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In hepatitis B virus (HBV) infection, the interplay between the virus and the host

immune system is crucial in determining the pathogenesis of the disease.

Patients who fail to mount a sufficient and sustained anti-viral immune

response develop chronic hepatitis B (CHB). T cells and natural killer (NK) cells

play decisive role in viral clearance, but they are defective in chronic HBV

infection. The activation of immune cells is tightly controlled by a combination

of activating and inhibitory receptors, called immune checkpoints (ICs), allowing

the maintenance of immune homeostasis. Chronic exposure to viral antigens

and the subsequent dysregulation of ICs actively contribute to the exhaustion of

effector cells and viral persistence. The present review aims to summarize the

function of various ICs and their expression in T lymphocytes and NK cells in the

course of HBV infection as well as the use of immunotherapeutic strategies

targeting ICs in chronic HBV infection.
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1 Introduction

Hepatitis B virus (HBV) is a double-stranded DNA virus that infects liver parenchymal

cells (i.e., hepatocytes) and is responsible for nearly 1 million deaths annually (1, 2).An

effective hepatitis B preventive vaccine has been developed, but 5–10% of vaccinated

individuals are non-responders, and vaccination availability remains very low in certain

geographical regions (3–5).

In general, acute HBV infection is efficiently controlled by the host immune system and

is spontaneously resolved in about 90–95% of adults, while only a minority of infants and
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young children exhibit this immune capacity (5). Those who fail to

achieve immune clearance during first six months after infection

develop chronic hepatitis B infection (CHB). Today, around 300

million people are living with CHB, and they are at risk of

developing liver complications such as fibrosis, cirrhosis, and

hepatocellular carcinoma (HCC) due to sustained liver

inflammation (1, 6). Current antiviral therapies for HBV infection

rely on nucleoside/nucleotide analogs (NUCs) that are highly

efficient at suppressing viral replication. However, they do not

completely eradicate the virus (except in a minority of patients),

as characterized by the persistence of covalently closed circular

DNA (cccDNA) within hepatocytes, and such, long-term treatment

must be taken, often for life (7). Therefore, novel therapies to

achieve HBV functional cure are needed. Such therapies may

require a combination of antiviral and immunomodulatory

approaches to reshape a potent antiviral immune response

against HBV.

Immune checkpoints (ICs) play key roles in the immune

response through the regulation of immune cell functional

response by providing either inhibitory or stimulatory signals

upon interactions with their ligands. Immune cells naturally

express inhibitory ICs to maintain immune tolerance and prevent

the immune system’s over-activation, therefore limiting self-

damage by controlling the amplitude of the immune response.

On the other hand, stimulatory ICs or co-stimulatory molecules are

often required to fully activate immune cells and promote an

effective immune response. Due to their immune-regulatory

properties, ICs have been widely utilized as targets for

immunotherapy to enhance host immune responses in patients

with cancer as well as in chronic infections such as HBV

infection (8).

In this review, we summarize the current knowledge about

inhibitory and stimulatory ICs in T cells and NK cells and their role

in the pathogenesis of chronic HBV infection, and discuss the

relevance of therapeutically targeting ICs for clinical applications.
2 Key role of immune checkpoint
molecules in the regulation of T cell-
and NK cell-mediated anti-viral
immune responses

Some ICs are considered inhibitory as they are well-known for

negatively regulating T cell functions, such as programmed death

protein 1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), T

cell immunoglobulin domain and mucin domain 3 (TIM-3),

lymphocyte activation gene-3 (LAG-3) and T cell immune

receptor with immunoglobulin and ITIM domain (TIGIT) and B-

and T-lymphocyte attenuator (BTLA). Nonetheless, this vision has

been challenged lately as their suppressive effects on immune cells

seem context-dependent, especially for NK cells. During T cell

activation, after the first signal provided by T-cell receptor (TCR)

engagement with major histocompatibility complex (MHC-I or II)/

peptide complex, co-stimulatory molecules provide second signals

to maximize T cell activation and function (9).
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Besides CD28, other co-stimulatory molecules can efficiently

promote T cell activation such as OX40, 4-1BB, inducible T-cell co-

stimulator (ICOS) and glucocorticoid-induced tumor necrosis

factor-related protein (GITR). Although their stimulatory role in

the context of T cell activation has already been demonstrated, their

impact on NK cell function remains unclear. The role of these ICs in

both T cells and NK cells is summarized in Figure 1 and Table 1.
2.1 General expression and impact of
immune checkpoints on T and NK
cells’ function

2.1.1 Programmed death protein 1
PD-1 (or CD279) is a receptor expressed by activated immune

cells, mainly CD4+ and CD8+ T cells. It can interact with two

different ligands: programmed death-ligand 1 (PD-L1) and PD-L2,

themselves expressed mostly by antigen-presenting cells (APC),
FIGURE 1

Current knowledge about immune checkpoint signalling in T cells
and NK cells.
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stromal cells or tumor cells (10, 11). PD-1/PD-L1 or PD-1/PD-L2

interaction is responsible for the downregulation of T cell

activation, proliferation and function (12). In chronic viral

infections or cancers, upregulation of PD-1 on T cells is

considered as a feature of T cell exhaustion. The dampening of T

cell response through PD-1 has been largely exploited by tumor

cells who commonly express PD-Ls to escape T-cell-mediated anti-

tumor immune response (10, 11, 13). Therefore, IC inhibitors

targeting either PD-1 or PD-L1 have been widely used for the last

decade in cancer immunotherapy (14). Yet, a recent study

highlighted a dual function of PD-1 with PD-1-expressing tissue-

resident memory CD8+ T cells having a protective role in patients

with HCC (15). Moreover, PD-1 expression also prevents T cells

from reaching the stage of terminally exhausted T cells and is

necessary for the reactivation of exhausted T cells (12, 16, 17).

While it has been demonstrated that PD-1 play a role in the

inhibition of NK cell cytotoxic activities and cytokine production

(18–21), its degree of expression on NK cells remains controversial.

PD-1 is only expressed at low detectable amount in the peripheral

blood of healthy individuals, usually less than 5% of total NK cells

(19–22), but the percentage of circulating PD-1+ NK cells seems to be
Frontiers in Immunology 03
increased in patients with different types of cancers as well as in some

chronic viral infections (20). PD-1 mRNA as well as cytoplasmic full

proteins were also found present within NK cells’ cytoplasm,

suggesting that PD-1 can be rapidly externalized on NK cell surface

(22). However, another recent study demonstrated that human and

murine NK cells poorly express PD-1 which is not increased upon

NK cell activation (23). Another group showed that PD-1 expression

remains very low in resting human NK cells, but also revealed that

PD-1 is more represented when looking at specific subsets of NK cells

compared to the general NK cell population (24).

Metabolic fitness is crucial factor for immune cell functions.

Usually, during activation, T cells undergo metabolic

reprogramming allowing driving specific functional orientations.

Interestingly, it has been demonstrated that ligation of PD-1

prevents engagement into glycolysis while promotes fatty acid

oxidation and lipolysis, thus altering T-cell metabolic

reprogramming (25). As glycolysis is required for T cells to

differentiate into effectors, PD-1 blocks effector cell differentiation

through metabolic perturbations. Similarly, NK cells expressing

PD-1 exhibit compromised cellular metabolism, especially during

chronic viral infections (26).
TABLE 1 ICs and their roles on T cell and NK cell functions.

Immune
Checkpoint

Ligands Impact on T cell function Impact on NK cell function

PD-1 PD-L1, PD-L2 · Inhibition of T cell activation, proliferation and effector functions
(cytotoxicity and cytokine production)

· Inhibition of NK cell effector functions (cytotoxicity and
cytokine production)

CTLA-4 B7.1 (CD80),
B7.2 (CD86)

· Inhibition of T cell activation
· Induction of T cell anergy

· Opposite role documented: activation or inhibition of NK
cell effector functions

TIM-3 PS, HMGB1,
CEACAM1,
Gal-9

· Inhibition of T cell effector functions
· Induction of T cell apoptosis

· Different impact: promotion of IFN-g production or
inhibition of NK cell cytotoxicity

LAG-3 MHC class II,
FGL1, Gal-3, a-
syn

· Inhibition of T cell activation, proliferation and cytokine
secretion

· Inhibition of cytokine production
· Conflicting results on NK cell cytolytic activities: no
modulation, activation or inhibition

TIGIT CD155 (PVR),
CD112 (PVR2)

· Inhibition of T cell activation, proliferation and effector functions · Inhibition of NK cell proliferation
· Conflicting results on NK cell cytolytic activities: no
modulation or inhibition

BTLA HVEM · Inhibition of T cell activation, proliferation and cytotoxicity and
cytokine production

· Inhibition of NK cell cytotoxicity

2B4 CD48 · Promotion of T cell activity or inhibition of T cell proliferation
and function in a context-dependent manner

· Promotion of NK cell activity, cytotoxicity and cytokine
production

OX40 OX40L · Promotion of T cell proliferation, differentiation, IL-2 production,
survival and the generation of memory T cells
· Inhibition of Treg immunosuppressive function

· Poorly documented.
· Promotion of NK cell cytotoxicity and IFN-g production
only seen in the context of simultaneous FcgR binding

4-1BB 4-1BBL · Promotion of T cell proliferation, activation, IL-2 production,
survival and the generation of memory T cells

· Promotion of NK cell proliferation
· Conflicting results on NK cell cytolytic activities: no
modulation or activation

ICOS ICOSL · Promotion of T cell proliferation, differentiation, cytokine
production, function, survival and the generation of memory T
cells

· Not documented for human NK cells
· Promotion of NK cell maturation and effector functions
in murine NK cells

GITR GITRL · Promotion of T cell proliferation, activation, differentiation,
cytokine production
· Inhibition of Treg immunosuppressive function

· Opposite role documented: promotion or inhibition of
NK cell activation and effector functions
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1148111
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Dumolard et al. 10.3389/fimmu.2023.1148111
2.1.2 Cytotoxic T lymphocyte antigen-4
Naive CD4+ and CD8+ T cells express TCRs that can specifically

recognize antigens presented by APCs through their MHC II. TCR

engagement with MHC II/antigen complex provides a first signal to

initiate T cell activation. A second signal is mandatory for proper T

cell activation, enabling the survival and proliferation of T cells.

This co-stimulatory signal is mediated by the interaction between

CD28 expressed by T cells and its ligands of the B7 family expressed

by APCs: B7.1 (CD80) and B7.2 (CD86) (9). CTLA-4 (or CD152) is

a receptor constitutively expressed on regulatory CD4+ FOXP3+ T

cells (Treg) and rapidly induced on activating T cells which is

closely related to CD28 in terms of structure but having opposite

functions (27). CTLA-4 can bind B7 ligands with a better affinity

than CD28, therefore limiting early T cell activation (28). CTLA-4

interaction with B7 ligands negatively regulates cell cycle

progression and interleukin (IL)-2 production, blocking T cell

activation, and can eventually lead to T cell anergy (9, 28).

The presence of CTLA-4 has been demonstrated in activated

mouse NK cells, where it was responsible for the inhibition of

interferon (IFN)-g production by NK cells upon co-culture with

mature dendritic cells (DCs) (29). However, whether CTLA-4 is

expressed by human NK cells and its putative impact on NK cell

function has been poorly documented. The initial study indicated

that human NK cells do not express surface or intracellular CTLA-

4, independently of their activation state (30). However, surface

expression of CTLA-4 in ex-vivo activated human NK cells was

detected more recently (31). Strikingly, the absence of CTLA-4 in

human activated NK cells had a deleterious impact on their

function with impaired degranulation activity and IFN-g
production (31). Using in vitro and in ex vivo approaches, Davis-

Marcisak et al. demonstrated that both human NK cell lines and

healthy human donor-derived NK cells expressed CTLA-4 on their

cell surfaces and could bind anti-CTLA-4 antibodies (32). Another

recent study observed low but present CTLA-4 expression in resting

NK cells, with the highest expression of CTLA-4 found in the

CD56dim CD16−NK cell subset (24). In addition, CTLA-4+ NK cells

had reduced production of inflammatory cytokines IFN-g and

tumour necrosis factor (TNF) -a and reduced cytotoxicity (24).

Importantly, CTLA-4+ NK cell population is enriched in liver

compared to peripheral blood (17).

2.1.3 T cell Immunoglobulin domain and mucin
domain 3

TIM-3 (or CD366) is another receptor found on the surface of

several immune cells including T cells and NK cells. Various ligands

have been identified for TIM-3 such as phosphatidylserine (PS),

high mobility group protein B1 (HMGB1), carcinoembryonic

antigen-related cell adhesion molecule 1 (CEACAM1), and

galectin-9 (Gal-9) (33). PS is also binding to other TIM proteins

with better affinity than TIM-3, and its role in the regulation of T

cell function has not been yet clarified (33). A recent study showed

that TIM-3 bound to PS acts as a co-stimulatory receptor for TCR

signaling in Jurkat cells (34). HMGB1 binds to TIM-3+ DCs and

negatively regulates innate immune responses (35) but no evidence

towards the modulation of T cell response by the HMGB1/TIM-3
Frontiers in Immunology 04
axis has been reported. By contrast, TIM-3 interaction with Gal-9

and CEACAM1 has been shown to inhibit T cell immune responses

and induce T cell apoptosis (36, 37). TIM-3 is known to be

preferentially expressed on CD8+ T cells and the upregulation of

TIM-3 has been linked with T cell exhaustion and bad prognosis in

many types of cancer (38–41).

