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Simple Summary: Boosting effector T cell anti-tumor response remains a challenge, in part owing
to the expression of immune checkpoints and their ligands, such as NKG2A and HLA-E. Targeting
NKG2A by gene knockout or blocking antibodies improves the cytotoxicity of Vδ2 T cells, a specific
subset of human unconventional γδ T lymphocytes. Thus, a suitable selection of NKG2A+ or
NKG2A− Vδ2 T cells for expansion or engineering could help to narrow the Vδ2 T cell population
according to the expression of HLA-E on tumor cells. With this emerging knowledge, approaches
to target NKG2A in Vδ2 T cells might be a promising step forward to boosting Vδ2 T cell-based
cancer immunotherapies.

Abstract: Immune regulation has revolutionized cancer treatment with the introduction of T-cell-
targeted immune checkpoint inhibitors (ICIs). This successful immunotherapy has led to a more
complete view of cancer that now considers not only the cancer cells to be targeted and destroyed but
also the immune environment of the cancer cells. Current challenges associated with the enhancement
of ICI effects are increasing the fraction of responding patients through personalized combinations
of multiple ICIs and overcoming acquired resistance. This requires a complete overview of the
anti-tumor immune response, which depends on a complex interplay between innate and adaptive
immune cells with the tumor microenvironment. The NKG2A was revealed to be a key immune
checkpoint for both Natural Killer (NK) cells and T cells. Monalizumab, a humanized anti-NKG2A
antibody, enhances NK cell activity against various tumor cells and rescues CD8 αβ T cell function in
combination with PD-1/PD-L1 blockade. In this review, we discuss the potential for targeting NKG2A
expressed on tumor-sensing human γδ T cells, mostly on the specific Vδ2 T cell subset, in order to
emphasize its importance and potential in the development of new ICI-based therapeutic approaches.

Keywords: γδT cells; NKG2A; inhibitory receptors; immune checkpoint inhibitors; cancer immunotherapy;
therapeutic monoclonal antibodies

1. Introduction

Unconventional gamma delta (γδ) T cells are considered a bridge between adaptive
and innate immunity that undergo somatic gene rearrangement for the generation of T cell
receptor (TCR) γ-chain in combination with a TCR δ-chain. Differently from conventional
alpha beta (αβ) T cells, these cells are characterized by their different mechanisms and
capabilities to recognize antigens without the major histocompatibility complex (MHC)
restriction [1]. The ontology of γδ T cells occurs in the thymus, where the generation
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of a functional γδ TCR takes place in different stages of development [2]. Subsequently,
these cells migrate to the peripheral blood and tissues, where they are involved in tissue
homeostasis and immunosurveillance [3]. γδ T cells are known to act as stress sensors
that exhibit effective immune responses against tumor-transformed cells and pathogen
infections, such as Mycobacterium tuberculosis, Listeria monocytogenes, influenza viruses,
Human Immunodeficiency virus (HIV), Epstein–Barr virus (EBV), and Hepatitis B virus
(HBV) [4,5]. γδ T cells have broad functional properties, including cytotoxicity and the
secretion of soluble factors such as cytokines (i.e., interferon-γ (IFN-γ), tumor necrosis
factor-α (TNF-α)), interleukin (IL)-4, IL-10, IL-17, chemokines (i.e., Chemokine (C-C motif)
ligand 3 (CCL3) and CCL4), and growth factors, including keratinocyte growth factor (KGF)
and transforming growth factor-β (TGF-β), whose release depend on the types of signals
present in the tissue microenvironment [6–8]. Additionally, γδ T cells can act as professional
antigen-presenting cells and regulate the maturation of dendritic cells and B cell antibody
(Ab) production [9–11]. In humans, γδ T cells are divided into two main subsets based
on the Vδ chain used to make their TCR. In adults, Vδ1 T cells are predominantly found
in peripheral tissues, such as the gut, liver, thymus, and skin; however, little is known
about their antigens [12]. Vδ2 T cells are the prevalent γδ T lymphocytes in the peripheral
blood, where they comprise 80–85% of all peripheral γδ T cells. TCR Vδ2 chains are
frequently paired with Vγ9 chains during development and recognize phosphoantigens
(PhAgs), small non-peptidic phosphorylated molecules that are intracellular metabolites
of the mevalonate pathway [13,14]. In addition, human Vδ3 cells make up a minor γδ T
cell subset. Vδ3 T cells are enriched in the liver and in patients with some chronic viral
infections and leukemias. They bind to glycolipid antigens presented by the MHC class
I-like molecule CD1d and annexin A2 [15–18]. Other human γδ T cell subsets, such as
Vδ4, Vδ5, Vδ6, Vδ7, and Vδ8 T cells, have been mainly found in patients with pathological
conditions [19,20]. The main features of human γδ T cell subsets in relation to conventional
αβ T cells are summarized in Table 1.

Table 1. Major differences among the main human γδ T and αβ T cell subpopulations.

Feature γδ T Cells αβ T Cells

Subpopulations Vδ1 Vδ2 CD4 CD8

Development Thymus, common precursor

TCR TCRγδCD3ε2γδζ2 TCRαβCD3ε2γδζ2

TCR repertoire
Variant

Restricted number
of γ and δ chains

Semi-invariant
Vγ9Vδ2 Variant

Frequency 25–40%
peripheral tissues

1–10%
PBMCs

25–60%
PBMCs

5–30%
PBMCs

MHC restriction No MHC restriction MHC class II MHC class I

TCR ligands Unprocessed
unkown

Unprocessed
PhAg Processed peptides

Response Innate/Adaptive Adaptive
Abbreviations: TCR, T cell receptor; PBMCs, peripheral blood mononuclear cells; MHC, major histocompatibility
complex; PhAg, phosphoantigen.

NKG2A is a member of the C-type lectin receptors for MHC class I and is encoded
by the gene complex located within the Natural Killer (NK) complex (NKC) on human
chromosome 12p12-13. This gene complex varies in gene content between species and
can encode both activating and inhibitory polymorphic receptors [21]. In humans, KLRC1
is one of four functional killer cell lectin-like receptor KLRC genes (NKG2A, C, E, and
F) that, together with KLRD1 (CD94), form a heterodimeric NKG2A/CD94 inhibitory
receptor (Figure 1A) [22]. NKG2A is a single-pass type II integral membrane glycoprotein
that contains cytoplasmic, transmembrane, and extracellular lectin-like domains [23]. The
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intracellular portion has two immunoreceptor tyrosine-based inhibition motifs (ITIMs),
whose phosphorylation recruits the intracellular phosphatases SHP-1 and -2 and induces
an inhibitory signal upon binding to its ligand, the non-classical class I human leukocyte
antigen E (HLA-E) [24–27]. The expression of NKG2A was detected in cytotoxic lympho-
cytes, including most NK cells, type 1 innate lymphocytes (ILC1), unconventional NKT
cells, different subsets of CD8 αβ T and γδ T cells, specifically on Vδ2 T cell subset, in which
its inhibitory signal suppresses their activation and its blocking can effectively unleash
their effector response [28–33].

Cancers 2023, 15, x FOR PEER REVIEW 3 of 21 
 

 

one of four functional killer cell lectin-like receptor KLRC genes (NKG2A, C, E, and F) 
that, together with KLRD1 (CD94), form a heterodimeric NKG2A/CD94 inhibitory recep-
tor (Figure 1A) [22]. NKG2A is a single-pass type II integral membrane glycoprotein that 
contains cytoplasmic, transmembrane, and extracellular lectin-like domains [23]. The in-
tracellular portion has two immunoreceptor tyrosine-based inhibition motifs (ITIMs), 
whose phosphorylation recruits the intracellular phosphatases SHP-1 and -2 and induces 
an inhibitory signal upon binding to its ligand, the non-classical class I human leukocyte 
antigen E (HLA-E) [24–27]. The expression of NKG2A was detected in cytotoxic lympho-
cytes, including most NK cells, type 1 innate lymphocytes (ILC1), unconventional NKT 
cells, different subsets of CD8 αβ T and γδ T cells, specifically on Vδ2 T cell subset, in 
which its inhibitory signal suppresses their activation and its blocking can effectively un-
leash their effector response [28–33]. 

 
Figure 1. NKG2A signaling and its involvement in NK cell education. (A) The C-type lectin NKG2A 
receptor forms a heterodimer with CD94. It is characterized by a long cytoplasmic domain that con-
tains two ITIMs. Upon binding to its ligand, inhibitory signaling of the non-classical MHC class I 
molecule HLA-E is based on the phosphorylation of two ITIMs with the consequent recruitment of 
the intracellular phosphatases SHP-1 and SHP-2. (B) NKG2A is known to be involved in NK cell 
education. In fact, the interaction of NKG2A with its ligand HLA-E renders NK cells educated and 
hyper-responsive, setting their effector functions at higher levels in response to stimulatory activa-
tion. On the other hand, NK cells that fail this interaction due to the lack of NKG2A are uneducated 
and hypo-responsive. 

HLA-E, the ligand of NKG2A, is lowly expressed on almost all cell surfaces in human 
tissues, displays limited polymorphism, and presents peptides derived from the leader 
sequences of the classical MHC class I molecules HLA-A, HLA-B, and HLA-C [34,35]. 
Thus, the expression of HLA-E is directly related to the number of HLA-I molecules in a 
given cell, and NKG2A acts as a sensor to assess the net overall expression of HLA-I mol-
ecules on a target cell. Importantly, the expression of HLA-E greatly increases in several 
human malignancies with consequent inhibition of the effector functions of tumor-infil-
trating lymphocytes (TILs) through its binding with NKG2A [36]. This interaction be-
tween NKG2A and HLA-E contributes to tumor immune escape; therefore, NKG2A-me-
diated mechanisms are currently being exploited to develop potential anti-tumor thera-
peutic strategies [30,34,37]. 

CD94NKG2A

HLA-E

ITIM
ITIM

SHP1/2SH
P1

/2

HLA-E

NKG2A CD94

NK cell

Self cell

Educated/
Hyper-responsive

Uneducated/
Hypo-responsive

A B

NK cell

Self cell

Figure 1. NKG2A signaling and its involvement in NK cell education. (A) The C-type lectin NKG2A
receptor forms a heterodimer with CD94. It is characterized by a long cytoplasmic domain that
contains two ITIMs. Upon binding to its ligand, inhibitory signaling of the non-classical MHC class I
molecule HLA-E is based on the phosphorylation of two ITIMs with the consequent recruitment of
the intracellular phosphatases SHP-1 and SHP-2. (B) NKG2A is known to be involved in NK cell
education. In fact, the interaction of NKG2A with its ligand HLA-E renders NK cells educated and
hyper-responsive, setting their effector functions at higher levels in response to stimulatory activation.
On the other hand, NK cells that fail this interaction due to the lack of NKG2A are uneducated and
hypo-responsive.

