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Abstract: Hepatitis C virus (HCV)-specific CD8+ T cell response is essential in natural HCV infection
control, but it becomes exhausted during persistent infection. Nowadays, chronic HCV infection
can be resolved by direct acting anti-viral treatment, but there are still some non-responders that
could benefit from CD8+ T cell response restoration. To become fully reactive, T cell needs the
complete release of T cell receptor (TCR) signalling but, during exhaustion this is blocked by the
PD-1 effect on CD28 triggering. The T cell pool sensitive to PD-1 modulation is the progenitor
subset but not the terminally differentiated effector population. Nevertheless, the blockade of
PD-1/PD-L1 checkpoint cannot be always enough to restore this pool. This is due to the HCV
ability to impair other co-stimulatory mechanisms and metabolic pathways and to induce a pro-
apoptotic state besides the TCR signalling impairment. In this sense, gamma-chain receptor cytokines
involved in memory generation and maintenance, such as low-level IL-2, IL-7, IL-15, and IL-21,
might carry out a positive effect on metabolic reprogramming, apoptosis blockade and restoration of
co-stimulatory signalling. This review sheds light on the role of combinatory immunotherapeutic
strategies to restore a reactive anti-HCV T cell response based on the mixture of PD-1 blocking plus
IL-2/IL-7/IL-15/IL-21 treatment.

Keywords: Hepatitis C virus; CD8+ T cell response; exhaustion; immune checkpoints; γ-chain
cytokines; PD-1; PD-L1; IL-15; IL-7; IL-21; IL-2

1. Introduction

Hepatitis C virus (HCV) is a non-cytopathic, hepatotropic, ssRNA Flaviviridae virus
able to induce a chronic hepatitis in 65–85% of infected individuals with around 80 million
viraemic population worldwide and, it is also the leading cause of liver-related death [1].
Nowadays, the natural history of HCV infection has changed due to the discovery of an
effective treatment based on direct-acting antivirals (DAA), capable of impairing HCV
replicative machinery [2]. Anyhow, the lessons learnt from anti-HCV CD8+ T cell restora-
tion could serve as proof of concept for other chronic non-cytopathic viral infections and
cancer but, its use for anti-HCV therapy appears currently unlikely. Nevertheless, there are
still a few cases with multiple viral resistances to DAA that could benefit from boosting the
adaptive immune response [3].

HCV-specific cytotoxic T cell response is essential in natural HCV clearing [4,5], how-
ever this virus has developed several strategies to escape from CD8+ T cell control [6]. First
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of all, this virus has a great genetic variability due to the lack of proof-reading in its RNA-
polymerase, leading to the rapid generation of escape-mutation variants [7]. Although
there are conserved epitopes where are not possible these variants to occur due to the
loss of viral fitness [8–10], the virus is also able to induce CD8+ T cell exhaustion [11,12]
by affecting T cell receptor (TCR) triggering through induction of negative costimulatory
molecules [13], in addition to changes in the survival mechanisms [14], mitochondrial repro-
graming [15,16], CD8+ T cell chemotaxis [17], impairment in CD8+ T cell co-stimulation [18],
loss of CD4+ T cell help [19,20] or by induction of regulatory CD4+ T cells (Tregs) [21,22].
Therefore, strategies focused on dealing only with CD8+ T cell negative co-stimulation
could not be enough to restore CD8+ T cell response, because although T cell signalling
could be restored [13,23] there could be other T cell damages that should also be set up in
order to improve T cell reactivity.

The CD8+ T cell differentiation program starts with a stem-cell like subset, called
precursor pool that is able of self-renewal and it is in charge of giving rise to the effector
progeny [24–26]. This specific pool is characterized by the expression of the specific
transcription factor T cell factor 1 (TCF-1) and receptors for gamma-chain(γc) cytokines
such as interleukin (IL)-7 receptor (R), IL-21R or IL-15R [27,28]. This precursor pool sustains
CD8+ T cell immune response during persistent viral infection and displays markers of
T cell exhaustion, such as programmed cell death protein-1 (PD-1) up-regulation but it is
also the subset sensitive to PD-1 modulation [29].

This review sheds light on the mechanisms involved in HCV-specific CD8+ T cell
exhaustion and how strategies directed to improve TCR signalling in the precursor pool
might be enough in the initial stage of the infection. In more progressed disease will be
necessary to carry out combination strategies, in which the addition of survivals cytokines
could be effective [30,31], and finally in long-term disease all these approaches would fail
due to the probably deletion of these specific CD8+ T cells [32].

2. Key Role of Specific CD8 T Cells in HCV Infection

HCV develops several mechanisms to escape from host’s innate and adaptive defences,
such as interferences of HCV with endogenous type I interferon (IFN) produced by infected
cells, impairment of plasmacytoid and conventional dendritic cells, induction of natural
killer cell defects, lack of neutralizing antibodies, induction of regulatory cytokines (IL-10,
tumour growth factor (TGF)-β1), induction of Tregs, lack of CD4+ T cell help and CD8+

T cell response evasion [33,34]. To escape from HCV-specific CD8 T cell response is a key
action in HCV survival. The cytotoxic T lymphocytes can remove HCV by cytolytic and non-
cytolytic mechanisms [35]. In infected humans and chimpanzees, there is a clear temporal
association between HCV clearance and the appearance of IFN-gamma(γ) secreting HCV-
specific CD8+ T cells [4,5,36,37]. In vivo, CD8+ T cell depletion studies show that is not
possible to achieve HCV clearance without these cells [38]. HCV, as a non-cytopathic
virus, needs the long-term host survival to increase its chance of being transmitted to
another subject. Therefore, a fine-tuned evolutionary balance has arisen between HCV
and specific CD8+ T cell response. HCV has developed different strategies to escape from
CD8+ T cell control. The lack of proof-reading mechanism leads HCV to develop escape
mutations under immune selection pressure in TCR recognition sites [7,39,40]. In fact, in
those subjects with haplotypes presenting HCV epitopes with low mutation potential, it is
more prevalent the presence of spontaneous virus clearance [8–10,41]. Nevertheless, the
occurrence of this HCV variants is not always possible, since stable cytotoxic T cell escape
mutation in hepatitis C virus is linked to maintenance of viral fitness [39,42]. Besides this
persistence strategy, HCV is also able to induce exhaustion and apoptosis on those CD8+ T
cells still able to recognize HCV epitopes [14,43]. The exhausted HCV-specific cytotoxic T
cells during chronic HCV infection display low proliferation span after antigen encounter
and low ability to secrete type I cytokines and they are prone to apoptosis [14,44–46]. These
exhausted cells are able to maintain a persistent low-grade control of HCV but without
the possibility of viral clearance. This incomplete viral control sustains a persistent release
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of proinflammatory cytokines and chemokines from the infected liver that attracts non-
specific inflammatory cells responsible of the persistent low-level liver damage [17,47].
Combining both escape mutations and CD8+ T cell exhaustion, HCV is capable to persist
in around 60–80% of infected patients [48]. From the bulk repertoire of HCV-specific CD8 T
cells during persistent infection, around 50% develops escape mutations while the another
50% displays exhaustion features, characterized by the expression of different negative
immunoregulatory checkpoints (IC) [18].

T cell exhaustion is a progressive loss of effector function due to prolonged antigen
stimulation, characteristic of chronic infections and cancer. During the exhaustion process,
a sequential loss of effector functions occurs. After a long-lasting viral infection, IL-2
secretion and the ability to lyse target cells are the first CD8+ T cell functions deleted,
followed by the suppression of tumour necrosis factor (TNF)α and IFNγ secretion and a
subsequent final deletion of T cells (Figure 1). Antigen appeared to be the driving force
for this loss of function, since a strong correlation exists between the viral load and the
level of exhaustion [12]. Globally, the speed of this process depends on the level of antigen
exposure and the duration of infection [32].

Figure 1. Scheme representing the hierarchical loss of effector functions on exhausted antigen specific CD8+ T cells during
persistent viral infection.

The exhausted effector pool in charge of controlling HCV replication during persistent
infection is characterized by, besides the expression of several negative IC [18,49], the
lack of receptors for survival γc cytokines [43,46]. In this subset, the expression of some
of these negative checkpoints, such as PD-1, are very high, and they are not sensitive
to immunotherapeutic strategies [25]. This effector pool shows an anabolic metabolism
with low level of mitochondrial fatty oxidation and high production of reactive oxygen
species that makes these cells prone to apoptosis [50]. These cells keep initially their killing
abilities before approaching a late dysfunctional state, featured by upregulated expression
of negative co-stimulatory molecules, such as T cell immunoglobulin domain and mucin
domain (Tim)-3 or cytotoxic T-lymphocyte–associated antigen (CTLA)-4, and CD39, which
defines an irreversible level of exhaustion [27]. The hallmark of this population is the
expression of the transcription factor High-Mobility Group (HMG)-box protein TOX, which
is essential for the establishment of exhaustion [51]. This effector population is generated
continuously from the precursor pool. During differentiation of the precursor subset have
been described four steps [27] (Figure 2). The first stage comprises TCF1high stem-like
precursor cells that are quiescent and tissue resident; the next differentiation step includes
TCF1+ precursor cells that are detected in the periphery and with capacity to proliferate;
the third differentiation level gives rise to an effector-like TCF1− transitory population,
which relies on IL-21 for its formation and expresses the chemokine receptor CX3CR1 [52];
finally a late dysfunctional TCF1− population is generated, which expresses high levels of
negative IC and lacks proliferative capacity [27].
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Figure 2. Differentiation program of CD8 T cells during chronic HCV infection. Naïve-like T cells expresses the transcription
factor TCF1 and the lymphocyte homing and adhesion molecule receptors CD62L and CCR7 and, the positive co-stimulatory
molecule CD28. After T cell priming, the naïve pool differentiates into stem-like precursor and precursor subset. These
pools maintain TCF1 expression, are CD127 positive, display a catabolic mitochondrial metabolism and have self-renewal
potential. The stem-like precursor subset expresses the chemokine receptor CXCR5 and are found in primary lymphoid
organs. The precursor pool loses CXCR5 and can be found in the periphery, giving rise to the effector-like transitory subset,
but also can dedifferentiate into the stem-like precursor pool. The progeny subset is comprised by the effector-like transitory
cells, which expresses the chemokine receptor CX3CR1 and loss TCF1 expression. Finally, this pool differentiates into the
late dysfunctional subset characterized by loss of functionality and the expression of several negative immune checkpoints.

The precursor pool has self-renewal potential but it is also able to give rise to the
effector pool [24]. They have a catabolic metabolism with mitochondrial fatty acid oxidation
and oxidative phosphorylation [50]. This subset expresses the negative co-stimulatory
checkpoint PD-1 but to a lower level than the effector pool and, do not express other
negative checkpoints such as Tim-3 [27]. It is noteworthy to know that the precursor
PD-1dim pool is characterized by being resistant to the DNA damage produced during the
exhaustion process in the more differentiated T cells [53], converting them in an interesting
target for immunomodulatory strategies. This TCF-1-expressing precursor CD8+ T cell
pool develops a key role in viral control, since it sustains the immune response to chronic
viral infections, such as HCV. During a chronic viral infection, the presence of TCF-1+ viral-
specific CD8 T cells promotes the effector functions of exhausted CD8+ T cells [28]. This
precursor population shows memory markers such as common γc cytokine receptors that
includes IL-7R, IL-21R and IL-15R [27,54,55]. The intermediate PD-1 level of these precursor
cells makes them sensitive to PD-1/PD-ligand(L)1 blockade [25,29], being the likely target
of current anti-PD-1 oncologic treatments, such in hepatocellular carcinoma [56]. Negative
IC blockade could be combined with the addition of survival γc cytokines to potentiate the
effects of PD-1 blockade on T cell exhaustion. The exhaustion profile is fixed epigenetically
and limits the duration of reinvigoration by PD-1 blockade [57,58], but we could perhaps
surpass this effect by adding the immune-modulatory properties of the γc cytokines [30,59].

