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Highlights

» HBV-specific CD8+ T cell dysfunction is a key deténant of chronic HBV persistence.

» HBV-specific CD8+ T cells express signaling, metaband transcriptional defects underlying
inefficient antiviral functions.

e Targeting metabolic deregulations can restorevitro efficient HBV-specific CD8+ T cell

responses in chronic HBV infection.

Abstract

Chronically HBV infected subjects are more than 26illion worldwide; cirrhosis and liver cancer
represent possible outcomes which affect around0D00patients per year. Both innate and adaptive
immune responses are necessary for viral contrlbath have been shown to be defective in chronic
patients. Metabolic remodeling is an essential @gedn T cell biology, particularly for T cell agdtion,
differentiation and survival. Cellular metabolismlies on the conversion of nutrients into energy to
support intracellular processes, and to generatedafmental intermediate components for cell
proliferation and growth. Adaptive immune responaes the central mechanisms for the resolution of
primary human infections leading to the activatidpathogen-specific B and T cell functions. Inatic
HBV infection the anti-viral immune response faidscontain the virus and leads to persistent hepati
tissue damage which may finally result in liverrleasis and cancer. This T cell failure is assodiatih
metabolic alterations suggesting that control dfriant uptake and intracellular utilization as wal
correct regulation of intracellular metabolic pa#lys are strategic for T cell differentiation during
persistent chronic infections. This review will cliss some of the main features of the T cell mditabo
processes which are relevant to the generatiom afficient antiviral response, with specific focos
their clinical relevance in chronic HBV infection ithe perspective of possible strategies to correct

deregulated metabolic pathways underlying T cedfalyction of chronic HBV patients.
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1. METABOLIC CHANGES IN T CELL DIFFERENTIATION

T cell energy requirements and substrate utilimatice key elements in the metabolic reprogramming
which is fundamental for adequate T cell differatitin and activation (Bantug et al., 2018; Buclalet
2015, 2016; Chang and Pearce, 2016; Finlay andr&tlr011; Klein Geltink et al., 2018; Maclver et
al., 2013; Man and Kallies, 2015; O’Sullivan andafRe, 2015; Pearce et al., 2013). Unraveling the
cellular metabolic processes in the different phasfel cell development should clarify the deretpda
metabolic reprogramming underlying T cell exhaustiochronic infections. This should allow to aagui

additional information helpful for the design ofugbimmune-modulatory strategies to cure infection

1.1 Metabolic_shift in functional effector T cell development. During primary infection, TCR

recognition of peptide-MHC complexes triggers Ticéd proliferate and to differentiate into functad
effectors by transcriptional, epigenetic and melialveorganization (Ganeshan and Chawla, 2014;deear
et al., 2013; Zuniga et al., 2015). To do this,iglegral naive T cells increase glucose uptake & fu
mitochondrial functions and generate ATP (Klein tiaél et al., 2018; Maclver et al., 2013). Generally
ATP is produced by two main metabolic processesvknas glycolysis and oxidative phosphorylation
(OXPHOS) (Klein Geltink et al., 2018; Maclver et,&013; Pearce et al., 2013). Glucose is impdrted
T cells by the constitutive glucose transporterGLYT1) and transformed in pyruvate through the
cytoplasmic glycolytic system involving the actiwat of different transcriptional and posttranslatib
factors (Jacobs et al., 2008; Klein Geltink et aD18). Hereafter, pyruvate is metabolized to kacta
which is either exported from the cell also in prese of a high oxygen concentration (phenomenon
known as Warburg effect or aerobic glycolysis) ransported into the mitochondria, as substratéef t
tricarboxylic acid (TCA) cycle for the final gendin of electrons which are needed for ATP produrcti
in the electron transport chain (ETC) and OXPHO#g.(E) (Klein Geltink et al., 2018; Maclver et al.,
2013; Pearce et al., 2013). Glycolysis is not aémigortant to generate ATP but also to provide natab
intermediates for biosynthetic pathways, needeslifgport rapidly dividing cells, such as effectocdlls

(Chapman et al., 2020; Man and Kallies, 2015). @osely, the TCA cycle oxidizes metabolites derived



also from amino acids and fatty acids (Chapmar. e2@20; Man and Kallies, 2015). Fatty acid entean
into mitochondria is regulated by carnitine palmitansferase 1la (Cptla) (Klein Geltink et al., 201
Lochner et al., 2015; Mehta et al., 2017; Raudlet2®18). In the mitochondrial matrix, fatty acid
oxidation (FAO) cleaves free fatty acids with gextien of acetyl-CoA, which is a substrate of theATC
cycle (Lochner et al., 2015; Mehta et al., 2017arPe et al., 2013; Raud et al., 2018). Another key
intermediate of the TCA cycle ig-ketoglutarate, which derives from glutamine oxiolat Increased
expression of both glutaminase and glutamine t@msp (CD98 or ASCT2) are induced by T cell
activation; glutaminase catabolizes glutamine imtaghate, which is then metabolized in the
mitochondrial matrix tou-ketoglutarate which can either feed the Krebs ey€@hapman et al., 2020;
Klein Geltink et al., 2018; Maclver et al., 2013¢gdPce et al., 2013; Sinclair et al., 2013) or &t a
substrate for the synthesis of acetyl coenzyme greaursor for fatty-acid synthesis, protein acgtgh
and chromatin structure regulation (Chisolm and Mveinn, 2018). Indeed, mitochondrial metabolites
can control gene expression profiles through histmodifications (Chisolm and Weinmann, 2018)e
most important mito-nuclear signaling mediatordstgl-CoA, which is mandatory for histone acetylati
associated with open and highly acetylated euchiiomsupporting active gene expression, while
ketoglutaratedKG) and succinate represent substrates for hislerethylating enzymes (Chisolm and
Weinmann, 2018; Mehta et al., 2017). Moreover, uridgh proliferation conditions, poly(ADP-ribose)
polymerases (PARPs), that need NAD+ as donor of Ab&se, are highly active to protect T cells from
genomic instability (Wang and Green, 2012). Inceemscytosolic NAD+ and citrate, the precursor of
acetyl-CoA, which is induced by TCR-triggering,tiis crucial to drive T cell activation through the

epigenetic regulation of specific cytokine-encodiemes (Mehta et al., 2017; Wang and Green, 2012).

Pathogen recognition with TCR activation leads &tsa remarkable boost in the expression of L-amino
acid transporter complexes in CD8+ T cells (Caralgt2010; Pearce et al., 2013; Sinclair et 113

Zhang and Romero, 2018; Zhang and Bevan, 2011}k iEhéssential to increase protein synthesis, in



order to support the replicative boost, the semmetif cytokines and chemokines (Carr et al., 2010;

Ramsay and Cantrell, 2015; Zhang and Romero, ZH#hg and Bevan, 2011).

While quiescent T cells require low ATP levels whicome from the oxidation of glucose-derived

pyruvate, lipids and amino acids, TCR-mediated II aetivation requires instead increase in aerobic
glycolysis with maximal production of lactate, glatine catabolism in the mitochondria and decrease i
lipid oxidation (in favor of lipid synthesis) to stain the biosynthetic demands related to high
proliferative rates (Frauwirth et al., 2002; Maahat al., 2013; Pearce et al., 2013; Wang and Green

2012)

Also mitochondria undergo morphological changesraft cell activation. In particular, effector CD8+

cells undergo mitochondria fragmentation by a psedamown as fission (Buck et al., 2017, 2016; Klein
Geltink et al., 2018). When fission is counteredpimarmacological induction of mitochondrial fusion,
effector T cells reduce glycolysis, and therebyvation, and acquire a T cell memory-like phenotype
(Buck et al., 2016). In addition to these changei$ochondrial biogenesis is also induced after T ce
activation and leads to increased mitochondrialsnadich is mediated by the peroxisome proliferator
activated receptoy co-activator & PGCXi (Buck et al., 2017; Klein Geltink et al., 2018; rRHarel et

al., 2016).

This engagement of biosynthetic systems to proguoteins, nucleic acids, lipids and carbohydrates a
other ‘building blocks’ occurs in the first 24 heuafter TCR-triggering, before the first cell diois

(Chapman et al., 2020; Klein Geltink et al., 20R8arce et al., 2013; Pollizzi and Powell, 2014).

