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Abstract: As evidence has mounted that virus-infected cells, such as cancer cells, negatively regulate
the function of T-cells via immune checkpoints, it has become increasingly clear that viral infections
similarly exploit immune checkpoints as an immune system escape mechanism. Although immune
checkpoint therapy has been successfully used in cancer treatment, numerous studies have suggested
that such therapy may also be highly relevant for treating viral infection, especially chronic viral
infections. However, it has not yet been applied in this manner. Here, we reviewed recent findings
regarding immune checkpoints in viral infections, including COVID-19, and discussed the role
of immune checkpoints in different viral infections, as well as the potential for applying immune
checkpoint blockades as antiviral therapy.
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1. Introduction

Viral infections, especially chronic viral infections, are still a major threat to global health.
Currently, the world is facing the serious challenge of a viral pandemic (coronavirus 2019; COVID-19)
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has infected over
28,000,000 people and resulted in nearly 930,000 deaths globally. Additionally, more than 325 million
people worldwide are infected with chronic hepatitis B [1] and about 1.2 million people worldwide die
each year from acquired immune deficiency syndrome (AIDS) and related diseases [2]. In chronic viral
infections, the virus escapes elimination by the immune system and establishes a persistent infection by
modulating or regulating the host immune response [3]. Many chronic viral infections result in T-cell
exhaustion, which is the main source of host difficulty in eliminating such infections [3,4]. As a negative
regulatory signal for the activation and proliferation of T-cells, the immune checkpoint pathway is
involved in the immune escape of many viruses [5,6].

Immune checkpoint molecules are negative regulatory receptors expressed on immune cells.
Under normal physiological conditions, they function as a brake for the immune system, maintaining
self-tolerance and preventing immunopathology in the body [7]. However, these molecules have also
been shown to participate in the mechanism of immune escape by causing T-cell dysfunction in a
variety of diseases, such as cancer and infection. The expression of immune checkpoint molecules on
suppressor cells, such as regulatory T- (Treg) and regulatory B (Breg)-cells, could affect the function
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and cytokine secretion of these cells. Although the concept of immune checkpoints was first proposed
in 2006 [8], research on the checkpoint receptors began much earlier. Allison discovered cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) in 1995 and began studying the therapeutic effect of
anti-CTLA-4 antibody on tumors [9,10], and Honjo discovered programmed death-1 (PD-1) in 1992 [11].
Since then, additional immune checkpoint molecules, such as T-cell immunoglobulin and mucin
domain-containing-3 (TIM-3) and lymphocyte activation gene-3 (LAG-3), have been discovered [12,13].
To date, at least six immune checkpoints have been found to be involved in viral infections.

Conventional antiviral therapy is usually incapable of eliminating chronic infection [14]. However,
recent advances in cancer immunotherapy may be applicable as antiviral therapy for chronic viral
infections. Seven immune checkpoint inhibitors (ICIs) targeting CTLA-4, PD-1, or programmed
death-ligand-1 (PD-L1) have been approved for the treatment of certain cancers and have shown positive
therapeutic outcomes in patients [15,16]. Moreover, as a new approach for effective T-cell activation,
combination therapy targeting multiple immune checkpoints or applied with other therapeutic
modalities such as vaccines are currently being tested in clinical trials [17]. Here, we reviewed the
recent findings regarding immune checkpoints in viral infection. We also discussed the role of immune
checkpoints in different viral infections and the potential of applying immune checkpoint blockades as
antiviral therapy.

2. Immune Checkpoints and Their T-cell Inactivation Pathways

The immune checkpoint coinhibitory network acts by inhibiting T-cell activation through various
mechanisms and signaling pathways (Figure 1, Table 1).

PD-1 is preferentially expressed on the surface of activated T-cells and B-cells. Its expression
has also been observed on the surface of other immunocyte subsets, such as natural killer (NK) cells,
monocytes, and dendritic cells (DCs) [18,19]. The cytoplasmic tail of PD-1 has an immunoreceptor
tyrosine-based inhibition motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM).
When it binds to its ligand PD-L1/PD-L2, PD-1 translocates to T-cell receptor (TCR) microclusters
and recruits SH2 domain-containing tyrosine phosphatase 2 (SHP2) by phosphorylating tyrosine
residues in the ITSM [20]. Subsequently, the dephosphorylation of Zap-70 and LCK by SHP2 leads to
inhibition of the Ras–MEK–MAPK pathway and interference with CD28 costimulatory signaling [21,22].
Additionally, SHP2 recruitment blocks the activation of phosphoinositide 3-kinase (PI3K) by completely
binding to the phosphorylation kinases, then inhibits downstream Akt activation, which ultimately
downregulates the activation of T-cells. A recent study suggested that the immune inhibitory function
of PD-1 may occur via an SHP2-independent pathway [23]. PD-1 also can inactivate T-cells by
promoting microcluster formation and degrading TCR on the surface of T-cells [22].

CTLA-4 is an important co-inhibitory receptor on T-cells that downregulates T-cell activation
and induces tolerance [24]. It is transiently expressed following T-cell activation and blocks the
costimulatory effect of constitutively expressed CD28 by competing with CD28 for CD80 binding [25];
it then inhibits Akt activation by recruiting PP2A [26,27]. Based on work in murine T-cells, CTLA-4
engagement results in T-cell suppression by limiting nuclear factor (NF)-κB and AP-1 transcriptional
activity [28,29]. Recent research found that CTLA-4 expression induces high levels of the proapoptotic
protein Bim in CD8+ T-cells and promotes Bim-dependent apoptosis in T-cells [30].

TIM-3 is selectively expressed on CD4+ T helper (Th)1 or Th17 cells [31], CD8+ T cytotoxic 1 (Tc1)
cells, and Treg cells, and this expression can lead to inhibition of the Th1 response and apoptosis of
antigen-specific cells. Under normal circumstances, the molecular adaptor human leukocyte antigen B
(HLA-B)-associated transcript 3 (Bat3), which binds to the intracellular tail of TIM-3, protects Th1 cells
from TIM-3-mediated cell death or exhaustion. When galectin-9 (Gal-9) binds to TIM-3, Bat3 is released
from TIM-3, allowing TIM-3 to bind to the SH3 domain-containing TCR-associated intracellular kinase
LCK and then to mediate downregulatory signals that inhibit Th1 responses [32]. Some research has
suggested that TIM-3 suppresses T-cell activation by suppressing the nuclear factor of activated T-cells
(NFAT) dephosphorylation and AP-1 transcription [33,34].
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Figure 1. Mechanism of immune checkpoint-mediated T-cell inactivation. 1O: PD-1/PD-L1 inhibits
the PI3K/AKT pathway or ZAP70 phosphorylation by recruiting SHP2 phosphatase; 2O: CTLA-4
competitively binds to the B7 ligand of CD28 and directly inhibits Akt by activating the phosphatase
PP2A, and induces proapoptotic protein BIM; 3O: TIM-3/Gal-9 releases Bat3, the molecule that binds to
the intracellular tail of Tim-3, which allows Tim3 to bind to Lck or PLC-γ, leading to NF-κB and NFAT
inhibition; 4O: BTLA/HVEM recruits SHP-1, leading to the inhibition of LCK-dependent T-cell activation;
5O: TIGIT/CD155 directly inhibits T-cell activation and proliferation by countering the costimulatory

function of CD226, and also inhibits PI3K and MAPK signaling pathway by recruiting SHIP-1;
6O: Lag-3 downregulates T-cell activation through a still unclear mechanism. Abbreviations: ITAMs,

immunoreceptor tyrosine-based activation motif l; LCK, lymphocyte-specific protein tyrosine kinase;
ZAP70, zeta chain of T-cell receptor associated protein kinase 70; PLC-γ, Phospholipase C-γ; PI3K,
phosphatidylinositol 3-kinase; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PIP2, phosphatidyl
inositol(4,5) bisphosphate; IP3, inositol-1,4,5-trisphosphate; DAG, diacylglycerol; PKC, protein kinase
C; CaN, Calcineurin; IKK, inhibitor of nuclear factor kappa-B kinase; Akt, protein kinase B (Also known
as PKB or Rac); PP2A, Protein phosphatase 2 A; Ras/MEK/MAPK, Ras GTPase-protein/MAP kinase
kinase/MAP kinase pathway; mTORC1, mammalian target of rapamycin complex 1; NFAT, nuclear
factor of activated T-cells; pNFAT, phospho NFAT; AP-1, activator protein 1; NF-κB, nuclear factor-κB.

