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We have previously shown that chronic Hepatitis C virus (HCV) infection can induce DNA damage and immune dysfunctions with excessive oxidative stress in T cells. Furthermore, evidence suggests that HCV contributes to increased susceptibility to metabolic disorders. However, the underlying mechanisms by which HCV infection impairs cellular metabolism in CD4 T cells remain unclear. In this study, we evaluated mitochondrial mass and intracellular and mitochondrial reactive oxygen species (ROS) production by flow cytometry, mitochondrial DNA (mtDNA) content by real-time qPCR, cellular respiration by seahorse analyzer, and dysregulated mitochondrial-localized proteins by Liquid Chromatography-Mass Spectrometry (LC-MS) in CD4 T cells from chronic HCV-infected individuals and health subjects. Mitochondrial mass was decreased while intracellular and mitochondrial ROS were increased, expressions of master mitochondrial regulators peroxisome proliferator-activated receptor 1 alpha (PGC-1α) and mitochondrial transcription factor A (mtTFA) were down-regulated, and oxidative stress was increased while mitochondrial DNA copy numbers were reduced. Importantly, CRISPR/Cas9-mediated knockdown of mtTFA impaired cellular respiration and reduced mtDNA copy number. Furthermore, proteins responsible for mediating oxidative stress, apoptosis, and mtDNA maintenance were significantly altered in HCV-CD4 T cells. These results indicate that mitochondrial functions are compromised in HCV-CD4 T cells, likely via the deregulation of several mitochondrial regulatory proteins.
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Introduction

Hepatitis C virus (HCV) infection is currently an ongoing health problem worldwide. Despite highly effective direct-acting antiviral (DAA) therapies successfully improving the efficacy of HCV treatment, the annual rate of new HCV infection continues to increase, especially in individuals between the ages of 20-30, which increases the potential risk of HCV as a public health threat due to HCV-induced immune dysfunction (1–6). Individuals with chronic HCV infection often demonstrate increased oxidative stress with inflammation, disruption to mitochondrial functions, metabolic disorders, and the development of severe complications including liver cirrhosis and hepatocellular carcinoma (7–13). Furthermore, HCV proteins localize to mitochondria and contribute to increased reactive oxygen species (ROS) production and apoptosis, disrupted mitochondrial membrane potential, altered calcium homeostasis, inhibited electron transport chain (ETC) complex I, increased mitophagy, and decreased mitochondrial DNA (mtDNA) content in liver cells (10, 14). Given the role of mitochondria in regulating cellular metabolism and oxidative stress, mitochondrial dysfunction plays a pivotal role in liver-associated diseases. Beyond the detrimental effects of HCV on hepatocytes, HCV infection has also been shown to disrupt mitochondrion-dependent innate immune antiviral signaling and inflammatory pathways, leading to viral persistence (10). Several studies have detailed accelerated rates of cellular exhaustion and senescence following HCV infection in CD8 T cells, contributing to the potential reduction in viral clearance; little is known, however, about mitochondrial function following chronic HCV infection in CD4 T cells, which are essential for vaccine responses and activation of adaptive immunity (15–18). Given the high rates of blunted vaccine responses in chronically HCV-infected patients, further investigating CD4 T cells provides critical information regarding T cell dysregulation and viral persistence (2, 4–6).

We and others have previously shown primary CD4 T cell dysfunction during chronic viral infections, such as human immunodeficiency virus (HIV) and HCV, as well as accelerated rates of DNA damage, cellular senescence, apoptosis, and telomere deprotection and attrition (19–23). We have also identified a molecular link between telomeric DNA damage and mitochondrial dysfunction in primary CD4 T cells (24) as well as in a T cell line (25). Disrupted T cell homeostasis, activation status, and inflammaging could contribute to mitochondrial deregulation since mitochondria are essential to immune cell differentiation and signaling (26). Thus, CD4 T cells from chronically HCV-infected individuals may have altered mitochondrial functions that ultimately disrupt cellular metabolism, leading to CD4 T cell dysfunction. Recent evidence also implicates the role of the master regulators of mitochondrial function and biogenesis, peroxisome proliferator-activated receptor 1 alpha (PGC-1α) and mitochondrial transcription factor A (mtTFA) in cell senescence and aging (24, 27). PGC-1α and mtTFA have been shown to regulate mitochondrial biogenesis and degradation to contribute to mitochondrial homeostasis, oxidative metabolism, and mtDNA transcription (28). Furthermore, we have shown that these mitochondrial regulators are disrupted during drug- or HIV-induced telomeric injury in primary CD4 T cells (24, 29).