After the proliferation start, specific transcrigal signatures are activated, leading to defimig¥fector
function maturation (Kaech and Cui, 2012; Klein til et al., 2018; Man and Kallies, 2015; Rao et al
2010; Tan et al., 2017; R. Wang et al., 2011). @bmbic oxidative metabolism distinctive of T cell
activation, is sustained by the mTORC1 (rapamyoimmlex 1 target)-CD28 mediated signaling pathway
and by the transcription factor c-Myc, which promgliucose and amino acid uptake by increasing the

expression of GLUT1 and CD98 (large neutral amicidsatransporter) (Carr et al., 2010; Esensteth et a



2016; Frauwirth et al., 2002; Jacobs et al., 2Q@8ies and Pearce, 2017; Klein Geltink et al., 2018;
Pollizzi et al., 2015; Pollizzi and Powell, 2014n&air et al., 2013; Tan et al., 2017; R. Wangkt
2011). This glycolysis switch on is mandatory fgtakine production in effector T cells as indicatad
cytokine inhibition when glycolysis is blocked. ltase of aerobic glycolysis inhibition a
posttranscriptional regulation of IFNand IL-2 secretion occurs through the bindingtaf glycolysis
enzyme GAPDH to the cytokine mRNA with reductionpobtein translation. Instead, when glycolysis is
activated, GAPDH is engaged in its metabolic fumtin the glycolytic pathway without inhibitory efft

on cytokine production (Chang et al., 2013).

In addition, IL-2 released early after TCR engagetmpromotes further activation of AKT1 and
MTORC1 downstream effector molecules through TGRied and -sustained expression of the2Ra
(CD25), thereby funneling signals towards glucaseé amino acid uptake and towards the expression of
genes involved in protein and lipid biosynthesimidy et al., 2012; Kalia et al., 2010; Man and |k,

2015; Pipkin et al., 2010).

1.2 Memory development After pathogen clearance, the majority of effediacells die and long-lived

memory T cells are generated by reverting theibata metabolism to a mitochondrial lipid oxidation
based catabolism, with predominant OXPHOS energguation (Buck et al., 2017; Klein Geltink et al.,
2018; Mehta et al., 2017; Mills et al., 2017; Ols4an et al., 2014; Pearce et al., 2013, 2009; dan
Windt et al., 2012). Thus, high levels of glycotytactivity are a key feature of effector T cells; i
contrast, an increased OXPHOS activity is mandatoryT cell memory generation. Indeed, blocking
CD8+ T cell activation with the glycolysis inhibit@-DG (2-Deoxy-D-glucose) leads to T cell memory
generation, while overexpression of glycolytic eneg (e.g. phosphoglycerate mutase) abrogates T cell

differentiation towards memory (Mehta et al., 20Yif et al., 2015)

The switch to an oxidative metabolism in memoryellscis associated with an increased mitochondrial

biogenesis which leads to a greater mitochondradsyand spare respiratory capacity (Man and Kallies



2015; Pearce et al., 2013; Ron-Harel et al., 2046; der Windt et al., 2012). Surviving lymphocytes
activate AMPK which can express a number of adtisi{Adams et al., 2016; Blagih et al., 2015, 2012;
Man and Kallies, 2015; Mayer et al., 2008; Mehtalet 2017; Pollizzi and Powell, 2014; Rolf et al.,
2013). AMPK phosphorylates and inactivates acetyhCcarboxylase 1 (ACC1) and the lipogenic
transcription factor sterol regulatory element-limigdprotein 1 (SREBP1) (Blagih et al., 2015; Hardie
2011a; Lee et al., 2014; Ma et al., 2017; Pollamail Powell, 2014). This ultimately results in aorgus
increase in mitochondrial fatty acid oxidation besmthese factors regulate the first step of de tipid
synthesis, including the activity of the mitochaatifatty acid transporter CPT1a (Blagih et al.120
2012; Ma et al., 2017; Pearce et al., 2009). AMP8nmtes also the transcriptional activity of PGC1
which regulates positively mitochondrial biogeng@almer and Hess, 2016; Blagih et al., 2015; Ma et
al., 2017; Reznick et al., 2007). Furthermore, AMEH induce the activation of the catabolic autggha
system by phosphorylating théL K1 complex (serine/threonine protein kinase Udelike kinase 1)
(Egan et al., 2011; Hardie, 2011b; Kim et al., 2014ker et al., 2017; Loffler et al., 2011; Tamargo
Gbémez and Marifio, 2018), necessary for autophaigigtion, which is extensively implicated in T cell
survival and differentiation (Bronietzki et al., Z8) Levine and Deretic, 2007; Ma et al., 2013; Miinz
2009; Pua et al., 2009; Puleston et al., 2014;i&ehlal., 2015; Xu et al., 2014). Indeed, CD8+€llsc
lacking the autophagosome protein ATG7, display-iodiinsic defects precluding differentiation into
long-term memory cells (Pua et al., 2009; Xu et a014). AMPK can also directly regulate the
degradation of disrupted mitochondria by augmentitiggchondrial fission through the phosphorylation
of the mitochondrial outer-membrane protein MFFtéaiondrial fission factor). Phosphorylated MFF
can recruit cytoplasmic DRP1 (dynamin 1 like pnofeio the mitochondrial outer membrane, thus
augmenting mitochondrial fission and increasingoptiagy of the deteriorated mitochondria (Tamargo-

Gbémez and Marifio, 2018).



1.3 Metabolic alterations in T cell exhaustionlt is well known that a hallmark of T cell exhaiost is

PD-1 and other checkpoint inhibitor molecules oxpression (Blackburn et al., 2009; Wherry et al.,
2007; Wherry and Kurachi, 2015). PD-1, and to adesxtent also CTLA-4 engagement, can inhibit
glycolysis, thus suggesting a role for inhibitosceptor signaling in the exhausted T cell metabolis
(Bengsch et al., 2016; Chang et al., 2015; Pargl.e2005; Patsoukis et al., 2015). In the LCMVdwglo

of infection, a down-regulation of glycolysis anxidative phosphorylation associated with mitochaaddr
depolarization are typical of the early stages xifiagistion (Bengsch et al., 2016). These metabolic
alterations are more evident in the PDhan in the PD'T' subsets of exhausted CD8+ T cells and are
maintained also during chronic infection in latehausted T cells (Blackburn et al., 2008). PD-1 can
attenuate downstream TCR signaling through itsagsflular tail containing an immunotyrosine
inhibitory motif (ITIM) and an immunotyrosine switamotif (ITSM) that recruit phosphatases, such as
SHP-2, and mediate the dephosphorylation of key &gRal transducers (Chemnitz et al., 2004; Hui et
al., 2017; Okazaki et al., 2013; Riley, 2009; Stedpet al., 2004). The PD-1/PD-L1 binding resuits i
the generation of microclusters around the TCR dergYokosuka et al., 2012) with inhibition of

proximal TCR mediators, such as PI3K and Akt/mT®Rr{da et al., 2014; Okazaki et al., 2013).

PD-1 ligation leads to a profound metabolic repangming towards a memory-like phenotype by
blocking glycolysis and glutamine activity, redugirnTOR-mediated expression of GLUT1 and
glutamine transporters, and activating mitochondijgd metabolism (FAO) through induction of the
fatty acid transporter CPT1a to support the utiicraof fatty acids as an energy source (Fig. &n@sch

et al.,, 2016; Chang et al., 2015; Keir et al., 20@&ry et al., 2005; Patsoukis et al., 2015). His1-
mediated metabolic shift from an anabolic and dijtio towards an oxidative and mitochondrial
metabolism was observed early during persistentrmawhronic infectiorin vivo (Bengsch et al., 2016).
In this scenario, the deterioration of the globakdll function may be due to the generation of an
oxidative environment, induced by increased beidaiion in a setting of @deficiency such as in the

hypoxic liver, leading to ROS accumulation as obsérin HBV-specific CD8+ T cells during chronic



infection (Fisicaro et al., 2017b). In line withighT cell activation followed by PD-1 ligation csed
depletion of the cellular antioxidant glutathio®SH) consistent with ROS increase and subsequent
oxidation-induced cellular damage (Patsoukis et a015). Indeed, depending on the extent of
accumulation, mitochondrial reactive oxygen spe¢BROS) can contribute to T cell activation or can
have a detrimental effect on cell viability (Makadt, 2017; Mehta et al., 2017; Sena et al., 2&lska et

al., 2016). High mROS levels can lead to increadisdupted mitochondria, causing a reduction in

proliferative capacity associated with apoptosisiction (Mehta et al., 2017)