HLA-E, the ligand of NKG2A, is lowly expressed on almost all cell surfaces in human
tissues, displays limited polymorphism, and presents peptides derived from the leader
sequences of the classical MHC class I molecules HLA-A, HLA-B, and HLA-C [34,35]. Thus,
the expression of HLA-E is directly related to the number of HLA-I molecules in a given
cell, and NKG2A acts as a sensor to assess the net overall expression of HLA-I molecules on
a target cell. Importantly, the expression of HLA-E greatly increases in several human ma-
lignancies with consequent inhibition of the effector functions of tumor-infiltrating lympho-
cytes (TILs) through its binding with NKG2A [36]. This interaction between NKG2A and
HLA-E contributes to tumor immune escape; therefore, NKG2A-mediated mechanisms are
currently being exploited to develop potential anti-tumor therapeutic strategies [30,34,37].

In this review, we summarize and discuss the current state-of-the-art knowledge
regarding the potential of human Vδ2 T cells to be used in cancer immunotherapy with a
focus on the NKG2A immune checkpoint (IC) in order to emphasize its importance and
potential in the development of new IC-based therapeutic approaches in the near future.
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2. Anti-Tumor Potential of γδ T Cells

There is emerging evidence that γδ T cells exhibit persistent cancer immunosurveil-
lance. In a transcriptomic analysis of 18,000 tumor samples using the CIBERSORT algo-
rithm [38], an abundance of γδ T cells was shown to be the most favorable prognostic
parameter across 39 different human cancers, supporting the notion that γδ T cells are
critical for optimal tumor defense. Recently, the improved computational CIBERSORT
analysis confirmed the positive correlation between the abundance of Vδ2 TILs and fa-
vorable outcomes of patients with cancers such as colorectal carcinoma (CRC), prostate
carcinoma, chronic lymphocytic leukemia (CLL), and acute myeloid leukemia (AML) [39].
Extensive functional characterization of total γδ TILs, as well as different γδ T cell sub-
sets, has also been performed in vitro (e.g., melanoma, glioblastoma, renal, breast, lung,
ovarian, colon, pancreatic), demonstrating their efficient capability to kill primary tumor
cells and tumor cell lines isolated form melanoma, glioblastoma (GBM), renal, breast,
lung, ovarian, colon, and pancreatic tumors [5,40]. In addition to the transcriptomic and
functional in vitro characterization of γδ T cells, numerical and phenotypic analyses have
been conducted in relation to clinical outcomes. Such investigations have correlated γδ T
cells with better clinical outcomes for different malignancies, including melanoma, gastric
cancer, primary CRC and liver metastatic colorectal carcinoma (CRLM), hepatocellular
carcinoma (HCC), and others [17,41–47]. On the other hand, γδ TILs have been shown
to have a pro-tumorigenic role that stems from their ability to produce IL-17 [8]. This
relevance mainly originated in murine models and can be questioned by their conspicuous
absence in human γδ T cells that require a highly inflammatory milieu to produce IL-17
that is difficult to reproduce in vitro [29,48]. Indeed, IL-17 can be secreted by Vδ2 T cells
upon stimulation with cytokines such as IL-1β, IL-6, IL-23, and TGF-β [48,49]. Moreover,
in humans, the tissue-resident Vδ1 T cells seem to be more prone to producing IL-17 than
circulating Vδ2 T cells [50–52]. IL-17-producing by total γδ T cells have been observed in
patients affected by CRC, cervical cancer, and others [51–54]. Other studies concluded that
IL-17-producing γδ T cells in tumor samples, including ovarian cancer (OC) and CRLM,
are negligible [17,46,51].

γδ T cells share a variety of anti-tumor mechanisms [55]. Commonly activated γδ T
cells display strong cytotoxic activity through the release of granzymes and perforin and
the production of IFN-γ and/or TNF-α cytokines to amplify the immune response and
counteract tumor development [8,17,42]. Additionally, activating receptors expressed on
different γδ T cell subsets include CD16, which binds to the Fc region of IgGs and induces
antibody-dependent cellular cytotoxicity (ADCC) [8,17,56,57]. Moreover, both Vδ1 and
Vδ2 T cells can kill their cancerous targets through signaling pathway activation of TNF
family death receptors, such as FasL and TRAIL [58–61]. γδ T cells are uniquely equipped
with two TCR-dependent and independent recognition pathways that are able to activate
and sense γδ T cells against stressed and tumor cells. In fact, the recognition of tumor
cells by γδ T cells has been attributed to the engagement of both the TCR and/or innate
activating receptors, mostly NKG2D. NKG2D recognizes stress-inducible MHC class-I-
related molecules (i.e., MHC class I-related chain A/B (MICA/B), UL16-binding proteins
(ULBP1–6)), whose binding triggers the cytotoxic effector function of both Vδ1 and Vδ2
T cells independently of TCR signaling [62–64]. Moreover, natural cytotoxicity receptors
(NCRs), i.e., NKp30, NKp44, NKp46, and DNAM-1 (CD226), can also be expressed on
polyclonal γδ T cells and contribute to tumor cell recognition and killing [65,66]. In fact,
NKp30 and NKp44 were detected in Vδ1 T cells [6,67]. Moreover, our recent study showed
that NKp46 is specifically expressed in human intestine Vδ1 T intraepithelial lymphocytes
(IELs) that are endowed with potent anti-tumor activity [42].

Specific TCR-dependent mechanisms that form the basis of γδ T cell-dependent anti-
tumor responses are still poorly understood, mainly due to a lack of depiction of the
complete repertoire of antigens recognized by γδ-TCRs and the specificity of different
γδ T subsets [68]. The most well-known ligands for TCR-dependent activation were
discovered in Vδ2 T cells, which bind to small, non-peptide PhAgs, such as isopentenyl
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pyrophosphate (IPP), secreted by tumor eucaryotic cells as a consequence of mevalonate
pathway dysregulation [69,70]. A similar naturally occurring bacterial metabolite, hydroxyl
dimethylallyl pyrophosphate (HDMAPP/HMBPP), is one of the strongest stimulants for
Vδ2 T cells [71]. PhAgs are not necessarily displayed via MHC molecules. Instead, the
butyrophilin (BTN) family members (BTNs), specifically BTN3A1 and BTN2A1, play crucial
roles in PhAg sensing/presentation, activation, and the proliferation of Vδ2 T cells [72,73].

Overall, there is a substantial body of evidence supporting the notion that γδ T cells
play important roles in tumor surveillance.

3. Vδ2 T Cells as a Source for Cancer Immunotherapies

Vδ2 T cells are attractive candidates for adoptive cell immunotherapy due to their
unique features. The broad spectrum of cytotoxic activating receptors, as described above
and expressed on these cells, are able to recognize cancer cells, reducing the chances of
tumor immune escape through single antigen loss by αβ T cells. The innate-like features
with MHC-independent activation easily allow Vδ2 T cell transfer between individuals in
an allogenic setting without the risk of causing Graft versus Host Disease (GvHD) [74,75].
Moreover, their lower pattern of cytokine secretion, mainly IFN-γ and TNF-α, carries a
lower risk of cytokine release syndrome. Furthermore, there is growing evidence to indicate
that Vδ2 T cells can prime αβ T cell responses and interact with other immune cells, thereby
enabling the orchestration of a cascade of immune responses against tumors [76]. Not only
do unmodified Vδ2 T cells represent an attractive source for adoptive cell immunotherapy
and for developing “off-the-shelf” Vδ2 T-based therapeutic products, but also genetic
engineering strategies can be applied to further enhance the cytotoxicity and affinity of
these cells towards specific tumor targets, either as vehicles for chimeric antigen receptors
(CARs) or αβ T cell-derived TCRs or as bispecific T cell engagers (BiTEs). These specific
applications have all been extensively described in several recent reviews [77–84].

The main obstacle against the application of γδ T cells for cell immunotherapy remains
their effective in vitro or in vivo expansion while maintaining their high anti-tumor effector
potential. Several protocols for the activation and expansion of both Vδ1 and Vδ2 T cells
have recently been improved, thus allowing the acquisition of sufficient numbers of cells
for utilization in the clinical setting [85,86]; however, Vδ2 T cells are preferential cancer
immunotherapy targets due to their high concentration in the peripheral blood and their
relatively simple activation and proliferation. Two main strategies allow us to harness
Vδ2 T cell immunotherapeutic approaches based on their direct activation and expansion
both in vivo and in vitro prior to adoptive transfer into patients. Indeed, pharmaceutical
interventions with aminobisphosphonate drugs (ABPs) causing mevalonate pathway dys-
regulation, used in patients with excessive bone resorption, have been shown to cause
systemic Vδ2 T cell stimulation and an increase in anti-tumor activity [87]. Following this
observation, several clinical trials attempted to carry out in vivo stimulations of autologous
Vδ2 T with ABPs (ABP pamidronate and zoledronate) and synthetic PhAg analogs (BrHPP
and 2M3B1PP) alone or in combination with IL-2 in patients with multiple myeloma (MM),
non-Hodgkin lymphoma (NHL), follicular lymphoma, AML, prostate cancer, renal cell car-
cinoma (RCC), CRC, breast cancer, melanoma, and neuroblastoma [88–95]. Although these
approaches were well tolerated and no severe toxicity was observed, clinically variable
antitumoral responses were reported. Similar protocolar approaches have been used for
the ex vivo expansion of Vδ2 T cells in both autologous and allogenic settings and were
reported to be safe but were inconsistent in terms of efficiency in the treatment of MM and
leukemias (acute lymphoblastic leukemia (ALL), AML, and CLL) and different solid tumors
such as RCC, CRC, non-small cell lung cancer (NSCLC), melanoma, and liver and gastric
cancers [96–104]. However, in these studies, at least some patients showed a reduced tumor
burden, regardless of their terminal disease. Thus, further studies, possibly conducted in
patients at an earlier stage of disease, are necessary to explore the use of Vδ2 T cells as ther-
apeutic targets. Moreover, a better understanding of the molecular mechanisms underlying
Vδ2 T cell activation and the interaction of these cells with the tumor microenvironment
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(TME) is needed, thus highlighting the existence of new therapeutic molecules that can be
targeted to improve immunotherapeutic approaches. In this context, the discovery of BTN
as an immunoregulatory molecule involved in Vδ2 T cell activation led to the development
of Imcheck ICT01, an activating humanized IgG1 Ab, which, upon binding to BTN3A,
triggers Vδ2 T cell activation and increased cytotoxicity against BTN-expressing tumor cells.
Encouraging activity of ICT01 was observed in the currently ongoing phase I/IIa clinical
trial testing in monotherapy and in combined therapy with Pembrolizumab in patients
affected by advanced-stage hematologic malignancies and in several solid tumors [105].
Although these promising results need to be further investigated, the fact that the drug
combination therapy promises a better response will certainly advance our understanding
of the role of immunotherapy in this setting.

