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T cells are crucial for controlling viral infections; however, the mechanisms that dampen their responses during viral infections remain incompletely understood. Here, we studied the role and mechanisms of mitochondrial topoisomerase 1 (Top1mt) inhibition in mitochondrial dysfunction and T cell dysregulation using CD4 T cells from patients infected with HCV or HIV and compared it with CD4 T cells from healthy individuals following treatment with Top1 inhibitor - camptothecin (CPT). We found that Top1mt protein levels and enzymatic activity are significantly decreased, along with Top1 cleavage complex (Top1cc) formation, in mitochondria of CD4 T cells from HCV- and HIV-infected patients. Notably, treatment of healthy CD4 T cells with CPT caused similar changes, including inhibition of Top1mt, accumulation of Top1cc in mitochondria, increase in PARP1 cleavage, and decrease in mtDNA copy numbers. These molecular changes resulted in mitochondrial dysfunction, T cell dysregulation, and programmed cell death through multiple signaling pathways, recapitulating the phenotype we detected in CD4 T cells from HCV- and HIV-infected patients. Moreover, treatment of CD4 T cells from HCV or HIV patients with CPT further increased cellular and mitochondrial reactive oxygen species (ROS) production and cell apoptosis, demonstrating a critical role for Top1 in preventing mtDNA damage and cell death. These results provide new insights into the molecular mechanisms underlying immune dysregulation during viral infection and indicate that Top1 inhibition during chronic HCV or HIV infection can induce mtDNA damage and T cell dysfunction. Thus, reconstituting Top1mt protein may restore the mtDNA topology and T cell functions in humans with chronic viral infection.
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Introduction

T cells play a critical role in controlling viral infections; however, the molecular mechanisms that dampen their responses during viral infections remain incompletely understood. We have recently reported that chronic viral (HCV, HIV) infection can cause T cell aging, as evidenced by the increases in the aging markers, telomeric and mitochondrial DNA damage, and mitochondrial dysfunction (Yao and Moorman, 2013; Shi et al., 2014; Li et al., 2015; Zhou et al., 2016; Nguyen et al., 2018; Zhao et al., 2018; Cao et al., 2019; Ji et al., 2019; Zhao et al., 2019; Dang, 2020; Khanal et al., 2020; Schank et al., 2020; Khanal et al., 2021; Nguyen L. N. et al., 2021; Nguyen L. N. N. T. et al., 2021; Schank et al., 2021; Schank et al., 2021; Wang et al., 2021; Zhao et al., 2021; Cao et al., 2022). Mitochondria are important cellular organelles responsible for energy production and oxidative metabolism and are a major source of reactive oxygen species (ROS). We have examined mitochondrial dysregulation in CD4 T cells during HCV or HIV infections and discovered that oxidative stress, caused by excess ROS production, induces mitochondrial injury and accelerates telomere erosion - a dual effect that can promote the T cell aging process and, eventually, cell death (Schank et al., 2020; Schank et al., 2021; Schank et al., 2021; Wang et al., 2021; Zhao et al., 2021). Thus, further investigation into how the mitochondrial machineries, especially mitochondrial DNA (mtDNA), are disrupted during chronic viral infections may provide new information regarding the mechanisms of CD4 T cell dysfunction and viral persistence (Schank et al., 2021; Zhao et al., 2021).

Human mtDNA sequencing revealed 16,569 base pairs of 37 small circular genes that encode 13 mitochondrial proteins - all of which are involved in the processes of oxidative phosphorylation (Anderson et al., 1981; Barshad et al., 2018). In essence, mtDNA damage disrupts the fine-tuned balance between ROS levels and ROS scavenging or antioxidative defenses by enzymes such as superoxide dismutase, catalase, and glutathione peroxidase, resulting in mitochondrial dysfunction, cell senescence, and programmed cell death (Barshad et al., 2018). Notably, mtDNA replication, transcription, and recombination can lead to topological tangles that must be untangled to ensure normal gene transactions and cellular functions (Champoux, 2001; Wang, 2002; Vos et al., 2011). To prevent or correct these topological derangements, topoisomerases - the enzymes that modulate the topology of DNA to prevent their entanglements - bind to and cut the double- or single-stranded DNA, allowing the DNA to be untangled. Failure to resolve the DNA knots can results in trapping of these enzymes at the target sites, thus generating topoisomerase cleavage complexes (Top1cc) and protein-linked DNA breaks (PDBs), and causing topological DNA damage and programmed cell death (Champoux, 2001; Pommier et al., 2006; Pommier, 2013).

Topoisomerases also play an important role in viral or bacterial DNA insertion into the host chromosomes. Notably, some chemotherapeutic drugs and fluoroquinolone antibiotics interfere with the activity of topoisomerases in bacteria or cancer cells and create topological DNA damage, which promotes cell death (Pouliot et al., 1999; Pommier et al., 2010; Guoa et al., 2014). Therefore, normal DNA topology is important for cellular functions, and its disruption can lead to topological DNA damage and cell death. We have previously reported that inhibition of topoisomerase 1 (Top1) and topoisomerase II alpha (Top2α) induces genomic DNA damage and T cell dysregulation during chronic viral (HCV, HBV, and HIV) infections (Ji et al., 2019; Dang, 2020). Notably, there are different isoforms of Top1 enzymes, e.g., a nuclear Top1 (Top1nc, ~100 kDa) and a mitochondrial Top1 (Top1mt, ~75 kDa), which are thought to function at their respective locations. Whether inhibition of these Top1 isoforms occurs in mitochondria (the major powerhouse and ROS source in cells) and thus causes mitochondrial dysfunction and T cell dysregulation during chronic viral infections have yet to be investigated.

In the present study, we assessed the levels of Top1 expression in mitochondria of CD4 T cells from patients with chronic HCV or HIV infection. We also recapitulated the phenotype of Top1 inhibition using healthy CD4 T cells treated with camptothecin (CPT) to investigate the role of Top1 in remodeling mitochondria and functions of CD4 T cells. We found that Top1 levels and enzymatic activity are remarkably inhibited in mitochondria of CD4 T cells from patients with HCV or HIV infection and in healthy CD4 T cells treated with CPT, thus implicating Top1 inhibition in promoting mitochondrial and T cell dysfunctions through regulating multiple cell death and metabolic pathways. These findings provide novel insights into the mechanism that disrupts mtDNA topology and its role in mitochondrial dysfunction and T cell dysregulation during chronic viral infection.



Results


Top1 protein levels and enzymatic activity are decreased in mitochondria of CD4 T cells in patients with HCV or HIV infection

We have previously reported that chronic viral infection induces T cell aging and immune senescence due to accelerated telomeric DNA damage and mitochondrial dysfunction (Yao and Moorman, 2013; Shi et al., 2014; Li et al., 2015; Zhou et al., 2016; Nguyen et al., 2018; Zhao et al., 2018; Cao et al., 2019; Ji et al., 2019; Zhao et al., 2019; Dang, 2020; Khanal et al., 2020; Schank et al., 2020; Khanal et al., 2021; Nguyen L. N. et al., 2021; Nguyen L. N. N. T. et al., 2021; Schank et al., 2021; Schank et al., 2021; Wang et al., 2021; Zhao et al., 2021; Cao et al., 2022). Given the crucial role of DNA topology in maintaining mitochondrial integrity and cell function and viability (Champoux, 2001; Wang, 2002; Vos et al., 2011), here we sought to determine the levels of Top1 protein in the mitochondria of CD4 T cells from chronically HCV- or HIV-infected patients. To this end, we first determined whether Top1 protein is present in mitochondria of CD4 T cells. We performed immunostaining in CD4 T cells using an antibody specifically targeting Top1mt, followed by confocal microscopy. As shown in Figure 1A, Top1mt was primarily present in the mitochondria, as evidenced by the colocalization of Top1mt and mitotracker (mt, a mitochondrial marker) in the cytoplasm of these cells. We also used an antibody specifically targeting Top1nc for immunostaining and determined whether Top1nc protein can also localize in the mitochondria of CD4 T cells. Intriguingly, we found that Top1nc protein is also present in the mitochondria and co-localized with mt (Figure S1A). Notably, the fluorescent signals from Top1mt and Top1nc (green) as well as mt (red) and their co-localizations (yellow) were relatively lower in CD4 T cells from HCV or HIV patients compared with healthy subjects (HS) (Figure 1A, Figure S1A).