Because HCV infection can accelerate the aging process by inducing telomeric DNA damage, we hypothesized that the PGC-1α and mtTFA pathways may be dysregulated during chronic HCV infection and thus may contribute to mitochondrial compromise. In this study, we examined mitochondrial fitness and regulators in primary CD4 T cells from HCV patients. We provide evidence that mitochondrial functions are disrupted in CD4 T cells during chronic HCV infection. We found that silencing mtTFA reduced cellular respiration and mtDNA content. These results suggest that CD4 T cell mitochondrial function and cellular metabolism are compromised during chronic HCV infection, which contribute to aberrant T cell homeostasis and immune failure.



Materials and Methods


Study Subjects

The study subjects included two populations: 42 chronically HCV-infected individuals and 44 age-matched healthy subjects [HS; negative for HBV, HCV, and HIV infections, obtained from BioIVT (Gray, TN)]. All HCV patients were positive for HCV RNA and were collected prior to DAA treatment. All patients provided written informed consent. All experiments were conducted according to the procedures approved by the ethics committee of the joint Institutional Review Board (IRB) of East Tennessee State University and James H. Quillen VA Medical Center (ETSU/VAMC). Subject characteristics are shown in Table 1.


Table 1 | Characteristics of the study subjects.





Cell Isolation and Culture

Peripheral blood mononuclear cells (PBMCs) isolation and CD4 T cell purification were performed as described previously (29). CD4 T cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS) (Atlanta Biologicals; Flowery Branch, GA), 100 IU/ml penicillin, and 2 mM L-glutamine (Thermo Fisher; Waltham, MA). For T cell receptor (TCR) stimulation, CD4 T cells were cultured in the presence of 2 μg/ml anti-CD3 and 4 μg/ml anti-CD28 for 3 days in the presence of 30 IU/ml IL-2.



Flow Cytometry

For T cell phenotype analysis, the following fluorescence-conjugated antibodies were used: CD4-PE (Cat# 300508) or CD4-FITC (Cat# 300506) with CD45RA-PerCP (Cat# 304156) and CD71-A647 (Cat# 334118, BioLegend; San Diego, CA). For intracellular staining, the cells were fixed and permeabilized with the Foxp3 Transcription Factor Staining Buffer Set (Cat# 00-5523-00) (Invitrogen; Carlsbad, CA), followed by staining for PGC-1α-A488 (Cat# NBP1-04676AF488, Novus Biologicals; Littleton, CO) or mtTFA-A488 (Cat# ab198308, Abcam; Cambridge, MA) for 45 min at room temperature.

For mitochondrial function analysis, MitoTracker Orange (MO) (Cat# M-7511) and MitoTracker Green (MG) (Cat# M-7514, Invitrogen) probes were used according to the manufacturer’s protocol. 100 nM MG and 500 nM MO were cultured with purified CD4 T cells for 30 min at 37°C and then analyzed by flow cytometry. Mitochondrial ROS was assessed following 3 day TCR stimulation, by staining with 5μM MitoSOX Red mitochondrial superoxide indicator (Cat# M36008, Invitrogen) at 37°C for 30 min, and washing with DPBS 3 times. Controls for these assays included unstained, isotype controls, and single positive staining, which were used for gating and compensation. Samples were analyzed by a BD AccuriC6 Plus flow cytometer and FlowJo V10 software.