3. PD-1 Modulation for T Cell Exhaustion Reversion

PD-1 is the negative IC more widely studied to revert the effector cytotoxic T cell
response against viral infection and cancers. Although PD-1 is a marker of exhaustion on
T cells, it is also a marker of T cell activation. Dysfunctional CD8+ T cells and activated
CD8+ T cells up-regulate genes involved in activation of the cell cycle, T cell homing
and migration, as well as effector molecules, such as granzymes and co-stimulatory and
co-inhibitory receptors [60]. In fact, the PD-1high expression on HCV-specific T cells during
acute infection do not correlate with the clinical outcome, suggesting that the PD-1 level
is marking activation but not exhaustion during acute hepatitis [61]. Currently, there are
available several molecules to block both PD-1 and its ligands that are being utilized to treat
different types of advanced cancers [62]. PD-1 suppresses T cell function by preferentially
dephosphorylating CD28 [23], which in turn is needed for the recovery of T cells subjected
to anti-PD-1 immunotherapy [13], (Figure 3). CD28 is a positive co-stimulatory signal
involved in naïve and memory T cell activation after TCR triggering. The PD-1dim stem-like
precursor T cells express CD28, making these cells sensitive to PD-1 modulation. Thereafter,
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the generated progeny loss the expression of this receptor, making impossible the response
to PD-1 blocking [63]. Besides this CD28 dependent PD-1 inhibitory mechanism, it has
been recently reported that PD-1 can also inhibit T cell activation upon TCR triggering
in absence of CD28 co-stimulation [64]. Therefore, PD-1 blocking could be useful as a
short-term strategy to rescue CD28 negative effector cells but, to obtain a more persistent
response it will probably necessary to restore the functionality of CD28 positive memory
T cells. Another issue, regarding the role of CD28 in PD-1 blockade, is related with the
regulatory properties of T regs. These cells are enriched in HCV infection [65] and they
express CTLA-4 that can degrade CD80 and CD86 ligands [66], which could impair CD28
co-stimulation and potentially decrease the efficacy of PD-1 blockade. In this line, HCV-
specific CD8+ T cells derived from liver biopsies of chronically HCV-infected patients
required CTLA-4 blockade in addition to PD-1 blockade to restore their function [67]. In
those exhausted CD28 negative effector CD8 T cells, other co-stimulatory molecules from
the tumour necrosis factor receptor (TNFR) family such as tumour necrosis factor receptor
superfamily member 9 (4-1BB), glucocorticoid-induced tumour necrosis factor receptor
family–related protein (GITR), tumour necrosis factor receptor superfamily member 4
(OX40) or CD27 could be expressed to sustain T cell activation, although despite the
presence of these positive IC, these cells become finally dysfunctional during persistent
infection [32,68,69].

Figure 3. PD-1 & CD28 signalling in exhausted T cells and effect of PD-1/PD-L1 blockade. Src kinase
Lck phosphorylates tyrosine residues on PD-1 and CD28. This allows CD28 to recruit PI-3K and
GRB2 and allows PD-1 to recruit phosphatases SHP-2 and SHP-1. SHP-2 dephosphorylates CD28
attenuating the signalling via CD28. Antibodies against PD-1 or PD-L1 hamper PD-1 activation,
releasing CD28 co-stimulation. APC: antigen presenting cell. TCR: T cell receptor. P: phosphorylated,
PD-1: Programmed cell death protein 1, PD-L1: Programmed Death-ligand 1.

Several studies have linked the PD-1 up-regulation with the development of HCV
persistence [70,71] and have suggested a potential role of PD-1 blockade as strategy for
HCV control [43,72]. The effect of PD-1 blocking on HCV-specific CD8 T cells has been
widely studied both in-vitro and in-vivo. The response to PD-1 blockade depends on
the level of PD-1 expression and the compartment of treated T cells. The intrahepatic
HCV-specific CD8 T cells display high PD-1 level [46] and lack of CD28 expression, which
as a result could make those cells less sensitive to anti-PD-1 treatment [45]. Despite this
drawback, the blockade of PD-1/PD-L1 pathway has been used to treat chronic HCV
patients as proof of concept with promising results [73]. In this randomized, double-blind,
placebo-controlled assessment of a fully human monoclonal antibody against PD-1, a
significant decrease in HCV viral load was observed and one case remained HCV negative
during follow-up after treatment. Nonetheless, the in-vitro studies showed that bulk of
cases failed to respond to the single blockade of the PD-1/PD-L1 pathway. Therefore,
additional strategies, especially combination therapies, has been initiated by adding the
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blockade of other regulatory checkpoints. Several blocking combinations of negative co-
stimulatory checkpoints have been tried. Overall, strategies combining PD-1 plus either
2B4, Tim-3 or CTLA-4 blockade in peripheral cells yielded three response possibilities:
total non-response, good single blockade response and good dual/multiple blockade
response, with each comprising approximately one-third of the patients tested [74]. The
combined blockade of CTLA-4 and PD-1 has shown to be also efficient in the restoration of
intrahepatic CD28-expresing HCV-specific CD8 T cells, which are more exhausted than the
peripheral pool [67]. Another synergic checkpoint modulation is based on the stimulation
of the late positive co-stimulatory receptor 4-1BB in addition to PD-1 blockade. Combined
blockade of PD-1 plus 4-1BB stimulation increased responses of intrahepatic T cells against
HBV, but not HCV [75]. This failure in hepatis C was due to the loss of the 4-1BB signal
transducer, but after inducing the expression of TRAF-1 in these cells, the PD-1 blockade
plus 4-1BB stimulation was also able to restore HCV-specific CD8 T cell reactivity, as it will
be discussed later [32].

This in-vitro strategies are efficient in increasing functionality of HCV-specific cy-
totoxic T cells, but probably are not long-lasting due to the epigenetic stability of the
exhaustion pathways on exhausted T cells, which will transfer the exhausted phenotype
to their progeny [57]. Under these circumstances, to maintain a chronic treatment with
negative IC blocking antibodies would be necessary with the associated risk of becoming
resistant to the treatment. Another approach could be to combine the PD-1 blockade to
restore TCR signalling with strategies directed to rejuvenate these cells in order to delete
the epigenetic imprints due to the previous exhaustion process. In this sense, γc cytokines
could have a positive role since PD-1 intermediate precursor subset display the appropriate
receptor to be sensitive to the positive effects of these cytokines on survival and metabolism.

4. Gamma (γ) Chain Cytokines for T Cell Exhaustion Reversion

The common γ-chain family of cytokines includes IL-2, IL-7, IL-15 and IL-21. Each
cytokine binds its specific heteromeric receptor composed of two or three chains: a specific
α chain, the common γ chain and the β chain for IL-2 and IL-15 [59]. Although IL-2
supports mainly effector T cell differentiation, IL-7, IL-15 and IL-21 are involved in the
development and expansion of the PD-1dim CD28+ precursor T cell subset [27]. In the
next sections, this review will focus on the role of possible synergic combinations of IL-2,
IL-7, IL-15 and IL-21 plus PD-1 blockade to surpass the exhaustion status of the stem-like
precursor subset. In fact, in the natural development of stem-like precursor cells to give
rise to the progeny, IL-21 secreted by CD4 T cells is needed [52]. Moreover, the expansion
of Ag-specific T cell in presence of IL-21, IL-15 or IL-7 is superior to IL-2 in driving less
differentiated T cells with precursor phenotype and longer survival [76]. The importance
of γc cytokines in stem-like precursor pool is highlighted by intense expression level of the
β-chain of the IL-2 and IL-15 receptor (IL-2Rβ) in these cells [54].

4.1. Interleukin-2

IL-2 is a key cytokine that regulates clonal expansion and effector/memory differentia-
tion of CD8 T cell after antigen encounter. This cytokine is mainly produced by CD4 T cells,
but also by CD8 T cells after activation. The IL-2R is comprised by three subunits: IL-2Rα
(CD25), IL-2Rβ (CD122) and IL-2Rγ (CD132, γc). CD25 is not constitutively expressed
on resting CD8 T cells, but it is up-regulated after TCR triggering [77]. IL-2 is the third
essential signal, in addition to TCR triggering plus positive co-stimulation, to promote
cellular proliferation during acute infection and, it is also essential for the development
of potent secondary CD8+ T cell responses [78]. This cytokine has a key role as a differ-
entiation factor leading to the generation of terminally differentiated effector CD8 T cells
and decreasing the number of memory precursors [79]. This effect is promoted by the IL-2
induced expression of the transcription factor Blimp-1 [80]. It seem that autocrine IL-2
secretion by CD8 T cells could favour the generation of memory CD8 T cells but paracrine
IL-2 derived from CD4 T cells gives rise to terminally differentiated effector cells [81].
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The IL-2 feature to promote memory cells when is present in low level could be useful to
rescue viral-specific CD8 T cells during persistent viral infections. However, its capacity to
promote T cell terminal differentiation and exhaustion is a critical limiting factor that must
be carefully considered. Moreover, IL-2 induces Tregs generation, which could promote
the exhaustion persistence on CD8+ T cells [82].

4.2. Interleukin-7

IL-7 receptor is a heterodimer formed by the γc plus the IL-7Rα chain (CD127). This
receptor is a marker for the subset of T cells committed to become memory cells [83]. IL-7
supports primmed T cell survival through the expression of anti-apoptotic molecules,
such as Mcl-1 or Bcl-2 in a STAT5 dependent manner [84]. Moreover, IL-7 allows the
homeostatic maintenance of memory T cells in those situations lacking of the persistent
cognate antigen [85]. IL-7 can also limit the development of T cell exhaustion during
chronic antigen stimulation [86]. In this sense, IL-7 decreases the PD-1 expression in
chronic viral infection models [87]. IL-7 downregulates a repressor of cytokine signalling,
resulting in amplified cytokine production and increased T cell effector functions [30].
The combination of IL-7 plus IL-15 treatment promotes the development of long-lasting
stem-like cells [55], which could be interesting as strategy to restore an effective T cell
response. In chronic hepatitis C the expression level of IL-7R correlated with the balance
between the pro- and anti-apoptotic molecules Bim and Mcl-1 on HCV-specific CD8 T cells.
CD127low cells up-regulated Bim after Ag encounter, which leaded them to apoptosis [14].
Besides this antiapoptotic effect, IL-7 has also shown an effect to revert HCV-specific CD8
T cell exhaustion. In-vitro IL-7 treatment was able to restore T cell reactivity by making
these cells sensitive to 4-1BB co-stimulation. In-vitro IL-7 treatment is able to upregulate
TRAF1 expression, making 4-1BB signalling active and restoring T cell reactivity [32]. All
these features make this cytokine a clear candidate to manipulate the exhausted PD-1dim

precursor pool, which is the current target to achieve a persistent viral control.