T-cell immunoglobulin and ITIM domain (TIGIT) is typically expressed on activated human
T-cells, human NK cells, memory T-cells, and Treg cells. When TIGIT binds to CD155 (PVR) or CD112
(PVRL2 or Necl5) expressed on antigen-presenting cells (APCs), an inhibitory signal for T-cell activation
is directly transmitted via the cytoplasmic tail of TIGIT [35]. The phosphorylated ITT-like motif in
the TIGIT cytoplasmic tail binds the cytosolic adapter growth factor receptor bound protein 2 (Grb2)
and then recruits SH2-containing inositol phosphatase-1 (SHIP-1), which further inhibits the PI3K and
MAPK signaling pathway [31]. Additionally, TIGIT can also indirectly improve the negative regulation
function of DCs and Treg cells [36,37].

LAG-3 is not expressed by naive T-cells, but its expression is induced upon T-cell activation.
Compared with PD-1, LAG-3 displays a moderate immunosuppressive activity. LAG-3 can transmit
inhibitory signals via the KIEELE motif in its cytoplasmic tail, the FXXL motif in its membrane-proximal
region (PR), or its C-terminal EX repeat [38]. However, the molecular mechanism by which LAG-3
inhibits T-cell activation is still largely unknown.
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B and T lymphocyte attenuator (BTLA) is selectively expressed on Th1 cells and has been identified
as an immune checkpoint receptor. Upon BTLA binding to herpesvirus entry mediator (HVEM),
the BTLA cytoplasmic domains ITIM and ITSM bind to and activate the tyrosine phosphatases
SHP-1 and SHP-2, which leads to the inhibition of lymphocyte-specific protein tyrosine kinase
(LCK)-dependent T-cell activation [39,40]. Additionally, the third domain Grb-2-recognition motif
in BTLA can recognize the Grb-2 protein, subsequently recruiting the PI3K protein subunit p85,
stimulating the PI3K signaling pathway, and finally promoting cell proliferation and survival. Unlike
other immune checkpoint regulators, BTLA can both positively and negatively co-stimulate T-cell
regulation [41].

Table 1. Immune checkpoints involved in viral infections and their T-cell inactivation pathways.

Immune
Checkpoint Super Family Ligand Expression T-cell Inactivation Pathway Ref.

PD-1 CD28 PD-L1/L2

T-cells, B-cells,
natural killer

T-cells, DCs and
activated

monocytes

(1) PD-1(ITSMs)→ SHP2→
ZAP70/LCK→
Ras-MEK-MAPK→AP1

(2) PD-1(ITSMs)→ SHP2→
PI3K/AKT→NFAT

[20–22]

CTLA-4 CD28 B7
(CD80/CD86) Active T-cells

CTLA-4→ PP2A→ Akt→
mTORc1→ regulates T-cell

proliferation and differentiation
[25–27]

TIM-3 TIM Galcetin-9 Th1, Tc1, Treg cells

(1) TIM-3→ release Bat3→
LCK / FYN→ ZAP70→
Ras-MEK-MAPK→ AP1

(2) TIM-3→ release Bat3→
LCK / FYN→ ZAP70→
PLC-γ→ NFAT

[32]

TIGIT CD28 CD155 on DCs T-cells and NK cells TIGIT→ SHIP1→ PI3K→
AKT/PKC/IKK→ NF-κB [31,35]

LAG-3 Immunoglobulin MHC class II
Activated T-cells
Treg cells, B-cells,
DCs and NK cells

LAG- KIEELE motif /FXXL motif/
C terminus EX repeat→ unknown [38]

BTLA/CD160 CD28 HVEM T-cells and B-cells,
activated T-cells

(1) BTLA(ITIM/ITSM)→
SHP-1/2→ LCK / FYN→
ZAP70→ Ras-MEK-MAPK
→ AP1

(2) BTLA(ITIM/ITSM)→
SHP-1/2→ LCK / FYN→
ZAP70→ PLC-γ→ NFAT

[39,41]

3. Immune Checkpoints in HIV

Human immunodeficiency virus (HIV) infects mainly T-cells. HIV infection destroys the host
immune system and makes the infected individual increasingly more vulnerable to a range of infections,
cancers, and other diseases. Recent research has shown that immune checkpoints extensively participate
in HIV infection via their role in inhibiting T-cell function; the two main ways in which they act are by
causing T-cell exhaustion and helping to establish HIV-latency reservoirs [42,43].

3.1. HIV-Specific T-cell Exhaustion Accompanies Immune Checkpoint Upregulation

T-cell exhaustion, which is a deterioration of T-cell function caused by exposure to persistent
stimulation with high levels of antigen, is widely observed in chronic viral infection. It is defined by
poor effector function, sustained inhibitory receptor expression, and a transcriptional state distinct
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from that of functional effector or memory T-cells [44]. Immune checkpoints are recognized inhibitory
regulators of T-cell function and they have been reported to cause T-cell exhaustion. Upregulated
expression of immune checkpoint proteins is a hallmark of T-cell exhaustion and dysfunction. During
HIV infection, HIV-specific T-cells display upregulated expression of multiple immune checkpoint
proteins [45], functional exhaustion, and failure to control viral infection (Table 2).

Table 2. Summary of the roles of immune checkpoints in viral infections.

Virus Manifestations Checkpoints
Involved Functions Ref.

HIV

Establishment of HIV latency
reservoirs

PD-1, CTLA-4,
LAG-3, TIGIT

Participate in HIV infection and
assist to virus escape from

immune clearance
[43,46–49]

CD4+ T-cell dysfunction PD-1, CTLA-4,
LAG-3, TIM-3

Cause many CD4 T-cells
dysfunction and loss [46,50–53]

CD8+ T-cell exhaustion PD-1, TIM-3,
LAG-3, TIGIT

Lead to CD8+ T-cell functional
impact such as decreased IL-2

secretion and T-cell proliferation

[42,46,54,
55]

Improved Treg proliferation TIM-3, CTLA-4,
PD-1

Decrease the HIV-specific
immune responses, contributing

to virus persistence
[56–59]

HBV

CD8+ T-cell exhaustion
PD-1, CTLA-4,
Tim-3, TIGIT,

LAG-3

Lead to CD8+ T-cell functional
impact such as decreased IL-2

secretion and T-cell proliferation
[60–63]

Upregulation on CD4+ T-cell PD-1, CTLA-4,
Tim-3 Increase Treg and regulate

Th1/Th2 cytokine secretion
[64–67]

Altered cytokine secretion See Table 4 See Table 4

Limited liver injury LAG-3 Suppress T-cell function and
mitigate liver injury [68]

HCV

CD8+ T-cell exhaustion PD-1, TIGIT, Tim3,
CTLA-4

cause CD8+ T-cell functional
defect such as decreased IL-2

secretion and T-cell proliferation
[69–72]

Up-regulation on CD4+ T-cell CTLA-4, TIM-3 Improve viral replication and
persistence

[67,73]

Altered cytokine secretion See Table 4 See Table 4

Influenza

Decrease in CD8+ T-cell
response PD-1, Tim-3

Reduce the number of
virus-specific CD8+ T-cell and

cause T-cell dysfunction
[74–82]Up-regulation on both CD4+

and CD8+ T-cells from patients
with influenza-associated

encephalopathy

CTLA-4 Involved in influenza
virus-associated encephalopathy

SARS-CoV-2

Up-regulation on T-cells and NK
cells from COVID-19 patients.

Patient deteriorated from
prodromal to symptomatic

PD-1, TIM-3 Mediate T-cell exhaustion and
T-cell lymphopenia [83–85]

HSV-1

CD8+ T-cell exhaustion PD-1, LAG-3 Cause T-cell exhaustion and
assist viral latency infection [86–88]

Reactivation of latency virus PD-1, CTLA-4,
TIM3

Mediate T-cell exhaustion and
make them lost the control of

spontaneous HSV-1 reactivation
[89]

EBV
Up-regulated expression PD-1, CTLA-4,

TIM3, 2B4
Provide T-cell dysfunction

status to increase EBV escape
and EBV latent infections

[90–93]

Immune escape PD-1

Ebola virus
Upregulation on both CD4+ and
CD8+ T-cells; Associated with

high viremia and poor outcome
CTLA-4, PD-1 Mediate immune suppression [94]
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The exhaustion of CD8+ T-cells in HIV-infected individuals has been found to accompany
the upregulated expression of various immune checkpoint proteins such as PD-1, TIM-3, LAG-3,
and TIGIT [42,46,54,55,95]. Blockade of the PD-1/PD-L1 pathway significantly reduces HIV or SIV
viral load and reinvigorates exhausted CD8+ T-cells in bone marrow-liver-thymus (BLT) humanized
mice [96]. In addition, a blockade targeting TIM-3 and BTLA partially augmented the proliferation of
HIV-specific CD8+ T-cells, whereas combined blockades of PD-1 and TIM-3 or BTLA enhanced the
proliferation of CD8+ T-cells and the production of cytokines such as tumor necrosis factor (TNF)-α,
interferon (IFN)-γ, and interleukin (IL)-13 [97].

