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Recent studies highlighted that CD8+ T cells are necessary for restraining reservoir in HIV-1-infected individuals who undergo antiretroviral therapy (ART), whereas the underlying cellular and molecular mechanisms remain largely unknown. Here, we enrolled 60 virologically suppressed HIV-1-infected individuals, to assess the correlations of the effector molecules and phenotypic subsets of CD8+ T cells with HIV-1 DNA and cell-associated unspliced RNA (CA usRNA). We found that the levels of HIV-1 DNA and usRNA correlated positively with the percentage of CCL4+CCL5- CD8+ central memory cells (TCM) while negatively with CCL4-CCL5+ CD8+ terminally differentiated effector memory cells (TEMRA). Moreover, a virtual memory CD8+ T cell (TVM) subset was enriched in CCL4-CCL5+ TEMRA cells and phenotypically distinctive from CCL4+ TCM subset, supported by single-cell RNA-Seq data. Specifically, TVM cells showed superior cytotoxicity potentially driven by T-bet and RUNX3, while CCL4+ TCM subset displayed a suppressive phenotype dominated by JUNB and CREM. In viral inhibition assays, TVM cells inhibited HIV-1 reactivation more effectively than non-TVM CD8+ T cells, which was dependent on CCL5 secretion. Our study highlights CCL5-secreting TVM cells subset as a potential determinant of HIV-1 reservoir size. This might be helpful to design CD8+ T cell-based therapeutic strategies for cure of the disease.
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Introduction

Established antiretroviral therapy (ART) efficiently suppresses HIV-1 replication and de novo infection arising in people living with HIV-1 (PLWH). The implementation of a “treat-all” policy has led to infection with HIV-1 becoming a manageable chronic health condition (1–3). However, lifelong ART is mandatory to maintain viral suppression because latent HIV-1 reservoirs are major obstacles to curing HIV-1 (4).

Several clinical parameters are associated with the size of HIV-1 reservoir, such as pre-ART CD4 cell count (5), the CD4/CD8 ratio (5) and HIV-1 viral load (6, 7), residual viral replication during ART (6), and the duration of ART (6, 7). Moreover, the immune system, especially CD8+ T cells, plays an essential role in constraining HIV-1 reservoirs and limiting HIV-1 rebound during ART (8, 9). Defining evidence has been generated from SIV-infected macaques with viral suppression under ART (10). Plasma viremia develops in all animals when CD8+ T cells are depleted, and this can be controlled by repopulation with CD8+ T cells (10, 11). In PLWH who receive early ART, a preserved CD8+ T-cell effector function is associated with a smaller reservoir (12, 13). Thus, CD8+ T cells are important in limiting the HIV-1 reservoir in PLWH and might be harnessed to induce therapeutic antiviral effects (14). However, the exact functional subset and mechanism of action are not well understood.

The polyfunctional anti-HIV-1 effects exerted by CD8+ T cells are characterized by the production of cytotoxic granules such as granzyme B (GZMB) and perforin (PRF), the secretion of effector cytokines such as interferon-γ (IFNγ), tumor necrosis factor alpha (TNFα) and interleukin (IL)-2 (12, 13), as well as production of β chemokines such as chemokine (C-C motif) ligand 3 (CCL3, also known as [aka] MIP-1α), CCL4 (aka MIP-1β) and CCL5 (aka RANTES) (15). Although those molecules are often used to evaluate the anti-HIV-1 functionality of CD8+ T cells, different cytokine-producing CD8+ T-cell subsets might be heterogeneous. For example, PLWH with poor immune reconstitution showed increased frequency of CCL4+ CD8+ T cells (16). In another Uganda women ART cohort, it was reported that the TNFα+ CD8+ T-cell frequency positively correlates with HIV-1 reservoir size (7).

In some cases, CD8+ T cells can be activated without cognate antigen stimulation (17). Such innate-like, bystander effect was also observed in HIV-1 infection. For instance, it was reported that major histocompatibility complex (MHC) matching is not necessary for CD8+ T cells to kill HIV-1-infected cells during primary infection (18, 19). Furthermore, bystander CD8+ T cells play an important role in maintaining the suppression of viremia in individuals undergoing ART (18, 20–25). Of which, we previously showed that a virtual memory T (TVM) cells subset, defined by CD44hi CD122hi CD49dlo in mice and CD45RA+ killer Ig-like receptors (KIR)+ and/or CD94 natural killer group 2 member A (NKG2A)+ in humans (17, 26, 27), senses and inhibits the reactivation of HIV-1 reservoir through KIR (28). Thus, TVM cells might represent a bystander CD8+ T-cell subset of interest in terms of constraining the size of HIV-1 reservoirs (29). The clinical relevance and functionality of this subset warrants further investigation.

The present study aimed to determine the effector mechanisms of CD8+ T cells, particularly TVM cells, and their potential impacts on HIV-1 reservoir. We found CCL4-CCL5+ terminally differentiated effector memory cells (TEMRA) negatively correlated with HIV-1 reservoir. TVM cells were enriched in CCL4-CCL5+ TEMRA cells and efficiently suppressed HIV-1 in vitro in a CCL5 dependent manner. Our findings highlight the role of CCL5-secreting TVM cells in constraining HIV-1 reservoirs and the potential of utilizing this mechanism to shrink HIV-1 reservoirs in future studies.



Materials and Methods


Study Participants

We enrolled PLWH from the Fourth People’s Hospital of Nanning, Nanning, China. The inclusion criteria comprised: age 18–65 years, confirmed HIV-1 positive, successful ART for > 2 years, undetectable blood HIV-1 RNA < 20 copies/mL (below the limits of detection, undetectable, ND) for at least 6 to 12 months, and a CD4 cell count > 250/μL within 7 days of clinical sample collection. Key exclusion criteria comprised co-infection with hepatitis B or C viruses, pregnancy, illicit intravenous drug use, and common comorbidities, including seizure disorder, and liver and kidney-related diseases. Table 1 summarizes the characteristics of the participants. Individuals included in ex vivo functional assays were additionally recruited virologically suppressed HIV-1−infected individuals with the same inclusion criteria.


Table 1 | Characteristics of study population (n = 60).





Flow Cytometry

Peripheral blood samples were collected upon enrollment, and peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque density gradient centrifugation. Sorted PBMCs were cryopreserved in liquid nitrogen. Before phenotypic staining (detection of GZMB, GNLY and PRF) or functional stimulation (detection of CCL3, CCL4, CCL5, IL-2, IFNγ and TNFα), cryopreserved PBMCs were thawed and incubated in RPMI 1640 containing 10% fetal bovine serum (FBS) for 2 h at 37°C and 5% CO2. Then cells were stained with monoclonal antibody (mAb) for surface markers at 4°C for 30 min. For intracellular staining, the samples were fixed and permeabilized for intracellular staining with the indicated antibodies at 4°C for 30 min using the Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific Inc., Waltham, MA). The cells were fixed in 2% formaldehyde and examined by flow cytometry on a BD Canto II flow cytometer (BD Biosciences, San Diego, CA) within 24 h. Flow cytometry data were analyzed using FlowJo software (version 10.5.3, BD Biosciences). Aberrant events were removed using the FlowAI plugin for t-distributed stochastic neighbor embedding (t-SNE) analysis (30). The DownSample plugin was then used to randomly down-sample CD8+ T cells into 3,000 cells, which were then concatenated into a single file. This file was visualized using the t-SNE plugin with CD45RA, CD27, CCL3, CCL4, and CCL5 markers under the following conditions: Iterations 300, Perplexity 30, Eta 7% of cell number, and Theta 0.5. The subsets were then separately gated and plotted onto a t-SNE map.

The following fluorochrome-conjugated anti-human mAbs or reagents were used: APC/Fire™ 750 anti-CD3 (SK7), PerCP anti-CD8 (SK1), BV510 anti-CD45RA (HI100), PE-Cy7 anti-CD27 (O323), BV421 anti-PRF (dG9), APC anti-IL-2 (MQ1-17H12), FITC anti-IFNγ (4S.B3), and BV421 anti-TNFα (MAb11) (BioLegend, San Diego, CA); PerCP anti-CD4 (SK3), AF647 anti-GZMB (GB11), AF488 anti-GNLY (RB1), and BV421 anti-CCL5 (2D5) (BD Biosciences); PE anti-NKG2A (REA110), PE anti-KIR2D (DX27), and PE anti-KIR3DL1 (DX9) (Miltenyi Biotec, Auburn, CA); FITC anti-CCL3 (CR3M) and AF647 anti-CCL4 (FL34Z3L) (Thermo Fisher Scientific Inc.); FITC anti-Gag P24 (kc57) (Beckman Coulter Brea, CA); and Live/dead dye (Thermo Fisher Scientific Inc.).