In recent years, immunotherapies involving the blocking of ICs have achieved en-
couraging results for a variety of solid tumors. Thus far, only ICIs that target the PD-1
and CTLA-4 pathways have been approved for clinical use and include anti-CTLA-4 and
anti-PD-1 Abs [106]. In particular, this therapeutic strategy has become the gold standard
for melanoma treatment and may result in prolonged survival (2–3 years) for approxi-
mately 20–30% of patients [107]. Regarding the expression and functionality of ICs in the
context of cancer, γδ T cells have been poorly investigated. The expression of ICs such as
BTLA, TIGIT, PD-1, TIM-3, CD39, LAG-3, and NKG2A in γδ T cells has been observed
in different solid and hematological tumors, including melanoma, neuroblastoma, CRC,
breast cancer, OC, MM, AML, and lymphomas, and is associated with the aberrant acti-
vation and/or proliferation of γδ T cells [29,76,108,109] For instance, BTLA was found to
be highly expressed by Vδ2 T cells in the lymph nodes of patients with lymphoma and
could suppress their proliferation upon ligation by HVEM on primary tumors [110]. High
PD-1 expression on γδ T cells has been reported in tumors such as neuroblastoma, CRC,
and MM [111–113]. Interestingly, a recent study revealed that PD-1 blockade enhanced the
ADCC of γδ T in an in vitro culture system [114]. However, controversial effects on Vδ2 T
cell proliferation and cytotoxic activity have been reported in different human hematologi-
cal malignancies [113,115]. In melanoma patients, higher proportions of γδ TILs expressing
LAG-3 compared to control groups were associated with earlier relapse and shorter overall
survival (OS) [116]. In AML and CRC patients, Vδ2 T cells displayed increased TIM-3
expression and a dysfunctional phenotype [117–119]. The activation of TIM-3 lowered
Vδ2 cell cytotoxicity toward colon cancer cell lines [117]. In addition, Vδ2 cells from AML
patients showed an impaired proliferative capacity, which was restored by blocking TIM-3
signaling [119]. When the expression levels of both TIM-3 and PD-1 were investigated,
Vδ2 T cells co-expressing TIM-3 and PD-1 exhibited the lowest levels of IFN-γ and TNF-α
production, and these increased upon anti-TIM-3 or anti-TIM-3 plus anti-PD-1 blocking of
Abs but not with anti-PD-1 alone [118].

These data highlight the importance of targeting ICs for the functional restoration of
γδ T cell activation in different malignancies.

4. Impact of NKG2A on the Effector Potential of Vδ2 T Cells

The earliest remark on the expression of NKG2A in human γδ T cells dates back
to 1997 and shows that human γδ T cells, mostly Vδ2 T cells, harbor the CD94/NKG2A
heterodimer [120,121]. Although this analysis was performed on a limited number of
peripheral blood samples of healthy adults, our and other studies have confirmed these
results by performing extensive multiparametric flow cytometry analyses on a vast number
of analyzed samples [29,122]. NKG2A shows a high range of expression among Vδ2
T cells which, in healthy adults, covers from 20% to 90% of cells with a median of 50%,
independently of age and gender. This high expression of NKG2A by Vδ2 T cells was further
confirmed by transcriptional analysis [29,123,124]. On the other hand, low expression levels
of NKG2A were observed in Vδ1 and Vδ3 T cells in the blood and in the liver tissue where
these cells preferably reside [15,17,120,123,124]. Differently, NKG2C, which also binds HLA-
E, although with a 6-fold lower affinity [125], is rarely expressed on Vδ2 T cells [29,122].
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NKG2A plays a key role in the development of NK cells. In fact, our current knowl-
edge on the development of NK cells states that NKG2A is the only HLA-specific inhibitory
receptor expressed on the precursor CD56bright cell subset of human NK cells, and its
expression gradually diminishes on the mature CD56dim NK cell subset [30,126]. Addition-
ally, reconstitution of NK cells following allogenic hematopoietic stem cell transplantation
(HSCT) demonstrated that circulating NK cells present a transient phenotype of CD56dim

cells expressing high levels of NKG2A that is progressively lost over time, thus implying
NKG2A an important receptor for early stages of NK cell ontogenesis [127]. Instead, the
role of NKG2A in the ontogeny of human γδ T cells is not defined yet. Interestingly, our
and other studies indicate that the expression of this inhibitory receptor on Vδ2 T cells is
already programmed in the postnatal pediatric thymus and can be detected in the blood
soon after birth (within 10 weeks) [29,128,129]. On the other hand, neither the expression of
NKG2A nor that of CD94 has been detected in cord blood [122,129]. The absence of CD94
in Vδ2 T cells in neonates and infants is not due to a generalized lack of CD94 expression,
as NK cells express a level of CD94 that is comparable to that of adult NK cells [122].
This suggests that the acquisition of NKG2A could be triggered by the postnatal thymus
environment and, once these cells are in the periphery, their concentration can expand
in response to environmental and pathogenic microbes, resulting in the predominance of
Vδ2 T cells in the majority of the adult population. Little is also known about the possible
regulation of NKG2A expression in adults. The expression of NKG2A in Vδ2 T cells ex-
panded in vitro does not increase upon PhAgs and IL-2 activation. Indeed, an unrelated
in vitro expansion of NKG2A+ and NKG2A− Vδ2 T cells was observed, suggesting the
autonomous self-renewal of these two subpopulations [29].

In adults, NKG2A+ and NKG2A− Vδ2 T cells show few phenotypical differences
at both the protein and transcriptional levels, resulting in similarities in differentiation
status and clonal expansion [29]. Moreover, differently from CD8 αβ T cells, in which the
expression of NKG2A is induced during viral infections such as human cytomegalovirus
(HCMV) [130], in γδ T cells, HCMV infection does not seem to impact the expression of
NKG2A [29]. However, further studies are necessary to understand their possible roles in
viral infections.

Importantly, minor phenotypic differences are offset by an evident functional diver-
gency between NKG2A+ and NKG2A− Vδ2 T cells [29,124]. Indeed, we and others have
observed a paradigm whereby Vδ2 T cells harboring this negative receptor NKG2A are
characterized by hyper-responsiveness [29,120]. Indeed, NKG2A+ Vδ2 T cells produce
significantly higher amounts of IFN-γ and TNF-α upon PhAg TCR activation. In addition,
NKG2A+ Vδ2 T cells present higher cytotoxic potential against HLA class I deficient tumor
cell targets that do not express the NKG2A ligand, HLA-E. These data were also confirmed
by transcriptional analysis at single-cell resolution, showing that Vδ2 T cells expressing
NKG2A harbor a greater cytotoxic potential and ability to produce IFN-γ and TNF-α
cytokines [29,48,122,123].

Interestingly, NKG2A+ Vδ2 T cells require higher amounts of PhAgs to produce their
maximal cell response [120], thus indicating that the CD94/NKG2A complex does not
prevent the activation of Vδ2 T cells by their ligands but rather affects their activation
thresholds. In this context, there is growing evidence of the role of NKG2A in the so-
called “education” of NK cells [131–133]. This process is finely tuned by the interactions
of inhibitory receptors with their ligands to set the effector functions of NK cells at hyper-
responsive levels in response to stimulatory activation (Figure 1B). In the case of γδ T cells,
it is still not clear whether the hyper-responsive NKG2A+ Vδ2 T cells are “educated” or
whether they represent more mature cells. In fact, the higher effector potential of NKG2A+

Vδ2 T cells could be a consequence of both their education and their maturation pro-
cess. However, the presence of highly differentiated and clonally expanded NKG2A+ and
NKG2A− Vδ2 T cells in healthy adults indicates that the expression of NKG2A identifies
a subset of Vδ2 T “educated” cells [29,48]. NK cell education primarily appears during
cell development, although new findings suggest that this phenomenon also occurs under



Cancers 2023, 15, 1264 8 of 21

disease conditions [134]. The observed increase in the expression of NKG2A in postna-
tal γδ thymocytes indicates their possible educational process in the thymus early after
birth [29,128,129]. These data are also in line with the observation that Vδ2 T cells acquire
higher levels of cytotoxic mediators (e.g., granzymes, perforin, granulysin) in correlation
with increased expression of NKG2A rapidly after birth [129]. In addition, it was observed
that IL-23 drives in CD94− Vδ2 T cells the acquisition of a cytotoxic program and the CD94+

phenotype [122].
The mechanisms that drive the education of NK cells through NKG2A are poorly

understood, but it has been reported that HLA-E expression is fundamental. In particular,
genetic modifications that influence HLA-E expression have shown a correlation between
NKG2A expression and NK cell education. In fact, cell membrane expression of HLA-E
requires the supply of peptides from classical HLA-A, HLA-B, or HLA-C for appropriate
folding and transport to the cell surface [135]. There is a dimorphism of the leader sequence
supplied by HLA-B encoding either threonine (T) or methionine (M) [136,137]. This sepa-
rates individuals into those who can provide functional peptides for high HLA-E expression
and NKG2A ligation, which leads to education and increased functional potency (MT or
MM), and those who cannot (TT) and therefore have low HLA-E expression [138]. A role
for this HLA-B dimorphism is emerging in patients with leukemia and GvHD [139,140].
Thus, it could be interesting to evaluate whether the functional potency of γδ T cells might
be influenced by HLA-B alleles.

Overall, the expression of the NKG2A receptor defines distinct Vδ2 T cells with higher
anti-tumor potential that may be useful for Vδ2 T-cell-based cancer immunotherapies.
However, further studies are necessary to unveil the ability of NKG2A to enhance the
cytotoxic potential of Vδ2 T cells. In this regard, several features of the human Vδ2 T
cell compartment suggest similarities to mouse γδ T cell subsets [141]. Thus, it would be
interesting to evaluate NKG2A expression in different subsets/effector-linage of murine γδ
T cells. Indeed, recently the NKG2A knockout mouse model has been used to unveil the
role of NKG2A in the education process of tissue-resident NK cells [133].