Unlike most non-classical NK cell inhibitory receptors, TIM-3

is expressed by resting NK cells and is further upregulated upon NK

cell activation (42). TIM-3 was first described as a marker for

mature NK cells playing a role in the promotion of IFN-g
production by NK cells (42, 43). However, TIM-3 cross-linking

on NK cells was also associated with the impairment of NK cell

cytotoxicity (43). Supporting these observations, TIM-3 blockade

led to the improvement of NK cell effector functions in mouse

models of HCC (44). So et al. showed that different stimuli could

induce TIM-3 expression on NK cells and that the function of TIM-

3 on NK cells might be context-dependent (45). Overexpression of

TIM-3 on NK cells could also explain the inhibitory function

attributed to this receptor in certain situations like chronic

infections or cancer (46, 47).

2.1.4 Lymphocyte activation gene-3
LAG-3 (or CD223) shares structural homologies with CD4 and

interacts mainly with peptide bound-MHC II (48, 49). It can bind to

four other ligands: fibrinogen-like protein 1 (FGL1), galectin-3

(Gal-3), a-synuclein fibrils (a-syn) and liver and lymph node

sinusoidal endothelial cell C-type lectin (LSECtin). LAG-3

negatively regulates T cell activation, proliferation as well as

cytokine secretion upon ligand binding (48, 49). Just as for PD-1,

CTLA-4 and TIM-3, LAG-3 is known as a marker of T cell

exhaustion and is found overexpressed in different types of

cancers or chronic infections (50). The function of LAG-3 in NK

cells has been less documented. The role of LAG-3 in murine NK

cells was originally described using knock-out mice and appeared as

a promoter of NK cell cytotoxicity against certain tumor cell lines

(51). However, conflicting results were obtained with human NK

cells where LAG-3 did not influence NK cell cytotoxicity (52). More

recently, LAG-3 surface expression was demonstrated in human

NK cells after exposure to IFN-a. LAG-3 blockade also revealed that
LAG-3 is a negative regulator of cytokine production by mature NK

cells, but does not affect NK cell cytotoxicity (53). This was

supported by the study of Esen et al. in which LAG-3+ NK cells

also displayed reduced production of inflammatory cytokines (24).

On the other hand, they could observe reduced cytotoxic activities

for LAG-3+ NK cells. Therefore, the role of LAG-3 in NK cell

cytotoxicity still needs to be confirmed.

2.1.5 T cell immunoreceptor with
immunoglobulin and ITIM domain

TIGIT is a co-inhibitory receptor expressed by T cells and NK

cells. TIGIT can bind to two different ligands expressed by tumor

cells and APCs: CD155 (PVR), and CD112 (PVR2) with lower

affinity (50, 54). In T cells, TIGIT interaction with ligands was

shown to reduce T cell proliferation, activation, and function with

impaired TCR signaling (50, 55). Furthermore, upregulation of
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TIGIT is observed in tumor infiltrating T cells, and TIGIT blockade

improved T cell responses (50, 56, 57). TIGIT is significantly

expressed by resting NK cells (24). DNAM-1 (or CD226) present

in NK cells bind the same ligands as TIGIT, but with lower affinity.

DNAM-1 acts as a co-stimulatory receptor to enhance NK cell

cytotoxicity (58). However, TIGIT signaling provides opposite

effects by reducing NK cell proliferation and cytotoxic capacities

(57, 58). Surprisingly, a recent study demonstrated that cytotoxic

activities in TIGIT+ NK cells remained unaffected (24).

Nevertheless, upregulation of TIGIT in NK cells was associated

with tumor progression in several studies and blocking TIGIT

showed beneficial effects with the enhancement of NK cell effector

functions (57, 59).

2.1.6 B and T lymphocyte attenuator
BTLA belongs to the CD28 superfamily, and is expressed by T

and B cells but also by NK cells and DCs. BTLA binds to herpes

virus entry mediator (HVEM), a member of the tumor necrosis

factor receptor (TNFR) superfamily, expressed by most

haematopoietic, endothelial and epithelial cells (60, 61).

Depending on the signaling pathway triggered, BTLA-HVEM

interaction mainly exerts negative effects on proliferation, and

drives inhibitory pathways and T-cell dysfunction, but it can also

positively regulate T cells. BTLA is expressed on both CD4+ and

CD8+ T cells and the expression levels are related to T cell stage of

differentiation and activation processes, with the expression

transiently increased upon activation, but decreased in activated T

cells (61). In NK cells BTLA induces immunosuppression (62),

mainly by inhibiting NK cell-mediated cytotoxicity (63).

2.1.7 2B4
2B4, or CD244, belongs to signaling lymphocyte activation

molecule (SLAM) family (64). 2B4 is expressed on NK and T

cells and the engagement of 2B4 has been variably shown to activate

or inhibit cell functions based on context and on the availability of

downstream regulating proteins (65). Interestingly, 2B4 was

discovered as a receptor implicated in anti-viral immunity. This

was assumed from the observation that mutations of the SLAM-

associated protein impaired 2B4-dependent stimulation of T and

NK cell anti-viral functions (64). 2B4 seems to be important for

stimulating NK cells and lowering the surface expression after SAP

ligand-induced down-modulation results in reduced 2B4-mediated

NK cell activation, cytotoxicity and overal l cytokine

production (66).

2.1.8 OX40
OX40 (or CD134) is not expressed on naive T cells but is

induced within 24-48 hours after TCR stimulation (67). Similarly,

OX40-ligand (OX40L) is not constitutively expressed by APCs but

induced upon activation. OX40 signaling enhances IL-2 production

as well as expression of the IL-2 receptor a chain (CD25) by T cells

and promotes T cell proliferation, differentiation, survival and the

generation of memory T cells (67, 68). OX40 is known to be

preferentially expressed on activated CD4+ T cells compared to

CD8+ T cells. Importantly, OX40 is constitutively expressed in
Frontiers in Immunology 05
mouse FOXP3 Treg cells and rapidly induced in human Treg cells,

where it acts as a negative regulator of Treg immunosuppressive

function (68).

Interestingly, NK cells have been shown to express both OX40

(69–71) and OX40L (72, 73) but the role of OX40 in NK cells

remains elusive. Turaj et al. demonstrated that the induction of

OX40 on activated NK cells is dependent on the presence of

activated T cells or monocytes, presumably due to the cytokines

they secrete (70). In addition, they showed that OX40 engagement

with its ligand alone was not sufficient to stimulate NK cell effector

function. However, OX40 enhanced NK cell cytotoxicity and IFN-g
production in the context of simultaneous FcgR binding (70).

2.1.9 4-1BB
4-1BB (or CD137) is a co-stimulatory molecule expressed by

several immune cells upon their activation, including T cells and

NK cells (74, 75). 4-1BB can bind to only one confirmed ligand

named 4-1BB ligand (4-1BBL) which is present on the surface of

activated APCs (74). This interaction provides stimulatory signals

for T cells that promote IL-2 production, T cell proliferation,

activation, survival and the generation of memory cells (74, 76,

77). The stimulatory properties of 4-1BB were broadly exploited in

immunotherapy to potentiate the action of chimeric antigen

receptor (CAR) T cells, which are genetically engineered T cells

recognizing antigens without MHC restriction (78).

The effect of 4-1BB stimulation in NK cells is not fully

understood. 4-1BB seems to play a role in NK cell regulation, as

4-1BB signaling led to NK cell reduction in several studies (79, 80).

In fact, 4-1BB may be a receptor with both inhibitory and activating

properties for NK cells (81). On one side, the 4-1BB signaling

pathway induced impaired NK cell function in leukemias (81). On

the other hand, 4-1BB could act as an activating receptor for NK

cells as it was shown to promote NK cell proliferation (81–83) as

well as cytolytic functions of NK cells (81). Whether 4-1BB is a

stimulatory molecule for NK cell cytotoxicity remains controversial,

as other recent studies demonstrated that NK cell cytotoxicity was

not affected by 4-1BB signaling (82, 84). Therefore, the role of 4-

1BB in NK cells needs to be clarified.
2.1.10 Inducible T-cell co-stimulator
ICOS (or CD278) is a CD28 homolog rapidly induced on T cells

after their activation. ICOS binds to its unique ligand belonging to

the B7 family ICOS-ligand (ICOSL), also named B7H2 or CD275,

which is constitutively expressed by APCs and can be induced in

many other cell types such as cancer cells (85). After binding to

ICOSL, ICOS provides stimulatory signals for T cell proliferation,

function and survival and plays a role in the development of

memory T cells (86–88). ICOS co-stimulation does not enhance

IL-2 expression but rather both anti-inflammatory cytokines (IL-4,

IL-5, IL-10 and IL-13) and pro-inflammatory cytokines (IL-6, IL-

17, TNF-a and IFN-g) expression, underlying the crucial role of

ICOS for the development and regulation of CD4+ T helper (Th)

subsets Th1, Th2, Th17 and Treg responses (85, 86, 89, 90). ICOS is

also essential for the function and maintenance of follicular helper T

cellss, another CD4+ T cell subset that promotes the development of
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high-affinity memory B cells in germinal centers (86, 91). Anti-

ICOS agonists were already tested in mice studies and in clinical

trials for cancer immunotherapy, and show promising results when

used in combination with other checkpoint inhibitors like anti-PD-

1 and anti-CTLA-4 antibodies (85, 92, 93).

Even though the role of ICOS has been widely described for T

cells, few studies investigated its impact in NK cells and its function

was only assessed in mice studies. ICOS expression was still

demonstrated in NK cells from healthy human peripheral blood

mononuclear cells (PBMC) where it was further upregulated in

response to IL-2 + IL-12 stimulation (94). ICOS is also upregulated

upon cytokine stimulation in murine NK cells and potentiates the

cytotoxicity and IFN-g production of activated NK cells (95). In line

with this finding, ICOS-knockout mice had reduced amount of NK

cells characterized by impaired cytotoxicity and IFN-g production,
together with a defective maturation of ICOS-deficient NK cells in

the spleen and the bone marrow (96). These studies highlight the

important role of ICOS in NK cell development and effector

function, but the exact role of ICOS on human NK cells remains

to be determined.

2.1.11 Glucocorticoid-Induced tumor necrosis
factor-related protein

GITR is constitutively expressed by Treg and presented at low

levels on resting CD4+ and CD8+ T cells, where its expression is

rapidly induced upon T cell activation (97). The association of

GITR with its ligand, GITR ligand (GITRL), expressed by

endothelial cells and APCs, provides opposite effects for Treg and

other T cells. Indeed, GITR-GITRL interaction potentiates effector

T cell response by suppressing Treg inhibitory activities and

enhancing T cell activation, proliferation and cytokine production

(97). In addition, GITR is crucial for the differentiation of several T

cell subsets comprising Th9, Th17 and follicular helper T cells (97).

NK cells constitutively express GITR at low level that is further

upregulated upon stimulation with cytokines or toll-like receptor-

ligand (81). Whether GITR-GITRL interaction leads to stimulatory

or inhibitory effects for NK cell function is still unclear. One study

demonstrated a positive outcome after GITR engagement on NK

cells with enhanced activation (98), cytotoxicity and IFN-g
production. Other studies indicated that GITR negatively

regulates NK cell activation, proliferation, cytotoxicity and

cytokine production (81, 99).
2.2 Role of immune checkpoints during
anti-viral responses

The function of T cells is tightly regulated by both positive and

negative signals to ensure the successful elimination of pathogens

(viral clearance) while limiting immune-mediated pathology. In

addition to tissue microenvironment, regulatory T cells or

inhibitory cytokines, ICs are crucial in the regulation of the

balance between immune-mediated viral clearance and

maintenance of integrity to prevent immune-driven pathology.

During acute viral infections, expression of inhibitory ICs is
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upregulated to limit the effector functions following T-cell

activation, and subsequently downregulated upon viral clearance.

Indeed, PD-1, CTLA-4, TIM-3, 2B4, LAG-3 and TIGIT are often

co-expressed to limit the extent and duration of activated T cells’

action. However, in patients with chronic infections, these ICs are

continuously expressed on virus-specific T cells, which causes

dysfunction and exhaustion (100, 101). Immune suppression

caused by IC upregulation enhances viral persistence and favours

chronic infections. Many pathogens, including HBV, promote

inhibitory interactions through ICs to escape immune control

(102). Next, we will describe in detail the perturbations of the IC

landscape in the context of HBV.
3 Dynamic and disturbances of
immune checkpoints in T cells and NK
cells during HBV infection

As mentioned previously, HBV infection is self-resolving in

95% of infected adults. Only a small proportion of patients progress

to a chronic stage. Robust and highly functional HBV-specific T

cells and NK cells are required for viral resolution. The frequency of

anti-viral effectors then declines, and the residual T cell response

remains for decades and insure long-term protection against

persistent cccDNA in hepatocytes (103). On the other hand, in

chronic infection, virus-specific T cells and NK cells become

dysfunctional. The exact mechanism driving control of HBV

infection or elicitation of chronicity remained undefined. Yet, ICs

may be at the centre of T and NK-cell exhaustion.

