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CD38, a nicotinamide adenine dinucleotide (NAD)+ glycohydrolase, is considered an activation marker of T lymphocytes in humans that is highly expressed during certain chronic viral infections. T cells constitute a heterogeneous population; however, the expression and function of CD38 has been poorly defined in distinct T cell compartments. We investigated the expression and function of CD38 in naïve and effector T cell subsets in the peripheral blood mononuclear cells (PBMCs) from healthy donors and people with HIV (PWH) using flow cytometry. Further, we examined the impact of CD38 expression on intracellular NAD+ levels, mitochondrial function, and intracellular cytokine production in response to virus-specific peptide stimulation (HIV Group specific antigen; Gag). Naïve T cells from healthy donors showed remarkably higher levels of CD38 expression than those of effector cells with concomitant reduced intracellular NAD+ levels, decreased mitochondrial membrane potential and lower metabolic activity. Blockade of CD38 by a small molecule inhibitor, 78c, increased metabolic function, mitochondrial mass and mitochondrial membrane potential in the naïve T lymphocytes. PWH exhibited similar frequencies of CD38+ cells in the T cell subsets. However, CD38 expression increased on Gag-specific IFN-γ and TNF-α producing cell compartments among effector T cells. 78c treatment resulted in reduced cytokine production, indicating its distinct expression and functional profile in different T cell subsets. In summary, in naïve cells high CD38 expression reflects lower metabolic activity, while in effector cells it preferentially contributes to immunopathogenesis by increasing inflammatory cytokine production. Thus, CD38 may be considered as a therapeutic target in chronic viral infections to reduce ongoing immune activation.
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Introduction

Since the identification of CD38 as a thymocyte marker (1), this cell surface molecule has received significant attention as a T cell activation marker. A plethora of studies found higher expression of CD38 in various pathological conditions including cancers, autoimmune diseases and chronic viral infections, and identified its involvement in various biological processes including cell differentiation, cell migration, cytokine secretion, and apoptosis (2–6), suggesting it to be an important therapeutic target for treating cancers and autoimmune diseases (7). Monoclonal antibodies such as Daratumumab and Isatuximab have indeed shown encouraging results for the treatment of lymphoid cancers and autoimmune diseases (8–11). However, monoclonal antibody treatment, such as Daratumumab, results in clearance of CD38+ pathological cells by antibody dependent cellular cytotoxicity (ADCC), but it also increases risk of infections due to the depletion of CD38+ non-pathological immune cells (12). CD38 inhibitor such as 78c that functionally reduce the enzymatic activity of CD38 avoiding ADCC are now being tested for clinical interventions (13). Nevertheless, therapeutic potential of targeting CD38 in chronic infections such as HIV, HBV and HCV remains unknown.

With age, gradual increases in CD38 expression are linked to decline in NAD+ levels and mitochondrial dysfunction in various tissues in mice (14). Senescence-associated secretory phenotype (SASP) secreted by senescent cells during aging induce macrophages to proliferate and express CD38 leading to reduction of tissue NAD+ level (15). Conversely, inhibition of CD38 ameliorates this age-related metabolic dysfunction (13). Recently, association of CD38 upregulation with accelerated aging of immune cells has been reported in viral infections (16, 17), which might be associated with defective antiviral responses. Moreover, despite viral control with therapy, patients with chronic viral infections such as HBV and HIV carry a higher risk of developing inflammation-associated end-stage diseases, including cancer; therefore, an immunomodulatory therapy targeting CD38 to control excessive inflammation mediated by vigorous immune activation may demonstrate considerable therapeutic potential. Also, there is an advantage in targeting CD38 in chronic viral infections because it may have dual effect: reduce inflammation and enhance metabolic activity and restore function of effector T cells. However, since immunotherapies carry a risk of developing unprecedented complications, such as autoimmune diseases, it is important to decipher the precise nature and function of CD38 among various immune cell populations. This, in turn, will allow for identifying the advantages and disadvantages of targeting CD38 for therapeutic interventions.

Although CD38 has been demonstrated as a T cell activation marker in HCV and HIV infection (18–20), its function in different T cell subsets remain unclear. Some studies indicate CD38 is expressed in less than 10% of cytotoxic T lymphocytes (CTL) in PBMCs of healthy donors (HD) (20, 21), while others reported high expression on these cells (22–24). Dianzani et al. documented significantly higher expression of CD38 on CD45RA+ naive helper T cells and CTLs (24), indicating differential expression of CD38 on different cell types. Therefore, in this study we explored CD38 expression and its function in various T cell subsets and evaluated if CD38 is associated with cellular NAD+ metabolism, mitochondrial function and inflammatory cytokine production. Further, we aimed to understand the impact of targeting CD38 as a therapeutic option in patients with chronic viral infections, which might help in designing new therapeutic strategies.



Methods




Participants

Peripheral blood samples were acquired from patients and healthy donors after written informed consent. Samples from PWH were taken from the CHROME study (Protocol Number: HP-000813000; NCT0382391), approved by the University of Maryland, Baltimore Institutional Review Board. The pertinent inclusion criteria are men and women 18 years and older, CD4 count≥150/mm3, virally suppressed with ART (VL ≤ 50/mL). All healthy donors were between 18-50 years of age, tested negative for HIV, HBV or HCV infections, and presented without clinically relevant symptoms of any existing pathology at the time of sample collection. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque (Sigma-Aldrich) density gradient centrifugation. Cells were subsequently resuspended in 90% fetal bovine serum (FBS, Gibco) plus 10% DMSO and stored in the vapor phase of liquid nitrogen until further use.




