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Simple Summary: Immune checkpoint therapies are treatments used to fight cancers by reactivating
a patient’s own immune system. Melanoma was the first cancer to benefit from these treatments.
Despite a clear benefit for patients and the existence of long responders, most patients fail to respond
or develop resistance to these treatments. In this review, we discuss immune checkpoint signaling
in the different immune cells with their biological consequences and summarize new immune
checkpoint therapies that are under investigation in clinical trials or in development to bypass
resistances and to improve the outcome of these therapies.

Abstract: The immune system is known to help fight cancers. Ten years ago, the first immune
checkpoint inhibitor targeting CTLA4 was approved by the FDA to treat patients with metastatic
melanoma. Since then, immune checkpoint therapies have revolutionized the field of oncology and
the treatment of cancer patients. Numerous immune checkpoint inhibitors have been developed and
tested, alone or in combination with other treatments, in melanoma and other cancers, with overall
clear benefits to patient outcomes. However, many patients fail to respond or develop resistance to
these treatments. It is therefore essential to decipher the mechanisms of action of immune checkpoints
and to understand how immune cells are affected by signaling to be able to understand and overcome
resistance. In this review, we discuss the signaling and effects of each immune checkpoint on different
immune cells and their biological and clinical relevance. Restoring the functionality of T cells and
their coordination with other immune cells is necessary to overcome resistance and help design new
clinical immunotherapy strategies. In this respect, NK cells have recently been implicated in the
resistance to anti-PD1 evoked by a protein secreted by melanoma, ITGBL1. The complexity of this
network will have to be considered to improve the efficiency of future immunotherapies and may
lead to the discovery of new immune checkpoints.
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1. Introduction

After nearly a century of research, immunotherapy was established as an anticancer
frontline treatment when the immune checkpoint inhibitor (ICI) ipilimumab (anti-CTLA-4)
was approved in 2011 for melanoma treatment [1] (Figure 1). The immunotherapy concept
started in the 19th century with the observations of two German physicians who noticed
significant tumor regression in a cancer patient after development of erysipelas, a skin
infection caused by a bacterium, Streptococcus pyogenes. In 1891, William Bradley Coley,
who is considered to be the father of immunotherapy, attempted to treat bone cancer by
unleashing the immune system by infecting patients with bacteria responsible for erysipelas.
He then extended this method to treat sarcoma, lymphoma and testicular carcinoma.
Successful results were described in 1893 but were largely ignored by physicians due to poor
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knowledge about the underlying mechanisms. It was only in the mid-twentieth century that
interest in the immune system to treat cancer reemerged with advances in immunity and
the identification of interferon. In 1957, Burnet and Thomas proposed a cancer immuno-
surveillance hypothesis based on the idea that the immune system can recognize and
eliminate cancer cells [2]. However, due to a lack of strong experimental evidence, this
concept failed to explain the prevalence of cancer. Thanks to the discovery of different
immune cell populations such as T cells in 1967 and NK in 1975, the immuno-surveillance
hypothesis was resurrected. Recent data showed that not only does immunosurveillance
exist, but it is a part of a general process called immuno-editing [3]. By the end of the 1990s,
this concept was largely supported by Robert Schreiber and Gavin Dunn, leaders in the
immunosurveillance concept. Based on this concept, tumors are edited by the immune
system, facilitating their escape by selecting for certain resistant variants [4], resulting in
the development of the cancer due to insufficient immunosurveillance. Promoting the
immune system became an interesting lead to explore. One of the first immunotherapy
trials in metastatic cutaneous melanoma was approved by the FDA in 1998 for treatment of
stage IV melanoma with IL-2 to stimulate white blood cell proliferation. However, only a
19% overall response rate was observed, with only a 4% complete response rate, limiting
the use of this strategy [5]. Moreover, a high percentage of IL-2 treated patients developed
vitiligo, an autoimmune disease resulting in skin depigmentation [6]. This observation
supported the important role of the immune system in melanoma treatment.
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ceptors (TCRs) through recombination of the TCR gene segments. A negative and positive 
selection process is then applied to eliminate T cells that react with themselves in order to 
prevent autoreactivity. T cells are considered naive before they encounter an antigen. At 
this point, a final clonal selection is applied in order to activate and expand specific T cells 
in secondary lymphoid tissues. This step is initiated through various ligand–receptor in-
teractions between T cells and antigen-presenting cells (APCs); the first one being the an-
tigen recognition by the TCR. The antigen is displayed with the major histocompatibility 
complex (MHC) on the APC surface. This process is regulated by a balance between co-
stimulatory and inhibitory signals. In fact, T cells are controlled by immune checkpoint 
pathways to maintain self-tolerance and avoid excessive responses. 

Another important population for immunosurveillance, but less specific than T cells, 
are natural killer (NK) cells [7–9]. This population is part of the innate immune system 
and unlike T cells, they do not require specific antigen binding to be activated [10]. Like T 
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Among the different populations of immune cells, cytotoxic T lymphocytes are often
the final effectors against the tumor who detect and kill cancer cells. T cell development
occurs in the thymus; immature cells proliferate and create a wide repertoire of T cell
receptors (TCRs) through recombination of the TCR gene segments. A negative and
positive selection process is then applied to eliminate T cells that react with themselves
in order to prevent autoreactivity. T cells are considered naive before they encounter an
antigen. At this point, a final clonal selection is applied in order to activate and expand
specific T cells in secondary lymphoid tissues. This step is initiated through various
ligand–receptor interactions between T cells and antigen-presenting cells (APCs); the first
one being the antigen recognition by the TCR. The antigen is displayed with the major
histocompatibility complex (MHC) on the APC surface. This process is regulated by a
balance between co-stimulatory and inhibitory signals. In fact, T cells are controlled by
immune checkpoint pathways to maintain self-tolerance and avoid excessive responses.

Another important population for immunosurveillance, but less specific than T cells,
are natural killer (NK) cells [7–9]. This population is part of the innate immune system and
unlike T cells, they do not require specific antigen binding to be activated [10]. Like T cells,
a balance between co-stimulatory and inhibitory signals through specific surface receptors
are needed to control NK activity.
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The discovery and understanding of the immune checkpoint led to the development
of immune checkpoint inhibitors (ICIs), whose action seems to potentiate the anti-tumor
immune response and improve the survival of advanced-stage melanoma patients. Among
the inhibitory checkpoints, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) are the most studied and are promising targets
for cutaneous melanoma treatment. CTLA-4 was first discovered and identified by a
French team from Marseille led by Pierre Golstein [11] while PD-1 was identified In Japan
by Honjo T. and co-workers [12]. This novel treatment presented promising results as
patients showed long-lasting remissions and ICIs have emerged as a frontline treatment
in unresectable cutaneous metastatic melanoma. This new treatment offered new hope
for some patients; however, a large percentage of individuals remain unresponsive to
this treatment.

The Nobel Prize in Physiology or Medicine in 2018 was awarded to Professors James
Allison and Tasuku Honjo for their research on CTLA-4 and PD-1, respectively. Our
understanding of the immune checkpoint mechanism and signaling has come a long way;
however, it is still incomplete and must be improved for advances to be made in this field.

In this review, we will provide an update on signaling pathways engaged by inhibitory
immune checkpoints, their involvement with specific immune cell populations and their
clinical relevance in the context of immunotherapies.

2. Immune Checkpoints Signaling

In the following sections, we will focus on recent data regarding immune checkpoint
signaling including CTLA-4, PD-1, LAG-3, TIM-3, TIGIT, VISTA and B7H3 (Figure 2).
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2.1. CTLA-4, Cytotoxic T-Lymphocyte-Associated Protein 4

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a transmembrane protein
and a member of the CD28 family. This molecule is expressed on the surface of several
activated immune cells including T cells, NK, iNKT and B cells. Its binding to CD80/CD86
induces an inhibitory signal.
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The activation and proliferation of T cells requires the binding of TCR to MHC and
calls for costimulatory signals. CD28 receptors on T-cells bind to B7 ligands (B7-1/CD80
and B7-2/CD86) on antigen-presenting cells (APCs) and provide the efficient activation
signal for T-cells. CD28-CD80/86 binding increases tyrosine phosphorylation mediated
by the SRC-family kinases. In addition, CD28-PI3K connection activates phosphoinosi-
tide dependent protein kinase 1 (PDK1) and protein kinase B (PKB⁄AKT). This activation
phosphorylates different substrates [13] such as BAD, caspase-9, transcription factors
CREB1 (cAMP responsive element binding protein 1) and forkhead, mTOR (mammalian
target of rapamycin) and glycogen synthase kinases-3α and β (GSK3α and GSK3β, respec-
tively) [13,14]. Therefore, CD28-B7 interaction induces T-cell proliferation and survival (by
prosurvival factors Bcl-2 and Bcl-xL up-regulation) and increases cell metabolism and the
production of growth cytokines such as interleukin-2 (IL-2), IFN
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and the production of IFNγ. In NKT cells, upregulation of CTLA-4 leads to regulation
of IFNγ through the mTOR pathway. Indeed, IFNγ production blockade by rapamycin
treatment induces an immunosuppressive NKT phenotype [24].

Recent studies have highlighted the presence of CD28 and CTLA-4 on the surface
of tumor-infiltrating NK cells in several mouse models of solid tumors. Their expression
is thought to be upregulated by IL-2. As for T cells, CD28 is known to induce NK cell
proliferation, cytotoxicity and cytokine secretion, producing large amounts of IFNγ which
is in turn negatively regulated by CTLA-4 [25]. Moreover, additional data has established
that anti-CTLA-4 therapy stimulates the activation and degranulation of NK cells in the
tumor microenvironment (TME) in correlation with a depletion of intra-tumoral Tregs [26].

Yeast two-hybrid interaction analysis revealed that CTLA-4 associates with the µ2
subunit of the complex AP-2 mediating its internalization through the binding of the
non-phosphorylated YVKM motif [27].

Therefore, non-phosphorylated CTLA-4 is internalized via its AP-2 association, whereas
tyrosine phosphorylation triggers its stabilization at the cell surface, permitting CD80/86
engagement and negative signaling. This receptor is primarily localized in the intracellular
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vesicles and then released by exocytosis on the cell surface following the signal induced
by TCR and CD28-B7 binding [15]. In addition, only a small fraction is exposed on the
cell surface allowing CTLA-4 to present both cell-intrinsic and extrinsic functions [28].
Meanwhile Treg cells express CTLA-4 constitutively, and this molecule participates in the
maintenance of tolerance applied by Treg cells [29,30].

Taken together, these observations implicate CTLA-4 during the priming phase, the
first step of immune system activation against tumor and infection. CTLA-4 acts strongly
on CD4 Treg to dampen the overall immune system activation through a decrease in
activation, proliferation and cytokine production. Consequently, inhibitory antibodies
were developed, such as ipilimumab, blocking CTLA-4 function and thereby facilitating
positive co-stimulation with CD28 and allowing the rescue of exhausted CD8 T cells and
NK cells, leading to tumor control of colon and melanoma tumors [26]. However, as we
will discuss later in this review, anti-CTLA-4 therapy alone is not sufficient to induce a
response for all patients, hence the growing focus on new immunotherapeutic targets,
particularly PD-1.

2.2. PD-1, Programmed Death-1

Programmed death-1 (PD-1, CD279) is a cell surface receptor belonging to the CD28
family of receptors and is commonly seen on T cells and B cells to modulate T cell dysfunc-
tion, exhaustion, and tolerance. In addition, PD-1 expression was observed on NK and
NKT cell populations. Like CTLA-4, TCR engagement induces the expression of PD-1 on
the surface of T cells, leading to a decrease in antitumor cytokines such as IFNγ, survival
proteins like Bcl-xL, proliferation, survival and cytotoxicity [31].

PD-1 has two ligands, programmed death-ligand 1 (PD-L1, also called B7-H1; CD274)
and programmed death-ligand 2 (PD-L2, also called B7-DC; CD273), whose expression
varies according to the cell type and their activation status. PD-L2 has a three-fold higher
affinity than PD-L1 and is expressed mainly on DCs, B-cells, macrophages, and mono-
cytes [32], whereas PD-L1 is found on tumor cells, antigen presenting cells, T lymphocytes,
endothelial cells and fibroblasts [33].

The intracellular domain of PD-1 contains two tyrosine motifs, immunoreceptor
tyrosine-based inhibition motif (ITIM) and immunoreceptor tyrosine-based switch motif
(ITSM), which are phosphorylated upon PD-L1/PD-L2 binding. This leads to the recruit-
ment of protein tyrosine phosphatases (PTPs), such as SHP-2 (but also SHP-1), to the
cytoplasmic tail of PD-1. SHP2 downregulates TCR co-stimulation via the dephospho-
rylation of TCR key signaling elements, mainly CD3ζ, ZAP70, PKCθ and PI3K [34,35].
Since PI3K activity is required to activate AKT, PD-1 is also responsible for AKT inhibition.
Additionally, it has been suggested that PI3K/AKT inhibition could be mediated by an
alternative pathway. It is suspected that PD-1 alters casein kinase 2 (CK2) phosphorylation,
resulting in an increase in phosphatase and tensin homolog (PTEN) activity, an important
inhibitor of PI3K [36].

Furthermore, it is believed that PD-1 also inhibits RAS-MEK-ERK pathway signaling,
inducing T cells growth arrest through SHP-2 dephosphorylation of PLCγ1 [37]. Both
PI3K-AKT and RAS-MEK-ERK signaling are required for transcriptional Skp2 expression.
Thereby, simultaneous inhibition of PI3K/AKT and Ras signaling by anti PD-1 induces
Skp2 suppression associated with p27kip1 degradation. Moreover, anti-PD-1 leads to
impairment of CDK2 activation, failing to activate Rb and Smad3 [38] and consequently
impairing the cell cycle machinery by the accumulation of p15 (inhibitor of CDK4/6) and
repression of cdc25a [38].

Finally, upon PD-1 engagement, PI3K-AKT and ERK inhibition results in PD-1-
dependent metabolic alterations [39]. Since the SHP2 pathway has been dissected through
numerous in vitro studies, Rota’s team [40] focused on an in vivo approach and concluded
that SHP2 is not essential for PD-1 inhibitory signaling. This can be explained by the
fact that in the absence of SHP2, redundant mechanisms take over to compensate for the
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loss [40]. This study clearly shows that further investigation is required to fully understand
the intricacy of PD-1 inhibitory functions.