Another key feature of exhausted T cells duringsiséent infection is the upregulation of the thyiytec
selection-associated high mobility group box pm{diOX) expression (Alfei et al., 2019; Bordon, 201
Khan et al., 2019; Sekine et al., 2020; Yao et 2019). TOX is known to be necessary to develop
progenitor-like CD8+ T cells distinct from memoryepursor cells originating in acute infection, even
before the peak of the T cell response. In chranfection it is more expressed in the terminally
exhausted antigen-specific CD8+ T cells with argepome distinct from that of the progenitor-likdise
(Alfei et al., 2019; Khan et al., 2019; Yao et &Q19). Interestingly, beyond its positive roletire
maintenance of antigen-specific CD8+ T cells duiiregsistent infection, TOX is also directly involive

in CD8+ T cell metabolic gene regulation. Indee@XTupregulation leads to increased expression of
genes involved in the hypoxia responses and to vandnodulation of genes regulating oxidative

phosphorylation, mTOR signaling, IFNresponse and DNA repair (Yao et al., 2019).

2. OXYGEN LEVEL EFFECTS ON T CELL METABOLISM

2.1 Hypoxic environment. Further important aspects in the regulation ol metabolism rely on the

oxygen tension levels in specific tissue microemwnents. Most cellular processes are strictly dégen
upon oxygen availability and different tissues antls show different susceptibility thresholds {pbxia
(Choudhry and Harris, 2018; Lee et al., 2020; Majdar et al., 2010; Palazon et al., 2014; Phan and

Goldrath, 2015). To avoid possible severe effecased by oxygen deprivation, mammals have



developed a tight regulatory system to deal withdxc conditions. Hypoxic responses generally start
1% O, (PO, < 1 kPa or< 7-10 mm Hg).In order to appreciate the range of oxygen leveldifferent
body compartments, we must consider that maximae@els (13% @ with 13 kPa/98 mm Hg) are
reached in pulmonary vessels after oxygen inspinaind decline to 5% fn the tissue venous blood, to
3-5% in the interstitial tissue spaces and toid%tracellular compartments (Choudhry and Ha218;

Majmundar et al., 2010; Palazon et al., 2014; Wiilsbal., 2014).

Hypoxia can be present in physiologic conditiondé@althy individuals in a range of tissues, inahgdi
also specific areas of the liver. Oxygen tension deamatically decrease in pathological conditiohs
tissue inflammation and necrosis, as in solid tad infections, where increased interstitial emlean
impair oxygen transport to the cells, elevated terafure can induce higher, @onsumption and
infiltration and accumulation of metabolically a&iimmune cells can rapidly use local oxygen (Chen
and Lou, 2017; Dimeloe et al., 2016; Gropper et2017; Ju et al., 2016; Lee et al., 2019; Nath and

Szabo, 2012; Rosmorduc and Housset, 2010; Wilsah,&014).

Since T cells are continuously trafficking from Igphoid organs to patrol peripheral tissues for promp
intervention at infected and inflamed sites, thaystrbe prepared to sense and adapt their metabtaism
the continuous changes in different microenvirontsieeven under homeostatic conditions. T cell
adaptation to low @levels is primarily determined by hypoxia indueifactors (HIFs), which trigger the

metabolic reprogramming needed for adequate sugdmyergy and production of nutrients/intermediates
for cell growth and division (Fig. 2) (McNamee ¢t, 2013; Phan and Goldrath, 2015; Sormendi and
Wielockx, 2016). HIFs are heterodimeric transcaptifactors, known as the master controllers of the
hypoxic response, involved in transcriptional repesmnming in all cells and tissues. HIFs are comgose
of an oxygen-sensitive a-subunit (HIF-1a, HIF-2aHF-3a) and of a constitutively expressed b-subuni
(HIF-1b, HIF-2b, and HIF-3b). Under normal oxygemnditions (normoxia), HIl& undergoes

hydroxylation, by oxygen-dependent prolyl hydroxdadomain enzymes (PHD1, PHD2 and PHDS3; T

cells constitutively express PHD2) as well as hyaaaginyl hydroxylase enzyme FIH (Factor Inhibiting



HIF). Then, after binding to the Von Hippel-LinddB8 ubiquitin ligase complex, HIFa undergoes

ubiquitination and degradation (Lee et al., 2020).

When T cells infiltrate a hypoxic tissue1% O,), the hydroxylation enzymes, which require oxygen
co-factor, become unable to mediate #lfegradation (McNamee et al., 2013). Following iitadtion,
HIFa dimerizes with HIB, translocates in the nucleus and binds to thetigpesponse elements (HRE)
within a variety of HIF target genes leading toitlaetivation (Fig. 2) (Lee et al., 2020; McNameeak,

2013).

Enhanced HIk expression can also be induced in the presenceyafen by abrogation of ubiquitin-
mediated HIF degradation and upregulationHiffla gene transcription in response to stimuli able to
trigger T cell receptor (TCR), Toll-like receptdfL(R) and co-stimulation signaling pathways leadiog

MTOR activation (Doedens et al., 2013; Phan andii@ti, 2015).

While HIFo activity seems to be unnecessary in the first 24 activation for the initial transition to a
glycolytic metabolism, HIF-4 may be involved in sustaining glycolytic metabaligluring the T cell

response (Doedens et al., 2013; Phan and Gol@@1h).

In CD8+ T cells HIF-1 activity drives the expregsiof a number of genes necessary for the shift to a
glycolysis-oriented metabolism. Since activated €llschave increased energetic demands to support
proliferation, which are met by a metabolic repeogming to aerobic glycolysis and glutamine
catabolism, TCR triggering activates a signalingceale which finally ends with the activation of the
transcription factor c-Myc and HIFel Thus, HIFs not only control the transcriptionebgram for T cell
adaptation to reduced oxygen levels but also dautiito the T cell metabolic reprogramming assediat
with T cell activation in normoxic conditions. Syfezally, HIFs enhance glucose uptake through
upregulation of the gene encoding the glucose pamer 1 (GLUT1) and decrease the mitochondrial
oxygen consumption through the activation of gecading for three main metabolic targets, such as
lactate dehydrogenase A (LDHa), pyruvate dehydragekinase 1 (PDK1) and hexokinase (HK) (Fig. 2)

(Cretenet et al., 2016; Dimeloe et al., 2016; Paad Goldrath, 2015; Xu et al., 2016). By increasing



LDH expression, the pyruvate metabolism to lacteestrongly induced. PDK1 inactivates the
mitochondrial pyruvate dehydrogenase complex whishally converts glycolysis-derived pyruvate to
acetyl-coA, thus blocking pyruvate oxidation in tiiitochondrial Krebs cycle. HK is a key glycolysis
enzyme which generates the essential intermediat@ge-6-phosphate through glucose phosphorylation
(Kim et al.,, 2006; Phan and Goldrath, 2015). Tkdads to a reduced availability of pyruvate for
mitochondrial fueling and to regeneration of NAD-hieh is needed to support glycolysis and DNA
repair mechanisms, both essential for successgrpssion of the early phase T cell proliferatioodt
(Man and Kallies, 2015). Thus, all these HIF effeeventually translate into a metabolic switch from
oxygen-consuming pathways to oxygen-independerntogitic ATP production (Phan and Goldrath,

2015).