Antibody staining and Flow cytometry

For all experiments, frozen PBMCs were thawed and rested for 16-18h in complete RPMI 1640 media at 37°C in a 5% CO2 incubator before starting the experiments. Phenotypic analyses of PBMCs were performed using surface antibody staining for 30 minutes at 4°C, using combinations of the following anti-human monoclonal antibodies: αCD3-PE/Dazzle594 (OKT3), αCD3-FITC (OKT3), αCD38-PE/Cy7 (HB-7), αCD19-BV650 (HIB19), αCD56-BV750 (5.1H11), αCD4-PerCP/Cy5.5 (OKT4), αCD8-AF700 (SK1), αCCR7-APC/Fire (G043H7), αCD45RO-BV711 (UCHL1), all purchased from BioLegend. After staining the cells with antibodies for the phenotypic markers cells were fixed in 1% paraformaldehyde and acquired in a flow cytometer. The functional capacity of T cells was determined by analyzing the intracellular cytokine production upon stimulation with overlapping HIV-Gag polyprotein peptides using αIFNγ-APC (4S.B3) and αTNFα-PE (MAb11) antibodies from BioLegend. After staining the cells for surface markers, cells were permeabilized with Cytofix/Cytoperm (BD Biosciences) followed by intra cellular cytokine staining and finally fixed in 1% paraformaldehyde. Live/dead cell discrimination was performed using Zombie Aqua fixable viability Kit (BioLegend). Data were acquired and compensated using Cytek Aurora (Cytek Biosciences) flow cytometer and further analyzed with FlowJo (version 10.7.1).




Intracellular NAD+ level

Intracellular NAD+ level in T cells were measured using a chemiluminescence-based kit (NAD/NADH-Glo™ Assays; Promega, USA) following the manufacturer’s instructions. First, naïve and effector T cells were sorted from 107 PBMCs collected from 7 healthy donors by flow cytometry cell sorter (BD Aria-III; BD Biosciences) using αCD3-APC (OKT3), αCCR7-APC/Fire (G043H7), αCD45RO-BV711 (UCHL1) antibodies purchased from BioLegend. Sorted cells were counted and 500,000 cells (in duplicate) were lysed according to the kit’s instructions to determine the mean intracellular NAD+ and NADH levels. Data was normalized by protein concentration determined by BCA protein estimation assay kit (Thermo) using a fraction of the same whole cell lysate that was used for NAD+/NADH measurement as recommended in the kit’s instruction.

The data was represented as NAD+ or NADH content per microgram of protein. For NAD+ measurement in CD4+ and CD8+ T cells after 24h treatment with 5μM 78c, cells were sorted by negative selection using magnetic bead-based isolation kits (EasySep Human CD4+/CD8+ T cell isolation kit, STEMCELL Technologies). Data were analyzed using GraphPad Prism software.




Two-photon excitation fluorescence (2PEF) microscopy

Cells were stained with the following anti-human monoclonal antibodies; αCD38- PerCP/Cy5.5 (HB-7), αCD4-FITC (OKT4), αCD8-FITC (RPA-T8) from BioLegend. Two-photon excitation fluorescence imaging was performed in a scanning microscope (ISS Q2 with Galvano-scanner unit coupled to an Olympus IX70). The two-photon excitation was generated by a femtosecond laser (Calmar Laser Inc., 780nm, pulse-width 90fs, repetition rate of 50MHz). A computer-controlled ISS intensity modulation unit (based on Glan-Thompson polarizer and half-wave plate) was used to precisely regulate the excitation power from the femtosecond laser. The excitation light was reflected by a dichroic mirror to a high-numerical-aperture (NA) water objective (60x; NA 1.2) and focused onto the cells attached on a cover glass slide. The fluorescence was collected by avalanche photodiodes through a 750nm short-pass filter, dichroic beam splitters and band-pass filters (Chroma) for recording the fluorescence in the spectral regions of interest in three separate detection channels (435 – 485 nm for NADH; 502 – 548nm for FITC; and 650 – 720nm for PerCP-Cy5.5). The data acquisition was enabled by a B&H SPC-150 card operated in a photon time-tag time-resolved (TTTR) mode. ISS VistaVision software for data acquisition and data processing was used for fluorescence imaging experiments by two-photon excitation. Average intensity per cell (measured by photon counts) from the CD38-PerCP-Cy5.5 and NADH channels were presented in bar diagrams from 3 different sections of the naïve and effector CD4+ and CD8+ T cell subsets.




Measurement of metabolic activity of T cells by extracellular flux analyzer

PBMCs were thawed and rested for 16-18h in complete RPMI 1640 media at 37°C in a 5% CO2 incubator. CD3+ T cells from 6 HDs were separated using, EasySep Human T cell isolation kit (STEMCELL Technologies). Then, naïve and effector T cells were sorted by flow cytometry using αCCR7-FITC (G043H7), αCD45RO-APC/Cy7 (UCHL1) antibodies from BioLegend. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in a Mitostress test conducted in a Seahorse XFe96 extracellular flux analyzer (Agilent) following the standard protocol from the manufacturer. Briefly, 5x105 cells (at least 3 replicates) were seeded in a PolyD-Lysine coated plate (Agilent). Cells were initially incubated in XF RPMI medium supplemented with glutamine (2mM), glucose (10mM) and pyruvate (1mM) (all reagent from Agilent). Cells were then treated sequentially with Oligomycin (1 μM) to block ATP production, followed by the uncoupling agent FCCP (fluoro-carbonyl cyanide phenylhydrazone, 1.5 μM), to dissipate proton gradients and allow electron transport and oxygen consumption to operate at maximal rate. This elevated OCR was suppressed by Rotenone/Antimycin (0.5 μM), showing that respiration was mitochondrial. Basal OCR and ECAR measurement were taken before addition of Oligomycin, maximal mitochondrial respiration was measured after addition of FCCP and mitochondrial spare capacity was measured by subtracting basal respiration from maximal respiration.