5. NKG2A Immune Checkpoint in Vδ2 T Cells

The hyper-responsiveness of NKG2A+ Vδ2 T cells can be counterbalanced by the
inhibitory signaling of NKG2A upon binding with its HLA-E ligand, thus affirming that
NKG2A is the crucial IC in Vδ2 T cells. Indeed, the CD94/NKG2A complex expressed
on Vδ2 T cells is able to efficiently block the killing of tumor cells expressing HLA-E
molecules [29,120,121,142]. In fact, masking with the monoclonal Ab (mAb) NKG2A/CD94
complex on Vδ2 T cells or MHC class I molecules on target cells increases the cytotoxic
response of Vδ2 T cells to HLA-E-expressing tumor cells. Additionally, CRISPR/Cas9-
induced NKG2A knockout in Vδ2 T cells activated and expanded in vitro enhances the
killing of tumor cells, despite their HLA-E expression [29]. In addition, the cross-linking
of NKG2A during CD3 stimulation reduces the cytotoxicity of Vδ2 T cells, confirming
that NKG2A negatively regulates their cell function [122]. Although, in another study, no
significant effect on the cytotoxic response of Vδ2 T cells was observed after CD94/NKG2A
blocking with mAb. However, only two Vδ2 T cell clones, for which the expression level of
NKG2A was not shown, were tested [143]. Overall, these results demonstrate that NKG2A
is a functional IC in Vδ2 TILs and that the anti-tumor effector functions of NKG2A+ Vδ2
TILs are finely tuned by the degree of HLA-E expression on tumor target cells.

Interestingly, the CD94/NKG2A complex on Vδ2 T cells also regulates both lytic and
proliferative activities against virus-infected cells [121]. Indeed, triggering the mAb CD94
inhibitory signal in Vδ2 T cells significantly reduces the lysis of HIV- and HBV-infected
targets. Accordingly, the masking of HLA class I molecules promotes the Vδ2 cytotoxicity
of virus-infected targets. Moreover, an in vitro expansion of peripheral blood Vδ2 T is
reduced upon CD94 triggering, which can otherwise be induced by HIV-infected cells [121].
The NKG2A receptor, which is highly expressed in human small intestinal γδ T IELs, was
also found to negatively regulate CD8 αβ T IEL activation in celiac disease [144]. This
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suppression occurred partially as a result of the engagement of NKG2A with its ligand,
HLA-E, on enterocytes and/or αβ T IELs. This immunosuppressive effect can be reduced
by blocking the NKG2A/HLA-E interaction. Importantly, patients with active celiac disease
have significantly decreased frequencies of NKG2A+ γδ T IELs, thus indicating that the
NKG2A receptor expressed on γδ T IELs acts as a key regulator of celiac disease.

Thus, physiologically, the expression of NKG2A on Vδ2 T interacts with ubiqui-
tously expressed HLA-E, whose expression, although at low levels, on all nucleated cells
may represent a mechanism to fine-tune functions of highly responsive NKG2A+ Vδ2 T
cells [145,146]. On the other hand, the overexpression of HLA-E in pathological conditions
such as solid and hematological malignancies may be responsible for tumor escape from
Vδ2 T cell-mediated immunosurveillance [147]. It is also possible that the increase of soluble
HLA-E plasma levels found in some tumors may be responsible for the inhibition of Vδ2 T
cells [148,149].

Since overexpressed HLA-E can prevent tumor cell lysis mediated by Vδ2 T cells, the
blockade of the NKG2A-HLA-E axis may enhance the Vδ2 T cell-based immunotherapeutic
efficacy by administering anti-NKG2A/CD94 mAb to unleash Vδ2 T effector functions.
Furthermore, the differences in the anti-tumor potential of NKG2A+ and NKG2A− Vδ2
T provide functional indications of their potential uses and indicate the optimal choice
according to the immunosuppressive HLA-E-mediated TME.

6. NKG2A in Cancer Immunotherapy—The Use of Vδ2 T Cells

The overexpression of HLA-E is predictive of poor prognostic outcomes in patients with
different tumors (e.g., OC, GBM, CRC, RCC, and NSCLC) [150–155]. According to multiple
studies, having an increased number of NKG2A+ TILs is correlated with a poor prognosis
in patients affected by colorectal, gynecological, breast, and liver cancers [149,152,156–159].
Collectively, this evidence indicates that it is worth developing NKG2A-HLA-E axis block-
ade strategies for immunotherapy in cancer patients.

Monalizumab (IPH2201) is a humanized mAb that targets NKG2A [160]. When tested
in preclinical studies, Monalizumab showed the capacity to enhance anti-tumor immunity
by unleashing both NK cells and CD8 αβ T cells [161]. Andre et al. also showed that the
combined blockade of NKG2A with Monalizumab in combination with PD-1/PD-L1 or
Cetuximab, an anti-epidermal growth factor receptor (EGFR) mAb, enhanced anticancer
immunity, suggesting that Monalizumab could be used in combination with other oncology
treatments. In patients with pretreated gynecologic cancers, Monalizumab was found to be
well tolerated and showed short-term disease stabilization [162]. Preliminary data from
microsatellite stable (MSS)-CRC patients who do not typically respond to anti-PD-1/PD-L1-
based therapy showed the clinical efficacy and safety of the combination of Monalizumab
and Durvalumab (an anti-PD-L1 mAb) [160,161]. On the other hand, the clinical trial
(NCT04590963) in patients affected by head and neck cancer (HNSCC) and receiving
Monalizumab and Cetuximab as a combination therapy did not meet objective response
(https://yhoo.it/3oOARub, accessed on 24 January 2023). Currently, there are a number of
ongoing clinical trials testing the efficacy of Monalizumab alone or in combination with
other ICIs for the treatment of hematological and solid tumors (Table 2) that will progress
our knowledge.

The activity of the above therapies is mainly attributed to the NKG2A+ NK and
conventional CD8 αβ T cells [161], and nothing is known about γδ T cells. Our study
shows that Vδ2 T cells infiltrating tumors such as GBM, NSCLC, HCC, and CRLM express
high levels of NKG2A [17,29]. In some tumors (e.g., GBM, NSCLC), the percentage of
NKG2A+ Vδ2 T cells can exceed that of those circulating in the blood, although it is not
clear whether this higher expression level is induced by the TME or whether it is due to the
preferable infiltration of this subset to the tumor side. The degree of infiltration of highly
cytotoxic NKG2A+ Vδ2 T cells in some tumors can exert different impacts on patients’ OS
in relation to the degree of expression of HLA-E. High frequencies of NKG2A+ Vδ2 TILs
significantly correlate with improvement in patients’ OS in NSCLC and HCC tumors with

https://yhoo.it/3oOARub
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similar levels of HLA-E compared to that present in normal tissue. On the other hand, in
cases of GBM, there is a higher expression of HLA-E coupled with the lack of any clinical
impact of NKG2A+ Vδ2 T cells on patients’ OS. Although only correlative, these studies
suggest that multivariate analyses matching the degree of HLA-E expression with the
frequency of NKG2A+ Vδ2 T cells might identify reliable targets to enhance Vδ2 T cell
activity in several tumors.

Table 2. Clinical trials with anti-NKG2A mAbs for the treatment of tumors.

Clinical Trial Phase Status Drug Disease

NCT04307329 II Active, not recruiting Monalizumab +
Trastuzumab Breast cancer

NCT04590963 III Terminated Monalizumab +
Cetuximab Squamous Cell Carcinoma of the Head and Neck

NCT05221840 III Recruiting Monalizumab +
Durvalumab Non-Small Cell Lung Cancer

NCT02921685 I Unknown status Monalizumab Hematologic Malignancies

NCT02671435 I/II Completed Monalizumab +
Durvalumab Advanced Solid Tumors

NCT02557516 I/II Terminated Monalizumab +
Ibrutinib Chronic Lymphocytic Leukemia

NCT05414032 II Not yet recruiting Monalizumab +
Cetuximab

Locoregionally Advanced Head and Neck
Squamous Cell Carcinoma

NCT05061550 II Recruiting Monalizumab +
Durvalumab Non-Small Cell Lung Cancer

NCT02643550 I/II Active, not recruiting
Monalizumab +

Cetuximab +
anti-PD-L1

Head and Neck Neoplasms

NCT04333914 II Completed Monalizumab Advanced or Metastatic Hematological or
Solid Tumor

NCT03822351 II Active, not recruiting Monalizumab +
Durvalumab

Unresectable Stage III Non-Small Cell
Lung Cancer

NCT03088059 II Recruiting Monalizumab Recurrrent or Metastatic Squamous Cell
Carcinoma of the Head and Neck

NCT03794544 II Completed Monalizumab +
Durvalumab

Resectable Early-Stage Non-Small Cell
Lung Cancer

NCT03833440 II Recruiting Monalizumab +
Durvalumab Advanced Non-Small Cell Lung Cancer

NCT05162755 I Recruiting S095029 ± Sym021
(anti-PD-1) Advanced Solid Tumor Malignancies

Monalizumab = anti-NKG2A, Trastuzumab = anti-HER2, Cetuximab = anti-EGFR, Durvalumab = anti-PD-L1,
Ibrutinib = anti-CD20.

