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Background & Aims: In chronic HBV infection, mitochondrial targeted antioxidants and natural polyphenols may represent a

functions and proteostasis are dysregulated in exhausted HBV-
specific CD8 T cells. To better characterise the potential
involvement of deregulated protein degradation mechanisms in
T cell exhaustion, we analysed lysosome-mediated autophagy in
HBV-specific CD8 T cells. Bioactive compounds able to simulta-
neously target both mitochondrial functions and proteostasis
were tested to identify optimal combination strategies to
reconstitute efficient antiviral CD8 T cell responses in patients
with chronic HBV infection.
Methods: Lysosome-mediated degradation pathways were ana-
lysed by flow cytometry in virus-specific CD8 T cells from pa-
tients with chronic HBV infection. Mitochondrial function,
intracellular proteostasis, and cytokine production were evalu-
ated in HBV-peptide-stimulated T cell cultures, in the presence or
absence of the polyphenols resveratrol (RSV) and oleuropein
(OLE) and their metabolites, either alone or in combination with
other bioactive compounds.
Results: HBV-specific CD8 T cells from patients with CHB showed
impaired autophagic flux. RSV and OLE elicited a significant
improvement in mitochondrial, proteostasis and antiviral func-
tions in CD8 T cells. Cytokine production was also enhanced by
synthetic metabolites, which correspond to those generated by
RSV and OLE metabolism in vivo, suggesting that these poly-
phenols may also display an effect after transformation in vivo.
Moreover, polyphenolic compounds improved the T cell revital-
ising effect of mitochondria-targeted antioxidants and of pro-
grammed cell death protein 1/programmed cell death ligand 1
blockade.
Conclusions: Simultaneously targeting multiple altered intra-
cellular pathways with the combination of mitochondria-
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promising immune reconstitution strategy for the treatment of
chronic HBV infection.
Lay summary: In chronic hepatitis B, antiviral T lymphocytes are
deeply impaired, with many altered intracellular functions.
In vitro exposure to polyphenols, such as resveratrol and oleur-
opein, can correct some of the deregulated intracellular path-
ways and improve antiviral T cell function. This effect can be
further strengthened by the association of polyphenols with
antioxidant compounds in a significant proportion of patients.
Thus, the combination of antioxidants and natural polyphenols
represents a promising strategy for chronic hepatitis B therapy.
© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Therapy for chronic hepatitis B (CHB) is principally based on
direct acting antiviral drugs that efficiently suppress virus
replication, but do not eradicate HBV from the liver, have limited
efficacy on serum HBsAg concentration, and require long-lasting
treatments to avoid the risk of HBV reactivation at drug sus-
pension.1 Therefore, there is a pressing need for new therapeutic
strategies to induce complete HBV cure in a short definite time of
treatment.

Patients with chronic HBV infection show functional defects
of HBV-specific T cell responses, which make ineffective antiviral
immune control,2 and reconstitution of an efficient antiviral T
cell response is believed to represent a rational strategy to treat
patients with chronic HBV infection. In this perspective, a
promising possibility is the correction of the severe metabolic
alterations that characterise HBV-specific CD8 T cell exhaus-
tion.3,4 A key metabolic correlate of the impaired antiviral T cell
activity is represented by dysfunctional mitochondria, which are
abnormally depolarised and produce elevated reactive oxygen
species (ROS) levels.4 An unbalanced ROS production exceeding
the neutralisation capacity of the cellular antioxidant systems
can be very harmful to the cell function with damage of cellular
proteins and organelles, possible proteostasis engulfment, and
functional impairment.5 This is supported by our recent studies
021 vol. 74 j 783–793
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showing accumulation of aggregated proteins in HBV-specific
CD8 T cells of patients with CHB.4

It is well known that misfolded/damaged protein digestion
and recycle are primary tasks of the ubiquitin-proteasome sys-
tem,6 which plays important roles in cellular protein quality
control.7 A distinct but mechanistically interconnected compo-
nent of cellular proteostasis is autophagy, which is a lysosome-
mediated degradation pathway involved in cytoplasmic organ-
elle turnover as well as in aggregated protein removal.6