As the HIV-infected target, HIV-specific CD4+ T-cells are severely suppressed during infection.
Most activated CD4+ T-cells die from HIV cytopathogenicity or immune-mediated cell death. Compared
with healthy controls, the expression levels of PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT on effector CD4+

T-cells are elevated to varying degrees, accompanied by CD4+ T-cell function impairment and disease
progression [47,50–52,98–100]. For example, upregulation of PD-1 and CTLA-4 expression is associated
with higher plasma viral loads and lower CD4+ T-cell counts. Enhancements in CTLA-4, TIM-3,
LAG-3, and TIGIT expression in HIV-infected CD4+ T-cells are also associated with the integration
of HIV-DNA in these cells [46,50,51,53,101,102]. Additionally, the upregulation of CTLA-4 in CD4+

T-cells was reported to cause a high level of CCR5 expression on CD4+ T-cells, thereby supporting
a vigorous HIV-1 infection [48], which suggests that CTLA-4 upregulation by HIV infection could
increase CD4+ T-cell susceptibility to HIV infection.

Treg cells are a subset of CD4+ T-cells that express nuclear transcription factor fork head box P3
(Foxp3) and surface CD25. Under normal physiologic conditions, an increase in Treg cells protects tissues
from damage due to excessive immune cell activation and proliferation [103]; however, it also plays a
critical role in the immune suppressive reaction that is critical for chronic viral persistence [104,105].
Treg cells from HIV-1-infected patients express significantly higher levels of PD-1 [56,57], TIM-3 [106],
CTLA-4 [107], and LAG-3 (Tr1) [58,59] compared with those from healthy individuals. Treg cells
partly lose their ability to regulate T-cell function and proliferation during the chronic phase of HIV
infection [108].

In summary, evidence suggests that the co-expression or single expression of immune checkpoint
proteins is a key mechanism for the functional impairment of HIV-specific T-cells [109,110]. During
acute HIV infection, progressive CD4+ T-cell dysfunction alters cytokine secretion [111] and reduces
HIV clearance. Persistent TCR stimulation and the inflammatory environment during HIV infection
spawn CD8+ T-cell exhaustion, resulting in more T-cell apoptosis and decreased T-cell cytotoxic
ability. Therefore, untreated individuals eventually develop uncontrolled viremia and chronic HIV
infection [112].

3.2. The Upregulation of Immune Checkpoint Proteins Helps to Establish a Latent HIV Reservoir

The progressive loss of CD4+ T-cells during HIV infection follows two patterns: the amount of
HIV-infected CD4+ T-cells decreases sharply during acute infection [113,114] and the plasma CD4+

T-cell population is gradually drained further during chronic infection [115,116]. Some HIV-infected
T-cells will survive immune clearance and become long-lived resting memory CD4+ cells, which
harbor the replication-competent HIV provirus [117,118]. These cells are known as the functional HIV
reservoir, which is the main cause of HIV chronic infection. Some studies have shown that HIV-DNA
is often found in resting memory CD4+ T-cells [117]. The main cell types acting as HIV reservoirs
include central memory (TCM) CD4+ T-cells, transitional memory (TTM) CD4+ T-cells, and specific
differentiation subtypes, such as effector-memory (TEM) cells and terminally differentiated effector
(TEMRA) cells [45,119].

Antiretroviral therapy (ART) can observably suppress viral replication, halt disease progression,
and reduce viral loads in patients [120]. With such treatment, HIV infection can be manageable;
however, if ART is stopped, the infection will rebound rapidly [121,122]. The post-integration latency
of HIV is the biggest obstacle for treating HIV infection with ART because ART cannot eliminate
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non-replicating virus [123]. Until a new approach capable of eliminating the HIV reservoir is found,
patients with HIV will require lifelong ART to ensure virus suppression.

Therapy targeting immune checkpoint proteins shows potential for eliminating HIV reservoirs.
Multiple immune checkpoint receptors were found to be expressed on latent HIV-1 reservoir cells
and associated with the amount of integrated HIV-DNA [102,124,125]. During ART, the CD4+ T-cells
expressing PD-1, TIGIT, and LAG-3 alone or in combination were highly enriched for integrated viral
genomes as compared with immune checkpoint receptor-negative CD4+ memory T-cells isolated from
HIV-infected individuals [101]. The number of simultaneously co-expressed immune checkpoint
receptors on CD4+ T-cells was closely related to the reservoir size and CD4+ T-cell counts [45,102,126].
These findings suggest that immune checkpoints might help to establish latent HIV reservoirs.

Even after years of ART, PD-1 is preferentially expressed on the surface of persistently infected
cells, including HIV-1 latent reservoir cells such as TCM, TEM, and follicular helper T (Tfh) cells [49,126].
Recently, Tfh cells were found to serve as the major hideout for HIV replication and production
in HIV-infected individuals undergoing ART [43,127,128]. The increased PD-1 expression by CD4+

T-cells is derived from the cell HIV-viral load. This expression is positively correlated with disease
progression [42,125] and involved in the reduction of immune system activation that leads to the
long-term survival of HIV latent reservoir T-cells [42,129]. In addition, CTLA-4+PD-1− memory CD4+

T-cells have also been identified as HIV-DNA latency reservoir, and the major proportion of these cells
were Treg cells [130,131].

In an in vitro HIV-latency model, a PD-L1/PD-1 blockade enhanced HIV-specific CD4+ T-cell
proliferation and cytokine secretion [132]. Blocking PD-1 can potentiate viral reactivation from
latency and reduce the size of HIV latency reservoirs [126,133,134]. One study found that blockade
of a single immune checkpoint could retard but not eliminate the HIV latency reservoir because
the exhausted T-cells could still express other immune checkpoint receptors. The combination of
PD-1- and BTLA/TIM-3-specific antibodies showed enhanced therapeutic potential to augment T-cell
responses [97]. Currently, several clinical trials aimed at determining the safety and efficacy of using
ICIs as anti-HIV therapy are ongoing (Table 3).

Table 3. Clinical trials on immune checkpoint inhibitors targeting viral infection.

Infection Target NCT ID Research Title/Objective Drug Status

HIV

PD-1 NCT03239899 PD-1 Inhibition to Determine CNS
Reservoir of HIV-Infection Pembrolizumab Phase I

PD-1 NCT03787095

Safety and Immunotherapeutic
Activity of an Anti-PD-1 Antibody

(Cemiplimab) in HIV-1-infected
Participants on Suppressive cART

Cemiplimab Phase I

IMC NCT03354936
Assess the safety of the use of

immune checkpoint inhibitors in HIV
infected patients

Nivolumab,
Pembrolizumab Recruiting

PD-1 NCT03367754 A Single Dose of Pembrolizumab in
HIV-Infected People Pembrolizumab Phase I

HBV PD-L1 NCT03899428

Immune Checkpoint Therapy vs
Target Therapy in Reducing Serum

HBsAg Levels in Patients with
HBsAg+ Advanced Stage HCC

Durvalumab Phase II

HCV PD-1 NCT00703469
A Study of MDX-1106 to Treat

Patients with Hepatitis C Infection
(MDX1106-02)

MDX-1106
(PD-1 ab) Phase I
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Table 3. Cont.