Analysis of mitochondrial mass, mitochondrial superoxide and mitochondrial membrane depolarization

After thawing frozen PBMCs and resting for 16-18hr cells were treated with or without 5µM 78c for 24h. Cells were then stained for live/dead discrimination followed by staining for phenotypic surface markers (as described above) at 37°C in a 5% CO2 incubator for 20 minutes. At the end of surface staining, prewarmed mitochondria-specific dyes were added and incubated for 10 minutes. Finally, cells were washed, acquired immediately in Cytek Aurora flow cytometer. Data were acquired using Cytek Aurora and further analyzed with FlowJo (version 10.7.1). Mitochondrial mass was determined by measuring the mean fluorescence intensity (MFI) of mitochondria-specific dye Mitotracker Green (MTG; 100µM) among the naïve and effector subsets of CD4+ and CD8+ T cells. Frequency of mitochondrial superoxide positive cells were determined by staining the lymphocytes with MitoSox Red dye (100µM), which specifically detects superoxide content. Mitochondrial depolarization was determined by the red to green ratio of MFIs of mitochondrial membrane potential dependent dye JC1 (1µg/ml) among the naïve and effector subsets of CD4+ and CD8+ T cells. All the mitochondria specific dyes were purchased from Thermo.




HIV Gag-specific T cell response

PBMCs from 8 virally suppressed PWH individuals were used to measure antigen-specific cytokine production. PBMCs were cultured at 37°C in a 5% CO2 incubator for 5 days in complete RPMI-1640 medium at a final concentration of 1 × 106 cells/ml in the absence or presence of overlapping peptides (1 μg/ml) of HIV-Gag polyprotein (PepMix™ HIV-1 (GAG) Ultra) from JPT Peptide Technologies GmbH. The peptide mix contains 150 overlapping peptides (15mers with 11 aa overlap) through Gag polyprotein of HIV. PBMCs were re-stimulated with overlapping peptides on day 4 and Brefeldin A and Monensin (BD Biosciences) were added after 1 hour of re-stimulation, and the cell cultures were continued for an additional 16 hours. Cells incubated without Gag peptides but with DMSO of equivalent concentration as used to dissolve the peptides served as negative controls. Recombinant IL-2 (20 IU/ml, Tecin, Biological Resources Branch, NIH) was added to Gag-stimulated or control cells at day 1 of culture. To inhibit CD38 functionally, 5μM of a small molecule inhibitor of CD38, 78c (Millipore, Sigma) was used. Cells were stained with surface markers and intracellular cytokines for flow cytometry and data was acquired and analyzed as described above.




Statistical analysis

Data were analyzed on GraphPad Prism (V9.2.0). Statistical significance was tested by Kruskal-Wallis test (un-paired nonparametric data) or Friedman test (paired and nonparametric data) with post hoc analysis (Dunn’s multiple comparison test) for data with multiple groups. For comparison of the mean between two groups, Mann-Whitney test was used for nonparametric data sets. Paired t-test was used to verify the statistical significance for paired samples.




Results




CD38 expression varies on different subsets of lymphocytes among healthy donors

Frequencies of CD38+ cells were verified on lymphocytes (CD4+ T cells, CD8+ T cells, B cells, NK cells) of 23 healthy donors (HD; 17 male and 6 female) by flow cytometry (Figure 1). All four types of lymphocytes express CD38, but the extent of CD38 expression varied substantially among the immune cell subtypes. The lowest frequency of CD38+ cells was observed on CD8+ T cells (mean %= 52.36 ± 14.94) followed by CD4+ T cells (mean %= 70.54 ± 13.38), B cells (mean %= 75.57 ± 10.36), and NK cells (mean %= 91.09 ± 3.98) (Figures 1A–C). Next, we investigated the expression of CD38 among the naïve and effector T cell subsets based on CD45RO and CCR7 expression. Intriguingly, our data showed that CCR7+CD45RO- CD8+ T cells, that are primarily comprised of naïve cells, had the highest CD38 expression (mean %= 68.58 ± 11.74) compared to CCR7-CD45RO+/- effector cells that are primarily comprised of effector memory and terminally differentiated effector cells (mean %= 24.92 ± 14.24) (Figures 1D, E). Similar distribution of CD38 expression were also observed in CD4+ T cell subsets where majority of the naïve cells had higher CD38 expression (mean %= 94.86 ± 2.82) compared to effector cells (mean %= 17.78 ± 10.9) (Figures 1F, G). Since a considerable proportion of naïve/resting T cells (presumably inactive) had high expression of CD38, it may not solely be an activation marker and instead have diverse functions in different cell types.