What is certain is that the STAT pathway is regulated strongly and specifically by SHP1
or SHP2. Direct regulation of the STAT pathway by PD-1 has not been carefully studied
in T cells during immunotherapy. In fact, STAT5a has been shown to interact specifically
with SHP2 [41], while STAT3 is mainly regulated by SHP1 [42]. STAT3 activation results
in increased Tregs with increased IL10 production [43]. Additionally, STAT3 phosphory-
lation increases production of PD-L1 in NKT lymphoma models [44]. From mice models
deficient in PD-1, a higher level of phosphorylation of STAT5a was observed in ILCs [45].
Experiments show that PD-1 engagement decreases STAT5a phosphorylation [45]. We can
hypothesize that SHP2 could be responsible of this STAT5 regulation, as well as STAT3,
through SHP1.

In B cells, PD-1 seems to act differently but with the same aim, which is to dampen
the immune system and to negatively regulate B cell activation and proliferation. PD-1
seems to down-regulate IL-6 production [46] and prevent the production of antibodies by B
cells [47]. However, circulating antibodies were elevated in PD-1 deficient mice, increasing
autoimmune disease susceptibility [48].

Additionally, a high expression of the PD-L1 ligand on B cells’ PD-1+ decreases
T cell (CD4 and CD8) proliferation [49]. Recently, B cells have been associated with
an increased number of tumoral T cells through B cell production of pro-inflammatory
cytokines during PD-1 immunotherapy [50]. Okazaki’s team demonstrated that PD-1
prevented B cell receptor (BCR) transduction by recruiting and phosphorylating tyrosine-
protein phosphatase non-receptor type 11 (PTPN11), which in turn dephosphorylates
BCR-signaling molecules such as spleen tyrosine kinase (SYK), leading to a decrease in
phosphoinositide 3-kinase (PI3K), phosphoinositide-specific phospholipase C γ2 (PLCγ2),
and extracellular signal–regulated kinases (ERK) [51].

It has been noted that certain tumors were unresponsive to CD8+ T cells due to their
low MHC expression. In that case, evidence shows that PD-1/PD-L1 blockade is still
effective through NK cell anti-tumor immunity. Indeed PD-1 is believed to be expressed
by NK cells and represses their cytotoxicity and anti-tumor response. This event can
be partially restored by antibody disrupting PD-1/PD-L1 interaction (Hsu et al., 2018).
However, these data were not reproduced in a recent study carried out by Judge and
colleagues, who were not able to detect PD-1 expression in a tumor or viral models [52]
and concluded that NK cells play a minor contribution during immunotherapy. Despite
this, PD-1 expression in NK cells seems to be different than in T cells. PD-1 expression
was transient and rapid on splenic NK cells in the early stages of post-cytomegalovirus
infection (MCMV) and was dependent on glucocorticoid expression [53]. Better control of
conditions and timing need to be developed to study PD-1 blockade on tumoral NK cells.
Due to these inconsistencies, NK signaling has not been extensively studied and needs to
be addressed due to their nonspecific activation mode and the similarity of the phenotype
with treatment with anti-PD-1.

Regardless of those uncertainties, antibodies directed against PD-1/PD-L1 have been
developed. While anti-CTLA-4 therapy acts mainly on CD4 during the antigen presentation,
anti-PD-1 is more effective at restoring the effector function of exhausted CD8+ T cells to
clear tumor cells. An increasing body of evidence has shown that anti-PD-1 also acts on B
or NK cells to restore their CD8 activity. Successful clinical trials [54–56] confirmed PD-1 as
the most effective target and today PD-1/PD-L1 checkpoint blockade therapy is part of the
standard therapy for multiple malignancies, such as Hodgkin’s lymphoma and melanoma.

2.3. LAG-3, Lymphocyte Activation Gene 3

Lymphocyte activation gene 3 (LAG-3, CD223) is a cell surface receptor expressed on
activated human T cells, B cells and NK cells [57]. LAG-3 is thought to be associated with
CD3 in order to impede T cell proliferation, cytokine production and calcium flux [58,59].
Secondly, this receptor is believed to be implicated in T cell homeostasis [60], cancer, chronic
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viral infection and parasitic infection. Moreover, further data reveal that PD-1 may act
alongside LAG-3 in the regulation of autoimmunity [61].

Around 20% of LAG-3 highly conserved structural motifs are identical to CD4. Based
on their structural homology, it has been established that CD4 and LAG-3 share a mutual
ligand; major histocompatibility complex class II (MHC class-II) molecules on APCs (HLA-
DR, HLA-DQ, HLA-DO, HLA-DP, HLA-DM) [62], with around 100-fold greater affinity for
LAG-3 than CD4 [63]. Mutagenesis studies confirmed that LAG-3 interaction with MHC
class II involves amino acid residues of the proline-rich D1 loop, a structural feature that
is not present in CD4 [64]. Given these observations, LAG-3 was suggested to compete
with CD4 for MHC class II binding, thus negatively impacting CD4 function. Human
melanoma often expresses MHC class II molecules, and this expression is associated with
poor prognosis [65]. Thus, MHC class II ligation of LAG-3 [66] could induce melanoma-
infiltrating T cell exhaustion.

The specificity of LAG-3 is its uncommon cytoplasmic tail, not shared with any other
immune receptor. It is composed of a serine-phosphorylation site and a unique KIEELE
motif, along with a region containing glutamic acid-proline (EP) repeats. Early studies
suggested that LAG-3-associated protein (LAP), identified in a yeast two-hybrid screen,
may bind to the EP motif [67]. However, mutants lacking the EP motif maintain receptor
activity, suggesting that it may not be essential for LAG-3 function [68]. In contrast, the
KIEELE motif is described as essential regarding the inhibitory functions of LAG-3 [69].
The singularity of this domain indicates that LAG-3 operates through mechanisms quite
distinct from its other co-inhibitory receptor colleagues. A single lysine residue (Lys468) in
a mouse sequence was shown to be indispensable and is conserved across all species [70].
This motif in the cytoplasmic tail is indispensable for abrogating effector CD4+ T cells. It
can prevent the entry of T cells into the proliferation phase, and deletion of this region
prevents the negative signal to T cell function, allowing for Il-2 production [69]. Moreover,
LAG-3 expression on CD4+ T cells modulate cytokines including IL-2, IL-7, IL-12 and
IFN-γ [71]. Likewise, LAG-3-deficient (Lag3–/–), CD4+ T cells also secrete more cytokines
like IL-2 and IFNγ following in vitro stimulation, although with reduced expansion due to
increased cell death [60]. Resting CD8+ T cells also express low levels of LAG-3, which is
strongly upregulated in response to antigenic stimulation [72]. LAG-3 blockade enhances
the function of CD8+ T cells, which produce more IFN-γ. Moreover, recently FGL1, a
protein secreted by liver and cancer cells, was identified as a new ligand of LAG-3, leading
to T cells suppression. Anti-LAG-3 or anti-FGL1 antibody treatment allows T cells to be
reactivated, leading to a decrease in tumor size [73].

LAG-3 antibodies have no direct effect on human natural killer cytotoxicity compared
to T cells [74]. However, increased cytokine secretion (such as IFNγ, TNFα, GMCSF) was
observed [75], but LAG-3 has no direct impact on NK cytotoxicity. Yet, LAG-3 plays a more
critical role in NKT cells with a down-regulation of the proliferation through arresting S
phase in the cell cycle [76]. Moreover, LAG-3 has also been reported to exhaust invariant
NKT (iNKT) cells and reduce IFN-γ production in HIV-infected patients [77].

The downstream effector and the intracellular process remain unidentified. Therefore
solving the signaling associated with LAG-3 is of great importance. Indeed, various
melanoma infiltrating cells exhibit LAG-3 expression [66]. B16-F10 model mice treated with
LAG-3-blockading antibody (monotherapy) only exhibited delayed tumor growth, whereas
combination therapy targeting both LAG-3 and PD-1 at the time of relapse resulted in
significant tumor regression [78]. Recent results in melanoma (phase III RELATIVITY-047
trial) were published at ASCO, revealing that a combination of LAG-3 antibodies with
anti-PD-1 increased the progression free survival to 10.1 months compared to nivolumab
alone (4.6 months) [79].

2.4. TIM-3, T-Cell Immunoglobulin and Mucin-Domain Containing-3

T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) is the receptor for
galectin 9, phosphatidyl serine, HMGB1 and ceacam-1, and is known to be expressed by
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regulatory T (Treg) cells and innate immune cells such as dendritic cells (DCs), natural
killer (NK) cells, monocytes, macrophages, and mast cells [57].

On the one hand, it has been reported that under certain circumstances this recep-
tor could play a co-stimulatory enhancing immune function. High expression of TIM-3
on T-cell lines increased activation of transcriptional activity of NFAT/AP-1 and nuclear
factor-kappa B (NF-κB) using reporter assays, a higher phospho-S6 and enhanced levels of
cytokines [80]. TIM-3 expression is also associated with increased IFN-γ production, but
when crosslinked to an antibody it suppresses NK cytotoxicity [81]. On the other hand, TIM-
3 was associated with poor prognosis and suppression of anti-tumor function with an in-
hibitory role in T cells as TIM-3-expressing CD4+ and CD8+ T cells produce a weak amount
of cytokine with less proliferative phenotype in response to antigen stimulation [82–84]. In
addition, TIM-3 has been found to suppress Th1 and Th17 responses [85,86] and induce
peripheral immune tolerance [87,88]. Additionally, TIM-3 expression on T cells is consid-
ered a mark of exhaustion during chronic infection and its engagement with galectin 9
can induce apoptosis in T cells. These observations support the inhibitory role of TIM-3 in
T cells.

One possible reason for this antagonistic effect could come from ceacam-1 expression.
As a matter of fact, it has been suggested that TIM-3 inhibitory function is dependent on the
co-expression of ceacam-1 in tumors and autoimmune diseases [89]. Recently, a study from
Annika De Sousa Linhares et al. identified Ceacam1 isoform 4L to have an inhibitory effect
on transcription factor NF-κB and NFAT on activated T cells [90]. However, this inhibition
was independent of TIM-3 expression, and in vitro binding assay between Ceacam-1 and
Tim-3 failed. However, they confirmed that the intracellular part of TIM-3 is responsible for
the inhibitory effect on NF-κB and NFAT on activated T cells by TCR engagement. Function
of TIM-3 and Ceacam-1 remains unclear and needs to be investigated to understand the
mechanism of TIM-3 induced inhibition.

TIM-3 cytoplasmic tail is composed of numerous tyrosine residues, unlike the other
immune inhibitors that have been shown to be phosphorylated, especially tyrosines 256
and 263 [80], and involved in the binding of Bat3 leading to the preservation and promotion
of T cell signaling [91]. Upon ligand engagement, BAT3 is released from TIM-3 tail resulting
in T cell inhibition. Furthermore, FYN can bind to the same region on the TIM-3 tail as BAT3
and has been associated with T cell anergy [92]. One possible hypothesis could be that
a switch TIM-3/FYN and TIM-3/BAT3 is responsible for the dual inhibitory/activatory
function of TIM-3. In any case, the downstream effectors of BAT3 remains unknown. It is
interesting to note that the absence of BAT3 was associated with the loss of the ability to
produce large amounts of IFN-γ and IL-2 in T cells [93].

TIM-3 has been observed on macrophages where it acts as a negative regulator
of the NLRP3 inflammasome by dampening the NF-κB pathway in mouse peritoneal
macrophages [94]. As in T cells, tyrosines 256 and 263 are necessary for NLRP3 inhibition
by TIM-3. Regarding activated NK cells, TIM-3 is strongly expressed and its ligation with
galectin-9 is necessary for IFNγ secretion [95]. On the other hand, its engagement with
ligands, including antibodies, subsequently suppresses cell cytotoxicity [81]. This is also
the case in advanced melanoma patients, where TIM-3 is found on functionally exhausted
NK cells with reduced IFN-γ secretion and cytotoxicity [96].

Finally, TIM-3 is expressed on DCs and has been shown to inhibit their activation and
maturation via BTK and c-SRC to prevent NF-κB signaling [97]. Furthermore, TIM-3 blocks
the response to TLR3, TLR7, TLR9 and cytosolic sensors to DNA and RNA by interacting
with HMGB1 and impairing the recruitment of nucleic acids to endosomes [98]. This
TIM-3 mechanism suppresses antitumor immunity mediated by nucleic acids in tumor
microenvironments. In addition, TIM-3 was implicated in the dysfunction of plasmacytoid
DCs by interfering with TLR signaling via the recruitment of IRF7 and p85 to lysosomes
during chronic HIV infection [99]. In contrast, an activating effect is seen on mast cells.
TIM-3 is constitutively expressed on these cells and enhances FcεRI signaling, leading to
degranulation and cytokine release after antigen binding, confirming the co-stimulatory
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function of TIM-3 [100]. Subsequently TIM-3 was considered an immunotherapy candidate
and the administration of TIM-3 and PD-1 monoclonal antibodies displayed a synergic con-
trolled melanoma tumor growth [101]. Since then, combination with immunotherapies has
been tested in different cancers, showing improvements in immunotherapy outcomes [102].

2.5. TIGIT, T Cell Immunoglobulin and ITIM Domain

T cell immunoglobulin and ITIM domain (TIGIT) is an inhibitory receptor, and a
newly identified member of the CD28 family. TIGIT was found to be strictly expressed on
T cell subsets (including Tregs and memory T cells), along with NK cells, and applies direct
immunosuppressive effects to these cells [103,104].

TIGIT binds two ligands, CD112 (nectin-2, also known as PRR2 or PVRL2) and, with
much higher affinity, CD155 (PVR or Necl-5), both identified on APCs, T cells and a variety
of non-hematopoietic cell types including melanoma cells [57]. It is interesting to note
that CD155 and CD112 are over-expressed in several cancers, including melanoma [105].
Similarly to the CTLA-4/CD28 dynamic, TIGIT outcompete DNAM-1 (CD226) and CD96
for the binding of CD155, impeding DNAM-1 positive co-stimulation and delivering a
direct inhibitory signal [103,104,106] as shown in TIGIT-deficient mice with delayed tumor
growth [107]. TIGIT can also indirectly suppress T cell activation by a TIGIT–CD155
interaction on DCs. This binding leads to the inhibition of IL-12 production and increases
the secretion of IL-10, consequently promoting tolerogenic DCs that downregulate T cell
responses [104].

