whisker plots 

comparing years under ART from Gag responders (purple) and non-responders (pink); and lower 

panels showing pie-charts of the stratification between less than 10 years under ART (ST-ARTp, 

light grey), or equal or more than 10 years under ART (LT-ARTp, dark grey) included on each 

group of Gag responders or non-responders. Statistical significances were calculated using two-

tailed Wilcoxon test (*p<0.05) and using a Chi-square test with Yates correction (***p<0.001), 

respectively. (C-D) Fold-change in IFN expression (C) and fold-change in polyfunctional 

responses (CD107a+ IFN+ cells) (D) from total live CD8+ T cells after stimulation of MDDCs in 

ST-ARTp (left plots, in light gray) and LT-ARTp (right plots, in dark gray). Statistical significance 

was calculated using two-tailed Wilcoxon test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  

Figure 2. Cytotoxic function of CD8+ T cells from PLWH after DC-treatment. (A-B): Fold-change 

in intracellular HIV-1 p24+ cells from total live CD4+ T cells detected in the presence of 

autologous CD8+ T cells and primed with MDDC pre-cultured under the indicated conditions and 

relative to basal p24+ CD4+ T cell levels. Functional was stratified by reduction (A; p24 

decreasers, in blue) or increase (B; p24 increasers, in red) of p24+ CD4+ T cell detection in ST-

ARTp (left plots) and LT-ARTp (right plots) after MDDC treatment. Statistical significance was 

calculated using two-tailed Wilcoxon test (*p<0.05; **p<0.01). (C): Pie-charts showing 

percentage of increasers (red) and decreasers (blue) contained within the ST-ARTp subgroup 

(left) and the LT-ARTp subgroup (right). Pie-chart statistical significance of different was 

calculated using a Chi-square test with Yates correction.  

Figure 3. Memory subset distribution and co-expression of checkpoint inhibitor receptors in 

CD8+ T cells from different PLWH subgroups. (A): Percentage of naïve, NA (CCR7+ CD45Ro-); 

central memory, CM (CCR7+ CD45Ro+); effector memory, EM (CCR7- CD45Ro+); and terminally 

differentiated, TD (CCR7- CD45Ro-) from total live CD8+ T cells from HIV negative controls (HC; 

green bars), ST-ARTp (light gray bars) and LT-ARTp (dark gray bars). Statistical significance was 

calculated using two-tailed Mann-Whitney U test (*p<0.05). On the right, Spearman correlations 

between the percentage of CM CD8+ T cells and months since HIV-1 infection diagnosis to ART 

initiation for ST-ARTp (light gray) and LT-ARTp (dark gray dots). Spearman r and p values are 

shown on the left for each correlation. (B-E): Proportion of PD1+TIGIT+TIM3- (B-C; purple) or 

PD1+TIGIT-TIM3+ (D-E; green) populations from total TIGIT+ or TIM3+ cells, compared to PD1 -

TIGIT+TIM3- (B-C; red) or PD1- TIGIT-TIM3+ (D-E; yellow) population from total TIGIT+ or TIM3+ 

populations. Statistical significance between the mentioned double and single positive 

populations within each participant group was calculated using two-tailed matched pairs 

Wilcoxon test (**p<0.01; ***p<0.001) and statistical significance between different individuals 

was calculated using two-tailed Mann-Whitney U test (*p<0.05).  

Figure 4. CD8+ T cell oxidative and glycolytic metabolism in PLWH. (A-B): Oxygen consumption 

rate (A; OCR) and extracellular acidification rate (B; ECAR) in CD8+ T cells from PLWH comparing 

basal (light line) and TCR activated (dark line) cells from ST-ARTp (upper plots; light gray), LT-

ARTp (middle plots; dark gray), and HIV-1 negative controls (lower plots; green). Statistical 
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significance per each timepoint was calculated with a multiple t test analysis. (C): RT-qPCR 

analysis of HIF1 (upper) and GLUT1 (lower) transcriptional expression normalized to −actin 

mRNA levels in memory CD45RA- CD8+ T cells isolated from total PBMCs from HIV negative 

controls (HC; green) and PLWH (ST-ARTp; light gray and LT-ARTp; dark gray). Statistical 

significance between double and single positive populations was calculated using two-tailed 

Wilcoxon test (*p<0.05). 

