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 34 

ABSTRACT 35 

 36 

HBV-specific CD8-T cells are functionally exhausted in chronic hepatitis B infection and this 37 

condition can only be partially corrected by modulation of inhibitory pathways, suggesting that 38 

a more complex molecular interplay underlies T-cell exhaustion. To gain a broader insight into 39 

this process and identify additional targets for restoring T cell function, we compared the 40 

transcriptome profiles of HBV-specific CD8-T cells from acute and chronic patients with those 41 

of HBV- and FLU-specific CD8-T cells from patients able to resolve HBV infection 42 

spontaneously and from healthy subjects. The results indicate that exhausted HBV-specific 43 

CD8-T cells are markedly impaired at multiple levels and show substantial down-regulation of 44 

various cellular processes centered on extensive mitochondrial alterations. A significant 45 

improvement of mitochondrial and antiviral CD8 functions was elicited by mitochondrion-46 

targeted antioxidants, suggesting a central role for reactive oxygen species (ROS) in T cell 47 

exhaustion. Thus, mitochondria represent promising targets for novel reconstitution therapies in 48 

chronic hepatitis B infection. 49 

 50 

51 



3 

 

Treatment of chronic hepatitis B (CHB) currently relies on either short-term IFNα therapy or 52 

long-term administration of nucleos(t)ide analogues (NUC)1. Frequent side-effects and a 53 

limited rate of sustained antiviral responses are the main drawbacks of IFN therapy, whose 54 

ultimate goal is primarily to convert an active into an inactive infection, rather than to 55 

completely suppress virus replication. NUCs are very effective at inhibiting HBV replication, 56 

but because of the risk of HBV reactivation they can only be withdrawn after anti-HBs 57 

antibodies become detectable. Since HBsAg declines very slowly during NUC therapy and 58 

detection of anti-HBs antibodies is a rare and late event, life-long NUC administration is 59 

frequently required. There is thus an urgent clinical need to define novel therapeutic strategies 60 

for HBV infection. These strategies should be well tolerated, short-term, and capable of 61 

inducing durable HBV control alone, or in combination with other available drugs by either 62 

consolidating the effect of IFNα or by speeding-up HBsAg clearance in NUC-treated patients. 63 

In chronic hepatitis B patients, antiviral immune responses are severely depressed2,3 and 64 

reconstitution of effective antiviral immune control is considered a rational new avenue to cure 65 

infection. Hyperactivation of negative regulatory pathways centered on co-inhibitory molecules 66 

such as PD-14,5, but also involving suppressive cytokines, inhibitory Treg cells and 67 

prostaglandin receptors has been reported in various models of chronic virus infection6-9. The 68 

potential relevance of these suppressive mechanisms has also been investigated in HBV 69 

infection and in vitro modulation of inhibitory pathways has been shown to promote 70 

reconstitution of HBV-specific T-cell function10-15. However, these targeted “monovalent” 71 

strategies are only effective in a fraction of chronic HBV patients and functional recovery in 72 

responding subjects is always partial. 73 

In order to devise more effective immune reconstitution strategies, additional molecular targets 74 

must be identified and a systematic analysis of the genes and pathways that are misregulated in 75 

exhausted T cells from naturally infected patients represents an essential first step in this 76 

direction. With this goal in mind, we performed a genome-wide expression profiling of 77 

exhausted HBV-specific CD8 T-cells from chronic patients, which revealed an extensively 78 

downregulated gene expression program compared to functionally competent CD8 T-cells from 79 

patients who spontaneously resolved infection. This impairment was consistent with a severe 80 

energetic, metabolic and genome integrity defense impairment which was the hallmark of 81 

exhausted CD8 T-cells and a marked recovery of antiviral T-cell capacity was achieved by 82 
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treating cells with mitochondria-targeted antioxidant compounds. These results identify 83 

mitochondrial dysfunction as a promising target for novel combined reconstitution therapies in 84 

CHB. 85 

 86 

87 
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RESULTS 88 

 89 

Genome-wide expression profiling of HBV-specific CD8 T-cells from acute and chronic 90 

HBV patients. We used oligo-60-mer whole genome microarrays to profile the transcriptomes 91 

of dextramer-stained HBV-specific CD8 T-cells sorted from the peripheral blood of patients in 92 

the acute (5) and chronic (4) phase of hepatitis B (Fig. 1a). CD8 T-cells from 4 patients who 93 

spontaneously resolved infection and influenza (FLU)-specific CD8 T-cells from 5 healthy 94 

subjects served as controls. On a total of 18,631 genes with above background expression 95 

levels, we identified a subset of 504 genes that were differentially expressed in acute, resolved 96 

and chronic patients by ANOVA (Fig. 1b, Supplementary Table 1). Principal-component-97 

analysis of ANOVA-filtered data showed a clear segregation of the three patient groups (Fig. 98 

1c). By a post-hoc SNK test, 382, 286 and 479 genes emerged as differentially expressed from 99 

the comparison of acute vs. resolved, chronic vs. resolved, and acute vs. chronic patients, 100 

respectively. The overlap between the differentially expressed genes retrieved from individual 101 

comparisons is illustrated in Fig. 1d.  102 

Analysis of the 504 differentially expressed genes with the unsupervised Self-Organizing-Maps 103 

algorithm16 identified six clusters of genes displaying distinct (but internally consistent) 104 

expression profiles in “acute” or “chronic” vs “resolved” patients (Supplementary Fig. 1). 105 

We then applied pathway enrichment analysis to gain insight into the cellular functions of the 106 

genes displaying distinct expression profiles in the acute and chronic stages of infection 107 

(Supplementary Fig. 1, Supplementary Table 2). In keeping with the notion that acute viral 108 

infections induce a sustained proliferation of virus-specific CD8 T-cells17, genes involved in 109 

cell cycle regulation and DNA repair were found among the most up-regulated, acute stage-110 

preferential genes in cluster #0. The gene coding for transcription factor E2F2, which positively 111 

regulates DNA replication and the G1/S phase transition, was also present in this cluster and 112 

was up-regulated by 15-fold. Mitochondrion-related processes such as fatty acid oxidation and 113 

heme biosynthesis were also highly represented among the acute stage-upregulated genes, 114 

along with genes coding for proteins involved in T-cell activation and inflammation, including 115 

several components of the PI3K and IL-1 signaling pathways. Among the transcripts down-116 

regulated in the acute phase (cluster #5), we found multiple ribosomal and ribosomal-like 117 
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protein mRNAs, four lncRNAs and the mRNAs of four zinc-finger proteins of unknown 118 

function.  119 

Consistent with a general T-cell activation in the acute phase and a functionally depressed T- 120 

cell condition in the chronic phase of infection18, many genes displayed an opposite expression 121 

trend in relation to the phase of infection (cluster #1), including genes coding for proteins 122 

involved in PI3K signaling, cytoskeleton regulation and vesicle-mediated transport 123 

(Supplementary Fig. 1, Supplementary Table 2). Another highly enriched pathway, up-124 

regulated in acute patients and down-regulated in chronic patients, bears upon mitochondrial 125 

function, including oxidative phosphorylation and electron transport genes. Additional genes 126 

strongly down-regulated in exhausted CD8 T-cells are related to proteasome/lysosome function 127 