Regarding the signaling of TIGIT, the different studies available focused mainly on
NK cells. Indeed, TIGIT seems to exert a negative effect through its cytoplasmic ITIM and
ITT domain with cytotoxicity, granule polarization and cytokine release inhibition [108].
Upon receptor engagement, the ITT-like motif becomes phosphorylated, binds β-arrestin
2 and recruits SHIP1 to limit NF-κB signaling, leading to the suppression of IFN-γ pro-
duction [109,110]. The binding of cytosolic adapter growth factor receptor-bound protein
2 (Grb2) also promotes SHIP1 recruitment that it responsible for PI3K and MAPK inhibi-
tion [108]. On T cells, the engagement of TIGIT is supposed to target TCR signaling, such
as PLCγ, and down-regulate IFNγ secretion as well as IL-17 [106,111]. In contrast, TIGIT
is also presumed to be responsible for the up-regulation of anti-apoptotic molecules such
as Bcl-xL as well as induction of the receptors for IL-2, IL-7 and IL-15 implicated in T cell
survival. A possible explanation would be that TIGIT maintains the T cell repertoire and
keeps them from anergy while repressing their activation.

The general review of available literature highlighted the remaining gaps in TIGIT’s
story. The question of whether nectin-3 is another ligand for TIGIT is still unresolved [103].
Moreover, TIGIT-CD112 interaction still needs to be addressed. Even though several unan-
swered questions persist, targeting TIGIT in a clinical setting could have great therapeutic
potential. TIGIT expression was found to be higher in the cells within tumor microenviron-
ment than in those in the periphery, which could theoretically mean that using anti-TIGIT
monoclonal antibody would provide a more specific targeted immunotherapy with less
autoimmune-related toxicities. Along these lines, experiments using TIGIT−/− mice
suggested that targeting TIGIT could potentially trigger fewer immune-related adverse
events (irAEs) than anti-PD-1 or anti-CTLA-4 [112]. However, TIGIT blockade with ei-
ther anti-PD-1/PD-L1 or TIM-3 showed a synergistic effect with a slowdown of tumor
growth [107,113] but no remission was observed.

2.6. VISTA, V-Domain Ig Suppressor of T Cell Activation

V-domain Ig suppressor of T cell activation (VISTA), also known as PD-1 homolog
(PD-1H), is an immune checkpoint regulator expressed on hematopoietic cells (neutrophils,
macrophages, T-cells) [114] with the ability to suppress the activity of T cells [115]. Studies
establish that VISTA not only acts as a repressive ligand of T cell activation and proliferation
and cytokine production, but also as a stimulatory immune ligand for APCs [116,117].
Interestingly, blocking VISTA on APC cells leads to T cell activation [115]. Therefore, VISTA
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appears to be a unique dual molecule functioning as both a receptor and a ligand. In
addition, VISTA was found to be highly homologous to PD-1 [115] except for its conserved
cytoplasmic domain composed of two potential protein kinase C binding sites and a proline
rich motif, which may be its potential docking sites. Lately, VSIG-3 was proposed to be the
novel ligand for VISTA [118], acting together in an inhibition function toward T cells. The
VISTA/VSIG-3 combination remains to be observed in vivo. The multiple studies available
highlight VISTA heterogeneity with a variation of expression according to the tissue and
tumor type. Despite the prediction difficulties associated with its variability, blocking
VISTA has proven to be effective. Indeed, VISTA blockade enhanced the infiltration,
proliferation, and effector function of tumor-infiltrating T cells within the TME, even when
VISTA expression is low within tumor cells [119]. Accordingly, VISTA is considered a
potential candidate to improve actual immunotherapies with more tumor specificity and
less irAEs, much like TIGIT.

2.7. B7H3, B7 Homolog 3

B7 homolog 3 (B7-H3), also named CD276, is a protein that belongs to the B7-CD28
pathway family, constitutively expressed on murine APCs and on activated human T
cells [120], NK cells, DCs, macrophages and monocytes. Initially, B7-H3 was described
as a positive co-stimulator of T cell responses and IFN-γ production [121]. However,
studies have established its inhibitory function toward T cell activation, proliferation and
cytokine production [122–124]. More distinctively, B7-H3 was found to be overexpressed
in multiple malignancies, including melanoma [125], and associated with bad prognoses.
Indeed, B7-H3 was implicated in cancer aggressiveness since it was shown to modulate
migration, invasion and adhesion to the fibronectin of various cancer cells [126], including
melanoma cells, with the regulation of metastasis-associated proteins MMP-2, TIMP-1,
TIMP-2, STAT3 and IL-8 [123]. To date, no receptor has been clearly identified, and B7-H3
may have more than one binding partner with distinct functions that could explain its
complex immunomodulation. What is clear is the potential value of targeting the B7-H3
checkpoint seen as this protein evidently plays a role in tumor immunity.

B7-H3 inhibition control tumor growth and anti-tumor immunity is dependent on
CD8+ T cells and natural killer (NK) cells. Moreover, B7-H3 directly inhibits the activation
of NK cells. Cotreatment with anti-B7-H3 and anti-PD-1 increases tumor regression in
hepatocellular carcinoma compared to PD-1 monoclonal antibody treatment alone [127].

3. Therapeutic Strategies Targeting Immune Checkpoints

The discovery of regulatory molecules in the immune system over the past 15 years
has completely changed therapeutic strategies in the treatment of cancers. This new
approach has led to the clinical development of therapeutic monoclonal antibodies blocking
CTLA-4 and the PD-1/PD-L1 axis. Several studies have demonstrated promising results
as patients with different tumor types presented relevant objective response rates and
extended the overall progression free survival results. Indeed, ipilimumab (Yervoy®), a
CTLA-4 inhibitor, has shown efficiency in the reconstitution of the anti-tumor immune
response and was given FDA approval in 2011 for the treatment of melanoma [128].
The anti-PD-1 agents pembrolizumab (Keytruda®) and nivolumab (Opdivo®) displayed
even better clinical results and toxicity profiles, leading to their FDA approval in 2014.
Unfortunately, the benefits of monotherapy were limited to only a fraction of all patients.
In fact, 30% of patients treated with anti-PD-1 and only 10–15% of patients treated with
anti-CTLA-4 have a complete response. The others only have partial tumor regression or
no response to monotherapy at all. More recently, combination approaches were proposed
to increase patient response and survival rates. Currently, the rate of objective response
to immunotherapy for melanoma has reached 52% for pembrolizumab [129] and 58%
for the combination of nivolumab and ipilimumab compared to 45% in the nivolumab
group and 19% in the ipilimumab group alone [130]. In addition, the five year overall
survival rate was increased with combined therapy, 41% for pembrolizumab, 52% for the
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nivolumab-plus-ipilimumab group and 44% for the nivolumab group compared to the
26% rate for the ipilimumab alone group. Despite these encouraging results, a subset of
patients remains resistant, and on top of that, the patients on a combination of CTLA-4
and PD-1 therapy are faced with severe toxicities. The need to explore new therapeutic
angles is becoming more pressing. With that in mind, new immune checkpoint blockade
combinations have been the focus of recent research and are presented in Table 1.

Table 1. Different compounds and their combinations in clinical trials. +/− indicates a study performed with or without a
specified compound, mAb: monoclonal antibody, IgG: immunoglobulin G.

Immune
Checkpoint Compound Name Combination Phase Stage ClinicalTrials.gov

ID

LAG-3

IMP-321
LAG-3Ig fusion protein and

APC activator

Pembrolizumab I
Unresectable or

Metastatic
Melanoma

NCT02676869

Tumor Antigenic Peptides
and Montanide I/II Stage II-IV

Melanoma NCT01308294

Immunological peptides
and immunological

adjuvants + HLA-A2
peptides + Montanide

ISA51

I/II Disease-Free
Melanoma NCT00365937

Cyclophosphamide,
fludarabine,

Melan-A VLP vaccine
I Metastatic

Melanoma NCT00324623

+/− Avelumab I Solid Tumors NCT03252938

Relatlimab
(BMS-986213)

Fully human IgG4 mAb

Nivolumab

I Advanced Solid
Tumors NCT03335540

II

MSI-H Solid
Tumors NCT03607890

Stage IIIB/IV
Melanomas NCT02519322

Locally Advanced,
Unresectable, or

Metastatic
Melanoma

NCT03724968

II/III Advanced
Melanoma NCT03470922

+/− Nivolumab
I Advanced Solid

Tumors NCT02966548

I/II
Solid Tumors

Including
Melanoma

NCT01968109

II Metastatic
Melanoma NCT03743766

Nivolumab + rHuPH20 I Cancer including
Melanoma NCT04112498

Nivolumab + BMS-986205
+ Ipilimumab I/II Solid Cancers NCT03459222

Ipilimumab I Advanced
Melanoma NCT03978611

Ieramilimab (LAG525)
Fully human IgG4 mAb

PDR001 I/II
Advanced Solid
Tumor Including

Melanoma
NCT02460224

PDR001, capmatinib,
canakinumab, ribociclib II

Previously Treated
Unresectable or

Metastatic
Melanoma

NCT03484923

ClinicalTrials.gov
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Table 1. Cont.

Immune
Checkpoint Compound Name Combination Phase Stage ClinicalTrials.gov

ID

MK-4280
Fully human IgG4 mAb

Pembrolizumab +
Oxaliplatin+ Irinotecan +

Leucovorin (Calcium
Folinate) + Fluorouracil

[5-FU] + MK-4280A

I Advanced Solid
Tumors NCT02720068

REGN3767
Fully human mAb +/− cemiplimab I Advanced Cancers NCT03005782

TSR-033
Fully human IgG4 mAb Anti-PD-1 I Advanced Solid

Tumors NCT03250832

BI 754111
Humanized IgG4 mAb

BI 754091(anti-pd1)
Early

Phase I Neoplasms NCT03433898

II Advanced Solid
Tumors NCT03697304

+/− BI 754091(anti-pd1) I Advanced Cancers NCT03156114
BI 754091(anti-pd1) +

BI907828 I Advanced Solid
Tumors NCT03964233

Sym022
Fully human Fc-inert mAb

- I Advanced Solid
Tumor NCT03489369

Sym021 (PD1) I Advanced Solid
Tumor NCT03311412

FS118
Bispecific antibody binding

both LAG-3 and PD-L1
- I Advanced and

Metastatic Cancer NCT03440437

MGD013
Bispecific DART protein
binding both LAG-3 and

PD-1

+/− margetuximab
(anti-HER2) I Advanced Solid

Tumors NCT03219268

INCAGN02385
Fc engineered IgG1k

antibody
- I Advanced

Malignancies NCT03538028

TIM-3

TSR-022
Humanized mAb

TSR-042, TSR-033 I Advanced Solid
Tumors NCT02817633

Niraparib, TSR-042,
Bevacizumab,

Platinum-Based
chemotherapy

I Advanced Solid
Tumors NCT03307785

MBG453
Humanized IgG4

monoclonal antibody
PDR001 I/II Advanced

Malignancies. NCT02608268

Sym023
Fully human mAb

- I Advanced Solid
Tumor NCT03489343

Sym021, Sym022 I
Advanced Solid

Tumor or
Lymphomas

NCT03311412

INCAGN2390
mAb - I Advanced

Malignancies NCT03652077

LY3321367
mAb

LY3300054 I Advanced Solid
Tumor NCT03099109

LY3300054, Ramucirumab,
Abemaciclib, Merestinib I Advanced Solid

Tumor NCT02791334

BMS-986258
Fully human mAb Nivolumab, rHuPH20 I/II Advanced Solid

Tumor NCT03446040

ClinicalTrials.gov
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Table 1. Cont.

Immune
Checkpoint Compound Name Combination Phase Stage ClinicalTrials.gov

ID

SHR-1702 Camrelizumab I Advanced Solid
Tumor NCT03871855

RO7121661
Anti-PD-1/TIM3 bispecific

Ab
- I Advanced Solid

Tumor NCT03708328

BGB-A425
Humanized, IgG1-variant

monoclonal antibody
Tislelizumab I/II

Locally Advanced
or Metastatic Solid

Tumors
NCT03744468

LY3415244
Anti PD-L1/TIM-3
Bispecific Antibody

- I Advanced Solid
Tumor NCT03752177

TIGIT

MK-7684
IgG1 mAb Pembrolizumab I Advanced Solid

Tumor NCT02964013

Etigilimab/OMP-313 M32
mAb Nivolumab I Advanced Solid

Tumor NCT03119428

Tiragolumab/MTIG7192A/
RG-6058

Fully human IgG1 mAb
Atezolizumab I Advanced Solid

Tumor NCT02794571

BMS-986207
IgG1 mAb (FcyR-null) Nivolumab I/II Advanced Solid

Tumor NCT02913313

AB-154
Fully humanized IgG1 mAb AB122 I Advanced

Malignancies NCT03628677

ASP-8374
IgG1 mAb (FcyR-null)

Pembrolizumab I Advanced Solid
Tumors NCT03260322

- I Advanced Solid
Tumor NCT03945253

VISTA

JNJ-61610588
Complete human mAb - I Advanced Solid

Tumor NCT02671955

CA-170d
Small orally available
molecule that directly

targets PD-L1/PD-L2, and
VISTA

- I Advanced Solid
Tumors NCT02812875

B7-H3

Enoblituzumab/MGA271
Humanized IgG1κmAb

- I Advanced Solid
Tumors NCT01391143

Ipilimumab I Advanced Solid
Tumors NCT02381314

Pembrolizumab I Advanced Solid
Tumors NCT02475213

- I
Children with

B7-H3-Expressing
Solid Tumors

NCT02982941

MGD009
Humanized, bispecific
DART molecule that

recognizes both B7-H3 and
CD3

MGA012 I Advanced Solid
Tumors NCT03406949

- I B7-H3-Expressing
Tumors NCT02628535

In vivo data demonstrate that the single knockout of PD-1 or LAG-3 in mice shows
a subtle and limited result whereas the blockade of dual LAG-3/PD-1 reveals a clear
synergy between these two molecules with a significant melanoma and colon tumor
regression [131]. The same results were found regarding TIM-3, TIGIT, VISTA and B7-H3
inhibition pathways [101,113,119,132]. As described above, these molecules were reported
to be highly expressed in immune cells in the TME, especially on TILs and Tregs. Targeting
them would allow a more effective reactivation of CD8 T lymphocyte-specific function. In
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line with these findings, several drugs directed against those newly identified inhibitory
receptors were developed and their combination with anti-PD-1 is currently being tested
with the aim of increasing the efficacy by extending progression free and overall survival
while reducing toxicity. These compounds and the clinical trials associated with them are
summarized in Table 1.

Preliminary data concerning combination treatment using anti-LAG-3 (BMS-986016,
relatlimab) and anti-PD-1 (nivolumab) predict encouraging outcomes with a 16% overall
response rate and a 45% disease control rate, especially considering that this study was
performed on patients with melanoma who relapsed or were refractory to anti-PD-1/PD-L1
therapy [133]. Furthermore, the LAG-3/PD-1 combination had a similar safety profile to
nivolumab monotherapy.