This metabolic reprogramming underlies a seriesT ofell functional changes observéd vitro at
physiologic Q levels which have more extensively been charaedrin models of cancer pathology
(Chouaib et al., 2017; Noman et al., 2015; Petreval., 2018). These include redugaaliferation
following TCR engagement, altered cytokine productivith increase in IL-17 production and Thl7
differentiation, through transcriptional activatiofithe retinoic acid-related orphan recepto(RORM®),
the key transcription factor for differentiation ©h17 cells (Fig. 2) (Dang et al., 2011; Shi et 2011).
Consistent with the HIF involvement in metabolidfstowards glycolysis, HIF-a is highly expressed by
Th17 cells, which preferentially use glycolysisrteeet their energy requirements. Instead, HIFs have
been reported to have a negative role in the diffiéation of Treg cells, which rely preferentiatin
OXPHOS and lipid oxidation for their energetic dewms (Dang et al., 2011; Shi et al., 2011). In casttr
with this conclusion, however, some studies repbrfereg cell differentiation through direct

transcriptional induction of FoxP3 by hypoxia andFrKBen-Shoshan et al., 2008; Clambey et al., 2012)

In hypoxic conditions CD8+ T cells increase thejtid activity, with the upregulation of cytotoxic

proteins, such as granzyme B, TCR and adhesioncoleke but decrease their proliferative and



differentiation capacities (Fig.2) (Caldwell et,a2001; de silly et al., 2015; Nakagawa et al., 201

Vulillefroy de Silly et al., 2016).

Moreover, hypoxia directly increases PD-L1 expmsdiecause HIFelis a major regulator of PD-L1
MRNA; this PD-L1 upregulation may thus favor T ceiisfunction by triggering the inhibitory PD-1
signaling (Barsoum et al., 2014; Fisicaro et @2® 2018; Labiano et al., 2015; Noman et al., 2014
Wen et al., 2020). Other HIkltranscriptional targets are the ATP metabolizimgyenes CD39 and
CD73. They promote the generation of the immungmgsive metabolite adenosine (5-AMP), which
inhibits T and NK cell cytotoxicity within liver tmors favoring accumulation and activation of MDSCs

and Treg cells (Chiu et al., 2017; Ohta, 2016;&isky and Lukashev, 2005).

2.2 The liver microenvironment. The liver has a peculiar anatomical structure w&itjradient of oxygen

tension from the portal venules and the hepatieriates, which contain oxygenated blood enterirg th
sinusoids where oxygen is consumed (principallytiy hepatocytes), to the central vein, containing
oxygen depleted blood. @oncentrations range from approximately 12% sumimgthe portal vein to
1% in the proximity of the central vein. Althoudtethealthy liver environment is not severely hypoxi
modest Q@ changes, such as during viral hepatitis, metalutiiorders, steatohepatitis and inflammation,
can induce a hypoxic response with HIFs activatiatably, both hepatitis B and C viruses are able t

induce a hypoxic-like microenvironment through Hléprotein stabilization (Wilson et al., 2014).

Interestingly, specific populations of memory Tz{J cells have adapted to survive in individual organ
microenvironments and persist after pathogen aoheardn peripheral tissues without reentering the
circulation (Kim et al., 2020; Maini and Burton, ) Pallett et al., 2017). Similar CD8+ T cell setss
are enriched within the liver where they expressimtitive phenotypes characterized by TBd&ome&"
Blimp-1"" and by hepatic homing markers, such as CD69+ CPID8CR6+ CXCR3+ (Pallett et al.,
2017). This functional memory population selectjvptesent within the liver is highly represented in

chronic HBV patients with low viral load and pattimmune controlAlmost all tissue-resident memory



T cells in HBV-infected livers express PD-1 (mohart 90%) (Fisicaro et al., 2010) and can display a
specific noncytolytic response against multiple HBkoteins, with high autocrine IL-2 expression and
low granzyme B production. To maintain mitochonlfitness they express high autophagy levels to
target damaged, depolarized mitochondria to theslysie compartment for their removal. T cells with
the highest level of autophagy are those that espiee tissue-retention markers CD69+ and CD108+ an
express better cytolytic and proliferation activigfficient autophagy, therefore, is likely requiréo

allow T cells to respond to stimulation and retfifector functions (Swadling et al., 2020).

In addition to metabolic reprogramming induced ibgd hypoxia, other mechanisms can modulate T cell
metabolism in the liver microenvironment. Among dbgarginine depletion caused by the increased
expression of the arginine metabolizing enzymenagg | released from liver infiltrating myeloid-tled
suppressor cells and from damaged liver cells mordbally infected livers, can downregulate the GD3
chain with inhibition of T cell proliferation by Tell arrest in GO/G1 (Fig. 3) (Fisicaro et al., @p2
Gabrilovich and Nagaraj, 2009; Munder et al., 200&ston et al., 2019; Zeng et al., 2019). A similar
effect can be induced by L-tryptophane-degradingyees (TDO - TRP 2,3-dioxygenase - or IDO -
indoleamine 2,3 dioxygenase) which can cause tpjf@oe depletion and production of the
immunoregulatory metabolites L-kynurenines. Whil®Q is constitutively expressed in the liver,
conversely, indolamine 2,3-dioxegenase 1 and 2 {ID&hd IDO-2) are expressed by liver-infiltrating
immune cells (myeloid cells, such as monocyte/maltages and dendritic cells) and potently activated
by pro-inflammatory cytokines, such as If+ TNF-a and by superoxide anions{Q(Fig. 3) (Fisicaro

et al., 2020; Heymann and Tacke, 2016; Mellor anchiv] 2004; Van der Leek et al., 201¥he local
kynurenine/tryptophane balance can affect metaiadind signaling pathways of immune cells. Indeed,
increased kynurenine production and tryptophan edigwl induced by inflammation activate the aryl
hydrocarbon receptor (AhR) transcription factor,iahhgoverns expression and secretion of IL-10 and
TGF-b, thereby creating a suppressive microenviemniavorable to Treg cell generation (Mezrich et

al., 2010; Sorgdrager et al., 201Bpw tryptophane concentrations in the presenceyatlrines in the



culture medium, was observed to induce the downtatign of the TCR. chain, with impairment of
both proliferation and cytokine secretion by CD8<dlls (Fallarino et al., 2006up to T cell apoptosis
(Fallarino et al., 2002) associated with the emeegeof IL-10 and TGH- producing CD4+ Treg cells

(Fallarino et al., 2006; Travis and Sheppard, 2014)

Tryptophane and L-arginine deprivation can triggg@ompensatory upregulation of system L transpmorter
in CHB patients, as suggested by the percenta@b@B positive HBV-specific CD8+ T cells detected
within the liver (Pallett et al., 2015). This canhance T cell uptake of essential amino acids, like
phenylalanine and leucine, which can compensaiaiaegand tryptophane depletion in the regulatibn o

T cell effector function through the mTOR kinase.

3. CD8+ T CELLS IN CHRONIC HBV INFECTION.

The hepatitis B virus (HBV) is a double-stranded MNirus with a specific liver tropism. The liver
damage during HBV infection is primarily the resoft the host immune response, which causes the
destruction of the infected liver cells, as a prote mechanism to eliminate the virus localized
intracellularly. The type of virus/host's immunestgm interplay is responsible for the fate of itifat
towards control or chronic persistence of the vimigparticular, the adaptive cell-mediated resgansns

out to play a key role in determining whether iti@e will be self-limited or chronic (Bertoletti dn
Ferrari, 2016; Guidotti and Chisari, 2006; Reherm&913; Rehermann and Nascimbeni, 2005). Among
virus-specific T cells, the CD8+ T cell populati@s contracted in number and greatly impaired in
function when the infection persists and liveranfimation becomes chronic. This functional impairmen
involves both antigen-specific CD8+ T cell cytotytctivity, which is mostly mediated by perforinsda
granzyme B, and non-cytolytic functions, which ediminate intracellular virus by the secretion BNl

and TNFx without killing the infected hepatocyte (Bertoletind Ferrari, 2016). It is becoming
increasingly clear that the distinction of HBV-sifiecCD8+ T cell subsets is far more complex beeaus

crucial differences are associated with differeagrées of terminal differentiation towards funcébn



effectors or dysfunctional exhausted CD8+ T cellndividual patients with a possible role for difént
HBV antigen specificities (Cheng et al., 2019; Heogen et al., 2018; Rehermann and Thimme, 2019;
Schuch et al., 2019). Patients with chronic HB\éation have reduced frequency of HBV-specific CD8+
T cells as a result of an early activation of aptiptprocesses during infection; in their inductidime
apoptosis-activating BCL-2-interacting mediatorcefl death (BIM) molecule has been shown to play a

relevant role (Fig.3) (Holz et al., 2008; Lopeskt 2008).