Functional Assays for CD8+ T Cells

We stimulated PBMCs with IL-15 (50 ng/mL) for 48 h and IL-2 (500 IU/mL), anti-CD3 (1 ng/mL), anti-CD28 (1 ng/mL), and anti-CD49d (1 ng/mL) for 6 h to detect intracellular CCL3, CCL4, and CCL5 (31), and with IL-12 (20 ng/mL), IL-15 (10 ng/mL), and IL-18 (20 ng/mL) for 48 h to detect intracellular IL-2, IFNγ and TNFα (26). GolgiPlug was added to the medium 6 h before harvest to detect intracellular cytokines. Recombinant human IL-12 and IL-18 were purchased from PeproTech (Rocky Hill, NJ). Recombinant human IL-2 and IL-15, anti-human CD3 (clone OKT3), anti-human CD28 (clone CD28.2), and anti-human CD49d (clone 9F10) antibodies were purchased from BioLegend.



Detection of HIV-1 DNA and CA usRNA

Total cellular HIV-1 DNA and RNA were extracted using Qiagen QIAsymphony DNA Mini Kits (Qiagen, Valencia, CA) and HiPure Total RNA Plus Mini Kits (Magen, Guangzhou, China), respectively. We quantified HIV-1 DNA and CA usRNA using fluorescence-based real-time SUPBIO HIV-1 Quantitative Detection Kits (SUPBIO, Guangzhou, China). The quantitation range was 5–10 ×106 copies/106 PBMCs.



Viral Inhibition Assay

Latency-reversal CD4+ T cells were co-cultured with killer cells to analyze their suppressive capability as described with minor modifications (32–34). Briefly, CD8+ T and CD56+ NK cells were isolated using anti-CD8 and anti-CD56 microbeads (Miltenyi Biotec), respectively. CD8+ T cells were maintained in RPMI 1640 medium containing 10% FBS and 500 IU/mL IL-2 before coculture. The remaining CD8− and CD56−depleted cells were mainly CD4+ T cells with > 90% purity, and were cultured in RPMI 1640 medium containing 10% FBS, 50 ng/ml PMA, 1 μM ionomycin, and 500 IU/mL IL-2 for 48 h. Latency-reversal CD4+ T cells were cultured alone or co-cultured with CD8+ T cells at a 1:3 ratio in RPMI 1640 medium containing 10% FBS and 500 IU/mL IL-2 for 24 h. Viral inhibition was determined as a decrease in P24+ % CD4+ T cells and as % inhibition.

The inhibition abilities of TVM and non-TVM were compared as follows. The CD8+ T cells selected using microbeads were further sorted into TVM and TVM−depleted (non-TVM CD8+ T cells) subsets using a FACS Aria II cell sorter (BD Bioscience). The sorted subsets were separately cultured for 2 days, then co-cultured with latency-reversal CD8− and CD56−depleted cells to calculate viral suppression rates as described above. To examine the inhibition mechanisms of TVM cells, 5 μg/mL CCL5 blockade antibody (αCCL5, clone 21445, R&D Systems, Minneapolis, MN) and 5 μg/mL αCCL3 (clone W16009B, BioLegend) were separately added to the co-culture system.



scRNA-seq Analysis

The raw scRNA-seq data of CD8+ T cells purified from PBMCs of 3 ART-treated individuals (clinical characteristics were presented in Supplementary Figure 6A) were downloaded from the Genome Sequence Archive of the Beijing Institute of Genomics Data Center, Chinese Academy of Sciences [http://bigd.big.ac.cn/gsa-human, accession code HRA000190, uploaded by our group (35)]. The downloaded data were processed with Cell ranger (v.6.0.1) pipeline against GRCh38 human reference genome to generate gene expression matrices. Subsequently, the quality control process was performed with the Seurat package (v.4.0.5) in R (v.4.1.0). Briefly, the genes expressed in ≥ 5 cells were kept for every sample; cells that met these following criteria were retained: (1) > 500 genes; (2) ≥1000 but < 20000 unique molecular identifiers (UMIs); (3) <10% UMIs derived from the mitochondrial genome (Supplementary Figure 6B). Scrublet package (v.0.2.3) in Python (v.3.9.7) was applied to each dataset to remove potential doublets with the expected doublet rate of 6%. All the cells predicted as “doublets” were filtered out. The NormalizeData function in Seurat was applied to normalize the gene expression matrices, which were then processed for dimension reduction, batch effect correction and unsupervised clustering. In principal component analysis the total number of PCs was set to 50. For clustering, the dimensions of reduction were set to 1–30 and resolution was set to 0.3.

Three scRNA-seq datasets (each for one person) were assembled with Seurat package into an integrated dataset to eliminate the batch effect. In detail, anchors among the three datasets were identified with the FindIntegrationAnchors function, and then were imported into the IntegrateData function to generate a corrected and integrated Seurat object. Subsequently, uniform manifold approximation and projection (UMAP) of all cells was performed by the RunUMAP function in Seurat to reduce the dimension and visualize the clusters. All these clusters were manually annotated according to the expression of selected markers (36).

The differentially expressed genes (DEGs) were calculated with the FindMarkers function using Wilcoxon Rank Sum test and p-values were adjusted through Bonferroni correction. For gene ontology (GO) analysis and transcription factor analysis, DEGs with log2 fold change (log2FC) of more than 0.3 and adjusted p-values of less than 0.05 were selected. In volcano plots, threshold of log2FC was set to 0.5 and threshold for adjusted p-values was 0.05. GO analysis were carried out with ClusterProfiler package (v.4.0.5) in R.

To reconstruct the gene regulatory networks, transcriptional factor (TF) analysis and clustering were performed with SCENIC package (v.1.2.4) in R and Arboreto package (v.0.1.6) in Python (37). Briefly, the normalized and quality-controlled single-cell RNA-seq expression matrix was used as input, while both 500 bp upstream of the transcription start site (TSS) and ±10kbp around the TSS were explored for TF binding motifs. SCENIC identify potential targets for each TF based on co-expression matrix and GRNBoost2 algorithm in Arboreto package was applied to filter out unqualified genes to form co-expression modules. Potential direct-binding targets (regulons) based on DNA-motif analysis was selected and the network activity in each individual cell was calculated with AUCell. The cell-regulon activity matrix was visualized as heatmap and the gene regulatory networks was drawn with Cytoscape (v.3.9.0).



Statistical Analysis

Data were statistically analyzed using GraphPad Prism version 8.0.1 (GraphPad Software Inc., San Diego, CA, USA). Data are shown as medians with ranges (min to max). For two group comparison, Mann Whitney tests were used for unpaired data and Wilcoxon matched-pairs signed rank tests for paired data. For three group comparison, an overall primary analysis was performed (Kruskal-Wallis tests for unpaired data and Friedman tests for paired data). If the results were statistically significant, comparisons between two group were further performed. Correlations were evaluated using nonparametric Spearman correlation tests. Values were considered statistically significant at p < 0.05. Due to current cohort size and the exploratory nature of the study, Bonferroni corrections were employed to adjust the threshold of p value in multiple comparison analysis.




Results


Characteristics of Study Population

The present study included 60 participants with chronic HIV-1 infection that had sustained virological suppression during ART. They had been under ART for > 2 years (median, 6.6 years). Table 1 summarizes the characteristics of the study population. The median age was 46 years, 37% were female, the median pre-ART and present CD4 cell counts were 185.5 and 504.5/μL, respectively. Figure 1A shows the design of current study. The median numbers of HIV-1 DNA and HIV-1 CA usRNA copies were 217 and 468/106 cells, respectively. We analyzed CD4+ and CD8+ T-cell subsets based on CD45RA and CD27 expression and effector molecule expression in CD8+ T cells and phenotypic subsets. Pre-ART CD4 cell counts and the pre-ART CD4/CD8 ratio were negatively associated with HIV-1 DNA (r = -0.2844, p = 0.0263 and r = -0.3012, p = 0.0183, respectively; Supplementary Figure 1). There correlations became insignificant after Bonferroni correction (p_adj set to 0.0063). Although not statistically significant, the increase in CD4 cell count tended to positively correlate with HIV-1 DNA (r = 0.2411, p = 0.0613; Supplementary Figure 1). ART duration was insignificantly correlated with HIV-1 DNA and immune subset parameters (Supplementary Figures 1, 8). Associations between the analyzed clinical parameters and HIV-1 CA usRNA were not identified.




Figure 1 | CD8+ TEMRA and CCL5+ CD8+ T-cell percentages negatively correlate with the HIV-1 reservoir in ART individuals. (A) Scheme of study design. (B) Correlations between T-cell subset percentages and HIV-1 DNA or CA usRNA levels. (C) Correlations between functional CD8+ T percentages and HIV-1 DNA or CA usRNA levels. Correlations were evaluated using nonparametric Spearman correlation tests; Black dots denote nonparametric Spearman r, and black lines denote 95% confidence interval (B, C). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.