(cluster #1) and to general cell metabolism, including vitamin/cofactor biosynthesis, RNA 128 

transport and translation (cluster #2) (Supplementary Fig. 1). 129 

Combined analysis of clusters #3 and #4, which are comprised of genes up-regulated in chronic 130 

patients, revealed a number of negative transcriptional regulators with DNA-binding C2H2-131 

zinc finger and repressive Krüppel-associated box domains (Supplementary Fig. 1, 132 

Supplementary Table 2). Also consistent with an exhausted T-cell function is the up-133 

regulation of Hedgehog signaling components (PTCH1, HHIP) and of members of the 70 kDa 134 

heat-shock protein family (HSPA1L), which have been reported to be involved in the 135 

modulation of T-cell function19-21. Additional up-regulated transcripts in these clusters (CBS 136 

and SARDH) are related to amino acid (cysteine and glycine) metabolism. 137 

 138 

Global downregulation of mitochondrial function and other core cellular processes in HBV-139 

specific CD8 T-cells from chronic patients. We then used Gene-Set Enrichment Analysis 140 

(GSEA)22 to further investigate the processes underlying T-cell exhaustion in chronic HBV 141 

infection. We initially focused on the comparison between chronic and resolved patients, and 142 

interrogated the entire dataset against the Molecular Signatures Database. As shown in Fig. 2a, 143 

which reports gene-sets with a False Discovery Rate <0.1 (see Supplementary Table 3 for a 144 

complete list of misregulated genes), all relevant pathways identified by GSEA are down-145 

regulated in chronic patients and most of them overlap with the pathways revealed by ANOVA. 146 

In particular, GSEA confirmed mitochondrial dysfunction as a major abnormality in CD8 T-147 

cells from chronic patients (Fig. 2a,b). It also extended the list of potential respiratory defects 148 
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to multiple, functionally interrelated levels (Fig. 2c), including core mitochondrial (mt) 149 

processes such as electron transport, mt-protein synthesis, transport across mitochondrial 150 

membranes and metabolism. Genes coding for electron transport chain components, including 151 

many subunits of complex I (NADH dehydrogenase), II (succinate dehydrogenase), III 152 

(cytochrome c reductase), IV (cytochrome c oxidase) and V (ATP synthase); components of the 153 

machinery responsible for transcription/translation of the 13 OXPHOS proteins encoded by the 154 

mt-genome, such as the mitochondrial RNA polymerase POLRMT and the mt-transcription 155 

factor TFAM but also mitochondrial translation and mt-tRNA maturation components; genes 156 

related to cellular metabolism, particularly fatty acid and amino acid metabolism, the 157 

biosynthesis of heme and other Fe2+-containing cofactors; and the mitochondrial quality-control 158 

system, including the morphogenetic mt-regulator and cristae stabilizer OPA-1, were among 159 

the genes that are down-regulated in exhausted T-cells (Fig. 3a and Supplementary Table 3). 160 

Genes encoding 26S proteasome subunits, including the 20S proteolytic core and the 19S and 161 

11S regulatory particles were also found to be markedly down-regulated in chronic infection 162 

(Fig. 2a,b). The latter are key components of the immune-proteasome and a functional decline 163 

of the ubiquitin-proteasome pathway23 has been associated with the immune response 164 

dysfunction that accompanies T-cell aging24. 165 

Another group of transcripts down-regulated in chronic patients code for proteins involved in 166 

DNA repair (Fig. 2a,b). These include p53-dependent components, such as the ATM kinase, 167 

whose deficiency has been associated with immune senescence25,26, but also p53-independent 168 

DNA repair proteins (RAD 17, 21, 23A, 23B) and the repair DNA polymerase POLH. 169 

A number of mRNAs coding for nuclear RNA polymerase subunits, general transcription 170 

factors and chromatin proteins, including core histones, are similarly down-regulated in 171 

exhausted CD8 T-cells (Fig. 2a,b). Some of the above components (e.g., the telomere protein 172 

TERF2IP) play a direct role in genome integrity defense. 173 

Although down-regulation is the prevalent transcriptional phenotype of exhausted T-cells (Fig. 174 

2a,b), some genes appear to be up-regulated. As revealed by ANOVA, most of these genes 175 

code for negative transcriptional regulators or otherwise repressive components, including 176 

multiple C2H2 zinc finger and KRAB domain-containing proteins, and the histone deacetylase 177 

HDAC1.  178 

Altogether, these findings indicate a broad functional impairment of exhausted virus-specific 179 

CD8 T-cells. This conclusion is corroborated by the concordant results, including the extensive 180 
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misregulation of mitochondrial function-related genes, obtained from a parallel transcriptome 181 

analysis comparing HBV-specific CD8 T-cells from chronic patients with FLU-specific CD8 182 

T-cells from healthy subjects (Supplementary Fig. 2), as well as from the same chronic 183 

patients (data not shown).  184 

 185 

Molecular and functional validation of the mitochondrial and proteasomal dysfunctions. 186 

Because of their multiple roles in cell metabolism as well as in T-cell activation, differentiation 187 

and function27,28,29 (Fig. 3a), the mitochondrion and the proteasome were selected as targets for 188 

molecular and functional validation of transcriptome data. To this end, the expression levels of 189 

the 27 most significantly down-regulated mitochondrion and proteasome-related genes 190 

retrieved from ANOVA and GSEA were evaluated by Nanostring technology in sorted HBV-191 

specific CD8 T-cells from three additional chronic patients, using three resolved patients as 192 

controls. 74% of the selected genes were confirmed to be down-regulated in the HBV-specific 193 

CD8 T-cell population (chronic vs. resolved gene expression ratio < 0.8) and 67% of them were 194 

also found to be down-regulated in PD-1+/dextramer+ cells from chronic patients, compared to 195 

dextramer+ CD8 T-cells from resolved patients (Fig. 3b). Notably, the PD1+ fraction sorted 196 

from the total CD8 T-cell population showed a completely different gene expression profile, 197 

with 83% of the 23 selected mitochondrion-related genes up-regulated (Fig. 3b). 198 

To assess whether the dysregulated transcriptional profile is accompanied by a corresponding 199 

alteration of protein levels, dextramer+ CD8 T-cells were co-stained with monoclonal 200 

antibodies targeting cytochrome c (CyC) and ATP5O, two components of the electron transport 201 

chain (ETC). As shown in Supplementary Fig. 3a, both ETC proteins are expressed at lower 202 

levels in chronic patients compared to resolved and healthy controls.  203 

To functionally validate mitochondrial gene dysregulation, we then used the mitochondrial 204 

membrane potential (MMP)-sensitive dyes JC-1 and DiOC6 and the MMP-insensitive dye 205 