The persistent exposure to high antigen load cem @ntribute to T cell attrition, especially withihe
inflamed liver, by triggering a process of functidrexhaustion which can eventually lead to T cell
apoptosis if the antigenic epitope recognized leyTER is highly expressed and the TCR/peptide-MHC
interaction is of high affinity (Holz et al., 200&churich et al., 2011). Upregulation of co-iniobjt
ligands, such as PD-L1, on different populationgpafenchymal and non-parenchymal liver cells and
their binding to the corresponding T cell inhibjtaeceptors is central to this mechanism (Fig F&ng et
al., 2015; Heymann and Tacke, 2016; Horst et 81162 Z.-Y. Huang et al., 2017; B.-J. Wang et al.,

2011).

Also peripheral and liver-resident NK cells can atgely regulate HBV-specific CD8 T cell survivay b
killing them and causing their depletion through #ttivation of NK cell lytic mechanisms sustairgd
NKG2D and/or TRAIL receptor/ligand pair interactorbetween NK cells and T cells within the
chronically HBV infected liver (Fig. 3) (Boni et.al2015; W.-C. Huang et al., 2017; Lang et al.,201

Peppa et al., 2013; Waggoner et al., 2011).

Additional general T cell attrition mechanisms whigre not HBV-specific may be operative within the
liver. For example, Kupffer Cells (KCs) may haveregulatory role which relies on their inducible
expression of Fas-L by IFMproduced by antigen-triggered T cells or by guivda endotoxins, which

can lead to direct apoptotic elimination of actdtT cells in the liver (Fig.3) (Horst et al.,, 2016

Muschen et al., 1999; Uchikura et al., 2004).



HBV-specific CD8+ T cells which survive these ditih mechanisms, are poorly functional in terms of
cytokine production, cytotoxicity and expansion aeify as compared to memory CD8+ T cells of
spontaneously resolved acute HBV patients (Bett@et! Ferrari, 2016; Boni et al., 2007; Ferrarakt

2017; Knolle et al., 2015; Maini and Burton, 2088iin et al., 2016).

Recent studies have provided some novel importenglits into our understanding of the molecular and
metabolic mechanisms underlying the T cell failimethe control of persistent viral infections. The

discussion of these new data will be the focuhiefdecond part of this review.

4. MOLECULAR AND METABOLIC DYSFUNCTION OF HBV-SPECI FIC CD8+ T CELLS IN

CHRONIC HEPATITIS B

The HBV-specific adaptive immune response is silelgt able to recognize and hit HBV by targeting
the infected hepatocytes, but virus-specific T scalte deeply dysfunctional in CHB. Thus, their
functional restoration represents a rational apgrofor novel and innovative immunotherapies and

understanding the molecular and metabolic basisa#ll dysfunction is essential in this perspective

First of all, exhausted HBV-specific CD8+ T cellgpeess high levels of checkpoint inhibitory recepto
including PD-1, CTLA-4, TIM-3 and CD244, which ameore strongly upregulated on intrahepatic HBV-
specific CD8+ T cells and can affect T cell metaol (Fig. 3) (Boni et al., 2007; Fisicaro et aD12,
2010; Nebbia et al., 2012; Raziorrouh et al., 2@dhurich et al., 2011). For example, engagemetiteof
upregulated PD-1 with its upregulated ligand withire liver can cause glycolysis inhibition. The
expression of inhibitory receptors is not homogesgodistributed in the overall HBV-specific CD8+ T
cell population because different ratios of moréess terminally differentiated CD8+ T cell subssith
different phenotypic and functional features caregist in individual infected hosts (Cheng et 2D19;
Hoogeveen et al., 2018; Schuch et al., 2019). latiom to their relative prevalence, the capaciy t

control infection of each individual patient isdil different as well as the capacity to respomditro



(and presumably for inference alsovivo) to immune modulation. This is similar to what d#ésed in
chronically LCMV infected mice where the expressiminthe transcription factors Tbet and EOMES
allows to define two differently programmed subsetfe small Thet PD™ progenitor pool
characterized by residual proliferative potentiadl Zapacity to produce cytokines is more responsive
the PD-1 pathway blockade restoration effect. Coaelg, the numerically larger population of EOMES
terminal progeny featured by a higher expressioR@fl and other inhibitory receptors, displays fadi
proliferative capacity and little or no responsePtio-1 blockade (Doering et al., 2012; McLane et al.

2019).

A phenotypic and functional HBV-specific CD8+ T Icéketerogeneity is a feature of CD8+ T cells
targeting different HBV proteins (Cheng et al., 20Hoogeveen et al., 2018; Schuch et al., 2019).
Indeed, a more severe degree of T cell exhaustitmmore profound functional impairment associated
with up-regulation of CD38, KLRG1 and EOMES butuetion of Thet and CD127 has been reported for
virus-specific CD8+ T cells targeting polymerasétapes compared to CD8+ T cells specific for the
HBV core protein. The latter displays an enhancedlifprative capacity associated with a more
protective memory-like CD127+PD1+ phenotypic pefiHoogeveen et al., 2018; Schuch et al., 2019).
However, phenotypic and functional HBV-specific CD& cell heterogeneity cannot be simply
explained by a different antigenic specificity besa variability in subset representation can bemiesl
also in the context of CD8+ T cell populations ofgée epitope specificity, such as HBV core 18-27

specific CD8+ cells (Personal communication, C. iBbh Rossi, A.Vecchi and C. Ferrari).

The overall exhausted CD8+ T cell population frohromically infected patients shows a distinctive
transcriptional fingerprint which translates intpesific metabolic and signaling abnormalities withi
HBV-specific CD8+ T cells (Fig. 3), which in turepresents the molecular basis of the anti-viral €D8
T cell dysfunction. A major transcriptional deregpivn in CD8+ T cells involves mitochondrial genes
with enrichment in downregulated transcripts ralatekey mitochondrial processes, such as therelect

transport chain, the transport across mitochondneinbranes and cellular metabolism, comprising fatt



acid oxidation and amino acid metabolism. In additialso genes coding for important components of
the cellular machinery responsible for transcriptand/or translation as well as heme and other Fe2+
containing cofactor biosynthesis and genes relatdle mitochondrial quality-control system apptar
be significantly downregulated in exhausted CD8gells (Fisicaro et al., 2017b). Importantly, thisles
transcriptional deregulation translates into a |pglralteration of the corresponding protein levalsd
mitochondrial functions. Indeed, dextramer-positv®8+ T cells from patients with chronic infection
display reduced mitochondrial polarization and mdsegenesis and show significantly higher
mitochondrial ROS content, as compared to healtimtrols and patients able to resolve HBV infection

spontaneously.

ROS are signaling molecules which are needed fm@lTactivation. However, if their production exdse
the cellular anti-oxidant neutralization capacthey can become harmful to the cell function bysiagl
cellular damage at DNA and protein/organelles kewid possible proteostasis engulfment. This is the
situation detected in HBV-specific CD8+ T cells mdtients with chronic HBV infection that show

accumulation of abnormal quantities of intraceldggresomes (Fig. 3) (Fisicaro et al., 2017).

Misfolded/damaged protein digestion and recyclprimarily accomplished by the ubiquitin-proteasome
system and by autophagy, which is a lysosome-netlidegradation pathway involved in aggregated
protein removal and in cytoplasmic organelle tuero\Kocaturk and Gozuacik, 2018). Interestinglgoal
mitochondria play a role in cytosolic aggregateasiembly by the active import of proteins into the
mitochondrial matrix for protease digestion (Ruéuale 2017). In case of oxidized protein accumatat
derived from excess ROS production by dysfunctiamitochondria, the proteasome and autophagy
systems are expected to increase their functi@veid a pathologic accumulation of protein aggregat
which can form cytotoxic complexes harmful to thedll function (D’Amico et al., 2017; Gumeni and
Trougakos, 2016; Sorrentino et al., 2017; Tsakiriak, 2019; Widjaja et al., 2017). Excess ROS
production can also lead to DNA damage and subsg@ativation of cellular DNA repair mechanisms