IC molecules in the context of HBV are described mainly on the

circulation level while only limited data exist about their expression

on intrahepatic lymphocytes in HBV patients. The liver is an organ

with a particular tolerogenic immune microenvironment. Indeed, it

filters everyday large amounts of blood through the portal vein

coming from the digestive system that is enriched in microbial

products and food-derived antigens. The intrahepatic compartment

is thus equipped to prevent excessive activation of the immune

system and limit tissue injury. The cell composition,

immunosuppressive soluble molecules and the abundance of

inhibitory IC ligands are participating in maintaining liver

homeostasis but can also be exploited by pathogens such as HBV

to establish persistent infections (104, 105). It is thus of particular

importance to better describe the immune status of liver-infiltrating

lymphocytes at the main site of the HBV infection and determine

whether it reflects what is observed in their peripheral counterparts.

Here we summarize the current knowledge about IC molecules

on T and NK cells in the circulation and on the intrahepatic level,

together with the expression of their ligands in the liver

microenvironment, in HBV patients and contributions from

animal models of HBV infection. Moreover, as ICs do not only

exist as membrane-bound proteins but can also be found in soluble

forms as a result of membrane shedding or alternative splicing, we

included the existing information related to soluble IC (sIC) levels

in HBV patients.
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3.1 Immune checkpoint molecules’
modulation in the circulation during acute
and chronic HBV infection

3.1.1 Immune checkpoints on circulating T cells
in HBV

Following acute HBV infection, inhibitory ICs are upregulated

on T cells and ICs expression is then downregulated on HBV-

specific T cells following disease resolution, whereas their

expression remains continuously high in patients who progress

into the chronic stage (100, 102, 106), Figure 2. Such differences

underline their key role in driving T-cell exhaustion in chronic

HBV patients. The role of many ICs, such as PD-1, CTLA-4, TIM-3

but also TIGIT and BTLA, has been unveiled in this context (107).

PD-1 is one of the most studied inhibitory IC in HBV field.

After initial T cell priming, PD-1 is upregulated on expanded HBV-

specific CD8 T cells during the early phase of infection, and

subsequently decreases following viral resolution (108). PD-1

expression on HBV-specific CD8 T cells attenuates HBV-specific

effector function during the acute phase and correlates with the

development of HBV-specific memory CD8 T cells during the

resolution of infection (109). The initial upregulation of PD-1

allows to minimize excessive immune responses during acute

inflammation and to prevent liver damage and intrahepatic

inflammation. However, delayed/prolonged PD-1 expression on

HBV-specific CD8 T cells was associated with acute liver failure

(108). Many studies demonstrated that circulating total and HBV-

specific CD4+ and CD8+ T cells overexpress PD-1 in patients with

CHB (110–120). Notably, a genome-wide expression profiling of

HBV-specific CD8 T cells from chronic HBV patients revealed

multiple deregulated pathways, including mitochondrial

dysfunction that was enriched in PD-1hi CD8 T cells (121).

Important ly , recent s tudy demonstrated that PD-1hi

CD8+CXCR5+ follicular T cells represent effector rather than

exhaustive phenotype in CHB (122) which highlights a dual

function of PD-1. Additionally, in CHB patients, PD-1hi
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expression was observed on circulating follicular helper T cells

which was associated with the immune status of CHB (120,

123, 124).

CTLA-4 influences the vigour of T-cell response and the

outcome of HBV infection as reviewed previously (125).

Moreover, CTLA-4 gene polymorphism was associated with

clinical recovery upon HBV infection (126). Indeed, specific

single nucleotide polymorphisms have been associated with viral

clearance, others with viral persistence. In patients with CHB,

CTLA-4 is overexpressed at the basal state and following different

stimuli in global circulating CD8+ T cells compared to healthy

controls (127–129). Specifically, the frequency of CTLA-4+ HBV-

specific CD8+ T cells is increased, and these cells express higher

levels of CTLA-4 on their surface upon viral antigen stimulation

(129). A similar trend was observed in another study where both the

frequency and mean fluorescence intensity of CTLA-4 were

upregulated on HBV-specific CD8+ T cells in hepatitis B e-

antigen (HBeAg)+ patients compared to HBeAg- patients (130).

In addition, several reports noticed that circulating CTLA-4+ CD4+

T cells were also increased in CHB patients compared to healthy

individuals (116, 128, 129) (127). Indeed, CHB patients are

characterised by a higher proportion of circulating Treg

compared to control patients and resolved HBV patients (131).

This immune cell population constitutively expresses CTLA-4,

which actively contributes to the elevated frequencies of CTLA-4+

CD4+ T cells in HBV patients. HBV-related upregulation of the

CTLA-4 expression on Treg cells promotes their suppressive

function, mainly via IL-10/TGF-b signalling (125, 132)

TIM-3 is another classical T cell inhibitory IC that was widely

studied in HBV. In acute HBV infection, TIM-3 is upregulated on

total CD4 and CD8 T cells compared to healthy donors and further

decreases during convalescent phase (133). In the peripheral blood

of CHB patients it has been shown that TIM-3 is highly expressed

by both CD4+ and CD8+ T cells and linked with disease severity

(114, 120, 133–136). Increased TIM-3+ T cells were associated with

decreased plasma IFN-g level in CHB patients and negatively

correlated with T-bet mRNA expression (133), which is

supported by ex vivo experiments highlighting a defective

production of IFN-g upon TIM-3+ CD8+ T cell stimulation (134).

Moreover, the overexpression of TIM-3 is involved in disease

progression of CHB through skewing of Th1/Tc1 responses,

contributing to persistency of HBV infection (133).

Compared to the well-known receptors PD-1, CTLA-4 and

TIM-3, the expression and role of LAG-3 in CHB has been much

less investigated. Yet, LAG-3 expression on circulating CD4+ and

CD8+ T cells from CHB patients was found to be significantly

higher compared to healthy controls, and the frequencies of LAG-

3+ T cells positively correlated with alanine aminotransferase (ALT)

levels (117, 137). Moreover, the studies revealed that LAG-3+ T cells

have reduced ability to secrete pro-inflammatory cytokines (117,

137). However, there was no difference between LAG-3 mRNA

expression from peripheral blood CD8+ T cells of HBV-related

HCC patients compared to the one of healthy controls (138).

The contribution of TIGIT in HBV has recently gained

significant attention. In chronic HBV infection, TIGIT expression

is upregulated by both circulating CD4+ and CD8+ T cells, which
FIGURE 2

Current knowledge about immune checkpoint expression on T cells
and NK cells during chronic HBV infection.
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positively correlates with ALT and HBV viral load (139). These

TIGIT expressing T cells have impaired ability to secrete pro-

inflammatory cytokines upon antigen stimulation compared to

their TIGIT negative counterparts (139). Similarly, it has been

observed that the frequencies of peripheral TIGIT+ CD4+ and

CD8+ T cells co-expressing PD-1 are increased in HBV-related

HCC patients, and correlate with advanced stage of the disease and

poor prognosis (140). In hepatitis B surface antigen (HBsAg)

transgenic mice, TIGIT blockade leads to emergence of HBsAg-

specific T cells, chronic hepatitis and progression to HCC,

suggesting a role for TIGIT in maintaining immune tolerance to

HBsAg in this model (141).

While a recent study showed increased levels of both BTLA and

HVEM on circulating CD4+ and CD8+ T cells of CHB patients

compared with healthy controls (142), no difference was observed

in earlier studies (143, 144). As mentioned previously, the

expression levels of BTLA are related to the lymphocyte stage of

differentiation. In HBV infection, BTLA is highly expressed in a

subset of virus-specific T-cells, which can potentially have an

inhibitory effect on T-cell proliferation and cytokine secretion

(145, 146). In addition, BTLA genetic variants seem to influence

the susceptibility to severe chronic hepatitis B (147).

The circulating frequency of 2B4 HBV-specific CD8+ T cells has

been found to be elevated in chronic HBV patients compared to

patients who resolved the infection and the blockade of 2B4

restored the function of HBV-specific T cells in vitro (148).

OX40/OX40L is another IC pathway that seems to contribute to

effective HBV clearance. The study from Publicover et al.

demonstrated that peripheral CD4+ T cells from patients with

acute HBV were enriched compared to CHB patients and

displayed increased expression of OX40 compared to both CHB

patients and healthy individuals (149). In patients with chronic

HBV infection, circulating HBV-specific CD4+ T cells expressed

higher levels of OX40 compared to the global CD4+ T cell

population, and the large majority of HBV-specific CD4 T co-

expressed OX40 and PD-1 (119).

Limited information exists about co-stimulatory molecule 4-1BB

in chronic HBV infection. Even though no statistical difference was

underscored, 4-1BB mRNA expression levels in CD4+ and CD8+

T cells of CHB patients appeared higher than the ones in healthy

donors (150). 4-1BBL was also upregulated in circulating monocytes

from CHB patients and was closely associated with the development

of liver cirrhosis, which raises the possibility that T cells might be

excessively stimulated via 4-1BB in chronic HBV infection (151).

Levels of ICOS have also been reported to be increased in

peripheral CD8+ T cells of CHB patients compared to healthy

donors (116). ICOS levels negatively correlated with HBV DNA,

suggesting that higher frequencies of ICOS+ CD8+ T cells favour

viral control during CHB (116). Similarly, Hu et al. observed that

ICOS+CXCR5+CD4+ T cells were negatively correlated with HBV

DNA loads (123).

Little is known about GITR expression in patients with CHB.

Interestingly, in CHB patients who spontaneously underwent

HBsAg seroconversion, the proportion of total GITR+ CD4+ T

cells and of GITR+ CD8+ T cells were decreased compared to
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HBsAg positive patients (152). Therefore, the contribution of GITR

in anti-HBV immune response still needs to be clarified.

Co-expression of multiple ICs on T cells has been highlighted in

chronic HBV patients. PD-1 is often co-expressed with other

inhibitory receptors, which may play non-redundant roles in

order to avoid excessive activation of the immune system. Indeed,

in CHB patients, higher frequencies of HBV-specific CD8+ T cells

positive for PD-1, LAG-3 and TIM-3 were associated with a lack of

functional response (153). Patients in the active phase also

displayed increased percentages of PD-1+ TIM-3+ TIGIT+ CD8+

T cells (152). Besides, it has been described that PD-1 and 2B4 are

highly co-expressed on HBV-specific CD8 T cells (148). Contrary to

CD8+ T cells, CD4+ T cells from chronic HBV patients harboured

high levels of PD-1 but without upregulation of other inhibitory ICs

(CTLA-4, TIM-3, 2B4) (115). However, levels of PD-1, CTLA-4 and

TIM-3 are enhanced on Treg during HBV infection and contribute

to their regulatory functions (125, 154). All these elevated levels of

ICs are associated with loss of cytokine secretion by T cells which

contribute to T-cell exhaustion and progression into the chronicity.

3.1.2 Immune checkpoints on circulating NK cells
in HBV

PD-1 expression on NK cells in the context of HBV has been

much less investigated. A study focused on NK cells purified from

PBMC revealed significantly higher levels of PD-1 compared to

healthy individuals (155). Furthermore, NK cells from CHB

patients exhibit a regulatory phenotype by producing more IL-10

upon stimulation, which in turn inhibits CD4+ and CD8+ T cell

activation (155). Marotel et al. observed only slightly upregulated

PD-1 expression in peripheral NK cells from HBV patients

compared to healthy individuals and linked the NK dysfunction

in CHB to deregulated calcium signalling (156). Functional defects

have also been reported in PD-1+ TIGIT+ NK cells among CHB

patients (157).

The contribution of CTLA-4 on NK cells remains to be

determined, and in this regard, no study investigated the role and

expression on NK cells in the context of HBV infection so far.

Concerning TIM-3, there is a trend for circulating NK cells

from CHB patients to display increased TIM-3 expression

compared to levels in control group which correlated with serum

ALT levels (158). This was recently challenged by a study from

Marotel et al. showing that surface expression of TIM-3 on

peripheral NK cells is reduced in CHB patients compared to

healthy controls (156). It is still needed to shed light on the

expression and impact of TIM-3 in NK cells during CHB, as

TIM-3 signalling may modulate NK cell function in the disease

context. Interestingly, Liu et al. explored the expression of TIM-3

ligand Gal-9 by NK cells, and found that Gal-9 is upregulated in NK

cells in CHB patients compared to healthy control, which was

associated with functional impairment of NK cells characterized by

co-expression of inhibitory ICs PD-1 and TIGIT and impaired

cytokine and granzyme B production (157). Increased Gal-9 was

also shown at the mRNA level in circulating NK cells and in the

serum of CHB patients compared to healthy controls (157).

Importantly, Gal-9 expression was significantly reduced after
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antiviral therapy. Co-culture experiments of CD8+ T cells with Gal-

9+ or Gal-9- NK cells demonstrated that NK cells could impair

CD8+ T cell function in a TIM-3/Gal-9 dependent manner

highlighting a novel role for NK cells in regulating CD8+ T cell

response (157). Finally, an increased frequency of NK cells co-

expressing TIM-3 and TIGIT is seen in HBV-related HCC and

induces NK cell dysfunction (159).