Presently, therapeutic antibodies are a major tool used to block immune checkpoint
and reactivate exhausted or dampened immune cells by tumor cells. Despite their high
specificity, their use implies high immunogenicity, which may cause side effects, low tumor
penetration, and high treatment costs. On that account, peptides and small chemical
compounds were considered to overcome those issues. Lately, a novel cyclic peptide, C25,
targeting LAG-3, has been developed and is currently under clinical trial. Hopefully, this
molecule will overcome previous limitations or support actual antibody-based therapies.

From these encouraging results and trials, growing evidence suggests that males and
females respond differently to immune checkpoint inhibitors. Interestingly, animal studies
have shown that estrogen upregulates PD-1 and PD-L1 expression [134,135]. Along with
this observation, a more recent study found that PD-L1 blockade was more effective in
female mice than in male mice [136]. In 2018, a meta-analysis [137] of twenty clinical
trials in subjects with advanced or metastatic cancers treated with immune checkpoint
inhibitors showed significant sex differences. Males had a poorer overall survival compared
to women treated with immune checkpoint inhibitors. Furthermore, melanoma patients
demonstrate greater sex differences in their response to immune checkpoint inhibitors
compared to patients with non-small cell lung cancer. In particular, overall survival of
patients treated with anti CTLA4 were more influenced by sex difference compared to those
treated by anti PD-1 [138]. According to these results, sex hormone therapy could be of
interest in combination with ICIs but further research is required to carefully investigate the
relationship between hormones and response to immunotherapy. Moreover, individuals’
sex hormone levels evolve with age and modify one’s immune system activity, further
contributing to the complexity of the assessment of complement therapy. Aging itself is an
important factor in one’s therapeutic response. Defects in mismatch repair increases with
age and could lead to differences in responses to immunotherapy. Several studies have
pointed out that tumor deficiencies in effective mismatch repair presented a better response
to immunotherapy. These studies have highlighted that those tumors with deficient repair
have increased the amount of mutant peptide presented in their T cells [139] and high
genomic instability, and such mutations will lead to effective responses to anti PD-1 [140],
with an increase in overall survival [141]. In melanoma tumors, Hugo et al. found that a
high tumor burden was significantly associated with overall survival in responders but
was not associated with their response to immunotherapy. Highly mutated neoantigens
were thought to be responsible for the efficacy of immune checkpoints until recently, when
Changzheng Lu et al. [142] demonstrated an accumulation of cytosolic DNA fragment
and production of IFNβ in a cGAS-STING dependent manner in a MLH1 deficient tumor
cell model (defective mismatch repair), sensitizing patients to immune checkpoint therapy.
Guan Junhong et al. shows that MLH1 negatively regulates Exo1 exonuclease activity. Thus,
loss of MLH1 results in uncontrolled DNA excision by Exo1, which causes increased ssDNA
formation, DNA breaks, and aberrant DNA repair, leading to chromosomal instability and
cytosolic DNA accumulation. The latter activates the cGAS-STING pathway to facilitate
immunotherapy and IFNβ production [143].

This implication of DNA in activating immune cells gives us a strong rationale for
using chemotherapy or targeted therapy prior to or during immune checkpoint therapy.
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Chemotherapy or targeted therapy will lead to cell death associated with antigen release
and fragmented DNA in the microenvironment, rendering the tumor more susceptible
to the immune system. This approach could help in poorly mutated tumors that do not
respond to ICI. In NSCLC, use of cisplatin prior to anti-PD1 treatment allows for the
presentation of non-mutated neoantigens in apoptotic cells, increasing the efficacy of anti-
PD1 treatment, which was corelated with patient survival [144]. In melanoma, targeted
therapy associated with immune checkpoint inhibitors are currently undergoing clinical
trials. A study of a French cohort [145] highlighted the necessity of investigating this
approach in the case of BRAF WT tumors. In this study, patients treated with MEKi and
anti-PD1 had an 83% disease control rate and a progression free survival of 7.1 months while
BRAF-mutated patients undergoing the same treatment only had 2.5 month progression
free survival. Several clinical trials using combined chemotherapy or targeted therapy with
immunotherapy are ongoing and results are expected soon.

The failure of individual immune checkpoint responses relies on a number of different
mechanisms. Either cells had innate resistance or were able to acquire resistance through
different mechanisms. These mechanisms may be varied, from specific mutations to the
reprogramming of tumor cells leading to immune escape. In PD-1 resistant patients, several
mutations have been shown to induce resistance, including B2M and JAK1/JAK2 [146];
however, the reprogramming of tumor cells is the most frequent. Hugo et al. identified a
specific signature in melanoma that is associated with resistance to therapy and called it an
IPRES signature [147]. This signature is mainly composed of genes involved in EMT (such
as AXL TWIST2), immunosuppressive genes (CCL2, CCL8) and interestingly, a number of
genes that are regulated by MITF, the master regulator of melanocyte differentiation that is
also implicated in melanoma migration, survival and stemness. This aspect is developed
in [148].

More recently, B-catenin was involved in resistance to combination therapy (anti
CTLA4 + anti-PD1) [149]. The authors showed a lack of infiltration of T cells in tumors,
presenting the activation of the WNT/β-catenin pathway. Using a mouse model present-
ing activated β-catenin, they identified CCL4 as being downregulated, decreasing T cell
attraction to the tumors.

4. Resistance to PD-1 Blockade, ITGBL1 a New Immune Checkpoint?

To date, despite these hopeful advances in immunotherapy efficiency, a large group of
patients remain refractory to treatment and still do not experience durable responses due
to their acquisition of resistance. The mechanisms underlying this lack of responsiveness
are considered highly multifactorial, [150] with different determinants of resistance such as
dysfunction of effector cells, that can be overcome by ICI, and generation of immunosup-
pressive TME.

Among TME changes, hypoxia regulates tumor immunity by acting on T cells, NK
cells and remodeling the microenvironment to an immunosuppressive state [151,152].
PD-L1 as well as CTLA-4 [153,154] have been shown to be upregulated under hypoxia,
decreasing ICI efficacy.

In several aggressive cancers, such as melanoma, numerous studies have demon-
strated a switch of tumor cells from an “epithelial” to a “mesenchymal” state, enhancing
tumor migration and ICI resistance [155,156]. One protein that is critical to the phenotypic
plasticity and resistance mechanisms in melanoma is the transcription factor MITF, the mas-
ter regulator of melanocyte homeostasis [157–159]. Furthermore, MITF impacts immune
function [148]. Interestingly, we recently showed that MITF controls the expression of
ITGBL1. Integrin beta-like 1 (ITGBL1) was first identified from an osteoblast cDNA library
as a β integrin related protein. Its N-terminal EGF-like stalk fragment is highly homologous
to β integrin but does not display a transmembrane domain or an RGD (Arg–Gly–Asp)-
binding domain, suggesting that ITGBL1 performs distinct functions compared to other β
integrins. In breast cancer, non-small cell lung cancer, ovarian cancer and colorectal cancer,
ITGBL1 induces cell migration, invasion and adhesion. More recently, this protein has
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also been linked to melanoma. As a matter of fact, Hugo’s team performed an RNAseq
analysis on tumors from patients resistant to anti-PD-1 and extracted a list of genes that are
predictive of resistance [147]. Among upregulated genes, inflammatory, wound healing
and angiogenesis genes, which are considered T cell-suppressive, were found, as well as
genes implicated in the epithelial–mesenchymal transition, along with ITGBL1. From a
functional point of view, we have recently demonstrated, for the first time, that ITGBL1
regulates immune function. ITGBL1 has been characterized as a secreted protein allowing
melanoma cells to escape immune surveillance by inhibiting NK cell cytotoxicity [160].
Further studies are currently underway to try and understand the precise mechanisms
involved in this inhibition, which may be targeted for specific and more efficient targeting
of the immune system.

5. Conclusions

In conclusion, the identification of new immune checkpoints, like ITGBL1, is necessary
to improve patient treatment. Moreover, the presence of immune checkpoint receptors
at the surface of different immune cell populations may act differently and might inhibit
responses to immunotherapy or increase efficiency. It is of utmost importance that the
immune crosstalk and contribution of each separate immune cell population under specific
immune checkpoint inhibitors is fully understood. Further studies are needed to under-
stand their precise function as well as the mechanisms of these new immune checkpoints
and their receptors by dissecting intracellular signaling and identifying new effectors.
Finally, clinical results from ongoing combination treatment assays of different ICIs com-
binations will give new hope to patients who are unresponsive to current therapies, like
those observed with a combination of a MEK inhibitor and a BRAF inhibitor, to overcome
resistance of melanoma to targeted therapy.

Author Contributions: C.P., A.O. and Y.C. drafted and wrote the manuscript. Y.C., C.B. and R.B.
critically revised the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by a Société Française de Dermatologie grant to YC and ARC
“équipe labélisée” 2019 to RB.

Acknowledgments: The authors wish to thank Meri Tulic for her help and corrections.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cameron, F.; Whiteside, G.; Perry, C. Ipilimumab: First global approval. Drugs 2011, 71, 1093–1104. [CrossRef]
2. Burnet, M. Cancer: A biological approach. III. Viruses associated with neoplastic conditions. IV. Practical applications. Br. Med. J.

1957, 1, 841–847. [CrossRef]
3. Dunn, G.P.; Bruce, A.T.; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape.

Nat. Immunol. 2002, 3, 991–998. [CrossRef] [PubMed]
4. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.

Science 2011, 331, 1565–1570. [CrossRef] [PubMed]
5. Bright, R.; Coventry, B.J.; Eardley-Harris, N.; Briggs, N. Clinical Response Rates From Interleukin-2 Therapy for Metastatic

Melanoma Over 30 Years’ Experience: A Meta-Analysis of 3312 Patients. J. Immunother. 2017, 40, 21–30. [CrossRef]
6. Rosenberg, S.A.; Yannelli, J.R.; Yang, J.C.; Topalian, S.L.; Schwartzentruber, D.J.; Weber, J.S.; Parkinson, D.R.; Seipp, C.A.; Einhorn,

J.H.; White, D.E. Treatment of patients with metastatic melanoma with autologous tumor-infiltrating lymphocytes and interleukin
2. J. Natl. Cancer Inst. 1994, 86, 1159–1166. [CrossRef]

7. Lanier, L.L. A renaissance for the tumor immunosurveillance hypothesis. Nat. Med. 2001, 7, 1178–1180. [CrossRef] [PubMed]
8. Pende, D.; Cantoni, C.; Rivera, P.; Vitale, M.; Castriconi, R.; Marcenaro, S.; Nanni, M.; Biassoni, R.; Bottino, C.; Moretta, A.; et al.

Role of NKG2D in tumor cell lysis mediated by human NK cells: Cooperation with natural cytotoxicity receptors and capability
of recognizing tumors of nonepithelial origin. Eur. J. Immunol. 2001, 31, 1076–1086. [CrossRef]

9. Smyth, M.J.; Hayakawa, Y.; Takeda, K.; Yagita, H. New aspects of natural-killer-cell surveillance and therapy of cancer. Nat. Rev.
Cancer 2002, 2, 850–861. [CrossRef]

10. Lanier, L.L. Natural killer cell receptor signaling. Curr. Opin. Immunol. 2003, 15, 308–314. [CrossRef]

http://doi.org/10.2165/11594010-000000000-00000
http://doi.org/10.1136/bmj.1.5023.841
http://doi.org/10.1038/ni1102-991
http://www.ncbi.nlm.nih.gov/pubmed/12407406
http://doi.org/10.1126/science.1203486
http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://doi.org/10.1097/CJI.0000000000000149
http://doi.org/10.1093/jnci/86.15.1159
http://doi.org/10.1038/nm1101-1178
http://www.ncbi.nlm.nih.gov/pubmed/11689875
http://doi.org/10.1002/1521-4141(200104)31:4&lt;1076::AID-IMMU1076&gt;3.0.CO;2-Y
http://doi.org/10.1038/nrc928
http://doi.org/10.1016/S0952-7915(03)00039-6


Cancers 2021, 13, 4573 17 of 23

11. Brunet, J.F.; Denizot, F.; Luciani, M.F.; Roux-Dosseto, M.; Suzan, M.; Mattei, M.G.; Golstein, P. A new member of the immunoglob-
ulin superfamily—CTLA-4. Nature 1987, 328, 267–270. [CrossRef]

12. Ishida, Y.; Agata, Y.; Shibahara, K.; Honjo, T. Induced expression of PD-1, a novel member of the immunoglobulin gene
superfamily, upon programmed cell death. EMBO J. 1992, 11, 3887–3895. [CrossRef]

13. Rudd, C.E.; Taylor, A.; Schneider, H. CD28 and CTLA-4 coreceptor expression and signal transduction. Immunol. Rev. 2009, 229,
12–26. [CrossRef] [PubMed]

14. Riha, P.; Rudd, C.E. CD28 co-signaling in the adaptive immune response. Self Nonself 2010, 1, 231–240. [CrossRef]
15. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition. Am. J. Clin.

Oncol. 2016, 39, 98–106. [CrossRef] [PubMed]
16. Wherry, E.J.; Ha, S.J.; Kaech, S.M.; Haining, W.N.; Sarkar, S.; Kalia, V.; Subramaniam, S.; Blattman, J.N.; Barber, D.L.; Ahmed, R.

Molecular signature of CD8+ T cell exhaustion during chronic viral infection. Immunity 2007, 27, 670–684. [CrossRef] [PubMed]
17. Jansson, A.; Barnes, E.; Klenerman, P.; Harlen, M.; Sorensen, P.; Davis, S.J.; Nilsson, P. A theoretical framework for quantitative

analysis of the molecular basis of costimulation. J. Immunol. 2005, 175, 1575–1585. [CrossRef] [PubMed]
18. Schneider, H.; Prasad, K.V.; Shoelson, S.E.; Rudd, C.E. CTLA-4 binding to the lipid kinase phosphatidylinositol 3-kinase in T cells.