mtDNA Copy Number

Genomic DNA was extracted from TCR-stimulated CD4 T cells using the pureLink genomic DNA kit (Thermo Fisher). PCR primers included mtDNA tRNALeu Forward: 5′-GGTCCCCAATCACCTCATCTG-3′; mtDNA tRNALeu Reverse: 5′-TGGCCATGGGTATGTTGTTA-3′; nuDNA β2-microglobulin 5′- TGCTGTCTCCATGTTTGATGTATCT-3′; and nuDNA β2-microglobulin Reverse: 5′- TCTCTGCTCCCCACCTCTAAGT-3′. The quantification of mtDNA copy number was performed as described previously (24, 30).



mtTFA Knockdown

CD4 T cells were purified from PBMCs isolated from HS and TCR stimulated for 3 days. mtTFA crRNP was generated following a previously published protocol (31) and used for transfection using the P3 Primary Cell 4D nucleofector X Kit L (Cat# V4XP-3024, Lonza; Basel, Switzerland) and program EH115. The cells were harvested at day 3 for analysis.



Western Blotting

Western blot analysis was performed as described previously (24). Primary antibodies included mtTFA (Cat# 8076, Cell Signaling; Danvers, MA). Appropriate horseradish peroxide-conjugated secondary antibodies (Cell Signaling) were used. The protein bands were captured and analyzed by the Chemi Doc Imaging System (Bio-Rad) and normalized to β-Actin (Cat# 12262).



Seahorse XFp Cell MitoStress Tests

Seahorse XFp Cell Mito Stress Tests (Agilent Technologies; Santa Clara, CA) were completed using an XFp instrument and the Cell Mito Stress Test kit following the manufacturer’s instructions as described previously (24). Data were analyzed using the Seahorse Wave software.



Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Mitochondria were fractionated from CD4 T cells isolated from 3 HS and 3 HCV subjects using the Qproteome mitochondria isolation kit (QIAGEN; Germantown, MD). Approximately 5 μg mitochondrial proteins were assessed using an LC-MS shotgun approach at the Center for Integrative Proteomics Research of the Robert Wood Johnson Medical School and Rutgers University following their standard protocol (32). Label-free quantification (LFQ) was used to determine the relative protein amounts as a fold change.



Statistical Analysis

The data were analyzed using Prism 7 software and are presented as mean ± SEM. The outliers were identified by the ROUT method (Q = 1.000%) and excluded from the analysis. Comparisons between two groups for normal distribution were made using a parametric paired or unpaired t-test (equal SDs) or parametric unpaired t-test with Welch’s correction (unequal SDs). Comparisons between two groups for skewed distribution data were made using the nonparametric Wilcoxon paired t-test or nonpaired Mann-Whitney U test. P-values of <0.05 were considered statistically significant.




Results


Intracellular ROS and Mitochondrial Mass Are Dysregulated in CD4 T Cell Subpopulations From HCV Patients

The most commonly described mitochondrial abnormalities during chronic HCV infection include increased mitochondrial ROS production, inhibition of mitochondrial electron transport, alterations in mitochondrial morphology, inhibition of innate immune responses, and sensitization to mitochondrial cell death cascades (10, 11, 33, 34). We have previously shown increased oxidative stress, apoptosis, and DNA damage, as well as shortened telomeres in CD4 T cells from chronically HCV-infected individuals compared to age-matched HS (19, 20, 22, 23). We and others have also demonstrated dysregulated T cell homeostasis of CD4 T cell subpopulations, including naïve (CD45RA+), memory (CD45RA-), cycling (CD71+), and non-cycling (CD71-) cells following chronic viral infection (19, 20, 29, 35). Given the critical role of mitochondria on cellular metabolism and viability, we examined T cell homeostasis and mitochondrial functions in CD4 T cell subpopulations in PBMCs by measuring MO for the level of intracellular ROS and MG for mitochondrial mass.