(Korovila et al., 2017). If ROS overproduction bews persistent, as a result of a chronic T cell



stimulation by persisting HBV antigen productioti,these cellular protein/DNA quality control syste

can be overwhelmed becoming insufficient to guaarg normal protein/organelle turnover and DNA
repair (Fernandez-Mosquera et al., 20T%)is can be ultimately deleterious for the celldlanction with
possible progression to cell death (Berges e28D9). In this condition of chronic liver inflamnia,
HBV-specific CD8+ T cells from chronic HBV patierghow a strong downregulation of genes related to
proteasome and lysosome function as well as DNAag@mesponses (Fisicaro et al., 2017). The former
include genes coding for 26S proteasome subunitsnblecules required for autophagosome formation,
such as clathrin, autophagosome maturation, suGCEASP2, autophagosome degradation, such as the
TCIRGL1 or ATP6VOC H+-ATPases, as well as genesngpftir components of the lysosome degradation
machinery, including peptidases and galactosylcetasaes (Fisicaro et al., 2017). Among DNA repair
transcripts, both p53-dependent (such as the ATiMde) and p53-independent (RAD 17, 21, 23A and
23B) DNA-repair protein coding genes appear toigeificantly downregulated as well as genes coding
for the repair DNA polymerase POLH and for protewith a specific role in genome-integrity defense,
such as the telomere protein TERF2IP (Fisicaro lgt 2017b). This transcriptional deregulation
corresponds to a real functional impairment of hmibteostasis and DNA damage responses (P. Fisicaro
et al.,, 2017) as indicated by an abnormal accuionladf intracellular aggresomes and an altered
autophagosome function with impaired generatiomutbphagic vesicles in HBV-specific CD8+ cells

(Acerbi et al., 2020n press) and an impairment of some DNA repair mechanisms.

Although down-regulation is the prevalent transimipal phenotype of exhausted T-cells, some genes
appear to be upregulated and this may further $yripleé T cell functional impairment, because mdst o
these upregulated genes encode negative transoaptiegulators or otherwise repressive molecules,
including for example multiple C2H2 zinc fingersdaiKRAB domain-containing proteins, and the

histone deacetylase HDAC1 (Fig. 3) (Fisicaro et2417b).

The overall picture emerging from all this new imfmtion on exhausted HBV-specific CD8+ T cells is

consistent with a deep cell impairment at biosytithgenome safeguard and energetic/metabolicdevel



with the involvement of multiple pathways and clfuprocesses, centered on mitochondrial dysfunctio
and overwhelming ROS production. This mitochonddgkfunction is associated with an increased
expression of functional Glutl transporter molesulgpon antigenic stimulation, suggesting the
functional dependency of HBV-specific CD8+ T cails glycolysis (Fig. 3) (Schurich et al., 2016). Fhi
is supported by the finding that CD8+ T cell cudtun galactose, to block glycolysis, abrogates ldye
production, showing that energy supply in exhaust8d/-specific T cells relies on glycolysis and that
glycolysis cannot be compensated by other metahudithways (Schurich et al.,, 2016). Thus, the
impaired effector function of HBV-specific CD8+ Elts should not be due to a lack of glucose uptake
but rather to their poor capacity to use oxidafW®sphorylation to support their energy requiremment
This makes T cells unable to undergo metabolic oggamming from glycolysis to oxidative

phosphorylation to meet the bioenergetic demangsaiéctive T cell memory development.

Interestingly, while high PD-1 expression in exhiiadsT cells is associated with a greater GLUT1
expression and low mitochondria functionality, iarlg activated CD4 T cells PD-1 engagement can

reduce glycolysis and promote mitochondrial fattidaoxidation (Patsoukis et al., 2015).

In fact, exhausted HBV-specific T cells depict@nplex scenario which could be, at least in part, a
consequence of the hypoxic milieu of the liver.tihis compartment HIFs signaling can induce the
transcription of Glutl as well as of several rameiting glycolytic enzymes which may allow to
overcome the energy imbalance due to the hypoxiaced decline in mitochondrial activity, as

suggested also by Mala Maini’s group (Schurich.eQ16).

As reported in chronic viral infections in mice,cé&ll exhaustion in these models is associated avith
altered chromatin accessibility and the acquisitadntranscriptionally repressive DNA methylation
profiles involved in establishing stable gene-silag programs which are only partially remodeled by
PD-1 blockade (Ahn et al., 2016; Ghoneim et all2Xhan et al., 2019; Pauken et al., 2016; Sexh. et
2016). Also in HBV specific CD8+ T cells the profuliand extensive gene downregulation is associated

with enhanced expression of negative transcriptioegulators, such as for example the histone



deacetylase HDAC1 (Fisicaro et al., 2017b), sugogshe establishment of extensive epigenetic chsng
throughout the infection lifespan raising the umedl issue of whether metabolic/signaling corredion

can allow to reacquire durable immune memory, a@aphgdf viral antigens persist.

5. STARTEGIES FOR T CELL METABOLIC RESTORATION

Novel potential immunomodulatory approaches relytamgeting different cellular components of the
immune system. In particular, some strategies aiatedl cell functional restoration in CHB infection,
such as cytokine-mediated immune modulation, résudt shift in T cell metabolism. For example, the
treatment with the pro-inflammatory cytokine IL-&¢@n improve the HBV-specific CD8+ T cell function
with a more powerful effect when it is combinedmiRD-1 blockade. IL-12 alone is effective in restgr
both cytokine secretion and cytotoxic activity, wethg Bim-mediated apoptosis, due to the increased
expression of the cytokine-regulatory transcriptiiactor Tbet, along with PD-1 and Bim decline
(Schurich et al., 2013). IL-12 can act on mitoch@additness by reducing the percentage of depodati
mitochondria and can reverse T cell dependencelymolgsis for effector functions (Schurich et al.,
2016). However, systemic IL-12 administration imeer trials was poorly tolerated; this represents a
possible limitation to its usin vivo for the treatment of CHB patients, although aichhtrial with a
DNA vaccine for CHB based on plasmids encodinglyratein sequences in association with a human
IL-12 plasmid is currently ongoing (Boni et al.,1®&; Maini and Burton, 2019; Maini and Pallett, 201
Schurich et al., 2016) . In addition, IL-12 modidatwith possible restoration of HBV-specific CD&+
cell responses may also be mediated by TLR-8 agdhfs-9688 administration, which is under
evaluation in a phase Il trial for CHB patients gtcal., 2014; Mackman et al., 2020; McGowan et al.

2016).

A recent study showed that also IL-2 treatmentwkndo be able to stimulate both glucose and amino
acid uptake as well as the expression of genedviestan protein and lipid biosynthesis (Finlay &t a

2012; Kalia et al., 2010; Man and Kallies, 2015kt et al., 2010), can lead to a better T cekeafir



differentiation of HBV-specific CD8+ T cells. Indéethrough the administration of recombinant ILe2 t
HBV transgenic mice, virus-specific CD8+ T cellstaged their ability to proliferate and differenéadn
IFN-y-producing cells (Bénéchet et al., 2019). Thesdiffigs were confirmed imn vitro experiments,
where virus-specific T cells from immune-tolerarBWinfected patients were rescued by IL-2 addition,
reaching the mean IFN-production level observed in immune-active patigfi@énéchet et al., 2019).
These results show the potential effectiveness wiodified IL-2 molecule (named IL-2c), which had
been adapted for the reduction of toxic systemiiecé$ and for targeting only CD8+ T cells instedd o
Tregs, as a new immunotherapeutic approach in ehtdBV infection (Bénéchet et al., 2019; Spolski et

al., 2018).

Also the effectiveness of the checkpoint blockagpreach, widely described in the context of chronic
HBYV infection (Boni et al., 2019a, 2007; Evans kf 2008; Fisicaro et al., 2012; Maier et al., 2007
Maini and Burton, 2019), can be attributable to eell metabolic modulation. PD-1 has been shown to
negatively regulate PI3K and Akt/mTOR signalingshieh in activated T cells represent the main
metabolic transducers for the direct engagemeglyoblysis (Patsoukis et al., 2015). Thus, PD-atiign
was observed to induce an enormous metabolic regroging toward a memory-like phenotype by
blocking the glycolytic and glutaminic activity,decing the mTOR-mediated expression of GLUT1 and
glutamine transporters, and activating mitochordipéd metabolism (FAO) through the induction tiet
fatty acid transporter CPT1A to support the uttiiza of fatty acids, as an energy source (Bengseih. e

2016).