Figure 1 | Top1mt expression and activity are inhibited in CD4 T cells during chronic viral infection. (A) Top1mt protein (green), MitoTracker (mt, red), and their colocalization (yellow) in mitochondria of CD4 T cells from HCV- and HIV-infected patients and healthy subjects (HS). The nucleus was stained with DAPI, and representative confocal microscopy images were merged. (B) Top1mt protein expression in CD4 T cells from HCV- and HIV-infected patients and HS. Representative images and summary data of Western blots are shown (n=10). The Top1mt band intensity was normalized by β-Actin. (C) Top1 activity in mitochondria of CD4 T cells from HCV- and HIV-infected patients versus HS. Representative images and summary data of Top1-mediated digestion of supercoiled DNA substrate are shown. (D) Top1cc was detected in mtDNA from CD4 T cells from HCV- and HIV-infected patients versus HS. Representative images and summary data of Top1cc band intensity (normalized to HS) are shown.



We then performed immunoblotting of Top1mt and Top1nc using whole cell lysates as well as fractionated mitochondrial and cytosolic extracts from CD4 T cells to determine the levels of Top1 proteins in these subcellular compartments. Mitochondrial heat shock protein 70 (mHsp70) is a mitochondrial resident protein which plays a critical role for protein translocation into the mitochondria. mHsp70 cooperates with Hsp10 and Hsp 60 and mediates essential functions for mitochondrial biogenesis, like protein folding and translocation into mitochondria (Goswami et al., 2010; Böttinger et al., 2015). mHsp70 and β-actin served as loading controls for mitochondria and cytosolic proteins, respectively. As shown in Figure 1B, CD4 T cell lysates from HCV- or HIV-infected patients exhibited significantly lower levels of Top1mt protein compared with the age-matched, healthy CD4 T cells. Additionally, these cells exhibited significantly lower levels of Top1nc in both mitochondrial (M) and cytosolic (C) compartments compared with the healthy CD4 T cells (Figure S1B). To determine the relationship between Top1 levels and CD4 T cell numbers in patients with HIV infection, we measured Top1nc protein levels in mitochondrial and cytosolic extracts from antiretroviral therapy (ART)-treated HIV patients with CD4 T cell counts > 500 cells/µL (defined as HIV immune responders/HIV-IRs) and CD4 T cell counts < 500 cells/µL (defined as HIV immune non-responders/HIV-INRs) (Zhao et al., 2021) and compared them with those from HS. As shown in Figure S1C, CD4 T cells from HIV-INRs exhibited the lowest Top1nc levels in both mitochondria and cytosol compared with CD4 T cells from HIV-IRs or HS, indicating that Top1nc protein levels correlate with CD4 T cell frequencies in HIV patients.

Human Top1 is a type 1B topoisomerase that can relax supercoiled DNA (Champoux, 2001). Thus, we used a plasmid (pHOT1)-based Top1 assay to measure Top1 enzymatic activity in CD4 T cells from HCV- and HIV-infected patients. We found that both mitochondrial (Figure 1C) and cytosolic extracts (Figure S1D) from CD4 T cells derived from these patients failed to completely relax the supercoiled plasmid DNA compared with CD4 T cells from HS, indicating a reduced level of Top1 enzymatic activity in the mitochondria and cytosol of CD4 T cells from patients with HCV or HIV infection.

To determine if the decrease in Top1 protein is due to its trapping at the mtDNA catalytic site, leading to Top1cc accumulation and then degradation, we used a monoclonal antibody that specifically targets covalent Top1-DNA complexes (but not free Top1 or DNA) and measured Top1cc by immunoblotting in mitochondria isolated from CD4 T cells (Patel et al., 2016). We found a significantly higher amounts of Top1cc in mtDNA of CD4 T cells from HCV or HIV patients compared with HS (Figure 1D).

Given our previous studies demonstrating premature CD4 T cell aging and dysfunction in chronic viral infections (Yao and Moorman, 2013; Shi et al., 2014; Li et al., 2015; Zhou et al., 2016; Nguyen et al., 2018; Zhao et al., 2018; Cao et al., 2019; Ji et al., 2019; Zhao et al., 2019; Dang, 2020; Khanal et al., 2020; Schank et al., 2020; Khanal et al., 2021; Nguyen L. N. et al., 2021; Nguyen L. N. N. T. et al., 2021; Schank et al., 2021; Schank et al., 2021; Wang et al., 2021; Zhao et al., 2021; Cao et al., 2022), the results described above suggest that topological DNA aberrancies (i.e., the decrease in Top1 protein and enzymatic activity and Top1cc accumulation) occur in the mitochondria of dysfunctional, senescent CD4 T cells during chronic HCV or HIV infections.



Top1 inhibition by CPT treatment induces topological mtDNA damages in healthy CD4 T cells

We have previously shown that healthy CD4 T cells treated with CPT, which inhibits Top1 protein expression, exhibit topological DNA damage and cell dysfunction, recapitulating the phenotype of CD4 T cells from HCV or HIV-infected patients (Ji et al., 2019). Mechanistically, CPT inhibits Top1 enzymatic activity by intercalating into the DNA at the catalytic site, leading to accumulation of the transcription-blocking Top1cc and PDB production, followed by degradation of the Top1cc and cell cytotoxicity (Pommier, 2006). To determine whether CPT treatment can lead to Top1 protein inhibition in mitochondria, we examined Top1 protein localization in CPT-treated CD4 T cells from HS using confocal microscopy. As seen in CD4 T cells from HCV- and HIV-infected patients, Top1mt (Figure 2A) and Top1nc (Figure S2A) proteins were primarily detected in the cytosol, co-localized with mitochondrial marker, and their levels decreased following CPT treatment compared with the dimethyl sulfoxide (DMSO) control treatment. We also employed immunoblotting to measure Top1mt and Top1nc protein levels in a mitochondrial extract from healthy CD4 T cells treated with CPT or DMSO. To do this, CD4 T cells from HS were treated with varying concentrations of CPT (0, 5, or 10 µM) for 24, 48, and 72 h. Significant inhibitions of Top1mt (Figures 2B, C) and Top1nc (Figure S2B) expression were observed following CPT treatment. Correspondingly, Top1 enzymatic activity was inhibited - more significantly in mitochondria than cytosol - in CD4 T cells treated with CPT compared with DMSO control, measured by the Top1 activity assay kit (Figure 2D). In addition, Top1cc accumulation in mtDNA was higher in CPT-treated healthy CD4 T cells (Figure 2E). These results indicate that inhibition of Top1 expression by CPT treatment in healthy CD4 T cells can recapitulate the mtDNA damage found in CD4 T cells from HCV- and HIV-infected patients (Figure 1), and thus CPT represents a reliable model to study the mechanism of Top1-mediated mtDNA topological aberrancies and their role in T cell dysregulation during viral infection.