The implementation of Vδ2 T cells in different cancer therapeutic approaches, includ-
ing their in vivo activation and expansion, adoptive cell transfer therapies, and genetic
engineering, needs to optimize the efficacy of such treatments by selecting effector Vδ2 T
cells that are endowed with the maximal anti-tumor potential (Figure 2). In this regard,
we need to consider that hyper-responsive NKG2A+ Vδ2 T cells would provide a more
powerful tool for eradicating malignant cells compared to adoptive cell transfer trials
administering all γδ T cells. However, the clinical use of customized NKG2A+ or NKG2A−

Vδ2 T cells should be matched with the histopathologic features of HLA-E expression to
tailor those immunotherapeutic protocols to exert the most powerful immune responses
against cancers.
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Figure 2. Vδ2 T cell-based immunotherapeutic approaches considering the NKG2A-HLA-E immune
checkpoint axis. Several therapeutic strategies targeting the NKG2A-HLA-E axis on Vδ2 T cells
could be used to treat cancer patients. First of all, it is important to evaluate the expression level of
HLA-E in the tumor as well as that of NKG2A on Vδ2 T cells (upper panels). In fact, tumors can
be characterized by variable levels of HLA-E (orange square; HLA-E transcription levels in various
cancer types; RNA-sequencing data for the expression of HLA-E gene are reported as transcripts
per million (TPM) and generated by using the Gene Expression Profiling Interactive Analysis 2
(GEPIA2) web server). Moreover, both patients and healthy donors can show variable levels of
NKG2A expression on Vδ2 T cells (yellow square). These parameters, along with the possibility of
sorting NKGA+ or NKG2A− Vδ2 T cells, should be considered in immunotherapeutic strategies
(lower panels). In particular, autologous or allogenic Vδ2 T cells can be expanded in vitro for adoptive
cell transfer therapy. However, for tumors lacking HLA-E, it would be more suitable to use NKG2A+

Vδ2 T cells, as they show higher cytotoxic (3 lightning bolts) potential, while for tumors expressing
HLA-E, it would be more appropriate to use NKG2A+ Vδ2 T cells in combination with anti-NKG2A
mAbs or in alternative NKG2A− Vδ2 T cells could be used with lower cytotoxic (1 lightning bolt)
capability (pink area). Analogously, in genetic engineering approaches (green area) based on CAR-γδ
T cells or bispecific antibodies, the use of NKG2A+ Vδ2 T cells against HLA-E+ tumors would be
optimal only in the presence of the anti-NKG2A mAb. However, additional investigations are needed
to establish the expression of NKG2A on engineered Vδ2 T cells. Finally, for the in vivo activation of
Vδ2 T cells (blue square), PhAgs could be used alone or in combination with anti-NKG2A mAbs for
cancer patients with low or high levels of HLA-E, respectively.
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7. Conclusions and Future Directions

While immune checkpoint inhibitors targeting the PD1/PDL1 and CTLA-4 axes have
revolutionized cancer treatment, novel drugs are needed to overcome the limitations of
current adaptive ICI-based immunotherapies, including insufficient tumor antigens and
poor antigen presentation. Therefore, additional mechanisms activating the innate and
adaptive immune systems have the potential to increase anti-tumor responses and alleviate
immunosuppression in the tumor microenvironment. In this regard, innate ICIs alone or
in combination with adaptive ICIs are a promising novel anticancer strategy [163]. These
drugs can unleash the innate immune system against tumors, generating natural cytotoxic-
ity and synergistically activate the adaptive immune system. Unlike adaptive immunity,
innate immunity provides immediate and broad immune responses, offering a quicker
immune attack and access to a wide array of mechanisms to promote disease resolution.
Moreover, there is considerable overlap in the expression of several ICIs between the innate
and adaptive immune systems. In this context, NKG2A regulates both adaptive and innate
immunity and could be an important candidate. NKG2A shows wide expression across
cytotoxic lymphocytes, including innate NK cells, ILC1, unconventional NKT cells, and
adaptive CD8 T lymphocytes. In addition, as we have summarized here, this inhibitory re-
ceptor is highly expressed by human Vδ2 T cells. Thus, generated Monalizumab, a blocking
anti-human NKG2A mAb, has a great potential to liberate effector anti-tumor response of
different cytotoxic lymphocytes. It is worth underlining that since NKG2A is specifically
expressed on cytotoxic lymphocytes, compared with HLA-E, it is more suitable as the
blockade target of the NKG2A-HLA-E axis. Indeed, HLA-E is expressed on almost all cell
surfaces [34], thus making NKG2A blocking more specific.

The development of Vδ2 T-cell-based immunotherapy against malignant cells is a fast-
evolving field. Due to the anti-tumor potential of these cells, several clinical trials are testing
protocols that involve the activation and expansion of Vδ2 T cells, even those with variable
efficacy. Therefore, the development of therapeutic strategies to boost the response of Vδ2
T cells through ICIs could allow the successful use of Vδ2 T cells as therapeutic agents in
cancer. NKG2A blockade is a promising way to activate Vδ2 T cells. Several studies have
highlighted the critical role of NKG2A in controlling the anti-tumor response of Vδ2 T cells.
While clinical development is still needed, the targeting of NKG2A expressed on Vδ2 T
cells has the potential to improve patient outcomes in many cancer types. However, there
is still a vast amount of research that needs to be undertaken to select the most appropriate
cancers to be treated with NKG2A blockers. Finally, though NKG2A blockade has shown
limited effects as a stand-alone therapy, the NKG2A blocking mAb has synergistic effects
with other tumor ICIs. Thus, synergistic effects to optimize the clinical benefits of NKG2A
blockers in Vδ2 T cells could be realized by combining them with other onco-therapies such
as ICT01, a BTN target, or other ICIs.

Despite Monolizumab, other anti-NKG2A mAbs are tested (KSQ). In particular, the
use of novel screening techniques such as a semi-mechanistic pharmacokinetic/receptor
occupancy (SM-PK/RO) model was used to identify anti-NKG2A mAbs with a high specific
monovalent affinity for NKG2A and anti-tumor cytotoxicity [164]. This analysis suggests
that the increased affinity of highly selective anti-NKG2A KSQ mAbs may translate into
substantial clinical benefits by lowering the dose, and/or reducing the dosing frequency,
while retaining the saturation of receptor occupancy in tumor tissue needed to achieve
optimal therapeutic anti-tumor efficacy.

Thus, the implementation of NKG2A in the development of Vδ2 T-cell-based im-
munotherapy against tumors may further improve and expand their potency alone or in
combination with other cancer treatment options.
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Glossary

ICs Immune checkpoints
ICIs Immune checkpoint inhibitors
γδ T Gamma delta T
αβ T Alpha beta T
NK Natural killer
TCR T cell receptor
MHC Major histocompatibility complex
HIV Human Immunodeficiency virus
EBV Epstein–Barr virus
HBV Hepatitis B virus
IFN-g Interferon-gamma
TNF-α Tumor necrosis factor-alpha
IL Interleukin
Ab Antibody
PhAg Phosphoantigen
ITIMs Immunoreceptor tyrosine-based inhibition motifs
HLA Human leukocyte antigen
TILs Tumor infiltrating lymphocytes
CRC Colorectal carcinoma
CLL Chronic lymphocytic leukemia
AML Acute myeloid leukemia
GBM Glioblastoma
CRLM Liver metastastic colorectal carcinoma
HCC Hepatocellular carcinoma
OC Ovarian cancer
IELs Intraepithelial lymphocytes
ADCC Antibody-dependent cellular cytotoxicity
BTN/BTNs Butyrophilin family/Butyrophilins
GvHD Graft versus Host Disease
CARs Chimeric antigen receptors
BiTEs Bispecific T cell engagers
ABP Aminobisphosphonate
MM Multiple myeloma
NHL Non-Hodgkin lymphoma
RCC Renal cell carcinoma
ALL Acute lymphoblastic leukemia
NSCLC Non-small cell lung cancer
TME Tumor microenvironment
OS Overall survival
HCMV Human Cytomegalovirus
mAb Monoclonal antibody
EGFR Epidermal growth factor receptor
HNSCC Head and neck squamous cell carcinoma



Cancers 2023, 15, 1264 14 of 21

References
1. Vantourout, P.; Hayday, A. Six-of-the-best: Unique contributions of gammadelta T cells to immunology. Nat. Rev. Immunol. 2013,

13, 88–100. [CrossRef] [PubMed]
2. Pellicci, D.G.; Koay, H.F.; Berzins, S.P. Thymic development of unconventional T cells: How NKT cells, MAIT cells and gammadelta

T cells emerge. Nat. Rev. Immunol. 2020, 20, 756–770. [CrossRef] [PubMed]
3. Ribot, J.C.; Lopes, N.; Silva-Santos, B. Gammadelta T cells in tissue physiology and surveillance. Nat. Rev. Immunol. 2021, 21,

221–232. [CrossRef] [PubMed]
4. Zhao, Y.; Lin, L.; Xiao, Z.; Li, M.; Wu, X.; Li, W.; Li, X.; Zhao, Q.; Wu, Y.; Zhang, H.; et al. Protective Role of gammadelta T Cells in

Different Pathogen Infections and Its Potential Clinical Application. J. Immunol. Res. 2018, 2018, 5081634. [CrossRef]
5. Silva-Santos, B.; Serre, K.; Norell, H. Gammadelta T cells in cancer. Nat. Rev. Immunol. 2015, 15, 683–691. [CrossRef]
6. Hudspeth, K.; Fogli, M.; Correia, D.V.; Mikulak, J.; Roberto, A.; Della Bella, S.; Silva-Santos, B.; Mavilio, D. Engagement of NKp30

on Vdelta1 T cells induces the production of CCL3, CCL4, and CCL5 and suppresses HIV-1 replication. Blood 2012, 119, 4013–4016.
[CrossRef]

7. Kuhl, A.A.; Pawlowski, N.N.; Grollich, K.; Blessenohl, M.; Westermann, J.; Zeitz, M.; Loddenkemper, C.; Hoffmann, J.C. Human
peripheral gammadelta T cells possess regulatory potential. Immunology 2009, 128, 580–588. [CrossRef]

8. Zhao, Y.; Niu, C.; Cui, J. Gamma-delta (gammadelta) T cells: Friend or foe in cancer development? J. Transl. Med. 2018, 16, 3,
Correction in J. Transl. Med. 2018, 16, 122. [CrossRef]

9. Brandes, M.; Willimann, K.; Moser, B. Professional antigen-presentation function by human gammadelta T Cells. Science 2005,
309, 264–268. [CrossRef]

10. Rampoldi, F.; Ullrich, L.; Prinz, I. Revisiting the Interaction of gammadelta T-Cells and B-Cells. Cells 2020, 9, 743. [CrossRef]
11. Wang, B.; Tian, Q.; Guo, D.; Lin, W.; Xie, X.; Bi, H. Activated gammadelta T Cells Promote Dendritic Cell Maturation and

Exacerbate the Development of Experimental Autoimmune Uveitis (EAU) in Mice. Immunol. Invest. 2021, 50, 164–183. [CrossRef]
[PubMed]

12. Deseke, M.; Prinz, I. Ligand recognition by the gammadelta TCR and discrimination between homeostasis and stress conditions.
Cell. Mol. Immunol. 2020, 17, 914–924. [CrossRef] [PubMed]

13. Adams, E.J.; Gu, S.; Luoma, A.M. Human gamma delta T cells: Evolution and ligand recognition. Cell. Immunol. 2015, 296, 31–40.
[CrossRef]

14. Davey, M.S.; Willcox, C.R.; Hunter, S.; Kasatskaya, S.A.; Remmerswaal, E.B.M.; Salim, M.; Mohammed, F.; Bemelman, F.J.;
Chudakov, D.M.; Oo, Y.H.; et al. The human Vdelta2(+) T-cell compartment comprises distinct innate-like Vgamma9(+) and
adaptive Vgamma9(-) subsets. Nat. Commun. 2018, 9, 9–1760. [CrossRef]