4.3. Interleukin-15

IL-15R is comprised of IL2Rβ, γc and a specific α-chain (IL15Rα, CD215). IL-15
is usually bound to the alpha chain (IL-15Rα) and it is trans-presented to the IL2Rβγ
heterodimer on T cells to mediate its biological activity [88]. IL-15 preserves the homeostatic
maintenance of memory T cells and promotes T cell survival by induction of anti-apoptotic
molecules. IL-15 not only plays an important role in the maintenance of the CD8 memory
subset [89], but this cytokine is also key in dictating the composition of the specific T cell
pool. Lacking IL-15, memory CD8 T cells have a reduced cell cycle and impaired Bcl-2
expression, suggesting a role for IL-15 in supporting basal proliferation and survival of
memory cells. Besides, IL-15 deficiency results in absence of CD127low memory cells and
in changes within the CD127high CD62Llow memory pool, which expresses high levels of
CD27 and low granzyme B [90]. Therefore, IL-15 not only maintains memory response
but also regulate its composition. Moreover, the rapid loss of IL-2 secretion by T cells
during chronic viral infections [91] could convert IL-15 in a key actor during effector CD8
T cell differentiation. These features make IL-15 better than IL-2 to develop Ag-specific T
cells, because both can induce T cell expansion but IL15 does not promote the terminal
differentiation, preserving the memory phenotype and improving the metabolic profile
of the generated cells [84,92]. Moreover, IL-15 favours T cell self-renewal [54], which is
another key characteristic of the precursor stem-like pool. On top of all these positive
actions, IL-15 also induces a catabolic metabolism linked to autophagy, self-renewal and
asymmetric cell division [24,50]. Mitochondrial dynamics controls T cell fate through
metabolic reprogramming and, consequently the induction of fused mitochondria, with
tight cristae and efficient oxidative phosphorylation would lead to non-exhausted memory
cells [93]. T cells developed in a rich IL-15 environment promotes mitochondrial biogenesis
with increased fatty-acid oxidation and high spare respiratory capacity [94]. On the contrary,
PD-1 is an early driver of T cell exhaustion by the induction of bioenergetic insufficiencies
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due to metabolic alterations [95] that could be counteract by IL-15 treatment. Another IL-15
positive effect is the survival support on T cells by the regulation of anti- and pro-apoptotic
molecules, such as Bim and Mcl-1 [96]. Bearing in mind that the target population to
revert T cell exhaustion in chronic HCV infection is the PD-1dim memory-like precursor
pool and that IL-15 promotes the development of these cells and improves their metabolic
profile, the combination of PD-1 blockade plus IL-15 could be an interesting strategy to
get this goal. This combination has shown to enhance CD8 T cell function in chronic viral
infections [97,98] and also has recovered tumour-infiltrating PD-1 unresponsive CD8 T cell
due to loss of CD28 [99]. Moreover, the development of CAR-T cells within a rich IL-15
environment augments the response to PD-1 blockade in solid tumours [100].

4.4. Interleukin-21

IL-21R comprises the IL21Rα chain and de γc and it is expressed by CD8 T cells and up-
regulated after TCR triggering [101]. IL-21 induces the expression of several transcription
factors, such as T-bet, Eomes, Bcl-6, Blimp-1, BATF and IRF4 [102]. This cytokine is involved
in CD8 T cell differentiation but it depends on the T cell context [101]. IL-21 can induce
antigen-specific proliferation and effector abilities but also can promote less differentiated
memory-like T cells by inducing the expression of transcription factors such as TCF-1
and Bcl-6 [103]. Moreover, in a similar manner to IL-15, IL-21 induces a mitochondrial
reprogramming on CD8 T cells from an anabolic profile to a more catabolic one, featured by
fatty acid oxidation and oxidative phosphorylation [104], which promotes the development
of memory-like precursor cells [105]. IL-21 is also involved in decreasing the exhaustion
level by reducing PD-1 expression [104]. In fact, during the differentiation process of
virus-specific CD8 T cells, IL-21 carries out a key role in the development of the stem-like
precursors that will give rise to the precursor pool and in the generation of the effector-like
transitory subset. Therefore, IL-21 is involved in generation of both the precursor and the
progeny pools [27]. These interesting properties converts this cytokine as a potential tool
to generate non-exhausted precursor cells in chronic viral infections. In persistent viral
infection models, IL-21 rescues the effector ability of virus-specific CD8 T cells by sustaining
the expression of the transcription factor Blimp-1 [106]. Besides this effect on effector cells,
IL-21 in tumour models has also increased the long-term survival of functional memory
cells [107]. This effect on memory cells is synergized by its combination with IL-15 [108]
and the blocking of negative IC, such as PD-1 or CTLA-4 [109]. Therefore, IL-21 shows a
clear benefit in boosting effector T cells but also in leading to generate precursor stem-like
cells. Table 1 summarises the main actions of γc cytokines on memory-like CD8+ T cells.

Table 1. Main actions of IL-2, IL-7, IL15 & IL-21 on memory-like CD8+ T cells.

IL-2 IL-7 IL-15 IL-21

Survival X X

Memory differentiation:

Central memory X † X

Effector memory X § X X

Homeostatic proliferation X X

Ag-specific proliferation X X X

Decrease of negative IC X X X

Long-lasting stem-like cells X X

Self-renewal X

Catabolic mitochondrial
reprogramming X X

§ Low dose, autocrine, † High dose, paracrine.
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5. Effect of PD-1 Modulation and γc-Cytokines on HCV-Specific CD8+ T
Cell Response

HCV-specific CD8 T cells targeting HCV epitopes during persistent infection be-
come exhausted and expresses several negative IC, such as PD-1 [18]. Different in-vitro
studies have shown that the PD-1/PD-L1 blockade can restore T cell reactivity in some
patients [43,72] and, there are also clinical evidences that blocking this pathway could
lead to HCV control [60,73]. Nevertheless, a bulk of HCV patients are not responders
to this immune modulation. Currently, we know that the target population sensitive to
PD-1 blockade is the PD-1dim precursor memory-like subset in charge of giving rise to the
exhausted progeny [25]. In fact, the PD-1high HCV-specific CD8 T cells are refractory to
PD-1/PD-L1 blockade [45]. The precursor memory-like pool has been widely described in
chronic hepatitis C and it is characterized by PD-1dim and CD127 expression [26,29,110].
Unfortunately, releasing the CD28 co-stimulation after PD-1 blockade will rescue the nor-
mal TCR triggering [13,23], but this will not be enough in most of the exhausted T cells.
After a short-term infection, exhausted HCV-specific T cells will have developed an epige-
netic imprint that will induce the sustained impairment of several cellular functions [57],
such as the development of an anabolic-prone metabolism [15,50], the impairment of pos-
itive co-stimulation [32] or induction of a pro-apoptotic state [14]. Therefore, to restore
an efficient T cell response, the blockade of negative IC plus the boost of a catabolic mi-
tochondrial metabolism, the improvement of positive co-stimulation and counteracting
pro-apoptotic status should be combined. Strategies focused on mitochondrial reprogram-
ming to increase fatty acid oxidation and oxidative phosphorylation could lead to give
rise to a restored precursor stem-cell-like subset [93,94,105]. For these immunotherapeutic
approaches γc-cytokines could be an excellent candidate due to their pleiotropic effects on
metabolism, survival and co-stimulation, as previously discussed [100,104].

The role of IL-2 treatment in combination with PD-1 blockade has not been tested
in chronic HCV infection. Nevertheless, in the mouse model of chronic lymphocytic
choriomeningitis virus (LCMV) infection, low-dose of IL-2 combined with PD-1 blockade
enhanced CD8+T cell response, leading to viral load decrease. IL-2 decreased the level of
inhibitory receptors and increased the expression of CD127, suggesting a role in memory
generation [82]. Therefore, low IL-2 dose plus anti-PD-1 treatment should be considered
to rescue exhausted T cells in chronic viral infections and cancers. Nevertheless, CD8 T
cell treatment with high dose of IL-2 promotes the differentiation into effector/exhausted
phenotype, while treatment with IL-7 or IL-15 gives rise to TCF1+ cells that are highly
responsive to anti-PD-1 blockade [100]. During hepatitis C virus infection IL-7 and IL-15
have shown to increase the antiviral efficacy of CD127-positive but not of CD127-negative,
HCV-specific CD8 T cells [111]. These data suggest that these γc-cytokines could influence
the restoration of the precursor pool, which are featured by the expression of the IL-7R [25].
In fact, tumour infiltrating CD8+ T cells are TCF1 negative and CD28 negative and do
not respond to PD-1 blockade. Nevertheless, these cells still responds to IL-15 treatment,
which makes them sensitive to anti-PD-1 treatment and enhanced their proliferation,
probably by restoring the precursor pool [99]. Nevertheless, HCV downregulates interferon
regulatory factor-2 in hepatocytes, attenuating hepatocellular expression of IL-7 and IL-
15Rα to abrogate the possible benefit of these homeostatic cytokines on HCV-specific T-cell
responses [112]. Also, a better anti-viral CD8 T cell response and HCV control are associated
with increased IL-21 levels. A low frequency of IL-21-secreting CD4 T cells, correlates
with an up-regulation of inhibitory receptors, such as CTLA-4, PD-1 and Tim3, while IL-21
in-vitro treatment of HCV-specific CD8 T cells enhanced their proliferation and prevented
Galectin-9 induced apoptosis [113]. According to these observations, a potential strategy
to rescue HCV-specific CD8 T cell response would be the synergy between homeostatic
γc-cytokines, such as low level IL-2, IL-7, IL-15 or IL-21, plus PD-1 blockade.

This kind of combinations are being currently explored in preclinical cancer models
with either IL-15 [114,115] or IL-7 [116] or IL-21 [109]. Nevertheless, to our knowledge,
there is only one in-vitro study testing the effect of PD-1 plus γc-cytokines on HCV-specific
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CD8 T cells [32]. This work shows the synergic effect of anti-PD-L1 plus IL-7 to restore HCV-
specific CD8 T cell reactivity after Ag-specific in-vitro challenge. During HCV infection
there is a hierarchical exhaustion gradient according to the extension of infection and
the rate of liver fibrosis progression. In short-lasting HCV infection and low-rate liver
fibrosis progression cases, the treatment with IL-7 was enough to restore T cell reactivity. In
patients with an intermediate stage with either long-lasting disease or rapid hepatic fibrosis
rate, the anti-PD-L1 plus IL-7 treatment rescue T cell reactivity. Finally, in more advanced
cases with both long-lasting disease and rapid rate of liver fibrosis, T cell reactivity was
not restored with any treatment combination, probably due to the loss of these T cells by
apoptosis (Figure 4), as previously described in the LCMV infection [91]. In this work, it is
also described an IL-7 mechanism to explain the machinery involved in T cell reactivity
restoration. Previously, to restore intrahepatic PD-1high HCV-specific CD8 T cell reactivity
by 4-1BB stimulation plus anti-PD-L1 treatment had been unsuccessful. This failure was
probably due to the loss of 4-1BB signal transducer TRAF-1, promoted by the HCV-induced
TGF-β1. Interestingly, IL-7 counteracted the TGF-β1 effect, making these cells sensitive to
the 4-1BB positive co-stimulation. After restoring 4-1BB signalling, these cells could also
benefit from the blockade of the PD-1/PD-L1 pathway (Figure 4). Similar observation has
been described in human immunodeficiency virus infection (HIV). In this human viral
chronic infection, HIV-specific CD8 T cells also lose the 4-1BB transducing factor (TRAF1),
which is re-expressed by the action of IL-7, linked to enhancement of T cell reactivity [68].
This two works suggest a general viral mechanism to promote exhaustion by impairing
the 4-1BB positive co-stimulation through TGF-β1 effect that can be counteract by IL-7
treatment. Anyhow, other potential effects of IL-7 on these cells cannot be excluded, such
as the anti-apoptotic role of this cytokine [14]. This work is a proof of concept of the
high immunotherapeutic potential of combining γc-cytokines plus PD-1/PD-L1 pathway
blockade to rescue HCV-specific CD8 T cells from exhaustion, but it is also necessary to
address the role of IL-15 or IL-21 plus anti-PD-1 treatment in HCV infection.