In circulating NK cells, LAG-3 mRNA levels were found to be

highly upregulated in CHB patients and surface expression was also

greater compared to healthy controls (156). Nevertheless, the role of

LAG-3 in NK cells is not well understood and data are still scarce,

especially in the context of CHB. In CHB and HBV-HCC patients

respectively, the co-expression of TIGIT and PD-1 or TIGIT and

TIM-3 on NK cells is also elevated, and these specific subsets of NK

cells display impaired function (157, 159). Elevated TIGIT

expression on the surface of NK cells was also highlighted in

CHB patients by Marotel et al. (156). Interestingly, another recent

study investigated the role of TIGIT on circulating NK cells in CHB

patients based on the disease status and demonstrated that TIGIT

was overexpressed in NK cells of patients in the immune control

phase, but that the proportion of TIGIT+ NK cells was much lower

in NK cells of patients in the immune active phase compared to

healthy individuals (160). Moreover, TIGIT- NK cells had improved

IFN-g secretion, degranulation and cytotoxicity capacities

compared to TIGIT+ NK cells, providing the hypothesis that

TIGIT might prevent NK cells from causing liver injury.

Concerning 2B4, its expression on circulating NK cells is

decreased during the early phase of HBV infection, resulting in

impaired function of these cells (161).

3.1.3 Soluble ICs in serum of HBV patients
Many cell surface ICs undergo alternative splicing to produce

soluble isoforms, soluble ICs (sICs), which can be tracked in the

serum of patients. One presumable mode of action of sICs is to

regulate the function of their membrane isoforms counterparts

through competitive binding.

Soluble PD-1 (sPD-1) and soluble PD-L1 (sPD-L1) levels are

markedly increased in CHB patients compared to healthy donors

(162, 163) and are associated with viral replication markers and

liver inflammation (162, 164). In another study, only HBeAg+

patients had higher sPD-1 compared to healthy controls (165).

Interestingly, sPD-1 is particularly increased in patients in the

clearance or immune active phase, suggesting that sPD-1 may

participate in the promotion of antiviral responses (162, 164,

165). sPD-1can interfere with the PD-1/PD-L1 or PD-1/PD-L2

pathway and enhance antitumor immunity (166, 167). However,

elevated levels of sPD-1 can also reflect the state of the disease and

the immune response against the viral infection. In this regard, high

sPD-1 levels were associated with increased risk of developing HCC

(164, 168, 169). Sex differences were noticed in terms of blood sPD-

1 levels in HBV-related HCC patients where higher levels were

evaluated in males compared to females (168).

The soluble form of CTLA-4 (sCTLA-4) can be also generated

by alternative splicing and found free in circulation. Unlike sPD-1,
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sCTLA-4 does not improve T cell response by reversing T cell

inhibition but rather contributes to the impairment of T cell

response by binding to B7 ligands on APCs and preventing the

co-stimulatory interaction between CD28 in T cells and B7 ligands

(166, 167). Using different detection methods, two studies had

divergent findings regarding sCTLA-4 concentrations in CHB

patients compared to healthy donors. Either no difference was

observed between the two groups using multiplex Luminex

immunoassay (170), or sCTLA-4 concentration was found to be

higher in CHB patients than healthy controls when measured by

ELISA, and these levels correlated with ALT (171). Therefore, the

involvement of sCTLA-4 and its levels in HBV patients need to be

further defined.

As Gal-9 circulates in the serum in a soluble form, soluble TIM-

3 (sTIM-3) can also be found in the circulation, but its role in the

disease is not yet clarified. In CHB patients, sTIM-3 levels are

increased in the serum compared to healthy controls, and are

associated with a higher viral burden and liver inflammation

(170, 172, 173). Moreover, when looking at different stages of the

disease from inactive hepatitis to liver cirrhosis and cancer, sTIM-3

levels rise gradually suggesting a close association with the disease

progression (172, 173). However, antiviral treatment did not

modulate sTIM-3 levels in treated patients which were rather

more elevated in the NUC-treated group compared to the non-

treated one (170). Nevertheless, Gal-9 soluble form is also increased

in the serum of CHB patients (135).

The role of soluble LAG-3 (sLAG-3) in hepatitis B infection is

poorly investigated. One report revealed that the levels of sLAG-3

were not different in CHB patients compared to healthy

controls (170).

Soluble levels of OX-40 and OX-40L were reported to be higher

in CHB patients compared to healthy donors and the levels

correlated with the virologic status of CHB patients (174).

Soluble 4-1BB (s4-1BB) levels were increased in the plasma of

untreated CHB patients compared to healthy individuals (150).

However, no difference in plasma levels of s4-1BB was seen between

untreated and NUC-treated CHB patients. These higher

concentrations of s4-1BB in CHB patients were positively

correlated with viral replication markers but not with

inflammation markers (150).

There are conflicting results regarding soluble ICOS (sICOS)

serum concentrations in CHB. One study revealed the decreased

levels of sICOS that were observed in CHB patients compared to

control individuals, and the levels were not impacted by NUC

treatment (170). Another study reported that sICOS levels are

increased in both HBeAg+ and HBeAg- CHB patients compared

to healthy controls (165). A putative role of sICOS is to impair T cell

activation by competing with ICOSL expressed by APCs, but it

remains to be clarified.

The clinical significance of soluble GITR (sGITR) is not well

defined in chronic HBV infection, but its concentration in the blood

was found to decrease in CHB patients compared to healthy

controls, as well as soluble GITRL levels, without any correlation

with viral or inflammation markers (170).
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3.2 Immune checkpoint modulation
within the liver microenvironment
during HBV infection

3.2.1 Immune checkpoints on intra-hepatic T
cells during HBV infection

Globally, intra-hepatic T cells display a more exhausted

phenotype compared to circulating cells, with a strong expression

of inhibitory receptors, associated with functional defects (reduced

proliferative and cytotoxic functions). This state is maintained by

continuous exposure to HBV antigens. Significant upregulation of

PD-1 was observed in intrahepatic lymphocytes including CD4+

and CD8+ T cells from patients with CHB and HBV-related HCC

(111–113, 175–178). The frequencies of PD-1+ HBV-specific CD8+

T cells in the liver compartment are known to be higher than in the

peripheral blood, regardless of T cell differentiation stage (111). Of

note, PD-L1 and PD-L2 are also overrepresented in inflamed liver

tissue from CHB patients which can contribute locally to promote

immune suppression through PD-1 engagement (112, 175–177)

and the levels of PD-1, PD-L1 and PD-L2 in the liver were shown to

correlate with the degree of inflammation (112, 176, 177). In a

mouse model of HBV infection, it has been demonstrated that

intrahepatic PD-1-expressing CD8+ and CD4+ T cells are increased

in mice with HBV persistence, but PD-1 upregulation was resolved

in mice which had cleared HBV (179).

Of note, an increased frequency of CD4+ CD25+ FOXP3+ Treg

was also observed at the site of the liver in patients with a high viral

load (180). These intrahepatic Treg displayed a different phenotype

than their circulating counterparts, with notably higher expression

of CTLA-4 (180). Besides dampening T cell activation, CTLA-4

upregulation in HBV patients also contributes to T cell dysfunction

by skewing CD4+ T cell differentiation toward the Th2 and Treg

phenotype, therefore favouring the secretion of anti-inflammatory

cytokines (125). Moreover, transcriptomic analyses recently

revealed that the livers of patients in the immune active phase

and in HBeAg- active hepatitis phase display upregulated genes

involved in T-cell exhaustion, including CTLA-4 (181).

Liver tissues from CHB patients also displayed increased

frequencies of TIM-3+ CD4+ and TIM-3+ CD8+ T cells compared

to healthy controls (135, 158). In patients with HBV-related HCC,

there was an increased proportion of TIM-3+ intrahepatic CD4 and

CD8 lymphocytes in the tumoral region of the liver (178, 182).

Interestingly, this was not observed in patients with alcohol-related

HCC (182). Gal-9, ligand of TIM-3, was observed to be strongly

expressed by the resident macrophages (Kupffer cells) in the liver of

HBV-related HCC and CHB patients with active hepatitis (135,

182). These elements suggest a crucial role of the TIM-3/Gal-9

pathway in T cell dysfunction in patients with CHB.

LAG-3 mRNA expression was increased in tumor-infiltrating

CD8+ T cells fromHBV-related HCC patients compared to controls

which was associated with lower capacity to produce IFN-g (138).
Whether LAG-3 expression is enriched or not in the liver of CHB

patients remains to be determined.
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In patients with HCC (including several ones with a background

of HBV infection) the frequencies of GITR+ NK cells and CD8+ T

cells were unchanged among tumor, non tumor liver tissue and blood

while a small increase of the proportion of GITR expressing Tregs

was seen in both tumor and non tumor compared to blood (183).

Chronic HBV infection is more likely to develop in patients

infected perinatally or during childhood rather than in adults who

spontaneously resolve the infection for the vast majority. Publicover

and colleagues developed young and adult HBV transgenic mouse

models in order to investigate on the contribution of immature and

mature immune system in the clearance of the infection, and notably

focused on the OX40/OX40L axis. They found that OX40L is much

more expressed by hepatic APCs in adult mice compared to young

mice (149). In particular, adult mice express more hepatic CD4+ T

cells than young mice, and among them a greater frequency of OX40+

CD4+ T cells. Accordingly, OX40L mRNA expression is also

expressed in an age-dependent manner in human liver when

comparing infant liver and adult liver tissues (149).

Wang et al. reported the enrichment of BTLA-expressing HBV-

specific CD8+ T cells in the liver of HBV patients, with an immune-

regulatory role through IL10 secretion (146). In fact, intrahepatic T

cells expressed higher levels of BTLA than their peripheral

counterparts. In addition, significant fraction of intrahepatic T

cells also co-expressed BTLA and PD-1 and show deep

exhaustion of T cell responses (143).

In chronic HBV infection, intra-hepatic virus-specific CD8+ T-

cells also expressed higher levels of 2B4 in comparison to the acute

phase of infection or following resolution (148).

Besides, RNA sequencing of liver samples from CHB patients

and healthy individuals revealed that several genes involved in

immune activation including ICOS were upregulated in patients

with active hepatitis but not in patients in the immune tolerant or

immune control phase compared to healthy donors (181).

3.2.2 Immune checkpoints on intra-hepatic NK
cells during HBV infection

IC expression on intra-hepatic NK cells in the context of HBV

has been much less investigated. Interestingly, Zhou et al. described

that in mice, the intrahepatic NK cells control the antiviral activity

of intrahepatic T cells via the PD-1/PD-L1 axis (184) but the

specific information for HBV context is missing. Additionally, it

has been reported that the cytotoxic activities of intrahepatic NK

cells are sex dependent in HBV patients (185).

In HBV transgenic mice, where NK-cell mediated liver injury was

induced by stimulation with concanavalin A, OX40L+ NK cells

expanded in the liver as well as OX40+ Tregs upon liver injury

triggering (186). NK cell-mediated hepatocytotoxicity was markedly

reduced by Tregs through membrane-bound TGF-b and OX40/

OX40L in a cell to cell contact dependent manner, which suggests

a novel mode of action of Treg in the regulation of NK cell function in

the liver (186). However, the role of the majority of ICs has never

been uncovered in the context of intrahepatic NK cells in HBV

infection and there is a clear need for future studies.
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3.3 Link of immune checkpoint expression
with clinical parameters and outcome

The frequency of PD-1-expressing total CD4/CD8 and HBV-

specific CD8 T cells positively correlates with ALT levels in CHB

patients (108, 114, 117). Moreover, in chronic HBV patients who

spontaneously controlled the infection, i.e. patients who underwent

HBsAg seroconversion without treatment, the frequency of global

circulating PD-1+ CD4+ T cells was lower than in HBsAg+ patients,

and the reduced expression of PD-1 was especially seen at the levels

of Treg (152). This was confirmed by another study where PD-1

expression was decreased in Treg compared to other T cells in

asymptomatic HBeAg- chronic carriers (120). Moreover, higher

levels of T cells expressing both PD-1 and TIGIT were associated

with the progression of the disease in HBV-related HCC patients

(140). PD-1 and mostly BTLA play an important role in the

progression of CHB, as their expression levels are significantly

upregulated during the progression of CHB from liver cirrhosis to

HCC (187). CTLA-4 gene polymorphism determines recovery upon

HBV infection (126). In addition, a positive correlation between

TIM-3 expression on circulating T cells and markers of liver injury

(ALT, aspartate aminotransferase (AST)) has been reported (133).

Thus, the intensity of IC expression may be directly linked with the

disease stage and severity of liver damage, further sustaining the role

of ICs in the progression of the disease.
3.4 Impact of current anti-viral treatments
on immune checkpoints expression on T
and NK cells

Modulation of ICs expression during standard antiviral therapies

could be associated with HBV elimination, highlighting their

importance in immune-mediated viral clearance. In fact, as antiviral

therapies for HBV suppress the viral replication, and T-cell exhaustion

is driven by prolonged exposure to viral antigens, the decrease of viral

antigens induced by standard antiviral therapies restored the

functionality of virus-specific effectors cells. This was attested by

several studies highlighting increased HBV-specific T-cell

proliferation and cytotoxicity upon lamivudine treatment (188) or

improved cytokine production following adefovir administration (189).