Figure 5. Correlation and fine-tuning of glycolytic metabolism and memory exhaustion in CD8+ 

T cell from chronic PLWH. (A-B): Spearman correlations between ECAR at maximal activation 

after TCR stimulation (73 minutes) and proportions of PD1-TIGIT+TIM3- (A, upper panel; red) or 

PD1-TIGIT-TIM3+ (B, upper panel; yellow) to total TIGIT+ or TIM3+ cells or ratios of the indicated 

populations (lower plots; PD1 vs TIGIT purple and red; PD1 vs TIM3 green and yellow) within 

central memory CD8+ T cells. Spearman r and p values are shown on the upper left area of each 

plot.  (C): Fold-change in p24+ cells from total live CD4+ T cells from basal CD4+ T cells p24+ 

detection to the different MDDC-CD8+ T cell treated conditions. Light purple bars indicate the 

use of anti-PD1 and anti-TIGIT blocking antibodies in combination; light green bars indicate the 

use of anti-PD1 and anti-TIM3 blocking antibodies combination. Stripped bars indicate the use 

of 5 M Metformin, either alone or in combination with the blocking antibodies. Statistical 

significance to the CD4+ T cell basal condition was calculated using two-tailed Wilcoxon test 

(*p<0.05). 
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary figure 1. Analysis of MDDC activation and flow-cytometry gating strategies 

identifying HIV-specific CD8+ T cell responses and p24+ CD4+ T cell in PLWH. (A): Quantification 

of proportions of CD40Hi MDDCs generated from total PLWH (left) or individual ST-ARTp (left) 

and LT-ARTp (right) groups cultured for 16 h in media alone or in the presence of a pool of HIV-

1 Gag peptides in the absence or the presence of Poly I:C and 2´3´-c´diAM(PS)2  adjuvant 

combination. Significant statistical differences after treatment were calculated using two-tailed 

matched pairs Wilcoxon test (*p<0.05; **p<0.01). (B,C): Representative flow cytometry dot 

plots defining gating strategy for (B) IFN+ CD8+ T cells (v.i.)  and polyfunctional (IFN+ CD107a+) 

(v.ii.) CD8+ T cells identified from total single viable CD3+CD8+ T lymphocytes and for (C): HIV-1 

p24+ CD4+ T cell identified from total violet CSF stained CD3+CD4+T cell.  

Supplementary figure 2. HIV-1 p24+ CD4+ T cells from PWLH induced after Romidepsin 

treatment. (A): Fold-change in intracellular HIV-1 p24+ cells from total live CD4+ T cells treated 

with Romidepsin and Raltegavir relative to basal detection of p24 on CD4+ T cells treated with 

Raltegavir alone. Left plot shows all PWLH combined, middle plot shows ST-ARTp and right plot 

shows LT-ARTp. Significant statistical differences after treatment were calculated using two-

tailed matched pairs Wilcoxon test (*p<0.05). 

Supplementary figure 3. Impact of adjuvant-maturation on expression of checkpoint 

inhibitory ligands in MDDC. (A,B,C): RT-qPCR analysis of PD-L1 (A), CD155 (B) and Galectin 9 

(Gal-9,C) transcriptional expression normalized to −actin mRNA levels in MDDCs generated 

from HIV-1 negative controls and cultured for 16 hours with media alone or in the presence of 

either individual or combined STING and TLR3 agonists (n=5 independent experiments). 

Statistical significance between double and single positive populations was calculated using two-

tailed Wilcoxon test (*p<0.05). 

Supplementary figure 4. Expression of checkpoint inhibitory receptors in different CD8+ T cell 

memory subsets. (A-B): Boolean gating of PD1, TIGIT and TIM3 co-expression combinations on 

either central memory (A) or effector memory (B) CD8+ T cells. Statistical significance between 

groups was calculated using two-tailed Mann-Whitney U test (*p<0.05). For clarity purposes, 

significances are highlighted on the color of each corresponding population.  

Supplementary figure 5. Dynamics of checkpoint inhibitory receptors expression on memory 

CD8+ T cell subsets cultured with MDDC. (A-C): Time-course of proportions of PD1+ (A), TIGIT+ 

(B) and TIM3+ (C) cells on central (middle plots) and effector (right plots) memory CD8+ T cells 

from total T cells isolated from HIV negative donors cultured for 11 days in the presence or 

absence of adjuvant-activated allogenic MDDCs. Representative flow cytometry dot plots 

showing proliferation (violet CSF+) vs expression of each of the checkpoint inhibitory receptors 

analyzed on central memory CD8+ T cells after 8 days of culture are shown on the left show.  