We have previously shown increased ROS in naïve CD4 T cells from chronically HCV-infected individuals (19). Here we first assessed the intracellular ROS levels by staining with MO, which is a marker of intracellular ROS (36, 37) as well as mitochondrial membrane potential, and is retained after the loss of membrane integrity (38), in CD4 T cell subpopulations from chronically HCV-infected individuals. Supplemental Figure 1 shows representative dot plots for the gating strategy to determine the frequency of MO+ cells in each subpopulation. Singlets were gated, followed by scatter, CD4+ cells, CD45RA+/− naïve/memory cells, CD71+/− cycling/non-cycling cells, and then MO+ cells in these populations. We observed significant increases in MO frequency in total, memory (CD45RA-), non-cycling (CD71-), and non-cycling memory (CD71- CD45RA-) CD4 T cell subpopulations from chronically HCV-infected patients versus HS (Figures 1A, B). These results indicate elevated ROS production and compromised mitochondrial membrane potential in CD4 T cell subpopulations during HCV infection.




Figure 1 | CD4 T cell intracellular ROS and mitochondrial mass in HCV-infected individuals. (A, B) Frequency of MitoTracker Orange+ (MO+) cells in total CD4+, CD4+ CD45RA+, CD4+ CD45RA-, CD4+ CD71+, CD4+ CD71-, CD4+ CD71+ CD45RA+, CD4+ CD71+ CD45RA-, CD4+ CD71- CD45RA+, CD4+ CD71-CD45RA- cell subpopulations from HCV-infected individuals and health subjects (HS). (C, D) MFI of MitoTracker Green (MG) in total CD4+, CD4+ CD45RA+, CD4+ CD45RA-, CD4+ CD71+, CD4+ CD71-, CD4+ CD71+ CD45RA+, CD4+ CD71+ CD45RA-, CD4+ CD71- CD45RA+, CD4+ CD71- CD45RA- cell subpopulations from HCV-infected individuals and HS. The data were analyzed by parametric unpaired T-tests with or without Welch’s corrections or nonparametric Mann-Whitney U tests.



MG is a selective dye that binds to free thiol groups of cysteine residues, which are naturally enriched in mitochondrial proteins, and thus is a measurement of mitochondrial density/mass. As shown in Figures 1C, D, the MFI of MG was significantly decreased in total, naïve, memory, non-cycling, cycling naïve, cycling memory, non-cycling naïve, and non-cycling memory CD4 cell subpopulations from HCV patients - similar to our previous findings in CD4 T cells from ART-controlled people living with HIV (PLHIV) (29). These results suggest that mitochondrial biogenesis and fitness are reduced in CD4 T cells from chronically HCV-infected individuals.



Mitochondria From HCV Patients Have Increased ROS and Decreased mtDNA Content

Given the evidence of HCV induction of ROS in liver cells and increases of MO in CD4 T cells from HCV patients (11, 18, 19, 39), we determined whether HCV infection can induce increased mitochondrial-specific ROS in CD4 T cells from HCV patients. As shown in Figure 2A, we observed a significant increase in the MFI of MitoSOX in CD4 T cells from HCV patients following 3-day TCR-stimulation. Since mitochondrial ROS can induce mtDNA damage, we also evaluated if mtDNA copy number is affected during HCV infection. Figure 2B shows significantly reduced mtDNA content in TCR-stimulated CD4 T cells from HCV patients, as determined by real-time qPCR.




Figure 2 | Mitochondrial-specific ROS and mitochondrial DNA (mtDNA) copy number in TCR-stimulated CD4 T cells from HCV-infected individuals and HS. (A) Flow cytometry analysis of the MFI of MitoSOX in TCR-stimulated CD4 T cells from HCV-infected individuals and health subjects (HS). (B) Quantification of mitochondrial DNA (mtDNA)/nuclear DNA (nuDNA) content in TCR-stimulated CD4 T cells from HCV-infected individuals, normalized to HS. The data were analyzed by parametric unpaired T-tests.