MitoTracker Green to gain insight into the MMP and the mitochondrial mass of CD8 T-cells 206 

from chronic, acute and resolved patients, as well as from healthy subjects. As shown in Fig. 3c, 207 

d and in Supplementary Fig. 3b, following anti-CD3 stimulation, dextramer-positive CD8 T-208 

cells from chronic patients displayed a reduced mitochondrial polarization and mass biogenesis 209 

compared to resolved patients and to healthy controls. A similar differential behavior was 210 

observed in the PD-1+ subset of HBV-dextramer-positive CD8 T-cells from chronic patients, 211 
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thus further supporting the existence of a functional mitochondrial impairment associated with 212 

T-cell exhaustion (Fig. 3c,d). Finally, we analyzed reactive oxygen species (ROS) levels in 213 

virus-specific CD8 T-cells from chronic patients using the mt-superoxide-specific dye MitoSOX 214 

Red and compared them with those of CD8 T-cells from resolved and healthy controls. A 215 

significantly higher mitochondrial superoxide content was detected in unstimulated cells from 216 

chronic patients compared to healthy and resolved controls (Fig. 3e). Upon anti-CD3 217 

stimulation, superoxide levels were found to be significantly increased in functional CD8 T-cells 218 

from control subjects, whereas a mixed response with the majority of samples exhibiting a 219 

decline of superoxide levels was observed in exhausted lymphocytes from chronic patients (Fig. 220 

3e).  221 

For proteasomal function testing, we used the ProteoStat aggresome dye, which specifically 222 

detects denatured protein cargos associated with aggresomes and aggresome-like inclusion 223 

bodies. As shown in Supplementary Fig. 4, following anti-CD3 stimulation, a considerably 224 

greater content of aggresomes -an indication of a defective aggresome degradation by the 225 

ubiquitin-proteasome system- was observed in virus-specific CD8 T-cells from chronic patients 226 

compared to resolved patients and healthy controls. 227 

 228 

Functional restoration of exhausted HBV-specific CD8 T-cells by treatment with 229 

mitochondria-targeted antioxidants. Next, we took advantage of the mitochondria-targeted 230 

(MT) antioxidants mitoquinone (MitoQ)30 and the piperidine-nitroxide MitoTempo31 to ask if 231 

the mitochondrial dysfunction of exhausted CD8 T-cells can be reversed. To this end, PBMCs 232 

from chronic patients were stimulated overnight with a mixture of 15-mer HBV peptides in the 233 

presence or absence of MT-antioxidants. As shown in Fig. 4a, MT-antioxidant treatment 234 

markedly reduced the fraction of CD8 T-cells undergoing MMP depolarization upon 235 

stimulation with HBV peptides. The same treatment coupled with peptide stimulation, 236 

increased superoxide levels in HBV-specific CD8 T-cells from chronic patients, which thereby 237 

acquired a behavior similar to that previously observed in anti-CD3 stimulated cells from 238 

healthy and resolved controls (Fig. 4b). Moreover, we observed a significant increase of the 239 

ETC proteins CyC and ATP5O in antioxidant-treated short-term T-cell cultures generated by 240 

HBV-specific peptide stimulation of PBMCs from chronic patients compared to untreated 241 

cultures (Fig. 4c). Under the same conditions, antioxidant treatment also reduced the fraction of 242 
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annexin V+ 7AAD+ HBV-specific CD8 T-cells (Supplementary Fig. 5b,c), likely as a result 243 

of the known pro-apoptotic effect of superoxide species32.  244 

We then assessed the ability of the MT-antioxidants to improve antiviral function and viability 245 

of T-cells. To this end, short-term T-cell lines, generated by HBV-core peptide stimulation of 246 

PBMCs from 27 chronic patients, were expanded in the presence or absence of MitoQ and 247 

MitoTempo and tested for IFNγ and TNFα production by intracellular cytokine staining. T-cell 248 

viability, capacity of expansion and cytokine production were significantly enhanced by MitoQ 249 

in stimulated CD8 T-cells (Supplementary Fig. 5a,b,c), with mean increases of 3.4- and 2.4-250 

fold for IFNγ and TNFα, respectively (Fig. 5a). An even greater enhancement of cytokine 251 

production (5.1- and 3.4-fold, respectively) was induced by MitoTempo (Fig. 5a). Collectively, 252 

IFNγ and/or TNFα production was increased by more than 1.5 fold in 21 (78%) and 25 (93%) 253 

of the 27 tested patients by MitoQ and MitoTempo, respectively, with all but one patient 254 

responding to at least one MT-antioxidant. Double-positive, IFNγ/TNFα-producing CD8 T-255 

cells, which have been associated to an enhanced capacity to control viral infection33, were also 256 

significantly increased by MT-antioxidant treatment (Fig. 5a). Importantly, IFNγ production 257 

was restored to levels comparable to those of CD8 T-cells from “resolved” patients capable of 258 

controlling infection. Similar results regarding IFNγ production were obtained with total CD3+ 259 

T cells (Fig. 5b). 260 

As further shown in Fig. 5c, MitoQ also proved to be effective on liver-infiltrating, lesional T-261 

cells and improved cytokine production by intrahepatic CD8 and CD4 T-cells in five out of six 262 

tested chronic patients.  263 

The MT-antioxidant effect was significantly more potent on exhausted HBV-specific CD8 T-264 

cells than on functional CD8 T-cells of different virus-specificities. Although a slightly 265 

increased cytokine production (mean fold-increases for IFNγ and TNFα: 1.09 and 0.99 with 266 

MitoQ; 1.03 and 0.98 with MitoTempo) was also observed in some antioxidant-treated FLU-267 

specific T-cells generated by FLU-peptide stimulation of PBMCs from 9 chronic HBV patients, 268 

both antioxidants were more effective on HBV-specific CD8 T-cells (mean fold-increase for 269 

IFNγ and TNFα: 8.7 and 14 with MitoQ; 12 and 14.3 with MitoTempo) (Fig. 6a). Furthermore, 270 

a very weak effect of antioxidant treatment was observed on the whole T-cell population (i.e., 271 

anti-CD3-stimulated PBMCs), with no significant increase of either cytokine elicited by 272 

MitoTempo and only a slight, non-significant enhancement by MitoQ (Fig. 6b). Similarly, only 273 
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a modest effect was induced by both MT-antioxidants on HBV-core peptide-stimulated PBMCs 274 

from 12 resolved patients, with an enhancement of cytokine production considerably lower 275 

than that observed in chronic HBV patients (Fig. 6c). 276 

Altogether these results indicate that MT-antioxidants are effective on exhausted T-cells, but 277 

have little effect on functionally competent T-cells. 278 

279 
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DISCUSSION 280 

 281 

By delineating the dysregulated gene expression networks underlying chronic HBV infection, 282 

this study provides novel insights on T-cell exhaustion in a clinically significant setting and 283 

identifies a new therapeutic target for a viral disease of major public health relevance. First, the 284 

gene expression profile of HBV-specific CD8 T-cells from chronic patients is consistent with a 285 

substantial functional impairment at the energetic, metabolic and biosynthetic level that affects 286 

multiple core processes ranging from proteasome-dependent protein turnover, to DNA repair, 287 

transcription and cytoskeleton dynamics. Second, the predominant feature is a global down-288 