Figure 2 | Top1 inhibition by CPT induces topological mtDNA damage in healthy CD4 T cells. (A) Top1mt protein (green), MitoTracker (mt, red), and their colocalization (yellow) in mitochondria in HS-CD4 T cells treated with DMSO or CPT (10 μM) for 24 h and observed by confocal microscopy. The nuclei were stained with DAPI, and representative confocal microscopy images were merged. (B) Immunoblotting of Top1mt in HS-CD4 T cells treated with CPT (5 μM or 10μM) or DMSO for 24 h, 48 h or 72 h. (C) Immunoblotting and summary data of Top1mt in HS-CD4 T cells treated with 10μM CPT or DMSO for 24 h. Representative images and summary data from independent experiments (n=4) are shown. (D) Top1 activity and summary data in mitochondria and cytosol in HS-CD4 T cells treated with CPT (5 μM) or DMSO for 24 h, determined by Top1 activity assay (n=7). (E) Immunoblotting and summary data of Top1cc in mtDNA from HS-CD4 T cells exposed to CPT (5 μM) or DMSO for 48 h (n=8). (F) Immunoblotting and summary data of PARP1 in mitochondria from HS-CD4 T cells treated to CPT (5 μM) or DMSO for 48 h (n=7). (G) mtDNA copy numbers relative to nuclear DNA were determined by real-time RT-PCR in HS-CD4 treated with CPT (5 μM) or DMSO for 24 h (n=8).



Trapped Top1cc can cause PDBs, which are removed by tyrosyl-DNA phosphodiesterase-1 (TDP1) (Desai et al., 2003; El-Khamisy et al., 2005; Miao et al., 2006; Pommier et al., 2006; Capranico et al., 2007; Ashour et al., 2015). Top1cc excision by TDP1 requires Poly ADP-Ribose Polymerase 1 (PARP1) (Boulares et al., 1999; Pommier et al., 2006; Das et al., 2014). Specifically, PARP1 interacts with TDP1 and is recruited to the sites of Top1cc-induced PDBs to initiate the DNA repair process. Failure to complete this process leads to unrepaired DNA damage, PARP1 cleavage, and cell dysfunction or apoptosis. To determine whether CPT-induced mtDNA damage in healthy CD4 T cells triggers PARP1 cleavage, we measured the PARP1 level in mitochondrial extracts from CD4 T cells treated with CPT. As shown in Figure 2F, the level of cleaved PARP1 was significantly increased in mitochondria, suggesting its involvement in mtDNA damage and cell apoptosis. Top1cc trapping at the Top1-DNA interface leads to Top1 inhibition and subsequent degradation of Top1-PDB complexes and, ultimately, topological DNA damage (Goswami et al., 2010). To determine the consequences of Top1 inhibition, we measured mtDNA content (mtDNA copy numbers normalized to nuclear DNA) by qPCR and found that its level was significantly lower in healthy CD4 T cells following CPT treatment (Figure 2G). These CPT-induced changes are in line with our findings in CD4 T cells from HCV- and HIV-infected patients (Zhao et al., 2021; Schank et al., 2021).



Top1 inhibition in healthy CD4 T cells induces mitochondrial oxidative stress and metabolic dysfunctions

We next assessed whether CPT-induced Top1 inhibition affects T cell metabolic fitness. First, we evaluated mitochondrial function by measuring oxygen consumption rate (OCR) and ATP production in CPT-treated healthy CD4 T cells using Seahorse MitoStress Tests. In line with the presence of topological mtDNA damage, CPT-treated cells exhibited an impaired mitochondrial function, as evidenced by the significant decrease in the levels of basal and maximal OCR and ATP production compared with cells treated with DMSO (Figure 3A).




Figure 3 | Top1 inhibition by CPT or cellular oxidative stress induces mitochondrial dysfunction in healthy CD4 T cells. (A) Oxygen consumption rate (OCR) for non-mitochondrial oxygen consumption, basal respiration, maximal respiration, proton leak, ATP production, and spare respiratory capacity in HS-CD4 T cells treated with CPT (5 μM) or DMSO for 48 h. Representative images and summary data from independent experiments are shown (n=7). (B) Western blot analysis of Top1mt levels (normalized to β-Actin) in E6-1 cells transfected with/mito-FAP-mCer3 cells and treated with or without MG2I dye plus light for 10-20 min (n=5). (C) Top1 enzymatic activity in mitochondria from E6-1/mito-FAP-mCer3 cells treated with or without MG2I dye plus light for 10 or 20 min (n=8). (D) Representative Western blots and summary data of IRF3, and representative data of total PARP1/cleaved PARP1 levels in mitochondria from E6-1/mito-FAP-mCer3 transfected cells treated with or without MG2I dye plus light for 10 or 20 min (n=6). (E) Summarized western blotting data of total PARP1, and cleaved PARP1 levels in mitochondria from E6-1/mito-FAP-mCer3 transfected cells treated with or without MG2I dye plus light for 10 or 20 min (n = 4) *p < 0.05, **p < 0.01, ***p < 0.001.



We have recently used a new chemoptogenetic method that can produce singlet oxygen (1O2) at specific organelles in CD4 T cells to show that oxidative stress promotes dual damage to mitochondria and telomeres in human T cells (Wang et al., 2021). To exclude the possibility of a non-specific or cytotoxic effect by CPT drug treatment, we employed this innovative chemoptogenetic tool to specifically target and induce oxidative stress in mitochondria, followed by examining mitochondrial Top1 protein level and enzymatic activity. This method employs a specific cellular protein tagging with fluorescent mCerulean (mCer) and fluorogenic-activating peptide (FAP) - to detect the expression of the fusion protein in a specific cellular compartment (Telmer et al., 2015; Fouquerel et al., 2019). FAPs have a high affinity to di-iodinated malachite green (MG2I, a photosensitizer dye), which produces singlet oxygen (1O2) only upon FAP binding and excitation with a light-emitting diode, thus triggering on-target oxidative damage without causing off-target injury (Telmer et al., 2015; He et al., 2016; Fouquerel et al., 2019). As shown in Figure 3B and Figure S2C, Top1mt and Top1nc levels were significantly reduced in a time-dependent manner in mitochondria of CD4 T cells following the exposure to light and MG2I dye compared with cells without these treatments. Also, Top1 enzymatic activity was significantly reduced in the mitochondria following the treatment with light plus dye compared with light or dye alone, or in cells without any treatment (Figure 3C). Interferon regulatory factor 3 (IRF3), a transcriptional factor, plays a key role in innate responses against viral infection. Previous studies show that IRF3 is phosphorylated and activated by the Serine/threonine-protein kinase TBK1 mediated by innate immune adaptor proteins MAVS, STING and TRIF, thereby driving the production of type-I interferons (Liu et al., 2015)IRF3 was significantly inhibited in mitochondria (Figure 3D), whereas cleaved PARP1, but not un-cleaved PARP1, was increased by this treatment (Figure 3E), indicating failed DNA damage repair and impaired cellular responses. These findings, in conjunction with our recent report showing mitochondrial dysfunction and cellular apoptosis following the same treatment (Wang et al., 2021), suggest that Top1 inhibition plays an important role in mitochondrial compromise and cell dysfunction.