Figure 4. IL-7 effect on restoring 4-1BB signal transducer in HCV-specific CD8 T cells. TGFβ-1 induced by HCV infection
promotes TRAF1 loss avoiding 4-1BB signalling. IL-7 counteracts this effect making these cells sensitive to 4-1BB triggering.
This treatment restores reactivity in the less advanced cases. Those more progressed patients also need the PD-1/PD-L1
pathway blockade. Finally, patients with long-lasting disease and rapid rate of liver fibrosis are not restorable. 4-1BB:
tumour necrosis factor receptor superfamily member 9, 4-1BBL: 4-1BB ligand, TGFb-1: tumour necrosis factor β1, PD-1:
Programmed cell death protein 1, PD-L1: Programmed Death-ligand 1.
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Nonetheless, most of the data about the effect of these cytokines on CD8 T cell
response restoration have been generated in-vitro and in animal models. Before the clinical
application of this combination therapies the potential toxicity should be addressed. Most
of the information about γc cytokine and anti-PD-1 treatment toxicity has been obtained
from cancer clinical trials. The single PD-1/PD-L1 blockade can induce autoimmune-
like/inflammatory side-effects that can be usually clinically controlled [117]. IL-15 at high
dose regimen is associated with hypotension, thrombocytopenia, hepatitis and increase
of several pro-inflammatory cytokines [118]. IL-2 treatment can induce grade 3–4 toxicity,
including hypotension, cardiac ischemia, vascular leak syndrome and sepsis [119]. IL-7
has been tested in phase 1 clinical trials in humans with acceptable tolerance [120]. In any
case, the use of this combinatory treatments out of conditioning strategies for adoptive cell
transfer must consider the balance between the benefit and the potential autoimmune or
pro-inflammatory adverse events in the host.

6. Conclusions

The restoration of exhausted HCV-specific CD8 T cells must be based on targeting
PD-1dim precursor pool. This subset is sensitive to PD-1/PD-L1 blockade, but this strategy
cannot be enough in most of the cases due to the steady epigenetic changes induced by
the exhaustion in different cellular functions, such as mitochondrial metabolism, positive
co-stimulation or pro-apoptotic status. The addition of the homeostatic pleotropic γc-
cytokines to the PD-1 pathway blockade could counteract the metabolic changes and the
co-stimulation failures. At least the synergic effect of anti-PD-L1 plus IL-7 treatment has
been successful in restoring HCV-specific CD8 T cell reactivity in vitro. It is mandatory
for future investigations to analyse the role of IL-15/IL-21 plus PD-1 blockade, due to the
specific mitochondrial reprograming induced by these cytokines. Although, these strategies
are currently unlikely to be applied for HCV control due to effective DAA therapy, they
can be used as proof of concept for other chronic viral infections and tumours.

Author Contributions: Conceptualization J.P.-A. and J.-R.L.; writing—original draft preparation,
J.-R.L.; writing—review and editing, J.P.-A., H.C., M.T., J.M., E.S.-d.-V., J.P.-A. and J.-R.L.; funding
acquisition, J.-R.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was sponsored by the “Instituto de Salud Carlos III” (ISCIII), Spain, through the
“State Plan for Scientific and Technical Research and Innovation 2017–2020”, grant PI19/00206 (JRL),
co-funded by the European Regional Development Fund (ERDF), E.U. (A way to make Europe) and
by the Gilead Fellowship Programme, grants GLD14/00217 (JRL) and GLD16/00014 (JRL).

Institutional Review Board: Not applicable.

Informed Consent: Not applicable.

Data Availability: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Thrift, A.P.; El-Serag, H.B.; Kanwal, F. Global epidemiology and burden of HCV infection and HCV-related disease. Nat. Rev.

Gastroenterol. Hepatol. 2017, 14, 122–132. [CrossRef]
2. European Association for Study of, L. EASL Clinical Practice Guidelines: Management of hepatitis C virus infection. J. Hepatol.

2014, 60, 392–420. [CrossRef] [PubMed]
3. Degasperi, E.; Spinetti, A.; Lombardi, A.; Landonio, S.; Rossi, M.C.; Pasulo, L.; Pozzoni, P.; Giorgini, A.; Fabris, P.; Romano, A.;

et al. Real-life effectiveness and safety of sofosbuvir/velpatasvir/voxilaprevir in hepatitis C patients with previous DAA failure.
J. Hepatol. 2019, 71, 1106–1115. [CrossRef]

4. Cooper, S.; Erickson, A.L.; Adams, E.J.; Kansopon, J.; Weiner, A.J.; Chien, D.Y.; Houghton, M.; Parham, P.; Walker, C.M. Analysis
of a successful immune response against hepatitis C virus. Immunity 1999, 10, 439–449. [CrossRef]

5. Thimme, R.; Oldach, D.; Chang, K.M.; Steiger, C.; Ray, S.C.; Chisari, F.V. Determinants of viral clearance and persistence during
acute hepatitis C virus infection. J. Exp. Med. 2001, 194, 1395–1406. [CrossRef] [PubMed]

http://doi.org/10.1038/nrgastro.2016.176
http://doi.org/10.1016/j.jhep.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22436845
http://doi.org/10.1016/j.jhep.2019.07.020
http://doi.org/10.1016/S1074-7613(00)80044-8
http://doi.org/10.1084/jem.194.10.1395
http://www.ncbi.nlm.nih.gov/pubmed/11714747


Cells 2021, 10, 538 12 of 16

6. Klenerman, P.; Thimme, R. T cell responses in hepatitis C: The good, the bad and the unconventional. Gut 2012, 61, 1226–1234.
[CrossRef] [PubMed]

7. Cox, A.L.; Mosbruger, T.; Mao, Q.; Liu, Z.; Wang, X.H.; Yang, H.C.; Sidney, J.; Sette, A.; Pardoll, D.; Thomas, D.L.; et al. Cellular
immune selection with hepatitis C virus persistence in humans. J. Exp. Med. 2005, 201, 1741–1752. [CrossRef] [PubMed]

8. Fitzmaurice, K.; Petrovic, D.; Ramamurthy, N.; Simmons, R.; Merani, S.; Gaudieri, S.; Sims, S.; Dempsey, E.; Freitas, E.; Lea, S.; et al.
Molecular footprints reveal the impact of the protective HLA-A*03 allele in hepatitis C virus infection. Gut 2011, 60, 1563–1571.
[CrossRef]

9. Kim, A.Y.; Kuntzen, T.; Timm, J.; Nolan, B.E.; Baca, M.A.; Reyor, L.L.; Berical, A.C.; Feller, A.J.; Johnson, K.L.; Schulze zur
Wiesch, J.; et al. Spontaneous control of HCV is associated with expression of HLA-B 57 and preservation of targeted epitopes.
Gastroenterology 2011, 140, 686–696.e681. [CrossRef] [PubMed]

10. Neumann-Haefelin, C.; McKiernan, S.; Ward, S.; Viazov, S.; Spangenberg, H.C.; Killinger, T.; Baumert, T.F.; Nazarova, N.;
Sheridan, I.; Pybus, O.; et al. Dominant influence of an HLA-B27 restricted CD8+ T cell response in mediating HCV clearance and
evolution. Hepatology 2006, 43, 563–572. [CrossRef] [PubMed]

11. Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492–499. [CrossRef]
12. McLane, L.M.; Abdel-Hakeem, M.S.; Wherry, E.J. CD8 T Cell Exhaustion During Chronic Viral Infection and Cancer. Annu. Rev. Immunol.

2019, 37, 457–495. [CrossRef] [PubMed]
13. Kamphorst, A.O.; Wieland, A.; Nasti, T.; Yang, S.; Zhang, R.; Barber, D.L.; Konieczny, B.T.; Daugherty, C.Z.; Koenig, L.; Yu, K.;

et al. Rescue of exhausted CD8 T cells by PD-1-targeted therapies is CD28-dependent. Science 2017, 355, 1423–1427. [CrossRef]
[PubMed]

14. Larrubia, J.R.; Lokhande, M.U.; Garcia-Garzon, S.; Miquel, J.; Gonzalez-Praetorius, A.; Parra-Cid, T.; Sanz-de-Villalobos, E.
Persistent hepatitis C virus (HCV) infection impairs HCV-specific cytotoxic T cell reactivity through Mcl-1/Bim imbalance due to
CD127 down-regulation. J. Viral. Hepat 2013, 20, 85–94. [CrossRef]

15. Aregay, A.; Owusu Sekyere, S.; Deterding, K.; Port, K.; Dietz, J.; Berkowski, C.; Sarrazin, C.; Manns, M.P.; Cornberg, M.;
Wedemeyer, H. Elimination of hepatitis C virus has limited impact on the functional and mitochondrial impairment of HCV-
specific CD8+ T cell responses. J. Hepatol. 2019, 71, 889–899. [CrossRef]

16. Pallett, L.J.; Schmidt, N.; Schurich, A. T cell metabolism in chronic viral infection. Clin. Exp. Immunol. 2019, 197, 143–152.
[CrossRef] [PubMed]

17. Larrubia, J.R.; Calvino, M.; Benito, S.; Sanz-de-Villalobos, E.; Perna, C.; Perez-Hornedo, J.; Gonzalez-Mateos, F.; Garcia-Garzon, S.;
Bienvenido, A.; Parra, T. The role of CCR5/CXCR3 expressing CD8+ cells in liver damage and viral control during persistent
hepatitis C virus infection. J. Hepatol. 2007, 47, 632–641. [CrossRef] [PubMed]

18. Bengsch, B.; Seigel, B.; Ruhl, M.; Timm, J.; Kuntz, M.; Blum, H.E.; Pircher, H.; Thimme, R. Coexpression of PD-1, 2B4, CD160 and
KLRG1 on exhausted HCV-specific CD8+ T cells is linked to antigen recognition and T cell differentiation. PLoS Pathog. 2010,
6, e1000947. [CrossRef] [PubMed]

19. Gerlach, J.T.; Diepolder, H.M.; Jung, M.C.; Gruener, N.H.; Schraut, W.W.; Zachoval, R.; Hoffmann, R.; Schirren, C.A.; Santantonio, T.;
Pape, G.R. Recurrence of hepatitis C virus after loss of virus-specific CD4(+) T-cell response in acute hepatitis C. Gastroenterology
1999, 117, 933–941. [CrossRef]

20. Grakoui, A.; Shoukry, N.H.; Woollard, D.J.; Han, J.H.; Hanson, H.L.; Ghrayeb, J.; Murthy, K.K.; Rice, C.M.; Walker, C.M. HCV
persistence and immune evasion in the absence of memory T cell help. Science 2003, 302, 659–662. [CrossRef] [PubMed]