15. Mangan, B.A.; Dunne, M.R.; O’Reilly, V.P.; Dunne, P.J.; Exley, M.A.; O’Shea, D.; Scotet, E.; Hogan, A.E.; Doherty, D.G. Cutting
edge: CD1d restriction and Th1/Th2/Th17 cytokine secretion by human Vdelta3 T cells. J. Immunol. 2013, 191, 30–34. [CrossRef]

16. Kenna, T.; Golden-Mason, L.; Norris, S.; Hegarty, J.E.; O’Farrelly, C.; Doherty, D.G. Distinct subpopulations of gamma delta T
cells are present in normal and tumor-bearing human liver. Clin. Immunol. 2004, 113, 56–63. [CrossRef]

17. Bruni, E.; Cimino, M.M.; Donadon, M.; Carriero, R.; Terzoli, S.; Piazza, R.; Ravens, S.; Prinz, I.; Cazzetta, V.; Marzano, P.; et al.
Intrahepatic CD69(+)Vdelta1 T cells re-circulate in the blood of patients with metastatic colorectal cancer and limit tumor
progression. J. Immunother. Cancer 2022, 10, e004579. [CrossRef] [PubMed]

18. Marlin, R.; Pappalardo, A.; Kaminski, H.; Willcox, C.R.; Pitard, V.; Netzer, S.; Khairallah, C.; Lomenech, A.M.; Harly, C.;
Bonneville, M.; et al. Sensing of cell stress by human gammadelta TCR-dependent recognition of annexin A2. Proc. Natl. Acad.
Sci. USA 2017, 114, 3163–3168. [CrossRef]

19. Wang, L.; Xu, M.; Wang, C.; Zhu, L.; Hu, J.; Chen, S.; Wu, X.; Li, B.; Li, Y. The feature of distribution and clonality of TCR
gamma/delta subfamilies T cells in patients with B-cell non-Hodgkin lymphoma. J. Immunol. Res. 2014, 2014, 241246. [CrossRef]

20. Willcox, C.R.; Pitard, V.; Netzer, S.; Couzi, L.; Salim, M.; Silberzahn, T.; Moreau, J.F.; Hayday, A.C.; Willcox, B.E.; Dechanet-
Merville, J. Cytomegalovirus and tumor stress surveillance by binding of a human gammadelta T cell antigen receptor to
endothelial protein C receptor. Nat. Immunol. 2012, 13, 872–879. [CrossRef]

21. Schwartz, J.C.; Gibson, M.S.; Heimeier, D.; Koren, S.; Phillippy, A.M.; Bickhart, D.M.; Smith, T.P.; Medrano, J.F.; Hammond, J.A.
The evolution of the natural killer complex; a comparison between mammals using new high-quality genome assemblies and
targeted annotation. Immunogenetics 2017, 69, 255–269. [CrossRef]

22. Huang, R.Y.; Wang, Y.; Jhatakia, A.D.; Deng, A.X.; Bee, C.; Deshpande, S.; Rangan, V.S.; Bezman, N.; Gudmundsson, O.; Chen, G.
Higher-Order Structure Characterization of NKG2A/CD94 Protein Complex and Anti-NKG2A Antibody Binding Epitopes by
Mass Spectrometry-Based Protein Footprinting Strategies. J. Am. Soc. Mass Spectrom. 2021, 32, 1567–1574. [CrossRef]

23. Mingari, M.C.; Pietra, G.; Moretta, L. Immune Checkpoint Inhibitors: Anti-NKG2A Antibodies on Board. Trends Immunol. 2019,
40, 83–85. [CrossRef] [PubMed]

24. Taveirne, S.; Filtjens, J.; Van Ammel, E.; De Colvenaer, V.; Kerre, T.; Taghon, T.; Vandekerckhove, B.; Plum, J.; Held, W.; Leclercq, G.
Inhibitory receptors specific for MHC class I educate murine NK cells but not CD8alphaalpha intestinal intraepithelial T
lymphocytes. Blood 2011, 118, 339–347. [CrossRef]

25. Kaiser, B.K.; Pizarro, J.C.; Kerns, J.; Strong, R.K. Structural basis for NKG2A/CD94 recognition of HLA-E. Proc. Natl. Acad. Sci.
USA 2008, 105, 6696–6701. [CrossRef]

http://doi.org/10.1038/nri3384
http://www.ncbi.nlm.nih.gov/pubmed/23348415
http://doi.org/10.1038/s41577-020-0345-y
http://www.ncbi.nlm.nih.gov/pubmed/32581346
http://doi.org/10.1038/s41577-020-00452-4
http://www.ncbi.nlm.nih.gov/pubmed/33057185
http://doi.org/10.1155/2018/5081634
http://doi.org/10.1038/nri3904
http://doi.org/10.1182/blood-2011-11-390153
http://doi.org/10.1111/j.1365-2567.2009.03162.x
http://doi.org/10.1186/s12967-017-1378-2
http://doi.org/10.1126/science.1110267
http://doi.org/10.3390/cells9030743
http://doi.org/10.1080/08820139.2020.1716786
http://www.ncbi.nlm.nih.gov/pubmed/31985304
http://doi.org/10.1038/s41423-020-0503-y
http://www.ncbi.nlm.nih.gov/pubmed/32709926
http://doi.org/10.1016/j.cellimm.2015.04.008
http://doi.org/10.1038/s41467-018-04076-0
http://doi.org/10.4049/jimmunol.1300121
http://doi.org/10.1016/j.clim.2004.05.003
http://doi.org/10.1136/jitc-2022-004579
http://www.ncbi.nlm.nih.gov/pubmed/35863820
http://doi.org/10.1073/pnas.1621052114
http://doi.org/10.1155/2014/241246
http://doi.org/10.1038/ni.2394
http://doi.org/10.1007/s00251-017-0973-y
http://doi.org/10.1021/jasms.0c00399
http://doi.org/10.1016/j.it.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30609967
http://doi.org/10.1182/blood-2011-01-331124
http://doi.org/10.1073/pnas.0802736105


Cancers 2023, 15, 1264 15 of 21

26. Long, E.O.; Kim, H.S.; Liu, D.; Peterson, M.E.; Rajagopalan, S. Controlling natural killer cell responses: Integration of signals for
activation and inhibition. Annu. Rev. Immunol. 2013, 31, 227–258. [CrossRef]

27. Joncker, N.T.; Fernandez, N.C.; Treiner, E.; Vivier, E.; Raulet, D.H. NK cell responsiveness is tuned commensurate with the
number of inhibitory receptors for self-MHC class I: The rheostat model. J. Immunol. 2009, 182, 4572–4580. [CrossRef] [PubMed]

28. Ducoin, K.; Oger, R.; Bilonda Mutala, L.; Deleine, C.; Jouand, N.; Desfrancois, J.; Podevin, J.; Duchalais, E.; Cruard, J.;
Benlalam, H.; et al. Targeting NKG2A to boost anti-tumor CD8 T-cell responses in human colorectal cancer. Oncoimmunology
2022, 11, 2046931. [CrossRef] [PubMed]

29. Cazzetta, V.; Bruni, E.; Terzoli, S.; Carenza, C.; Franzese, S.; Piazza, R.; Marzano, P.; Donadon, M.; Torzilli, G.; Cimino, M.; et al.
NKG2A expression identifies a subset of human Vdelta2 T cells exerting the highest antitumor effector functions. Cell Rep. 2021,
37, 109871. [CrossRef] [PubMed]

30. Zaghi, E.; Calvi, M.; Marcenaro, E.; Mavilio, D.; Di Vito, C. Targeting NKG2A to elucidate natural killer cell ontogenesis and to
develop novel immune-therapeutic strategies in cancer therapy. J. Leukoc. Biol. 2019, 105, 1243–1251. [CrossRef]

31. van Montfoort, N.; Borst, L.; Korrer, M.J.; Sluijter, M.; Marijt, K.A.; Santegoets, S.J.; van Ham, V.J.; Ehsan, I.; Charoentong, P.;
Andre, P.; et al. NKG2A Blockade Potentiates CD8 T Cell Immunity Induced by Cancer Vaccines. Cell 2018, 175, 1744–1755.e15.
[CrossRef] [PubMed]

32. Kawamura, T.; Takeda, K.; Kaneda, H.; Matsumoto, H.; Hayakawa, Y.; Raulet, D.H.; Ikarashi, Y.; Kronenberg, M.; Yagita, H.;
Kinoshita, K.; et al. NKG2A inhibits invariant NKT cell activation in hepatic injury. J. Immunol. 2009, 182, 250–258. [CrossRef]

33. Salome, B.; Gomez-Cadena, A.; Loyon, R.; Suffiotti, M.; Salvestrini, V.; Wyss, T.; Vanoni, G.; Ruan, D.F.; Rossi, M.; Tozzo, A.; et al.
CD56 as a marker of an ILC1-like population with NK cell properties that is functionally impaired in AML. Blood Adv. 2019, 3,
3674–3687. [CrossRef] [PubMed]

34. Creelan, B.C.; Antonia, S.J. The NKG2A immune checkpoint—A new direction in cancer immunotherapy. Nat. Rev. Clin. Oncol.
2019, 16, 277–278. [CrossRef] [PubMed]

35. Li, D.; Brackenridge, S.; Walters, L.C.; Swanson, O.; Harlos, K.; Rozbesky, D.; Cain, D.W.; Wiehe, K.; Scearce, R.M.; Barr, M.; et al.
Mouse and human antibodies bind HLA-E-leader peptide complexes and enhance NK cell cytotoxicity. Commun. Biol. 2022,
5, 271. [CrossRef] [PubMed]

36. Borst, L.; van der Burg, S.H.; van Hall, T. The NKG2A-HLA-E Axis as a Novel Checkpoint in the Tumor Microenvironment. Clin.
Cancer Res. 2020, 26, 5549–5556. [CrossRef] [PubMed]

37. Haanen, J.B.; Cerundolo, V. NKG2A, a New Kid on the Immune Checkpoint Block. Cell 2018, 175, 1720–1722. [CrossRef]
38. Gentles, A.J.; Newman, A.M.; Liu, C.L.; Bratman, S.V.; Feng, W.; Kim, D.; Nair, V.S.; Xu, Y.; Khuong, A.; Hoang, C.D.; et al. The

prognostic landscape of genes and infiltrating immune cells across human cancers. Nat. Med. 2015, 21, 938–945. [CrossRef]
39. Tosolini, M.; Pont, F.; Poupot, M.; Vergez, F.; Nicolau-Travers, M.L.; Vermijlen, D.; Sarry, J.E.; Dieli, F.; Fournie, J.J. Assessment of

tumor-infiltrating TCRVgamma9Vdelta2 gammadelta lymphocyte abundance by deconvolution of human cancers microarrays.
Oncoimmunology 2017, 6, e1284723. [CrossRef]