Top1 inhibition in healthy CD4 T cells by CPT induces cell dysfunctions via disrupting the cGAS-STING pathway

cGAS can sense DNA damage and trigger immune reactions via activating the adaptor protein STING on the endoplasmic reticulum (ER) surface (Ablasser et al., 2013; Cai et al., 2014; Li and Chen, 2018). STING then activates the transcription factors IRF3 and NF-κB, which translocate into the nucleus to turn on the transcription of inflammatory cytokines (Ahn et al., 2012; Chen et al., 2016). Thus, DNA damage can trigger cGAS-STING activation, and the cGAS-STING pathway can link DNA damage to inflammation, cell senescence and dysfunction (Ahn et al., 2012; Ablasser et al., 2013; Cai et al., 2014; Chen et al., 2016; Li and Chen, 2018).

To investigate the mechanism involved in the CPT-induced topological DNA damage and cellular dysfunction, we examined the expression levels of cGAS/STING-related signaling molecules using quantitative RT-PCR. As shown in Figure 4A, the levels of cgas, sting1, and cxcl10 mRNA remained unchanged, whereas the levels of icam1, csf2, il6, and il8 mRNA significantly decreased, and the levels of the pro-apoptotic bax mRNA significantly increased in healthy CD4 T cells treated with CPT compared with DMSO. We then measured the protein levels of these cytokines using supernatants of CD4 T cells exposed to CPT or DMSO for 2-3 days. As shown in Figure 4B, IL-8 was significantly down-regulated, whereas TNFα was significantly upregulated in the CPT-treated CD4 T cells. We also measured intracellular IL-2 and IFN-γ expression by flow cytometry in CD4 T cells exposed to CPT or DMSO for 3 h, 6 h, or 48 h in following stimulation with PMA/ionomycin/brefeldin A for 4 h. Notably, both cytokines were significantly down-regulated in the CPT-treated CD4 T cells (Figure 4C).




Figure 4 | Top1 inhibition by CPT induces cell dysfunctions in healthy CD4 T cells via dysregulating the cGAS-STING pathway. (A) mRNA levels of cGAS/STING-related signaling genes were determined by real-time RT-qPCR in HS-CD4 T cells treated with CPT (5 μM) or DMSO for 24 h (n=9). (B) Cytokine array profile in cultured media of HS-CD4 T cells treated with CPT (5 μM) or DMSO for 48 h. Summary cytokine array data of IL-8 and TNFα in cultured media of HS-CD4 T cells treated with CPT (5 μM) or DMSO for 48 h and 72 h (n=5). (C) Representative dot plots and summary data of flow cytometry analysis of IL-2 and IFN-γ expression in HS-CD4 T cells treated with CPT (5 μM) or DMSO for 3 h, 6 h, and 48 h (n=4). (D) Protein levels of cGAS-STING-related signaling genes in HS-CD4 T cells treated with CPT (2 μM or 5 µM) or DMSO for 24 h, determined by Western blot. (E) Confocal microscopy images showing cGAS (green) and MitoTracker (mt, red) and their co-localization (yellow) in HS-CD4 T cells treated with CPT (5 μM) or DMSO for 24 h. F, G) Representative Western blots and summary data showing cGAS expression in the mitochondria (n=7) or cytosol (n=9) from HS-CD4 T cells treated with CPT (5 μM) or DMSO for 24 h. *p < 0.05, ** < 0.01, ***p < 0.001; ns, no significance.



DNA damage dysregulates cell functions and triggers cell apoptosis by activating the cGAS/STING pathway (Ablasser et al., 2013; Cai et al., 2014; Li and Chen, 2018). Upon sensing nuclear or mitochondrial DNA damages, cGAS is recruited to the damaged DNA and activate STING via phosphorylation, leading to STING conformational changes to form transmembrane homodimers, which subsequently translocate from the ER to the Golgi apparatus (Ahn et al., 2012; Ablasser et al., 2013; Cai et al., 2014; Chen et al., 2016; Li and Chen, 2018). This process is thought to free STING to activate TANK-binding kinase 1 (TBK1) and IRF3 via a phosphorylation-dependent mechanism (Ahn et al., 2012; Ablasser et al., 2013; Cai et al., 2014; Chen et al., 2016; Li and Chen, 2018). Because cGAS and STING mRNA levels remained unchanged in CPT-treated healthy CD4 T cells (Figure 4A), we assessed the protein levels of cGAS-STING-related signaling molecules in CD4 T cells exposed to CPT (2-5 µM) or DMSO for 24 h using Western blotting. As shown in Figure 4D, Top1 protein levels were consistently decreased in CPT-treated CD4 T cells. Interestingly, while cGAS protein was slightly changed, phosphorylation of STING (pSTINGSer366) was significantly inhibited, and total STING levels remained unchanged in the CPT-treated cells. Correspondingly, the levels of pTBK1Ser172, but not total TBK1, decreased in the CPT-treated healthy CD4 T cells. In addition, the levels of pIRF3Ser396 and total IRF3 expression were decreased in the CPT-treated cells. These results demonstrated that CPT inhibits the STING-related signaling molecules in healthy CD4 T cells.

Because CPT treatment in healthy CD4 T cells induced significant mtDNA damage, we asked whether cGAS is recruited to the mitochondria upon CPT-induced mtDNA damage. Confocal microscopy examination revealed that, while the cGAS signal (green) was slightly affected by the CPT treatment, its co-localization (yellow) with the mitochondrial marker mt (red) was increased compared with the DMSO control treatment (Figure 4E). We then examined cGAS levels in the mitochondrial and cytosolic extracts. Interestingly, levels of cGAS protein were significantly higher in the mitochondrial fraction (Figure 4F), but decreased in the cytosolic fraction (Figure 4G) in CPT-treated healthy CD4 T cells, indicating cGAS translocation from the cytosol to mitochondria that are undergoing mtDNA damage. These novel findings - accumulation of cGAS in mitochondria with mtDNA damage and loss of cGAS in the cytosol - may explain why the STING-related signaling molecules were phosphorylated in the CPT-treated CD4 T cells.



Top1 inhibition in HCV/HIV-CD4 T cells by CPT increases ROS production and enhances apoptosis

To determine the consequences of topological mtDNA damage, we measured apoptosis in healthy CD4 T cells treated with CPT (5-10 µM) for 1, 2, and 4 days. Flow cytometry analysis showed increases in Annexin V (Av) and 7-Aminoactinomycin D (7-AAD) levels in a dose- and time-dependent manner in CPT-treated healthy CD4 T cells compared with DMSO control treatment (Figure 5A). We have previously shown that dysfunctional CD4 T cells with mitochondrial compromise produce more ROS, which promotes cell apoptosis during chronic HCV or HIV infections (Zhao et al., 2018; Zhao et al., 2019; Zhao et al., 2021; Schank et al., 2021). Thus, we used flow cytometry to measure mitochondrial ROS production in CD4 T cells from HCV- and HIV-infected patients and HS following exposure to CPT. Mitochondrial ROS (MitoSOX) production significantly increased in CPT-treated HS-CD4 T cells (Figure 5B), while total cellular ROS (CellROX) production significantly increased in CD4 T cells from HS as well as HCV or HIV patients following CPT treatment (Figure 5C). Additionally, CPT-treated CD4 T cells from HCV or HIV patients produced higher levels of cellular ROS compared with those from HS.