J. Exp. Med. 1995, 181, 351–355. [CrossRef] [PubMed]
19. Calvo, C.R.; Amsen, D.; Kruisbeek, A.M. Cytotoxic T lymphocyte antigen 4 (CTLA-4) interferes with extracellular signal-regulated

kinase (ERK) and Jun NH2-terminal kinase (JNK) activation, but does not affect phosphorylation of T cell receptor zeta and
ZAP70. J. Exp. Med. 1997, 186, 1645–1653. [CrossRef]

20. Schneider, H.; Smith, X.; Liu, H.; Bismuth, G.; Rudd, C.E. CTLA-4 disrupts ZAP70 microcluster formation with reduced T
cell/APC dwell times and calcium mobilization. Eur. J. Immunol. 2008, 38, 40–47. [CrossRef]

21. Kowalczyk, A.; D’Souza, C.A.; Zhang, L. Cell-extrinsic CTLA4-mediated regulation of dendritic cell maturation depends on
STAT3. Eur. J. Immunol. 2014, 44, 1143–1155. [CrossRef] [PubMed]

22. Inoue, S.; Bo, L.; Bian, J.; Unsinger, J.; Chang, K.; Hotchkiss, R.S. Dose-dependent effect of anti-CTLA-4 on survival in sepsis.
Shock 2011, 36, 38–44. [CrossRef] [PubMed]

23. Inobe, M.; Schwartz, R.H. CTLA-4 engagement acts as a brake on CD4+ T cell proliferation and cytokine production but is not
required for tuning T cell reactivity in adaptive tolerance. J. Immunol. 2004, 173, 7239–7248. [CrossRef]

24. Huijts, C.M.; Schneiders, F.L.; Garcia-Vallejo, J.J.; Verheul, H.M.; de Gruijl, T.D.; van der Vliet, H.J. mTOR Inhibition Per Se
Induces Nuclear Localization of FOXP3 and Conversion of Invariant NKT (iNKT) Cells into Immunosuppressive Regulatory
iNKT Cells. J. Immunol. 2015, 195, 2038–2045. [CrossRef]

25. Stojanovic, A.; Fiegler, N.; Brunner-Weinzierl, M.; Cerwenka, A. CTLA-4 is expressed by activated mouse NK cells and inhibits
NK Cell IFN-gamma production in response to mature dendritic cells. J. Immunol. 2014, 192, 4184–4191. [CrossRef]

26. Sanseviero, E.; O’Brien, E.M.; Karras, J.R.; Shabaneh, T.B.; Aksoy, B.A.; Xu, W.; Zheng, C.; Yin, X.; Xu, X.; Karakousis, G.C.; et al.
Anti-CTLA-4 Activates Intratumoral NK Cells and Combined with IL15/IL15Ralpha Complexes Enhances Tumor Control. Cancer
Immunol. Res. 2019, 7, 1371–1380. [CrossRef]

27. Shiratori, T.; Miyatake, S.; Ohno, H.; Nakaseko, C.; Isono, K.; Bonifacino, J.S.; Saito, T. Tyrosine phosphorylation con-
trols internalization of CTLA-4 by regulating its interaction with clathrin-associated adaptor complex AP-2. Immunity 1997,
6, 583–589. [CrossRef]

28. Bour-Jordan, H.; Esensten, J.H.; Martinez-Llordella, M.; Penaranda, C.; Stumpf, M.; Bluestone, J.A. Intrinsic and extrinsic control
of peripheral T-cell tolerance by costimulatory molecules of the CD28/ B7 family. Immunol. Rev. 2011, 241, 180–205. [CrossRef]

29. Takahashi, T.; Tagami, T.; Yamazaki, S.; Uede, T.; Shimizu, J.; Sakaguchi, N.; Mak, T.W.; Sakaguchi, S. Immunologic self-tolerance
maintained by CD25+ CD4+ regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J. Exp. Med.
2000, 192, 303–310. [CrossRef]

30. Wing, K.; Onishi, Y.; Prieto-Martin, P.; Yamaguchi, T.; Miyara, M.; Fehervari, Z.; Nomura, T.; Sakaguchi, S. CTLA-4 control over
Foxp3+ regulatory T cell function. Science 2008, 322, 271–275. [CrossRef]

31. Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity. Annu. Rev. Immunol. 2008, 26,
677–704. [CrossRef]

32. Youngnak, P.; Kozono, Y.; Kozono, H.; Iwai, H.; Otsuki, N.; Jin, H.; Omura, K.; Yagita, H.; Pardoll, D.M.; Chen, L.; et al. Differential
binding properties of B7-H1 and B7-DC to programmed death-1. Biochem. Biophys. Res. Commun. 2003, 307, 672–677. [CrossRef]

33. Zou, W.; Wolchok, J.D.; Chen, L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms, response
biomarkers, and combinations. Sci. Transl. Med. 2016, 8, 328. [CrossRef]

34. Parry, R.V.; Chemnitz, J.M.; Frauwirth, K.A.; Lanfranco, A.R.; Braunstein, I.; Kobayashi, S.V.; Linsley, P.S.; Thompson, C.B.; Riley,
J.L. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol. Cell. Biol. 2005, 25, 9543–9553. [CrossRef]

35. Sheppard, K.A.; Fitz, L.J.; Lee, J.M.; Benander, C.; George, J.A.; Wooters, J.; Qiu, Y.; Jussif, J.M.; Carter, L.L.; Wood, C.R.; et al. PD-1
inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3zeta signalosome and downstream signaling to PKCtheta.
FEBS Lett. 2004, 574, 37–41. [CrossRef]

36. Patsoukis, N.; Li, L.; Sari, D.; Petkova, V.; Boussiotis, V.A. PD-1 increases PTEN phosphatase activity while decreasing PTEN
protein stability by inhibiting casein kinase 2. Mol. Cell. Biol. 2013, 33, 3091–3098. [CrossRef]

37. Patsoukis, N.; Brown, J.; Petkova, V.; Liu, F.; Li, L.; Boussiotis, V.A. Selective effects of PD-1 on Akt and Ras pathways regulate
molecular components of the cell cycle and inhibit T cell proliferation. Sci. Signal. 2012, 5, ra46. [CrossRef]

http://doi.org/10.1038/328267a0
http://doi.org/10.1002/j.1460-2075.1992.tb05481.x
http://doi.org/10.1111/j.1600-065X.2009.00770.x
http://www.ncbi.nlm.nih.gov/pubmed/19426212
http://doi.org/10.4161/self.1.3.12968
http://doi.org/10.1097/COC.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26558876
http://doi.org/10.1016/j.immuni.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17950003
http://doi.org/10.4049/jimmunol.175.3.1575
http://www.ncbi.nlm.nih.gov/pubmed/16034096
http://doi.org/10.1084/jem.181.1.351
http://www.ncbi.nlm.nih.gov/pubmed/7807015
http://doi.org/10.1084/jem.186.10.1645
http://doi.org/10.1002/eji.200737423
http://doi.org/10.1002/eji.201343601
http://www.ncbi.nlm.nih.gov/pubmed/24338929
http://doi.org/10.1097/SHK.0b013e3182168cce
http://www.ncbi.nlm.nih.gov/pubmed/21368717
http://doi.org/10.4049/jimmunol.173.12.7239
http://doi.org/10.4049/jimmunol.1402710
http://doi.org/10.4049/jimmunol.1302091
http://doi.org/10.1158/2326-6066.CIR-18-0386
http://doi.org/10.1016/S1074-7613(00)80346-5
http://doi.org/10.1111/j.1600-065X.2011.01011.x
http://doi.org/10.1084/jem.192.2.303
http://doi.org/10.1126/science.1160062
http://doi.org/10.1146/annurev.immunol.26.021607.090331
http://doi.org/10.1016/S0006-291X(03)01257-9
http://doi.org/10.1126/scitranslmed.aad7118
http://doi.org/10.1128/MCB.25.21.9543-9553.2005
http://doi.org/10.1016/j.febslet.2004.07.083
http://doi.org/10.1128/MCB.00319-13
http://doi.org/10.1126/scisignal.2002796


Cancers 2021, 13, 4573 18 of 23

38. Patsoukis, N.; Sari, D.; Boussiotis, V.A. PD-1 inhibits T cell proliferation by upregulating p27 and p15 and suppressing Cdc25A.
Cell Cycle 2012, 11, 4305–4309. [CrossRef] [PubMed]

39. Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P.; et al. PD-1
alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat. Commun.
2015, 6, 6692. [CrossRef] [PubMed]

40. Rota, G.; Niogret, C.; Dang, A.T.; Barros, C.R.; Fonta, N.P.; Alfei, F.; Morgado, L.; Zehn, D.; Birchmeier, W.; Vivier, E.; et al. Shp-2
Is Dispensable for Establishing T Cell Exhaustion and for PD-1 Signaling In Vivo. Cell Rep. 2018, 23, 39–49. [CrossRef] [PubMed]

41. Chen, Y.; Wen, R.; Yang, S.; Schuman, J.; Zhang, E.E.; Yi, T.; Feng, G.S.; Wang, D. Identification of Shp-2 as a Stat5A phosphatase. J.
Biol. Chem. 2003, 278, 16520–16527. [CrossRef]

42. Han, Y.; Amin, H.M.; Franko, B.; Frantz, C.; Shi, X.; Lai, R. Loss of SHP1 enhances JAK3/STAT3 signaling and decreases
proteosome degradation of JAK3 and NPM-ALK in ALK+ anaplastic large-cell lymphoma. Blood 2006, 108, 2796–2803.
[CrossRef] [PubMed]

43. Chaudhry, A.; Samstein, R.M.; Treuting, P.; Liang, Y.; Pils, M.C.; Heinrich, J.M.; Jack, R.S.; Wunderlich, F.T.; Bruning, J.C.; Muller,
W.; et al. Interleukin-10 signaling in regulatory T cells is required for suppression of Th17 cell-mediated inflammation. Immunity
2011, 34, 566–578. [CrossRef] [PubMed]

44. Song, T.L.; Nairismagi, M.L.; Laurensia, Y.; Lim, J.Q.; Tan, J.; Li, Z.M.; Pang, W.L.; Kizhakeyil, A.; Wijaya, G.C.; Huang, D.C.;
et al. Oncogenic activation of the STAT3 pathway drives PD-L1 expression in natural killer/T-cell lymphoma. Blood 2018, 132,
1146–1158. [CrossRef] [PubMed]

45. Taylor, S.; Huang, Y.; Mallett, G.; Stathopoulou, C.; Felizardo, T.C.; Sun, M.A.; Martin, E.L.; Zhu, N.; Woodward, E.L.; Elias, M.S.;
et al. PD-1 regulates KLRG1+ group 2 innate lymphoid cells. J. Exp. Med. 2017, 214, 1663–1678. [CrossRef]

46. Thibult, M.L.; Mamessier, E.; Gertner-Dardenne, J.; Pastor, S.; Just-Landi, S.; Xerri, L.; Chetaille, B.; Olive, D. PD-1 is a novel
regulator of human B-cell activation. Int. Immunol. 2013, 25, 129–137. [CrossRef] [PubMed]

47. Haro, M.A.; Littrell, C.A.; Yin, Z.; Huang, X.; Haas, K.M. PD-1 Suppresses Development of Humoral Responses That Protect
against Tn-Bearing Tumors. Cancer Immunol. Res. 2016, 4, 1027–1037. [CrossRef]

48. Nishimura, H.; Nose, M.; Hiai, H.; Minato, N.; Honjo, T. Development of lupus-like autoimmune diseases by disruption of the
PD-1 gene encoding an ITIM motif-carrying immunoreceptor. Immunity 1999, 11, 141–151. [CrossRef]

49. Wang, X.; Wang, G.; Wang, Z.; Liu, B.; Han, N.; Li, J.; Lu, C.; Liu, X.; Zhang, Q.; Yang, Q.; et al. PD-1-expressing B cells suppress
CD4+ and CD8+ T cells via PD-1/PD-L1-dependent pathway. Mol. Immunol. 2019, 109, 20–26. [CrossRef]

50. Griss, J.; Bauer, W.; Wagner, C.; Simon, M.; Chen, M.; Grabmeier-Pfistershammer, K.; Maurer-Granofszky, M.; Roka, F.; Penz, T.;
Bock, C.; et al. B cells sustain inflammation and predict response to immune checkpoint blockade in human melanoma. Nat.
Commun. 2019, 10, 4186. [CrossRef]

51. Okazaki, T.; Maeda, A.; Nishimura, H.; Kurosaki, T.; Honjo, T. PD-1 immunoreceptor inhibits B cell receptor-mediated signaling
by recruiting src homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine. Proc. Natl. Acad. Sci. USA 2001, 98,
13866–13871. [CrossRef]

52. Judge, S.J.; Dunai, C.; Aguilar, E.G.; Vick, S.C.; Sturgill, I.R.; Khuat, L.T.; Stoffel, K.M.; Van Dyke, J.; Longo, D.L.;
Darrow, M.A.; et al. Minimal PD-1 expression in mouse and human NK cells under diverse conditions. J. Clin. Investig.
2020, 130, 3051–3068. [CrossRef]

53. Quatrini, L.; Wieduwild, E.; Escaliere, B.; Filtjens, J.; Chasson, L.; Laprie, C.; Vivier, E.; Ugolini, S. Endogenous glucocorticoids
control host resistance to viral infection through the tissue-specific regulation of PD-1 expression on NK cells. Nat. Immunol. 2018,
19, 954–962. [CrossRef]

54. Topalian, S.L.; Sznol, M.; McDermott, D.F.; Kluger, H.M.; Carvajal, R.D.; Sharfman, W.H.; Brahmer, J.R.; Lawrence, D.P.; Atkins,
M.B.; Powderly, J.D.; et al. Survival, durable tumor remission, and long-term safety in patients with advanced melanoma
receiving nivolumab. J. Clin. Oncol. 2014, 32, 1020–1030. [CrossRef]

55. Hodi, F.S.; Kluger, H.; Sznol, M.; Carvajal, R.; Lawrence, D.; Atkins, M.; Powderly, J.; Sharfman, W.; Puzanov, I.; Smith, D.; et al.
Abstract CT001: Durable, long-term survival in previously treated patients with advanced melanoma (MEL) who received
nivolumab (NIVO) monotherapy in a phase I trial. Cancer Res. 2016, 76. [CrossRef]

56. Ansell, S.M.; Lesokhin, A.M.; Borrello, I.; Halwani, A.; Scott, E.C.; Gutierrez, M.; Schuster, S.J.; Millenson, M.M.; Cattry, D.;
Freeman, G.J.; et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s lymphoma. N. Engl. J. Med. 2015, 372,
311–319. [CrossRef] [PubMed]

57. Anderson, A.C.; Joller, N.; Kuchroo, V.K. Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with Specialized Functions in Immune
Regulation. Immunity 2016, 44, 989–1004. [CrossRef] [PubMed]

58. Hannier, S.; Tournier, M.; Bismuth, G.; Triebel, F. CD3/TCR complex-associated lymphocyte activation gene-3 molecules inhibit
CD3/TCR signaling. J. Immunol. 1998, 161, 4058–4065.