regulation of gene expression that is further amplified by the up-regulation of genes with 289 

negative regulatory activity, including co-inhibitory receptors (Supplementary Fig. 6). Third, 290 

among the various dysregulated processes, mitochondrial function appears to be extensively 291 

defective and its restoration by mitochondria-targeted antioxidants elicited functional T-cell 292 

reconstitution in the majority of the tested chronic HBV patients, with a strongly preferential 293 

effect on HBV-specific T-cells. 294 

The picture of exhausted HBV-specific CD8 T-cells that emerges from our study thus 295 

highlights a profound and wide-ranging cellular perturbation centered on mitochondrial 296 

dysfunction, which is known to negatively affect T-cell specific activities such as T-cell 297 

activation, signaling and effector function27,28. This likely compromises multiple energy-298 

requiring processes such as macromolecular biosynthesis, DNA replication and repair, cell 299 

motility, vesicle trafficking and membrane transport, ultimately affecting T-cell antiviral 300 

effector capacity34. In line with this scenario, exhausted CD8 T-cells from chronic patients and 301 

actively proliferating CD8 T-cells from acute patients displayed opposite expression trends for 302 

genes involved in TCR- and coreceptor-binding dependent signaling pathways. These include 303 

different sets of genes strongly down-regulated in chronic and up-regulated in acute patients, 304 

such as those involved in class I PI3K/AKT signaling, which is directly linked to CD28 co-305 

stimulation35, and in actin cytoskeleton dynamics, which is important for T-cell activation and 306 

whose alteration may cause TCR signaling defects36. A similarly divergent regulation was 307 

observed for cytoskeleton-related genes coding for vesicle/lysosomal trafficking components.  308 

Similar defects, including the divergent regulation of genes involved in genome integrity 309 

maintenance, have been reported for virus-specific lymphocytes from acutely and chronically 310 
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LCMV-infected mice37,38. Notably, the GSEA data we obtained from comparison of virus-311 

specific CD8 T-cells from patients in the acute vs. the resolution phase of HBV infection are 312 

highly concordant with those reported for the comparison of effector and memory CD8 cells in 313 

the LCMV mouse model37,39 (Supplementary Fig. 7). 314 

A significant overlap was also observed between the dysregulated transcriptional profiles of 315 

HBV and LCMV exhausted CD8 T-cells37 (Supplementary Fig. 7), which show similar 316 

mitochondrial abnormalities and an enhanced sensitivity to apoptotic death by a subset of 317 

exhausted cells40. Also relevant are previous observations on the presence of CD8 T-cells with 318 

dysfunctional mitochondria in HIV41 and our preliminary data indicating a similar MMP 319 

polarization defect, albeit associated with an overall different gene dysregulation profile, in 320 

HCV-specific T-cells from chronic hepatitis C patients (Barili V, Fisicaro P, Ottonello S, 321 

Ferrari C, unpublished results). While mitochondrial impairment does not appear to be a unique 322 

feature of HBV infection, our data strongly support a key role of such dysfunction in HBV-323 

associated exhaustion. In fact, the same mitochondrial gene dysregulation signature was 324 

detected in the PD-1+ subset of the HBV-specific but not of the total CD8 T-cell population, 325 

where T-cells of HBV-unrelated specificity, not expected to be exhausted, are predominant.  326 

Most of the processes we found to be dysregulated in exhausted CD8 T-cells are reminiscent of 327 

functional defects previously associated with immune cell senescence, which is linked to 328 

mitochondrial dysfunction and elevated ROS levels42. This is not totally unexpected if one 329 

considers that T-lymphocytes are long-lived cells and T-cell senescence can be accelerated 330 

under conditions of persistent immune activation such as chronic infections, as well as in the 331 

elderly and in some premature immune-aging pathologies43,44. For example, a strikingly 332 

reduced CD28 expression, as observed in exhausted HBV-specific T-cells (Supplementary 333 

Fig. 6), is causally associated with T-cell senescence45. Genome-safeguard processes46,47 as 334 

well as proteasome and autophagic lysosome-dependent protein turnover43,48 have also been 335 

shown to be deteriorated in senescent cells. Similar considerations hold for the protein 336 

machinery that controls mt-genome function and integrity49,50. 337 

Considering the extensive mitochondrial gene dysregulation occurring in HBV-specific CD8 T-338 

cells from chronic patients and the multifaceted processes associated with mitochondria, which 339 

can affect T-cell proliferation and effector function27,28,34, we reasoned that these organelles 340 

may represent a focal point in the functional deterioration of exhausted T-cells. In line with this 341 
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hypothesis, we found that treatment with two different MT-antioxidants corrected the MMP 342 

depolarization defect and the elevated ROS content of these cells, leading to a significantly 343 

improved cellular viability and antiviral activity. Whether MT-antioxidants may be less 344 

effective in the low-oxygen environment of the liver51, where T-cell energy metabolism might 345 

predominantly rely on glycolysis52, remains an open issue, although we observed a positive 346 

effect of MitoQ on liver-infiltrating T-cells. 347 

Since only HBV-core peptides were employed to study T-cell reactivity, we cannot exclude 348 

that an even greater functional T-cell restoration might be achieved with the use of a larger 349 

variety of viral epitopes. Remarkably, MT-antioxidants had only a marginal effect on the 350 

overall T-cell population and on functional T-cells. This should reduce the risk of an 351 

indiscriminate amplification of T-cell responses and the occurrence of autoimmune reactions 352 

under in vivo treatment conditions. 353 

Mitochondrial homeostasis and energetic metabolism directly affect T-cell function, and an 354 

efficient metabolic reprogramming, which is crucial to dictate T-cell fate, strictly depends on 355 

mitochondrial plasticity27,28,40,52,53. In fact, T-cell activation has been shown to rely on 356 

mitochondrial biogenesis and polarization capacity54 as well as on a balanced ROS 357 

production27. Conversely, elevated ROS levels promote T-cell death32. Thus, the high ROS 358 

levels detected in exhausted T-cells may play a direct role in their dysfunction and MT-359 

antioxidants may well preserve T-cell viability by limiting ROS increase. 360 

Exhausted T-cells also display a marked down-regulation of genes coding for specific 361 

mitochondrial proteins, such as CPT-1a, which is involved in T-cell memory generation55, 362 

TFAM, ETC complex I and the mt-fusion protein OPA-1, which are all up-regulated in CD8 363 

memory T-cells55,56,57. The inability to switch from glycolysis to oxidative phosphorylation, 364 

accompanied by a lowered MMP and an increased mitochondrial size has been reported 365 

recently as a prominent defect of exhausted HBV-specific CD8 T-cells52. Our results, stemming 366 

from an unbiased transcriptome analysis of HBV-specific exhausted CD8 T-cells, followed by 367 

an extensive functional validation not involving any cell manipulation and with the systematic 368 

use of CD8 T-cells from acute and spontaneously resolving patients as controls, unveiled a 369 

mitochondrion-centered but more broadly altered gene expression program.  370 

Mitochondrial gene dysregulation may represent a physiological phenomenon aimed at limiting 371 

the pathogenic effects caused by excessive effector responses, which may become detrimental 372 

under conditions of persistent T-cell stimulation, as in chronic infections. The extremely low 373 
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numbers of virus-specific CD8 T-cells that can be retrieved in the HBV model of chronic 374 

infection do not allow, however, to draw any firm conclusion regarding the occurrence and 375 

potential role of mitochondrial dysregulation in individual T-cell differentiation subsets. 376 