21. Boettler, T.; Spangenberg, H.C.; Neumann-Haefelin, C.; Panther, E.; Urbani, S.; Ferrari, C.; Blum, H.E.; von Weizsacker, F.;
Thimme, R. T cells with a CD4+CD25+ regulatory phenotype suppress in vitro proliferation of virus-specific CD8+ T cells during
chronic hepatitis C virus infection. J. Virol. 2005, 79, 7860–7867. [CrossRef]

22. Cabrera, R.; Tu, Z.; Xu, Y.; Firpi, R.J.; Rosen, H.R.; Liu, C.; Nelson, D.R. An immunomodulatory role for CD4(+)CD25(+) regulatory
T lymphocytes in hepatitis C virus infection. Hepatology 2004, 40, 1062–1071. [CrossRef]

23. Hui, E.; Cheung, J.; Zhu, J.; Su, X.; Taylor, M.J.; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, J.M.; Mellman, I.; et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428–1433. [CrossRef]

24. Lin, W.W.; Nish, S.A.; Yen, B.; Chen, Y.H.; Adams, W.C.; Kratchmarov, R.; Rothman, N.J.; Bhandoola, A.; Xue, H.H.; Reiner, S.L.
CD8(+) T Lymphocyte Self-Renewal during Effector Cell Determination. Cell Rep. 2016, 17, 1773–1782. [CrossRef]

25. Im, S.J.; Hashimoto, M.; Gerner, M.Y.; Lee, J.; Kissick, H.T.; Burger, M.C.; Shan, Q.; Hale, J.S.; Lee, J.; Nasti, T.H.; et al. Defining
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature 2016, 537, 417–421. [CrossRef] [PubMed]

26. Paley, M.A.; Kroy, D.C.; Odorizzi, P.M.; Johnnidis, J.B.; Dolfi, D.V.; Barnett, B.E.; Bikoff, E.K.; Robertson, E.J.; Lauer, G.M.;
Reiner, S.L.; et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain chronic viral infection. Science 2012,
338, 1220–1225. [CrossRef] [PubMed]

27. Escobar, G.; Mangani, D.; Anderson, A.C. T cell factor 1: A master regulator of the T cell response in disease. Sci. Immunol. 2020, 5.
[CrossRef] [PubMed]

28. Wang, Y.; Hu, J.; Li, Y.; Xiao, M.; Wang, H.; Tian, Q.; Li, Z.; Tang, J.; Hu, L.; Tan, Y.; et al. The Transcription Factor TCF1 Preserves
the Effector Function of Exhausted CD8 T Cells During Chronic Viral Infection. Front. Immunol. 2019, 10, 169. [CrossRef]

29. Utzschneider, D.T.; Charmoy, M.; Chennupati, V.; Pousse, L.; Ferreira, D.P.; Calderon-Copete, S.; Danilo, M.; Alfei, F.; Hofmann, M.;
Wieland, D.; et al. T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the Immune Response to Chronic Viral Infections.
Immunity 2016, 45, 415–427. [CrossRef]

http://doi.org/10.1136/gutjnl-2011-300620
http://www.ncbi.nlm.nih.gov/pubmed/21873736
http://doi.org/10.1084/jem.20050121
http://www.ncbi.nlm.nih.gov/pubmed/15939790
http://doi.org/10.1136/gut.2010.228403
http://doi.org/10.1053/j.gastro.2010.09.042
http://www.ncbi.nlm.nih.gov/pubmed/20875418
http://doi.org/10.1002/hep.21049
http://www.ncbi.nlm.nih.gov/pubmed/16496339
http://doi.org/10.1038/ni.2035
http://doi.org/10.1146/annurev-immunol-041015-055318
http://www.ncbi.nlm.nih.gov/pubmed/30676822
http://doi.org/10.1126/science.aaf0683
http://www.ncbi.nlm.nih.gov/pubmed/28280249
http://doi.org/10.1111/j.1365-2893.2012.01618.x
http://doi.org/10.1016/j.jhep.2019.06.025
http://doi.org/10.1111/cei.13308
http://www.ncbi.nlm.nih.gov/pubmed/31038727
http://doi.org/10.1016/j.jhep.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17560677
http://doi.org/10.1371/journal.ppat.1000947
http://www.ncbi.nlm.nih.gov/pubmed/20548953
http://doi.org/10.1016/S0016-5085(99)70353-7
http://doi.org/10.1126/science.1088774
http://www.ncbi.nlm.nih.gov/pubmed/14576438
http://doi.org/10.1128/JVI.79.12.7860-7867.2005
http://doi.org/10.1002/hep.20454
http://doi.org/10.1126/science.aaf1292
http://doi.org/10.1016/j.celrep.2016.10.032
http://doi.org/10.1038/nature19330
http://www.ncbi.nlm.nih.gov/pubmed/27501248
http://doi.org/10.1126/science.1229620
http://www.ncbi.nlm.nih.gov/pubmed/23197535
http://doi.org/10.1126/sciimmunol.abb9726
http://www.ncbi.nlm.nih.gov/pubmed/33158974
http://doi.org/10.3389/fimmu.2019.00169
http://doi.org/10.1016/j.immuni.2016.07.021


Cells 2021, 10, 538 13 of 16

30. Pellegrini, M.; Calzascia, T.; Toe, J.G.; Preston, S.P.; Lin, A.E.; Elford, A.R.; Shahinian, A.; Lang, P.A.; Lang, K.S.; Morre, M.;
et al. IL-7 engages multiple mechanisms to overcome chronic viral infection and limit organ pathology. Cell 2011, 144, 601–613.
[CrossRef]

31. Nolz, J.C.; Richer, M.J. Control of memory CD8(+) T cell longevity and effector functions by IL-15. Mol. Immunol. 2020,
117, 180–188. [CrossRef]

32. Moreno-Cubero, E.; Subira, D.; Sanz-de-Villalobos, E.; Parra-Cid, T.; Madejon, A.; Miquel, J.; Olveira, A.; Gonzalez-Praetorius, A.;
Garcia-Samaniego, J.; Larrubia, J.R. According to Hepatitis C Virus (HCV) Infection Stage, Interleukin-7 Plus 4-1BB Triggering
Alone or Combined with PD-1 Blockade Increases TRAF1(low) HCV-Specific CD8(+) Cell Reactivity. J. Virol. 2018, 92. [CrossRef]

33. Barnaba, V. Hepatitis C virus infection: A “liaison a trois” amongst the virus, the host, and chronic low-level inflammation for
human survival. J. Hepatol. 2010, 53, 752–761. [CrossRef]

34. Larrubia, J.R.; Moreno-Cubero, E.; Lokhande, M.U.; Garcia-Garzon, S.; Lazaro, A.; Miquel, J.; Perna, C.; Sanz-de-Villalobos, E.
Adaptive immune response during hepatitis C virus infection. World J. Gastroenterol. 2014, 20, 3418–3430. [CrossRef] [PubMed]

35. Jo, J.; Aichele, U.; Kersting, N.; Klein, R.; Aichele, P.; Bisse, E.; Sewell, A.K.; Blum, H.E.; Bartenschlager, R.; Lohmann, V.; et al.
Analysis of CD8+ T-cell-mediated inhibition of hepatitis C virus replication using a novel immunological model. Gastroenterology
2009, 136, 1391–1401. [CrossRef] [PubMed]

36. Lechner, F.; Wong, D.K.; Dunbar, P.R.; Chapman, R.; Chung, R.T.; Dohrenwend, P.; Robbins, G.; Phillips, R.; Klenerman, P.; Walker,
B.D. Analysis of successful immune responses in persons infected with hepatitis C virus. J. Exp. Med. 2000, 191, 1499–1512.
[CrossRef]

37. Thimme, R.; Bukh, J.; Spangenberg, H.C.; Wieland, S.; Pemberton, J.; Steiger, C.; Govindarajan, S.; Purcell, R.H.; Chisari, F.V.
Viral and immunological determinants of hepatitis C virus clearance, persistence, and disease. Proc. Natl. Acad. Sci. USA 2002,
99, 15661–15668. [CrossRef]

38. Shoukry, N.H.; Grakoui, A.; Houghton, M.; Chien, D.Y.; Ghrayeb, J.; Reimann, K.A.; Walker, C.M. Memory CD8+ T cells are
required for protection from persistent hepatitis C virus infection. J. Exp. Med. 2003, 197, 1645–1655. [CrossRef]

39. Uebelhoer, L.; Han, J.H.; Callendret, B.; Mateu, G.; Shoukry, N.H.; Hanson, H.L.; Rice, C.M.; Walker, C.M.; Grakoui, A. Stable
cytotoxic T cell escape mutation in hepatitis C virus is linked to maintenance of viral fitness. PLoS Pathog. 2008, 4, e1000143.
[CrossRef]

40. Chang, K.M.; Rehermann, B.; McHutchison, J.G.; Pasquinelli, C.; Southwood, S.; Sette, A.; Chisari, F.V. Immunological significance
of cytotoxic T lymphocyte epitope variants in patients chronically infected by the hepatitis C virus. J. Clin. Investig. 1997,
100, 2376–2385. [CrossRef] [PubMed]

41. Neumann-Haefelin, C.; Killinger, T.; Timm, J.; Southwood, S.; McKinney, D.; Blum, H.E.; Thimme, R. Absence of viral escape
within a frequently recognized HLA-A26-restricted CD8+ T-cell epitope targeting the functionally constrained hepatitis C virus
NS5A/5B cleavage site. J. Gen. Virol. 2007, 88, 1986–1991. [CrossRef] [PubMed]

42. Komatsu, H.; Lauer, G.; Pybus, O.G.; Ouchi, K.; Wong, D.; Ward, S.; Walker, B.; Klenerman, P. Do antiviral CD8+ T cells
select hepatitis C virus escape mutants? Analysis in diverse epitopes targeted by human intrahepatic CD8+ T lymphocytes.
J. Viral. Hepat 2006, 13, 121–130. [CrossRef]

43. Larrubia, J.R.; Benito-Martinez, S.; Miquel, J.; Calvino, M.; Sanz-de-Villalobos, E.; Gonzalez-Praetorius, A.; Albertos, S.;
Garcia-Garzon, S.; Lokhande, M.; Parra-Cid, T. Bim-mediated apoptosis and PD-1/PD-L1 pathway impair reactivity of
PD1(+)/CD127(-) HCV-specific CD8(+) cells targeting the virus in chronic hepatitis C virus infection. Cell Immunol. 2011,
269, 104–114. [CrossRef]

44. Gruener, N.H.; Lechner, F.; Jung, M.C.; Diepolder, H.; Gerlach, T.; Lauer, G.; Walker, B.; Sullivan, J.; Phillips, R.; Pape, G.R.;
et al. Sustained dysfunction of antiviral CD8+ T lymphocytes after infection with hepatitis C virus. J. Virol. 2001, 75, 5550–5558.
[CrossRef] [PubMed]

45. Nakamoto, N.; Kaplan, D.E.; Coleclough, J.; Li, Y.; Valiga, M.E.; Kaminski, M.; Shaked, A.; Olthoff, K.; Gostick, E.; Price, D.A.; et al.
Functional restoration of HCV-specific CD8 T cells by PD-1 blockade is defined by PD-1 expression and compartmentalization.
Gastroenterology 2008, 134, 1927–1937.e2. [CrossRef] [PubMed]