Figure 1 | CD38 expression on various subsets of cytotoxic T lymphocytes in HDs. (A) Gating strategies for CD4+ T cells, CD8+ T cells, B cells and NK cells. (B) Representative dot plots for % CD38+ cells among CD4+ T cells, CD8+ T cells, B cells and NK cells in PBMCs of a HD. (C) Frequencies of CD38+ cells among CD4+ T cells, CD8+ T cells, B cells and NK cells in PBMC of HDs (n=23). (D) Gating strategy for Naïve and Effector subsets based on surface expression of CD45RO and CCR7 of CD8+ T cells and representative dot plots for %CD38+ cells among them. (E) Proportion of CD38+ cells among Naïve and Effector subsets of CD8+ T cells in PBMC of HDs. (F) Gating strategy for Naïve and Effector subsets based on surface expression of CD45RO and CCR7 of CD4+ T cells and representative dot plots for %CD38+ cells among them. (G) Proportion of CD38+ cells I among Naïve and Effector subsets of CD4+ T cells in PBMC of HDs. Horizontal black lines in dot plots represent mean values. In (C), Kruskal-Wallis test was performed for statistical analysis with post hoc test (Dunn’s multiple comparison test). Adjusted P values; * <0.05, **** <0.0001. In (E, G) Wilcoxon matched-pairs signed rank test were performed. P values; **** <0.0001.






CD38 modulates intracellular NAD+ levels in T lymphocytes

Since one of the major functions of CD38 is hydrolysis of NAD+, we hypothesized that overexpression of CD38 may differentially modulate intracellular NAD+ level among naïve and effector T cells. We measured the intracellular NAD+ and NADH levels in purified CD3+ naïve and effector T lymphocytes (Figures 2A–D) in HDs (n=7). First, we sorted the naïve (CCR7+CD45RO-) and effector (CCR7-CD45RO+/-) CD3+ T cells based on CCR7 and CD45RO staining. Then, intracellular NAD+ and NADH levels were measured by a chemiluminescence-based assay. Interestingly, intracellular NAD+ levels were lower among the naïve T cells (Mean = 1.38 ± 0.43 nM/μg protein) compared to effector T cells (Mean = 2.01 ± 0.35 nM/μg protein) in all individuals and this difference was highly significant (p<0.005) (Figure 2C). However, differences in NADH levels were not significant between naïve (Mean = 0.44 ± 0.25 nM/μg protein) and effector (Mean = 0.42 ± 0.08 nM/μg protein) T cells (Figure 2D). We further evaluated intracellular NADH levels in sorted naïve and effector cells qualitatively by two-photon excitation fluorescence imaging microscopy (2PEF). Again, naïve CD8+ and CD4+ T cells had substantially higher CD38 expression and lower NADH expression compared to their effector counterparts (Figures 2E, F). However, despite notable changes in NAD+ and NADH levels, no significant difference was observed in the NAD+/NADH ratio between the naïve and effector T lymphocytes (Supplementary Figure S1). We previously showed lower intracellular NAD+ levels in CD38+ compared with CD38- T cells (19) indicating CD38 protein expression on T lymphocyte possibly modulates intracellular NAD+ levels. Here we demonstrate that 24h of treatment with a small molecule functional inhibitor of CD38, 78c, resulted in significant increase in intracellular NAD+ levels in CD4+ and CD8+ T cells (Figure 2G). Interestingly, the increase in NAD+ levels due to 78c treatment were more in CD4+ T cells compared to CD8+ T cells. Perhaps, this was because CD4+ T cells had higher CD38 expression than CD8+ T cells as shown in Figure 1. It would be interesting to measure the change in NAD+ levels with 78c treatment on naïve and effector subsets of CD4+ and CD8+ T cell separately, but we could not verify it due to inadequate cell number in the sorted effector T cell subsets. Nonetheless, these data confirms a direct role of CD38 in depleting NAD+ levels in T cells.




Figure 2 | Comparison of intracellular NAD+ and NADH levels between naïve and effector T cell subsets. Gating strategies for naïve (CCR7+CD45RO-) and effector (CCR7-CD45RO+/-) CD3+ T cell subsets before (A) and after (B) cell sorting. (C) Intracellular NAD+ level in naïve and effector T cell subsets. (D) Intracellular NADH level in naïve and effector T cell subsets. 2PEF images of CD8+ (E) and CD4+ (F) (yellow) cells expressing CD38 (red) and intracellular NADH (green) among naïve and effector subsets sorted by flow cytometry as indicated above. Bar diagrams represent average of 3 different sections from each of naïve and effector T cell subsets and error bars represent standard deviation. Image sizes were 75µm x 75µm. (G) Intracellular NAD+ level in CD4+ and CD8+ T cells after treating them with 5μM CD38 inhibitor, 78c, for 24h. Paired t-test was performed for statistical analysis in C, D and (G) Unpaired t-test was performed for statistical analysis in E and (F) P values; * <0.05, ** <0.01, *** <0.001, **** <0.0001. ns – not significant.






CD38 modulates metabolic activity of naïve T lymphocytes

Since our data indicated that NAD+ levels vary significantly among naïve and effector T lymphocytes, we examined the influence of CD38 on OXPHOS and glycolysis among T cell subsets of HDs by measuring oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using the Seahorse extracellular flux analyzer. OCR and ECAR indicate the activity of OXPHOS and glycolysis, respectively. As indicated in Figure 3 the naïve subset of T lymphocytes had significantly lower basal ECAR (Figures 3A, C) and OCR (Figures 3B, D) compared to their corresponding effector T lymphocytes. Moreover, the maximal mitochondrial respiration induced by uncoupler FCCP treatment was much higher in the effector T cells compared to naïve cells (Figure 3E). In addition, the spare capacity of the effector T cells, which measures the potential of a cell to produce ATP immediately upon demand, was substantially higher than naïve T cells (Figure 3F). Furthermore, CD38 inhibition by 78c treatment for 24h increased baseline OCR (Figures 3H, J), maximal respiration (Figures 3H, K) and spare capacity (Figures 3H, L) in naïve T cell but not in effector T cells. However, CD38 inhibition did not have any significant effect on baseline ECAR (Figures 3G, I) on either subset of T cells. These data suggest that at baseline, effector cells are more metabolically active than naïve T cells and are better equipped to produce ATP rapidly by utilizing both oxidative phosphorylation and glycolysis.