Supplementary figure 6. OCR and ECAR values for each individual patient analyzed. (A-B): 

Individual plots showing OCR (A) and ECAR (B) mean and standard error for basal and activated 

CD8+ T cells per timepoint from each study participant (ST-ARTp upper rows; LT-ARTp middle 

rows; HIV negative bottom rows) used for the pooled analysis. Means and standard errors were 

obtained with R 4.1.1 version dplyr and ggplot packages.  
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Supplementary figure 7. Metabolic analyses of CD8+ T cell from HC, ST-ARTp and LT-ARTp. (A-

B): Delta of OCR (A) and ECAR (B) between TCR activated vs basal levels on CD8+ T cells from HIV 

negative (HC), ST-ARTp and LT-ARTp. Statistical significance per each timepoint was calculated 

with a multiple t test analysis. Light gray values show significance between ST-ARTp and HC; dark 

gray values show significance between LT-ARTp and HC; and red values show significance 

between ST-ARTp and LT-ARTp. (C-D): Linear mixed model of analysis for OCR (C) and ECAR (D) 

showing prediction mean for each timepoint set of treatment comparing basal and activated 

CD8+ T cells from HC (left), LT-ARTp (middle) and ST-ARTp (right). Statistics of comparison were 

calculated with the package lmer from lmerTest on R version 4.1.1 (see methods). (E): Glucose 

uptake analyzed by percentage of cells incorporating fluorescent 2NBDG from isolated CD8+ T 

cells by flow cytometry comparing basal and TCR activated CD8+ T cells. Statistical significance 

was calculated using two-tailed Wilcoxon test (*p<0.05; **p<0.01). (F): Mitochondrial mass 

detection was determined by flow cytometry comparing MitoTracker straining on total CD8+ T 

cells from HC (green), ST-ARTp (light gray) and LT-ARTp (dark gray) used for metabolic analyses. 

Statistical significance between groups was calculated using two-tailed Mann-Whitney U test 

and statistical significance between memory subsets within the same group using two-tailed 

Wilcoxon test (*p<0.05; ****p<0.0001). 

Supplementary figure 8. Transcription of different genes involved in glycolytic metabolism and 

correlation between ECAR and exhaustion patterns in memory CD8+ T cell from PLWH. (A): 

RT-qPCR analysis of PGK1 (upper) and GAPDH (lower) transcriptional expression normalized to 

−actin mRNA levels in memory CD45RA- CD8+ T cells isolated from total PBMCs of HIV-1 

negative controls (HC; green) and PLWH subgroups (ST-ARTp; light gray and LT-ARTp; dark gray). 

Statistical significance between double and single positive populations was calculated using two-

tailed Wilcoxon test (*p<0.05). (B-C): Spearman correlations between ECAR at maximal 

activation after TCR stimulation (73 minutes) and proportions of PD1-TIGIT+TIM3- (B, upper 

panel; red) or PD1-TIGIT-TIM3+ (C, upper panel; yellow) to total TIGIT+ or TIM3+ cells or ratios 

of the indicated populations (lower plots; PD1 vs TIGIT purple and red; PD1 vs TIM3 green and 

yellow) within effector memory CD8+ T cells. Spearman r and p values are shown on the upper 

left area of each plot.   
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Table 1. Clinical characteristics of ART-treated HIV-1 chronic patient cohort 

 Total HIV chronic 
patient cohort 

ST-ARTp LT-ARTp p-values 

Patient cohort 
individuals (n) 

49 31 18  

Age at sample 
collection 
Median [min, max]; 
stdev p 

48 [25, 74]; 12 40 [25, 57]; 9 55.5 [40, 74]; 10 <0.0001 

Sex 
M: male (%);  
F: female (%) 

M: 42 (86%);  
F: 7 (14%) 

M: 30 (97%);  
F: 1(3%) 

M: 12 (67%);  
F: 6 (33%) 

0.013 

Circulating CD4+ T 
cell counts at 
sample collection 
Median [min, max]; 
stdev p 

866 [430, 1676]; 330 
1 ND 

1016 [430, 1676]; 
357 
1 ND 

777 [544, 1259]; 
225 

0.039 

Circulating CD8+ T 
cell counts at 
sample collection 
Median [min, max]; 
stdev p 

900 [416, 2719]; 489 
1 ND 

993 [493, 2719]; 
527 
1ND 

833 [416, 1614]; 
383 

ns 

CD4+/CD8+ T cell 
ratio in the blood at 
sample collection 
Median [min, max]; 
stdev p 