59. Bruniquel, D.; Borie, N.; Hannier, S.; Triebel, F. Regulation of expression of the human lymphocyte activation gene-3 (LAG-3)
molecule, a ligand for MHC class II. Immunogenetics 1998, 48, 116–124. [CrossRef] [PubMed]

60. Workman, C.J.; Vignali, D.A. Negative regulation of T cell homeostasis by lymphocyte activation gene-3 (CD223). J. Immunol.
2005, 174, 688–695. [CrossRef] [PubMed]

61. Okazaki, T.; Okazaki, I.M.; Wang, J.; Sugiura, D.; Nakaki, F.; Yoshida, T.; Kato, Y.; Fagarasan, S.; Muramatsu, M.; Eto, T.; et al. PD-1
and LAG-3 inhibitory co-receptors act synergistically to prevent autoimmunity in mice. J. Exp. Med. 2011, 208, 395–407. [CrossRef]

http://doi.org/10.4161/cc.22135
http://www.ncbi.nlm.nih.gov/pubmed/23032366
http://doi.org/10.1038/ncomms7692
http://www.ncbi.nlm.nih.gov/pubmed/25809635
http://doi.org/10.1016/j.celrep.2018.03.026
http://www.ncbi.nlm.nih.gov/pubmed/29617671
http://doi.org/10.1074/jbc.M210572200
http://doi.org/10.1182/blood-2006-04-017434
http://www.ncbi.nlm.nih.gov/pubmed/16825495
http://doi.org/10.1016/j.immuni.2011.03.018
http://www.ncbi.nlm.nih.gov/pubmed/21511185
http://doi.org/10.1182/blood-2018-01-829424
http://www.ncbi.nlm.nih.gov/pubmed/30054295
http://doi.org/10.1084/jem.20161653
http://doi.org/10.1093/intimm/dxs098
http://www.ncbi.nlm.nih.gov/pubmed/23087177
http://doi.org/10.1158/2326-6066.CIR-16-0184
http://doi.org/10.1016/S1074-7613(00)80089-8
http://doi.org/10.1016/j.molimm.2019.02.009
http://doi.org/10.1038/s41467-019-12160-2
http://doi.org/10.1073/pnas.231486598
http://doi.org/10.1172/JCI133353
http://doi.org/10.1038/s41590-018-0185-0
http://doi.org/10.1200/JCO.2013.53.0105
http://doi.org/10.1158/1538-7445.AM2016-CT001
http://doi.org/10.1056/NEJMoa1411087
http://www.ncbi.nlm.nih.gov/pubmed/25482239
http://doi.org/10.1016/j.immuni.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27192565
http://doi.org/10.1007/s002510050411
http://www.ncbi.nlm.nih.gov/pubmed/9634475
http://doi.org/10.4049/jimmunol.174.2.688
http://www.ncbi.nlm.nih.gov/pubmed/15634887
http://doi.org/10.1084/jem.20100466


Cancers 2021, 13, 4573 19 of 23

62. Baixeras, E.; Huard, B.; Miossec, C.; Jitsukawa, S.; Martin, M.; Hercend, T.; Auffray, C.; Triebel, F.; Piatier-Tonneau, D. Characteri-
zation of the lymphocyte activation gene 3-encoded protein. A new ligand for human leukocyte antigen class II antigens. J. Exp.
Med. 1992, 176, 327–337. [CrossRef]

63. Weber, S.; Karjalainen, K. Mouse CD4 binds MHC class II with extremely low affinity. Int. Immunol. 1993, 5, 695–698. [CrossRef]
64. Huard, B.; Mastrangeli, R.; Prigent, P.; Bruniquel, D.; Donini, S.; El-Tayar, N.; Maigret, B.; Dreano, M.; Triebel, F. Characterization

of the major histocompatibility complex class II binding site on LAG-3 protein. Proc. Natl. Acad. Sci. USA 1997, 94, 5744–5749.
[CrossRef] [PubMed]

65. Ruiter, D.J.; Mattijssen, V.; Broecker, E.B.; Ferrone, S. MHC antigens in human melanomas. Semin. Cancer Biol 1991, 2, 35–45.
66. Hemon, P.; Jean-Louis, F.; Ramgolam, K.; Brignone, C.; Viguier, M.; Bachelez, H.; Triebel, F.; Charron, D.; Aoudjit, F.; Al-Daccak,

R.; et al. MHC class II engagement by its ligand LAG-3 (CD223) contributes to melanoma resistance to apoptosis. J. Immunol.
2011, 186, 5173–5183. [CrossRef]

67. Iouzalen, N.; Andreae, S.; Hannier, S.; Triebel, F. LAP, a lymphocyte activation gene-3 (LAG-3)-associated protein that binds to
a repeated EP motif in the intracellular region of LAG-3, may participate in the down-regulation of the CD3/TCR activation
pathway. Eur. J. Immunol. 2001, 31, 2885–2891. [CrossRef]

68. Workman, C.J.; Rice, D.S.; Dugger, K.J.; Kurschner, C.; Vignali, D.A. Phenotypic analysis of the murine CD4-related glycoprotein,
CD223 (LAG-3). Eur. J. Immunol. 2002, 32, 2255–2263. [CrossRef]

69. Workman, C.J.; Dugger, K.J.; Vignali, D.A. Cutting edge: Molecular analysis of the negative regulatory function of lymphocyte
activation gene-3. J. Immunol. 2002, 169, 5392–5395. [CrossRef] [PubMed]

70. Mastrangeli, R.; Micangeli, E.; Donini, S. Cloning of murine LAG-3 by magnetic bead bound homologous probes and PCR
(gene-capture PCR). Anal. Biochem. 1996, 241, 93–102. [CrossRef] [PubMed]

71. Durham, N.M.; Nirschl, C.J.; Jackson, C.M.; Elias, J.; Kochel, C.M.; Anders, R.A.; Drake, C.G. Lymphocyte Activation Gene 3
(LAG-3) modulates the ability of CD4 T-cells to be suppressed in vivo. PLoS ONE 2014, 9, e109080. [CrossRef] [PubMed]

72. Scala, E.; Carbonari, M.; Del Porto, P.; Cibati, M.; Tedesco, T.; Mazzone, A.M.; Paganelli, R.; Fiorilli, M. Lymphocyte activation
gene-3 (LAG-3) expression and IFN-gamma production are variably coregulated in different human T lymphocyte subpopulations.
J. Immunol. 1998, 161, 489–493.

73. Wang, J.; Sanmamed, M.F.; Datar, I.; Su, T.T.; Ji, L.; Sun, J.; Chen, L.; Chen, Y.; Zhu, G.; Yin, W.; et al. Fibrinogen-like Protein 1 Is a
Major Immune Inhibitory Ligand of LAG-3. Cell 2019, 176, 334–347. [CrossRef] [PubMed]

74. Huard, B.; Tournier, M.; Triebel, F. LAG-3 does not define a specific mode of natural killing in human. Immunol. Lett. 1998, 61,
109–112. [CrossRef]

75. Narayanan, S.; Ahl, P.J.; Bijin, V.A.; Kaliaperumal, N.; Lim, S.G.; Wang, C.-I.; Fairhurst, A.-M.; Connolly, J.E. LAG3 is a Central
Regulator of NK Cell Cytokine Production. BioRxiv 2020. [CrossRef]

76. Byun, H.J.; Jung, W.W.; Lee, D.S.; Kim, S.; Kim, S.J.; Park, C.G.; Chung, H.Y.; Chun, T. Proliferation of activated CD1d-restricted
NKT cells is down-modulated by lymphocyte activation gene-3 signaling via cell cycle arrest in S phase. Cell Biol. Int. 2007, 31,
257–262. [CrossRef]

77. Juno, J.A.; Stalker, A.T.; Waruk, J.L.; Oyugi, J.; Kimani, M.; Plummer, F.A.; Kimani, J.; Fowke, K.R. Elevated expression of LAG-3,
but not PD-1, is associated with impaired iNKT cytokine production during chronic HIV-1 infection and treatment. Retrovirology
2015, 12, 17. [CrossRef]

78. Goding, S.R.; Wilson, K.A.; Antony, P.A. Combination of adoptive cell transfer, anti-PD-L1 and anti-LAG-3 antibodies for the
treatment of recurrent tumors. OncoImmunology 2013, 2, e25050. [CrossRef]

79. Anonymous. LAG3-PD-1 Inhibitor Combo Impresses in Melanoma. Cancer Discov. 2021. [CrossRef]
80. Lee, J.; Su, E.W.; Zhu, C.; Hainline, S.; Phuah, J.; Moroco, J.A.; Smithgall, T.E.; Kuchroo, V.K.; Kane, L.P. Phosphotyrosine-

dependent coupling of Tim-3 to T-cell receptor signaling pathways. Mol. Cell. Biol. 2011, 31, 3963–3974. [CrossRef]
81. Ndhlovu, L.C.; Lopez-Verges, S.; Barbour, J.D.; Jones, R.B.; Jha, A.R.; Long, B.R.; Schoeffler, E.C.; Fujita, T.; Nixon, D.F.;

Lanier, L.L. Tim-3 marks human natural killer cell maturation and suppresses cell-mediated cytotoxicity. Blood 2012,
119, 3734–3743. [CrossRef]

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

83. Jones, R.B.; Ndhlovu, L.C.; Barbour, J.D.; Sheth, P.M.; Jha, A.R.; Long, B.R.; Wong, J.C.; Satkunarajah, M.; Schweneker, M.;
Chapman, J.M.; et al. Tim-3 expression defines a novel population of dysfunctional T cells with highly elevated frequencies in
progressive HIV-1 infection. J. Exp. Med. 2008, 205, 2763–2779. [CrossRef]

84. Takamura, S.; Tsuji-Kawahara, S.; Yagita, H.; Akiba, H.; Sakamoto, M.; Chikaishi, T.; Kato, M.; Miyazawa, M. Premature terminal
exhaustion of Friend virus-specific effector CD8+ T cells by rapid induction of multiple inhibitory receptors. J. Immunol. 2010,
184, 4696–4707. [CrossRef] [PubMed]

85. Zhu, C.; Anderson, A.C.; Schubart, A.; Xiong, H.; Imitola, J.; Khoury, S.J.; Zheng, X.X.; Strom, T.B.; Kuchroo, V.K. The Tim-3
ligand galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 2005, 6, 1245–1252. [CrossRef]

86. Zhu, H.G.; Feng, Z.H.; Geng, H.; Zhang, G.M. Expression of Tim-3 in tumor tissue and its role in the induction of tumor immune
tolerance. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi = Chin. J. Cell. Mol. Immunol. 2005, 21, 403–407.

http://doi.org/10.1084/jem.176.2.327
http://doi.org/10.1093/intimm/5.6.695
http://doi.org/10.1073/pnas.94.11.5744
http://www.ncbi.nlm.nih.gov/pubmed/9159144
http://doi.org/10.4049/jimmunol.1002050
http://doi.org/10.1002/1521-4141(2001010)31:10&lt;2885::AID-IMMU2885&gt;3.0.CO;2-2
http://doi.org/10.1002/1521-4141(200208)32:8&lt;2255::AID-IMMU2255&gt;3.0.CO;2-A
http://doi.org/10.4049/jimmunol.169.10.5392
http://www.ncbi.nlm.nih.gov/pubmed/12421911
http://doi.org/10.1006/abio.1996.0382
http://www.ncbi.nlm.nih.gov/pubmed/8921170
http://doi.org/10.1371/journal.pone.0109080
http://www.ncbi.nlm.nih.gov/pubmed/25372844
http://doi.org/10.1016/j.cell.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30580966
http://doi.org/10.1016/S0165-2478(97)00170-3
http://doi.org/10.1101/2020.01.31.928200
http://doi.org/10.1016/j.cellbi.2006.11.002
http://doi.org/10.1186/s12977-015-0142-z
http://doi.org/10.4161/onci.25050
http://doi.org/10.1158/2159-8290.CD-NB2021-0347
http://doi.org/10.1128/MCB.05297-11
http://doi.org/10.1182/blood-2011-11-392951
http://doi.org/10.1128/JVI.00639-09
http://www.ncbi.nlm.nih.gov/pubmed/19587053
http://doi.org/10.1084/jem.20081398
http://doi.org/10.4049/jimmunol.0903478
http://www.ncbi.nlm.nih.gov/pubmed/20351188
http://doi.org/10.1038/ni1271


Cancers 2021, 13, 4573 20 of 23

87. Sabatos, C.A.; Chakravarti, S.; Cha, E.; Schubart, A.; Sanchez-Fueyo, A.; Zheng, X.X.; Coyle, A.J.; Strom, T.B.; Freeman, G.J.;
Kuchroo, V.K. Interaction of Tim-3 and Tim-3 ligand regulates T helper type 1 responses and induction of peripheral tolerance.
Nat. Immunol. 2003, 4, 1102–1110. [CrossRef]

88. Sanchez-Fueyo, A.; Tian, J.; Picarella, D.; Domenig, C.; Zheng, X.X.; Sabatos, C.A.; Manlongat, N.; Bender, O.; Kamradt, T.;
Kuchroo, V.K.; et al. Tim-3 inhibits T helper type 1-mediated auto- and alloimmune responses and promotes immunological
tolerance. Nat. Immunol. 2003, 4, 1093–1101. [CrossRef]

89. Huang, Y.H.; Zhu, C.; Kondo, Y.; Anderson, A.C.; Gandhi, A.; Russell, A.; Dougan, S.K.; Petersen, B.S.; Melum, E.; Pertel, T.; et al.
CEACAM1 regulates TIM-3-mediated tolerance and exhaustion. Nature 2015, 517, 386–390. [CrossRef] [PubMed]

90. De Sousa Linhares, A.; Kellner, F.; Jutz, S.; Zlabinger, G.J.; Gabius, H.J.; Huppa, J.B.; Leitner, J.; Steinberger, P. TIM-3 and
CEACAM1 do not interact in cis and in trans. Eur. J. Immunol. 2020, 50, 1126–1141. [CrossRef]

91. Rangachari, M.; Zhu, C.; Sakuishi, K.; Xiao, S.; Karman, J.; Chen, A.; Angin, M.; Wakeham, A.; Greenfield, E.A.; Sobel, R.A.; et al.
Bat3 promotes T cell responses and autoimmunity by repressing Tim-3-mediated cell death and exhaustion. Nat. Med. 2012, 18,
1394–1400. [CrossRef] [PubMed]