Figure 5 | CD4 T cells from HCV- and HIV-infected patients are more susceptible to CPT-induced apoptosis than healthy CD4 T cells. (A) Representative dot plots and summary data of Av and 7-AAD staining in HS-CD4 T cells treated with CPT (5 or 10 μM) for 1 d, 2 d, and 4 d, determined by flow cytometry (n=6). (B) Representative dot plots and normalized summary data of MitoSOX production in CD4 T cells from HS treated with CPT (5 μM) or DMSO for 48 h (n=6). (C) Normalized cellular ROS production in CD4 T cells from HCV or HIV patients, and HS that were treated with CPT (5 or 10 μM) or DMSO for 48 h. Representative dot plots and summary data of CellROX was shown (n=8). (D) Flow cytometry gating strategy and summary normalized data of Av and 7-AAD staining in CD4 T cells from HS, HCV patients and HIV patients that were treated with CPT (5 μM) or DMSO for 24 h (n=8) ns, no significance.



Since CD4 T cells from HCV or HIV patients are deficient in mitochondrial Top1 protein and enzymatic activity and exhibit more mtDNA damage, cell dysfunction, and ROS production, we asked whether these cells would be more susceptible to CPT-induced apoptosis. We thus assessed apoptosis in CPT-treated CD4 T cells from HCV or HIV patients and compared it with HS. As shown in Figure 5D, CPT-treated CD4 T cells from HCV or HIV patients exhibited higher rates of early (Av+), late (7-AAD+), and total (Av+ 7-AAD+) apoptotic cell death compared with HS-CD4 T cells. These results suggest that the topological mtDNA damage caused by Top1 inhibition, if left unrepaired, may promote cellular ROS production and trigger cell apoptosis and that CD4 T cells from HCV or HIV patients are more susceptible to cell death at least in part due to excess ROS production.



Top1 inhibition in healthy CD4 T cells by CPT induces cell death via multiple signaling pathways

CD4 T cell depletion is a hallmark of untreated HIV infection. We have previously reported that HIV infection induces CD4 T cell death through multiple death-related signaling pathways (Khanal et al., 2020; Cao et al., 2022). To elucidate the underlying mechanisms of CPT-induced CD4 T cell death, we examined alterations in cell death-related signaling molecules involved in cell apoptosis, pyroptosis, and ferroptosis using flow cytometry. Specifically, caspase-3 is activated by extrinsic and intrinsic pathways and plays a central role in cell apoptosis (Boatright and Salvesen, 2003). To determine whether apoptosis contributes to CD4 T cell depletion, we measured caspase-3 levels in healthy CD4 T cells exposed to CPT or DMSO for 24 h. Consistent with the increases in the levels of Av/7-AAD staining, caspase-3 levels were remarkably increased following CPT treatment compared with the DMSO control treatment (Figure 6A), indicating that apoptosis plays a role in the CD4 T cell depletion that is triggered by Top1 inhibition.




Figure 6 | Top1 inhibition by CPT induces programmed cell death in healthy CD4 T cells via multiple cell death pathways. Healthy CD4 T cells were treated with CPT (5 μM) or DMSO for 24 h, followed by flow cytometry analysis of the expression levels of Caspase-3 (A), Caspase-1 (B), GPX4 (C), pBAD (D), Mcl1 (E), Survivin (F), RIPK1 (G), and RIPK3 (H).



Pyroptosis is a form of programmed cell death that occurs due to inflammation caused by infection with intracellular pathogens, such as viruses (Fink and Cookson, 2005). Pyroptosis requires the activation of caspase-1, which increases the secretion of IL-1β and IL-18 cytokines. When immune cells recognize viral infection, they release pro-inflammatory cytokines and then die by pyroptosis. The cytokines released from pyroptotic cells promote injury of the surrounding bystander cells - a process that causes CD4 T cell depletion during HIV infection (Doitsh et al., 2014; Doitsh and Greene, 2016). Similar to caspase-3, caspase-1 was significantly upregulated in CPT-treated healthy CD4 T cells compared with the DMSO control (Figure 6B), suggesting that Top1 inhibition also promotes CD4 T cell depletion via pyroptosis.

Ferroptosis is an iron-dependent regulated cell death caused by the lethal accumulation of lipid-based reactive oxygen species (ROS) (Stockwell et al., 2017). Glutathione peroxidase 4 (GPX4), as a lipid repair enzyme that converts lipid peroxides into non-toxic lipid alcohols, is the primary cellular mechanism of protection against ferroptosis (Ref 53). Another parallel protective pathway against ferroptosis is the oxidoreductase FSP1, which functions as an oxidoreductase to reduce non-mitochondrial coenzyme Q 10 (CoQ), thereby generates a potent lipophilic antioxidant to suppress the distribution of lipid peroxides (Doll et al., 2019; Bersuker et al., 2019).

To determine whether ferroptosis plays a role in CD4 T cell death due to Top1 inhibition, we measured GPX4 expression in healthy CD4 T cells exposed to CPT or DMSO for 24 h. GPX4 levels were decreased, indicating increased ferroptosis following CPT treatment (Figure 6C). Taken together, these data demonstrate that Top1 deficiency in healthy CD4 T cells promotes programmed cell death via enhancing cell apoptosis, pyroptosis and ferroptosis.

To elucidate the mechanisms involved in the CD4 T cell programmed death following Top1 inhibition, we assessed the expression levels of pro- and anti-apoptotic proteins in CPT-treated healthy CD4 T cells using flow cytometry. Notably, BAX and BAD proteins are pro-apoptotic (Adefolaju et al., 2014), whereas phosphorylated BAD (pBADSer136) is anti-apoptotic - because canonic anti-apoptotic proteins such as BCL-2/BCL-XL form heterodimers with dephosphorylated BAD and triggers BAX-mediated apoptosis. When BAD is phosphorylated by AKT, BCL-2 is released and inhibits the BAX-triggered apoptosis (Scheid et al., 1999). We observed a decrease in pBAD protein in CPT-treated cells (Figure 6D). Moreover, we discovered that Survivin (survivin) and Mcl1 (two important anti-apoptotic proteins (Kuo et al., 2018; Warren et al., 2019)) were remarkably downregulated in CPT-treated cells (Figures 6E, F).

DNA damage responses (DDR) trigger specific signaling pathways that induce cell death, and the receptor-interacting protein kinase 1 and receptor-interacting serine/threonine-protein kinase 3 (RIPK1 and RIPK3) are crucial adaptor kinases at the crossroads of cell death (Festjens et al., 2007). Factors promoting survival and death compete with each other until one eventually dominates and dictates the cell fate (Festjens et al., 2007). We found that levels of both RIPK1 and RIPK3 were significantly decreased in healthy CD4 T cells following exposure to CPT compared with DMSO control treatment (Figures 6G, H). Taken together, the above results suggest that multiple signaling pathways are involved in the CD4 T cell death caused by Top1 inhibition.




Discussion

CD4 T cells are crucial for controlling viral infections. However, chronic HCV or HIV infection blunts CD4 T cell functions and responses to vaccines (e.g., HBV vaccine) (Yao and Moorman, 2013). We have recently reported that CD4 T cells from patients with chronic HCV or HIV infection age prematurely or become senescent due to telomeric and mitochondrial DNA damage (Yao and Moorman, 2013; Shi et al., 2014; Li et al., 2015; Zhou et al., 2016; Nguyen et al., 2018; Zhao et al., 2018; Cao et al., 2019; Ji et al., 2019; Zhao et al., 2019; Dang, 2020; Khanal et al., 2020; Schank et al., 2020; Khanal et al., 2021; Nguyen L. N. et al., 2021; Nguyen L. N. N. T. et al., 2021; Schank et al., 2021; Schank et al., 2021; Wang et al., 2021; Zhao et al., 2021; Cao et al., 2022). The mechanisms underlying this DNA damage and the failure to repair it remain unknown. Because Top1 enzymatic activity is required to remove the DNA tangles that are generated during cell proliferation, and because Top1cc accumulates and becomes trapped during DNA transcription and causes Top1-linked PDBs (Champoux, 2001; Pommier et al., 2006; Pommier et al., 2010; Pommier, 2013; Guoa et al., 2014; Patel et al., 2016), we speculated that the topology mitochondrial DNA is altered due to Top1mt deficiency in mitochondria, leading to mitochondrial compromise and CD4 T cell dysfunction.