Autophagic functions are upregulated when proteasomes are
inhibited, thereby acting as an alternative pathway for protein
degradation. Instead, autophagy impairment can result either in
enhanced proteasome peptidase activity or in proteasome
derangement with intracellular accumulation of ubiquitinated
proteins.6 In case of oxidised protein accumulation derived from
excess ROS production by dysfunctional mitochondria, protea-
some and autophagy functions can be overwhelmed, leading to
reduced protein and organelle turnover, which can be ultimately
deleterious for the cellular function with possible progression to
cell death.5,8,9 Interestingly, mitochondria are also involved in
cytosolic aggregate disassembly by the active import of proteins
into the matrix for protease digestion.10,11

The interplay between the mitochondria and proteostasis has
also been studied in T cells, where proteasome inhibition can
induce loss of mitochondrial membrane potential (MMP),
translocation of pro-apoptotic mitochondrial proteins to the
cytoplasm, and subsequent induction of apoptosis.12 Moreover, T
cell exposure to oxidative stress can decrease proteasome
catalytic activities, leading to T cell hypo-responsiveness
and mimicking some aspects of T cell ageing.13 Thus, mitochon-
drial ROS toxicity provides a link between mitochondrial
dysfunction and cellular proteostasis, because proteostasis is
needed to regulate and preserve a functional cellular pool of
proteins and organelles, which can be damaged and disrupted by
ROS excess.

The aim of the present study was to assess the functional
implications of the transcriptional deregulation of genes coding
for proteins involved in the overall proteostasis machinery,
including proteasome as well as phagosome and lysosome
effector functions. This can allow a better understanding of the
molecular mechanisms that underlie T cell exhaustion and to
identify optimal targets for T cell functional restoration strate-
gies. In this perspective, polyphenols and their derivatives are
known to express not only an antioxidant effect, but also to
stimulate the degradation of misfolded or oxidised proteins.14

Thus, we asked whether the polyphenolic compounds resvera-
trol (RSV) and oleuropein (OLE) can further improve the func-
tional T cell restoration effect of mitochondria-targeted (mt)
antioxidants, which we reported previously in CHB.4
Patients and methods
Study participants
The following groups of patients were enrolled in the study:
� 70 treatment-naive patients with chronic active hepatitis B;
� 6 subjects spontaneously recovered from acute HBV infection;

and
� 13 healthy subjects.

Patient characteristics are outlined in the supplementary
material and in Table S1.
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Autophagy analysis
Autophagy was investigated by LC3B staining in flow cytometry
on peripheral blood mononuclear cells (PBMCs) from patients
and controls following overnight incubation in the presence or
absence of chloroquine (CQ) diphosphate.

The CYTO-ID® autophagy detection kit was also used, upon
overnight incubation with CQ and rapamycin.

T cell treatments
The tested compounds are:
� trans-RSV, RSV-3-sulphate, dihydroresveratrol, and RSV-3-

glucuronide;
� OLE, 3-hydroxytyrosol (HT), 3-HT-3-glucuronide, 3-HT-4-

glucuronide, and 3-HT-4-sulphate;
� MitoQ and MitoTEMPO; and
� anti-programmed cell death ligand 1 (PD-L1).
Mitochondrial function and aggresome detection
To analyse the mitochondrial function in T cells, the MMP has
been studied by the potentiometric probe JC-1, while the
superoxide-sensitive dye dihydroethidium and the superoxide-
sensitive probe dichlorodihydrofluorescein diacetate were used
for ROS detection. To measure protein aggregate levels, the
PROTEOSTAT® Aggresome detection kit was used.

T cell cytokine production assay
T cell cytokine determinations (interferon-c [IFN-c], tumour ne-
crosis factor-a [TNF-a], and IL-2) were performed by intracellular
cytokine staining, as described previously.15

Statistical analysis
Comparisons were done by 2-tailed Mann-Whitney U test and
Wilcoxon matched-pairs test. Spearman’s rank-correlation test
was applied for the correlation analysis.

For further details regarding the materials and methods used,
please refer to the CTAT table and supplementary information.