92. Davidson, D.; Schraven, B.; Veillette, A. PAG-associated FynT regulates calcium signaling and promotes anergy in T lymphocytes.
Mol. Cell. Biol. 2007, 27, 1960–1973. [CrossRef]

93. Tang, R.; Rangachari, M.; Kuchroo, V.K. Tim-3: A co-receptor with diverse roles in T cell exhaustion and tolerance. Semin.
Immunol. 2019, 42, 101302. [CrossRef] [PubMed]

94. Wang, W.; Shi, Q.; Dou, S.; Li, G.; Shi, X.; Jiang, X.; Wang, Z.; Yu, D.; Chen, G.; Wang, R.; et al. Negative regulation of Nod-like
receptor protein 3 inflammasome activation by T cell Ig mucin-3 protects against peritonitis. Immunology 2018, 153, 71–83.
[CrossRef] [PubMed]

95. Gleason, M.K.; Lenvik, T.R.; McCullar, V.; Felices, M.; O’Brien, M.S.; Cooley, S.A.; Verneris, M.R.; Cichocki, F.; Holman, C.J.;
Panoskaltsis-Mortari, A.; et al. Tim-3 is an inducible human natural killer cell receptor that enhances interferon gamma production
in response to galectin-9. Blood 2012, 119, 3064–3072. [CrossRef]

96. da Silva, I.P.; Gallois, A.; Jimenez-Baranda, S.; Khan, S.; Anderson, A.C.; Kuchroo, V.K.; Osman, I.; Bhardwaj, N. Reversal of
NK-cell exhaustion in advanced melanoma by Tim-3 blockade. Cancer Immunol. Res. 2014, 2, 410–422. [CrossRef] [PubMed]

97. Maurya, N.; Gujar, R.; Gupta, M.; Yadav, V.; Verma, S.; Sen, P. Immunoregulation of dendritic cells by the receptor T cell Ig and
mucin protein-3 via Bruton’s tyrosine kinase and c-Src. J. Immunol. 2014, 193, 3417–3425. [CrossRef]

98. Chiba, S.; Baghdadi, M.; Akiba, H.; Yoshiyama, H.; Kinoshita, I.; Dosaka-Akita, H.; Fujioka, Y.; Ohba, Y.; Gorman, J.V.; Colgan,
J.D.; et al. Tumor-infiltrating DCs suppress nucleic acid-mediated innate immune responses through interactions between the
receptor TIM-3 and the alarmin HMGB1. Nat. Immunol. 2012, 13, 832–842. [CrossRef]

99. Schwartz, J.A.; Clayton, K.L.; Mujib, S.; Zhang, H.; Rahman, A.K.; Liu, J.; Yue, F.Y.; Benko, E.; Kovacs, C.; Ostrowski, M.A. Tim-3
is a Marker of Plasmacytoid Dendritic Cell Dysfunction during HIV Infection and Is Associated with the Recruitment of IRF7 and
p85 into Lysosomes and with the Submembrane Displacement of TLR9. J. Immunol. 2017, 198, 3181–3194. [CrossRef] [PubMed]

100. Phong, B.L.; Avery, L.; Sumpter, T.L.; Gorman, J.V.; Watkins, S.C.; Colgan, J.D.; Kane, L.P. Tim-3 enhances FcepsilonRI-proximal
signaling to modulate mast cell activation. J. Exp. Med. 2015, 212, 2289–2304. [CrossRef]

101. Fourcade, J.; Sun, Z.; Benallaoua, M.; Guillaume, P.; Luescher, I.F.; Sander, C.; Kirkwood, J.M.; Kuchroo, V.; Zarour, H.M.
Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-specific CD8+ T cell dysfunction in melanoma
patients. J. Exp. Med. 2010, 207, 2175–2186. [CrossRef]

102. He, Y.; Cao, J.; Zhao, C.; Li, X.; Zhou, C.; Hirsch, F.R. TIM-3, a promising target for cancer immunotherapy. Onco Targets Ther.
2018, 11, 7005–7009. [CrossRef] [PubMed]

103. Stanietsky, N.; Simic, H.; Arapovic, J.; Toporik, A.; Levy, O.; Novik, A.; Levine, Z.; Beiman, M.; Dassa, L.; Achdout, H.; et al. The
interaction of TIGIT with PVR and PVRL2 inhibits human NK cell cytotoxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 17858–17863.
[CrossRef] [PubMed]

104. Yu, X.; Harden, K.; Gonzalez, L.C.; Francesco, M.; Chiang, E.; Irving, B.; Tom, I.; Ivelja, S.; Refino, C.J.; Clark, H.; et al. The
surface protein TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells. Nat.
Immunol. 2009, 10, 48–57. [CrossRef] [PubMed]

105. Casado, J.G.; Pawelec, G.; Morgado, S.; Sanchez-Correa, B.; Delgado, E.; Gayoso, I.; Duran, E.; Solana, R.; Tarazona, R. Expression
of adhesion molecules and ligands for activating and costimulatory receptors involved in cell-mediated cytotoxicity in a large
panel of human melanoma cell lines. Cancer Immunol. Immunother. 2009, 58, 1517–1526. [CrossRef]

106. Joller, N.; Hafler, J.P.; Brynedal, B.; Kassam, N.; Spoerl, S.; Levin, S.D.; Sharpe, A.H.; Kuchroo, V.K. Cutting edge: TIGIT has T
cell-intrinsic inhibitory functions. J. Immunol. 2011, 186, 1338–1342. [CrossRef] [PubMed]

107. Kurtulus, S.; Sakuishi, K.; Ngiow, S.F.; Joller, N.; Tan, D.J.; Teng, M.W.; Smyth, M.J.; Kuchroo, V.K.; Anderson, A.C. TIGIT
predominantly regulates the immune response via regulatory T cells. J. Clin. Investig. 2015, 125, 4053–4062. [CrossRef] [PubMed]

108. Liu, S.; Zhang, H.; Li, M.; Hu, D.; Li, C.; Ge, B.; Jin, B.; Fan, Z. Recruitment of Grb2 and SHIP1 by the ITT-like motif of TIGIT
suppresses granule polarization and cytotoxicity of NK cells. Cell Death Differ. 2013, 20, 456–464. [CrossRef]

109. Li, M.; Xia, P.; Du, Y.; Liu, S.; Huang, G.; Chen, J.; Zhang, H.; Hou, N.; Cheng, X.; Zhou, L.; et al. T-cell immunoglobulin and ITIM
domain (TIGIT) receptor/poliovirus receptor (PVR) ligand engagement suppresses interferon-gamma production of natural
killer cells via beta-arrestin 2-mediated negative signaling. J. Biol. Chem. 2014, 289, 17647–17657. [CrossRef]

http://doi.org/10.1038/ni988
http://doi.org/10.1038/ni987
http://doi.org/10.1038/nature13848
http://www.ncbi.nlm.nih.gov/pubmed/25363763
http://doi.org/10.1002/eji.201948400
http://doi.org/10.1038/nm.2871
http://www.ncbi.nlm.nih.gov/pubmed/22863785
http://doi.org/10.1128/MCB.01983-06
http://doi.org/10.1016/j.smim.2019.101302
http://www.ncbi.nlm.nih.gov/pubmed/31604535
http://doi.org/10.1111/imm.12812
http://www.ncbi.nlm.nih.gov/pubmed/28799242
http://doi.org/10.1182/blood-2011-06-360321
http://doi.org/10.1158/2326-6066.CIR-13-0171
http://www.ncbi.nlm.nih.gov/pubmed/24795354
http://doi.org/10.4049/jimmunol.1400395
http://doi.org/10.1038/ni.2376
http://doi.org/10.4049/jimmunol.1601298
http://www.ncbi.nlm.nih.gov/pubmed/28264968
http://doi.org/10.1084/jem.20150388
http://doi.org/10.1084/jem.20100637
http://doi.org/10.2147/OTT.S170385
http://www.ncbi.nlm.nih.gov/pubmed/30410357
http://doi.org/10.1073/pnas.0903474106
http://www.ncbi.nlm.nih.gov/pubmed/19815499
http://doi.org/10.1038/ni.1674
http://www.ncbi.nlm.nih.gov/pubmed/19011627
http://doi.org/10.1007/s00262-009-0682-y
http://doi.org/10.4049/jimmunol.1003081
http://www.ncbi.nlm.nih.gov/pubmed/21199897
http://doi.org/10.1172/JCI81187
http://www.ncbi.nlm.nih.gov/pubmed/26413872
http://doi.org/10.1038/cdd.2012.141
http://doi.org/10.1074/jbc.M114.572420


Cancers 2021, 13, 4573 21 of 23

110. Stanietsky, N.; Rovis, T.L.; Glasner, A.; Seidel, E.; Tsukerman, P.; Yamin, R.; Enk, J.; Jonjic, S.; Mandelboim, O. Mouse TIGIT
inhibits NK-cell cytotoxicity upon interaction with PVR. Eur. J. Immunol. 2013, 43, 2138–2150. [CrossRef]

111. Zhou, X.M.; Li, W.Q.; Wu, Y.H.; Han, L.; Cao, X.G.; Yang, X.M.; Wang, H.F.; Zhao, W.S.; Zhai, W.J.; Qi, Y.M.; et al. Intrinsic
Expression of Immune Checkpoint Molecule TIGIT Could Help Tumor Growth in vivo by Suppressing the Function of NK and
CD8+ T Cells. Front. Immunol. 2018, 9, 2821. [CrossRef] [PubMed]

112. Harjunpaa, H.; Blake, S.J.; Ahern, E.; Allen, S.; Liu, J.; Yan, J.; Lutzky, V.; Takeda, K.; Aguilera, A.R.; Guillerey, C.; et al.
Deficiency of host CD96 and PD-1 or TIGIT enhances tumor immunity without significantly compromising immune homeostasis.
Oncoimmunology 2018, 7, e1445949. [CrossRef] [PubMed]

113. Chauvin, J.M.; Pagliano, O.; Fourcade, J.; Sun, Z.; Wang, H.; Sander, C.; Kirkwood, J.M.; Chen, T.H.; Maurer, M.; Korman, A.J.; et al.
TIGIT and PD-1 impair tumor antigen-specific CD8+ T cells in melanoma patients. J. Clin. Investig. 2015, 125, 2046–2058.
[CrossRef] [PubMed]

114. Flies, D.B.; Sandler, B.J.; Sznol, M.; Chen, L. Blockade of the B7-H1/PD-1 pathway for cancer immunotherapy. Yale J. Biol. Med.
2011, 84, 409–421. [PubMed]

115. Wang, L.; Rubinstein, R.; Lines, J.L.; Wasiuk, A.; Ahonen, C.; Guo, Y.; Lu, L.F.; Gondek, D.; Wang, Y.; Fava, R.A.; et al. VISTA, a
novel mouse Ig superfamily ligand that negatively regulates T cell responses. J. Exp. Med. 2011, 208, 577–592. [CrossRef]

116. Lines, J.L.; Pantazi, E.; Mak, J.; Sempere, L.F.; Wang, L.; O’Connell, S.; Ceeraz, S.; Suriawinata, A.A.; Yan, S.; Ernstoff, M.S.; et al.
VISTA is an immune checkpoint molecule for human T cells. Cancer Res. 2014, 74, 1924–1932. [CrossRef]

117. Flies, D.B.; Han, X.; Higuchi, T.; Zheng, L.; Sun, J.; Ye, J.J.; Chen, L. Coinhibitory receptor PD-1H preferentially suppresses CD4+ T
cell-mediated immunity. J. Clin. Investig. 2014, 124, 1966–1975. [CrossRef]

118. Wang, J.; Wu, G.; Manick, B.; Hernandez, V.; Renelt, M.; Erickson, C.; Guan, J.; Singh, R.; Rollins, S.; Solorz, A.; et al. VSIG-3 as a
ligand of VISTA inhibits human T-cell function. Immunology 2019, 156, 74–85. [CrossRef]

119. Le Mercier, I.; Chen, W.; Lines, J.L.; Day, M.; Li, J.; Sergent, P.; Noelle, R.J.; Wang, L. VISTA Regulates the Development of
Protective Antitumor Immunity. Cancer Res. 2014, 74, 1933–1944. [CrossRef]

120. Prasad, D.V.; Nguyen, T.; Li, Z.; Yang, Y.; Duong, J.; Wang, Y.; Dong, C. Murine B7-H3 is a negative regulator of T cells. J. Immunol.
2004, 173, 2500–2506. [CrossRef]

121. Chapoval, A.I.; Ni, J.; Lau, J.S.; Wilcox, R.A.; Flies, D.B.; Liu, D.; Dong, H.; Sica, G.L.; Zhu, G.; Tamada, K.; et al. B7-H3: A
costimulatory molecule for T cell activation and IFN-gamma production. Nat. Immunol. 2001, 2, 269–274. [CrossRef]

122. Chen, C.; Shen, Y.; Qu, Q.X.; Chen, X.Q.; Zhang, X.G.; Huang, J.A. Induced expression of B7-H3 on the lung cancer cells and
macrophages suppresses T-cell mediating anti-tumor immune response. Exp. Cell Res. 2013, 319, 96–102. [CrossRef] [PubMed]

123. Tekle, C.; Nygren, M.K.; Chen, Y.W.; Dybsjord, I.; Nesland, J.M.; Maelandsmo, G.M.; Fodstad, O. B7-H3 contributes
to the metastatic capacity of melanoma cells by modulation of known metastasis-associated genes. Int. J. Cancer 2012,
130, 2282–2290. [CrossRef]

124. Chen, J.T.; Chen, C.H.; Ku, K.L.; Hsiao, M.; Chiang, C.P.; Hsu, T.L.; Chen, M.H.; Wong, C.H. Glycoprotein B7-H3 overexpression
and aberrant glycosylation in oral cancer and immune response. Proc. Natl. Acad. Sci. USA 2015, 112, 13057–13062. [CrossRef]

125. Wang, J.; Chong, K.K.; Nakamura, Y.; Nguyen, L.; Huang, S.K.; Kuo, C.; Zhang, W.; Yu, H.; Morton, D.L.; Hoon, D.S. B7-H3
associated with tumor progression and epigenetic regulatory activity in cutaneous melanoma. J. Investig. Dermatol. 2013, 133,
2050–2058. [CrossRef]

126. Chen, Y.W.; Tekle, C.; Fodstad, O. The immunoregulatory protein human B7H3 is a tumor-associated antigen that regulates tumor
cell migration and invasion. Curr. Cancer Drug Targets 2008, 8, 404–413. [CrossRef]