CD8+ TEMRA Percentage Negatively Correlates With the HIV-1 Reservoir in ART Individuals

Based on CD45RA and CD27 expression, CD4+ and CD8+ T cells were classified as CD45RA-CD27- effector memory (TEM), CD45RA+CD27- TEMRA, CD45RA-CD27+ central memory (TCM), and CD45RA+CD27+ naïve (TN) populations (Supplementary Figure 2A shows gating strategy) (38). Statistical trends in associations were found between the CD4+ TCM percentage and HIV-1 DNA (r = 0.239, p = 0.0636) and CA usRNA (r = 0.2382, p = 0.064), and between the CD4+ TN percentage and HIV-1 DNA (r = -0.2450, p = 0.0570) (Figure 1B). No other CD4+ sub-population percentages were associated with HIV-1 DNA or CA usRNA.

Percentage of CD8+ TCM positively correlated with HIV-1 DNA (r = 0.4911, p< 0.0001) and CA usRNA (r = 0.4925, p < 0.0001), whereas CD8+ TEMRA percentage correlated negatively with HIV-1 DNA (r = -0.4706, p = 0.0001) and CA usRNA (r = -0.3527, p = 0.0057) (Figure 1B and Supplementary Figure 3). These correlations remained statistically significant after Bonferroni corrections (p_adj set to 0.0063). The CD8+ TEM or TN percentages were not associated with HIV-1 DNA or CA usRNA.



CCL5 Expression in CD8+ T Cells Negatively Correlates With HIV-1 Reservoir Size

CD8+ T cells are important in restraining HIV-1 rebound and reservoir size (10, 28, 39). We further analyzed effector molecule expression in CD8+ T cells (Supplementary Figure 2B for gating strategy) and their correlations with HIV-1 DNA and CA usRNA. The percentages of CCL5+, IL-2+, PRF+, and GZMB+ CD8+ T cells were negatively associated with HIV-1 DNA (CCL5+ CD8+ T cells, r = -0.4036, p = 0.0080; IL-2+ CD8+ T cells, r = -0.4317, p = 0.0017; PRF+ CD8+ T cells, r = -0.3307, p = 0.0098; GZMB+ CD8+ T cells, r = -0.2739, p = 0.0342) and CA usRNA (CCL5+ CD8+ T cells, r = -0.7172, p < 0.0001; IL-2+ CD8+ T cells, r = -0.7216, p < 0.0001; PRF+ CD8+ T cells, r = -0.4315, p = 0.0006; GZMB+ CD8+ T cells, r = -0.3061, p = 0.0174) (Figure 1C and Supplementary Figure 3). After Bonferroni correction, there were no significant correlation between the above effector molecule expressed CD8+ T cells and HIV-1 DNA, with exception for IL-2+ CD8+ T cells, no significant correlation between GZMB+ CD8+ T cells and HIV-1 CA usRNA, but still significant correlations between IL-2+, CCL5+ and PRF+ CD8+ T cells and HIV-1 CA usRNA (p_adj set to 0.0056). In agreement with the crucial role of PRF in the killing effects of GZMB, percentages of GZMB+ polyfunctional CD8+ T cells co-expressing PRF correlated negatively with HIV-1 DNA and CA usRNA (Supplementary Figure 4). Among the effector CD8+ T-cell percentages, the TNFα+ (r = -0.3366, p = 0.0168, insignificant after Bonferroni correction), and IFNγ+ (r = -0.4394, p = 0.0014, remains significant after Bonferroni correction) were negatively associated with HIV-1 CA usRNA (Figure 1C), whereas the CCL4+ CD8+ T-cell percentage was positively associated with HIV-1 CA usRNA (r = 0.5206, p = 0.0003, remains significant after Bonferroni correction; Figure 1C).



CCL4- CCL5+ CD8+ TEMRA Percentage Negatively Correlates With the HIV-1 Reservoir in ART Individuals

Both CCL4 and CCL5 were reported as HIV-1-suppressive chemokines (15). A potential explanation for the opposite correlations between the HIV-1 reservoir and CCL4 and CCL5 producing CD8+ T cells is that these producing cells were distinctive subsets. To test the hypothesis and characterize their differences, we analyzed associations between CCL4 and CCL5 producing polyfunctional CD8+ T cells with HIV-1 reservoir, and CCL4 and CCL5 expression distribution across CD8+ T cells in t-SNE plots. The percentages of CCL4-CCL5+CCL3- CD8+ T cells negatively correlated with HIV-1 DNA (r = -0.3218, p = 0.0377, insignificant after Bonferroni correction) and CA usRNA (r = -0.6482, p < 0.0001, remains significant after Bonferroni correction), whereas CCL4+CCL5-CCL3- and CCL4+CCL5-CCL3+ CD8+ T-cell percentages positively correlated with HIV-1 DNA (r = 0.3542, p = 0.0214; r = 0.4111, p = 0.0068, respectively, neither significant after Bonferroni correction) and CA usRNA (r = 0.6987, p < 0.0001; r = 0.6347, p < 0.0001, respectively, both remain significant after Bonferroni correction) (Figure 2A; Supplementary Figure 5). In t-SNE plots, a TCM subset is charactered with CCL4 producing but with rare CCL5 expression, whereas a TEMRA subset is charactered with CCL5 producing but with rare CCL4 expression (Figure 2B). Further analysis showed, the percentage of CCL4+CCL5- in TCM correlated positively with HIV-1 DNA (r = 0.3289, p = 0.0334) and CA usRNA (r = 0.6758, p < 0.0001), whereas and that of CCL4-CCL5+ in TEMRA correlated negatively with HIV-1 DNA (r = -0.3240, p = 0.0363) and CA usRNA (r = -0.6544, p < 0.0001) (Figure 2C). These data indicated that CD8+ TEMRA cells producing CCL5 and TCM cells producing CCL4 restrained and facilitated HIV-1 reservoirs, respectively.




Figure 2 | CCL4- CCL5+ CD8+ TEMRA percentage negatively correlates with the HIV-1 reservoir in ART individuals. (A) Correlations of poly-functional CD8+ T cell percentages with CCL3, CCL4 and CCL5 secretion with HIV-1 viral reservoir size. (B) tSNE map of memory subset distribution (based on CD45RA, CD27, CCL3, CCL4 and CCL5) was present and indicated CD8+ T-cell subsets were plotted on tSNE map. Blue cycle highlighted CCL4+CCL5- TCM subset, and yellow circle highlighted CCL4-CCL5+ TEMRA subset. (C) Correlations of CCL4+CCL5-% in CD8+ TCM or CCL4-CCL5+% in CD8+TEMRA with HIV-1 DNA or CA usRNA levels. The correlations were evaluated using nonparametric Spearman correlation tests. Nonparametric Spearman’s r and p values are presented. *P < 0.05, **P < 0.01 and ****P < 0.0001.





TVM Cells Are Enriched in CCL4- CCL5+ CD8+ TEMRA Cells

We previously identified a restraining role of the TVM subset in the HIV-1 reservoir (28) and here examined the connections of the TVM subset with the HIV-1 reservoir and the potential effector mechanisms (Supplementary Figure 2A shows gating strategy for TVM cell; Supplementary Figure 2C shows gating strategy for effector molecules of TVM cells). Phenotypically, TVM cells were mainly allocated to the CD8+ TEMRA subpopulation (p < 0.0001 vs. CD45RA+ and CD8+ TN; Figures 3A, B). Furthermore, compared with total TEMRA, TVM cells were enriched more in CCL4-CCL5+ TEMRA (p = 0.0034; Figure 3C). Percentage of TVM+ TEMRA in CD8+ T cells negatively correlated with HIV-1 DNA (r = -0.4324, p = 0.0006) and CA usRNA (r = -0.3328, p = 0.0094) (Figure 3D), whereas that of non-TVM TEMRA didn’t significantly correlate with HIV-1 DNA and CA usRNA (Figure 3E). These data support the notion that TVM cells are the major functional anti-HIV-1 subset in CD8+ TEMRA cells.




Figure 3 | TVM cells are enriched in CCL4- CCL5+ CD8+ TEMRA and are functional subsets. (A) TVM subset was plotted on tSNE map. (B) Comparison of TVM subset percentages among CD45RA+ CD8+ T cells, CD8+ TEMRA and CD8+ TN. Friedman test (for three group comparison) and Wilcoxon matched-pairs signed rank tests (for two group comparison) were performed, respectively. (C) Comparison of TVM subset percentages in total CD8+ TEMRA and CCL4-CCL5+ TEMRA. Wilcoxon matched-pairs signed rank tests was performed. (D) Correlations of TVM+ TEMRA cell percentage in CD8+ T cells with HIV-1 DNA and CA usRNA levels. (E) Correlations of non-TVM TEMRA cell percentage in CD8+ T cells with HIV-1 DNA and CA usRNA levels. The correlations were evaluated using nonparametric Spearman correlation tests. **P < 0.01 and ****P < 0.0001.