46. Radziewicz, H.; Ibegbu, C.C.; Fernandez, M.L.; Workowski, K.A.; Obideen, K.; Wehbi, M.; Hanson, H.L.; Steinberg, J.P.;
Masopust, D.; Wherry, E.J.; et al. Liver-infiltrating lymphocytes in chronic human hepatitis C virus infection display an exhausted
phenotype with high levels of PD-1 and low levels of CD127 expression. J. Virol. 2007, 81, 2545–2553. [CrossRef]

47. Larrubia, J.R.; Benito-Martinez, S.; Calvino, M.; Sanz-de-Villalobos, E.; Parra-Cid, T. Role of chemokines and their receptors
in viral persistence and liver damage during chronic hepatitis C virus infection. World J. Gastroenterol. 2008, 14, 7149–7159.
[CrossRef]

48. Hajarizadeh, B.; Grebely, J.; Dore, G.J. Epidemiology and natural history of HCV infection. Nat. Rev. Gastroenterol. Hepatol. 2013,
10, 553–562. [CrossRef] [PubMed]

49. Golden-Mason, L.; Palmer, B.E.; Kassam, N.; Townshend-Bulson, L.; Livingston, S.; McMahon, B.J.; Castelblanco, N.; Kuchroo, V.;
Gretch, D.R.; Rosen, H.R. Negative immune regulator Tim-3 is overexpressed on T cells in hepatitis C virus infection and its
blockade rescues dysfunctional CD4+ and CD8+ T cells. J. Virol. 2009, 83, 9122–9130. [CrossRef]

50. Adams, W.C.; Chen, Y.H.; Kratchmarov, R.; Yen, B.; Nish, S.A.; Lin, W.W.; Rothman, N.J.; Luchsinger, L.L.; Klein, U.; Busslinger, M.;
et al. Anabolism-Associated Mitochondrial Stasis Driving Lymphocyte Differentiation over Self-Renewal. Cell Rep. 2016, 17, 3142–3152.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2011.01.011
http://doi.org/10.1016/j.molimm.2019.11.011
http://doi.org/10.1128/JVI.01443-17
http://doi.org/10.1016/j.jhep.2010.06.003
http://doi.org/10.3748/wjg.v20.i13.3418
http://www.ncbi.nlm.nih.gov/pubmed/24707125
http://doi.org/10.1053/j.gastro.2008.12.034
http://www.ncbi.nlm.nih.gov/pubmed/19185579
http://doi.org/10.1084/jem.191.9.1499
http://doi.org/10.1073/pnas.202608299
http://doi.org/10.1084/jem.20030239
http://doi.org/10.1371/journal.ppat.1000143
http://doi.org/10.1172/JCI119778
http://www.ncbi.nlm.nih.gov/pubmed/9410918
http://doi.org/10.1099/vir.0.82826-0
http://www.ncbi.nlm.nih.gov/pubmed/17554032
http://doi.org/10.1111/j.1365-2893.2005.00676.x
http://doi.org/10.1016/j.cellimm.2011.03.011
http://doi.org/10.1128/JVI.75.12.5550-5558.2001
http://www.ncbi.nlm.nih.gov/pubmed/11356962
http://doi.org/10.1053/j.gastro.2008.02.033
http://www.ncbi.nlm.nih.gov/pubmed/18549878
http://doi.org/10.1128/JVI.02021-06
http://doi.org/10.3748/wjg.14.7149
http://doi.org/10.1038/nrgastro.2013.107
http://www.ncbi.nlm.nih.gov/pubmed/23817321
http://doi.org/10.1128/JVI.00639-09
http://doi.org/10.1016/j.celrep.2016.11.065
http://www.ncbi.nlm.nih.gov/pubmed/28009285


Cells 2021, 10, 538 14 of 16

51. Seo, H.; Chen, J.; Gonzalez-Avalos, E.; Samaniego-Castruita, D.; Das, A.; Wang, Y.H.; Lopez-Moyado, I.F.; Georges, R.O.;
Zhang, W.; Onodera, A.; et al. TOX and TOX2 transcription factors cooperate with NR4A transcription factors to impose CD8(+)
T cell exhaustion. Proc. Natl. Acad. Sci. USA 2019, 116, 12410–12415. [CrossRef]

52. Zander, R.; Schauder, D.; Xin, G.; Nguyen, C.; Wu, X.; Zajac, A.; Cui, W. CD4(+) T Cell Help Is Required for the Formation of a
Cytolytic CD8(+) T Cell Subset that Protects against Chronic Infection and Cancer. Immunity 2019, 51, 1028–1042.e4. [CrossRef]
[PubMed]

53. Johnnidis, J.B.; Muroyama, Y.; Ngiow, S.F.; Chen, Z.; Manne, S.; Cai, Z.; Song, S.; Platt, J.M.; Schenkel, J.M.; Abdel-Hakeem, M.;
et al. Inhibitory signaling sustains a distinct early memory CD8(+) T cell precursor that is resistant to DNA damage. Sci. Immunol.
2021, 6. [CrossRef]

54. Gattinoni, L.; Lugli, E.; Ji, Y.; Pos, Z.; Paulos, C.M.; Quigley, M.F.; Almeida, J.R.; Gostick, E.; Yu, Z.; Carpenito, C.; et al. A human
memory T cell subset with stem cell-like properties. Nat. Med. 2011, 17, 1290–1297. [CrossRef]

55. Cieri, N.; Camisa, B.; Cocchiarella, F.; Forcato, M.; Oliveira, G.; Provasi, E.; Bondanza, A.; Bordignon, C.; Peccatori, J.; Ciceri, F.;
et al. IL-7 and IL-15 instruct the generation of human memory stem T cells from naive precursors. Blood 2013, 121, 573–584.
[CrossRef]

56. Nakano, S.; Eso, Y.; Okada, H.; Takai, A.; Takahashi, K.; Seno, H. Recent Advances in Immunotherapy for Hepatocellular
Carcinoma. Cancers 2020, 12, 775. [CrossRef] [PubMed]

57. Pauken, K.E.; Sammons, M.A.; Odorizzi, P.M.; Manne, S.; Godec, J.; Khan, O.; Drake, A.M.; Chen, Z.; Sen, D.R.; Kurachi, M.;
et al. Epigenetic stability of exhausted T cells limits durability of reinvigoration by PD-1 blockade. Science 2016, 354, 1160–1165.
[CrossRef] [PubMed]

58. Sen, D.R.; Kaminski, J.; Barnitz, R.A.; Kurachi, M.; Gerdemann, U.; Yates, K.B.; Tsao, H.W.; Godec, J.; LaFleur, M.W.; Brown, F.D.;
et al. The epigenetic landscape of T cell exhaustion. Science 2016, 354, 1165–1169. [CrossRef] [PubMed]

59. Shourian, M.; Beltra, J.C.; Bourdin, B.; Decaluwe, H. Common gamma chain cytokines and CD8 T cells in cancer. Semin Immunol.
2019, 42, 101307. [CrossRef]

60. Fukuda, R.; Sugawara, S.; Kondo, Y. Immune Checkpoint Inhibitor Can Reduce HCV-RNA without Liver Damage. Intern. Med.
2020, 59, 2245–2248. [CrossRef]

61. Kasprowicz, V.; Schulze Zur Wiesch, J.; Kuntzen, T.; Nolan, B.E.; Longworth, S.; Berical, A.; Blum, J.; McMahon, C.; Reyor, L.L.;
Elias, N.; et al. High level of PD-1 expression on hepatitis C virus (HCV)-specific CD8+ and CD4+ T cells during acute HCV
infection, irrespective of clinical outcome. J. Virol. 2008, 82, 3154–3160. [CrossRef]

62. Gong, J.; Chehrazi-Raffle, A.; Reddi, S.; Salgia, R. Development of PD-1 and PD-L1 inhibitors as a form of cancer immunotherapy:
A comprehensive review of registration trials and future considerations. J. Immunother Cancer 2018, 6, 8. [CrossRef]

63. Tomiyama, H.; Matsuda, T.; Takiguchi, M. Differentiation of human CD8(+) T cells from a memory to memory/effector phenotype.
J. Immunol. 2002, 168, 5538–5550. [CrossRef] [PubMed]

64. Mizuno, R.; Sugiura, D.; Shimizu, K.; Maruhashi, T.; Watada, M.; Okazaki, I.M.; Okazaki, T. PD-1 Primarily Targets TCR Signal in
the Inhibition of Functional T Cell Activation. Front. Immunol. 2019, 10, 630. [CrossRef]

65. Ebinuma, H.; Nakamoto, N.; Li, Y.; Price, D.A.; Gostick, E.; Levine, B.L.; Tobias, J.; Kwok, W.W.; Chang, K.M. Identification and
in vitro expansion of functional antigen-specific CD25+ FoxP3+ regulatory T cells in hepatitis C virus infection. J. Virol. 2008,
82, 5043–5053. [CrossRef]

66. Qureshi, O.S.; Zheng, Y.; Nakamura, K.; Attridge, K.; Manzotti, C.; Schmidt, E.M.; Baker, J.; Jeffery, L.E.; Kaur, S.; Briggs, Z.; et al.
Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic function of CTLA-4. Science 2011, 332, 600–603.
[CrossRef]

67. Nakamoto, N.; Cho, H.; Shaked, A.; Olthoff, K.; Valiga, M.E.; Kaminski, M.; Gostick, E.; Price, D.A.; Freeman, G.J.; Wherry, E.J.;
et al. Synergistic reversal of intrahepatic HCV-specific CD8 T cell exhaustion by combined PD-1/CTLA-4 blockade. PLoS Pathog.
2009, 5, e1000313. [CrossRef] [PubMed]

68. Wang, C.; McPherson, A.J.; Jones, R.B.; Kawamura, K.S.; Lin, G.H.; Lang, P.A.; Ambagala, T.; Pellegrini, M.; Calzascia, T.;
Aidarus, N.; et al. Loss of the signaling adaptor TRAF1 causes CD8+ T cell dysregulation during human and murine chronic
infection. J. Exp. Med. 2012, 209, 77–91. [CrossRef] [PubMed]

69. Smith-Garvin, J.E.; Koretzky, G.A.; Jordan, M.S. T cell activation. Annu Rev. Immunol. 2009, 27, 591–619. [CrossRef] [PubMed]
70. Urbani, S.; Amadei, B.; Tola, D.; Massari, M.; Schivazappa, S.; Missale, G.; Ferrari, C. PD-1 expression in acute hepatitis C virus

(HCV) infection is associated with HCV-specific CD8 exhaustion. J. Virol. 2006, 80, 11398–11403. [CrossRef] [PubMed]
71. Rutebemberwa, A.; Ray, S.C.; Astemborski, J.; Levine, J.; Liu, L.; Dowd, K.A.; Clute, S.; Wang, C.; Korman, A.; Sette, A.; et al.