Due to the critical role of mitochondria in regulating cellular metabolism and respiration, we next used Seahorse Cell MitoStress tests to evaluate the oxygen consumption rate (OCR) in CD4 T cells from HCV patients versus HS. However, we did not observe any significant changes in the OCR in either unstimulated (Supplemental Figure 2A) or TCR-stimulated (Supplemental Figure 2B) CD4 T cells from HCV patients versus HS, indicating that mitochondrial respiration is not significantly impacted by the excessive oxidative stress in the setting of chronic HCV infection. While dysregulated cellular respiration can provide a functional readout for mitochondrial metabolic and energetic output, it is possible that mitochondrial respiratory functions are compensated during chronic HCV infection, or that the alterations in mitochondrial-specific ROS and reduced mtDNA levels may be sufficient to induce mitochondrial dysfunction.



Expressions of PGC-1α and mtTFA Are Remarkably Suppressed in CD4 T Cell Subpopulations From HCV-Infected Individuals

We have previously shown downregulation of the master regulators of mitochondrial function and metabolism, PGC-1α and mtTFA, in CD4 T cells treated with a telomere-targeting drug (sodium meta-arsenite (KML001)) and CD4 T cells from ART-controlled PLHIV (24, 29). To determine whether chronic HCV infection impacts these mitochondrial regulators, we examined PGC-1α and mtTFA expressions in CD4 T cell subpopulations from HCV patients and HS by flow cytometry. We found that the MFI of PGC-1α+ cells was significantly reduced in total, naïve, memory, non-cycling, cycling naïve, non-cycling naïve, and non-cycling memory CD4 T cell subpopulations from HCV-infected individuals (Figures 3A, B), while the MFI of mtTFA+ cells was significantly reduced in all CD4 T cell subpopulations from HCV patients versus HS (Figures 3C, D). These findings suggest that chronic HCV infection significantly suppresses the expressions of master regulators of mitochondrial activity, PGC-1α and mtTFA, which could underlie HCV-induced mitochondrial compromise.




Figure 3 | PGC-1α and mtTFA expressions in CD4 T cells from HCV-infected individuals and HS. (A, B) Flow cytometry analysis of the MFI of PGC-1α+ cells in total CD4+, CD4+ CD45RA+, CD4+ CD45RA-, CD4+ CD71+, CD4+ CD71-, CD4+ CD71+ CD45RA+, CD4+ CD71+ CD45RA-, CD4+ CD71- CD45RA+, CD4+ CD71- CD45RA- cell subpopulations from HCV-infected individuals and health subjects (HS). (C, D) Flow cytometry analysis of the MFI of mtTFA+ cells in total CD4+, CD4+ CD45RA+, CD4+ CD45RA-, CD4+ CD71+, CD4+ CD71-, CD4+ CD71+ CD45RA+, CD4+ CD71+ CD45RA-, CD4+ CD71- CD45RA+, CD4+ CD71- CD45RA- cell subpopulations from HCV-infected individuals and HS. The data were analyzed by parametric unpaired T-tests with or without Welch’s corrections or nonparametric Mann-Whitney U tests.





mtTFA Regulates Mitochondrial Functions via mtDNA Maintenance in CD4 T Cells

Since mtTFA regulates mtDNA replication and maintenance, we sought to investigate the role of mtTFA in regulating mitochondrial functions via mtTFA knockdown in CD4 T cells from HS using the CRISPR/Cas9 technique (31). We observed significantly reduced mtTFA protein levels following the knockdown (Figures 4A, B). The mtTFA knockdown led to a significant impairment of the cellular non-mitochondrial and maximal respiration, as well as spare respiratory capacity (Figure 4C). mtTFA knockdown also led to a significant reduction in mtDNA copy number relative to nuclear DNA (nuDNA) content (Figure 4D). Collectively, these results implicate a critical role of mtTFA in maintaining normal cellular respiration and mtDNA replication in healthy CD4 T cells, and thus, its inhibition may lead to abnormal mitochondrial functions during HCV infection.