Infection Target NCT ID Research Title/Objective Drug Status

Influenza
PD-1 NCT03061955

Safety and Efficacy of Concurrent
Administration of Influenza Vaccine

in Patients Undergoing Anti-PD-1
Immunotherapy (Nivolumab,

Pembrolizumab)

Nivolumab,
Pembrolizumab Completed

PD-1/CTLA-4 NCT03590808
Influenza Vaccination in Patients
Receiving Immune Checkpoint

Inhibitor

Pembrolizumab,
Nivolumab,
Ipilimumab

Completed

HPV CTLA-4 NCT01693783

Ipilimumab in Treating Patients with
Metastatic or Recurrent Human

Papilloma Virus-Related Cervical
Cancer

Ipilimumab Phase II

EBV

PD-1 NCT03755440 PD-1 Antibody in EBV Positive
Metastatic Gastric Cancer Patients

SHR-1210
(PD-1 ab) Phase II

PD-1 NCT02488759

An Investigational Immuno-Therapy
Study to Investigate the Safety and

Effectiveness of Nivolumab,
and Nivolumab Combination

Therapy in Virus-associated Tumors
(CheckMate358)

Nivolumab Phase I

4. Immune Checkpoints in Hepatitis Virus

Chronic infection caused by hepatitis B virus (HBV) or hepatitis C virus (HCV) is the main
cause of liver cancer. Around 15%–40% of HBV-infected individuals are predisposed to cirrhosis
or hepatocellular carcinoma (HCC) [135]. In Japan, HCV infection is the major risk factor for HCC
(80%–90%) [136]. Three-quarters of HCV infections develop into chronic hepatitis. Fortunately, highly
effective direct acting antivirals (DAA) targeting NS3 protease, NS5A polymerase, or NS5B polymerase
can cure over 95% of HCV-infected individuals [137]. HBV is a small, enveloped, DNA virus. During
HBV infection of hepatocytes, the relaxed circular DNA genome (rcDNA) of HBV is transported into
the nucleus and converted into covalently closed circular DNA (cccDNA) to serve as a viral persistence
reservoir [138], which is refractory to current antiviral therapies [139]. Life-long nucleoside/nucleotide
analogue (NA) therapy can achieve long-term suppression of viral replication, but it cannot eliminate
cccDNA. Consequently, the withdrawal of NA therapy poses the risk of viral rebound [140].

4.1. Hepatitis Virus Infection Upregulates Immune Checkpoint Proteins on T-cells

In acute HBV infection, immune checkpoints are upregulated in T-cells, but they mainly limit
intrahepatic inflammation [141]. However, immune suppression due to immune checkpoints was
also found to enhance viral persistence and lead to chronic infection. The expression levels of PD-1,
TIM-3, TIGIT, LAG-3, and CTLA-4 have been observed to increase on peripheral HBV-specific CD8+

T-cells [60–62,68,142,143] (Table 2). This upregulation is related to T-cell exhaustion; for example,
PD-1/PD-L1 ligation triggers T-cell apoptosis by various mechanisms, potentially assisting with viral
persistence in the host [64–66].

The expression levels of PD-1, TIM-3, LAG-3, and CTLA-4 on CD4+ T-cells from HBV patients
are significantly higher than those from healthy controls [64–67]. These levels are closely associated
with a loss of cytokine production ability by CD4+ T-cells; this loss exacerbates CD8+ T-cell exhaustion,
progressing HBV infection into the chronic phase. As a result of CD4+ T-cell dysfunction, CD8+ T-cells,
particularly intrahepatic T-cells, exhibit progressive and gradual exhaustion during persistent viral
infection, accompanied by persistent high viral loads and high antigen levels [143,144]. Similarly,
in chronic HCV infection, the expression of PD-1, TIGIT, TIM-3 and CTLA-4 are also upregulated on
CD8+ T-cells [69–72,145] and CD4+ T-cell [73,146]. It is associated with CD8+ T-cell exhaustion, CD4+

T-cell dysfunction and chronic low-level inflammation, which results in HCC development [145].
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Treg cells play an important role in suppressing T-cell activation [147] and releasing regulatory
cytokines such as IL-10, TGF-β, and IL-35 [148]. In the immune clearance and immune tolerance
phases of HBV infection, the proliferation of Treg cells is promoted [149]. Levels of PD-1, CTLA-4,
and TIM-3 expression are enhanced in Treg cells during HBV infection, and these proteins contribute
to the regulatory functions of Treg cells [149–152].

PD-1 plays a critical role in T-cell exhaustion, especially in the persistent infection of hepatitis
virus [153]. However, it was reported that T-cell exhaustion also occurred in PD-1 or PD-L1 knockout
mice during chronic viral infection, accompanied by the upregulation of other immune checkpoint
receptors [154]. These findings suggest that T-cell exhaustion is maintained by various immune
checkpoints [68,143,155]. In isolated HBV-specific T-cells from a woodchuck model of HBV infection,
blocking these immune checkpoints restored exhausted T-cells such that they to responded appropriately
to stimulation by HBV antigens [63,156].

Importantly, treatment with an ICI must be monitored for adverse events, such as autoimmune
events or increased liver inflammation. A recent study found that TIGIT blockade or deficiency in
hepatitis B surface antigen (HBsAg) transgenic mice could promote the development of HCC by
reversing the adaptive immune tolerance of hepatic CD8+ T-cells to HBsAg [60].

4.2. Immune Checkpoints Affect Chronic Hepatitis Virus Infection through Cytokine Regulation

Multiple studies with different models have shown that cytokines play a critical role in the control
of HBV replication and chronic infection [157]. IFN-based therapy is the major treatment for chronic
hepatitis B (CHB) [157–160]. Proinflammatory cytokines released by Th1 cells, such as IL-12, IL-2,
IFN-γ, and TNF-α, can limit acute HBV infection and mediating non-cytolytic viral clearance via
different signaling pathways [157]. In contrast, some cytokines like IL-10 and TGF-β contribute to
impaired immune responses in chronic hepatitis [161,162].

During chronic hepatitis virus infection, immune checkpoints control T-cell cytokine production
through various pathways (Table 3). The secretion of Th1 cytokines increases in the acute phase of
hepatitis virus infection, then decreases rapidly with disease progression because of viral-specific T-cell
dysfunction [163–166]. In contrast, Th2 cytokines, such as IL-4 and IL-10, are less affected, while increases
in TGF-β and IL-35 levels can downregulate Th1 responses and decrease T-cell function [147,167–169].
Cytokine secretion varies among subsets of Th2 and Treg cells. Notably, a Th2 bias in the Th1/Th2 cytokine
balance is not conducive to a successful antiviral immune response [73,170–174].

An immune checkpoint blockade or genetic knockdown can restore the production of proinflammatory
cytokines (Table 3). Accumulating evidence shows that immune checkpoint blockades targeting PD-L1,
LAG-3, CTLA-4, or TIM-3 improve the production of Th1 cytokines during HBV infection [63,175,176].
Although the detailed mechanism responsible for this effect is currently unclear, CTLA-4 and PD-1
were found to induce the differentiation of CD4+ Th cells toward Th2 cells and increase Th2 cytokine
levels during HBV infection [73]. Additionally, PD-1 expression levels are significantly increased
in HBV-specific CD4+ T-cells, lending support to the idea that immune checkpoints cause cytokine
downregulation [143]. Because of its effect on restoring T-cell activity and enhancing cytokine
production, immune checkpoint blockade holds promise as a useful antiviral immunotherapy; however,
such therapy has the potential to induce the abnormal secretion of many cytokines and chemokines,
known as a cytokine storm, or to trigger autoimmune diseases. Clinical trials are underway to study
the efficacy of immunotherapy against infection with HBV or HCV (Table 4).
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Table 4. Cytokine secretion altered by immune checkpoints in chronic virus infection.

Chronic
Virus

Cytokines Secretion during
Viral Infection

Associated
Immune

Checkpoint
Effects Ref.

HBV

TH-1/CD8+T

IFN-γ ↓
CTLA-4, PD-1,
Tim-3, LAG-3,

BTLA

Activate multiple immune responses
Enhance Th1 responses Inhibit cccDNA

replication and accumulation

[62–64,68,100,143,
151,152,166]

IL-2 ↓
CTLA-4, BTLA,

PD-1, Tim-3,
LAG-3

Induce differentiation and effector function
of T-cell, NK and LAK [62,64,67,143]

TNF-α ↓ PD-1, Tim-3,
LAG-3

Lead to direct clearance of
virus-infection cells [64,152,166]

IL-12 ↓ PD-1 Impair host defense and viral clearance [176]

Treg IL-10,
TGF-β ↑

CTLA-4, PD-1,
Tim-3

suppress effector T-cells and regulate
liver fibrosis [171–173]

TH-2 IL-4, IL-5,
IL-10 ↓ LAG-3, PD-1

Downregulate the activation of B- and
T-cell proliferation

Suppress TH1 response
[64]

TH-17 IL-17 ↑ TIM-3
Promote the exacerbation of liver

inflammation and sustain the
proinflammatory response

[167]

HCV

TH-1/CD8+

T-cell

IFN-γ ↓ LAG-3, PD-1,
Tim-3

Promote Th1 immune response, suppress
Th2 and Th17 responses [71,164]

IL-2 ↓ PD-1, CTLA-4
Inactivate multiple immune-cell subsets,

including T-cells, NK cells, B-cells,
monocytes, macrophages, and neutrophils

[145]

TNF-α ↓ LAG-3 Decrease the direct clearance of
virus-infection cells [164]

IL-12 ↓ Tim-3
Decrease the stimulation of TH1 responses

that are essential for host defense and
pathogen clearance

[173]

Treg IL-10,
TGF-β ↑

PD-1, Tim-3,
CTLA-4

Limit the secretion of proinflammatory
cytokines and suppress effector T-cells [73,146,168]

TH-2 IL-4, IL-5,
IL-10 ↑ PD-1

Promote the activation of B and T-cell
proliferation and limit the secretion of

proinflammatory cytokines
[169]

TH-17 IL-17 ↑ Tim-3 Promote the exacerbation of liver
inflammation and injury [173,174]

5. Immune Checkpoints in Influenza

Recent studies have revealed that immune checkpoints are also involved in influenza virus
infection (Table 2). The expression of PD-L1 in human primary airway epithelial cells and the
plasma level of Gal-9 were found to drastically increase in 24 h post-infection with influenza A virus
(IAV) [74,75]. Furthermore, a PD-L1 blockade or knockout of Gal-9 in airway epithelial cells enhanced
T-cell function and influenza virus clearance [74,76].