Figure 3 | Assessment of metabolic activity of T lymphocyte subsets in HDs. Representative figure of (A) ECAR and (B) OCR among naïve and effector subsets of CD3+ T cells. Plots for (C) baseline ECAR, (D) baseline OCR, (E) maximal OCR and (F) spare capacity in paired naïve and effector T cells among HDs. In each plot, dots represent individual samples and connected lines represent paired values in naïve and effector cells. Representative figure of (G) ECAR and (H) OCR among naïve and effector subsets of CD3+ T cells treated with or without 78c for 24h. Plots for (I) baseline ECAR, (J) baseline OCR, (K) maximal OCR and (L) spare capacity in paired naïve and effector T cells among HDs treated with or without 78c for 24h. In each plot, dots represent individual samples and connected lines represent paired values in naïve and effector cells. Paired t-test was performed for statistical analysis. P values; * <0.05, ** <0.01, ns – not significant. HD- Healthy donor, ECAR - extracellular acidification rate, OCR- oxygen consumption rate.






CD38 modulates mitochondrial function of T lymphocytes

Next, we determined mitochondrial functions among the T cell subsets using mitochondria-specific dyes Mitotracker Green (MTG), Mitosox Red (MSR) and JC-1 among HDs. MTG stains all mitochondria inside the cells by selectively diffusing into mitochondria, irrespective of mitochondrial membrane potential, giving an estimate of total mitochondrial mass. Oxidation of MSR by mitochondrial superoxide (mitochondria is the major source of superoxide generated by the electron transport chain (ETC)) produces red fluorescence, giving the estimate of mitochondrial superoxide content. In highly polarized mitochondria, JC1 aggregates and produces red fluorescence, whereas in depolarized mitochondria it remains in monomer form and emits green fluorescence. Thus, depolarized cells with lower mitochondrial membrane potential produce higher green fluorescence, leading to a lower JC1-red to JC1-green ratio. Mitochondrial mass, determined by the MFI values of MTG, was significantly lower among the naïve cells compared to effector CD4+ (p<0.0001) and CD8+ T cells (p<0.0001) (Figures 4A–C). In parallel, lower percentage of superoxide positive cells were observed among naïve cells compared to effectors in CD4+ T cells (p<0.05) and CD8+ T cells (p<0.05) (Figures 4A, D, E). Interestingly, cells with high mitochondrial mass were found to be MSR+ cells in both naïve and effector T cell subsets (Supplementary Figures S2A–C). Surprisingly, the MFI ratios of JC1-red/JC1-green were substantially lower among the naïve cells compared to effector cells in both CD4+ (p<0.0001) and CD8+ T cell subsets (p<0.01) (Figures 4A, F, G). Moreover, 24h treatment of 78c, resulted in remarkably increased mitochondrial mass among all T cell subsets in both CD4+ and CD8+ (p<0.0001) T cells (Figures 4A–C). However, 78c treatment increased mitochondrial superoxide only in the naïve (p<0.001) subsets but not in effector cells of both CD4+ and CD8+ T cells (Figures 4A, D, E). Furthermore, mitochondrial membrane potential improved marginally in effector subsets of both CD4+ and CD8+ (p<0.05) T cells (Figures 4A, F, G), but not in naïve subsets. These data indicate that naïve T cells maintain a metabolically hypoactive pool of mitochondria while the effector cells maintain metabolically active and more polarized pool of mitochondria, and CD38 inhibitor can partially modulate mitochondrial functions within 24h of treatment.




Figure 4 | Assessment of mitochondrial functions using mitochondria-specific dyes Mitotracker Green (MTG), Mitosox Red (MSR) and JC-1 among the T cell subsets of HDs. (A) Gating strategy for identifying naïve and effector CD4+ and CD8+ T cells (B) Representative overlay histogram plot to assess MFI of MTG among naïve and effector subsets of CD4+ and CD8+ T cells in the presence and absence of 78c treatment. (C) Comparison of MTG-MFI among naïve and effector subsets of CD4+ and CD8+ T cells in the presence or absence of 78c treatment. (D) Representative dot plots for %MSR+ cells among naïve and effector subsets of CD4+ and CD8+ T cells in the presence or absence of 78c treatment. (E) Comparison of % MSR+ cells among naïve and effector subsets of CD4+ and CD8+ T cells in the presence or absence of 78c treatment. (F) Representative dot plots for JC1-Red (aggregates)/JC1-Green (monomers) staining among naïve and effector subsets of CD4+ and CD8+ T cells in the presence or absence of 78c treatment. (G) Comparison of the MFI ratio of JC1-Red/JC1-Green fluorescence among naïve and effector subsets of CD4+ and CD8+ T cells in the presence or absence of 78c treatment. In each plot, dots represent individual samples and lines represent paired values. Paired t-test was performed for statistical analysis. P values; * <0.05, ** <0.01, *** <0.001, **** <0.0001, ns – not significant.