High-programmed death-1 levels on hepatitis C virus-specific T cells during acute infection are associated with viral persistence
and require preservation of cognate antigen during chronic infection. J. Immunol. 2008, 181, 8215–8225. [CrossRef]

72. Penna, A.; Pilli, M.; Zerbini, A.; Orlandini, A.; Mezzadri, S.; Sacchelli, L.; Missale, G.; Ferrari, C. Dysfunction and functional
restoration of HCV-specific CD8 responses in chronic hepatitis C virus infection. Hepatology 2007, 45, 588–601. [CrossRef]
[PubMed]

73. Gardiner, D.; Lalezari, J.; Lawitz, E.; DiMicco, M.; Ghalib, R.; Reddy, K.R.; Chang, K.M.; Sulkowski, M.; Marro, S.O.; Anderson, J.;
et al. A randomized, double-blind, placebo-controlled assessment of BMS-936558, a fully human monoclonal antibody to
programmed death-1 (PD-1), in patients with chronic hepatitis C virus infection. PLoS ONE 2013, 8, e63818. [CrossRef]

http://doi.org/10.1073/pnas.1905675116
http://doi.org/10.1016/j.immuni.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31810883
http://doi.org/10.1126/sciimmunol.abe3702
http://doi.org/10.1038/nm.2446
http://doi.org/10.1182/blood-2012-05-431718
http://doi.org/10.3390/cancers12040775
http://www.ncbi.nlm.nih.gov/pubmed/32218257
http://doi.org/10.1126/science.aaf2807
http://www.ncbi.nlm.nih.gov/pubmed/27789795
http://doi.org/10.1126/science.aae0491
http://www.ncbi.nlm.nih.gov/pubmed/27789799
http://doi.org/10.1016/j.smim.2019.101307
http://doi.org/10.2169/internalmedicine.3726-19
http://doi.org/10.1128/JVI.02474-07
http://doi.org/10.1186/s40425-018-0316-z
http://doi.org/10.4049/jimmunol.168.11.5538
http://www.ncbi.nlm.nih.gov/pubmed/12023349
http://doi.org/10.3389/fimmu.2019.00630
http://doi.org/10.1128/JVI.01548-07
http://doi.org/10.1126/science.1202947
http://doi.org/10.1371/journal.ppat.1000313
http://www.ncbi.nlm.nih.gov/pubmed/19247441
http://doi.org/10.1084/jem.20110675
http://www.ncbi.nlm.nih.gov/pubmed/22184633
http://doi.org/10.1146/annurev.immunol.021908.132706
http://www.ncbi.nlm.nih.gov/pubmed/19132916
http://doi.org/10.1128/JVI.01177-06
http://www.ncbi.nlm.nih.gov/pubmed/16956940
http://doi.org/10.4049/jimmunol.181.12.8215
http://doi.org/10.1002/hep.21541
http://www.ncbi.nlm.nih.gov/pubmed/17326153
http://doi.org/10.1371/journal.pone.0063818


Cells 2021, 10, 538 15 of 16

74. Owusu Sekyere, S.; Suneetha, P.V.; Kraft, A.R.; Zhang, S.; Dietz, J.; Sarrazin, C.; Manns, M.P.; Schlaphoff, V.; Cornberg, M.;
Wedemeyer, H. A heterogeneous hierarchy of co-regulatory receptors regulates exhaustion of HCV-specific CD8 T cells in patients
with chronic hepatitis C. J. Hepatol. 2015, 62, 31–40. [CrossRef] [PubMed]

75. Fisicaro, P.; Valdatta, C.; Massari, M.; Loggi, E.; Ravanetti, L.; Urbani, S.; Giuberti, T.; Cavalli, A.; Vandelli, C.; Andreone, P.; et al.
Combined blockade of programmed death-1 and activation of CD137 increase responses of human liver T cells against HBV, but
not HCV. Gastroenterology 2012, 143, 1576–1585. [CrossRef]

76. Li, Y.; Liu, S.; Hernandez, J.; Vence, L.; Hwu, P.; Radvanyi, L. MART-1-specific melanoma tumor-infiltrating lymphocytes
maintaining CD28 expression have improved survival and expansion capability following antigenic restimulation in vitro.
J. Immunol. 2010, 184, 452–465. [CrossRef]

77. Hashimoto, M.; Im, S.J.; Araki, K.; Ahmed, R. Cytokine-Mediated Regulation of CD8 T-Cell Responses During Acute and Chronic
Viral Infection. Cold Spring Harb Perspect Biol. 2019, 11. [CrossRef] [PubMed]

78. Mitchell, D.M.; Ravkov, E.V.; Williams, M.A. Distinct roles for IL-2 and IL-15 in the differentiation and survival of CD8+ effector
and memory T cells. J. Immunol. 2010, 184, 6719–6730. [CrossRef]

79. Obar, J.J.; Molloy, M.J.; Jellison, E.R.; Stoklasek, T.A.; Zhang, W.; Usherwood, E.J.; Lefrancois, L. CD4+ T cell regulation of CD25
expression controls development of short-lived effector CD8+ T cells in primary and secondary responses. Proc. Natl. Acad.
Sci. USA 2010, 107, 193–198. [CrossRef] [PubMed]

80. Pipkin, M.E.; Sacks, J.A.; Cruz-Guilloty, F.; Lichtenheld, M.G.; Bevan, M.J.; Rao, A. Interleukin-2 and inflammation induce distinct
transcriptional programs that promote the differentiation of effector cytolytic T cells. Immunity 2010, 32, 79–90. [CrossRef]

81. Feau, S.; Arens, R.; Togher, S.; Schoenberger, S.P. Autocrine IL-2 is required for secondary population expansion of CD8(+)
memory T cells. Nat. Immunol. 2011, 12, 908–913. [CrossRef]

82. West, E.E.; Jin, H.T.; Rasheed, A.U.; Penaloza-Macmaster, P.; Ha, S.J.; Tan, W.G.; Youngblood, B.; Freeman, G.J.; Smith, K.A.;
Ahmed, R. PD-L1 blockade synergizes with IL-2 therapy in reinvigorating exhausted T cells. J. Clin. Investig. 2013, 123, 2604–2615.
[CrossRef] [PubMed]

83. Kaech, S.M.; Tan, J.T.; Wherry, E.J.; Konieczny, B.T.; Surh, C.D.; Ahmed, R. Selective expression of the interleukin 7 receptor
identifies effector CD8 T cells that give rise to long-lived memory cells. Nat. Immunol. 2003, 4, 1191–1198. [CrossRef]

84. Opferman, J.T.; Letai, A.; Beard, C.; Sorcinelli, M.D.; Ong, C.C.; Korsmeyer, S.J. Development and maintenance of B and T
lymphocytes requires antiapoptotic MCL-1. Nature 2003, 426, 671–676. [CrossRef] [PubMed]

85. Schluns, K.S.; Kieper, W.C.; Jameson, S.C.; Lefrancois, L. Interleukin-7 mediates the homeostasis of naive and memory CD8 T
cells in vivo. Nat. Immunol. 2000, 1, 426–432. [CrossRef]

86. Lang, K.S.; Recher, M.; Navarini, A.A.; Harris, N.L.; Lohning, M.; Junt, T.; Probst, H.C.; Hengartner, H.; Zinkernagel, R.M. Inverse
correlation between IL-7 receptor expression and CD8 T cell exhaustion during persistent antigen stimulation. Eur. J. Immunol.
2005, 35, 738–745. [CrossRef] [PubMed]

87. Pellegrini, M.; Calzascia, T.; Elford, A.R.; Shahinian, A.; Lin, A.E.; Dissanayake, D.; Dhanji, S.; Nguyen, L.T.; Gronski, M.A.;
Morre, M.; et al. Adjuvant IL-7 antagonizes multiple cellular and molecular inhibitory networks to enhance immunotherapies.
Nat. Med. 2009, 15, 528–536. [CrossRef] [PubMed]

88. Jabri, B.; Abadie, V. IL-15 functions as a danger signal to regulate tissue-resident T cells and tissue destruction. Nat. Rev. Immunol.
2015, 15, 771–783. [CrossRef]

89. Becker, T.C.; Wherry, E.J.; Boone, D.; Murali-Krishna, K.; Antia, R.; Ma, A.; Ahmed, R. Interleukin 15 is required for proliferative
renewal of virus-specific memory CD8 T cells. J. Exp. Med. 2002, 195, 1541–1548. [CrossRef]

90. Sandau, M.M.; Kohlmeier, J.E.; Woodland, D.L.; Jameson, S.C. IL-15 regulates both quantitative and qualitative features of the
memory CD8 T cell pool. J. Immunol. 2010, 184, 35–44. [CrossRef] [PubMed]

91. Wherry, E.J.; Blattman, J.N.; Murali-Krishna, K.; van der Most, R.; Ahmed, R. Viral persistence alters CD8 T-cell immunodominance
and tissue distribution and results in distinct stages of functional impairment. J. Virol. 2003, 77, 4911–4927. [CrossRef] [PubMed]

92. Teague, R.M.; Sather, B.D.; Sacks, J.A.; Huang, M.Z.; Dossett, M.L.; Morimoto, J.; Tan, X.; Sutton, S.E.; Cooke, M.P.; Ohlen, C.;
et al. Interleukin-15 rescues tolerant CD8+ T cells for use in adoptive immunotherapy of established tumors. Nat. Med. 2006,
12, 335–341. [CrossRef]

93. Buck, M.D.; O’Sullivan, D.; Klein Geltink, R.I.; Curtis, J.D.; Chang, C.H.; Sanin, D.E.; Qiu, J.; Kretz, O.; Braas, D.;
van der Windt, G.J.; et al. Mitochondrial Dynamics Controls T Cell Fate through Metabolic Programming. Cell 2016,
166, 63–76. [CrossRef]

94. van der Windt, G.J.; Everts, B.; Chang, C.H.; Curtis, J.D.; Freitas, T.C.; Amiel, E.; Pearce, E.J.; Pearce, E.L. Mitochondrial respiratory
capacity is a critical regulator of CD8+ T cell memory development. Immunity 2012, 36, 68–78. [CrossRef]

95. Bengsch, B.; Johnson, A.L.; Kurachi, M.; Odorizzi, P.M.; Pauken, K.E.; Attanasio, J.; Stelekati, E.; McLane, L.M.; Paley, M.A.;
Delgoffe, G.M.; et al. Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an
Early Driver of CD8(+) T Cell Exhaustion. Immunity 2016, 45, 358–373. [CrossRef]

96. Shenoy, A.R.; Kirschnek, S.; Hacker, G. IL-15 regulates Bcl-2 family members Bim and Mcl-1 through JAK/STAT and PI3K/AKT
pathways in T cells. Eur J. Immunol. 2014, 44, 2500–2507. [CrossRef]

97. Goshu, B.A.; Chen, H.; Moussa, M.; Cheng, J.; Catalfamo, M. Combination rhIL-15 and Anti-PD-L1 (Avelumab) Enhances
HIVGag-Specific CD8 T-Cell Function. J. Infect. Dis. 2020, 222, 1540–1549. [CrossRef]

http://doi.org/10.1016/j.jhep.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25131771
http://doi.org/10.1053/j.gastro.2012.08.041
http://doi.org/10.4049/jimmunol.0901101
http://doi.org/10.1101/cshperspect.a028464
http://www.ncbi.nlm.nih.gov/pubmed/29101105
http://doi.org/10.4049/jimmunol.0904089
http://doi.org/10.1073/pnas.0909945107
http://www.ncbi.nlm.nih.gov/pubmed/19966302
http://doi.org/10.1016/j.immuni.2009.11.012
http://doi.org/10.1038/ni.2079
http://doi.org/10.1172/JCI67008
http://www.ncbi.nlm.nih.gov/pubmed/23676462
http://doi.org/10.1038/ni1009
http://doi.org/10.1038/nature02067
http://www.ncbi.nlm.nih.gov/pubmed/14668867
http://doi.org/10.1038/80868
http://doi.org/10.1002/eji.200425828
http://www.ncbi.nlm.nih.gov/pubmed/15724249
http://doi.org/10.1038/nm.1953
http://www.ncbi.nlm.nih.gov/pubmed/19396174
http://doi.org/10.1038/nri3919
http://doi.org/10.1084/jem.20020369
http://doi.org/10.4049/jimmunol.0803355
http://www.ncbi.nlm.nih.gov/pubmed/19949092
http://doi.org/10.1128/JVI.77.8.4911-4927.2003
http://www.ncbi.nlm.nih.gov/pubmed/12663797
http://doi.org/10.1038/nm1359
http://doi.org/10.1016/j.cell.2016.05.035
http://doi.org/10.1016/j.immuni.2011.12.007
http://doi.org/10.1016/j.immuni.2016.07.008
http://doi.org/10.1002/eji.201344238
http://doi.org/10.1093/infdis/jiaa269