T-cell immunity is important for the clearance of respiratory viruses and control of the associated
infection. However, T-cell effector functions are impaired in IAV infection because of the highly
inflamed airway microenvironment. The expression levels of PD-1, TIM-3, LAG-3, and 2B4 on lung
CD8+ T-cells during a primary influenza virus infection were significantly elevated, and these levels
were even higher than the corresponding levels in individuals re-infected with this virus [77]. PD-1
ablation or blockade during IAV infection effectively increased IFN production and preserved CD8+

T-cell effector function, consequently decreasing viral titers [78,79]. Similarly, a significant elevation
in TIM-3 expression was found in IAV-infected individuals. TIM-3/Gal-9 interaction was found to
limit immune responses to influenza virus. Specifically, Gal-9 knockout mice were able to control
IAV infection more successfully compared with wildtype mice, as supported by better virus-specific
CD8+ T-cell responses and IAV-specific humoral responses [76]. Furthermore, enhanced CTLA-4



Viruses 2020, 12, 1051 11 of 23

expression on CD8+ T-cells causes a downregulation of T-cell activation and is significantly associated
with influenza encephalopathy [80].

Most influenza virus infections are self-limited because of the rapid clearance of virus. However,
excessive immune responses to influenza virus can lead cytokine storms, which cause pathological
damage to tissues. Immune checkpoints can limit such immune pathology; for example, TIGIT
can reduce immune-mediated tissue damage in an IL-10-dependent manner during acute virus
infection [81]. The negative regulatory function of T-cells was found to be improved in a mutant mouse
with a deletion in the distal cytoplasmic domain of TIM-3. Furthermore, TIM-3 was reported to reduce
pneumonitis in the setting of influenza infection by suppressing excessive T-cell activity [82].

In summary, immune checkpoints have been reported to play two opposing roles in influenza.
Immune checkpoints can interfere with the clearance of influenza virus, but they can also limit the
inflammatory immune response caused by influenza virus infection. Therefore, when using ICIs
to treat acute influenza infection, the patients receiving this therapy must be closely monitored to
avoid triggering an elevated lung inflammatory response. Two clinical studies regarding the safety of
inactivated influenza vaccines in patients undergoing immunotherapy with ICIs have been completed
(Table 4). The results show ICI immunotherapy did not increase the incidence or severity of immune
responses to inactivated influenza virus. However, the response to active influenza virus in patients
receiving ICI immunotherapy is still not clear.

6. Immune Checkpoints in COVID-19

SARS-CoV-2 is an emerging coronavirus that was identified as the causative pathogen for the
respiratory illness COVID-19, which was first detected at the end of 2019. Inflammation-mediated
damage is the main consequence of SARS-CoV-2 infection. Most severe COVID-19 cases exhibit
a cytokine storm syndrome, leading to a poor prognosis [177]. Although the immune response
during COVID-19 progression has been extensively studied in the short time since SARS-CoV-2 was
identified [178–180], the role of immune checkpoints in this process is still not clear [181]. Reports
indicate that the absolute numbers of peripheral blood NK cells, B-cells, and CD4+ and CD8+ T
lymphocytes were all lower in patients with acute respiratory distress syndrome due to SARS-CoV-2
infection compared with those in healthy controls. Although fewer in number, these cells were
hyperactivated, accompanied with an increase in serum levels of the proinflammatory cytokines IL-6,
IL-10, and TNF-α [83,182]. Lymphopenia and the levels of IL-6, IL-10, and TNF-α were found to be
negatively associated with COVID-19 patient survival [83,84]. PD-1 expression levels on NK cells and
T-cells were found to be highly upregulated in COVID-19 patients [83,85,183]. Specially, an analysis on
peripheral blood mononuclear cells from 14 patients in deteriorated condition from COVID-19 and
3 healthy controls revealed that COVID-19 patients have higher levels of both PD-1 and TIM-3 as well
as remarkably elevated serum levels of IL-6, IL-10, and TNF-α. These findings suggest that immune
checkpoint-mediated T-cell exhaustion is involved in the severe symptoms of COVID-19 [83].

Because immune checkpoints appear to be involved in the immune tolerance of SARS-CoV-2
infection, altering viral susceptibility through ICI therapy is theoretically possible. ICIs can usually
restore the effector function of the CD8+ T-cells involved in defense against viral infections. However,
the overlap between ICI mechanisms and COVID-19 pathogenesis raises concerns that ICI therapy
may potentiate acute respiratory distress syndrome. Cancer immunotherapy as a risk factor has been
examined in COVID-19 patients. When death was used as the examination endpoint, treatment with a
PD-1 blockade was found not to be associated with an increased risk of COVID-19 severity in patients
with cancer [184,185]. However, another ICI therapy study conducted on more patients used patient
oxygen need as the examination endpoint and found that the disease severity in COVID-19 patients with
cancer was associated with the ICI therapy; the authors concluded that ICI treatment was a predictor
for hospitalization and severe outcomes [186]. In addition, autoimmune pneumonitis was observed in
non-small cell lung cancer patients who were treated with ICI in up to 20% of cases [187]. Although
ICIs are potentially beneficial immunomodulators of CD8+ T-cell-mediated immune surveillance, they
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can lead to different outcomes depending on the timing of this intervention [85]. Presently, the available
data with which to clearly address the use of ICIs in patients with SARS-CoV-2 infection, with or
without concurrent cancer, remain very limited.

7. Immune Checkpoints in Other Viruses

In addition to their functions in HIV, hepatitis virus, influenza virus, and SARS-CoV-2 infections,
the roles of immune checkpoints in infections with other viruses are also being widely studied.
The Epstein–Barr virus (EBV), initially described in 1964, was the first identified human tumor
virus [188]; infection with this virus is linked to the development of lymphoma, nasopharyngeal
carcinoma, and many types of malignancies. EBV can latently infect memory B-cells [189]. The expression
levels of PD-1 and CTLA-4 are upregulated on EBV-infected T-cells, and PD-L1 is expressed on EBV-infected
lymphoma cells [90,91]. A blockade of PD-1 and CTLA-4 enhanced T-cell responses and prolonged the
survival time of EBV-infected humanized mice. However, another study found that PD-1+ CD8+ T-cells
from EBV-infected mice with reconstituted human immune system components (huNSG mice) still
retained proliferative capacity and that these animals had a worse outcome following treatment with
anti-PD-1 antibodies [92]. The huNSG mice are NSG immunodeficient mice with HLA-A2 transgene
and intrahepatically engraftment of HLA-A2+ CD34+ hematopoietic progenitor cells purified from
human fetal liver tissue, which possess peripheral blood reconstitution of human CD45+ CD19+ B,
CD3+ T, and NKp46+ NK cells, as well as CD4+ and CD8+ T-cells. The expression levels of TIM-3,
LAG-3, BTLA-4, and 2B4 were found to be upregulated in EBV-specific T-cells and associated with
high virus load. The upregulation of immune checkpoint receptors by T-cells indicates that these cells
are dysfunctional, and a combination of T-cell dysfunction and PD-L1 overexpression contributes to
the immune escape of both active and latent EBV [93].

Like EBV and HIV, herpes simplex virus (HSV) can cause a latent infection. HSV latent infection
occurs in the trigeminal ganglion [190]. When HSV reactivates from latency, it can trigger more
serious complications, such as herpes stromal keratitis (HSK) [191]. Related studies show that both
CD4+ T-cells and CD8+ T-cells in draining lymph nodes have increased expression levels of PD-1,
TIM-3, and LAG-3 after HSV infection [86,87]. This upregulated PD-1 and LAG3 expression led
to the exhaustion of tissue-resident CD8+ T-cells and the loss of antiviral response to symptomatic
reactivation, whereas a blockade of LAG-3 and PD-1 improved the function of HSV-specific CD8+

T-cells and significantly reduced the reactivation of latent HSV virus in a rabbit model [88,89].
Ebola virus is a single-stranded RNA virus belonging to the filovirus family. Infection with Ebola

virus causes an acute, highly lethal hemorrhagic fever in humans. An analysis of the differences in
T-cell activation status between fatalities and survivors of Ebola virus infection uncovered that CTLA-4
overexpression was correlated with high viremia [94].