NUCs induce prolonged suppression of viral replication in

chronic HBV patients as witnessed by a clear reduction of serum

HBV DNA levels in NUC-treated patients. Interestingly, the levels

of PD-1 on circulating T cells are normalized in patients who

underwent NUC therapy (telbivudine, tenofovir or lamivudine)

compared to untreated HBV patients, and this reduction is

accompanied by improved ability of T cells to secrete IL-12 and

IFN-g (114, 127, 190–193). By contrast, a study including 28 HBV

patients treated with telbivudine monotherapy did not highlight any

significant decrease of PD-1 surface expression by circulating CD4+

T cells after 6 months of treatment (194). Nonetheless, PD-1

expression was also reduced in the liver biopsies of another

cohort of patients 96 weeks after the start of the treatment

compared to baseline (195). Importantly, NUC-treated patients
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had increased levels of circulating PD-1 compared to non-treated

HBV patients (170). Nevertheless, serum concentrations of sPD-1

are reduced throughout the course of the treatment (163). A recent

study revealed that the patients with detectable sPD-1 after NUC

therapy were more likely to achieve HBsAg loss and had a reduced

risk of clinical relapse compared to patients with undetectable sPD-

1 following NUC discontinuation (196). Interestingly, T-cells from

NUC-treated patients respond better to PD-1 blockade (115).

There are conflicting results regarding the effect of antiviral

therapy on CTLA-4 expression on peripheral CD4+ and CD8+ T

cells. It was previously shown that the frequencies of CTLA-4+

CD8+ T cells were not modulated after more than 1 year of NUC

treatment (129). However, recent studies show a different trend,

with sustainably reduced levels of CTLA-4 on CD8+ T cells (127,

193). By contrast, the proportion of CTLA-4+ CD4+ T cells seems to

be enhanced with antiviral treatment (114, 193) or not modulated

after 1 year of therapy (127). In liver biopsies from CHB patients,

gene expression of CTLA-4 was also reduced in NUC-treated

patients compared to untreated ones (195).

The effects of antiviral therapy on reducing TIM-3 levels on

CD8+ T cells have been demonstrated in treated CHB patients

compared to non-treated ones (114, 133, 157). However, these

effects were less conclusive regarding TIM-3+ CD4+ T cells, where

one study pointed out that there is reduced expression of TIM-3 on

CD4+ T cells after 3 to 6 months of therapy (133), whereas no

specific effect of NUC was observed for this parameter in two other

reports (114, 193). Similarly, it was recently demonstrated that also

the TIGIT gene expression is reduced in NUC-treated patients after

96 weeks of therapy compared to non-treated CHB patients (195).

Contrary to NUC treatment, PEG-IFN therapy does not seem to

modulate ICs on effector cells, as HBV-specific T cells still displayed

an exhausted phenotype with unchanged PD-1 and CTLA-4 levels,

irrespective of the treatment outcome (197).
4 Clinical exploitation of IC's for anti-
HBV therapies

It is essential to better understand the immune status of CHB

patients to consider appropriate immunotherapeutic approaches to

control persistent HBV infection, alone or combined with antiviral

agents. ICs play an essential role in the pathogenesis of chronic viral

infections. Indeed, T-cell and NK-cell exhaustion mediated by ICs are

important factors determining viral chronicity. It appears that the

reshaping of ICs’ landscape on T and NK cells is a strategy used by

HBV to escape immunity and establish chronicity, through the loss of

functionality and exhaustion of these key anti-viral effectors.

Targeting these pathways in chronically infected patients emerges

as a promising strategy to overcome chronicity (101, 103, 107, 198).

The goal of targeting ICs is to reactivate the host immune system by

promoting immune cell function and getting over exhaustion, either

by blocking inhibitory pathways or by engaging stimulatory

molecules. Indeed, IC blockers will reinvigorate the function of pre-

existing antiviral immunity. However, such immunotherapeutic

approaches must be tightly monitored due to the high potential of
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immune activation, which can lead to liver damage and

autoimmunity. Therefore, the ideal immunomodulatory

intervention should promote an effective anti-viral response

without exacerbating liver immunopathology. As discussed above,

recent evidence highlights the role of inhibitory receptors in inducing

NK cell dysfunction. This is why immunotherapies, which are often

thought to benefit only from enhanced T cell response, can also

promote NK cell function and favour viral control or anti-tumor

immunity (199).
4.1 Pre-clinical evidence supporting the
use of immune checkpoint blockade to
reinvigorate T-cell and NK-cell mediated
anti-HBV immunity

IC blockade emerged as a promising therapeutic option to

restore T- and NK-cell function in the context of chronic HBV

infection. Such strategies have been evaluated ex vivo from the

blood of chronic HBV patients and in vivo in animal models of

HBV infection (mice and woodchucks (Marmota monax) and its

HBV-like woodchuck hepatitis virus) and reported benefits of

targeting ICs alone or in combination in the context of HBV

infection to increase HBV-specific CD8 T-cell function. The main

findings about IC blockade in the context of chronic HBV infection

are recapitulated in Table 2.

PD-1 blockade has been investigated in mouse and WHV

models of HBV infection. In mice hydrodynamically injected with

the pAAV/HBV1.2 plasmid, anti-PD-1 led to HBV clearance and

reversion of the exhausted phenotype of HBV-specific CD8 T cells

by promoting IFNy secretion by HBV-specific intra-hepatic T cells

(179). In the WHV model, anti-PD-L1/L2 antibodies partially

restored T-cell function (203). The combination of antivirals,

vaccination and PD-L1 blockade can lead to complete viral

clearance (204–206). TIGIT blocking or deficiency in HBsAg

transgenic mice leads to chronic hepatitis and fibrosis, along with

the emergence of functional HBsAg-specific cytotoxic T

lymphocytes (CTLs) (141), suggesting the breakdown of adaptive

immunotolerance by TIGIT blockade or deficiency. TIGIT is

critical in the maintenance of liver tolerance by keeping CTLs in

homeostatic balance.

Besides, the blocking of PD-1 (111, 112, 115), CTLA-4 (129),

TIM-3 (133, 135) or 2B4 (148) improved expansion and function of

HBV-specific patient-derived CD8+ T cells ex vivo, favouring T-cell

proliferation, cytokine secretion and cytotoxicity. Whereas PD-L1

blockade can also enhance CD4+ T-cell proliferation and

functionality (115), the blockade of other ICs does not have any

impact. Interestingly, the responsiveness of HBV-specific CD8+ T

cells from chronic HBV patients to ex vivo PD-L1 blockade depends

on the differentiation stage of T cells, the most responsive being

effector memory T cells in intermediate differentiation stage

(CD27+ CCR7- CD45RA-) (113). In addition, the ex vivo blockade

of the BTLA pathway enhanced both intrahepatic and PBMC T cell

proliferation and cytokine secretion, and exhibited an additive effect

upon blockage of PD-1 (143).
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The triggering of activating ICs using agonists is also under

investigation. Indeed, using GITRL transgenic mice, Pascutti et al.

showed that increased co-stimulation through GITR during chronic

viral infection with LCMV induced early activation and enhanced

function of CD4+ and CD8+ T cells but also preserved virus-specific

CD8+ T cells from exhaustion (202). In addition, bifunctional

macromolecule activating both OX40 and interferon-a signalling

displays potent therapeutic effects in mouse HBV models (207).

In addition to therapeutic antibodies, small molecules binding

to PD-L1 and driving dimerization and internalization of the ligand

have been developed (208). Antigen-specific T and B cell responses

from patients with chronic hepatitis B infection were significantly

elevated upon PD-L1 small molecule inhibitor treatment. Another

strategy is the use of PD-L1 antisense oligonucleotides to degrade

PD-L1 transcripts specifically in hepatocytes.
4.2 Clinical trials currently evaluating
immune checkpoint blockade in
HBV patients

Ongoing clinical trials focus mostly on the PD-1/PD-L1/2 pathway

by using checkpoint blockade alone or in combination with antiviral

agents or vaccines, as resumed in Table 3. Although targeting other

inhibitory ICs or stimulatory ICs with agonists has been already

experienced in clinical trials for cancer immunotherapy (209), it has

not yet been launched for CHB patients.

A recent phase I study in virally suppressed chronic HBV

patients evaluated PD-1 blockade using nivolumab combined or

not to HBV vaccine (210). Such treatment was safe and effective for

the treatment of virally suppressed patients with CHB, as it led to

HBsAg decline in most patients and sustained HBsAg loss in one

patient. Many clinical trials based on IC blockade alone or in

combination with antivirals or vaccines are currently ongoing in

patients with chronic HBV (Table 3). Further developments of IC

blockers for chronic HBV infection will include different dosages,

combination therapies but also careful evaluation for risk of adverse

effects and safety profile.
4.3 Risk of side effects/rupture of liver
tolerance/exacerbation hepatitis

IC blockade present a major risk of affecting hepatic immune

tolerance and exacerbation hepatitis, as already experienced in

animal models. TIGIT blocking in HBsAg transgenic mice, whose

adaptive immune system is tolerant to HBsAg, drives inflammation,

chronic hepatitis and promotes HCC, along with the emergence of

functional HBsAg-specific CTLs (141). This suggest that TIGIT

blockade may brake immune tolerance and favour evolution

towards HCC. 4-1BB agonist stimulation exacerbated liver

inflammation, leading to fibrosis, cirrhosis and ultimately HCC in

HBV transgenic mice, and this effect was mainly mediated by CD8+

T cells (151).
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TABLE 2 Effects of immune checkpoint blockade on effector immune cells in chronic HBV infection and related diseases.

Disease Targeted
ICs

Target
species

Model Findings References

HBV PD-L1 Human In vitro · Enhanced proliferation and function of circulating and liver-infiltrating HBV-specific T cells (110, 111)

HBV PD-L1 Humans Ex vivo · HBV-specific CD8+ T cells response is enhanced only in patients with lower exhaustion levels
(LAG-3- TIM-3- PD-1+) and not in patients with a higher frequency of functionally exhausted
T cells (LAG-3+ TIM-3+ PD-1+)

(153)

HBV PD-L1, PD-
L2, CTLA-4,
TIM-3

Humans Ex vivo · Partial restoration of cytokine secretion by CD4+ T cells and enhanced CD4+ T cell
proliferation upon PD-L1/2 blockade
· Blockade of CTLA-4 and TIM-3 alone fail to reactivate CD4+ T cell function

(115)

HBV PD-L1,
LAG-3

Humans Ex vivo · LAG-3 blockade improves IFN-g secretion by CD8+ T cells
· LAG-3 combined with PD-L1 blockade is more efficient to promote CD8+ T cell function
compared to the use of anti-PD-L1 alone

(137)

HBV PD-1, LAG-3 Humans Ex vivo · Combined blockade of PD-1 and LAG-3 improved the secretion of cytokines by circulating
Th1 CD4+ T cells and reduced IL-10 secretion by CD4+ T cells as well as Treg expansion

(117)

HBV PD-L1, PD-
L2, TIM-3

Humans In vitro · Blocking TIM-3 improves HBV-specific CD8+ T cell responses
· Dual blockade of TIM-3 and PD-L1/2 leads to synergistic effect by enhancing HBV-specific
CD8+ T cells in some patients

(135)

HBV PD-L1, OX40 Humans In vitro · Anti-OX40 or anti-PD-L1alone do not increase the percentage of functional peripheral HBV-
specific CD4+ T cells upon stimulation with viral antigens
· Combination of PD-L1 blockade and OX40 stimulation synergistically improve HBV-specific
CD4+ T cell responses

(119)

HBV PD-L1,
CTLA-4

Humans Ex vivo · Combined blockade of PD-L1 and CTLA-4 boost effector T cell proliferation but only
enhance IFN-g production in HBeAg+ patients
· No such effects are seen with anti PD-L1 or anti-CLTA-4 alone

(130)

HBV,
LMCV

PD-L1, 4-
1BB

Humans,
mice

Ex vivo,
in vivo

· Improvement of cytokine production by HBV-specific T cells in HBV-infected livers of
patients
· Enhanced proliferation, function and anti-viral efficacy of LMCV-specific CD8+ T cells
· Better responses when monitoring the doses of anti-4-1BB towards lower ones to avoid
overstimulation and cell death

(200, 201)

HBV PD-L1, TIM-
3, CTLA-4,
LAG-3

Humans In vitro · PD-L1 blockade efficiently promotes circulating CD8+ T cell expansion unlike blockade of
other inhibitory pathways
· Combination of PD-L1 and TIM-3 blockade do not potentiate CD8+ T cell proliferation
which is even reduced

(113)

HBV CTLA-4 Humans In vitro · CTLA-4 blockade enhances peripheral and intrahepatic HBV-specific CD8+ T cell responses (129)

HBV TIM-3 Humans Ex vivo · Antiviral efficacy of peripheral virus-specific CD8+ T cells is only promoted in patients with
robust pre-existing response to HBV peptide stimulation
· TIM-3 blockade enhances cytotoxicity and IFN-g production in NK cells

(134, 135,
158)

HBV-
HCC

TIM-3 Humans Ex vivo · Enhanced proliferation and cytokine secretion of intrahepatic T cells (182)

HBV TIM-3, Gal-9 Humans In vitro · Effector functions of peripheral blood HBV-specific T cells are restored upon Gal-9 or TIM-3
blockade
· Gal-9 blockade require NK cells in the culture to efficiently boost T cells, indicating that NK
cells directly regulate T cells via the TIM-3/Gal-9 pathway

(157)

HBV TIGIT Humans In vitro · Partial restoration of cytokine secretion by HBV-specific CD8+ T cells (139)

HBV OX40 Mice In vivo · Improved anti-viral efficacy and T cell responses in young mice and adult chronic mice
infected during youth, not seen with control mice treated with isotype antibody

(149)

HBV 4-1BB Mice In vivo · Promotion of liver disease progression towards end stage HCC in HBV-transgenic mice,
effects mainly mediated by CD8+ Tcells

(151)

LMCV GITRL Mice In vivo · Reversal of CD4+ and CD8+ T cell exhaustion by promoting early activation and enhanced
effector function of T cells

(202)
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5 Conclusion and further challenges

Dysregulation of ICs’ expression on T and NK cells is evident in

CHB patients. It remains unclear whether the HBV-induced

modulation of ICs’ profiles contributes to the establishment of

chronic infection by attenuating effector cell responses, as part of an

immune escape mechanism induced and triggered by the virus, or

whether it is more a protective mechanism engaged by the host

immune system to prevent excessive tissue injury. ICs appear to be

at the centre of the pathogenesis of HBV infection, and own

promising potential for clinical translations as targets for

immunotherapies and biomarkers of clinical evolution or

response to treatment.