Results
Autophagy is impaired in patients with chronic HBV infection
An impaired proteasome degradation function in exhausted CD8
T cells with abnormal accumulation of intracellular aggresomes
was reported previously in patients with CHB.4 Not only genes
related to proteasome, but also transcripts related to autopha-
gosome and lysosome effector functions resulted strongly
downregulated.4 Based on this background, we investigated the
lysosome-mediated degradation pathway by looking at the
expression of the autophagosome marker LC3B and at the CYTO-
ID cationic incorporation into autophagic vesicles (pre-auto-
phagosomes, autophagosomes, and autophagolysosomes).

Changes in LC3B expression were measured upon overnight
blockade of the autophagosome turnover by CQ, which inhibits
the autophagosome-lysosome fusion, preventing LC3B degrada-
tion and leading to its accumulation.16 As represented in Fig. 1A,
CQ-treated HBV-specific CD8 T cells from patients with CHB
displayed a significantly lower increase in LC3B expression
compared with patients who had been able to resolve sponta-
neously a previous acute hepatitis B and to influenza (FLU)-
specific CD8 T cells from healthy subjects (median increase
values 1.079, 1.341, and 1.335 for patients with CHB, resolved, and
healthy subjects, respectively), suggesting lower basal
021 vol. 74 j 783–793
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Fig. 1. Autophagic flux in virus-specific CD8 T cells. (A) The left plot shows LC3B MFI values of HBV-specific CD8 cells in CQ-treated or untreated PBMC from
patients with chronic HBV infection, subjects who resolved an acute HBV infection (resolved), and FLU-specific CD8 cells from healthy controls (Wilcoxon
matched-pairs test). The middle graph represents fold change values (LC3B MFI in CQ-treated/untreated virus-specific CD8 cells; Mann-Whitney test). (B) CYTO-
ID MFI values in HBV-specific CD8 cells from patients with CHB and FLU-specific CD8 cells from healthy subjects in untreated samples and treated with CQ or with
CQ + rapamycin (CQ + Rapa) (Wilcoxon matched-pairs test). Representative examples are shown on the right of each panel. Plots were generated by gating on
HBV-specific CD8 T cells. CQ, chloroquine; FLU, influenza; MFI, median fluorescence intensity; PBMC, peripheral blood mononuclear cell.
autophagosome formation in exhausted CD8 T cells. Data illus-
trated in Fig. 1A were generated by staining the total LC3B-I
cytosolic form, followed by subsequent validation targeting
specifically the autophagosome-associated LC3B-II lipidated
form, which was stained after LC3B-I removal by selective per-
meabilisation (see Supplementary Patients and methods). We
then used the CYTO-ID cationic tracer dye, which becomes
brightly fluorescent upon incorporation into autophagic vesicles
in live cells.16 PBMCs from patients and healthy controls were
treated with CQ in the presence or absence of rapamycin, to
induce autophagy. As shown in Fig. 1B, lower accumulation of
autophagic vesicles was detected in virus-specific CD8 T cells
from patients with CHB compared with healthy subjects not only
upon CQ-mediated blockade of autophagosome degradation,
thus confirming an impairment in the autophagic flux, as
observed with LC3B analysis (median increases 1.77 and 2.32 for
patients with CHB and healthy controls, respectively), but also in
the presence of rapamycin. Indeed, a moderate upregulation of
the CYTO-ID probe expression was induced by rapamycin in cells
from patients with CHB, but the entity of such increase remained
significantly lower compared with what was observed in cells
from healthy controls (median increase values 1.91 and 2.79 for
patients with CHB and controls, respectively). As the autophagic
flux in bulk CD8 T cells is not significantly different in patients
with chronic HBV infection and in healthy individuals, our data
suggest that the defect in autophagy of patients with chronic
Journal of Hepatology 2
HBV involves primarily HBV-specific T cells (data not shown).
Thus, our data suggest that exhausted virus-specific CD8 cells
display low levels of basal and induced autophagy, further con-
firming dysfunctional proteostasis.