TVM Cells Are Transcriptionally Distinctive From CCL4+ TCM Cells

To further characterize the transcriptional profiling of TVM cells, we analyzed the scRNA-seq datasets of purified CD8+ T cells from 3 ART-treated individuals (Supplementary Figure 6A). After normalization and batch correction, a total of 12033 CD8+ T cells were obtained. UMAP was applied to the transcriptional expression data, and identified 9 CD8+ T-cell clusters (Figures 4A, B; Supplementary Table 1). The major subsets of CD8+ T cells were naïve cells (CCR7+ SELL+ CD27+), cm cells (CD28+ IL7R+GPR183+), em cells (CCR7- CD27- CXCR3+), emra cells (CCR7- CD27- GPR183- FGFBP2+ KLRG1+), MAIT cells (SLC4A10+ TRAV1-2+) and gdT cells (TRGV9+). Two naïve CD8+ T-cell clusters were identified: naïve_LEF1 (LEF1+) and naïve_ISG (IFI16+IFI44L+). Two CD8+ cm clusters were identified: cm_GPR183 (GPR183hi IL7R+ S1PR1+) and cm_CCL4 (CCL4+ PDCD1+ TOX+). Two CD8+ emra clusters were identified: emra_EOMES (EOMES+) and emra_KIR (KIR2DLs+ KIR3DLs+). The proportions of CD8+ T-cell clusters in 3 individuals were presented in Supplementary Figure 6C.




Figure 4 | TVM cells are transcriptionally distinctive from CCL4+ TCM cells. scRNA-seq analysis of CD8+ T cells purified from three ART-treated individuals with viral suppression for more than 2 years. (A) Two-dimensional UMAP projection of 12033 cells by unsupervised clustering. (B) Bubble heatmap showing the gene expression distribution of selected canonical cell markers in the 9 clusters of CD8+ T cells. (C) Volcano plots showing the DEGs between emra_KIR and cm_CCL4. (D) Heatmap of predicated TF differences between emra_KIR and cm_CCL4 by SCENIC. (E) Reconstruction of SCENIC gene regulatory networks in emra_KIR cluster.



Interestingly, the emra_KIR and cm_CCL4 subsets identified in scRNA-seq were characterized with robust expression of CCL5 and KIRs in TEMRA and CCL4 in TCM, resembling TVM and CCL4+ TCM cells, respectively. The emra_KIR cells were also featured by high expression of cytotoxicity related genes, including GZMB, GNLY and TBX21 (Figure 4B), which is in accordance with the phenotype at protein levels in TVM cells as previously reported (28). GO analysis indicated that emra_KIR cluster was highly activated and characterized with upregulation of lymphocyte mediated immunity and T cell activation pathways, whereas cm_CCL4 cluster was potentially suppressive and characterized with downregulation of T cell activation pathways (Supplementary Figure 6D). To be specific, compared with cm_CCL4, emra_KIR up-regulated multiple effector molecules, such as GZMB, PRF1, GZMH and CCL5, supporting its superior antiviral function (Figure 4C and Supplementary Table 2). We further performed SCENIC analysis to identify potential TFs in emra_KIR and cm_CCL4 subsets. The results indicated that the responsible TFs in emra_KIR were RUNX3 and T-bet (encoded by TBX21) and those in cm_CCL4 were cAMP responsive element modulator (CREM) and JUNB (Figures 4D, E and Supplementary Figure 6E). RUNX3 and T-bet have been reported in regulating the function of CD8+ T cells and their expression are recognized as cardinal features of TVM (28, 40, 41). In contrast, JUNB and CREM were proposed to exert suppressive functions in cm_CCL4, as indicated in CD4+ regulatory T cells (42, 43). Gene regulatory networks between TFs and DEGs in these two clusters were reconstructed (Figure 4E; Supplementary Figure 6E and Supplementary Table 3). RUNX3 and T-bet regulated the expression of several important effector molecules, such as PRF1, CX3CR1 and GZMA (Figure 4E); whereas CREM and JUNB regulate gene expression maintaining T cell exhaustion, such as PDCD1, BTG1 (44) and ZFP36L2 (45) (Supplementary Figure 6E). These results supported the pro-activation roles of RUNX3 and T-bet in emra_KIR and suppressive function of CREM and JUNB in cm_CCL4.



CCL5-Producing TVM Cells are Negatively Correlated With HIV-1 Reservoir Size

The frequency of TVM correlated negatively with HIV-1 DNA and HIV-1 CA usRNA (Figure 5). The TVM count (calculated according to its ratio with CD4+ T cells and the CD4 T cell count) and percentage in CD8+ T cells correlated negatively with HIV-1 DNA (r = -0.4902, p < 0.0001 and r = -0.3653, p = 0.0041, respectively; Figures 5A, B). The correlation between the TVM count and HIV-1 CA usRNA was significantly negative (r = -0.4530, p = 0.0003), and the TVM percentage in CD8+ T cells tended to negatively correlate with HIV-1 CA usRNA (r = -0.2270, p = 0.0812) (Figures 5A, B). In addition, total CCL5 producing TVM percentage correlated negatively with HIV-1 DNA (r = -0.3522, p = 0.0222) and HIV-1 CA usRNA (r = -0.7316, p < 0.0001) (Figure 5C). Associations between CCL4 and CCL5 producing polyfunctional TVM cells with HIV-1 reservoir were analyzed. CCL5 producing TVM subset (including CCL4-CCL5+CCL3- and CCL4-CCL5+CCL3+) percentages negatively correlated with HIV-1 reservoir sizes, whereas CCL4 producing TVM subset (including CCL4+CCL5-CCL3- and CCL4+CCL5-CCL3-) percentages positively correlated with HIV-1 reservoir sizes (Supplementary Figure 7). These data support the anti-HIV-1 roles of CCL5-secreting TVM cells.




Figure 5 | CCL5 produciing TVM cells are negatively correlated with the HIV-1 reservoir in ART individuals. (A) Correlations of TVM cell absolute count with HIV-1 DNA and CA usRNA levels. (B) Correlations of TVM cell frequencies in CD8+ T cells with HIV-1 DNA and CA usRNA levels. (C) Correlations of CCL5 secretion in TVM cells with HIV-1 DNA and CA usRNA levels. The correlations were evaluated using nonparametric Spearman correlation tests.





TVM Cells Restrained HIV-1 Reactivation via CCL5 Secretion

Since both the frequency and the ability of CCL5 secretion in TVM cells negatively correlated with HIV reservoir size, we further plotted every individual according to the TVM percentage in CD8+ T cells and CCL5 production in TVM. As shown in Figure 6A, the individuals could be divided into 3 groups: Group 1 with low TVM percentage and low CCL5 production; Group 2 with low TVM percentage but high CCL5 production; Group 3 with high TVM percentage and high CCL5 production. Compared with those in Group 1, the HIV-1 DNA size in Group 2 tended to be smaller (p = 0.0847), HIV-1 CA usRNA size in Group 2 was smaller (p < 0.0001) and these reservoir sizes were both significantly smaller in Group 3 (p = 0.0004, and p < 0.0001, respectively) (Figure 6A). No significant difference was found between Group 2 and Group 3 for HIV DNA, while Group 3 tended to have smaller CA usRNA size (p = 0.0968). This implies the crucial role of CCL5-secreting TVM cells in restraining HIV reservoir.




Figure 6 | TVM cells restrain HIV-1 reactivation via CCL5 secretion. (A) ART individuals were divided into 3 groups according to TVM cell percentage in CD8+ T cells and CCL5 secretion in TVM cells. HIV-1 reservoir levels were compared by using Kruskal-Wallis test (for three group comparison) and Mann Whitney test (for two group comparison). (B) Representative flow cytometry plots of HIV-1 P24 in CD4+ T cells. (C) Frequencies of HIV-1 P24+ cells in CD4+ T cells in the presence of autologous CD8+ T cells. (D) Representative gating, frequencies, and percentage inhibition of HIV-1 P24+ cells in CD4+ T cells after coculture with autologous TVM or non-TVM CD8+ T cells. (E) Representative gating, frequencies, and percentage inhibition of HIV-1 P24+ cells in CD4+ T cells after coculture with autologous TVM cells with or without CCL3, or CCL5 blockade antibodies as indicated. Friedman test (for three group comparison) and Wilcoxon matched-pairs signed rank tests (for two group comparison) were performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns, not significantly.



To further confirm the viral inhibitory function of TVM cells, we assayed viral inhibition ex vivo as described (32–34). The levels of HIV replication were evaluated by intracellular P24 staining using a single antibody (KC57 clone), which was easier to detect and positively correlated with a stricter HIV FLOW analysis (Supplementary Figure 9) (46). P24+ CD4+ T cells were significantly increased following PMA/Iono activation, but this condition was significantly suppressed by co-culture with CD8+ T cells (p < 0.05) (Figures 6B, C). Further results of viral inhibition assays showed that the TVM subset suppressed HIV-1 replication more efficiently than the non-TVM subset (p < 0.05; Figure 6D). The suppressive effects were partially reversed by αCCL5 (p < 0.05), but not by αCCL3 (Figure 6E).