In the present study, we used CD4 T cells from patients with chronic HCV or HIV infection and healthy CD4 T cells, in which Top1 is inhibited by treatment with CPT, to examine Top1 inhibition and Top1cc formation in mitochondria and identify the molecular mechanisms underlying mtDNA damage and T cell dysfunction or cell death. We found that: 1) dysfunctional CD4 T cells from HCV- and HIV-infected patients exhibit lower levels of both Top1mt and Top1nc proteins and enzymatic activity, Top1cc accumulates in mitochondria, and the decrease in Top1 protein levels is associated with the degree of CD4 T cell depletion in HIV patients (HIV-INRs vs. HIV-IRs); 2) treatment of healthy CD4 T cells with CPT results in inhibition of Top1mt and Top1nc expression and enzymatic activity, Top1cc accumulation, and T cell dysfunction and apoptosis, recapitulating the phenotype we observed in HCV- and HIV-CD4 T cells and highlighting the role of Top1 in securing mtDNA integrity and maintaining T cell function and survival; 3) the mtDNA damage caused by Top1 inhibition in primary CD4 T cells leads to mitochondrial dysfunction - a process that could be recapitulated in CD4 T cells by oxidative injury induced by an innovative tool to specifically induce oxidative reactions at mitochondria; 4) these mtDNA damages lead to the translocation of cGAS from the cytosol into mitochondria, resulting in subsequent dephosphorylation or inactivation of STING signaling molecules and CD4 T cell dysfunction; 5) HCV- or HIV-CD4 T cells with Top1 inhibition are more susceptible to cell apoptosis, with excess mitochondrial and cellular ROS production; and 6) healthy CD4 T cells with Top1 inhibition undergo programmed death, triggered by multiple death signaling pathways. Taken together, these findings suggest that Top1 plays a pivotal role in preventing unwanted mtDNA damage and maintaining cell survival during chronic HCV or HIV infections.

We found that the accumulation of topological mtDNA damage affects cell survival and functions. Based on our results, we propose a model, as depicted in Figure 7, where Top1 inhibition and Top1cc accumulation in mtDNA trigger Top1 proteolysis and Top1cc-linked PDB degradation, and thus topological mtDNA damage. Topological mtDNA damage leads to cGAS translocation from cytosol to mitochondria, resulting in dephosphorylation of STING, TBK1, IRF3 and thus inhibition of nuclear IRF3 and NF-κB-mediated gene transcription, cytokine expression, and cellular functions. This model is supported by our recent reports that deficiency of ATM (an important DNA damage and repair enzyme) during HCV or HIV infection promotes DNA damage, CD4 T cell dysfunction and apoptosis, likely due to the unrepaired DNA damage (Zhao et al., 2018; Zhao et al., 2019; Khanal et al., 2020; Cao et al., 2022).




Figure 7 | A working model for Top1-mediated topological DNA damage and T cell dysfunction. HCV/HIV infection or CPT treatment in healthy CD4 T cells can inhibit Top1 protein expression and enzymatic activity, leading to the accumulation of Top1cc and causing topological mtDNA damage, cell senescence, and programmed cell death through multiple signaling pathways. This topological mtDNA damage promotes cGAS translocation from cytosol to mitochondria, leading to dephosphorylation of STING, TBK1, IRF3, and thus inhibition of nuclear IRF3 and NF-κB-mediated gene transcriptions and cytokine expression. Topological mtDNA damage can also trigger multiple cell death or survival-related signaling pathways, leading to programmed cell death by apoptosis, pyroptosis, and ferroptosis. This regulatory cascade represents a novel molecular mechanism that underlies CD4 T cell senescence and dysfunction, which contribute to viral persistence and vaccine non-responsiveness during chronic HCV or HIV infection.



While Topological DNA damage can occur in replicating T cells under physiological conditions, Top1cc arises under multiple pathological conditions, such as viral (HBV, HCV, HIV, EBV, or CMV) infections, treatment with antiviral or chemotherapeutic agents, chronic inflammation, and oxidative reactions. As such, PDBs triggered by Top1cc degradation and Top1 inhibition may have a profound impact on CD4 T cell senescence, leading to the remodeling of the mtDNA damage response and reprogramming of CD4 T cell metabolism and apoptosis. These events may arise from defective removal of Top1cc and deficiency of DNA damage repair by ATM during HCV or HIV infection (Zhao et al., 2018; Zhao et al., 2019). CD4 T cells are particularly prone and susceptible to Top1-mediated DNA damage and cell death due to the high rates of oxygen consumption, which enhances mitochondrial ROS production. In line with this, we have recently reported significant increases in ROS production in CD4 T cells from HCV or HIV patients (Schank et al., 2021; Schank et al., 2021).

Notably, ROS can promote Top1cc formation, causing DNA damage and ATM activation (Daroui et al., 2004; Guo et al., 2010). Although mitochondria are the cell powerhouses and a major source of ROS production, the concept that mtDNA is particularly susceptible to the effects of ROS generated through the respiratory chain remains debated (Vos et al., 2011). Indeed, mtDNA does not exhibit oxidative DNA damage more than nuclear DNA (Wang, 2002). In contrast, we have recently found that mtDNA is more stable than nuclear and telomeric DNA in response to selective oxidative stresses (Wang et al., 2021). Also, oxidative damage to DNA is repaired more efficiently in mitochondria than in the nucleus (Champoux, 2001). The mtDNA is packaged with protective proteins as the nuclear proteins that assemble the chromosomal structure (Pommier et al., 2006). Additionally, mitochondria possess an exclusive mechanism to maintain mtDNA integrity and stability via degrading the damaged mtDNA, followed by duplicating the repaired mtDNA. This mechanism does not exist in the nucleus and can only occur when multiple copies of mtDNA are present in mitochondria (Pommier, 2013).

The cGAS-STING pathway is usually activated via sensing the damaged DNA in cytosol (which leaks from the nucleus) and plays an important role in regulating cell function and survival (Ahn et al., 2012; Ablasser et al., 2013; Cai et al., 2014; Chen et al., 2016; Li and Chen, 2018). Intriguingly, our results indicate a unique ability of mtDNA (which are multiple, small circular DNAs and more stable relative to nuclear DNA) to recruit cGAS from the cytosol to mitochondria upon damage by Top1 inhibition, negatively affecting STING phosphorylation and its associated downstream signaling pathways in the ER and Golgi apparatus. In addition, we found that not only is Top1mt inhibited, but Top1nc is also located and inhibited in mitochondria in our cell model systems. This novel finding involving cCAS mitochondrial translocation and Top1nc mitochondrial localization and inhibition in primary CD4 T cells by CPT are significant. Given its novelty, we specifically used several experimental approaches to examine mitochondrial, cytosol, and nuclear fractions, and consistently detected Top1nc in the mitochondrial compartment. We believe that Top1nc is not exclusive to the cell nucleus and Top1mt is subject to CPT inhibition.