CD38 is required for functional activation and cytokine response by T cells upon viral peptide stimulation

Our data indicates that CD38 likely plays different role in naïve and effector cells. However, the lower expression of CD38 among the effector compared to naïve T cells raises the question of the role that CD38 plays in effector cells. Does the expression and function of CD38 change when the effector cells encounter microbial antigens? To investigate this, we performed intracellular cytokine production assays by stimulating PBMCs of PWH with HIV Gag-specific peptides in the presence or absence of CD38 inhibitor 78c. First, we compared the percentages of CD38+ cells between HDs and PWH among naïve and effector subsets of CD4+ and CD8+ T cells. There were no significant differences in the percentages of CD38+ cells between HDs and PWH among the naïve, and effector T cell subsets (Supplementary Figures S3A, B). Next, we compared the changes in CD38 expression on the naïve and effector subsets of CD4+ and CD8+ T cells after HIV Gag-peptide stimulation to that of unstimulated cells. No change in the percentage of CD38+ cells was observed in CD4+ naïve T cells after Gag-peptide stimulation (Figures 5A, B), while mild increase was observed in CD8+ (p<0.05) naïve T cells (Figures 6A, B). In contrast, substantial increases in the percentages of CD38+ cells were detected in both CD4+ (Figures 5A, B) and CD8+ effector T cell subsets (Figures 6A, B) upon Gag-peptide stimulation. As expected, the naïve CD4+ and CD8+ T cell subsets barely produced IFNγ or TNFα cytokines upon Gag-peptide stimulation (Figures 5C, D and Figures 6C, D). However, the percentages of IFNγ+, TNFα+ and IFNγ+TNFα+ cells were significantly higher among the effector CD4+ and CD8+ T cells compared to their naïve counterparts (p<0.01 in all cases) (Figures 5C, D and Figures 6C, D). Intriguingly, IFNγ and/or TNFα producing Gag-peptide stimulated effector cells (for both CD4+ and CD8+ T cell subsets) had remarkably higher CD38 expression (measured by both frequency and MFI of CD38+ cells, p<0.01 in all cases) compared to the global (All) effector T cell subsets (Figures 5E–G and Figures 6E–G). Moreover, in the presence of CD38-inhibitor, 78c, the percentages of IFNγ producing cells in Gag-peptide stimulated effector CD4+ T cells (Figures 5C, H) and IFNγ+ and IFNγ+TNFα+ cells in Gag-peptide stimulated effector CD8+ T cells (Figures 6C, H) were significantly declined compared to control. These data suggest that HIV gag induces CD38 expression on effector T cells, which in turn triggers a pro-inflammatory cytokine response in these cells, which may or may not be contributing to viral control.




Figure 5 | Intracellular cytokine production and change in CD38 expression in response to HIV Gag-specific peptide stimulation among the CD4+ T cell subsets of 8 PWH on ART. (A) Representative flow-plots for gating strategy to identify CD38+ cells among CD4+ T lymphocytes stimulated with Gag-peptide. (B) Percentages of CD38+ cells among naïve and effector CD4+ T cells with or without Gag-peptide stimulation. (C) Representative flow-plots for IFNγ+ and TNFα+ cells among the Gag-peptide stimulated naïve and effector CD4+ T cells in presence and absence of CD38 inhibitor, 78c. (D) Comparison of the percentages of IFNγ+, TNFα+ and IFNγ+TNFα+ cells between Gag-peptide stimulated naïve and effector CD4+ T cells. (E) Representative flow-plots for cytokine production on CD38+ cells in the presence or absence of 78c treatment and the % CD38+ cells among global (All cells), IFNγ and TNFα producing Gag-peptide stimulated effector CD4+ T cells. Comparison of CD38 expression (% and MFI) between global (All) vs. IFNγ+ (F) and global vs. TNFα+ (G) Gag-peptide stimulated effector CD4+ T cells, respectively. (H) Percentage of IFNγ+, TNFα+ and IFNγ+TNFα+ cells in the absence (untreated) and presence of 78c in Gag-peptide stimulated effector CD4+ T cells. In each plot, dots represent individual samples. Paired t-test (for parametric data) or Wilcoxon test (for nonparametric data) was performed for statistical analysis. P values; ** <0.01, *** <0.001, **** <0.0001, ns – not significant.






Figure 6 | Intracellular cytokine production and change in CD38 expression in response to HIV Gag-specific peptide stimulation among the CD8+ T cell subsets of 8 PWH on ART. (A) Representative flow-plots for gating strategy to identify CD38+ cells among T lymphocytes stimulated with Gag-peptide. (B) Percentages of CD38+ cells among naïve and effector CD8+ T cells with or without Gag-peptide stimulation. (C) Representative flow-plots for IFNγ+ and TNFα+ cells among the Gag-peptide stimulated naïve and effector CD8+ T cells in presence and absence of CD38 inhibitor, 78c. (D) Comparison of the percentages of IFNγ+, TNFα+ and IFNγ+TNFα+ cells between Gag-peptide stimulated naïve and effector CD8+ T cells. (E) Representative flow-plots for cytokine production on CD38+ cells in the presence or absence of 78c treatment and the % CD38+ cells among global (All cells), IFNγ and TNFα producing Gag-peptide stimulated effector CD8+ T cells. Comparison of CD38 expression (% and MFI) between global (All) vs. IFNγ+ (F) and global vs. TNFα+ (G) Gag-peptide stimulated effector CD8+ T cells, respectively. (H) Percentage of IFNγ+, TNFα+ and IFNγ+TNFα+ cells in the absence (untreated) and presence of 78c in Gag-peptide stimulated effector CD8+ T cells. In each plot, dots represent individual samples. Paired t-test (for parametric data) or Wilcoxon test (for nonparametric data) was performed for statistical analysis. P values; * <0.05, ** <0.01, *** <0.001, ns, not significant.