Most of the studies focused on individual ICs, whereas the fate of

the T/NK cells will result from the global pattern of ICs expression

and co-expression, as well as the expression of corresponding ligands

within cells from the liver microenvironment. Therefore, it is crucial

to further characterize deeply the global patterns of ICs and IC-

ligands expression within the liver microenvironment, as well as ICs

in link with the function of the cells and their metabolism. It will

allow evaluating the hierarchy of ICs expressed on T and NK cells,

their relative role in driving T and NK dysfunction, and guidance for

therapeutic developments. Understanding the regulation of ICs’

expression during HBV infection and during the course of antiviral

therapies is crucial to bring insights into the pathogenesis of chronic

HBV infection and identifying new targets for the development of

effective immune-based antiviral therapies in order to propose the

best treatment combination. The main challenge for the investigation

of ICs’ expression in CHB patients is the limited access to liver tissue

of patients, notably NUC-treated patients. Therefore, the modulation

of ICs by NUCs has been studied mainly in the blood, and only
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limited data are available on the intrahepatic level. In summary, NUC

therapies seem to normalize the IC landscape of treated patients,

demonstrating a reversible phenomenon linked to the arrest of HBV

replication and decreased local inflammation.

Soluble ICs impact on the immune system in the context of

CHB seems quite complex. Soluble ICs likely perform dual roles in

the regulation of immune responses according to the specific type of

IC. Therefore, there is still a need to shed light on the contribution

of ICs to the disease, and evaluate their potential as prognostic

biomarkers of clinical evolution and/or therapeutic response

to treatments.

Finally, immunotherapies aimed at blocking inhibitory ICs or

boosting stimulatory ones seem promising, and the non-redundant

character of inhibitory ICs provides a rationale to target several

pathways in combination for optimal responses. However, the

restoration of a potent immune response will more likely rely on

combinatorial strategies with direct antivirals to lower the viral load

and antigen supply, and on immunotherapy to reinvigorate the host

immune system including multiple IC blockade, cytokines and

therapeutic vaccination. Ongoing clinical trials for CHB patients

mainly use this approach – combining antiviral agents with PD-1

or PD-L1 inhibitors. The future research will hopefully show whether

this therapeutic strategy will provide an additional boost to maximize

the host immune response and bring HBV functional cure closer to

reality. Of course, the challenge is to reinvigorate effector cell

functions without causing adverse effects due to excessive immune-

mediated damage of the liver and rupture of tolerance.

To conclude, functional antiviral T cells and NK cells are

required for HBV control. Reinvigorate the dysfunction of these

cells represents a promising approach to achieving a functional cure

for HBV infection. The future of HBV cure might necessitate a
TABLE 3 Ongoing clinical trials in CHB patients involving checkpoint inhibitors.

Clinical trial
identifier

Phase Treatment targeting
IC

Combination with other treatments Number of
participants

NCT04133259 2 PD-1 inhibitor (mAb) NUC (Entecavir or Tenofovir disoproxil fumarate) 44

NCT04778904 1/2 PD-1 inhibitor (mAb) Therapeutic HBV vaccines 52

NCT04046107 1/2 PD-1 inhibitor (mAb) None 30

NCT04225715 2 PD-L1 inhibitor (locked
nucleic acid (LNA))

siRNA (HBsAg mRNA silencer) and NUC 275 in total, including
other treatment arms

NCT04294498 2 PD-L1 inhibitor (mAb) NUC (Entecavir) 43*

NCT05275023 2 PD-1 inhibitor (mAb) siRNA (HBV mRNAs silencer) and NUC (Tenofovir Disoproxil
or Tenofovir Alafenamide or Entecavir)

44

NCT05242445 1 PD-1 inhibitor (mAb) None 40

NCT05343481 2 PD-1 inhibitor (mAb) Therapeutic HBV vaccines 120

NCT04465890 2 PD-L1 None 208

NCT04680598 Prospective
Observational
Study

PD-1 and PD-L1 inhibitors Tenofovir or entecavir 800*
*Patients with HBV-related HCC.
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combination of replication inhibition, antigen reduction and

immune stimulation (198).
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Gaspar ML, et al. ICOS deficiency hampers the homeostasis, development and function
of NK cells. PloS One (2019) 14(7):e0219449. doi: 10.1371/journal.pone.0219449

97. Tian J, Zhang B, Rui K, Wang S. The role of GITR/GITRL interaction in
autoimmune diseases. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.588682

98. Hanabuchi S, Watanabe N, Wang YH, Wang YH, Ito T, Shaw J, et al. Human
plasmacytoid predendritic cells activate NK cells through glucocorticoid-induced
tumor necrosis factor receptor-ligand (GITRL). Blood (2006) 107(9):3617–23. doi:
10.1182/blood-2005-08-3419

99. Sakurai T, Okuyama Y, Kobayashi S, Phung HT, Asao A, Kawabe T, et al. GITR
controls intestinal inflammation by suppressing IL-15-dependent NK cell activity.
FASEB J (2020) 34(11):14820–31. doi: 10.1096/fj.202001675R

100. Hakim MS, Rahmadika N, Jariah ROA. Expressions of inhibitory checkpoint
molecules in acute and chronic HBV and HCV infections: Implications for therapeutic
monitoring and personalized therapy. Rev Med virol (2020) 30(2):e2094. doi: 10.1002/
rmv.2094

101. Wykes MN, Lewin SR. Immune checkpoint blockade in infectious diseases. Nat
Rev Immunol (2018) 18(2):91–104. doi: 10.1038/nri.2017.112

102. Cai H, Liu G, Zhong J, Zheng K, Xiao H, Li C, et al. Immune checkpoints in
viral infections. Viruses (2020) 12(9):1051. doi: 10.3390/v12091051

103. Hoogeveen RC, Boonstra A. Checkpoint inhibitors and therapeutic vaccines
for the treatment of chronic HBV infection. Front Immunol (2020) 11:401. doi:
10.3389/fimmu.2020.00401

104. Horst AK, Neumann K, Diehl L, Tiegs G. Modulation of liver tolerance by
conventional and nonconventional antigen-presenting cells and regulatory immune
cells. Cell Mol Immunol (2016) 13(3):277–92. doi: 10.1038/cmi.2015.112

105. Fisicaro P, Barili V, Rossi M, Montali I, Vecchi A, Acerbi G, et al. Pathogenetic
mechanisms of T cell dysfunction in chronic HBV infection and related therapeutic
approaches. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.00849

106. HakimMS, Spaan M, Janssen HL, Boonstra A. Inhibitory receptor molecules in
chronic hepatitis b and c infections: novel targets for immunotherapy? Rev Med Virol
(2014) 24(2):125–38. doi: 10.1002/rmv.1779

107. Cox MA, Nechanitzky R, Mak TW. Check point inhibitors as therapies for
infectious diseases. Curr Opin Immunol (2017) 48:61–7. doi: 10.1016/j.coi.2017.07.016
Frontiers in Immunology 17
108. Zhang Z, Zhang JY, Wherry EJ, Jin B, Xu B, Zou ZS, et al. Dynamic
programmed death 1 expression by virus-specific CD8 T cells correlates with the
outcome of acute hepatitis b. Gastroenterology (2008) 134(7):1938–49, 49.e1-3. doi:
10.1053/j.gastro.2008.03.037

109. Zhang Z, Jin B, Zhang JY, Xu B, Wang H, Shi M, et al. Dynamic decrease in
PD-1 expression correlates with HBV-specific memory CD8 T-cell development in
acute self-limited hepatitis b patients. J hepatol (2009) 50(6):1163–73. doi: 10.1016/
j.jhep.2009.01.026

110. Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, Giuberti T, et al.
Characterization of hepatitis b virus (HBV)-specific T-cell dysfunction in chronic HBV
infection. J virol (2007) 81(8):4215–25. doi: 10.1128/JVI.02844-06

111. Fisicaro P, Valdatta C, Massari M, Loggi E, Biasini E, Sacchelli L, et al. Antiviral
intrahepatic T-cell responses can be restored by blocking programmed death-1
pathway in chronic hepatitis b. Gastroenterology (2010) 138(2):682–93, 93.e1-4. doi:
10.1053/j.gastro.2009.09.052

112. Zhang WJ, Peng CH, Zheng SS. Programmed death 1 and programmed death
ligand 1 expressions in patients with chronic hepatitis b. Hepatobiliary pancreatic Dis
Int HBPD Int (2013) 12(4):394–9. doi: 10.1016/S1499-3872(13)60061-2

113. Bengsch B, Martin B, Thimme R. Restoration of HBV-specific CD8+ T cell
function by PD-1 blockade in inactive carrier patients is linked to T cell differentiation.
J hepatol (2014) 61(6):1212–9. doi: 10.1016/j.jhep.2014.07.005

114. Wang L, Zhao C, Peng Q, Shi J, Gu G. Expression levels of CD28, CTLA-4, PD-
1 and Tim-3 as novel indicators of T-cell immune function in patients with chronic
hepatitis b virus infection. Biomed Rep (2014) 2(2):270–4. doi: 10.3892/br.2014.217

115. Raziorrouh B, Heeg M, Kurktschiev P, Schraut W, Zachoval R, Wendtner C,
et al. Inhibitory phenotype of HBV-specific CD4+ T-cells is characterized by high PD-1
expression but absent coregulation of multiple inhibitory molecules. PloS One (2014) 9
(8):e105703. doi: 10.1371/journal.pone.0105703

116. Tang ZS, Hao YH, Zhang EJ, Xu CL, Zhou Y, Zheng X, et al. CD28 family of
receptors on T cells in chronic HBV infection: Expression characteristics, clinical
significance and correlations with PD-1 blockade. Mol Med Rep (2016) 14(2):1107–16.
doi: 10.3892/mmr.2016.5396

117. Dong Y, Li X, Zhang L, Zhu Q, Chen C, Bao J, et al. CD4(+) T cell exhaustion
revealed by high PD-1 and LAG-3 expression and the loss of helper T cell function in
chronic hepatitis b. BMC Immunol (2019) 20(1):27. doi: 10.1186/s12865-019-0309-9

118. Jin X, Z-h Y, Lu L, Lu S, Zhang G, Lin W. Peripheral immune cells exhaustion
and functional impairment in patients with chronic hepatitis b. Front Med (2021) 8.
doi: 10.3389/fmed.2021.759292

119. Jacobi FJ, Wild K, Smits M, Zoldan K, Csernalabics B, Flecken T, et al. OX40
stimulation and PD-L1 blockade synergistically augment HBV-specific CD4 T cells in
patients with HBeAg-negative infection. J hepatol (2019) 70(6):1103–13. doi: 10.1016/
j.jhep.2019.02.016

120. Cui D, Jiang D, Yan C, Liu X, Lv Y, Xie J, et al. Immune checkpoint molecules
expressed on CD4(+) T cell subsets in chronic asymptomatic hepatitis b virus carriers
with hepatitis b e antigen-negative. Front Microbiol (2022) 13:887408. doi: 10.3389/
fmicb.2022.887408

121. Fisicaro P, Barili V, Montanini B, Acerbi G, Ferracin M, Guerrieri F, et al.
Targeting mitochondrial dysfunction can restore antiviral activity of exhausted HBV-
specific CD8 T cells in chronic hepatitis b. Nat Med (2017) 23(3):327–36. doi: 10.1038/
nm.4275

122. Khanam A, Tang LSY, Kottilil S. Programmed death 1 expressing CD8
+CXCR5+ follicular T cells constitute effector rather than exhaustive phenotype in
patients with chronic hepatitis b. Hepatol (Baltimore Md). (2022) 75(3):690–708. doi:
10.1002/hep.32210

123. Hu T-T, Song X-F, Lei Y, Hu H-D, Ren H, Hu P. Expansion of circulating TFH
cells and their associated molecules: involvement in the immune landscape in patients
with chronic HBV infection. Virol J (2014) 11(1):54. doi: 10.1186/1743-422X-11-54

124. Huang YX, Zhao QY, Wu LL, Xie DY, Gao ZL, Deng H. Increased CCR7(lo)
PD-1(hi)CXCR5(+)CD4(+) T cells in peripheral blood mononuclear cells are
correlated with immune activation in patients with chronic HBV infection. Can J
Gastroenterol hepatol (2018) 2018:1020925. doi: 10.1155/2018/1020925

125. Cao H, Zhang R, Zhang W. CTLA−4 interferes with the HBV−specific T cell
immune response (Review). Int J Mol Med (2018) 42(2):703–12. doi: 10.3892/
ijmm.2018.3688

126. Thio CL, Mosbruger TL, Kaslow RA, Karp CL, Strathdee SA, Vlahov D, et al.
Cytotoxic T-lymphocyte antigen 4 gene and recovery from hepatitis b virus infection. J
virol (2004) 78(20):11258–62. doi: 10.1128/JVI.78.20.11258-11262.2004

127. Cho H, Kang H, Kim JY, Kim HY, Kim CW. FoxP3, PD-1 and CTLA-4 are
decreased significantly after a tenofovir therapy in patients with chronic hepatitis b.
Future Virol (2020) 15(4):235–44. doi: 10.2217/fvl-2019-0128

128. Wongjitrat C, Sukwit S, Chuenchitra T, Seangjaruk P, Rojanasang P,
Romputtan P, et al. CTLA-4 and its ligands on the surface of T- and b-lymphocyte
subsets in chronic hepatitis b virus infection. J Med Assoc Thailand = Chotmaihet
thangphaet. (2013) 96(Suppl 1):S54–9.