Discussion

This study explored the relationship between the HIV-1 reservoir and CD8+ T-cell subsets and functionality in PLWH undergoing long-term ART. Our study identified that CCL5-secreting virtual memory subset inversely correlated with HIV-1 reservoir size and might be utilized to shrink HIV-1 reservoir.

Given that the determinant roles of antigen-specific CD8+ T cells in controlling primary HIV-1 infection have been established, accumulating evidence suggested that the capability of HIV-1-specific CD8+ T cells is limited in eliminating latent cells carrying provirus, and shaping the viral epitope landscape in individuals undergoing ART (21–23). Alternatively, CD8+ T cells can exert anti-HIV-1 effects via a bystander mechanism (18, 20, 47, 48). The incapability of antigen-specific CD8+ T cells might be due to the escape mutation of HIV-1 epitopes (49), whereas viral killing mediated by bystander CD8+ T cells did not need MHC matching (18, 19). Our recent findings supported this notion. We found that TVM cells TCR-independently and KIR-dependently restrain the HIV-1 DNA reservoir (28). KIRs are thought to function by releasing TVM from functional restriction when target cells down-regulate MHC-I expression, like “miss-self” activation in NK cells. The inherent resistance of the reservoir to TCR-dependent antigen-specific recognition might be due to the downregulation of MHC-I by Nef expression following activation (50). However, such action of Nef would enable TVM with killing capability. The present study further clarified that TVM cells that were enriched in the classic TEMRA subset inversely correlated with the size of the HIV-1 reservoir. We showed that TVM cells restrained the HIV-1 reservoir more effectively than non-TVM cells, which might be partially due to their abundant CCL5 secretion. Together, our findings suggest that TVM cells could restrain latently infected cells in PLWH undergoing ART.

The association between CD8+ T-cell effector molecules and HIV-1 reservoirs has not been determined in detail. Prodger et al. (7) found that TNFα+ and IL-2+ CD8+ T cells are respectively positive and negative determinants of reservoir size measured by quantitative viral outgrowth assay (QVOA). In this study, we observed a significantly inverse correlation between IL-2+ CD8+ T cell percentage and HIV-1 reservoir sizes. Our polyfunctional analysis of CD8+ T cells revealed a positive correction between the frequency of TNFα+IFNγ-IL-2- CD8+ T cells and the size of the HIV-1 reservoir. Moreover, we did not observe a meaningful connection between IFNγ secretion by CD8+ T cells and HIV-1 reservoir size, which is consistent with the fact that the functionality of IFNγ secretion by CD8+ T cells does not correlate with HIV-1 controls (51, 52).

For beta chemokines, we consistently found that CCL5 was negative determinants of reservoir size in both CD8+ T cells and TVM cells. In sharp contrast to CCL3 and CCL5, CCL4+ CD8+ T cells correlated positively with HIV-1 CA usRNA, indicating heterogeneity among CD8+ T cells that secrete β-chemokines. Accordingly, distinctive CCL4 and CCL5-producing CD8+ T cell subsets with different regulators were identified in primary human T cells by genome-wide CRISPR screening (53). Indeed, our flow cytometry detection and scRNA-seq analysis identified a unique CCL4+CCL5- subpopulation within the classic TCM subset, the frequency of which correlated positively with HIV-1 reservoir size. Similarly, CD8+ T cells that produce CCL4 are expanded in individuals with a poor immune reconstitution who undergo ART (16). A recent study on melanoma found CCL4-expressing CD8+ T cells were robust expressors of Lag-3, which supports the notion that this subset might be exhausted (54). Using scRNA-seq data, we performed SCENIC analysis and identified CREM and JUNB as potential TFs in cm_CCL4. Further studies are needed to precisely characterize the phenotypes and functions of CCL4+ CD8+ T cells, especially in chronic viral infection. Moreover, in the ex vivo assay, we observed that CCL5 blockade diminished the virus-inhibitory effect of TVM cells. Since ART was not included in the assay, CCL5 might be multi-functional in HIV inhibition, either by preventing of transmission or by directly inhibiting of viral replication. The latter could be possibly explained by CCL5 induced activation of signal transduction cascades through its receptors, such as CCR5, CCR1 and CCR3 (55).

Our study has several limitations. We measured the HIV-1 reservoir as HIV-1 DNA and CA usRNA, but not as being replication-competent by QVOA or as intact provirus by full-length sequencing or intact proviral DNA assays. Despite these indicators were highly correlated (56), the characteristics of latent reservoirs cannot be fully determined by HIV-1 DNA or CA usRNA. The HIV-1 reservoir was not measured at multiple timepoints. Thus, the dynamics and decay of the HIV-1 reservoir could not be determined. We also did not exclude HIV-1-specific CD8+ T cells from the analyzed CD8+ T cells. Nevertheless, our findings indicated that CCL5-secreting TVM cells could limit the size of the HIV-1 reservoir, which might be helpful to design CD8+ T cell-based therapeutic strategies for the cure of the disease.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.




Ethics Statement

The studies involving human participants were reviewed and approved by the Fifth Medical Center of the Chinese PLA General Hospital and the Fourth People’s Hospital of Nanning. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

F-SW, and CZhang conceived the study, supervised the work performed, wrote the manuscript, and constructed the figures with WH, Y-JL, CZhen, and Y-YW. The participants were enrolled by H-HH, JZ and Y-QZ. The PBMC samples were collected and isolated by G-CH, S-RM, Y-QQ, and F-YW. Clinical data were collected by WH, Y-YW, and J-HJ. Flow cytometry experiments were performed by WH, Y-YW, JL, M-JZ, Y-LF, X-YL, and X-HY, with technical support of C-BZ, and J-HY. Experiment to quantify viral RNA was performed by TY and X-WW. scRNA-seq data was analyzed by CZhen and PZ. J-WS, XF, Y-MJ, R-NX, J-YZ, C-BZ, and LH edited the manuscript and provided comments and feedback. F-SW, and MS managed the study team and oversaw data analysis. All authors read and approved the final manuscript.



Funding

This study was supported by Innovation Groups of the National Natural Science Foundation of China (grant no. 81721002), the National Science and Technology Major Project (grant no. 2018ZX10302104-002), National Natural Science Foundation of China (grant nos. 81901617 and 82101837) and the Beijing Natural Science Foundation (grant no. 7222171).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.897569/full#supplementary-material



References

1. Zhao, Y, Wu, Z, McGoogan, JM, Shi, CX, Li, A, Dou, Z, et al. Immediate Antiretroviral Therapy Decreases Mortality Among Patients With High CD4 Counts in China: A Nationwide, Retrospective Cohort Study. Clin Infect Dis (2018) 66(5):727–34. doi: 10.1093/cid/cix878

2. Hu, W, Jiao, YM, and Wang, FS. Snapshot of Clinical Studies on People Living With HIV in China. HIV Med (2020) 21(11):681–2. doi: 10.1111/hiv.13035

3. Saag, MS. HIV Infection - Screening, Diagnosis, and Treatment. N Engl J Med (2021) 384(22):2131–43. doi: 10.1056/NEJMcp1915826

4. Sengupta, S, and Siliciano, RF. Targeting the Latent Reservoir for HIV-1. Immunity (2018) 48(5):872–95. doi: 10.1016/j.immuni.2018.04.030

5. Ismail, SD, Riou, C, Joseph, SB, Archin, NM, Margolis, DM, Perelson, AS, et al. Immunological Correlates of the HIV-1 Replication-Competent Reservoir Size. Clin Infect Dis (2021) 73(8):1528–31. doi: 10.1093/cid/ciab587

6. Bachmann, N, von Siebenthal, C, Vongrad, V, Turk, T, Neumann, K, Beerenwinkel, N, et al. Determinants of HIV-1 Reservoir Size and Long-Term Dynamics During Suppressive ART. Nat Commun (2019) 10(1):3193. doi: 10.1038/s41467-019-10884-9

7. Prodger, JL, Capoferri, AA, Yu, K, Lai, J, Reynolds, SJ, Kasule, J, et al. Reduced HIV-1 Latent Reservoir Outgrowth and Distinct Immune Correlates Among Women in Rakai, Uganda. JCI Insight (2020) 5(14):e139287. doi: 10.1172/jci.insight.139287

8. Perdomo-Celis, F, Taborda, NA, and Rugeles, MT. CD8(+) T-Cell Response to HIV Infection in the Era of Antiretroviral Therapy. Front Immunol (2019) 10:1896. doi: 10.3389/fimmu.2019.01896

9. McBrien, JB, Kumar, NA, and Silvestri, G. Mechanisms of CD8(+) T Cell-Mediated Suppression of HIV/SIV Replication. Eur J Immunol (2018) 48(6):898–914. doi: 10.1002/eji.201747172

10. Cartwright, EK, Spicer, L, Smith, SA, Lee, D, Fast, R, Paganini, S, et al. CD8(+) Lymphocytes Are Required for Maintaining Viral Suppression in SIV-Infected Macaques Treated With Short-Term Antiretroviral Therapy. Immunity (2016) 45(3):656–68. doi: 10.1016/j.immuni.2016.08.018