CPT induced a topological mtDNA damage event that is different from the nuclear DNA damage - which usually leaks into the cytosol to activate the cGAS-STING pathway and induce inflammatory responses (Ahn et al., 2012; Ablasser et al., 2013; Cai et al., 2014; Chen et al., 2016; Li and Chen, 2018). Topological mtDNA damage may also activate the ATM pathway (Guo et al., 2010; Zhao et al., 2018; Zhao et al., 2019; Khanal et al., 2020; Cao et al., 2022), and the outcome of mtDNA repair with mutation insertions may cause alterations in mtDNA encoding some mitochondrial proteins, which may affect the cell metabolism and/or fitness. If mtDNA damage remains unrepaired, it can activate multiple cell death signaling pathways, leading to programmed cell death. Hence, our study reveals a new model in which mtDNA topological damage contributes to the CD4 T cell aging, dysfunction, and apoptosis that occur during HCV or HIV infection.

Although study focused on HCV or HIV infections, our findings may be extended to other chronic viral infections, such as EBV and CMV. These viral infections lead to phenotypes similar to HCV or HIV infections; for example, T cell exhaustion and senescence. As observed in CD4 T cells, we expect to see similar changes in mtDNA topology in CD8 T cells, which often exhibit an even more exhausted and senescent phenotype. Importantly, topological DNA damage and repair may function as a double-edged sword, resulting in cell death during acute infection and immune tolerance during chronic infection. Nonetheless, this study reveals an important role for Top1 inhibition in promoting mitochondrial dysfunction and highlight the molecular aspects of immunomodulation in CD4 T cells that are caused by chronic HCV or HIV infections. This study also provides a potential strategy to restore impairment in mtDNA topology as a means to improve CD4 T cell functions during human viral diseases.

In summary, we showed that HCV or HIV infection inhibits Top1mt and Top1nc enzymes in CD4 T cells, leading to Top1cc entrapment in mtDNA, topological mtDNA damage, mitochondrial compromise, and T cell dysfunctions. Notably, we reproduced this mtDNA disruption and T cell dysregulation phenotypes in healthy CD4 T cells ex vivo via CPT-induced inhibition of Top1 proteins. Notably, Top1nc is only found in the nucleus in mouse fibroblasts (Dalla Rosa et al., 2014). In addition, CPT targets Top1nc rather than Top1mt in yeast cells (De la loza Díaz and Wellinger, 2009). Our results showed that Top1nc is also localized in mitochondria in human CD4 T cells. Thus far, the function of Top1nc in the mitochondria of human CD4 T cells is unclear. It is also unclear whether the inhibition of Top1mt we observed in healthy CD4 T cells is due to a direct effect of CPT on Top1mt or due to CPT targeting Top1nc and causing DDR and cell death, which indirectly impacts Top1mt. In addition, since CPT treatment induce both Top1mt and Top1nc inhibition, the overexpression of Top1mt in HIV or HCV patient CD4 T cells and knockdown of Top1nc in healthy CD4 T cells need to be done to separate their effects on regulating topological DNA damage and T cell dysfunction. Thus, our study uncovers a novel mechanism for immunomodulation by viral infections, i.e., dysregulation of mtDNA topology and T cell functions. Thus, restoring mtDNA topology during chronic viral infection may rescue CD4 T cell functions.



Materials and methods


Study subjects

The study protocol was approved by the joint institutional review board (IRB) of East Tennessee State University and James H. Quillen VA Medical Center (ETSU/VA IRB, Johnson City, TN). The study included three groups: 64 chronic HCV patients without antiretroviral therapy (ART); 83 HIV patients on ART) with undetectable HIV-RNA; and 76 age-matched healthy subjects (HS). HS blood samples were provided by BioIVT (Gray, TN) and were negative for HCV or HIV infections. The characteristics of the subjects enrolled in this study are described in Table 1.


Table 1 | Demographic characteristics of the study participants.





Cell isolation and culture

Mononuclear cells (PBMCs) were isolated from peripheral blood by Ficoll density centrifugation (Cat# 45-001-750, GE Healthcare, Piscataway, NJ). CD4 T cells were isolated from PBMCs using the CD4 T cell negative selection kit (Cat# 130-096-533, Miltenyi Biotec, Auburn, CA). The cells were cultured in RPMI-1640 medium supplemented with 10% FBS (Cat# S11050H, Atlanta Biologicals, Flowery Branch, GA), 100 IU/ml penicillin, and 2 mM L-glutamine (Cat# 25-030-081, Thermo Fisher Scientific, Waltham, MA) and maintained at 37°C in 5% CO2 incubator.



Confocal microscopy

1x106 CD4 T cells were stained with fluorochrome conjugated antibodies using a previously described method (Wang et al., 2021). For Top1/MitoTracker staining, HS CD4 T cells were treated with 10μM CPT (Cat# SKU: TG4110, TopoGEN, Buena Vista, CO) or DMSO (Cat# D2650, Sigma-Aldrich, St. Louis, MO) for 2 days. For cGAS/MitoTracker staining, HS-CD4 T cells were treated with 5μM CPT for 2 days. The primary antibodies included MitoTracker (Cat# M22425, Thermo Fisher Scientific, Waltham, MA), Rabbit anti-cGAS (Cat# 79978, Cell Signaling Technology, Danvers, MA), Rabbit anti-Top1mt (Cat# PA5-51660, Thermo Fisher Scientific, Waltham, MA) and mouse anti-Top1nc conjugated with Alexa Fluor 488 (Cat# ab223421, Abcam, Cambridge, MA). The secondary antibody included anti-rabbit IgG-Alexa Fluor 488 (Ca# 4412, Cell Signaling Technology). The cells were mounted with DAPI Fluoromount-G (Cat# D1306, SouthernBiotech, Birmingham, AL) and visualized with a confocal laser scanning inverted microscope (Leica Confocal, Model TCS sp8, Germany).



Isolation of mitochondrial and cytosolic proteins

The Qproteome mitochondria isolation kit (Cat# 37612, Qiagen, Germantown, MD) was used to isolate and purify mitochondrial and cytosolic extracts according to the manufacturer’s protocol. Briefly, approximately 5x106 freshly isolated CD4 T cells were harvested and resuspended in 1 mL Lysis Buffer, followed by incubation on an end-over-end shaker for 10 min at 4°C. After centrifugation, the supernatant, which contained the cytosolic fraction was collected in a new tube and labeled as the 1st part of the cytosolic extract. Next, the pellets were resuspended in a 1.5 mL disruption buffer and centrifuged to separate nuclei and cytosol. The supernatants were centrifuged at 6000 x g, for 10 min to isolate the mitochondria in the pellet and the supernatant as the 2nd part of the cytosolic extract. To concentrate the combined cytosolic extract, an Amicon ultra-0.5 centrifugal filter unit (Cat# UFC503096, Millipore Sigma, St. Louis, MO) was used.