8. Summary and Outlook

The immune responses to viral infection vary among viruses. In general, immune checkpoint-
mediated immune suppression, an important mechanism for virus immune escape, is widely observed
in viral infections. The upregulation of immune checkpoint proteins represents a critical point in
the balance between an effective T-cell response and T-cell exhaustion. Shifting this balance through
treatment with ICIs should restore T-cell competence and promote virus clearance. Thus, ICIs could be
useful in the treatment of viral infections.

During some acute viral infections, such as those due to influenza virus or SARS-CoV-2, PD-1,
and other immune checkpoint proteins are upregulated quickly to assist with viral immune escape
and to counter the severe inflammatory response triggered by infection. Studies have recently
uncovered roles played by immune checkpoints in chronic viral infections, like those due to HIV or
HBV. The establishment of latent viral infection might largely rely on immune checkpoint-mediated
immune suppression. Because viral infection, unlike most cancers, is usually accompanied by a
strong inflammatory response, treating viral infections with ICIs poses a risk not present in their
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application to usual cancer treatment: restoring T-cell function might exacerbate the inflammatory
response caused by the viral infection. Several questions remain regarding the application of such
immunotherapy to viral infections. It will be important to determine: (1) which stage of infection
is most appropriate for conducting an intervention with ICI immunotherapy; (2) how to accurately
determine or predict the clinical responsiveness or adverse events from immune checkpoint blockade
therapy; and (3) how to improve and control the clinical response rates of immune checkpoint blockade
treatment. Therefore, further study and real-world observations are needed to confirm the potential
utility of ICIs for antiviral therapy.
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Buczyńska, I.; Simon, K.; Lorenc, B.; et al. Real life results of direct acting antiviral therapy for HCV infection
in HIV-HCV-coinfected patients: Epi-Ter2 study. AIDS Care 2019, 32, 762–769. [CrossRef]

138. Allweiss, L.; Dandri, M. The Role of cccDNA in HBV Maintenance. Viruses 2017, 9, 156. [CrossRef]
139. Chen, D.S. Toward elimination and eradication of hepatitis B. J. Gastroenterol. Hepatol. 2010, 25, 19–25.

[CrossRef]
140. Mohd-Ismail, N.K.; Lim, Z.; Gunaratne, J.; Tan, Y.-J. Mapping the Interactions of HBV cccDNA with Host

Factors. Int. J. Mol. Sci. 2019, 20, 4276. [CrossRef]
141. Zhang, Z.; Zhang, J.Y.; Wherry, E.J.; Jin, B.; Xu, B.; Zou, Z.S.; Zhang, S.Y.; Li, B.S.; Wang, H.F.; Wu, H.; et al.

Dynamic programmed death 1 expression by virus-specific CD8 T cells correlates with the outcome of acute
hepatitis B. Gastroenterology 2008, 134, 1938–1949.e1–3. [CrossRef] [PubMed]

142. Yong, Y.K.; Saeidi, A.; Tan, H.Y.; Rosmawati, M.; Enström, P.F.; Batran, R.A.; Vasuki, V.; Chattopadhyay, I.;
Murugesan, A.; Vignesh, R.; et al. Hyper-Expression of PD-1 Is Associated with the Levels of Exhausted
and Dysfunctional Phenotypes of Circulating CD161TCR iVα7.2 Mucosal-Associated Invariant T Cells in
Chronic Hepatitis B Virus Infection. Front. Immunol. 2018, 9, 472. [CrossRef] [PubMed]

143. Cai, G.; Nie, X.; Li, L.; Hu, L.; Wu, B.; Lin, J.; Jiang, C.; Wang, H.; Wang, X.; Shen, Q. B and T lymphocyte
attenuator is highly expressed on intrahepatic T cells during chronic HBV infection and regulates their
function. J. Gastroenterol. 2013, 48, 1362–1372. [CrossRef] [PubMed]

144. Wieland, D.; Hofmann, M.; Thimme, R. Overcoming CD8+ T-Cell Exhaustion in Viral Hepatitis: Lessons
from the Mouse Model and Clinical Perspectives. Dig. Dis. 2017, 35, 334–338. [CrossRef] [PubMed]

145. Golden-Mason, L.; Palmer, B.; Klarquist, J.; Mengshol, J.A.; Castelblanco, N.; Rosen, H.R. Upregulation
of PD-1 expression on circulating and intrahepatic hepatitis C virus-specific CD8+ T cells associated with
reversible immune dysfunction. J. Virol. 2007, 81, 9249–9258. [CrossRef] [PubMed]

146. Raziorrouh, B.; Ulsenheimer, A.; Schraut, W.; Heeg, M.; Kurktschiev, P.; Zachoval, R.; Jung, M.; Thimme, R.;
Neumann-Haefelin, C.; Horster, S.; et al. Inhibitory molecules that regulate expansion and restoration of
HCV-specific CD4+ T cells in patients with chronic infection. (1528-0012 (Electronic)). Gastroenterol 2011, 141,
1422–1431.e6. [CrossRef]

http://dx.doi.org/10.1084/jem.20121932
http://dx.doi.org/10.1128/JVI.02035-18
http://dx.doi.org/10.1016/j.immuni.2017.09.018
http://dx.doi.org/10.1099/vir.0.000065
http://dx.doi.org/10.1182/blood-2010-12-328070
http://www.ncbi.nlm.nih.gov/pubmed/21652684
http://dx.doi.org/10.1084/jem.20061800
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://dx.doi.org/10.1038/s41467-019-08798-7
http://www.ncbi.nlm.nih.gov/pubmed/30778080
http://dx.doi.org/10.1016/j.virusres.2017.12.007
http://www.ncbi.nlm.nih.gov/pubmed/29273341
http://dx.doi.org/10.1053/j.gastro.2011.12.061
http://dx.doi.org/10.1080/09540121.2019.1645808
http://dx.doi.org/10.3390/v9060156
http://dx.doi.org/10.1111/j.1440-1746.2009.06165.x
http://dx.doi.org/10.3390/ijms20174276
http://dx.doi.org/10.1053/j.gastro.2008.03.037
http://www.ncbi.nlm.nih.gov/pubmed/18455515
http://dx.doi.org/10.3389/fimmu.2018.00472
http://www.ncbi.nlm.nih.gov/pubmed/29616020
http://dx.doi.org/10.1007/s00535-013-0762-9
http://www.ncbi.nlm.nih.gov/pubmed/23532637
http://dx.doi.org/10.1159/000456584
http://www.ncbi.nlm.nih.gov/pubmed/28468011
http://dx.doi.org/10.1128/JVI.00409-07
http://www.ncbi.nlm.nih.gov/pubmed/17567698
http://dx.doi.org/10.1053/j.gastro.2011.07.004


Viruses 2020, 12, 1051 21 of 23

147. Tavakolpour, S.; Alavian, S.M.; Sali, S. Manipulation of Regulatory Cells’ Responses to Treatments for Chronic
Hepatitis B Virus Infection. Hepat. Mon. 2016, 16, e37927. [CrossRef]

148. Trehanpati, N.; Vyas, A.K. Immune Regulation by T Regulatory Cells in Hepatitis B Virus-Related
Inflammation and Cancer. Scand. J. Immunol. 2017, 85, 175–181. [CrossRef]

149. Hu, C.C.; Jeng, W.J.; Chen, Y.C.; Fang, J.H.; Huang, C.H.; Teng, W.; Hsieh, Y.C.; Lin, Y.C.; Chien, R.N.;
Sheen, I.S.; et al. Memory Regulatory T cells Increase Only In Inflammatory Phase of Chronic Hepatitis B
Infection and Related to Galectin-9/Tim-3 interaction. Sci. Rep. 2017, 7, 15280. [CrossRef]

150. Feng, C.; Cao, L.J.; Song, H.F.; Xu, P.; Chen, H.; Xu, J.C.; Zhu, X.Y.; Zhang, X.G.; Wang, X.F. 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, 418–424. [CrossRef]

151. Cao, H.; Zhang, R.; Zhang, W. CTLA-4 interferes with the HBV-specific T cell immune response (Review).
Int. J. Mol. Med. 2018, 42, 703–712. [CrossRef] [PubMed]