RSV and OLE can improve mitochondrial and proteasomal
functions
The effect of 2 polyphenolic compounds, RSV and OLE, which
can affect both mitochondrial function and proteostasis, was
tested in vitro on exhausted HBV-specific CD8 T cells. PBMCs
from patients with CHB were cultured for 10 days, and HBV-
specific T cells were expanded upon stimulation with a
mixture of 15-mer overlapping peptides corresponding to the
HBV core protein, or with the core 18–27 HLA-A2-restricted
peptide for HLA-A2+ samples, in the presence or absence of
polyphenols. Then, to evaluate the effect of RSV and OLE on CD8
cell MMP, the percentage of CD8 T cells with depolarised mito-
chondria in each lymphocyte culture was analysed by the MMP-
sensitive dye JC-1, by gating either on total or on dextramer+
CD8 T cells, respectively, depending on the peptides used to
expand the cultures. Treatment with both compounds signifi-
cantly reduced the fraction of depolarised CD8 T cells (Fig. 2A;
Fig. S1A). In the same cultures, intracellular superoxide anion
and hydrogen peroxide levels were also significantly reduced in
the presence of RSV and OLE, as measured by the specific fluo-
rescent probes dihydroethidium and 2ʹ,7'-
021 vol. 74 j 783–793 785
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Fig. 2. Effect of resveratrol and oleuropein on mitochondrial function and proteostasis. PBMCs from patients with CHB were stimulated in vitro for 10 days
either with a mixture of 15-mer core peptides (results derived by gating on CD8+ cells, on the left) or with the core 18–27 HLA-A2-restricted peptide for HLA-A2+
samples (results derived by gating on dextramer+ CD8 cells, on the right), in the presence or absence of RSV or OLE. (A) Percentage of depolarised CD8 cells by JC-
1 staining in untreated and polyphenol-treated cultures. (B) Superoxide-anion production by DHE staining. (C) Hydrogen peroxide by H2DCFDA staining (DHE
and H2DCFDA MFI are plotted). (D) Intracellular aggresome accumulation as shown by PROTEOSTAT MFI. Statistics by the Wilcoxon matched-pairs test. CHB,
chronic hepatitis B; DHE, dihydroethidium; H2DCFDA, 2ʹ,7'-dichlorodihydrofluorescein diacetate; MFI, median fluorescence intensity; OLE, oleuropein; PBMC,
peripheral blood mononuclear cell; RSV, resveratrol.
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dichlorodihydrofluorescein diacetate, respectively (Fig. 2B and C;
Fig. S1B). Finally, the effect of RSV or OLE treatments on cellular
proteostasis was evaluated with the PROTEOSTAT Aggresome
dye. A significantly lower aggresome accumulation was detected
in polyphenol-treated compared with untreated cultures, thus
786 Journal of Hepatology 2
indicating an increased efficiency in damaged protein degrada-
tion (Fig. 2D; Fig. S1C).

These results show that RSV and OLE are able to improve
mitochondrial function and proteostasis of exhausted CD8 T cells.
021 vol. 74 j 783–793