The importance of ROS neutralization for the fumaél recovery of exhausted HBV-specific T cells has
been reported in a study from our group. Upon expo$o mitochondria-targeted antioxidants, such as
the ubiquinone-derivative MitoQ and the superoxiggnutase mimetic MitoTEMPO, CD8+ T cells from

chronic HBV patients showed an increased exparmsapacity and a polyfunctional cytokine restoration
(Fisicaro et al., 2017b). These ROS scavenger congscaused also the reduction in AnnexinV+ virus-

specific CD8+ T cells, typically associated withopfosis, likely due to the observed increase in



functional mitochondria and in the expression @ction transport chain mitochondrial proteins. This
restoring effect has been shown also in liverdirgfiing CD8+ and CD4+ cells isolated from liver oy

tissue of CHB patients (Fisicaro et al., 2017b).

Also the treatment with the ROS scavenger NAC watet on dysfunctional and so-called ‘suppressor’
CD8+ T cells in CHB patients, intriguingly reducifig10 production and increasing IFNin the overall
CD8+ T cell population, again confirming the detetes role of ROS in T cells from CHB patients

(Mohanty et al., 2020).

In addition to mitochondria alterations, in chroiepatitis B antiviral T lymphocytes resulted deepl
impaired with several metabolic and intracellulaysfdnctions, such as deregulation in protein
degradation mechanisms (Acerbi et al., 20B0press; Fisicaro et al., 2017b), which represent an
appealing therapeutic target to cure CHB by fumetiol cell reconstitution. It is known that natural
polyphenols, such as resveratrol and oleuropesiefcAMPK phosphorylation with sirtuin upregulation
and induce an antioxidant response on cells undeygaxidative stress (Bruckbauer and Zemel, 2014;
Dhouafli et al., 2018). In factn vitro exposure to resveratrol and oleuropein polypheneds able to
improve both the mitochondrial function, with retloo of ROS accumulation and depolarized
mitochondria, and proteostasis, with diminutioruafolded protein aggregates together with recooéry
the antiviral T cell function (Acerbi et al., 2026 press). This effect was further strengthened in a
significant proportion of patients by the associatof polyphenols with antioxidant compounds, sash
MitoQ and MitoTempo (Acerbi et al., 2020 press). Thus, the combination of antioxidants and natura
polyphenols represents a promising strategy foormibrHBYV infection which could be alternative or
complementary to the checkpoint blockade, in otderestore T cell function and responsiveness to

antigen stimulation and render HBV-specific T cefigre sensitive to therapeutic vaccination.



6. WHERE ARE WE GOING?

Many novel therapeutic strategies are currentindpg@iroposed and some of them tested in the clinics
fulfill the need of a sustained and off-treatmempEression of HBV replication in chronically infect
patients by restoring HBV-specific adaptive immuasponses (Boni et al., 2019b; Fanning et al., 2019

Rehermann and Thimme, 2019; Reuvill et al., 2019).

As chronic HBV infection is the result of HBV-spéciimmune tolerance, breaking local mechanisms of
immune silencing and restoring HBV-specific immuesponses may eventually allow HBV clearance.
The most promising therapeutic approaches to mest@ T cell function include checkpoint blockade
(Baumeister et al., 2016; Fisicaro et al., 2018iriAand Burton, 2019; Nebbia et al., 2012; Pardzii] 2;
Raziorrouh et al., 2010; Wu et al., 201@3pecially PD-1/PD-L1 interaction blockade (Bengstfal.,
2014; Fisicaro et al., 2012; Jacobi et al., 20f®tabolic and mitochondrial targeting (Bénéchedlget
2019; Fisicaro et al., 2017b; Schurich et al., 202®13), therapeutic vaccination (Boni et al., 2919
Cavenaugh et al., 2011; Dembek et al., 2018; Foatat al., 2015; Godon et al., 2014; Kosinska .et al
2017; Li et al., 2017; Lobaina and Michel, 2017;htb et al., 2018; Xu et al., 2013; Yoon et al120
Zhou et al., 2017Yyeduction of antigen load and blockade of inhikitpathways (Fig. 2) (Boni et al.,
2019b; Fisicaro et al., 2018; Gehring and Prot2€d9; Hoogeveen and Boonstra, 2020; Maini and

Burton, 2019).

In alternative, immune therapies can be aimedmaceng dysfunctional T cells by providing the iofied

host with newlyin vitro generated TCR-redirected T cells or CAR T cellsri@etti et al., 2017; Bohne

et al., 2008; Festag et al., 2019; Gehring eR8ll1; Kah et al., 2017; Koh et al., 2018; Krebalgt2013;
Kruse et al., 2018; Qasim et al., 2015; Tan et2419) Immuno-modulatory therapies could carry the
risk of going beyond immune control causing undesinepatic damage. Therefore, the combined use of
potent antiviral treatments and selective immunelutation may be the best strategy to accomplish a

functional cure for HBV, without inducing seversdile damage and disease progression.



In the perspective of new targeted therapeutic Ggmres, the issue of whether a metabolic recoery i
actually sufficient for functional restoration dfet anti-viral T cell function should be better asled.

Many different metabolic processes and signalinthways have been reported to be deregulated in
HBV-specific CD8+ cells of chronic HBV patients, thue still need to understand which ones of these

potential molecular targets are more suited tolacate a complete control of infection.

A key aspect of the immune-metabolic T cell alters which needs to be better investigated, iefmd

to what extent peripheral blood T cells can recdgte the front-line immune-surveillance mediatgd b
the liver infiltrating and liver-resident T cellshich are forced to survive and to express theiction in

a severely tolerogenic and hypoxic environment. afional design of functional cure strategies by
metabolic T cell modulation necessarily requiresbtetter delineate transcriptional, metabolic and
signaling features of intrahepatic HBV-specific Ells. This is mandatory for corredn vivo
reprogramming of the T cell responses to endurenttile liver microenvironment. In this respeat, a
important tool consists in the use of fine needlgirates (FNAs) for the study of liver tissue. Altigh
carefully conducted comparisons of FNAs and biapsidicated that also FNAs can allow to reproduce
the intrahepatic T cell compartment, the limiteanter of T cells that can be retrieved from indiddu

FNAs represents an important limitation to theie fr in-depth functional studies (Gill et al., 201

Among the molecular features underlying T cell exdtimn shared by peripheral blood T cells of défar
chronic viral infections (Chisolm and Weinmann, 8Qlderegulation of chromatin accessibility with
induction of repressive chromatin remodeling praggaighlights the possible role of epigenetic drugs
(Sen et al., 2016). Several epigenetic drugs aeady FDA-approved for cancer treatment (Dunn and
Rao, 2017; Weintraub, 2016). In HCV infection, eyigtic approaches have been successfully tésted
vitro by targeting the histone methyltransferases, EZM®2 G9a, which were transcriptionally
upregulated in exhausted T cells from HCV chronatignts, inducing restoration of CD8+ T cell

cytokine production, proliferation and metabolisBalfjli et al., 2020). A synergistic effect was ohsesl



between several epigenetic inhibitors (e.g. bloekafdlEZH2) and checkpoint blockade treatments (such

as with anti-CTLA-4 and anti-PD-1 treatment) (Goswat al., 2018; McGoverne et al., 2020).

Finally, infected patient heterogeneity represeat®ther issue to take into consideration in the
perspective of personalized therapeutic approaddestification of patient subgroups with different
propensity to respond to metabolic/immune modutatie compulsory and the use of artificial
intelligence, to make an exhaustive combined amsabfsgenetic, metabolic, signaling, functionalalat
each individual patient will hopefully allow to idefy a sensitive and specific prediction algorittion
chronic HBV infection, such as those used to diivenune-therapeutic choices in the cancer field

(Huemer et al., 2020).
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FIGURE LEGENDS

Figure 1. Metabolic profiles of naive, effector anadnemory CD8+ T Cells.
CD8+ T cells undergo sequential steps of metalyelicogramming during their differentiation to meet

the different energy requirements related to thigeaeffector and memory stages. Naive CD8+ T cells

(on the left) are metabolically quiescent with low metaboligntscriptional and translational activities,
low rates of oxygen and glucose consumption andnmaihbiosynthesis. Energy generation is primarily
dependent on mitochondrial oxidative phosphorytaff@XPHQOS). As a pro-survival factor for resting
peripheral naive T cells, IL-7 is critically impartt through the activation of the IL-7 receptor-{IR)
which leads to the activation of the PISK/Akt/mT@Rnaling pathway. The IL-7 signaling allows basal
regulation of glucose uptake and amino acids métahahrough cell surface trafficking of Glutl and
ASCT?2, respectively. The lack of adequate extrisgioals drives reduction in Glutl expression syl

in glycolysis drop and energy imbalance. Accordingl derived elevated AMP to ATP ratio activates
AMPK to sustain mitochondrial energy production doholcking anabolic mTOR activities (Jacobs et al.,
2010; Rathmell et al., 2000; Tan et al., 2001).