Given the extensively dysfunctional condition that characterizes HBV-specific CD8 T-cells it is 377 

quite unlikely that single-target therapeutic strategies can lead to a full recovery, which would 378 

require, instead, a broader approach capable of affecting multiple dysregulated pathways at 379 

once. According to this view, it is not too surprising that MT-antioxidant-mediated correction 380 

of a central process such as mitochondrial function, proved to be so effective in restoring 381 

antiviral T-cell activity and viability. Indeed, CD8 T-cells from virtually all tested HBV 382 

chronic patients were responsive to at least one MT-antioxidant, with a recovery of antiviral 383 

function comparable to that of CD8 T-cells from patients who spontaneously control infection. 384 

Our findings on the T-cell function improvement promoted by MT-antioxidants, together with 385 

previous observations regarding the lack of toxicity and the liver protection afforded by MitoQ 386 

oral administration in HCV-infected patients not responding to pegylated-interferon plus 387 

ribavirin58, point to the potential of these compounds as new drugs for the functional restoration 388 

of exhausted CD8 T-cells in chronic HBV infection. 389 
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FIGURE LEGENDS 545 

 546 

Figure 1. Gene expression profiling of HBV-specific CD8 T cells from the acute, chronic 547 

and resolution phases of hepatitis B infection. (a) Representative flow-cytometric analysis 548 

profiles of HBV-specific CD8 cells from the indicated patient groups. Left graphs (pre-sorting) 549 

illustrate the frequency of HBV dextramer-positive cells within the overall CD8 cell population 550 

after CD8 cell enrichment with magnetic beads; right graphs (post-sorting) document the level 551 

of purity of sorted dextramer-positive CD8 cells. (b) Hierarchical clustering representation of 552 

the 504 genes identified as differentially expressed in HBV-specific CD8 cells from acute (n=5 553 

biological replicates), chronic (n=4) and resolved (n=4) hepatitis B patients by ANOVA and 554 

Benjamini-Hochberg correction for multiple testing (p≤0.05). Data were median-normalized 555 

before clustering; up-regulated and down-regulated genes are shown in red and green, 556 

respectively. (c) Patient group correlation analyzed by Principal Component Analysis (PCA) of 557 

ANOVA-filtered data. (d) Venn diagram distribution of differentially expressed genes among 558 

the three ANOVA patient sub-lists (chronic vs resolved, acute vs resolved and acute vs chronic) 559 

determined by post-hoc SNK analysis. 560 

 561 

  562 

Figure 2. Comparison of chronic and resolved patients by Gene-Set Enrichment Analysis 563 

(GSEA). (a) List of enriched gene-sets in HBV-specific CD8 cells from chronic and resolved 564 

patients identified by GSEA (MSigDB, C2 canonical pathways set). Individual frames identify 565 

four distinct functional groups; a representative enrichment plot for each is shown on the right. 566 

(b) Heat-map representation of differentially expressed genes related to mitochondrion, 567 

proteasome, and DNA damage response, which are down-regulated in chronic compared to 568 

resolved patients (top three heat-maps); heat-maps of RNA transcription-related genes, down-569 

regulated (left) and up-regulated (right) in chronic patients are illustrated in the bottom. Most of 570 

the up-regulated genes code for negative regulators, including multiple C2H2 zinc finger and 571 

KRAB domain-containing proteins and the histone deacetylase HDAC1. Down-regulated genes 572 

include various RNA polymerase (I, II and III) subunits, associated general transcription factors 573 

(UBTF, TBP, ELOB, ELOA, GTF3C4) and chromatin-related proteins (histones, the NuA4 574 

HAT subunit RUVBL1, SMARCA and the telomere repeat binding factor TERF2IP). Up-575 
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regulated and down-regulated genes are shown in red and green, respectively. Genes were 576 

identified by leading edge analyses (a GSEA tool) conducted on each gene-set and were 577 

subsequently associated to the functional groups described in (a); detailed gene descriptions are 578 

available in Supplementary Table 3. (c) Interaction network (generated by GeneMANIA) of 579 

the mitochondrial proteins encoded by genes down-regulated in exhausted CD8 cells from 580 

chronic patients. Lines and nodes colors refer to different types of interaction and to the 581 

different mitochondrion-related functions of the proteins represented in the network, as 582 

indicated. 583 

 584 

Figure 3. Mitochondrial dysfunction in chronic HBV patients. (a) Schematics of the 585 

mitochondrial components encoded by genes down-regulated in exhausted CD8 cells. (b) Bar-586 

plot of the most significantly dysregulated genes related to mitochondria (n=23) and 587 

proteasome (n=4; gray frame) represented as the ratio between the mean expression values in 588 

chronic and resolved patients by microarray (blue, HBV-specific CD8 cells) and Nanostring 589 

(red, HBV-specific CD8 cells; green, PD1+ HBV-specific CD8 cells; black, PD1+ total CD8 590 

cells). Four chronic and four resolved patients were analyzed by microarrays; three different 591 

chronic and three different resolved patients by Nanostring. (c) Percent of MMP depolarized 592 

virus-specific CD8 cells measured by JC1- and DiOC6 staining after overnight anti-CD3 593 

stimulation. (d) Mitochondrial mass variation of virus-specific CD8 cells is expressed as the 594 

ratio of MitoTracker Green MFI in anti-CD3 stimulated versus non-stimulated cells. (e) 595 

Mitochondrial superoxide levels are presented as MitoSOX Red MFI in unstimulated 596 

dextramer+ cells (Mann-Whitney-U test) and as MFI variations in anti-CD3 stimulated and 597 

unstimulated cells from healthy controls (left), resolved (middle) and chronic (right) patients, 598 

respectively (Wilcoxon-matched-paired test).  599 

 600 

Figure 4. Correction of mitochondrial dysfunction by MT-antioxidants (a) Percent of 601 

depolarized CD8 cells from chronic patients measured by JC-1 staining, after overnight HBV-602 

core peptide stimulation in the presence or absence of MitoQ (Wilcoxon-matched-paired test). 603 

(b) Superoxide levels in unstimulated and HBV-core peptide stimulated cells cultured in the 604 

presence or absence of MT-antioxidants. Results from 6 chronic patients are illustrated. (c) 605 

Cumulative ETC protein levels in untreated and MitoQ-treated (MTQ, left) or MitoTempo-606 
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treated (MTT, right) HBV-specific CD8 cells derived from cultures stimulated for 10 days with 607 

the core peptide.  608 

  609 

Figure 5. Functional restoration of exhausted HBV-specific T cells by MT- antioxidants. 610 