129. Schurich A, Khanna P, Lopes AR, Han KJ, Peppa D, Micco L, et al. Role of the
coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-prone CD8 T
cells in persistent hepatitis b virus infection. Hepatol (Baltimore Md). (2011) 53
(5):1494–503. doi: 10.1002/hep.24249
frontiersin.org

https://doi.org/10.3892/ijo.2015.3005
https://doi.org/10.1007/s10753-014-0082-0
https://doi.org/10.1136/esmoopen-2019-000544
https://doi.org/10.3389/fimmu.2016.00304
https://doi.org/10.4049/jimmunol.0803256
https://doi.org/10.1016/j.immuni.2021.11.017
https://doi.org/10.1126/scitranslmed.3000448
https://doi.org/10.1038/icb.2010.101
https://doi.org/10.1016/j.jaut.2018.07.021
https://doi.org/10.1016/j.jaut.2018.07.021
https://doi.org/10.1016/j.ymthe.2019.07.013
https://doi.org/10.1371/journal.pone.0239595
https://doi.org/10.4049/jimmunol.179.4.2445
https://doi.org/10.4049/jimmunol.169.7.3676
https://doi.org/10.1371/journal.pone.0219449
https://doi.org/10.3389/fimmu.2020.588682
https://doi.org/10.1182/blood-2005-08-3419
https://doi.org/10.1096/fj.202001675R
https://doi.org/10.1002/rmv.2094
https://doi.org/10.1002/rmv.2094
https://doi.org/10.1038/nri.2017.112
https://doi.org/10.3390/v12091051
https://doi.org/10.3389/fimmu.2020.00401
https://doi.org/10.1038/cmi.2015.112
https://doi.org/10.3389/fimmu.2020.00849
https://doi.org/10.1002/rmv.1779
https://doi.org/10.1016/j.coi.2017.07.016
https://doi.org/10.1053/j.gastro.2008.03.037
https://doi.org/10.1016/j.jhep.2009.01.026
https://doi.org/10.1016/j.jhep.2009.01.026
https://doi.org/10.1128/JVI.02844-06
https://doi.org/10.1053/j.gastro.2009.09.052
https://doi.org/10.1016/S1499-3872(13)60061-2
https://doi.org/10.1016/j.jhep.2014.07.005
https://doi.org/10.3892/br.2014.217
https://doi.org/10.1371/journal.pone.0105703
https://doi.org/10.3892/mmr.2016.5396
https://doi.org/10.1186/s12865-019-0309-9
https://doi.org/10.3389/fmed.2021.759292
https://doi.org/10.1016/j.jhep.2019.02.016
https://doi.org/10.1016/j.jhep.2019.02.016
https://doi.org/10.3389/fmicb.2022.887408
https://doi.org/10.3389/fmicb.2022.887408
https://doi.org/10.1038/nm.4275
https://doi.org/10.1038/nm.4275
https://doi.org/10.1002/hep.32210
https://doi.org/10.1186/1743-422X-11-54
https://doi.org/10.1155/2018/1020925
https://doi.org/10.3892/ijmm.2018.3688
https://doi.org/10.3892/ijmm.2018.3688
https://doi.org/10.1128/JVI.78.20.11258-11262.2004
https://doi.org/10.2217/fvl-2019-0128
https://doi.org/10.1002/hep.24249
https://doi.org/10.3389/fimmu.2023.1148111
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Dumolard et al. 10.3389/fimmu.2023.1148111
130. Peng G, Luo B, Li J, Zhao D, Wu W, Chen F, et al. Hepatitis b e-antigen
persistency is associated with the properties of HBV-specific CD8 T cells in CHB
patients. J Clin Immunol (2011) 31(2):195–204. doi: 10.1007/s10875-010-9483-5

131. Stoop JN, van der Molen RG, Baan CC, van der Laan LJ, Kuipers EJ, Kusters JG,
et al. Regulatory T cells contribute to the impaired immune response in patients with
chronic hepatitis b virus infection. Hepatol (Baltimore Md). (2005) 41(4):771–8. doi:
10.1002/hep.20649

132. Trehanpati N, Vyas AK. Immune regulation by T regulatory cells in hepatitis b
virus-related inflammation and cancer. Scandinavian J Immunol (2017) 85(3):175–81.
doi: 10.1111/sji.12524

133. Wu W, Shi Y, Li J, Chen F, Chen Z, Zheng M. Tim-3 expression on peripheral
T cell subsets correlates with disease progression in hepatitis b infection. Virol J (2011)
8(1):113. doi: 10.1186/1743-422X-8-113

134. WuW, Shi Y, Li S, Zhang Y, Liu Y , Wu Y, et al. Blockade of Tim-3 signaling
restores the virus-specific CD8+ T-cell response in patients with chronic hepatitis b. Eur
J Immunol (2012) 42(5):1180–91. doi: 10.1002/eji.201141852

135. Nebbia G, Peppa D, Schurich A, Khanna P, Singh HD, Cheng Y, et al. Upregulation
of the Tim-3/galectin-9 pathway of T cell exhaustion in chronic hepatitis b virus infection.
PloS One (2012) 7(10):e47648. doi: 10.1371/journal.pone.0047648

136. Liu Y, Gao LF, Liang XH, Ma CH. Role of Tim-3 in hepatitis b virus infection: An
overview.World J Gastroenterol WJG. (2016) 22(7):2294–303. doi: 10.3748/wjg.v22.i7.2294

137. Ye B, Li X, Dong Y, Wang Y, Tian L, Lin S, et al. Increasing LAG-3 expression
suppresses T-cell function in chronic hepatitis b: A balance between immunity strength and
liver injury extent. Medicine (2017) 96(1):e5275. doi: 10.1097/MD.0000000000005275

138. Li FJ, Zhang Y, Jin GX, Yao L, Wu DQ. Expression of LAG-3 is coincident with
the impaired effector function of HBV-specific CD8(+) T cell in HCC patients.
Immunol Lett (2013) 150(1-2):116–22. doi: 10.1016/j.imlet.2012.12.004

139. Wei YY, Fan J, Shan MX, Yin DD, Wang LL, Ye W, et al. TIGIT marks
exhausted T cells and serves as a target for immune restoration in patients with chronic
HBV infection. Am J Trans Res (2022) 14(2):942–54.

140. Liu X, Li M, Wang X, Dang Z, Jiang Y, Wang X, et al. PD-1(+) TIGIT(+) CD8
(+) T cells are associated with pathogenesis and progression of patients with hepatitis b
virus-related hepatocellular carcinoma. Cancer immunol immunother CII. (2019) 68
(12):2041–54. doi: 10.1007/s00262-019-02426-5

141. Zong L, Peng H, Sun C, Li F, Zheng M, Chen Y, et al. Breakdown of adaptive
immunotolerance induces hepatocellular carcinoma in HBsAg-tg mice. Nat Commun
(2019) 10(1):221. doi: 10.1038/s41467-018-08096-8

142. Song HF, Chen XJ, Tang PJ, Xu P, Huang ZY, Wang XF. Clinical significance of
BTLA and HVEM expression on circulating CD4(+) T and CD8(+) T cells in chronic
hepatitis b virus infection.Viral Immunol (2022) 35(4):291–302. doi: 10.1089/vim.2021.0134

143. Cai G, Nie X, Li L, Hu L, Wu B, Lin J, et al. B and T lymphocyte attenuator is
highly expressed on intrahepatic T cells during chronic HBV infection and regulates
their function. J gastroenterol (2013) 48(12):1362–72. doi: 10.1007/s00535-013-0762-9

144. Nan XP, Zhang Y, Yu HT, Li Y, Sun RL, Wang JP, et al. Circulating CD4
+CD25high regulatory T cells and expression of PD-1 and BTLA on CD4+ T cells in
patients with chronic hepatitis b virus infection. Viral Immunol (2010) 23(1):63–70.
doi: 10.1089/vim.2009.0061

145. Yu X, Zheng Y, Mao R, Su Z, Zhang J. BTLA/HVEM signaling: Milestones in
research and role in chronic hepatitis b virus infection. Front Immunol (2019) 10:617.
doi: 10.3389/fimmu.2019.00617

146. Wang H, Wu B, Li L, Hu L, Lin J, Jiang C, et al. Hepatic expansion of virus-
specific CD8(+)BTLA(+) T cells with regulatory properties in chronic hepatitis b virus
infection. Cell Immunol (2017) 311:36–45. doi: 10.1016/j.cellimm.2016.10.002

147. Tang J, Fei J, Gu C, Liu W, Li M, Zhou C. The influence of b and T lymphocyte
attenuator genetic variants on susceptibility to chronic hepatitis b virus infection. Cell
Physiol Biochem (2018) 45(6):2540–7. doi: 10.1159/000488272

148. Raziorrouh B, Schraut W, Gerlach T, Nowack D, Grüner NH, Ulsenheimer A,
et al. The immunoregulatory role of CD244 in chronic hepatitis b infection and its
inhibitory potential on virus-specific CD8+ T-cell function. Hepatol (Baltimore Md).
(2010) 52(6):1934–47. doi: 10.1002/hep.23936

149. Publicover J, Gaggar A, Jespersen JM, Halac U, Johnson AJ, Goodsell A, et al.
An OX40/OX40L interaction directs successful immunity to hepatitis b virus. Sci Trans
Med (2018) 10(433). doi: 10.1126/scitranslmed.aah5766

150. Zhan MR, Gao XZ, Wang C, Peng F, Wang XM, Xu HQ, et al. Elevated soluble
4-1BB is associated with serum markers of hepatitis b virus in patients with chronic
hepatitis b. World J Clin cases. (2021) 9(7):1619–30. doi: 10.12998/wjcc.v9.i7.1619

151. Wang J, Zhao W, Cheng L, Guo M, Li D, Li X, et al. CD137-mediated
pathogenesis from chronic hepatitis to hepatocellular carcinoma in hepatitis b virus-
transgenic mice. J Immunol (Baltimore Md 1950). (2010) 185(12):7654–62. doi:
10.4049/jimmunol.1000927

152. Liu F, Zhang S, Wong DK, Huang FY, Cheung KS, Mak LY, et al. Phenotypic
changes of PD-1 and GITR in T cells are associated with hepatitis b surface antigen
seroclearance. J Clin gastroenterol (2022) 56(1):e31–e7. doi: 10.1097/MCG.0000000000001461

153. Ferrando-Martinez S, Snell Bennett A, Lino E, Gehring AJ, Feld J, Janssen
HLA, et al. Functional exhaustion of HBV-specific CD8 T cells impedes PD-L1
blockade efficacy in chronic HBV infection. Front Immunol (2021) 12:648420. doi:
10.3389/fimmu.2021.648420
Frontiers in Immunology 18
154. Feng C, Cao LJ, Song HF, Xu P, Chen H, Xu JC, et al. Expression of PD-L1 on
CD4+CD25+Foxp3+ regulatory T cells of patients with chronic HBV infection and its
correlation with clinical parameters. Viral Immunol (2015) 28(8):418–24. doi: 10.1089/
vim.2015.0062

155. Li H, Zhai N, Wang Z, Song H, Yang Y, Cui A, et al. Regulatory NK cells
mediated between immunosuppressive monocytes and dysfunctional T cells in chronic
HBV infection. Gut (2018) 67(11):2035–44. doi: 10.1136/gutjnl-2017-314098