40. Lo Presti, E.; Dieli, F.; Meraviglia, S. Tumor-Infiltrating gammadelta T Lymphocytes: Pathogenic Role, Clinical Significance, and
Differential Programing in the Tumor Microenvironment. Front. Immunol. 2014, 5, 607. [CrossRef]

41. Wang, J.; Lin, C.; Li, H.; Li, R.; Wu, Y.; Liu, H.; Zhang, H.; He, H.; Zhang, W.; Xu, J. Tumor-infiltrating gammadeltaT cells predict
prognosis and adjuvant chemotherapeutic benefit in patients with gastric cancer. Oncoimmunology 2017, 6, e1353858. [CrossRef]
[PubMed]

42. Mikulak, J.; Oriolo, F.; Bruni, E.; Roberto, A.; Colombo, F.S.; Villa, A.; Bosticardo, M.; Bortolomai, I.; Lo Presti, E.; Meraviglia,
S.; et al. NKp46-expressing human gut-resident intraepithelial Vdelta1 T cell subpopulation exhibits high antitumor activity
against colorectal cancer. JCI Insight 2019, 4, e125884. [CrossRef]

43. Donia, M.; Ellebaek, E.; Andersen, M.H.; Straten, P.T.; Svane, I.M. Analysis of Vdelta1 T cells in clinical grade melanoma-infiltrating
lymphocytes. Oncoimmunology 2012, 1, 1297–1304. [CrossRef] [PubMed]

44. Lu, H.; Dai, W.; Guo, J.; Wang, D.; Wen, S.; Yang, L.; Lin, D.; Xie, W.; Wen, L.; Fang, J.; et al. High Abundance of Intratumoral
gammadelta T Cells Favors a Better Prognosis in Head and Neck Squamous Cell Carcinoma: A Bioinformatic Analysis. Front.
Immunol. 2020, 11, 573920. [CrossRef]

45. Zhao, N.; Dang, H.; Ma, L.; Martin, S.P.; Forgues, M.; Ylaya, K.; Hewitt, S.M.; Wang, X.W. Intratumoral gammadelta T-Cell
Infiltrates, Chemokine (C-C Motif) Ligand 4/Chemokine (C-C Motif) Ligand 5 Protein Expression and Survival in Patients With
Hepatocellular Carcinoma. Hepatology 2021, 73, 1045–1060. [CrossRef] [PubMed]

46. Foord, E.; Arruda, L.C.M.; Gaballa, A.; Klynning, C.; Uhlin, M. Characterization of ascites- and tumor-infiltrating gammadelta T
cells reveals distinct repertoires and a beneficial role in ovarian cancer. Sci. Transl. Med. 2021, 13, eabb0192. [CrossRef] [PubMed]

47. Cordova, A.; Toia, F.; La Mendola, C.; Orlando, V.; Meraviglia, S.; Rinaldi, G.; Todaro, M.; Cicero, G.; Zichichi, L.; Donni, P.L.; et al.
Characterization of human gammadelta T lymphocytes infiltrating primary malignant melanomas. PLoS ONE 2012, 7, e49878.
[CrossRef]

48. Tan, L.; Fichtner, A.S.; Bruni, E.; Odak, I.; Sandrock, I.; Bubke, A.; Borchers, A.; Schultze-Florey, C.; Koenecke, C.; Forster, R.; et al.
A fetal wave of human type 3 effector gammadelta cells with restricted TCR diversity persists into adulthood. Sci. Immunol. 2021,
6, eabf0125. [CrossRef]

49. Caccamo, N.; La Mendola, C.; Orlando, V.; Meraviglia, S.; Todaro, M.; Stassi, G.; Sireci, G.; Fournie, J.J.; Dieli, F. Differentiation,
phenotype, and function of interleukin-17-producing human Vgamma9Vdelta2 T cells. Blood 2011, 118, 129–138. [CrossRef]

http://doi.org/10.1146/annurev-immunol-020711-075005
http://doi.org/10.4049/jimmunol.0803900
http://www.ncbi.nlm.nih.gov/pubmed/19342631
http://doi.org/10.1080/2162402X.2022.2046931
http://www.ncbi.nlm.nih.gov/pubmed/35295095
http://doi.org/10.1016/j.celrep.2021.109871
http://www.ncbi.nlm.nih.gov/pubmed/34686325
http://doi.org/10.1002/JLB.MR0718-300R
http://doi.org/10.1016/j.cell.2018.10.028
http://www.ncbi.nlm.nih.gov/pubmed/30503208
http://doi.org/10.4049/jimmunol.182.1.250
http://doi.org/10.1182/bloodadvances.2018030478
http://www.ncbi.nlm.nih.gov/pubmed/31765481
http://doi.org/10.1038/s41571-019-0182-8
http://www.ncbi.nlm.nih.gov/pubmed/30824813
http://doi.org/10.1038/s42003-022-03183-5
http://www.ncbi.nlm.nih.gov/pubmed/35347236
http://doi.org/10.1158/1078-0432.CCR-19-2095
http://www.ncbi.nlm.nih.gov/pubmed/32409305
http://doi.org/10.1016/j.cell.2018.11.048
http://doi.org/10.1038/nm.3909
http://doi.org/10.1080/2162402X.2017.1284723
http://doi.org/10.3389/fimmu.2014.00607
http://doi.org/10.1080/2162402X.2017.1353858
http://www.ncbi.nlm.nih.gov/pubmed/29147601
http://doi.org/10.1172/jci.insight.125884
http://doi.org/10.4161/onci.21659
http://www.ncbi.nlm.nih.gov/pubmed/23243593
http://doi.org/10.3389/fimmu.2020.573920
http://doi.org/10.1002/hep.31412
http://www.ncbi.nlm.nih.gov/pubmed/32502310
http://doi.org/10.1126/scitranslmed.abb0192
http://www.ncbi.nlm.nih.gov/pubmed/33472952
http://doi.org/10.1371/journal.pone.0049878
http://doi.org/10.1126/sciimmunol.abf0125
http://doi.org/10.1182/blood-2011-01-331298


Cancers 2023, 15, 1264 16 of 21

50. Lo Presti, E.; Toia, F.; Oieni, S.; Buccheri, S.; Turdo, A.; Mangiapane, L.R.; Campisi, G.; Caputo, V.; Todaro, M.; Stassi, G.; et al.
Squamous Cell Tumors Recruit gammadelta T Cells Producing either IL17 or IFNgamma Depending on the Tumor Stage. Cancer
Immunol. Res. 2017, 5, 397–407. [CrossRef]

51. Meraviglia, S.; Lo Presti, E.; Tosolini, M.; La Mendola, C.; Orlando, V.; Todaro, M.; Catalano, V.; Stassi, G.; Cicero, G.;
Vieni, S.; et al. Distinctive features of tumor-infiltrating gammadelta T lymphocytes in human colorectal cancer. Oncoimmunology
2017, 6, e1347742. [CrossRef] [PubMed]

52. Wu, P.; Wu, D.; Ni, C.; Ye, J.; Chen, W.; Hu, G.; Wang, Z.; Wang, C.; Zhang, Z.; Xia, W.; et al. GammadeltaT17 cells promote
the accumulation and expansion of myeloid-derived suppressor cells in human colorectal cancer. Immunity 2014, 40, 785–800.
[CrossRef]

53. Van Hede, D.; Polese, B.; Humblet, C.; Wilharm, A.; Renoux, V.; Dortu, E.; de Leval, L.; Delvenne, P.; Desmet, C.J.; Bureau, F.; et al.
Human papillomavirus oncoproteins induce a reorganization of epithelial-associated gammadelta T cells promoting tumor
formation. Proc. Natl. Acad. Sci. USA 2017, 114, E9056–E9065. [CrossRef]

54. Patil, R.S.; Shah, S.U.; Shrikhande, S.V.; Goel, M.; Dikshit, R.P.; Chiplunkar, S.V. IL17 producing gammadeltaT cells induce
angiogenesis and are associated with poor survival in gallbladder cancer patients. Int. J. Cancer 2016, 139, 869–881. [CrossRef]

55. Liu, Y.; Zhang, C. The Role of Human gammadelta T Cells in Anti-Tumor Immunity and Their Potential for Cancer Immunotherapy.
Cells 2020, 9, 1206. [CrossRef]

56. Tokuyama, H.; Hagi, T.; Mattarollo, S.R.; Morley, J.; Wang, Q.; So, H.F.; Moriyasu, F.; Nieda, M.; Nicol, A.J. V gamma 9 V delta 2 T
cell cytotoxicity against tumor cells is enhanced by monoclonal antibody drugs–rituximab and trastuzumab. Int. J. Cancer 2008,
122, 2526–2534. [CrossRef]

57. Bruni, E.; Cazzetta, V.; Donadon, M.; Cimino, M.; Torzilli, G.; Spata, G.; Leonardi, G.; Dieli, F.; Mikulak, J.; Mavilio, D.
Chemotherapy accelerates immune-senescence and functional impairments of Vdelta2(pos) T cells in elderly patients affected by
liver metastatic colorectal cancer. J. Immunother. Cancer 2019, 7, 347. [CrossRef]

58. Li, Z.; Peng, H.; Xu, Q.; Ye, Z. Sensitization of human osteosarcoma cells to Vgamma9Vdelta2 T-cell-mediated cytotoxicity by
zoledronate. J. Orthop. Res. 2012, 30, 824–830. [CrossRef] [PubMed]

59. Wu, D.; Wu, P.; Wu, X.; Ye, J.; Wang, Z.; Zhao, S.; Ni, C.; Hu, G.; Xu, J.; Han, Y.; et al. Ex vivo expanded human circulating
Vdelta1 gammadeltaT cells exhibit favorable therapeutic potential for colon cancer. Oncoimmunology 2015, 4, e992749. [CrossRef]
[PubMed]

60. Halary, F.; Pitard, V.; Dlubek, D.; Krzysiek, R.; de la Salle, H.; Merville, P.; Dromer, C.; Emilie, D.; Moreau, J.F.; Dechanet-Merville, J.
Shared reactivity of Vdelta2(neg) gammadelta T cells against cytomegalovirus-infected cells and tumor intestinal epithelial cells.
J. Exp. Med. 2005, 201, 1567–1578. [CrossRef]

61. D’Asaro, M.; La Mendola, C.; Di Liberto, D.; Orlando, V.; Todaro, M.; Spina, M.; Guggino, G.; Meraviglia, S.; Caccamo, N.;
Messina, A.; et al. V gamma 9V delta 2 T lymphocytes efficiently recognize and kill zoledronate-sensitized, imatinib-sensitive,
and imatinib-resistant chronic myelogenous leukemia cells. J. Immunol. 2010, 184, 3260–3268. [CrossRef]