Discussion

Majority of the existing literature on CD38 describes it as an activation marker on T lymphocytes. Here we have shown that, during pathogenic stimulation CD38 expression increases on effector cells resulting in functional activation and cytokine production, but at physiological conditions CD38 is highly expressed among a vast majority of the resting/naïve T cell subset compared to the effector T cell subset where it plays different roles including modulation of intracellular NAD+ levels, mitochondrial function and metabolic activity of the cells. This study revealed, naive T cells that express highest levels of CD38 are comprised of depolarized mitochondria and are metabolically inactive compared to effector T cells which have lower CD38 expression and polarized mitochondria with high metabolic activity. In pathologic states, such as HIV infection, effector T cells express CD38 in response to viral protein stimulation, which leads to secretory dysregulation of T cells facilitating an antigen specific pro inflammatory cytokine response.

Our data indicated that at physiological condition, CD38 expression is significantly lower in CD4+ and CD8+ T cells compared to the B cell and NK cell compartments indicating a possible distinct functional role of CD38 in different subsets of lymphocytes. Interestingly, among T cell subsets, naïve T cells expressed high level of CD38 which is likely to regulate the metabolic function of the naïve cells by reducing their intracellular NAD+ levels. Intracellular NAD+ levels are crucial for the function of many NAD+ consuming enzymes, such as poly-ADP Ribose polymerases (PARPs), ADP-ribosyltransferases (ARTs) and SIRTUINs (7). In addition, NAD+ is a cofactor for multiple metabolic enzymes in anabolic and catabolic reactions (25). Our results indicate that intracellular NAD+ levels in T cells is modulated by CD38, as naïve T cells expressing higher CD38 protein had lower intracellular NAD+ and NADH levels compared to the effector cells with lower CD38 expression. However, we did not observe any significant association of CD38 expression with the NAD+/NADH ratio, which is a critical component of the redox state of the cells, metabolic activities, and overall health of the cells (26). Other molecular mechanisms associated to NAD+-biosynthesis or NAD+ salvage pathways might be responsible for maintaining a stable intracellular NAD+/NADH ratio. Our previously published result by analyzing the intracellular NAD+ level in CD38+ and CD38- T cell compartments further confirm that (19). As expected, intracellular NAD+ levels were much lower in CD38+ T cells compared to their CD38- T cell counterpart, revealing the involvement of CD38 in regulating intracellular NAD+ levels. Moreover, blockade of CD38 by its inhibitor, 78c, increased the intracellular NAD+ level within 24h, which further confirms CD38 dependent NAD+ regulation in T cells. Our findings are supported by a recent study which shows that 78c rescues the intracellular NAD+ level by specifically inhibiting the hydrolytic function of CD38 (13). Thus, CD38-mediated NAD+ decline in cells may partially alter cellular metabolic functions. Although we have established a direct impact of CD38 expression on intracellular NAD+ level, various other molecular pathways are involved in modulation of intracellular NAD+ level including other NAD+ consuming enzymes such as PARPs and SIRTUINs and key enzymes in NAD+ biosynthesis and NAD+ salvage pathways (7). Also, animal models have shown that CD38-/- mice could survive for a long time with relatively compromised immune functions (27–30), indicating CD38 is not the only determining factor for the level of intracellular NAD+ and the metabolic fate of the naïve T cells. We did not verify the impact of other key enzymes in this study which could also be responsible for the metabolic status of these cells.

T cell activation, proliferation and subsequent cytokine production warrant higher demands of bioenergy, which is primarily met by cellular metabolism through oxidative phosphorylation (OXPHOS) and glycolysis. Both these metabolic pathways utilize NAD+ and NADH as co-factors for electron transfer. Interestingly, our data indicate that the naïve T cells with higher CD38 expression and concomitant reduced intracellular NAD+ level were metabolically dormant with minimal utilization of OXPHOS and glycolysis. Unlike the resident cells of any other organs in the human body, a majority of circulating immune cells, especially the naïve T cells of adaptive immunity, remain functionally inactive until antigen recognition. This could explain why we saw low metabolic activity (i.e., low OCR and ECAR) in naïve T cells. In parallel to increased intracellular NAD+ level, CD38 inhibition also increased baseline oxidative phosphorylation, maximal respiration and mitochondrial spare capacity, particularly in naïve T cells. Although, the increase in these parameters were persistent in multiple samples, the changes were quantitatively low, indicating increase in intracellular NAD+ level by CD38 inhibition may only partially contribute to modulate the metabolic activity of the naïve T cell subset; other molecular mechanism may be involved. The ETC in OXPHOS maintains the proton gradient across the mitochondrial inner membrane establishing the mitochondrial membrane potential. ETC is also the site for mitochondrial superoxide production (31). Alteration of the level of these parameters often affects mitochondrial function in a cell. Mitochondrial function is a sensitive and dynamic cellular process that is easily influenced by various factors including stress due to freezing and thawing and in vitro culture conditions. To avoid these confounders, we performed all our experiments after resting the cells for 16-18h after thawing and using same culture conditions. Therefore, the differences in the mitochondrial mass, superoxide level and mitochondrial membrane potential observed between naïve and effector cells under the same culture condition indicate that distinct mitochondrial functions exist among different immune cell subsets, which is likely modulated by the cells’ CD38 expression. Naïve T cells apparently maintain a depolarized pool of mitochondria with relatively lower level of mitochondrial mass and mitochondrial superoxide, which is probably physiological, as almost all the samples included in the experiment had uniform data. Moreover, CD38 inhibitor led to increased mitochondrial mass, superoxide content and mitochondrial membrane potential which may explain the increase in oxidative phosphorylation in the naïve T cell subsets. Our data corroborate with the previous finding that naïve T cells maintain a low mitochondrial membrane potential before exposure to antigenic stimulation (32). In fact, Marek et al. had previously reported that naïve CD4+ T cells even maintain a reduced plasma membrane potential in comparison to effector cells (33). On the contrary, CD38 is expressed in low proportions among circulating effector T cells, which maintain relatively higher intra cellular NAD+ levels and higher metabolic activity with a pool of polarized mitochondria.