156. Marotel M, Villard M, Drouillard A, Tout I, Besson L, Allatif O, et al.
Peripheral natural killer cells in chronic hepatitis b patients display multiple
molecular features of T cell exhaustion. eLife (2021) 10. doi: 10.7554/eLife.60095.sa2

157. Liu S, Xu C, Yang F, Zong L, Qin Y, Gao Y, et al. Natural killer cells induce CD8
(+) T cell dysfunction via galectin-9/TIM-3 in chronic hepatitis b virus infection. Front
Immunol (2022) 13:884290. doi: 10.3389/fimmu.2022.884290

158. Ju Y, Hou N, Meng J, Wang X, Zhang X, Zhao D, et al. T Cell immunoglobulin-
and mucin-domain-containing molecule-3 (Tim-3) mediates natural killer cell
suppression in chronic hepatitis b. J hepatol (2010) 52(3):322–9. doi: 10.1016/
j.jhep.2009.12.005

159. Yu L, Liu X, Wang X, Yan F, Wang P, Jiang Y, et al. TIGIT(+) TIM-3(+) NK
cells are correlated with NK cell exhaustion and disease progression in patients with
hepatitis b virus−related hepatocellular carcinoma. Oncoimmunology (2021) 10
(1):1942673. doi: 10.1080/2162402X.2021.1942673

160. Wang J, Hou H, Mao L, Wang F, Yu J, Luo Y, et al. TIGIT signaling pathway
regulates natural killer cell function in chronic hepatitis b virus infection. Front Med
(Lausanne). (2021) 8:816474. doi: 10.3389/fmed.2021.816474

161. Sun C, Fu B, Gao Y, Liao X, Sun R, Tian Z, et al. TGF-b1 down-regulation of
NKG2D/DAP10 and 2B4/SAP expression on human NK cells contributes to HBV
persistence. PloS pathogens. (2012) 8(3):e1002594. doi: 10.1371/journal.ppat.1002594

162. Zhou L, Li X, Huang X, Chen L, Gu L, Huang Y. Soluble programmed death-1
is a useful indicator for inflammatory and fibrosis severity in chronic hepatitis b. J Viral
Hepat. (2019) 26(7):795–802. doi: 10.1111/jvh.13055

163. Xia J, Huang R, Chen Y, Liu Y, Wang J, Yan X, et al. Profiles of serum soluble
programmed death-1 and programmed death-ligand 1 levels in chronic hepatitis b
virus-infected patients with different disease phases and after anti-viral treatment.
Alimentary Pharmacol Ther (2020) 51(11):1180–7. doi: 10.1111/apt.15732

164. Li N, Zhou Z, Li F, Sang J, Han Q, Lv Y, et al. Circulating soluble programmed
death-1 levels may differentiate immune-tolerant phase from other phases and
hepatocellular carcinoma from other clinical diseases in chronic hepatitis b virus
infection. Oncotarget (2017) 8(28):46020–33. doi: 10.18632/oncotarget.17546

165. Wang D, Du Q, Luo G, Wang Q, Wang G, Zhang G, et al. Aberrant production
of soluble inducible T cell co−stimulator and soluble programmed cell death protein 1
in patients with chronic hepatitis b. Mol Med Rep (2017) 16(6):8556–62. doi: 10.3892/
mmr.2017.7630

166. Gu D, Ao X, Yang Y, Chen Z, Xu X. Soluble immune checkpoints in cancer:
production, function and biological significance. J immunother canc (2018) 6(1):132.
doi: 10.1186/s40425-018-0449-0

167. Khan M, Arooj S, Wang H. Soluble B7-CD28 family inhibitory immune
checkpoint proteins and anti-cancer immunotherapy. Front Immunol (2021) 12. doi:
10.3389/fimmu.2021.651634

168. Cheng H-Y, Kang P-J, Chuang Y-H, Wang Y-H, Jan M-C, Wu C-F, et al.
Circulating programmed death-1 as a marker for sustained high hepatitis b viral load
and risk of hepatocellular carcinoma. PloS One (2014) 9(11):e95870. doi: 10.1371/
journal.pone.0095870

169. Kozuka R, Enomoto M, Dong MP, Hai H, Thuy LTT, Odagiri N, et al. Soluble
programmed cell death-1 predicts hepatocellular carcinoma development during
nucleoside analogue treatment. Sci Rep (2022) 12(1):105. doi: 10.1038/s41598-021-
03706-w

170. Fadriquela A, Kim CS, Lee KJ, Kang SH, Kim MY, Lee JH. Soluble type
immune checkpoint regulators using multiplex luminex immunoassay in chronic
hepatitis b patients. J Clin pathol (2021) 74(12):780–6. doi: 10.1136/jclinpath-2020-
207125

171. Cao J, Zhang L, Huang S, Chen P, Zou L, Chen H, et al. Aberrant production of
soluble co-stimulatory molecules CTLA-4 and CD28 in patients with chronic hepatitis
b. Microb Pathog (2011) 51(4):262–7. doi: 10.1016/j.micpath.2011.06.003

172. Li F, Li N, Sang J, Fan X, Deng H, Zhang X, et al. Highly elevated soluble Tim-3
levels correlate with increased hepatocellular carcinoma risk and poor survival of
hepatocellular carcinoma patients in chronic hepatitis b virus infection. Cancer Manage
Res (2018) 10:941–51. doi: 10.2147/CMAR.S162478

173. Chen L, Yu X, Lv C, Dai Y, Wang T, Zheng S, et al. Increase in serum soluble
Tim-3 level is related to the progression of diseases after hepatitis virus infection. Front
Med (Lausanne). (2022) 9:880909. doi: 10.3389/fmed.2022.880909

174. Zhan M, Gao X, Zhang Z, Peng F, Wang C, Zhang M, et al. Profiles of
expression of costimulatory molecules OX40 and OX40l in PBMCs and levels of soluble
OX40/OX40l in plasma in chronic hepatitis b patients and health subjects. J Hepatol
(2020) 73:S577–S8. doi: 10.1016/S0168-8278(20)31630-5

175. Xie Z, Chen Y, Zhao S, Yang Z, Yao X, Guo S, et al. Intrahepatic PD-1/PD-L1
up-regulation closely correlates with inflammation and virus replication in patients
with chronic HBV infection. Immunol investigat (2009) 38(7):624–38. doi: 10.1080/
08820130903062210
frontiersin.org

https://doi.org/10.1007/s10875-010-9483-5
https://doi.org/10.1002/hep.20649
https://doi.org/10.1111/sji.12524
https://doi.org/10.1186/1743-422X-8-113
https://doi.org/10.1002/eji.201141852
https://doi.org/10.1371/journal.pone.0047648
https://doi.org/10.3748/wjg.v22.i7.2294
https://doi.org/10.1097/MD.0000000000005275
https://doi.org/10.1016/j.imlet.2012.12.004
https://doi.org/10.1007/s00262-019-02426-5
https://doi.org/10.1038/s41467-018-08096-8
https://doi.org/10.1089/vim.2021.0134
https://doi.org/10.1007/s00535-013-0762-9
https://doi.org/10.1089/vim.2009.0061
https://doi.org/10.3389/fimmu.2019.00617
https://doi.org/10.1016/j.cellimm.2016.10.002
https://doi.org/10.1159/000488272
https://doi.org/10.1002/hep.23936
https://doi.org/10.1126/scitranslmed.aah5766
https://doi.org/10.12998/wjcc.v9.i7.1619
https://doi.org/10.4049/jimmunol.1000927
https://doi.org/10.1097/MCG.0000000000001461
https://doi.org/10.3389/fimmu.2021.648420
https://doi.org/10.1089/vim.2015.0062
https://doi.org/10.1089/vim.2015.0062
https://doi.org/10.1136/gutjnl-2017-314098
https://doi.org/10.7554/eLife.60095.sa2
https://doi.org/10.3389/fimmu.2022.884290
https://doi.org/10.1016/j.jhep.2009.12.005
https://doi.org/10.1016/j.jhep.2009.12.005
https://doi.org/10.1080/2162402X.2021.1942673
https://doi.org/10.3389/fmed.2021.816474
https://doi.org/10.1371/journal.ppat.1002594
https://doi.org/10.1111/jvh.13055
https://doi.org/10.1111/apt.15732
https://doi.org/10.18632/oncotarget.17546
https://doi.org/10.3892/mmr.2017.7630
https://doi.org/10.3892/mmr.2017.7630
https://doi.org/10.1186/s40425-018-0449-0
https://doi.org/10.3389/fimmu.2021.651634
https://doi.org/10.1371/journal.pone.0095870
https://doi.org/10.1371/journal.pone.0095870
https://doi.org/10.1038/s41598-021-03706-w
https://doi.org/10.1038/s41598-021-03706-w
https://doi.org/10.1136/jclinpath-2020-207125
https://doi.org/10.1136/jclinpath-2020-207125
https://doi.org/10.1016/j.micpath.2011.06.003
https://doi.org/10.2147/CMAR.S162478
https://doi.org/10.3389/fmed.2022.880909
https://doi.org/10.1016/S0168-8278(20)31630-5
https://doi.org/10.1080/08820130903062210
https://doi.org/10.1080/08820130903062210
https://doi.org/10.3389/fimmu.2023.1148111
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Dumolard et al. 10.3389/fimmu.2023.1148111
176. Chen J, Wang XM,Wu XJ, Wang Y, Zhao H, Shen B, et al. Intrahepatic levels of
PD-1/PD-L correlate with liver inflammation in chronic hepatitis b. Inflammation Res
(2011) 60(1):47–53. doi: 10.1007/s00011-010-0233-1

177. Wenjin Z, Chuanhui P, Yunle W, Lateef SA, Shusen Z. Longitudinal
fluctuations in PD1 and PD-L1 expression in association with changes in anti-viral
immune response in chronic hepatitis b. BMC gastroenterol (2012) 12:109. doi:
10.1186/1471-230X-12-109

178. Li Z, Li N, Li F, Zhou Z, Sang J, Chen Y, et al. Immune checkpoint proteins PD-
1 and TIM-3 are both highly expressed in liver tissues and correlate with their gene
polymorphisms in patients with HBV-related hepatocellular carcinoma. Medicine
(2016) 95(52):e5749. doi: 10.1097/MD.0000000000005749

179. Tzeng HT, Tsai HF, Liao HJ, Lin YJ, Chen L, Chen PJ, et al. PD-1 blockage
reverses immune dysfunction and hepatitis b viral persistence in a mouse animal
model. PloS One (2012) 7(6):e39179. doi: 10.1371/journal.pone.0039179

180. Stoop JN, Claassen MA, Woltman AM, Binda RS, Kuipers EJ, Janssen HL, et al.
Intrahepatic regulatory T cells are phenotypically distinct from their peripheral
counterparts in chronic HBV patients. Clin Immunol (Orlando Fla). (2008) 129
(3):419–27. doi: 10.1016/j.clim.2008.07.029
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Glossary

4-1BBL 4-1BB ligand

a-syn a-synuclein fibrils

ALT alanine aminotransferase

APC antigen presenting cell

AST aspartate aminotransferase

BTLA B and T lymphocyte attenuator

CAR chimeric antigen receptor

cccDNA covalently closed circular DNA

CEACAM1 carcinoembryonic antigen-related cell adhesion molecule 1

CHB chronic hepatitis B

CTL cytotoxic T lymphocytes

CTLA-4 cytotoxic T lymphocyte antigen-4

DC dendritic cell

FGL1 fibrinogen-like protein1

Gal-3 galectin-3

Gal-9 galectin-9

GITR glucocorticoid-induced tumor necrosis factor-related protein

GITRL GITR ligand

HBeAg hepatitis B e-antigen

HBsAg hepatitis B surface antigen

HBV hepatitis B virus

HCC hepatocellular carcinoma

HMGB1 high mobility group protein B1

HVEM herpes virus entry mediator

IC immune checkpoint

ICOS inducible T-cell co-stimulator

ICOSL ICOS-ligand

IFN interferon

IL interleukin

LAG-3 lymphocyte activation gene-3

LSEC liver sinusoidal endothelial cells

LSECtin liver and lymph node sinusoidal endothelial cell C-type lectin

MHC major histocompatibility complex

NK natural killer

NUC nucleoside/nucleotide analogs

OX40L OX40-ligand

PBMC peripheral blood mononuclear cells

PD-1 programmed death protein 1

(Continued)
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PD-L1/2 programmed death-ligand 1/2

PS phosphatidylserine

s4-1BB Soluble 4-1BB

sCTLA-4 soluble CTLA-4

sGITR soluble GITR

sIC soluble IC

sICOS soluble ICOS

sLAG-3 soluble LAG-3

SLAM signaling lymphocyte activation molecule

sPD-1 soluble PD-1

sPD-L1 soluble programmed death-ligand 1

sTIM-3 soluble TIM-3

TCR T cell receptor

Th T helper

TIGIT T cell immunoreceptor with immunoglobulin and ITIM domain

TIM-3 T cell immunoglobulin domain and mucin domain 3

TNFR tumor necrosis factor receptor

Treg regulatory T cell

WHV woodchuck hepatitis virus.
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