Figure 4 | mtTFA Knockdown in CD4 T cells from HS. (A, B) Representative Western blots and summary data of mtTFA and β-actin expression in HS CD4 T cells following CRISPR/Cas9 TFAM KD. (C) Representative OCR summary data for non-mitochondrial, basal respiration, maximal respiration, spare respiration capacity, proton leak, and ATP production in CD4 T cells with or without TFAM KD. (D) Quantification mitochondrial DNA (mtDNA)/nuclear DNA (nuDNA) content in HS CD4 T cells with or without TFAM KD. DNA content from mtTFA KD was normalized to the control group. KD, knockdown. The data were analyzed by parametric paired T-tests.





Expressions of Mitochondrial Antioxidant, mtDNA Maintenance, and Cell Death Proteins Are Disrupted in HCV-CD4 T Cells

Based on our finding that HCV infection dysregulates master regulators of mitochondrial function, we were intrigued to identify other mitochondrial proteins that may be impacted during chronic HCV infection. Thus, we investigated the protein composition of mitochondria isolated from CD4 T cells of 3 HCV-infected patients and 3 HS using LC-MS. We screened 1,023 known mitochondrial localized proteins and observed > 2-fold change in 466 proteins between HCV and HS. Based on protein function descriptions in the Human Gene Database and Uniport, we selected those proteins with known roles in regulating oxidative stress, DNA damage repair, mtDNA content, cell death, and cell activation. This analysis identified 33 mitochondrial localized proteins of interest that are altered during HCV infection (Figure 5A).




Figure 5 | Proteomic analysis of mitochondria from CD4 T cells of HCV-infected individuals and HS. (A) Fold change by quantification (LFQ) of proteins isolated from mitochondria of HS (n=3) and chronic HCV patients (n=3) was determined by LC-MS proteomic analysis. (B) A model of HCV infection-induced oxidative stress that contributes to the alterations in MG, MO, MitoSOX, PGC-1α and mtTFA expressions, which further impair mtDNA and contribute to dysregulated mitochondrial proteins, ultimately leading to compromised mitochondrial function in CD4 T cells during chronic viral infection.



The proteomic analysis revealed repression of proteins critical to ATP synthesis, including ATP5A1, ATP5B, and ATP5D, as well as several critical antioxidant proteins, including GPX4, OXR1, TXN, MSRA, PRDX1, and SOD1. These changes could contribute to the drastic increases in oxidative stress we observed in CD4 T cells during HCV infection. We also found disruptions in DNA damage repair pathway proteins, including APEX1, POLG, FEN1, and MPG, as well as proteins specific for mitochondrial DNA synthesis and repair, such as TK2, RAB3D, EXOG, ENDOG, TFB2M, MGME1, DTYMK, and MPV17. Moreover, the expressions of mitochondrial proteins associated with regulating cell death, including RIPK1, PDCD5, PRKCA, BAX, MCL1, MFN1, and BAK were also altered by chronic HCV infection. Furthermore, the mitochondrial expressions of proteins involved in cellular signaling and facilitating immune cell activation and antiviral immunity, such as PRKCD, PPP3CA, NFKB1, TXNRD1, and MAVS, were disrupted in CD4 T cells from chronically HCV-infected individuals compared to HS. Based on these changes in the levels of mitochondrial antioxidant proteins and the dysregulated expression of proteins involved in the base excision repair (BER) pathway and mtDNA regulation, our studies suggest that HCV deregulates the expression of antioxidant proteins, allowing oxidative stress to accumulate and induce additional genomic and mtDNA damages, leading to mitochondrial compromise. Collectively, these results suggest that HCV infection deregulates the expression of multiple mitochondria-localized proteins, which contributes to mitochondrial compromise in CD4 T cells during viral infection.