(a) Percentage of IFNγ-positive, TNFα-positive and double-positive IFNγ+TNFα+ CD8 cells 611 

in short-term T-cell lines (n=27) generated by HBV-core peptide stimulation in the presence or 612 

absence of MitoQ (MTQ, top) or MitoTempo (MTT, bottom). Median, 25th and 75th percentiles, 613 

minimum and maximum values of responses to MT-antioxidant treatment are shown in the 614 

box-and-whisker plots on the left (statistics by the Wilcoxon-matched-paired test); grey boxes 615 

represent IFNγ levels of reference CD8 cells from resolved patients (n=8). MT antioxidant-616 

induced variations (fold-increase) of cytokine levels in CD8 cells from individual chronic 617 

patients are shown in the middle graphs; median fold-increase values are reported (statistics by 618 

the Wilcoxon-signed-rank test). Representative dot-plots illustrating IFNγ- and TNFα-positive 619 

cells in the presence or absence of MT-antioxidants are shown on the right. (b) Fold-increase in 620 

cytokine levels upon MT-antioxidant treatment (MTQ and MTT in the top and bottom panels, 621 

respectively) analyzed in the global CD3+ T cell population following HBV-core peptide 622 

stimulation (c) MitoQ-induced fold-increase of cytokine levels in CD8 and CD4 T cells 623 

isolated from the liver of 6 chronic patients (left). Note that at least a single T-cell subset (either 624 

CD8 or CD4) was responsive to MitoQ in each patient. Representative dot-plots illustrating 625 

cytokine production in untreated and MitoQ-treated paired peripheral and intrahepatic T cell 626 

samples from two chronic patients are shown on the right. Top: cytokine production by peptide-627 

stimulated dextramer+ CD8 cells; bottom: cytokine production by HBV peptide-stimulated 628 

CD4 cells; gating strategies are also illustrated. 629 

 630 

Figure 6. Specificity of the MT-antioxidant effect on cytokine production. (a) Fold 631 

increases in cytokine production in paired samples of MT-antioxidant treated HBV-specific and 632 

FLU-specific CD8 T cells from the same HLA-A2+ chronic patients (n=9). Representative ICS 633 

experiments showing the effect of both MT-antioxidants on HBV- and FLU-specific CD8 cells 634 

from the same chronic hepatitis B patient are illustrated. For each of the three experimental 635 

conditions (no antioxidant, MitoQ and MitoTempo), the graphs on the left show the frequency 636 

of dextramer-positive cells of the indicated specificity, while those on the right show the 637 



23 

 

frequency of IFNγ producing, dextramer-positive CD8 cells after specific peptide stimulation. 638 

(b) T cell cultures (n=9) were generated by anti-CD3 stimulation in the presence or absence of 639 

MT-antioxidants, in order to distinguish between a global and a HBV-specific effect of MitoQ 640 

(top) and MitoTempo (bottom). Results are expressed as box-and-whisker plots reporting 641 

median, 25th and 75th percentiles, minimum and maximum values of cytokine-producing CD8 642 

or CD3 cells following anti-CD3 stimulation in the presence or absence of MT-antioxidants. (c) 643 

MT-antioxidants-induced fold changes in IFNγ and TNFα production in 27 chronic HBV 644 

patients and in 12 patients with resolved infection. 645 

 646 

  647 
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ONLINE METHODS 648 

Study subjects. The following groups of patients were enrolled into the study at the Unit of 649 

Infectious Diseases and Hepatology of the Azienda Ospedaliero-Universitaria of Parma, Italy, 650 

and at the Unit of Infectious Diseases, Arcispedale SMN of Reggio Emilia, Italy. 651 

- 42 treatment-naïve patients with HBeAg-negative, chronic active hepatitis B; diagnosis was 652 

based on ALT elevation lasting for more than 6 months, plus HBsAg, anti-HBc, anti-HBe 653 

and HBV-DNA positivity (Supplementary Table 4). 27 patients were HLA-A2-positive 654 

(+); screening for HLA-A2 was performed by Peripheral Blood Mononuclear Cell (PBMC) 655 

staining with a fluorescent anti-HLA-A2.01 antibody (BD Biosciences, San Jose, CA). 656 

- 8 HLA-A2+ patients (aged 24 to 44 years, median 37) with clinical, biochemical, and 657 

virological evidence of acute HBV infection (ALT range: 201-1785 U/L), including 658 

transaminase levels at least 10 times higher than the normal upper limit and serum detection 659 

of HBsAg and anti-HBc IgM antibodies.  660 

- 24 (12 HLA-A2+) subjects who spontaneously recovered from acute HBV infection 661 

(HBsAg-negative, anti-HBs+, aged 24-68, median 37.5), 6-10 months after the peak of ALT 662 

elevation. 663 

- 16 HLA-A2+ healthy subjects (aged 25-51, median 34), as controls. 664 

All patients were negative for anti-hepatitis C virus, delta virus, human immunodeficiency 665 

virus type 1 (HIV-1) and type 2 (HIV-2) antibodies and for other markers of viral or 666 

autoimmune hepatitis. No randomization was used to determine patient groups and during all 667 

experiments investigators were not blinded to the group allocation. The study was approved by 668 

the Ethical Committee of the Azienda Ospedaliero-Universitaria of Parma, Italy, and all 669 

subjects provided written, informed consent. 670 

Synthetic peptides, peptide-HLA class I dextramers, and antibodies. 42 15-mer synthetic 671 

peptides overlapping by 10 amino acid (aa.) residues and covering the entire sequence of the 672 

core protein of genotype D HBV (Chiron Mimotopes, Victoria, Australia) were pooled into a 673 

single mixture and used in functional validation experiments performed in HLA-A2 negative 674 

patients. Peptides covering the HLA-A2-restricted epitopes of the HBV core (aa. 18-27: 675 

FLPSDFFPSV) and envelope (aa. 183-191: FLLTRILTI; 335-343. WLSLLVPFV; and 348-676 

357: GLSPTVWLSV) proteins of HBV genotype D, cytomegalovirus (CMV) pp65 677 
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(NLVPMVATV) and influenza virus (FLU) matrix (GILGFVFTL) were purchased from 678 

Proimmune (Oxford, UK), and the corresponding PE- or APC-labeled dextramer peptide-HLA 679 

class I complexes from Immudex (Copenhagen, Denmark). The entire set of HBV peptides and 680 

dextramers was used to detect virus-specific CD8 cells in PBMC and liver. Since envelope 681 

specific CD8 cells were never detected in HLA-A2 positive chronic HBV patients, only the 682 

HBV core 18-27 peptide and the corresponding dextramer were used for validation 683 

experiments.  Anti-CD3-BD Horizon™ PE-CF594 (clone HCHT1), CD8-PE-Cy7 (cat.# 684 

557746), CD4-PE (cat.# 555347), IFNγ-Alexa Fluor®700 (clone B27), CD45-FITC (cat.# 685 

555482), (BD Biosciences-Pharmingen), CD3-APC/Cy7 (clone SK7), CD279 (PD1) PE-Cy7 686 

(clone EH12.2H7), anti-Cytochrome C-Alexa Fluor®647 (clone 6H2.B4)  (Biolegend, San 687 