Functional restoration of effector CD8 T cell responses by RSV
and OLE
We then assessed the effect of RSV and OLE on T cell antiviral
functions in vitro. To this end, after expansion of PBMC from
patients with CHB by HBV core peptide stimulation in the
presence/absence of RSV (46 patients) or OLE (34 patients),
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cultures were tested for cytokine production and CD107a upre-
gulation. RSV induced a significant improvement in cytokine
production by stimulated CD8 T cells, with a mean increase of
5.3-, 2.8-, and 3.4-fold for IFN-c, TNF-a, and IL-2, respectively.
IFN-c, TNF-a, and IL-2 production increased more than 1.5-fold in
63%, 60.8%, and 65.8% of the tested patients, respectively
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(Fig. 3A). With OLE, the mean levels of increase for IFN-c, TNF-a,
and IL-2 were of 8.3-, 5.1-, and 2.1-fold, respectively, and 55.8%,
50%, and 48.3% of the tested patients showed more than 1.5-fold
increase in IFN-c, TNF-a, and IL-2 production (Fig. 3A). Double-
positive IFN-c + TNF-a + CD8 T cells, which have been associ-
ated with an enhanced capacity to control viral infections,17 were
also increased significantly by both polyphenolic compound
treatments, with mean increases of 4.4- and 7.9-fold for RSV and
OLE treatment, respectively (Fig. 3A; Fig. S2). Interestingly, in-
crease in IFNc + TNFa + CD8 cells in the presence of polyphenols
significantly correlated with reduction of depolarised CD8 T cells
in the same cultures by JC-1 staining, calculated as the ratio
between depolarised CD8 cells in untreated vs. RSV- or OLE-
treated cultures (Fig. S3A). Also, CD8 cell cytotoxic activity,
measured by CD107a upregulation, was significantly improved
by RSV and OLE treatments (Fig. 3A). By dextramer staining of
HBV-specific CD8 cells it has been possible to evidence that both
T cell expansion and cytokine production were increased by RSV
or OLE (Fig. S3B). Similarly, a significant enhancement of cyto-
kine production was also detected in total CD3 T cells (Fig. 3B).
Direct comparison of different compounds for their capacity to
restore the T cell function suggests a hierarchy of efficiency with
maximal levels of functional HBV-specific CD8 T cell recovery
induced by MitoTEMPO and RSV treatments (Fig. S4).

Effect of RSV and OLE metabolites on exhausted HBV-specific
CD8 T cells
As RSV and OLE are rapidly degraded after their administration
into different metabolites, which can represent in vivo the real
effectors of their metabolic activity, we then assessed whether
the main in vivo generated metabolites display in vitro the same
effects of the parental RSV and OLE molecules on HBV-specific
CD8 T cells. RSV-3-sulphate and RSV-3-glucuronide are known
as the major circulating forms of RSV because, following oral
administration, trans-RSV is rapidly conjugated with glucuronic
acid and sulphate at enterocyte and hepatocyte levels.18 More-
over, in the intestine, the non-absorbed RSV is also metabolised
into dihydroresveratrol by the intestinal microflora.18 Also, OLE is
rapidly degraded following oral administration into HT,19 and its
sulphated and glucuronidated forms represent the major
metabolites.20

To assess the effect of polyphenol metabolites in restoring
antiviral functions of exhausted HBV-specific CD8 cells, short-
term T cell lines generated by HBV core peptide stimulation of
PBMC from 17 patients with CHB were expanded in the pres-
ence/absence of RSV, RSV-3-sulphate, dihydroresveratrol, and
RSV-3-glucuronide, or OLE, HT, HT-3-glucuronide, HT-4-
glucuronide, and HT-3-sulphate. As shown in Fig. 4A and in
Table S3, RSV and OLE metabolites significantly enhanced cyto-
kine production and frequency of double IFN-c + TNF-a + CD8 T
cells, with a mean increase comparable with what was induced
by the original polyphenol compounds. A similar effect of RSV
and OLE metabolites was also observed on the total CD3 T cell
population (Fig. 4B).

Combination of polyphenols and mt antioxidants can
enhance the effect of individual compounds
We previously showed4 that the mt antioxidants MitoQ and
MitoTEMPO can induce a significant increase in antiviral cyto-
kine production by HBV-specific T cells from patients with CHB.
Given the potential complementary effects of mt antioxidants
Journal of Hepatology 2
and polyphenols, we asked whether their combination could
further improve the effect of individual drugs.

Short-term T cell lines were generated from 13 patients with
CHB by PBMC stimulation with HBV core peptides in the pres-
ence/absence of mt antioxidants and polyphenols either alone or
in combination, and tested for cytokine production and CD107a
expression. Despite the good response rate to single compounds,
the addition of RSV or OLE to the antioxidants induced a further
increase in the percentage of patients responding to treatments,
variable from 10% to 60%, depending on individual T cell func-
tions (Fig. 5A). Notably, an increased IFN-c production of at least
1.5-fold was detected in 100% of the cultures treated with the
combination of MitoTEMPO + OLE.