152. Dinney, C.M.; Zhao, L.D.; Conrad, C.D.; Duker, J.M.; Karas, R.O.; Hu, Z.; Hamilton, M.A.; Gillis, T.R.;
Parker, T.M.; Fan, B.; et al. Regulation of HBV-specific CD8(+) T cell-mediated inflammation is diversified in
different clinical presentations of HBV infection. J. Microbiol. 2015, 53, 718–724. [CrossRef] [PubMed]

153. Kroy, D.C.; Ciuffreda, D.; Cooperrider, J.H.; Tomlinson, M.; Hauck, G.D.; Aneja, J.; Berger, C.; Wolski, D.;
Carrington, M.; Wherry, E.J.; et al. Liver environment and HCV replication affect human T-cell phenotype
and expression of inhibitory receptors. Gastroenterology 2014, 146, 550–561. [CrossRef] [PubMed]

154. Nassal, M. HBV cccDNA: Viral persistence reservoir and key obstacle for a cure of chronic hepatitis B. Gut
2015, 64, 1972–1984. [CrossRef]

155. Wang, Q.; Pan, W.; Liu, Y.; Luo, J.; Zhu, D.; Lu, Y.; Feng, X.; Yang, X.; Dittmer, U.; Lu, M.; et al. Hepatitis B
Virus-Specific CD8+ T Cells Maintain Functional Exhaustion after Antigen Reexposure in an Acute Activation
Immune Environment. Front. Immunol. 2018, 9, 219. [CrossRef]

156. Balsitis, S.; Gali, V.; Mason, P.J.; Chaniewski, S.; Levine, S.M.; Wichroski, M.J.; Feulner, M.; Song, Y.;
Granaldi, K.; Loy, J.K.; et al. Safety and efficacy of anti-PD-L1 therapy in the woodchuck model of HBV
infection. PLoS ONE 2018, 13, e0190058. [CrossRef]

157. Xia, Y.; Protzer, U. Control of Hepatitis B Virus by Cytokines. Viruses 2017, 9, 18. [CrossRef]
158. Xia, Y.; Stadler, D.; Lucifora, J.; Reisinger, F.; Webb, D.; Hösel, M.; Michler, T.; Wisskirchen, K.; Cheng, X.;

Zhang, K.; et al. Interferon-γ and Tumor Necrosis Factor-α Produced by T Cells Reduce the HBV Persistence
Form, cccDNA, Without Cytolysis. Gastroenterology 2016, 150, 194–205. [CrossRef]

159. Ouaguia, L.; Morales, O.; Mrizak, D.; Ghazal, K.; Boleslawski, E.; Auriault, C.; Pancré, V.; de Launoit, Y.;
Conti, F.; Delhem, N. Overexpression of Regulatory T Cells Type 1 (Tr1) Specific Markers in a Patient with
HCV-Induced Hepatocellular Carcinoma. ISRN Hepatol. 2013, 2013, 928485. [CrossRef]

160. Li, X.; Liu, X.; Tian, L.; Chen, Y. Cytokine-Mediated Immunopathogenesis of Hepatitis B Virus Infections.
Clin. Rev. Allergy Immunol. 2016, 50, 41–54. [CrossRef]

161. Speletas, M.; Argentou, N.; Germanidis, G.; Vasiliadis, T.; Mantzoukis, K.; Patsiaoura, K.; Nikolaidis, P.;
Karanikas, V.; Ritis, K.; Germenis, A.E. Foxp3 expression in liver correlates with the degree but not the cause
of inflammation. Med. Inflamm. 2011, 2011, 827565. [CrossRef] [PubMed]

162. Su, Z.J.; Yu, X.P.; Guo, R.Y.; Ming, D.S.; Huang, L.Y.; Su, M.L.; Deng, Y.; Lin, Z.Z. Changes in the balance
between Treg and Th17 cells in patients with chronic hepatitis B. Diagn. Microbiol. Infect. Dis. 2013, 76,
437–444. [CrossRef] [PubMed]

163. Lechmann, M.; Woitas, R.P.; Langhans, B.; Kaiser, R.; Ihlenfeldt, H.G.; Jung, G.; Sauerbruch, T.; Spengler, U.
Decreased frequency of HCV core-specific peripheral blood mononuclear cells with type 1 cytokine secretion
in chronic hepatitis C. J. Hepatol. 1999, 31, 971–978. [CrossRef]

164. Chen, N.; Liu, Y.; Guo, Y.; Chen, Y.; Liu, X.; Liu, M. Lymphocyte activation gene 3 negatively regulates the
function of intrahepatic hepatitis C virus-specific CD8+ T cells. J. Gastroenterol. Hepatol. 2015, 30, 1788–1795.
[CrossRef]

165. Maier, H.; Isogawa, M.; Freeman, G.J.; Chisari, F.V. PD-1:PD-L1 interactions contribute to the functional
suppression of virus-specific CD8+ T lymphocytes in the liver. J. Immunol. 2007, 178, 2714–2720. [CrossRef]

166. Horiuchi, Y.; Takagi, A.; Kobayashi, N.; Moriya, O.; Nagai, T.; Moriya, K.; Tsutsumi, T.; Koike, K.; Akatsuka, T.
Effect of the infectious dose and the presence of hepatitis C virus core gene on mouse intrahepatic CD8 T
cells. Hepatol. Res. Off. J. Jpn. Soc. Hepatol. 2014, 44, E240–E252. [CrossRef]

http://dx.doi.org/10.5812/hepatmon.37927
http://dx.doi.org/10.1111/sji.12524
http://dx.doi.org/10.1038/s41598-017-15527-x
http://dx.doi.org/10.1089/vim.2015.0062
http://dx.doi.org/10.3892/ijmm.2018.3688
http://www.ncbi.nlm.nih.gov/pubmed/29786112
http://dx.doi.org/10.1007/s12275-015-5314-y
http://www.ncbi.nlm.nih.gov/pubmed/26428923
http://dx.doi.org/10.1053/j.gastro.2013.10.022
http://www.ncbi.nlm.nih.gov/pubmed/24148617
http://dx.doi.org/10.1136/gutjnl-2015-309809
http://dx.doi.org/10.3389/fimmu.2018.00219
http://dx.doi.org/10.1371/journal.pone.0190058
http://dx.doi.org/10.3390/v9010018
http://dx.doi.org/10.1053/j.gastro.2015.09.026
http://dx.doi.org/10.1155/2013/928485
http://dx.doi.org/10.1007/s12016-014-8465-4
http://dx.doi.org/10.1155/2011/827565
http://www.ncbi.nlm.nih.gov/pubmed/21772667
http://dx.doi.org/10.1016/j.diagmicrobio.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23747030
http://dx.doi.org/10.1016/S0168-8278(99)80307-9
http://dx.doi.org/10.1111/jgh.13017
http://dx.doi.org/10.4049/jimmunol.178.5.2714
http://dx.doi.org/10.1111/hepr.12275


Viruses 2020, 12, 1051 22 of 23

167. Cooksley, H.; Riva, A.; Katzarov, K.; Hadzhiolova-Lebeau, T.; Pavlova, S.; Simonova, M.; Williams, R.; Chokshi, S.
Differential Expression of Immune Inhibitory Checkpoint Signatures on Antiviral and Inflammatory T Cell
Populations in Chronic Hepatitis B. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 2018, 38,
273–282. [CrossRef]

168. Wang, W.; Tong, Z.; Zhong, J.; Zhang, L.; Zhang, H.; Su, Y.; Gao, B.; Zhang, C. Identification of IL-10-secreting
CD8CD28PD-1 regulatory T cells associated with chronic hepatitis C virus infection. Immunol. Lett. 2018,
202, 16–22. [CrossRef]

169. Xiao, W.; Jiang, L.F.; Deng, X.Z.; Zhu, D.Y.; Pei, J.P.; Xu, M.L.; Li, B.J.; Wang, C.J.; Zhang, J.H.; Zhang, Q.;
et al. PD-1/PD-L1 signal pathway participates in HCV F protein-induced T cell dysfunction in chronic HCV
infection. Immunol. Res. 2016, 64, 412–423. [CrossRef]

170. Townsend, E.C.; Zhang, G.Y.; Ali, R.; Firke, M.; Moon, M.S.; Han, M.A.T.; Fram, B.; Glenn, J.S.; Kleiner, D.E.;
Koh, C.; et al. The balance of type 1 and type 2 immune responses in the contexts of hepatitis B infection and
hepatitis D infection. J. Gastroenterol. Hepatol. 2019, 34, 764–775. [CrossRef]