Effector CD8+ T cells rtiddle panel), upon antigen receptor stimulation, increase ajiygis and

OXPHOS which are both responsible for enhanced Af®duction. Thus, glucose metabolism in
activated T cells shifts from a prevalent use aflative phosphorylation to a strong upregulatiorthef
glycolytic pathway. Building blocks crucial for theitial clonal expansion are produced by glycaysi
and glutaminolysis. The exit from quiescence iensally driven by downstream T cell receptor (TCR)
and CD28 costimulatory signaling pathways, reirddrcby IL-2 receptor activation. After TCR
stimulation, mTORC1 activation and the subsequerudtion of c-Myc expression promote the
upregulation of i) glucose transporter 1 (GLUTX), fuel aerobic glycolysis which is mandatory for
proliferation and cytokine productions, ii) glutarai transporter (ASCT2), to fuel mitochondrial
OXPHOS, iii) CD98 amino acid transporter, that na¢el the uptake of large neutral amino acids, such

as leucine and methionine, needed for the protgithesis burst, which in turn is necessary foraéieT



cell functions and proliferation. Moreover, engagainof fatty acids synthesis (FAS) and import (b t
CD36 transporter) is required to supply intermestidor membrane synthesis during T cell activatiod
division) (Lochner et al., 2015).

CD8+ memory T cellsan the right) downregulate glycolysis and become strictly deleen on fatty acid

oxidation (FAO) and mitochondrial metabolism to mégeir energy requirements and support their
function. Thus, effector CD8+ T cell function ismarily sustained by glycolysis, while memory Tlsel
mainly rely on OXPHOS. The homeostasis of memorgells is mainly sustained by IL-15 and IL-7
downstream signaling, in order to keep memory dalla ‘poised’ state of quiescence (Chapman et al.,
2020). During the transition of effector T cellsverd memory differentiation, AMPK activity is essiah

to induce mitochondrial FAO by driving the activati of the mitochondrial transporter of fatty acids
Cptla and of the mitochondrial biogenesis-regul®@CTn (Pollizzi and Powell, 2014). AMPK is also

mandatory to mount an effective secondary resptmssin vivo infection, as observed in AMRH -

deficient CD8+ T cells (Rolf et al., 2013).

Metabolically primed memory T cells display an e@sed mitochondrial mass with mitochondrial
architecture preserved, primarily by autophagy-pfiegy activity which is essential to disrupt danthge
mitochondria and sustain fusion of functional mitoodria resulting in higher spare respiratory cépac
Memory T cells use newly generated fatty acidsuel FAO. Fatty acids are produced intracellularly
starting from glucose which is metabolized to pwtievand used in the TCA cycle to produce citrate
which is exported out of the mitochondria to geteracetyl-CoA and then fatty acids. The latter are
stored as neutral lipids in lysosomes and then lzeldi by lysosomal hydrolase (LAL) (lyposomal
lipolysis) to re-enter mitochondria through Cptla tlegradation in the mitochondrial FAO, thereby
engaging a ‘futile’ cycle of de novo lipid synthesind subsequent lipolysis to produce fatty acgisiu
for FAO (Lochner et al., 2015).

To mount an effective secondary response uponmekttion, memory CD8+ T cells employ ATP

generated by mitochondrial FAO for an accelerangfli¢tion of glycolysis by hexokinase (HK; the first



enzyme of the glycolytic pathway) activation to pphhorylate imported glucose (Gubser et al., 20E31 V

Der Windt et al., 2013). Created with BioRender.com

Figure 2. Hypoxic microenvironment and CD8+ T celimetabolic reprogramming.

Schematic representation of the hypoxia-induceggsive mechanisms in low, @icroenvironment
(upper part) and their consequences in effector CD8+ T cédiwef part). Specifically, Th17 and Treg
differentiation are induced by transcriptional aation of key transcription factors. Hypoxia ditdgct
increases PD-L1 expression on different immune-®ggive populations, such as on M2-like
macrophages and myeloid-derived suppressor celBS@5), associated with up-regulation of the
adenosine-producing enzymes CD39 and CD73 on Ts.c€ID39 overexpression leads to ATP
degradation in AMP, which is digested into the inmosuppressive metabolite adenosine by CD73.
Intracellularly, under normoxic conditions Hlkrllevels are primarily controlled by proteasomal
degradation through ubiquitination by PHDs that anéy active in the presence of..Qnstead, under
hypoxic conditions, stabilized HIFel moves into the nucleus and exerts direct and entlir
transcriptional activation by partnering with thenstitutively expressed HIFfLprotein. Activation of
the intracellular HIF-1 pathway increases glucobanoeling into glycolysis by up-regulating GLUT
transporters and key metabolic enzymes such astdadehydrogenase (LDH), which drives pyruvate
conversion into lactate away from mitochondria. #hmeo HIF-1-induced key enzyme is pyruvate
dehydrogenase kinase 1 (PDKZ1), which inhibits nhitoarial pyruvate dehydrogenase (PDH) with
further prevention of pyruvate oxidation in mitoclinia and subsequent decrease in mitochondrial
oxidative phosphorylation (OXPHOS). HIF-1 also aegts the lactate efflux transporters (MCTSs)
expression to remove excess lactate from the @gopl resulting in an increase in extracellular
acidification. Under hypoxic conditions, also glumiae metabolism is augmented, in order to stimulate

fatty acid and amino acid biosynthesis for energydpction. Moreover, hypoxic CTLs contain normal



numbers of cytolytic granules with more granzymebBt proliferate more slowly. Created with

BioRender.com.

Figure 3. Potential therapeutic strategies for funttonal T cell reconstitution in chronic HBV
infection.
On the left, the different recognized mechanisms underlyingB€D cell exhaustion are represented as

three different levels of intracellular deregulatio) Metabolic alterations: they are mainly duethe

accumulation of dysfunctional mitochondria with rieased ROS production caused by an inefficient
electron transport chain (ETC). This stimulates Diknage which is also contributed by the high cell
proliferative rate. Increased expression of gludosesporter 1 (Glutl) and neutral amino acid tpanir
(CD98) derives from a feedback mechanism due taggneequirement coupled with dysfunctional
mitochondria and to amino acid deprivation caubgda suppressive microenvironment enriched in

amino acids degrading enzymes (e.g. Arginase |1B@). ii) Autophagy/proteasome impairment: it is

responsible for accumulation of unfolded/oxidizettyames and proteins and of damaged mitochondria

with a defective biomolecule recycling. iii) Sigmal deregulations: increased expression of co-itdr

receptors (such as PD-1, CTLA-4, TIM-3, etc.) aeduced levels of co-stimulatory molecules (such as
CD28 and CD8 chain) lead to downstream effector signaling agtireduction (such as the TCR-driven
AKT-mTOR system). Moreover, apoptotic mechanismes sustained by increased expression of the
apoptosis-activating BCL-2-interacting mediatorcefl death (BIM) molecule, by NK-induced signaling
through TRAIL and NKG2D receptors and by Kupffel-teediated FAS/FASL interaction.

On the right, several different approaches of functional CD8+céll restoration are highlighted as
potential immune modulatory treatments for chradBV infection, based either on a direct effect on
intracellular effectors of T cell exhaustioupper boxes), or on substitution of dysfunctional T cellsge.
with TCR-redirected/CAR T cells) and on T cell biiog with antigen vaccinationdwer boxes). Created

with BioRender.com.
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Highlights
» HBV-specific CD8+ T cell dysfunction is a key determinant of chronic HBV persistence.
» HBV-specific CD8+ T cdlls express signaling, metabolic and transcriptional defects underlying

inefficient antivira functions.

e Targeting metabolic deregulations can restore in vitro efficient HBV-specific CD8+ T cell

responses in chronic HBV infection.