We then evaluated how many of the tested functions (IFN-c,
TNF-a, and IL-2 production and CD107a upregulation) were
simultaneously improved in individual patients upon treatment
with mt antioxidants and polyphenols alone or in association.
When the different compounds were administered alone, a small
fraction of patients, variable from 9% to 23%, failed to recover any
T cell function (Fig. 5B). Responses were improved by the com-
bination of MitoQ or MitoTEMPO with polyphenols; indeed, all
patients showed enhancement of at least 1 antiviral T cell
function (Fig. 5B), while a broader simultaneous recovery of 3 or
4 functions was detected in 61.5% and 77% of the patients upon
culture with MitoQ + RSV and MitoTEMPO + OLE combinations,
respectively (Fig. 5B). The latter combination appeared the most
effective treatment for the reconstitution of a broadly poly-
functional antiviral T cell activity. Further analysis of results is
reported in Figs. S5 and S6.

Moreover, exhausted HBV-specific CD8 cells resulted more
sensitive than CD8 cells of HBV-unrelated specificity to antioxi-
dant and polyphenol modulation (Fig. 6A and B).

Antioxidant and polyphenolic compounds are effective on
CD8 T cells of different HBV antigen specificities
As all described analyses were performed on HBV-core-
stimulated T cells, we also sought to elucidate whether T cells
specific for other HBV antigens were susceptible to the functional
restoring effect of MitoTEMPO + OLE treatment. This is important
because different levels of T cell exhaustion have been described
for HBV-specific CD8 T cells of different HBV antigen specific-
ities.21,22 To this end, PBMC from patients with chronic HBV
infection were stimulated not only with core, but also with HBV
envelope and polymerase peptide pools in the presence/absence
of MitoTEMPO + OLE. T cell lines generated from 9 patients were
tested for IFN-c and TNF-a production. As shown in Fig. 6C,
MitoTEMPO + OLE also significantly enhanced cytokine produc-
tion induced by envelope and polymerase peptides with an effect
comparable with that observed with HBV core peptide
stimulation.

Discussion
By a transcriptome analysis of HBV-specific CD8 T cells from
patients with chronic HBV infection, we recently described an
extensive downregulation of genes coding for different cellular
functions, highlighting the central role of mitochondrial meta-
bolic defects, with a high proportion of depolarised mitochon-
dria and elevated ROS production.4 In addition, deregulation of
genes coding for proteins involved in the proteasomal and
autophagic functions was also observed.4 These include genes
coding for 26S proteasome subunits; for molecules known to be
021 vol. 74 j 783–793 789
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required for autophagosome formation, such as clathrin;23 for
autophagosome maturation, such as GORASP2;24 for autophago-
some degradation, such as TCIRG1 or ATP6V0C H+-ATPases;25 as
well as for components of the lysosome degradation machinery,
including peptidases and galactosylceramidases. This wide
transcriptional deregulation, as well as the abnormal accumu-
lation of intracellular aggresomes,4 suggests that proteostasis
represents a possible target for therapeutic interventions to cure
CHB by functional T cell reconstitution.

In this study, we analysed autophagy in HBV-specific CD8 T
cells to gain a more complete picture of the overall intracellular
protein/organelle degradation machinery. Despite the technical
constraint imposed by the low number of antigen-specific CD8
cells detectable in the peripheral blood of patients with CHB, our
data strongly support the concept of an impaired autophagic flux
in HBV-specific CD8 T cells from patients with chronic HBV. This
finding is in line with the higher autophagy rate detected in
memory than in terminally differentiated T cells,26 as well as
with the lower autophagy levels reported in less functional T
cells with abundant expression of depolarised mitochondria,26 as
samples studied here are from treatment-naive patients with a
chronic active hepatitis, who are expected to be deeply
exhausted.27

Our observations show a wide alteration of the cellular
mechanisms responsible for removing misfolded or aggregated
proteins and clearing damaged organelles. In combination with
the previously described proteasome impairment, they may
contribute to the altered HBV-specific CD8 T cell function in CHB,
and their correction may represent an additional target for
functional T cell reconstitution strategies.