Discussion

Aberrant T cell function is a critical factor in the progression and pathogenesis of a wide range of viral diseases. Despite well-controlled infection by DAA therapy, chronically HCV-infected individuals show over-activation and increased DNA damage in immune cells, as well as an increased risk of developing chronic liver disease and hepatocellular carcinoma (7–12, 19). While research shows increased incidences of metabolic disorders in chronically HCV-infected individuals, the underlying mechanisms leading to perturbations of cellular metabolism remain poorly understood. In this study, we investigated HCV-induced mitochondrial compromise under oxidative stress in primary CD4 T cells during chronic viral infection. Our results demonstrate that CD4 T cells have compromised mitochondria following chronic HCV infection, as evidenced by the upregulation of intracellular and mitochondrial ROS (MO and MitoSOX), downregulation of mitochondrial mass (MG) and mtDNA copy number, and dysregulation of expression of the master regulators of mitochondrial function/biogenesis PGC-1α and mtTFA. We showed that knockdown of mtTFA impairs mitochondrial respiration and reduces mtDNA copy number. We also observed disrupted expression of mitochondrial proteins involved in regulating cellular metabolism and defense. Based on these results, we propose a model (Figure 5B) where HCV infection induces increased intracellular ROS, which in turn disrupts cellular signaling, mtDNA maintenance, and mitochondrial proteins, leading to mitochondrial compromise and ultimately impaired CD4 T cell function.

Mitochondrial deregulation induced by HCV infection leads to excessive oxidative stress, which contributes to systemic inflammation, altered immune cell function, and viral persistence (10, 14). Immune cells naturally undergo metabolism fluctuations to combat their continually changing energetic demands. Specifically, immune cells undergo a significant shift in their metabolic profile to facilitate immune cell activation, differentiation, and survival. For instance, T cell metabolism differs between resting and activated cells, where resting cells primarily utilize OXPHOS and activated cells shift to a glycolytic mechanism to maintain energetic needs under activation/stimulation (9). Research highlights the role of mitochondria in regulating macrophage polarization and the release of pro-inflammatory cytokines (40). In line with this, we have previously shown that HCV infection can induce CD4 T cell dysfunction, characterized by aberrant cell differentiation, ROS overproduction, accelerated DNA damage and telomere attrition, increased cellular senescence, impaired DNA damage repair pathways, and increased apoptosis (19, 22, 23, 41).

Recently, we have shown CD4 T cell hyperactivation of Akt/mTOR/pS6 signaling following TCR stimulation, which in turn led to elevated expression of inflammatory cytokines and increased DNA damage and cellular apoptosis (41). Other studies revealed that inhibition of mTOR signaling can reduce ROS production and restore T cell functions (42, 43). ROS are by-products of normal cellular metabolism and participate in cellular signaling pathways related to cellular apoptosis, cytokine, cell growth factor, and hormone release (44). Intracellular ROS are critical to natural T cell activation and proliferation (45, 46). Furthermore, recent studies support the notion that mitochondrial ROS production also plays a major role in inflammatory cytokine production and immune cell activation (40, 47). Mounting evidence supports that HCV can induce oxidative stress by a variety of mechanisms (34, 44). For example, HCV core protein has been shown to regulate the release of mitochondrial ROS via an increase in calcium uptake, which disturbs the ETC and electron leakage (8, 34, 48). Moreover, HCV has been shown to disrupt antioxidant enzyme activity, leading to excessive oxidative stress (44, 49–51). Evidence suggests that HCV alters normal cellular signaling leading to increased DNA damage, cell cycle arrest, apoptosis, inflammasome activation, etc. (33, 52–55). More investigations are needed to further evaluate the underlying mechanisms by which ROS contributes to mitochondrial compromise and influences immune cell function in CD4 T cells.