Cells 2021, 10, 538 16 of 16

98. Chen, P.; Chen, H.; Moussa, M.; Cheng, J.; Li, T.; Qin, J.; Lifson, J.D.; Sneller, M.C.; Krymskaya, L.; Godin, S.; et al. Recombinant
Human Interleukin-15 and Anti-PD-L1 Combination Therapy Expands a CXCR3+PD1-/low CD8 T-Cell Subset in Simian
Immunodeficiency Virus-Infected Rhesus Macaques. J. Infect. Dis. 2020, 221, 523–533. [CrossRef]

99. Kim, K.H.; Kim, H.K.; Kim, H.D.; Kim, C.G.; Lee, H.; Han, J.W.; Choi, S.J.; Jeong, S.; Jeon, M.; Kim, H.; et al. PD-1 blockade-
unresponsive human tumor-infiltrating CD8(+) T cells are marked by loss of CD28 expression and rescued by IL-15. Cell Mol. Immunol.
2020. [CrossRef]

100. Giuffrida, L.; Sek, K.; Henderson, M.A.; House, I.G.; Lai, J.; Chen, A.X.Y.; Todd, K.L.; Petley, E.V.; Mardiana, S.; Todorovski, I.;
et al. IL-15 Preconditioning Augments CAR T Cell Responses to Checkpoint Blockade for Improved Treatment of Solid Tumors.
Mol. Ther. 2020, 28, 2379–2393. [CrossRef]

101. Tian, Y.; Zajac, A.J. IL-21 and T Cell Differentiation: Consider the Context. Trends Immunol. 2016, 37, 557–568. [CrossRef] [PubMed]
102. Spolski, R.; Leonard, W.J. Interleukin-21: A double-edged sword with therapeutic potential. Nat. Rev. Drug Discov. 2014,

13, 379–395. [CrossRef] [PubMed]
103. Boni, A.; Muranski, P.; Cassard, L.; Wrzesinski, C.; Paulos, C.M.; Palmer, D.C.; Gattinoni, L.; Hinrichs, C.S.; Chan, C.C.;

Rosenberg, S.A.; et al. Adoptive transfer of allogeneic tumor-specific T cells mediates effective regression of large tumors across
major histocompatibility barriers. Blood 2008, 112, 4746–4754. [CrossRef]

104. Loschinski, R.; Bottcher, M.; Stoll, A.; Bruns, H.; Mackensen, A.; Mougiakakos, D. IL-21 modulates memory and exhaustion
phenotype of T-cells in a fatty acid oxidation-dependent manner. Oncotarget 2018, 9, 13125–13138. [CrossRef]

105. Pearce, E.L.; Walsh, M.C.; Cejas, P.J.; Harms, G.M.; Shen, H.; Wang, L.S.; Jones, R.G.; Choi, Y. Enhancing CD8 T-cell memory by
modulating fatty acid metabolism. Nature 2009, 460, 103–107. [CrossRef]

106. Kwon, H.; Thierry-Mieg, D.; Thierry-Mieg, J.; Kim, H.P.; Oh, J.; Tunyaplin, C.; Carotta, S.; Donovan, C.E.; Goldman, M.L.; Tailor, P.;
et al. Analysis of interleukin-21-induced Prdm1 gene regulation reveals functional cooperation of STAT3 and IRF4 transcription
factors. Immunity 2009, 31, 941–952. [CrossRef]

107. Moroz, A.; Eppolito, C.; Li, Q.; Tao, J.; Clegg, C.H.; Shrikant, P.A. IL-21 enhances and sustains CD8+ T cell responses to achieve
durable tumor immunity: Comparative evaluation of IL-2, IL-15, and IL-21. J. Immunol. 2004, 173, 900–909. [CrossRef]

108. Zeng, R.; Spolski, R.; Finkelstein, S.E.; Oh, S.; Kovanen, P.E.; Hinrichs, C.S.; Pise-Masison, C.A.; Radonovich, M.F.; Brady, J.N.;
Restifo, N.P.; et al. Synergy of IL-21 and IL-15 in regulating CD8+ T cell expansion and function. J. Exp. Med. 2005, 201, 139–148.
[CrossRef]

109. Lewis, K.E.; Selby, M.J.; Masters, G.; Valle, J.; Dito, G.; Curtis, W.R.; Garcia, R.; Mink, K.A.; Waggie, K.S.; Holdren, M.S.; et al.
Interleukin-21 combined with PD-1 or CTLA-4 blockade enhances antitumor immunity in mouse tumor models. Oncoimmunology
2017, 7, e1377873. [CrossRef]

110. Wieland, D.; Kemming, J.; Schuch, A.; Emmerich, F.; Knolle, P.; Neumann-Haefelin, C.; Held, W.; Zehn, D.; Hofmann, M.;
Thimme, R. TCF1(+) hepatitis C virus-specific CD8(+) T cells are maintained after cessation of chronic antigen stimulation.
Nat. Commun. 2017, 8, 15050. [CrossRef]

111. Seigel, B.; Bengsch, B.; Lohmann, V.; Bartenschlager, R.; Blum, H.E.; Thimme, R. Factors that determine the antiviral efficacy of
HCV-specific CD8(+) T cells ex vivo. Gastroenterology 2013, 144, 426–436. [CrossRef] [PubMed]

112. Larrea, E.; Riezu-Boj, J.I.; Aldabe, R.; Guembe, L.; Echeverria, I.; Balasiddaiah, A.; Gastaminza, P.; Civeira, M.P.; Sarobe, P.;
Prieto, J. Dysregulation of interferon regulatory factors impairs the expression of immunostimulatory molecules in hepatitis C
virus genotype 1-infected hepatocytes. Gut 2014, 63, 665–673. [CrossRef] [PubMed]

113. Kared, H.; Fabre, T.; Bedard, N.; Bruneau, J.; Shoukry, N.H. Galectin-9 and IL-21 mediate cross-regulation between Th17 and Treg
cells during acute hepatitis C. PLoS Pathog. 2013, 9, e1003422. [CrossRef]

114. Yu, P.; Steel, J.C.; Zhang, M.; Morris, J.C.; Waitz, R.; Fasso, M.; Allison, J.P.; Waldmann, T.A. Simultaneous inhibition of
two regulatory T-cell subsets enhanced Interleukin-15 efficacy in a prostate tumor model. Proc. Natl. Acad. Sci. USA 2012,
109, 6187–6192. [CrossRef]

115. Yu, P.; Steel, J.C.; Zhang, M.; Morris, J.C.; Waldmann, T.A. Simultaneous blockade of multiple immune system inhibitory check-
points enhances antitumor activity mediated by interleukin-15 in a murine metastatic colon carcinoma model. Clin. Cancer Res.
2010, 16, 6019–6028. [CrossRef] [PubMed]

116. Pfannenstiel, L.W.; Diaz-Montero, C.M.; Tian, Y.F.; Scharpf, J.; Ko, J.S.; Gastman, B.R. Immune-Checkpoint Blockade Opposes
CD8(+) T-cell Suppression in Human and Murine Cancer. Cancer Immunol. Res. 2019, 7, 510–525. [CrossRef]

117. Naidoo, J.; Page, D.B.; Li, B.T.; Connell, L.C.; Schindler, K.; Lacouture, M.E.; Postow, M.A.; Wolchok, J.D. Toxicities of the anti-PD-1
and anti-PD-L1 immune checkpoint antibodies. Ann. Oncol. 2015, 26, 2375–2391. [CrossRef]

118. Waldmann, T.A. The shared and contrasting roles of IL2 and IL15 in the life and death of normal and neoplastic lymphocytes:
Implications for cancer therapy. Cancer Immunol. Res. 2015, 3, 219–227. [CrossRef]

119. Kammula, U.S.; White, D.E.; Rosenberg, S.A. Trends in the safety of high dose bolus interleukin-2 administration in patients with
metastatic cancer. Cancer 1998, 83, 797–805. [CrossRef]

120. Sportes, C.; Babb, R.R.; Krumlauf, M.C.; Hakim, F.T.; Steinberg, S.M.; Chow, C.K.; Brown, M.R.; Fleisher, T.A.; Noel, P.; Maric, I.;
et al. Phase I study of recombinant human interleukin-7 administration in subjects with refractory malignancy. Clin. Cancer Res.
2010, 16, 727–735. [CrossRef]

http://doi.org/10.1093/infdis/jiz485
http://doi.org/10.1038/s41423-020-0427-6
http://doi.org/10.1016/j.ymthe.2020.07.018
http://doi.org/10.1016/j.it.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27389961
http://doi.org/10.1038/nrd4296
http://www.ncbi.nlm.nih.gov/pubmed/24751819
http://doi.org/10.1182/blood-2008-07-169797
http://doi.org/10.18632/oncotarget.24442
http://doi.org/10.1038/nature08097
http://doi.org/10.1016/j.immuni.2009.10.008
http://doi.org/10.4049/jimmunol.173.2.900
http://doi.org/10.1084/jem.20041057
http://doi.org/10.1080/2162402X.2017.1377873
http://doi.org/10.1038/ncomms15050
http://doi.org/10.1053/j.gastro.2012.10.047
http://www.ncbi.nlm.nih.gov/pubmed/23142136
http://doi.org/10.1136/gutjnl-2012-304377
http://www.ncbi.nlm.nih.gov/pubmed/23787026
http://doi.org/10.1371/journal.ppat.1003422
http://doi.org/10.1073/pnas.1203479109
http://doi.org/10.1158/1078-0432.CCR-10-1966
http://www.ncbi.nlm.nih.gov/pubmed/20924130
http://doi.org/10.1158/2326-6066.CIR-18-0054
http://doi.org/10.1093/annonc/mdv383
http://doi.org/10.1158/2326-6066.CIR-15-0009
http://doi.org/10.1002/(SICI)1097-0142(19980815)83:4&lt;797::AID-CNCR25&gt;3.0.CO;2-M
http://doi.org/10.1158/1078-0432.CCR-09-1303

	Introduction 
	Key Role of Specific CD8 T Cells in HCV Infection 
	PD-1 Modulation for T Cell Exhaustion Reversion 
	Gamma () Chain Cytokines for T Cell Exhaustion Reversion 
	Interleukin-2 
	Interleukin-7 
	Interleukin-15 
	Interleukin-21 

	Effect of PD-1 Modulation and c-Cytokines on HCV-Specific CD8+ T Cell Response 
	Conclusions 
	References