11. Okoye, AA, Duell, DD, Fukazawa, Y, Varco-Merth, B, Marenco, A, Behrens, H, et al. CD8+ T Cells Fail to Limit SIV Reactivation Following ART Withdrawal Until After Viral Amplification. J Clin Invest (2021) 131(8):e141677. doi: 10.1172/JCI141677

12. Takata, H, Buranapraditkun, S, Kessing, C, Fletcher, JL, Muir, R, Tardif, V, et al. Delayed Differentiation of Potent Effector CD8(+) T Cells Reducing Viremia and Reservoir Seeding in Acute HIV Infection. Sci Transl Med (2017) 9(377):eaag1809. doi: 10.1126/scitranslmed.aag1809

13. Ndhlovu, ZM, Kazer, SW, Nkosi, T, Ogunshola, F, Muema, DM, Anmole, G, et al. Augmentation of HIV-Specific T Cell Function by Immediate Treatment of Hyperacute HIV-1 Infection. Sci Transl Med (2019) 11(493):eaau0528. doi: 10.1126/scitranslmed.aau0528

14. Collins, DR, Gaiha, GD, and Walker, BD. CD8(+) T Cells in HIV Control, Cure and Prevention. Nat Rev Immunol (2020) 20(8):471–82. doi: 10.1038/s41577-020-0274-9

15. Cocchi, F, DeVico, AL, Garzino-Demo, A, Arya, SK, Gallo, RC, and Lusso, P. Identification of RANTES, MIP-1 Alpha, and MIP-1 Beta as the Major HIV-Suppressive Factors Produced by CD8+ T Cells. Science (1995) 270(5243):1811–5. doi: 10.1126/science.270.5243.1811

16. Casetti, R, Pinnetti, C, Sacchi, A, De Simone, G, Bordoni, V, Cimini, E, et al. HIV-Specific CD8 T Cells Producing CCL-4 Are Associated With Worse Immune Reconstitution During Chronic Infection. J Acquir Immune Defic Syndr (2017) 75(3):338–44. doi: 10.1097/QAI.0000000000001392

17. Wang, X, Waschke, BC, Woolaver, RA, Chen, SMY, Chen, Z, and Wang, JH. MHC Class I-Independent Activation of Virtual Memory CD8 T Cells Induced by Chemotherapeutic Agent-Treated Cancer Cells. Cell Mol Immunol (2021) 18(3):723–34. doi: 10.1038/s41423-020-0463-2

18. Morvan, MG, Teque, FC, Locher, CP, and Levy, JA. The CD8(+) T Cell Noncytotoxic Antiviral Responses. Microbiol Mol Biol Rev (2021) 85(2):e00155–20. doi: 10.1128/MMBR.00155-20

19. Mackewicz, CE, Garovoy, MR, and Levy, JA. HLA Compatibility Requirements for CD8(+)-T-Cell-Mediated Suppression of Human Immunodeficiency Virus Replication. J Virol (1998) 72(12):10165–70. doi: 10.1128/JVI.72.12.10165-10170.1998

20. Zanoni, M, Palesch, D, Pinacchio, C, Statzu, M, Tharp, GK, Paiardini, M, et al. Innate, non-Cytolytic CD8+ T Cell-Mediated Suppression of HIV Replication by MHC-Independent Inhibition of Virus Transcription. PLoS Pathog (2020) 16(9):e1008821. doi: 10.1371/journal.ppat.1008821

21. Huang, SH, Ren, Y, Thomas, AS, Chan, D, Mueller, S, Ward, AR, et al. Latent HIV Reservoirs Exhibit Inherent Resistance to Elimination by CD8+ T Cells. J Clin Invest (2018) 128(2):876–89. doi: 10.1172/jci97555

22. Stevenson, EM, Ward, AR, Truong, R, Thomas, AS, Huang, SH, Dilling, TR, et al. HIV-Specific T Cell Responses Reflect Substantive In Vivo Interactions With Antigen Despite Long-Term Therapy. JCI Insight (2021) 6(3):e142640. doi: 10.1172/jci.insight.142640

23. Antar, AA, Jenike, KM, Jang, S, Rigau, DN, Reeves, DB, Hoh, R, et al. Longitudinal Study Reveals HIV-1-Infected CD4+ T Cell Dynamics During Long-Term Antiretroviral Therapy. J Clin Invest (2020) 130(7):3543–59. doi: 10.1172/JCI135953

24. Ren, Y, Huang, SH, Patel, S, Alberto, WDC, Magat, D, Ahimovic, D, et al. BCL-2 Antagonism Sensitizes Cytotoxic T Cell-Resistant HIV Reservoirs to Elimination Ex Vivo. J Clin Invest (2020) 130(5):2542–59. doi: 10.1172/JCI132374

25. Thomas, AS, Jones, KL, Gandhi, RT, McMahon, DK, Cyktor, JC, Chan, D, et al. T-Cell Responses Targeting HIV Nef Uniquely Correlate With Infected Cell Frequencies After Long-Term Antiretroviral Therapy. PLoS Pathog (2017) 13(9):e1006629. doi: 10.1371/journal.ppat.1006629

26. Jacomet, F, Cayssials, E, Basbous, S, Levescot, A, Piccirilli, N, Desmier, D, et al. Evidence for Eomesodermin-Expressing Innate-Like CD8(+) KIR/NKG2A(+) T Cells in Human Adults and Cord Blood Samples. Eur J Immunol (2015) 45(7):1926–33. doi: 10.1002/eji.201545539

27. Hussain, T, and Quinn, KM. Similar But Different: Virtual Memory CD8 T Cells as a Memory-Like Cell Population. Immunol Cell Biol (2019) 97(7):675–84. doi: 10.1111/imcb.12277

28. Jin, JH, Huang, HH, Zhou, MJ, Li, J, Hu, W, Huang, L, et al. Virtual Memory CD8+ T Cells Restrain the Viral Reservoir in HIV-1-Infected Patients With Antiretroviral Therapy Through Derepressing KIR-Mediated Inhibition. Cell Mol Immunol (2020) 17(12):1257–65. doi: 10.1038/s41423-020-0408-9

29. Zhang, C, Hu, W, Jin, JH, Zhou, MJ, Song, JW, Deng, JN, et al. The Role of CD8 T Cells in Controlling HIV Beyond the Antigen-Specific Face. HIV Med (2020) 21(11):692–700. doi: 10.1111/hiv.13021

30. Zhang, C, Song, JW, Huang, HH, Fan, X, Huang, L, Deng, JN, et al. NLRP3 Inflammasome Induces CD4+ T Cell Loss in Chronically HIV-1-Infected Patients. J Clin Invest (2021) 131(6):e138861. doi: 10.1172/JCI138861

31. Swanson, BJ, Murakami, M, Mitchell, TC, Kappler, J, and Marrack, P. RANTES Production by Memory Phenotype T Cells Is Controlled by a Posttranscriptional, TCR-Dependent Process. Immunity (2002) 17(5):605–15. doi: 10.1016/s1074-7613(02)00456-9

32. Herzig, E, Kim, KC, Packard, TA, Vardi, N, Schwarzer, R, Gramatica, A, et al. Attacking Latent HIV With convertibleCAR-T Cells, a Highly Adaptable Killing Platform. Cell (2019) 179(4):880–94.e810. doi: 10.1016/j.cell.2019.10.002

33. Shan, L, Deng, K, Shroff, NS, Durand, CM, Rabi, SA, Yang, HC, et al. Stimulation of HIV-1-Specific Cytolytic T Lymphocytes Facilitates Elimination of Latent Viral Reservoir After Virus Reactivation. Immunity (2012) 36(3):491–501. doi: 10.1016/j.immuni.2012.01.014

34. Li, J, Huang, HH, Tu, B, Zhou, MJ, Hu, W, Fu, YL, et al. Reversal of the CD8(+) T-Cell Exhaustion Induced by Chronic HIV-1 Infection Through Combined Blockade of the Adenosine and PD-1 Pathways. Front Immunol (2021) 12:687296. doi: 10.3389/fimmu.2021.687296

35. Wang, XM, Zhang, JY, Xing, X, Huang, HH, Xia, P, Dai, XP, et al. Global Transcriptomic Characterization of T Cells in Individuals With Chronic HIV-1 Infection. Cell Discov (2022) 8(1):29. doi: 10.1038/s41421-021-00367-x

36. Zhang, L, Yu, X, Zheng, L, Zhang, Y, Li, Y, Fang, Q, et al. Lineage Tracking Reveals Dynamic Relationships of T Cells in Colorectal Cancer. Nature (2018) 564(7735):268–72. doi: 10.1038/s41586-018-0694-x