Diego, Ca), TNFα-FITC (clone cA2, Miltenyi Biotec, Bergisch Gladbach, Germany), anti-688 

ATP5O-Alexa Fluor®488 (clone 4C11C10D12) (Abcam, Cambridge, UK),  Annexin V-APC 689 

and the viability probe 7-AAD (BD Biosciences) were used for T cell staining.  LEAF purified 690 

anti-CD3 (clone HIT3a, Biolegend) was used for T cell stimulation. 691 

Isolation of Peripheral Blood Mononuclear Cells (PBMC) and Liver Infiltrating 692 

Lymphocytes (LIL). PBMCs were isolated from fresh heparinized blood by Ficoll-Hypaque 693 

density gradient centrifugation and cryopreserved in liquid nitrogen until the day of analysis. 694 

LIL were isolated from excess liver tissue not needed for diagnostic purposes. The liver biopsy 695 

fragment was extensively washed in RPMI to remove contaminating blood and digested with 696 

collagenase (Sigma Chemical Co, St. Louis, MO; 1 μg/mL) and DNAase (Sigma Chemical Co; 697 

25 μg/mL) for 1 hour, at 37°C. The mononuclear cell suspension was then washed and 698 

resuspended in complete medium. After isolation, lymphocytes were cultured in a round-699 

bottomed 96-well plate (at least 20,000 LIL/well), in the presence of autologous irradiated 700 

(4000 rads) PBMC (1 x 105/well) and HBV peptides; after 3 days, activated T cells were 701 

expanded by addition of IL-2 (50 U/mL). 702 

 703 

Sorting. After thawing of PBMCs, CD8+ T cells were isolated with the CD8+ T Cell Isolation 704 

Kit (Miltenyi Biotec) and labeled with 7-AAD, anti-CD45, anti-CD3, anti-CD8, and HLA-705 

Class I dextramers in order to identify antigen-specific T cell sub-populations. CD8+ 706 

dextramer+ cells (about 1000 cells/sample) were subsequently sorted with a FACSAria III Cell 707 

Sorter (BD Biosciences). For Nanostring experiments, cells were labeled with 7-AAD, anti-708 
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CD3, anti-CD8, anti-CD279 (PD1) antibodies and HLA-Class I dextramers; 10 cells/sample 709 

were collected directly in Single Cell Lysis Solution (Life Technologies, Carlsbad, CA). 710 

Microarray data acquisition. RNA was purified from dextramer-sorted human CD8+ T cells 711 

with the Nucleospin® RNA XS kit (Macherey Nagel, Duren, Germany) according to the 712 

manufacturer's instructions. Total RNA concentration was determined with a Nanodrop 713 

spectrophotometer and/or with the Ribogreen RNA quantification kit (Molecular Probes, Life 714 

Technologies). RNA integrity was evaluated with a Bioanalyzer 2100 traces system (Agilent 715 

Technologies, Santa Clara, CA). Total RNA was amplified with the Transplex Whole 716 

Transcriptome Amplification (WTA2) kit (Sigma-Aldrich, St.Louis, Mo) and purified with 717 

GenElute™ PCR Clean-Up silica spin-colums (Sigma) as per manufacturer’s instructions. 718 

cDNA was labeled with the ULS Fluorescent Labeling kit (Agilent Technologies) and 719 

hybridized to 60-mer oligonucleotide Whole Human Genome Microarrays (Human GE 4x44K 720 

v2, Agilent Technologies), following the manufacturer’s protocol. Microarray slides were 721 

scanned with an Agilent dual-laser DNA microarray scanner. The Agilent Feature Extraction 722 

software with default settings (user manual version 7.5) was used to obtain normalized 723 

expression values from the raw scans. 724 

Microarray data analysis. The software package GeneSpring GX v11.5 (Agilent 725 

Technologies) was used for quality control checks, data normalization by the quantile method, 726 

and initial microarray data analysis. Probes detectable in at least three replicates for each 727 

condition were retained for further analysis. ANOVA with the Benjamini-Hochberg correction 728 

for multiple testing (FDR ≤0.05) was used to track genes differentially expressed between 729 

acute, chronic and resolved patients. Genes differentially expressed between the three groups 730 

were identified  by Student–Newman–Keuls (SNK) post-hoc analysis. Hierarchical clustering 731 

and heat map visualization of the data were generated with GeneSpring. A Self Organizing 732 

Maps algorithm16 with a hexagonal grid topology, an analytical tool less error-prone than 733 

hierarchical clustering methods59, was applied to the ANOVA-filtered gene set to obtain an 734 

unsupervised visualization of the gene clusters coordinately expressed among the different 735 

patients’ groups. Enrichment analysis was then performed on each cluster with the use of 736 

WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) and DAVID (Database for Annotation, 737 

Visualization, and Integrated Discovery)60,61 in order to pinpoint significantly enriched 738 

pathways or gene ontology terms. Parallel identification of pathways significantly enriched in 739 
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exhausted HBV-specific CD8 cells compared to control cells was performed by Gene Set 740 

Enrichment Analysis (GSEA)22, as it allows to uncover sets of functionally related genes, rather 741 

than individual high-scoring genes above an arbitrarily set cutoff. In addition, by focusing on all 742 

detected (above-background) genes, GSEA is less biased and more sensitive, thus allowing to 743 

detect even subtle enrichment signals. GSEA was also used to compare our gene expression 744 

profiles with those of previously published, related studies. To this end, we used the Molecular 745 

Signature Database v 4.0 (CP, canonical pathways; C5, GO gene sets; C7, Immunologic 746 

signatures gene sets) with the permutation type set to ‘gene set’ to calculate statistical 747 

significance, as suggested for less than seven replicates; default settings were applied to all the 748 

other options. The GeneMANIA prediction server62 was used for network analysis. The results 749 

of GSEA for the chronic vs. resolved and chronic vs. healthy comparisons were visualized as 750 

networks (enrichment maps) using the Cytoscape software63. Expression data are available at 751 

NCBI GEO: GSE67801. 752 

Quantitative PCR. Expression levels of a subset of modulated genes were independently 753 

determined by Taqman gene expression assays (Life Technologies) using the same amplified 754 

cDNAs utilized for microarray analysis as starting material. The selected genes included 755 

PDCD1 (assay Hs00169472_m1), CD244 (assay Hs00900277_m1), BATF (assay 756 

Hs00232390_m1), ATP5D (Hs00961522_g1) HSPA1L (Hs00271466_s1), HSPA1A 757 

(Hs04187663_g1), PSMB8 (Hs00544758_m1) and NDUFA6 (Hs00899690_m1); GAPDH 758 

(Hs02758991_g1) served as a loading and normalization control. The expression levels of nine 759 

additional genes - KLRG1 (assay Hs.PT.56a.2949117), EOMES (Hs.PT.56a.27752441), 760 

TBX21 (Hs.PT.56a.20216516), CD28 (Hs.PT.56a.24318159), TIMM23 (Hs.PT.58.50457315), 761 