1.00 [0.27, 2.44]; 
0.46 
1 ND 

1.06 [0.27, 1.82]; 
0.41 
1 ND 

0.97 [0.4, 2.44]; 
0.53 

ns 

Plasma viral load Undetectable  
(<20 copies/ml) 

Undetectable 
(<20 copies/ml) 

Undetectable 
(<20 copies/ml) 

 

BLIPS 
0: patients (%);  
1: patients (%);  
ND: patients (%) 

0: 34 (69.4%);  
1: 8 (16.3%);  
ND: 7 (14.3%) 

0: 23 (74%);  
1: 5 (16%);  
ND: 3 (10%) 

0: 11 (61%);  
1: 3 (17%);  
ND: 4 (22%) 

ns 

HCV co-infection No No No  

Years under 
treatment 
Median [min, max]; 
stdev p 

8 [1, 24]; 6 5.5 [1, 9.5]; 3 15 [10.5, 24]; 3 <0.0001 

Treatment [number 
of patients] 

ABC/3TC/DTG [9]; 
ABC/3TC/LPV/r [1];  
DRV/c [6]; 
DRV/c/DTG/3TC [1]; 
DRV/c/TDF/AZT [1];  
DRV/RPV/FTC [1];  
DTG/RPV [1]; 
DTG/3TC [2];  
TAF/FTC/BIC [5]; 
TAF/FTC/DRV/c [9]; 
TAF/FTC/DRV/c/DTG 
[1]; TAF/FTC/EVG/c 

ABC/3TC/DTG [6]; 
ABC/3TC/LPV/r 
[0];  
DRV/c [2]; 
DRV/c/DTG/3TC 
[0]; 
DRV/c/TDF/AZT 
[1];  
DRV/RPV/FTC [0];  
DTG/RPV [1]; 
DTG/3TC [2];  

ABC/3TC/DTG [3]; 
ABC/3TC/LPV/r 
[1];  
DRV/c [4]; 
DRV/c/DTG/3TC 
[1]; 
DRV/c/TDF/AZT 
[0];  
DRV/RPV/FTC [1];  
DTG/RPV [0]; 
DTG/3TC [0];  
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[5]; TAF/FTC/RPV [2]; 
TAF/FTC/NVP [1];  
TDF/FTC/EFV [4] 

TAF/FTC/BIC [5]; 
TAF/FTC/DRV/c 
[6]; 
TAF/FTC/DRV/c/D
TG [0]; 
TAF/FTC/EVG/c 
[3]; TAF/FTC/RPV 
[2]; TAF/FTC/NVP 
[0];  
TDF/FTC/EFV [3] 

TAF/FTC/BIC [0]; 
TAF/FTC/DRV/c 
[3]; 
TAF/FTC/DRV/c/D
TG [1]; 
TAF/FTC/EVG/c 
[2]; TAF/FTC/RPV 
[0]; TAF/FTC/NVP 
[1];  
TDF/FTC/EFV [1] 

*ND = non determined 

Statistical significances were calculated using two-tailed Wilcoxon test and Chi-square test 

with Yates correction. 

 

 

 

 

 

Table 2. HIV negative donor cohort  

Healthy control cohort individuals (n) 12 

Age at simple collection 

Median [min, max]; stdev p 

45.5 [23, 70]; 15 

Sex 

M: male (%); F: female (%) 

M: 7 (64%);  

F: 4 (36%) 
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Table 3. List of commercial antibodies used in the study 

 
Antibody Clone Vendor 

CCR7 PE 150503 R&D systems 

CD3 CF-Blue OC-515 Immunostep 

CD3 APC OKT3 Biolegend 

CD3 FITC OKT3 Biolegend 

CD4 APC OKT4 Biolegend 

CD8 APC/Cy7 HIT8a Biolegend 

CD8 PerCP HIT8a Biolegend 

CD11c Pacific Blue 3.9 Biolegend 

CD19 APC HIB19 Biolegend 

CD40 FITC 5C3 Biolegend 

CD45RO PE/Cy7 UCHL1 Biolegend 

CD56 APC 5.1H11 Biolegend 

CD107a APC H4A3 Biolegend 

HIV-1 p24 PE KC57-RD1 Beckman coulter 

HLA-DR PerCP L243 Biolegend 

INF FITC 4S.B3 BD Pharmigen 

PD1 PerCP EH12.2H7 Biolegend 

TIGIT APC A15153G Biolegend 

TIM3 FITC F38-2E2 Biolegend 

Ghost Dye Red 780  TONBO Bioscience 

LIVE/DEA Fixable Yellow 405  invitrogen 
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