Chronic HCV infection induces genomic and mtDNA damage and also disrupts DNA damage repair pathways via oxidative stress (19, 20, 22, 23). Additionally, evidence shows deregulated expression of ataxia-telangiectasia mutated (ATM), telomeric repeat binding factor 2 (TRF2), and topoisomerase I/IIA (Top1/2α), along with mitochondrial compromise, in T cells from chronically HCV-infected individuals (19, 22, 23, 56). We have previously identified a cellular mechanism by which a telomere-targeting drug (KML001) specifically induces telomeric DNA damage and attrition, as well as mitochondrial compromise mediated by p53 suppression of the PGC-1α pathway in primary CD4 T cells (24, 57). Furthermore, we and others have shown a crosstalk mechanism where direct targeting of either telomeres or mitochondria via a chemoptogenic tool that selectively produces a single oxygen (1O2) at their distinct locations disrupts mitochondrial functions or induces telomeric DNA damage and shortening, respectively (25, 58, 59). HCV-CD4 T cells have significantly shortened telomeres with DNA damage due to the inhibition of the telomere shelterin protein TRF2 (19). Interestingly, CD4 T cell telomere length correlates with fibrosis level, treatment response, hepatic cell degradation, and ultimately clinical outcome (60). Collectively, these studies present the possibility that both telomeres and mitochondria become disrupted, leading to impaired T cell metabolism and immune function during chronic HCV-infection. We have previously shown that mtTFA is repressed in CD4 T cells from virally suppressed PLHIV, similar to that observed in this study during HCV infection (29). Specifically, mtTFA is critical for facilitating mtDNA maintenance. Given the role of mtTFA in regulating mitochondrial functions and biogenesis, the disruption of mtTFA protein expression likely contributes to the impairment of mtDNA. Upon accumulation of a significant level of mtDNA damage, the cell respiratory chain can become disrupted, resulting in significant mitochondrial failure (61, 62). This may explain the significant impairment in mitochondrial oxygen respiration following mtTFA knockdown in CD4 T cells from HS, which exemplifies a direct model of impaired mtDNA replication. However, the impairment in mitochondrial respiration was not observed in CD4 T cells from chronic HCV patients, which represent a chronic condition where mitochondrial function may show partial compensation over a prolonged period.

Several variables may contribute to mitochondrial dysfunction during HCV infection. For instance, DAA therapies target HCV via inhibiting the viral protease or polymerases; however, evidence has suggested that they also inhibit the function of cellular DNA polymerases, including DNA polymerase gamma (Polg), which is critical for replication of the mitochondrial genome (63–65). In this study, our HCV patients were all DAA-treatment naïve, suggesting that our observations of reduced mtDNA content in our cohort was primarily due to the HCV infection. Another biological variable that might influence the outcome of HCV disease is sex. Cross-sectional studies evaluating HCV clearance in males and females determined that females (44%) had higher rates of viral clearance than males (33.7%) (66). Females have also been shown to spontaneously clear the virus, further implicating that sex affects T cell immunity and disease outcome (67, 68). In this study, our HCV patient cohort was primarily male, thus we chose to use HS that matched our patient cohort. Additionally, HCV T cells show a reduced ability to respond to TCR stimulation. Individuals that are able to clear the virus within 6 months of infection largely rely on their T cell responses; however, if this does not occur, T cells may enter into exhaustion and senescence, leading to reduced responsiveness to TCR stimulation (39, 69). It is possible that T cell exhaustion and senescence lead to deficits in cell activation and proliferation, resulting in T cell dysfunction due to disrupted cellular ROS signaling, reduced mtDNA content, and compromised mitochondrial function.

In summary, we investigated the oxidative stress-mediated mitochondrial compromise in CD4 T cells from chronically HCV-infected individuals. We found impaired mitochondrial fitness, repression of PGC-1α and mtTFA expression, increased production of mitochondrial-specific ROS, and reduced mtDNA content. We demonstrated the role of mtTFA in mitochondrial functions and disrupted expression of mitochondrially localized proteins involved in regulating mtDNA damage repair and maintenance, responses to oxidative stress, and apoptosis. We thus conclude that chronic HCV infection alters CD4 T cell mtDNA content and metabolism via affecting multiple mitochondrial regulatory proteins. Therefore, strategies designed to alleviate oxidative stress and target the dysregulated mitochondrial proteins may restore T cell functions during chronic HCV infection.
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Subjects n Gender Mean Age Median Viral Load

HS 52 37M/15F 44 (22-66) N/A
HCV 49 40M/OF 49 (27-71) 2.550,389 (3,020-12,000,000)