TIMM10 (Hs.PT.58.27750266), PSMD4 (Hs.PT.58.45566355), CTLA4 (5’UTR-EX1 custom: 762 

F: 5-TCCTTGATTCTGTGTGGGTTC-3, R: 5-TTTATGGGAGCGGTGTTCAG-3, probe: 5-763 

ACACATTTCAAAGCTTCAGGATCCTGA-3) and SUMO1 (Hs.PT.58.26957310) - were 764 

determined by PrimeTime® qPCR 5' Nuclease Assays (IDT, Coralville, IA) using the relative 765 

quantification method; also in this case, GAPDH served as a reference housekeeping gene 766 

(Supplementary Fig. 5, 7). 767 

Staining of mitochondrial Electron Transport Chain (ETC) proteins. After surface staining, 768 

cells were fixed with Cytofix/Cytoperm solution (BD Biosciences) and permeabilized with 769 

0.5% Triton X-100 (Sigma-Aldrich, St. Louis, Mo); anti-Cytochrome C and anti-ATP5O 770 
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monoclonal antibodies were then added and incubated for 15 min at room temperature in the 771 

dark. Results were expressed as median fluorescence intensity (MFI) of dextramer-positive 772 

cells.  773 

Mitochondrial membrane potential, mitochondrial mass and mitochondrial superoxide 774 

assays. Mitochondrial membrane potential (MMP) was determined on PBMCs incubated 775 

overnight in anti-CD3-coated (10 μg/ml anti-CD3 mAb) or uncoated tissue culture plates using 776 

the potentiometric probes JC-1 and DiOC6(3) (3,3'-Dihexyloxacarbocyanine Iodide) 777 

(Molecular Probes, Life Technologies). After surface staining, cells were incubated with JC-1 778 

(2.5 μg/ml) or DiOC6(3) (20 nM) for 15 min at 37°C, and protected from light before flow-779 

cytometric analysis. Samples were acquired on FACSCANTO II multicolor flow cytometer and 780 

were analyzed with the DIVA software (BD Biosciences). The decrease in JC-1 or DiOC6 781 

fluorescence caused by co-treatment (15 min at 37°C) with the protonophores valinomycin or 782 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (Molecular Probes) served as a positive 783 

control for MMP depolarization. Dextramer+ virus-specific depolarized cells were quantified 784 

by subtracting the percentage of FL1highFL2low cells (JC-1 stainings) or FL1low cells (DiOC6 785 

stainings) detected in the unstimulated samples from the percentage of the corresponding cell 786 

subsets detected in the stimulated samples. For mitochondrial mass measurement, cells were 787 

surface- stained, then incubated with MitoTracker Green FM (Molecular Probes) (100 nM) for 788 

15 min at 37°C and finally acquired by flow cytometry.  789 

Mitochondrial mass changes in virus-specific cells were determined after anti-CD3 stimulation 790 

and expressed as the ratio between the MitoTracker Green (FL1) median fluorescence intensity 791 

(MFI) of overnight anti-CD3 stimulated and unstimulated samples. 792 

Mitochondrial superoxide levels in virus-specific cells were determined, after cell surface 793 

staining, by incubation (15 min at 37°C) of overnight anti-CD3 stimulated and unstimulated 794 

cells in the presence of MitoSOX Red (5µM; Molecular Probes). 795 

 796 

Aggresome detection. For the detection of aggregates, after overnight PBMC stimulation with 797 

coated anti-CD3, cells were surface stained and then the ProteoStat® Aggresome Detection Kit 798 

(Enzo Life Sciences, New York, NY) was used according to the manufacturer’s protocol, before 799 

flow cytometry acquisition. Cells treated with 5 µM of proteasome inhibitor (MG-132) served as 800 
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positive controls. Aggresome activity factor values are expressed as the ratio of ProteoStat 801 

median fluorescence intensity (MFI) between stimulated and unstimulated samples. 802  803 

Nanostring analysis. Single Cell Lysis Solution (Life Technologies) was used to extract RNA 804 

from 10 sorted cells. Converted cDNA (SuperScript® VILO MasterMix, Life Technologies) was 805 

used for each NanoString assay, which was performed according to the manufacturer's protocols 806 

("nCounter XT Gene Expression assay for single cells"). The gene probe set was selected from 807 

the custom probe set used, and housekeeping genes (EEF1G, GAPDH, POLR2A, PPIA, RPL19) 808 

were added for data normalization. The list of genes represented in our custom code set is 809 

provided as follows: ASAH2 (Accession # NM_019893.2), ATP5D (NM_001687.4), ATP5J 810 

(NM_001003703.1), ATP5J2 (NM_004889.2), ATP6V0C (NM_001198569.1), COX5B 811 

(NM_001862.2), COX6A1 (NM_004373.2), CPT1A (NM_001876.3), CYCS (NM_018947.4), 812 

FIS1 (NM_016068.2), LRPPRC (NM_133259.3), MRPS11 (NM_176805.2), NDUFA4 813 

(NM_002489.2), NDUFA5 (NM_005000.2), NDUFA6 (NM_002490.3), PHB2 (NM_007273.3), 814 

PSEN1 (NM_000021.2), SLC25A1 (NM_005984.2), SLC25A5 (NM_001152.3), TCIRG1 815 

(NM_006053.2), TFAM (NM_003201.1), TIMM23 (NM_006327.2), UQCRC1 (NM_003365.2), 816 

PSMC4 (NM_006503.2), PSMD3 (NM_002809.2), PSME1 (NM_006263.2), SEC61A1 817 

(NM_013336.3). 818 

 819 

T-cell expansion, MT-antioxidant treatment and cytokine production assays. Short-term 820 

T-cell lines were generated by 10 days stimulation of PBMCs with HBV-core peptides or 821 

HLA-A2-restricted peptides (each at a final 1 μM concentration) in the presence or absence of 822 

MitoQ (0.1 μM; kindly provided by Dr. Michael P. Murphy, MRC Mitochondrial Biology 823 

Unit, Cambridge, UK) or MitoTempo (10 μM; Sigma). For total CD3+ lymphocyte stimulation 824 

experiments, PBMCs were added to anti-CD3 pre-coated wells in the presence or absence of 825 

MT antioxidants. At the end of the culture period, cytokine determinations (IFNγ and TNFα) 826 

were performed by intracellular cytokine staining (ICS) as described previously11. 827 

Statistical analysis. The GraphPad Prism software was used for statistical analysis. 828 

Correlations between microarray and qPCR data were evaluated by the Spearman’s rank 829 

correlation test. After checking that variance between groups was not significantly different (F 830 
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test), Mann-Whitney U test was applied to compare percentages of depolarized virus-specific 831 

CD8 upon anti-CD3 stimulation. Cytokine production levels in the different experimental 832 

conditions were compared by the Wilcoxon matched paired test. Before every comparison 833 

normality distribution of data was tested by the Kolmogorov–Smirnov test, and non-parametric 834 

statistic was applied. Fold changes (FC) in cytokine production upon mt-antioxidant treatments 835 

(FC ≠ 1) were evaluated by the Wilcoxon signed rank tests. All tests were two-tailed. 836 

 837 
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