37. Aibar, S, Gonzalez-Blas, CB, Moerman, T, Huynh-Thu, VA, Imrichova, H, Hulselmans, G, et al. SCENIC: Single-Cell Regulatory Network Inference and Clustering. Nat Methods (2017) 14(11):1083–6. doi: 10.1038/nmeth.4463

38. Larbi, A, and Fulop, T. From "truly naive" to "exhausted senescent" T cells: when markers predict functionality. Cytometry A (2014) 85(1):25–35. doi: 10.1002/cyto.a.22351

39. Zhang, LX, Jiao, YM, Zhang, C, Song, JW, Fan, X, Xu, RN, et al. HIV Reservoir Decay and CD4 Recovery Associated With High CD8 Counts in Immune Restored Patients on Long-Term ART. Front Immunol (2020) 11:1541. doi: 10.3389/fimmu.2020.01541

40. Istaces, N, Splittgerber, M, Lima Silva, V, Nguyen, M, Thomas, S, Le, A, et al. EOMES Interacts With RUNX3 and BRG1 to Promote Innate Memory Cell Formation Through Epigenetic Reprogramming. Nat Commun (2019) 10(1):3306. doi: 10.1038/s41467-019-11233-6

41. Lee, JY, Hamilton, SE, Akue, AD, Hogquist, KA, and Jameson, SC. Virtual Memory CD8 T Cells Display Unique Functional Properties. Proc Natl Acad Sci USA  (2013) 110(33):13498–503. doi: 10.1073/pnas.1307572110

42. Koizumi, SI, Sasaki, D, Hsieh, TH, Taira, N, Arakaki, N, Yamasaki, S, et al. JunB Regulates Homeostasis and Suppressive Functions of Effector Regulatory T Cells. Nat Commun (2018) 9(1):5344. doi: 10.1038/s41467-018-07735-4

43. Bodor, J, Fehervari, Z, Diamond, B, and Sakaguchi, S. ICER/CREM-Mediated Transcriptional Attenuation of IL-2 and its Role in Suppression by Regulatory T Cells. Eur J Immunol (2007) 37(4):884–95. doi: 10.1002/eji.200636510

44. Hwang, SS, Lim, J, Yu, Z, Kong, P, Sefik, E, Xu, H, et al. mRNA Destabilization by BTG1 and BTG2 Maintains T Cell Quiescence. Science (2020) 367(6483):1255–60. doi: 10.1126/science.aax0194

45. Galloway, A, Saveliev, A, Lukasiak, S, Hodson, DJ, Bolland, D, Balmanno, K, et al. RNA-Binding Proteins ZFP36L1 and ZFP36L2 Promote Cell Quiescence. Science (2016) 352(6284):453–9. doi: 10.1126/science.aad5978

46. Pardons, M, Baxter, AE, Massanella, M, Pagliuzza, A, Fromentin, R, Dufour, C, et al. Single-Cell Characterization and Quantification of Translation-Competent Viral Reservoirs in Treated and Untreated HIV Infection. PLoS Pathog (2019) 15(2):e1007619. doi: 10.1371/journal.ppat.1007619

47. Wallace, J, Narasipura, SD, Sha, BE, French, AL, and Al-Harthi, L. Canonical Wnts Mediate CD8(+) T Cell Noncytolytic Anti-HIV-1 Activity and Correlate With HIV-1 Clinical Status. J Immunol (2020) 205(8):2046–55. doi: 10.4049/jimmunol.1801379

48. Lee, H, Jeong, S, and Shin, EC. Significance of Bystander T Cell Activation in Microbial Infection. Nat Immunol (2021) 23(1):13–22. doi: 10.1038/s41590-021-00985-3

49. Deng, K, Pertea, M, Rongvaux, A, Wang, L, Durand, CM, Ghiaur, G, et al. Broad CTL Response is Required to Clear Latent HIV-1 Due to Dominance of Escape Mutations. Nature (2015) 517(7534):381–5. doi: 10.1038/nature14053

50. Duette, G, Hiener, B, Morgan, H, Mazur, FG, Mathivanan, V, Horsburgh, BA, et al. The HIV-1 Proviral Landscape Reveals That Nef Contributes to HIV-1 Persistence in Effector Memory CD4+ T Cells. J Clin Invest (2022) 132(7):e154422. doi: 10.1172/JCI154422

51. Betts, MR, Ambrozak, DR, Douek, DC, Bonhoeffer, S, Brenchley, JM, Casazza, JP, et al. Analysis of Total Human Immunodeficiency Virus (HIV)-Specific CD4(+) and CD8(+) T-Cell Responses: Relationship to Viral Load in Untreated HIV Infection. J Virol (2001) 75(24):11983–91. doi: 10.1128/JVI.75.24.11983-11991.2001

52. Addo, MM, Yu, XG, Rathod, A, Cohen, D, Eldridge, RL, Strick, D, et al. Comprehensive Epitope Analysis of Human Immunodeficiency Virus Type 1 (HIV-1)-Specific T-Cell Responses Directed Against the Entire Expressed HIV-1 Genome Demonstrate Broadly Directed Responses, But No Correlation to Viral Load. J Virol (2003) 77(3):2081–92. doi: 10.1128/jvi.77.3.2081-2092.2003

53. Schmidt, R, Steinhart, Z, Layeghi, M, Freimer, JW, Bueno, R, Nguyen, VQ, et al. CRISPR Activation and Interference Screens Decode Stimulation Responses in Primary Human T Cells. Science (2022) 375(6580):eabj4008. doi: 10.1126/science.abj4008

54. Hoch, T, Schulz, D, Eling, N, Gomez, JM, Levesque, MP, and Bodenmiller, B. Multiplexed Imaging Mass Cytometry of the Chemokine Milieus in Melanoma Characterizes Features of the Response to Immunotherapy. Sci Immunol (2022) 7(70):eabk1692. doi: 10.1126/sciimmunol.abk1692

55. Marques, RE, Guabiraba, R, Russo, RC, and Teixeira, MM. Targeting CCL5 in Inflammation. Expert Opin Ther Targets (2013) 17(12):1439–60. doi: 10.1517/14728222.2013.837886

56. Falcinelli, SD, Kilpatrick, KW, Read, J, Murtagh, R, Allard, B, Ghofrani, S, et al. Longitudinal Dynamics of Intact HIV Proviral DNA and Outgrowth Virus Frequencies in a Cohort of Individuals Receiving Antiretroviral Therapy. J Infect Dis (2021) 224(1):92–100. doi: 10.1093/infdis/jiaa718




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hu, Li, Zhen, Wang, Huang, Zou, Zheng, Huang, Meng, Jin, Li, Zhou, Fu, Zhang, Li, Yang, Wang, Yang, Song, Fan, Jiao, Xu, Zhang, Zhou, Yuan, Huang, Qin, Wu, Shi, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-897569-g003.jpg
1SNE2

A

T %

100 Hkkk

HAAE ek

LoglOHIV-IDNA  ©
(copies/10° cells)

r=-0.4324
p = 0.0006

100 i
80:‘ ° -
=
60
40 ==
20 —
0
&
& &

Log10HIV-1DNA m
(copies/10° cells)

0

T T T . 1
10 20 30 40
Tum+ Tewra %
in CD8+ T cells

=-0.1737
p=0.1843

10 20 30 40
non-Tyy Temra %
in CD8+ T cells

Log10 HIV-1 RNA

Log10 HIV-1 RNA
(copies/10° cells)

(copies/10° cells)

6 r=-0.3328
p =0.0094

0t 1
0 10 20 30 40
Tom+ Temra %

in CD8+ T cells

6 r=-0.1377

p=0.2941

4 % S
seoset .

B e

R v

0 10 20 30 40
non-Tyy Temra %
in CD8+ T cells





OEBPS/Images/fimmu-13-897569-g001.jpg
A Study Cohort Sampling Experimental Procedures Analysis
PLWH on ART Blood 1. Clinical parameters Impact of immuocyte subsets on
(n=60) 2. HIV reservoir parameters HIV-1 reservoir
HIV DNA, HIV CA usRNA
3. T cell subsets °
- T, Temra, Tow, Tem, Tum
4. CD8+ T cell functionality
Cytotoxity: PRF, GZMB, GNLY 05 0o o5
Beta-chemokine: CCL3, CCL4, CCL5 - r -
Cytokine: IL-2, TNFa, IFN y Negative Positive
B Impact of T-cell subsets on C Impact of CD8+ T-cell subsets on
HIV-1 DNA HIV-1 RNA HIV-1 DNA HIV-1 RNA
—— Tew% in CD8+ T cells —— —— IFNy+% +  —@—
r=04911 —— “*+  Tcy% in CDB+ T cells *+++ —-r=04925 r=-04317 —@— W IL24% ek @ r=-0.7216
— Tn% in CD8+ T cells —— —— TNFa+% +  —@—
-0.4706 —@— % Teypa% in CDB+ T cells * —@— r=-0.3527 —e— CCL4+% ** —o=
— CCL3+% ——
—— Teu% in CD4+ T cells —— =-0.4036 —@— w CCL5+% wrex @— r=-0.7172
—— Tew% in CD4+ T cells —— =-0.3307 —@— wx  PRF4% wex —@— =-0.4315
—— Ty% in CD4+ T cells —o— —— GNLY+% ——
—— Tewra% in CD4+ T cells —— 1=-02739 —@—| +  GZMB+% « —o—  r=-0.3061
T T T T 1 T T 1
-1.0 05 00 05 10 -1.0 05 00 05 10 -10 05 00 05 10 -10 05 00 05 10
4 & - . . . v
Negative Positive Negative Positive Negative Positive Negative Positive