171. Chen, W.; Jin, W.; Wahl, S.M. Engagement of cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) induces
transforming growth factor beta (TGF-beta) production by murine CD4(+) T cells. J. Exp. Med. 1998, 188,
1849–1857. [CrossRef] [PubMed]

172. Ji, X.J.; Ma, C.J.; Wang, J.M.; Wu, X.Y.; Niki, T.; Hirashima, M.; Moorman, J.P.; Yao, Z.Q. HCV-infected
hepatocytes drive CD4+ CD25+ Foxp3+ regulatory T-cell development through the Tim-3/Gal-9 pathway.
Eur. J. Immunol. 2013, 43, 458–467. [CrossRef] [PubMed]

173. Wang, J.M.; Ma, C.J.; Li, G.Y.; Wu, X.Y.; Thayer, P.; Greer, P.; Smith, A.M.; High, K.P.; Moorman, J.P.; Yao, Z.Q.
Tim-3 alters the balance of IL-12/IL-23 and drives TH17 cells: Role in hepatitis B vaccine failure during
hepatitis C infection. Vaccine 2013, 31, 2238–2245. [CrossRef] [PubMed]

174. Wang, J.M.; Shi, L.; Ma, C.J.; Ji, X.J.; Ying, R.S.; Wu, X.Y.; Wang, K.S.; Li, G.; Moorman, J.P.; Yao, Z.Q.
Differential regulation of interleukin-12 (IL-12)/IL-23 by Tim-3 drives T(H)17 cell development during
hepatitis C virus infection. J. Virol. 2013, 87, 4372–4383. [CrossRef]

175. Chigbu, D.I.; Loonawat, R.; Sehgal, M.; Patel, D.; Jain, P. Hepatitis C Virus Infection: Host-Virus Interaction
and Mechanisms of Viral Persistence. Cells 2019, 8, 376. [CrossRef]

176. Ma, C.J.; Ni, L.; Zhang, Y.; Zhang, C.L.; Wu, X.Y.; Atia, A.N.; Thayer, P.; Moorman, J.P.; Yao, Z.Q. PD-1 negatively
regulates interleukin-12 expression by limiting STAT-1 phosphorylation in monocytes/macrophages during
chronic hepatitis C virus infection. Immunology 2011, 132, 421–431. [CrossRef]

177. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine
storm syndromes and immunosuppression. Lancet 2020, 395, 1033–1034. [CrossRef]

178. Chowdhury, M.A.; Hossain, N.; Kashem, M.A.; Shahid, M.A.; Alam, A. Immune response in COVID-19:
A review. J. Infect. Public Health 2020. [CrossRef]

179. Citarella, F.; Russano, M.; Pantano, F.; Dell’Aquila, E.; Vincenzi, B.; Tonini, G.; Santini, D. Facing SARS-CoV-2
outbreak in immunotherapy era. Future Oncol. 2020, 16, 1475–1485. [CrossRef]

180. Guihot, A.; Litvinova, E.; Autran, B.; Debré, P.; Vieillard, V. Cell-Mediated Immune Responses to COVID-19
Infection. Front. Immunol. 2020, 11, 1662. [CrossRef]

181. Gambichler, T.; Reuther, J.; Scheel, C.; Becker, J. On the use of immune checkpoint inhibitors in patients with
viral infections including COVID-19. J. ImmunoTher. Cancer 2020, 8, e001145. [CrossRef]

182. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

183. Demaria, O.; Carvelli, J.; Batista, L.; Thibult, M.-L.; Morel, A.; André, P.; Morel, Y.; Vély, F.; Vivier, E.
Identification of druggable inhibitory immune checkpoints on Natural Killer cells in COVID-19. Cell. Mol.
Immunol. 2020, 1–3. [CrossRef]

184. Lee, L.Y.W.; Cazier, J.B.; Starkey, T.; Turnbull, C.D.; Kerr, R.; Middleton, G. COVID-19 mortality in patients
with cancer on chemotherapy or other anticancer treatments: A prospective cohort study. Lancet 2020, 395,
1919–1926. [CrossRef]

185. Luo, J.; Rizvi, H.; Egger, J.; Preeshagul, I.; Wolchok, J.; Hellmann, M. Impact of PD-1 Blockade on Severity of
COVID-19 in Patients with Lung Cancers. Cancer Discov. 2020, CD-20. [CrossRef] [PubMed]

186. Robilotti, E.; Babady, N.; Mead, P.; Rolling, T.; Perez-Johnston, R.; Bernardes, M.; Bogler, Y.; Caldararo, M.;
Figueroa, C.; Glickman, M.; et al. Determinants of COVID-19 disease severity in patients with cancer.
Nat. Med. 2020, 26, 1218–1223. [CrossRef]

http://dx.doi.org/10.1089/jir.2017.0109
http://dx.doi.org/10.1016/j.imlet.2018.07.008
http://dx.doi.org/10.1007/s12026-015-8680-y
http://dx.doi.org/10.1111/jgh.14617
http://dx.doi.org/10.1084/jem.188.10.1849
http://www.ncbi.nlm.nih.gov/pubmed/9815262
http://dx.doi.org/10.1002/eji.201242768
http://www.ncbi.nlm.nih.gov/pubmed/23161469
http://dx.doi.org/10.1016/j.vaccine.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23499521
http://dx.doi.org/10.1128/JVI.03376-12
http://dx.doi.org/10.3390/cells8040376
http://dx.doi.org/10.1111/j.1365-2567.2010.03382.x
http://dx.doi.org/10.1016/S0140-6736(20)30628-0
http://dx.doi.org/10.1016/j.jiph.2020.07.001
http://dx.doi.org/10.2217/fon-2020-0340
http://dx.doi.org/10.3389/fimmu.2020.01662
http://dx.doi.org/10.1136/jitc-2020-001145
http://dx.doi.org/10.1016/S0140-6736(20)30183-5
http://dx.doi.org/10.1038/s41423-020-0493-9
http://dx.doi.org/10.1016/S0140-6736(20)31173-9
http://dx.doi.org/10.1158/2159-8290.CD-20-0596
http://www.ncbi.nlm.nih.gov/pubmed/32398243
http://dx.doi.org/10.1038/s41591-020-0979-0


Viruses 2020, 12, 1051 23 of 23

187. Suresh, K.; Voong, K.; Shankar, B.; Forde, P.; Ettinger, D.; Marrone, K.; Kelly, R.; Hann, C.; Levy, B.; Feliciano, J.;
et al. Pneumonitis in Non-Small Cell Lung Cancer Patients Receiving Immune Checkpoint Immunotherapy:
Incidence and Risk Factors. J. Thorac. Oncol. 2018, 13, 1930–1939. [CrossRef]

188. Esau, D. Viral Causes of Lymphoma: The History of Epstein-Barr Virus and Human T-Lymphotropic Virus 1.
Virology (Auckl) 2017, 8, 1178122X17731772. [CrossRef]

189. Ressing, M.E.; van Gent, M.; Gram, A.M.; Hooykaas, M.J.G.; Piersma, S.J.; Wiertz, E.J.H.J. Immune Evasion
by Epstein-Barr Virus. Curr. Top Microbiol. Immunol. 2015, 391, 355–381.

190. Kennedy, P.G.E.; Rovnak, J.; Badani, H.; Cohrs, R.J. A comparison of herpes simplex virus type 1 and
varicella-zoster virus latency and reactivation. J. Gen. Virol. 2015, 96 Pt 7, 1581–1602. [CrossRef]

191. Lobo, A.-M.; Agelidis, A.M.; Shukla, D. Pathogenesis of herpes simplex keratitis: The host cell response and
ocular surface sequelae to infection and inflammation. Ocul. Surf. 2019, 17, 40–49. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jtho.2018.08.2035
http://dx.doi.org/10.1177/1178122X17731772
http://dx.doi.org/10.1099/vir.0.000128
http://dx.doi.org/10.1016/j.jtos.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30317007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Immune Checkpoints and Their T-cell Inactivation Pathways 
	Immune Checkpoints in HIV 
	HIV-Specific T-cell Exhaustion Accompanies Immune Checkpoint Upregulation 
	The Upregulation of Immune Checkpoint Proteins Helps to Establish a Latent HIV Reservoir 

	Immune Checkpoints in Hepatitis Virus 
	Hepatitis Virus Infection Upregulates Immune Checkpoint Proteins on T-cells 
	Immune Checkpoints Affect Chronic Hepatitis Virus Infection through Cytokine Regulation 

	Immune Checkpoints in Influenza 
	Immune Checkpoints in COVID-19 
	Immune Checkpoints in Other Viruses 
	Summary and Outlook 
	References