127. Lee, Y.H.; Martin-Orozco, N.; Zheng, P.; Li, J.; Zhang, P.; Tan, H.; Park, H.J.; Jeong, M.; Chang, S.H.; Kim, B.S.; et al. Inhibition of
the B7-H3 immune checkpoint limits tumor growth by enhancing cytotoxic lymphocyte function. Cell Res. 2017, 27, 1034–1045.
[CrossRef] [PubMed]

128. Hodi, F.S. Overcoming immunological tolerance to melanoma: Targeting CTLA-4. Asia-Pac. J. Clin. Oncol. 2010, 6
(Suppl. S1), S23. [CrossRef]

129. Hamid, O.; Robert, C.; Daud, A.; Hodi, F.S.; Hwu, W.J.; Kefford, R.; Wolchok, J.D.; Hersey, P.; Joseph, R.; Weber, J.S.; et al. Five-year
survival outcomes for patients with advanced melanoma treated with pembrolizumab in KEYNOTE-001. Ann. Oncol. 2019, 30,
582–588. [CrossRef]

130. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef] [PubMed]

131. Woo, S.R.; Turnis, M.E.; Goldberg, M.V.; Bankoti, J.; Selby, M.; Nirschl, C.J.; Bettini, M.L.; Gravano, D.M.; Vogel, P.; Liu, C.L.;
et al. Immune inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral immune escape.
Cancer Res. 2012, 72, 917–927. [CrossRef] [PubMed]

132. Picarda, E.; Ohaegbulam, K.C.; Zang, X. Molecular Pathways: Targeting B7-H3 (CD276) for Human Cancer Immunotherapy. Clin.
Cancer Res. 2016, 22, 3425–3431. [CrossRef] [PubMed]

133. Ascierto, M.L.; Makohon-Moore, A.; Lipson, E.J.; Taube, J.M.; McMiller, T.L.; Berger, A.E.; Fan, J.; Kaunitz, G.J.; Cot-
trell, T.R.; Kohutek, Z.A.; et al. Transcriptional Mechanisms of Resistance to Anti-PD-1 Therapy. Clin. Cancer Res. 2017,
23, 3168–3180. [CrossRef]

http://doi.org/10.1002/eji.201243072
http://doi.org/10.3389/fimmu.2018.02821
http://www.ncbi.nlm.nih.gov/pubmed/30555485
http://doi.org/10.1080/2162402X.2018.1445949
http://www.ncbi.nlm.nih.gov/pubmed/29900061
http://doi.org/10.1172/JCI80445
http://www.ncbi.nlm.nih.gov/pubmed/25866972
http://www.ncbi.nlm.nih.gov/pubmed/22180678
http://doi.org/10.1084/jem.20100619
http://doi.org/10.1158/0008-5472.CAN-13-1504
http://doi.org/10.1172/JCI74589
http://doi.org/10.1111/imm.13001
http://doi.org/10.1158/0008-5472.CAN-13-1506
http://doi.org/10.4049/jimmunol.173.4.2500
http://doi.org/10.1038/85339
http://doi.org/10.1016/j.yexcr.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22999863
http://doi.org/10.1002/ijc.26238
http://doi.org/10.1073/pnas.1516991112
http://doi.org/10.1038/jid.2013.114
http://doi.org/10.2174/156800908785133141
http://doi.org/10.1038/cr.2017.90
http://www.ncbi.nlm.nih.gov/pubmed/28685773
http://doi.org/10.1111/j.1743-7563.2010.01271.x
http://doi.org/10.1093/annonc/mdz011
http://doi.org/10.1056/NEJMoa1910836
http://www.ncbi.nlm.nih.gov/pubmed/31562797
http://doi.org/10.1158/0008-5472.CAN-11-1620
http://www.ncbi.nlm.nih.gov/pubmed/22186141
http://doi.org/10.1158/1078-0432.CCR-15-2428
http://www.ncbi.nlm.nih.gov/pubmed/27208063
http://doi.org/10.1158/1078-0432.CCR-17-0270


Cancers 2021, 13, 4573 22 of 23

134. Polanczyk, M.J.; Hopke, C.; Vandenbark, A.A.; Offner, H. Estrogen-mediated immunomodulation involves reduced activation of
effector T cells, potentiation of Treg cells, and enhanced expression of the PD-1 costimulatory pathway. J. Neurosci. Res. 2006, 84,
370–378. [CrossRef] [PubMed]

135. Wang, C.; Dehghani, B.; Li, Y.; Kaler, L.J.; Vandenbark, A.A.; Offner, H. Oestrogen modulates experimental autoimmune
encephalomyelitis and interleukin-17 production via programmed death 1. Immunology 2009, 126, 329–335. [CrossRef]

136. Lin, P.Y.; Sun, L.; Thibodeaux, S.R.; Ludwig, S.M.; Vadlamudi, R.K.; Hurez, V.J.; Bahar, R.; Kious, M.J.; Livi, C.B.; Wall,
S.R.; et al. B7-H1-dependent sex-related differences in tumor immunity and immunotherapy responses. J. Immunol. 2010,
185, 2747–2753. [CrossRef]

137. Conforti, F.; Pala, L.; Bagnardi, V.; De Pas, T.; Martinetti, M.; Viale, G.; Gelber, R.D.; Goldhirsch, A. Cancer immunotherapy
efficacy and patients’ sex: A systematic review and meta-analysis. Lancet Oncol. 2018, 19, 737–746. [CrossRef]

138. Wu, Y.; Ju, Q.; Jia, K.; Yu, J.; Shi, H.; Wu, H.; Jiang, M. Correlation between sex and efficacy of immune checkpoint inhibitors
(PD-1 and CTLA-4 inhibitors). Int. J. Cancer 2018, 143, 45–51. [CrossRef]

139. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef]

140. Mandal, R.; Samstein, R.M.; Lee, K.W.; Havel, J.J.; Wang, H.; Krishna, C.; Sabio, E.Y.; Makarov, V.; Kuo, F.; Blecua, P.; et al.
Genetic diversity of tumors with mismatch repair deficiency influences anti-PD-1 immunotherapy response. Science 2019,
364, 485–491. [CrossRef]

141. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

142. Lu, C.; Guan, J.; Lu, S.; Jin, Q.; Rousseau, B.; Lu, T.; Stephens, D.; Zhang, H.; Zhu, J.; Yang, M.; et al. DNA Sensing in Mismatch
Repair-Deficient Tumor Cells Is Essential for Anti-tumor Immunity. Cancer Cell 2021, 39, 96–108. [CrossRef]

143. Guan, J.; Lu, C.; Jin, Q.; Lu, H.; Chen, X.; Tian, L.; Zhang, Y.; Ortega, J.; Zhang, J.; Siteni, S.; et al. MLH1 Deficiency-Triggered
DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway. Cancer Cell 2021, 39, 109–121. [CrossRef] [PubMed]

144. Grimaldi, A.; Cammarata, I.; Martire, C.; Focaccetti, C.; Piconese, S.; Buccilli, M.; Mancone, C.; Buzzacchino, F.; Berrios, J.R.G.;
D’Alessandris, N.; et al. Combination of chemotherapy and PD-1 blockade induces T cell responses to tumor non-mutated
neoantigens. Commun. Biol. 2020, 3, 85. [CrossRef] [PubMed]

145. Huynh, S.; Mortier, L.; Dutriaux, C.; Maubec, E.; Boileau, M.; Dereure, O.; Leccia, M.T.; Arnault, J.P.; Brunet-Possenti, F.;
Aubin, F.; et al. Combined Therapy with Anti-PD1 and BRAF and/or MEK Inhibitor for Advanced Melanoma: A Multicenter
Cohort Study. Cancers 2020, 12, 1666. [CrossRef] [PubMed]

146. Zaretsky, J.M.; Garcia-Diaz, A.; Shin, D.S.; Escuin-Ordinas, H.; Hugo, W.; Hu-Lieskovan, S.; Torrejon, D.Y.; Abril-Rodriguez, G.;
Sandoval, S.; Barthly, L.; et al. Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N. Engl. J. Med.
2016, 375, 819–829. [CrossRef]

147. Hugo, W.; Zaretsky, J.M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, J.; Chmielowski, B.;
Cherry, G.; et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell 2016,
165, 35–44. [CrossRef]

148. Ballotti, R.; Cheli, Y.; Bertolotto, C. The complex relationship between MITF and the immune system: A Melanoma ImmunoTher-
apy (response) Factor? Mol. Cancer 2020, 19, 170. [CrossRef]

149. Spranger, S.; Bao, R.; Gajewski, T.F. Melanoma-intrinsic beta-catenin signalling prevents anti-tumour immunity. Nature 2015, 523,
231–235. [CrossRef]

150. Blank, C.U.; Haanen, J.B.; Ribas, A.; Schumacher, T.N. The “cancer immunogram”. Science 2016, 352, 658–660. [CrossRef]
151. Ohta, A. Oxygen-dependent regulation of immune checkpoint mechanisms. Int. Immunol. 2018, 30, 335–343. [CrossRef] [PubMed]
152. Lin, W.; Wu, S.; Chen, X.; Ye, Y.; Weng, Y.; Pan, Y.; Chen, Z.; Chen, L.; Qiu, X.; Qiu, S. Characterization of Hypoxia Signature

to Evaluate the Tumor Immune Microenvironment and Predict Prognosis in Glioma Groups. Front. Oncol. 2020, 10, 796.
[CrossRef] [PubMed]

153. Hatfield, S.M.; Kjaergaard, J.; Lukashev, D.; Schreiber, T.H.; Belikoff, B.; Abbott, R.; Sethumadhavan, S.; Philbrook, P.; Ko, K.;
Cannici, R.; et al. Immunological mechanisms of the antitumor effects of supplemental oxygenation. Sci. Transl. Med. 2015, 7.
[CrossRef] [PubMed]

154. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a novel direct target of HIF-
1alpha, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J. Exp. Med. 2014, 211, 781–790. [CrossRef]

155. Cheli, Y.; Giuliano, S.; Botton, T.; Rocchi, S.; Hofman, V.; Hofman, P.; Bahadoran, P.; Bertolotto, C.; Ballotti, R. Mitf is the key
molecular switch between mouse or human melanoma initiating cells and their differentiated progeny. Oncogene 2011, 30,
2307–2318. [CrossRef] [PubMed]

156. Cheli, Y.; Giuliano, S.; Fenouille, N.; Allegra, M.; Hofman, V.; Hofman, P.; Bahadoran, P.; Lacour, J.P.; Tartare-Deckert, S.;
Bertolotto, C.; et al. Hypoxia and MITF control metastatic behaviour in mouse and human melanoma cells. Oncogene 2012,
31, 2461–2470. [CrossRef]

157. Bertolotto, C.; Lesueur, F.; Giuliano, S.; Strub, T.; de Lichy, M.; Bille, K.; Dessen, P.; d’Hayer, B.; Mohamdi, H.; Remenieras,
A.; et al. A SUMOylation-defective MITF germline mutation predisposes to melanoma and renal carcinoma. Nature 2011,
480, 94–98. [CrossRef]

http://doi.org/10.1002/jnr.20881
http://www.ncbi.nlm.nih.gov/pubmed/16676326
http://doi.org/10.1111/j.1365-2567.2008.03051.x
http://doi.org/10.4049/jimmunol.1000496
http://doi.org/10.1016/S1470-2045(18)30261-4
http://doi.org/10.1002/ijc.31301
http://doi.org/10.1126/science.aan6733
http://doi.org/10.1126/science.aau0447
http://doi.org/10.1056/NEJMoa1500596
http://doi.org/10.1016/j.ccell.2020.11.006
http://doi.org/10.1016/j.ccell.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33338427
http://doi.org/10.1038/s42003-020-0811-x
http://www.ncbi.nlm.nih.gov/pubmed/32099064
http://doi.org/10.3390/cancers12061666
http://www.ncbi.nlm.nih.gov/pubmed/32585901
http://doi.org/10.1056/NEJMoa1604958
http://doi.org/10.1016/j.cell.2016.02.065
http://doi.org/10.1186/s12943-020-01290-7
http://doi.org/10.1038/nature14404
http://doi.org/10.1126/science.aaf2834
http://doi.org/10.1093/intimm/dxy038
http://www.ncbi.nlm.nih.gov/pubmed/29846615
http://doi.org/10.3389/fonc.2020.00796
http://www.ncbi.nlm.nih.gov/pubmed/32500034
http://doi.org/10.1126/scitranslmed.aaa1260
http://www.ncbi.nlm.nih.gov/pubmed/25739764
http://doi.org/10.1084/jem.20131916
http://doi.org/10.1038/onc.2010.598
http://www.ncbi.nlm.nih.gov/pubmed/21278797
http://doi.org/10.1038/onc.2011.425
http://doi.org/10.1038/nature10539


Cancers 2021, 13, 4573 23 of 23

158. Ohanna, M.; Cerezo, M.; Nottet, N.; Bille, K.; Didier, R.; Beranger, G.; Mograbi, B.; Rocchi, S.; Yvan-Charvet, L.; Ballotti, R.; et al.
Pivotal role of NAMPT in the switch of melanoma cells toward an invasive and drug-resistant phenotype. Genes Dev. 2018, 32,
448–461. [CrossRef]

159. Goding, C.R.; Arnheiter, H. MITF-the first 25 years. Genes Dev. 2019, 33, 983–1007. [CrossRef]
160. Cheli, Y.; Tulic, M.K.; El Hachem, N.; Nottet, N.; Jacquel, A.; Gesson, M.; Strub, T.; Bille, K.; Picard-Gauci, A.; Montaudie, H.; et al.

ITGBL1 is a new immunomodulator that favors development of melanoma tumors by inhibiting natural killer cells cytotoxicity.
Mol. Cancer 2021, 20, 12. [CrossRef]

http://doi.org/10.1101/gad.305854.117
http://doi.org/10.1101/gad.324657.119
http://doi.org/10.1186/s12943-020-01306-2

	Introduction 
	Immune Checkpoints Signaling 
	CTLA-4, Cytotoxic T-Lymphocyte-Associated Protein 4 
	PD-1, Programmed Death-1 
	LAG-3, Lymphocyte Activation Gene 3 
	TIM-3, T-Cell Immunoglobulin and Mucin-Domain Containing-3 
	TIGIT, T Cell Immunoglobulin and ITIM Domain 
	VISTA, V-Domain Ig Suppressor of T Cell Activation 
	B7H3, B7 Homolog 3 

	Therapeutic Strategies Targeting Immune Checkpoints 
	Resistance to PD-1 Blockade, ITGBL1 a New Immune Checkpoint? 
	Conclusions 
	References