During pathological conditions such as in HIV infection, naïve T cells are activated by antigenic exposure, and differentiate into various types of effector cells including helper T cells, cytotoxic T cells, and regulatory T cells (34), producing cell-specific cytokines & chemokines. During persistent antigenic exposure, CD38 is upregulated and plays a crucial role in driving many of the biological processes in activated effector T cells. For instance, during the acute phase of HCV or HIV infection, virus-specific T cells express higher CD38 in conjunction with Ki67, a marker of cell proliferation, indicating CD38 may induce cell proliferation in T cells (35). It has been shown that HIV-specific IFNγ producing CD4+ T cells in PWH are predominantly CD38+ and Ki67+ (19, 36). Frequency of apoptotic CD8+ T cells is also higher in PWH with high CD38 expression compared to those with low CD38 expression (37). The enigmatic expression of CD38 on both inactive naïve and activated effector cells emphasize that CD38 may have diverse function in different cell types. While in naïve T cells it might help in minimizing the metabolic activity by controlling intracellular NAD+ levels, in activated effector T cells it may possibly regulate cellular proliferation and cytokine production by affecting T cell receptor signaling and/or co-stimulatory signaling. During immune cell activation, CD38 is often found to be colocalized with the prime signaling receptors in the immune synapse during immune cell activation in all immune cell types (i.e. TCRs in T cells, CD19 in B cells, CD16 in NK cells and CD81 in Monocytes) (7, 38). In T cells, CD38 associates with Lck through the cytoplasmic tail and the Src homology 2 domain and transduces the signal for T cell activation (39). Also, it is well-established that CD38, utilizes intracellular NAD+ to generate second messenger cADPR, which in turn helps in Ca2+ signaling required for T cell activation (40). In this study, we reported that upon antigen exposure cytokine producing cells of PWH expressed higher CD38 compared to its global expression on T cells and that inhibiting CD38 reduces cytokine production by these cells indicating a different role of CD38 in the cytokine producing cells. It would be interesting to verify the impact of CD38 inhibition on Ca2+ signaling in the antigen exposed effector cells, but we could not delineate that due to shortage of cells number. Nonetheless, such proinflammatory cytokine response by high CD38 expressing effector cells is likely to result in an enhanced immune activation state, that could lead to HIV associated end organ disease. However, the findings raise the question of how these activated T cells maintain their intracellular NAD+ levels in the presence of high CD38 expression. Previously, it was reported that after mitogenic T cell activation, various key enzymes in the NAD+ synthesis pathway e.g., NMN adenylyltransferase (NMNAT) and nicotinamide phosphoribosyl transferase (Nampt)), are upregulated in T lymphocytes, increasing NAD+ levels in these cells (41, 42). Thus, we speculate that CD38 mediated NAD+ reduction in activated T cells is replenished by de novo NAD+ synthesis or NAD+ salvage pathway, maintaining these effector cells metabolically active. However, the mechanism of action of CD38 in B cells and NK cells during pathological conditions remain ambiguous.

The observation that the naïve T cell compartment exhibited higher CD38 expression compared to its effector counterparts might have significant clinical implications since CD38 monoclonal antibody is used to treat patients with multiple myeloma via antibody-dependent cellular cytotoxicity and is currently being investigated in clinical trials for chronic lymphocytic leukemia (8, 10). Recently, Krejcik et al. reported that multiple myeloma patients treated with daratumumab had significant decreases in naïve T cells (43), further supporting higher CD38 expression among naïve T cells. Loss of naïve T cells could be detrimental in adult individuals since it is a hallmark of immune aging and likely to be associated with increased susceptibility to chronic infections, autoimmune diseases, cardiovascular disease, and cancers (44–50).

In conclusion, CD38 exhibits functional diversity in T cells depending on the context of differentiation and activation status of the T lymphocytes. While, during physiological condition, higher CD38 expression on naïve T cells modulates their metabolic activity and mitochondrial function to keep them in a quiescent state, in effector T cells, it is required for signal transduction to execute effector function upon antigenic stimulation. During pathological conditions such as HIV, CD38 is overexpressed maintaining a sustained immune activation state with proinflammatory cytokine secretion. Despite optimal control of HIV replication in vivo, PWH still suffer from significant comorbidities such as end organ diseases resulting from immune inflammation responses. This study provides a scientific rationale to the mechanisms involving altered CD38-NAD+-mitochondrial axis that could serve as a potential therapeutic target to reduce inflammation/activation induced damage to end organ disease and even accelerated gaining observed in PWH.
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