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CCL5-Secreting Virtual Memory CD8+ T Cells Inversely Associate With Viral Reservoir Size in HIV‐1−Infected Individuals on Antiretroviral Therapy

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Participants

          



          		

            Flow Cytometry

          



          		

            Functional Assays for CD8+ T Cells

          



          		

            Detection of HIV-1 DNA and CA usRNA

          



          		

            Viral Inhibition Assay

          



          		

            scRNA-seq Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Characteristics of Study Population

          



          		

            CD8+ TEMRA Percentage Negatively Correlates With the HIV-1 Reservoir in ART Individuals

          



          		

            CCL5 Expression in CD8+ T Cells Negatively Correlates With HIV-1 Reservoir Size

          



          		

            CCL4- CCL5+ CD8+ TEMRA Percentage Negatively Correlates With the HIV-1 Reservoir in ART Individuals

          



          		

            TVM Cells Are Enriched in CCL4- CCL5+ CD8+ TEMRA Cells

          



          		

            TVM Cells Are Transcriptionally Distinctive From CCL4+ TCM Cells

          



          		

            CCL5-Producing TVM Cells are Negatively Correlated With HIV-1 Reservoir Size

          



          		

            TVM Cells Restrained HIV-1 Reactivation via CCL5 Secretion

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-897569-g005.jpg
Log10 HIV-1DNA >
(copies/10° cells)

Log10 HIV-1DNA @
(copies/10° cells)

(¢}

Log10 HIV-1 DNA
(copies/10° cells)

r=-0.4902
p <0.0001

200 400 600 800
Tvm count (/L)

r=-0.3653
% p =0.0041

10 20 30 40
Tvm% in CD8+ T cells

20 40 60 80 100

CCL5+% in Tvm

Log10 HIV-1 RNA
(copies/10° cells)

Log10 HIV-1 RNA

(copies/10° cells)

Log10 HIV-1 RNA
(copies/10° cells)

6 =-0.4530
p = 0.0003
0 T 1
0 200 400 600 800
Twm count (/L)
5 r=-0.2270
4 . o® P= 0.0812
3
2
1
0 T
0 10 20 30 40
Tvm% in CD8+ T cells
89 r=-07516
p <0.0001

| . . . ;
0 20 40 60 80 100
CCL5+% in Tvm





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-897569-g002.jpg
Impact of CD8+ T-cell subsets on

tSNE projection of

HIV-1 DNA HIV-1 RNA CD8+ T-cell subsets
—‘T— CCL4-CCL5-CCL3-% —
To— CCL4-CCLS-CCL3+%  » —e—
—.—‘ *  CCL4-CCL5+CCL3-% »+++ —@—
CCL4-CCLS+CCL3+% +  —@—
—@— .+ CCL4+CCLS-CCL3-% *+r -
—®— *+  CCL4+CCL5-CCL3+% *+*+ =
—OT CCL4+CCLS+CCL3-% = —@— "
[

—0—1' CCL4+CCL5+CCL3+% — z

r 1 LI R — m— =
40 05 00 05 10 40 05 00 05 10

- r - - r -
Negative Positive Negative Positive

57 r=03289 67 r=06758 6- r=-06544
$3, p=003% $3 | p<0.0001 kS S@ | p<00001
o8 €3 o3 Ly PR,
223 2? 22 E3}
I3 I3 I3 I3
2482 28 28 24
=) o o ]
38, 38 g8 | g §O

T T T
80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

CCL4+CCL5-% in CD8+ Tcm

CCL4+CCL5-% in CD8+ Tcm

CCL4-CCL5+% in CD8+ TEMRA CCL4-CCL5+% in CD8+ TEMRA





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-897569-g004.jpg
Volcano plots of DEGs in
UMAP projection of CD8+ T cells Cc emra_Klvaerse cm_CCL4 B Bubble heatmap of DEGs
83 ;‘f

naive_LEF1 300 U —c T ccr7|@ © ceeee
naive_ISG | KLRGY ol <
Pl et | Sl
cm_GPR183 |
*PRF1 cozr| @

em . .

‘ " aly cozs
emra_EOMES | o o
emm KR S1PR1
MAIT IL7R
gdT GPRIBI|«
CXCR3 | «
CD44 o0 .
CXCRé
. TYROBP{ « = =«
NKGT [ @ .
CX3CR1
FCGRAMA [+ o+ - @ 8
— ForBP2 | - 5
5 : PRF1| o .
log2(fold change) GMAfe @ e
Change = no_sig ® Up ® Down GZMB .
GZMH
GzmK

D Heatmap of predicated TF differences E Reconstruction of SCENIC gene regulatory GNLY

between emra_KIR and cm_CCL4 by SCENIC networks in emra_KIR cluster ﬁ;ﬁ:

EOMES
\ coL3| . « . .
coLe| o .
coLs|e
IFIt6 | o
Mx1
15615
IFlaal.
PDCDI | «
ToX[e s ooe e
cTad]c o o o -
KIR20L1
KIR2DL3
KIR3DL1
KIR3DL2{ - -
SLCaA10 °
TRAVI-2 °
TRGV9 | . s e

ece0e
oo
°

~iog10 (p-value)
3
i
2

00000000

Gene

Cluster
RUNX3_extended (709) Cluster
RUNXS (660) l emra_KIR b
TBX21_extended (599) i ous
TBX21 (509)
STAT1 (119) 05
'STAT1_extended (24g) 04
RELB_extended (24g)
RELB (200)
(REM _extended (30g)
CREM (25g) I
— JUNB_extended (299) O
JUNB (11g)

03






OEBPS/Images/table1.jpg
Characteristic Value
Age () 46 (26-56)
Gender (female/male) 22/38
Pre-ART

CD4 cell count (cells/uL) 185.5 (5-934)

CD8 cell count (cells/uL)
CD4/CD8 ratio

Time on ART (y)

ART regimens-no.
2 NRTIs + 1 NNRTIs
2NRTIs + 1 Pls
1NRTIs + 1 Pls

At enroliment
Plasma HIV RNA
CD4 cell count (cells/uL)
CD8 cell count (cells/ul)
CD4/CD8 ratio

591.5 (50-2650)
0.23 (0.01-1.23)
6.6 (2.5-14.9)

51 (85%)
8 (13%)
1 (2%)

ND
504.5 (283-1378)
743 (377-1846)
0.70 (0.24-1.87)

Data are shown as medians with ranges (min to max) or no. with percentages. ART,
Antiretroviral therapy; ND, undetectable; NRTIs, nucleoside reverse transcriptase inhibitors;
NNRTIs, non-nucleoside reverse transcriptase inhibitors; Pls, protease inhibitors.





OEBPS/Images/fimmu-13-897569-g006.jpg
CCL5+% in Ty

FsC

FSC

P24+ CD4+ T cells%

(o]
- - <
41 p-oosa7 pross < @0 | =
S5 | PO RAD Z 24 p=00968 8
o3 3 o -
- o Te3 +
2% z: N -3
T 5 I g2 -5 o
o 24 2 a1 %
58 28 3
38, S 2o &
10 20 30 40 Nooa S &P . B
LR DMSO
Tuu% in CD8+ T cell 0@"‘2 o‘°°Q 0‘69 & o PMA/lono - +
CD8+ Tcells - o
PMA/Iono +
DMSO control HC control PMA/lono CD8+ T cells
1 0.035 ™ 0.11 - 0.39 - 0.21
>
P24
Tum E Tym+aCCL3 Tym+ aCCL5
™ - 0.25 ™ 0.20 - 0.36
Q
¥ - k - (2 L — T & —
. w I ) L n w . w? " . w 0
> >
P24 P24
.
08 . 80 N 10 o 100 .
»
061 5 60 . 3 08 s ns__&
= 2 o ° = 2 °
. 3 . - 06 ns H 5501 8 3
04l 8 a0 e $o04] o v € s
° k] 3 o 3 L] ° k] ®
02 =207 g 302 —, R
00 ol— 200
SRR
54"‘ s 1&4“‘ & o oo\, Oo\/ 00‘\ C;O? 00\3’
& & & & & &






OEBPS/Images/fimmu.2022.897569_cover.jpg
’ frontiers ‘ Frontiers in Immunology

CCL5-Secreting Virtual Memory CD8+
T Cells Inversely Associate With Viral
Reservoir Size in HIV-1-Infected
Individuals on Antiretroviral Therapy