Western blotting

CD4 T cells were treated with 2, 5, or 10 μM of CPT or DMSO control for different times and the mitochondrial and cytosolic extracts or whole cell lysates were lysed on ice in RIPA lysis buffer (Cat# BP-407, Boston BioProducts, Ashland, MA) in the presence of protease inhibitors (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail. Cat# 11836170001, Sigma). Protein concentration was measured by the Pierce BCA protein assay kit (Cat# 23225, Thermo Fisher Scientific). To obtain enough mitochondrial proteins for immunoblotting, cells were pooled from multiple subjects. Mitochondrial and cytosolic extracts and whole lysates of CD4 T cells were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk, 0.1% Tween-20 in Tris-buffered saline (TBS), and then incubated overnight with primary antibodies against Top1mt, Top1, pIRF3Ser396, IRF3, PARP1, cGAS, pSTINGSer366, STING, pTBK1Ser172, TBK1, GAPDH, β-actin (Human-Reactive STING Pathway Antibody Sampler Kit #38866, Cell Signaling), and mHsp70 (Cat# MABS1955-100uL, Millipore Sigma). The membranes were incubated with appropriate horseradish peroxide-conjugated secondary antibodies (Anti-rabbit IgG, HRP-linked Antibody #7074, Anti-mouse IgG, HRP-linked Antibody #7076, Cell Signaling Technology, Danvers, MA), and the protein bands were developed and visualized with the Amersham ECL prime western blotting detection reagent (Cat# 45-002-401, GE Healthcare Bio-Sciences, Pittsburgh, PA). The protein bands were captured and quantified by the Chemi DocTM MP imaging system (Bio-Rad, Hercules, CA).



Top1 activity assay

The enzymatic activity of Top1 was measured using the Top1 activity assay kit (Cat# TG1015–1, TopoGEN, Buena Vista, CO). Briefly, mitochondrial and cytosolic extracts were isolated from patients and HS CD4 T cells as described above. Mitochondrial or cytosolic proteins were mixed with plasmid DNA substrate and reaction buffer for 30 min at 37°C, diluted with Stopping Buffer containing protein loading dye, and electrophoresed on a 1% agarose gel for 2 h at 5~10 V/cm. The supercoiled DNA bands were visualized with a UV transilluminator and quantified by densitometry.



Top1cc detection

Top1cc was detected using the Human Topoisomerase ICE assay kit (Cat# TG1020–1, TopoGEN). The mtDNA purification protocol was modified by combining the ICE assay kit and the PureLink Genomic DNA Mini kit (Cat# K182001, Thermo Fisher Scientific). Briefly, mtDNA was isolated from mitochondrial extracts using extraction buffer from the ICE assay kit and then purified using purification columns from the PureLink Genomic DNA Mini kit. The DNA samples were loaded using a vacuum pump onto an NC membrane, which was incubated with primary anti-Top1cc antibody from the ICE assay kit, followed by Western blotting.



Flow cytometry

Intracellular IL-2 and IFN-γ cytokine production, cell apoptosis assay for Av/7-AAD expression, cell death signaling molecules (Caspase-1, Caspase-3, GPX4, pBADS136, Mcl1, Survivin, RIPK1, and RIPK3), mitochondrial ROS production (MitoSOX™ Red Mitochondrial Superoxide Indicator. Cat# M36008) and cellular ROS production (CellROX™ Green Reagent, for oxidative stress detection. Cat# C10444) was determined by flow cytometry base on the guideline of the products, as described previously (Wang et al., 2021; Cao et al., 2022). For IL-2 and IFN-γ cytokine production, antibodies anti-IL-2- FITC (Cat# 500304) and anti-IFN-γ-PE (Cat# 12-7029-42) antibodies (Biolegend, San Diego, CA) were used to stain purified HS CD4 T cells treated with DMSO or CPT for 3h, 6h, and 2 days. For apoptosis analysis, the cells were washed with DPBS and stained using PE Annexin V apoptosis detection kit I (Cat# 559763, BD Biosciences, San Jose, CA) in a 1X binding buffer according to the manufacturer’s protocol. Controls for these assays included unstained cells, isotype control antibodies, and single positive staining, which were used for gating and compensation. Samples were analyzed with a BD AccuriC6 Plus flow cytometer and FlowJo V10 software.



Cytokine array

CD4 T cells isolated from 5 HS were cultured and treated with CPT (5 µM) or DMSO for 2 or 3 days. Approximately, 250 µl of the culture supernatants were collected for cytokine expression analysis. Briefly, Human Cytokine 48-Plex Discovery Assay (Cat# HD48) and Human Supplemental Biomarker 10-Plex Discovery Assay (Cat# HDHSB10) were performed by Eve Technologies (Calgary, AB Canada). Data were normalized to the expression levels in the DMSO-treated cells.



Seahorse XFp Cell Mito stress test

Seahorse XFp Cell Mito stress test (Cat# 103010-100, Agilent Technologies, Santa Clara, CA) was performed according to the manufacturer’s protocol using an XFp instrument. CD4 T cells from healthy subjects were purified from PBMCs, cultured in complete RPMI-1640 medium with 10% FBS, and treated with 5 μM CPT or DMSO for 2 days. One day prior to the assay, Seahorse mini cartridges were hydrated overnight in a non-CO2 incubator. On the day of the assay, the treated cells were seeded onto mini culture plates pre-coated for 1 h with poly-D-lysine (Thermo Fisher Scientific). Approximately 100,000 cells per well were cultured in Seahorse XF RPMI assay medium supplemented with 1.0 mM of glucose, 100 µM of pyruvate, and 1.0 mM of glutamine. The following inhibitors from the Cell Mito stress test kit were added to the culture media in this order: 2.0 μM of Oligomycin, 1.5 μM of FCCP, and 2.0 μM of Rotenone/Antimycin A, and the related three sequential measurements were recorded. Data analysis was performed using the Seahorse Wave software and the Seahorse Mito stress test report generator.



Singlet oxygen induction in E6-1 cell line

The protocol for singlet oxygen induction in E6-1 cells and the treatment with light and dye was carried out as we previously described (Wang et al., 2021). Top1, IRF3, and total and cleaved PARP1 protein levels were measured by Western blot, and Top1 enzymatic activity was determined by the Top1 activity assay as described above.



Real-time qPCR

Mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) contents in genomic DNA were determined by real-time qPCR according to previously described methods (Wang et al., 2021). Briefly, genomic DNA was extracted from CD4 T cells using the PureLink Genomic DNA isolation kit (Thermo Fisher Scientific). DNA concentration was measured by the Synergy H1 BioTek plate reader. The primers used for mitochondrial and nuclear DNA PCR are shown in Table 2. Approximately 25 ng of genomic DNA was used for the PCR reaction. The PCR cycling conditions were: 1 cycle at 50 °C for 2 min, 1 cycle at 95 °C for 10 min, and 40 cycles at 95 °C for 15 s and 62 °C for 60 s. The averages of mtDNA and nucDNA Cq values from triplicate reactions were calculated. The mitochondrial DNA content was determined using the following equations: ΔCq = (nucDNA Cq – mtDNA Cq); relative mitochondrial DNA content = 2 × 2ΔCq 30 (Rooney et al., 2015).


Table 2 | PCR primers used in this study.



The expression of pro-apoptosis genes and the cGAS-STING-related genes was determined by real-time RT-qPCR. Total RNA was extracted from ~2 × 106 CD4 T cells treated with CPT for 48 h using the PureLink RNA Mini kit (Cat# 12183018A, Invitrogen), and cDNA was synthesized using the High Capacity cDNA Reverse Transcription kit (Cat# 4368814, Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions. The PCR reactions were performed in triplicate. The PCR primer sequences are shown in Table 2. The PCR conditions were the same as described above. Gene expression was calculated using the 2−ΔΔct method, normalized to GAPDH level, and is presented as fold change.



Statistics

The data were analyzed using Prism 7 software and are presented as mean ± SEM. Differences between two groups were analyzed by independent Student’s t-test or paired t-test and by one-way ANOVA for multiple groups. P-values of <0.05 (or *), <0.01 (or **) and <0.001 (or ***) were considered statistically significant and very significant, respectively.
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