In view of these findings, we asked whether natural poly-
phenols, which target simultaneously both proteostasis and
mitochondria,14,27 can be beneficial for exhausted T cells from
patients with CHB, and whether they can improve the T cell
revitalising effect of mt antioxidants, such as MitoQ and Mito-
TEMPO.4 AMPK phosphorylation, with sirtuins upregulation, as
well as induction of the nuclear factor erythroid 2-related factor
2 (Nrf2)-dependent antioxidant response can be promoted by
both polyphenols, leading to several beneficial effects on cells
undergoing oxidative stress.28–31 Indeed, the Nrf2 pathway has
wide cytoprotective functions and represents the master regu-
lator of the cellular redox homeostasis; it has multiple effects on
the mitochondrial function and controls several genes involved
in the maintenance of the endoplasmic-reticulum physiology,
the proteasome activity, and the autophagy function.32

Based on this background, we first tested whether OLE and
RSV can reconstitute defective mitochondrial function and pro-
teostasis, and thus enhance the antiviral function of primary T
cell cultures from patients with CHB. Both polyphenols were able
to significantly decrease CD8 T cell mitochondrial depolarisation,
ROS levels, and protein accumulation into aggresomes, ulti-
mately leading to an improved cytokine production by HBV-
specific T cells. In addition to a direct modulation of intracel-
lular CD8 pathways, polyphenols have also been reported to act
on regulatory CD4+ regulatory T cells in cancer models, thereby
providing an indirect modulatory effect on the CD8 T cell func-
tion,33 which cannot be excluded in patients with chronic HBV
infection.

Such results make the polyphenols attractive therapeutic
candidates, but a major limitation to their clinical application is
their low bioavailability and rapid metabolism.34,35 To address
Journal of Hepatology 2
this problem, alternative formulations and modes of adminis-
tration have previously been assessed.20,35,36 In our study, the
problem of the limited bioavailability of the natural compounds
was addressed by looking at the effect of some polyphenol me-
tabolites known to be generated in vivo, including the glucuro-
nide and sulphate-conjugated forms of RSV and HT, which
represent the first molecules generated in vivo after RSV and OLE
hydrolysis and phase II metabolism.18–20 Indeed, such molecules
have been detected in blood and urine after OLE and RSV
administration, even at concentrations significantly higher than
those of the parental compounds.20,37 Importantly, both RSV
sulphate and RSV glucuronide have been shown to accumulate
into cardiomyocytes in vivo, proving their capacity to penetrate
mammalian membranes and to maintain their structure within
the cell.38 All tested metabolites induced an increment in cyto-
kine production at a level comparable or even higher than that
induced by the original molecules, with the 3ʹ-glucuronide
conjugated form of RSV inducing the most significant increment
in the percentage of IFN-c and TNF-a double producing CD8 T
cells. These data are in line with a previous study describing
ROS-scavenging properties for HT glucuronide higher than those
reported for the parental compound.39 Moreover, the similar
efficacy shown by the tested metabolites compared with the
parental molecule may be attributable to several reasons. In
particular, phenolics and their metabolites have been shown to
undergo further phase II transformation steps when put in
contact with cells in vitro, resulting in deconjugation or further
conjugation in relation to the type of molecular scaffold applied
and to the type of cells used in culture.40,41 A possible explana-
tion is that free polyphenols could have been partially or
completely formed from deconjugation of their metabolites at
cellular level, or vice versa, that the tested conjugates have been
transformed back, at least partially, to their aglyconic structure
during the experiment. Unfortunately, our T cell culture model,
where compound concentrations would be too low to be
detected by available techniques, did not allow us to investigate
such possibilities.

Given the potential target complementarity of mt antioxi-
dants and polyphenolic compounds, we next asked whether
their association could further improve T cell functional recon-
stitution. Indeed, MitoQ treatment following proteasome inhi-
bition and subsequent cytosolic oxidation has recently been
reported to suppress mitochondrial ROS production. MitoQ,
however, could not correct the oxidised cytosolic redox state and
only partially rescued cell viability, which was conversely better
rescued by RSV treatment.42 In line with these results, the
combined treatment with mt antioxidants and polyphenols
enhanced the percentage of responding cultures, cytokine pro-
duction, and polyfunctionality in individual cultures, and
maximal effect was induced by the combination of MitoTEMPO
and OLE. Whether polyphenols can potentiate the efficacy of
anti-PD-L1 remains to be better investigated, also in light of the
recent observation that RSV can interfere with PDL1 glycosyla-
tion and consequently with its expression and function.43

Recent data indicate that T cells able to recognise HBV epi-
topes within different HBV proteins in chronic HBV infection can
express different phenotypic and functional features, suggesting
a different degree of dysfunction related to the antigen speci-
ficity.44,45 Although the causative mechanisms are still largely
undefined, the different quantities of envelope, core, and poly-
merase antigens expressed in HBV-infected hepatocytes may at
021 vol. 74 j 783–793 791
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least partially be involved,46 in consideration of the evidence
that the quantity of antigen presented by hepatocytes can
modulate the T cell function.47 We thus assessed whether the
effect of the mt antioxidant and polyphenolic compounds was
similar on T cells of different HBV antigen specificities. Results
were similar on CD8 cells specific not only for core, but also for
envelope and polymerase antigens, which have been reported to
be more severely exhausted.21,22 This differs from previous re-
sults of programmed cell death protein 1/PD-L1 blocking ex-
periments, where a functional restorationwas primarily detected
on core- and polymerase-, but much less on envelope-specific T
cells.15

The present study was focused on patients with a chronic
active hepatitis, as this is the patient population that more ur-
gently requires new therapeutic strategies to shorten the dura-
tion of available antiviral therapies and avoid evolution to
cirrhosis, hepatocellular carcinoma, and liver decompensation.
Instead, we do not have information yet on the degree of
metabolic dysfunction and potential T cell restoration efficacy of
polyphenols in patient cohorts with no liver inflammation. These
patients may be targeted even more efficiently by metabolic
modulatory compounds because less exhausted, or vice versa,
may be minimally affected by these treatments if their antiviral
CD8 function may be already close to be optimal.

Finally, a potential limitation of T cell modulatory therapies is
the possibility to induce autoimmune pathologies promoted by
the undesired stimulation of HBV-unrelated T cell populations of
different antigen specificities. To explore whether the effect of
these compounds is mostly focused on exhausted rather than
functionally preserved T cells, we compared their effect on T cell
lines obtained either by HBV- or unrelated antigen-specific
stimulation (i.e. influenza peptides or CD3). Importantly,
although some cytokine increase was observed also in control
cultures, a significantly higher effect was detected in HBV-
specific cells, suggesting a preferential effect on exhausted T
cells. This may limit, but cannot totally exclude, the likelihood of
undesired autoimmune reactions. In addition, increase in cyto-
kine production by polyphenols was selectively detected in HBV-
peptide-stimulated T cell lines, but not in T cell lines expanded
only with IL-2 without any HBV-specific stimulation, further
supporting the conclusion that polyphenols are more active on
dysfunctional, but poorly on functional T cells (data not shown).

In conclusion, our study provides novel information about the
functional impairment of the intracellular degradation processes
responsible for removing misfolded/aggregated proteins and
damaged organelles in exhausted HBV-specific CD8 T cells and
characterise additional mechanisms potentially underlying T cell
exhaustion. In addition, our data indicate that the combined
modulation of mitochondrial functions and proteostasis can
induce a significant improvement of antiviral CD8 T cell activity,
which is only weakly detectable on non-exhausted T cells of
different specificities. This effect was expressed on CD8 T cells of
all HBV antigen specificities (envelope, core, and polymerase),
which are expected to display different levels of exhaustion.
Targeting simultaneously multiple altered intracellular pathways
with the combination of mt antioxidants and natural poly-
phenols thus represents a promising strategy in the perspective
of novel immune reconstitution therapies for CHB. Studies of
homogeneous groups of patients with CHB with more or less
active HBV infection and with different severity of T cell
exhaustion and metabolic impairment, ranging from highly
792 Journal of Hepatology 2
viraemic patients to low viraemic and inactive carriers har-
bouring functionally more preserved HBV-specific CD8 T cells,
are now needed to predict the patient populations that may be
more likely to benefit from this type of immune metabolic
modulation.
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