62. Wrobel, P.; Shojaei, H.; Schittek, B.; Gieseler, F.; Wollenberg, B.; Kalthoff, H.; Kabelitz, D.; Wesch, D. Lysis of a broad range of
epithelial tumour cells by human gamma delta T cells: Involvement of NKG2D ligands and T-cell receptor- versus NKG2D-
dependent recognition. Scand. J. Immunol. 2007, 66, 320–328. [CrossRef] [PubMed]

63. Rincon-Orozco, B.; Kunzmann, V.; Wrobel, P.; Kabelitz, D.; Steinle, A.; Herrmann, T. Activation of V gamma 9V delta 2 T cells by
NKG2D. J. Immunol. 2005, 175, 2144–2151. [CrossRef]

64. Siegers, G.M.; Lamb, L.S., Jr. Cytotoxic and regulatory properties of circulating Vdelta1+ gammadelta T cells: A new player on
the cell therapy field? Mol. Ther. 2014, 22, 1416–1422. [CrossRef]

65. Correia, D.V.; Lopes, A.; Silva-Santos, B. Tumor cell recognition by gammadelta T lymphocytes: T-cell receptor vs. NK-cell
receptors. Oncoimmunology 2013, 2, e22892. [CrossRef] [PubMed]

66. Deniger, D.C.; Maiti, S.N.; Mi, T.; Switzer, K.C.; Ramachandran, V.; Hurton, L.V.; Ang, S.; Olivares, S.; Rabinovich, B.A.;
Huls, M.H.; et al. Activating and propagating polyclonal gamma delta T cells with broad specificity for malignancies. Clin. Cancer
Res. 2014, 20, 5708–5719. [CrossRef]

67. Correia, D.V.; Fogli, M.; Hudspeth, K.; da Silva, M.G.; Mavilio, D.; Silva-Santos, B. Differentiation of human peripheral blood
Vdelta1+ T cells expressing the natural cytotoxicity receptor NKp30 for recognition of lymphoid leukemia cells. Blood 2011, 118,
992–1001. [CrossRef]

68. Fichtner, A.S.; Ravens, S.; Prinz, I. Human gammadelta TCR Repertoires in Health and Disease. Cells 2020, 9, 800. [CrossRef]
69. Morita, C.T.; Jin, C.; Sarikonda, G.; Wang, H. Nonpeptide antigens, presentation mechanisms, and immunological memory of

human Vgamma2Vdelta2 T cells: Discriminating friend from foe through the recognition of prenyl pyrophosphate antigens.
Immunol. Rev. 2007, 215, 59–76. [CrossRef]

70. Gober, H.J.; Kistowska, M.; Angman, L.; Jeno, P.; Mori, L.; De Libero, G. Human T cell receptor gammadelta cells recognize
endogenous mevalonate metabolites in tumor cells. J. Exp. Med. 2003, 197, 163–168. [CrossRef] [PubMed]

71. Vantourout, P.; Mookerjee-Basu, J.; Rolland, C.; Pont, F.; Martin, H.; Davrinche, C.; Martinez, L.O.; Perret, B.; Collet, X.;
Perigaud, C.; et al. Specific requirements for Vgamma9Vdelta2 T cell stimulation by a natural adenylated phosphoantigen.
J. Immunol. 2009, 183, 3848–3857. [CrossRef] [PubMed]

72. Herrmann, T.; Karunakaran, M.M. Butyrophilins: Gammadelta T Cell Receptor Ligands, Immunomodulators and More. Front.
Immunol. 2022, 13, 876493. [CrossRef] [PubMed]

http://doi.org/10.1158/2326-6066.CIR-16-0348
http://doi.org/10.1080/2162402X.2017.1347742
http://www.ncbi.nlm.nih.gov/pubmed/29123962
http://doi.org/10.1016/j.immuni.2014.03.013
http://doi.org/10.1073/pnas.1712883114
http://doi.org/10.1002/ijc.30134
http://doi.org/10.3390/cells9051206
http://doi.org/10.1002/ijc.23365
http://doi.org/10.1186/s40425-019-0825-4
http://doi.org/10.1002/jor.21579
http://www.ncbi.nlm.nih.gov/pubmed/22025284
http://doi.org/10.4161/2162402X.2014.992749
http://www.ncbi.nlm.nih.gov/pubmed/25949914
http://doi.org/10.1084/jem.20041851
http://doi.org/10.4049/jimmunol.0903454
http://doi.org/10.1111/j.1365-3083.2007.01963.x
http://www.ncbi.nlm.nih.gov/pubmed/17635809
http://doi.org/10.4049/jimmunol.175.4.2144
http://doi.org/10.1038/mt.2014.104
http://doi.org/10.4161/onci.22892
http://www.ncbi.nlm.nih.gov/pubmed/23483102
http://doi.org/10.1158/1078-0432.CCR-13-3451
http://doi.org/10.1182/blood-2011-02-339135
http://doi.org/10.3390/cells9040800
http://doi.org/10.1111/j.1600-065X.2006.00479.x
http://doi.org/10.1084/jem.20021500
http://www.ncbi.nlm.nih.gov/pubmed/12538656
http://doi.org/10.4049/jimmunol.0901085
http://www.ncbi.nlm.nih.gov/pubmed/19710470
http://doi.org/10.3389/fimmu.2022.876493
http://www.ncbi.nlm.nih.gov/pubmed/35371078


Cancers 2023, 15, 1264 17 of 21

73. Blazquez, J.L.; Benyamine, A.; Pasero, C.; Olive, D. New Insights Into the Regulation of gammadelta T Cells by BTN3A and Other
BTN/BTNL in Tumor Immunity. Front. Immunol. 2018, 9, 1601. [CrossRef]

74. Handgretinger, R.; Schilbach, K. The potential role of gammadelta T cells after allogeneic HCT for leukemia. Blood 2018, 131,
1063–1072. [CrossRef]

75. Minculescu, L.; Marquart, H.V.; Ryder, L.P.; Andersen, N.S.; Schjoedt, I.; Friis, L.S.; Kornblit, B.T.; Petersen, S.L.; Haastrup, E.;
Fischer-Nielsen, A.; et al. Improved Overall Survival, Relapse-Free-Survival, and Less Graft-vs.-Host-Disease in Patients With
High Immune Reconstitution of TCR Gamma Delta Cells 2 Months After Allogeneic Stem Cell Transplantation. Front. Immunol.
2019, 10, 1997. [CrossRef] [PubMed]

76. Chan, K.F.; Duarte, J.D.G.; Ostrouska, S.; Behren, A. gammadelta T Cells in the Tumor Microenvironment-Interactions With Other
Immune Cells. Front. Immunol. 2022, 13, 894315. [CrossRef] [PubMed]

77. Sebestyen, Z.; Prinz, I.; Dechanet-Merville, J.; Silva-Santos, B.; Kuball, J. Translating gammadelta (gammadelta) T cells and their
receptors into cancer cell therapies. Nat. Rev. Drug Discov. 2020, 19, 169–184. [CrossRef]

78. Sullivan, L.C.; Shaw, E.M.; Westall, G.P. gammadelta T Cells in Transplantation: Friend and Foe. Transplantation 2018, 102,
1970–1971. [CrossRef]

79. Silva-Santos, B.; Mensurado, S.; Coffelt, S.B. gammadelta T cells: Pleiotropic immune effectors with therapeutic potential in
cancer. Nat. Rev. Cancer 2019, 19, 392–404. [CrossRef]

80. Legut, M.; Cole, D.K.; Sewell, A.K. The promise of gammadelta T cells and the gammadelta T cell receptor for cancer immunother-
apy. Cell. Mol. Immunol. 2015, 12, 656–668. [CrossRef] [PubMed]

81. Park, J.H.; Lee, H.K. Function of gammadelta T cells in tumor immunology and their application to cancer therapy. Exp. Mol.
Med. 2021, 53, 318–327. [CrossRef] [PubMed]

82. Lee, D.; Rosenthal, C.J.; Penn, N.E.; Dunn, Z.S.; Zhou, Y.; Yang, L. Human gammadelta T Cell Subsets and Their Clinical
Applications for Cancer Immunotherapy. Cancers 2022, 14, 3005. [CrossRef]

83. Kabelitz, D.; Serrano, R.; Kouakanou, L.; Peters, C.; Kalyan, S. Cancer immunotherapy with gammadelta T cells: Many paths
ahead of us. Cell. Mol. Immunol. 2020, 17, 925–939. [CrossRef]

84. Miyashita, M.; Shimizu, T.; Ashihara, E.; Ukimura, O. Strategies to Improve the Antitumor Effect of gammadelta T Cell
Immunotherapy for Clinical Application. Int. J. Mol. Sci. 2021, 22, 8910. [CrossRef] [PubMed]

85. Almeida, A.R.; Correia, D.V.; Fernandes-Platzgummer, A.; da Silva, C.L.; da Silva, M.G.; Anjos, D.R.; Silva-Santos, B. Delta One T
Cells for Immunotherapy of Chronic Lymphocytic Leukemia: Clinical-Grade Expansion/Differentiation and Preclinical Proof of
Concept. Clin. Cancer Res. 2016, 22, 5795–5804. [CrossRef]

86. Peters, C.; Kouakanou, L.; Oberg, H.H.; Wesch, D.; Kabelitz, D. In vitro expansion of Vgamma9Vdelta2 T cells for immunotherapy.
Methods Enzymol. 2020, 631, 223–237. [CrossRef]

87. Kunzmann, V.; Bauer, E.; Feurle, J.; Weissinger, F.; Tony, H.P.; Wilhelm, M. Stimulation of gammadelta T cells by aminobisphos-
phonates and induction of antiplasma cell activity in multiple myeloma. Blood 2000, 96, 384–392. [CrossRef]

88. Wilhelm, M.; Kunzmann, V.; Eckstein, S.; Reimer, P.; Weissinger, F.; Ruediger, T.; Tony, H.P. Gammadelta T cells for immune
therapy of patients with lymphoid malignancies. Blood 2003, 102, 200–206. [CrossRef]

89. Dieli, F.; Vermijlen, D.; Fulfaro, F.; Caccamo, N.; Meraviglia, S.; Cicero, G.; Roberts, A.; Buccheri, S.; D’Asaro, M.; Gebbia, N.; et al.
Targeting human γδ T cells with zoledronate and interleukin-2 for immunotherapy of hormone-refractory prostate cancer. Cancer
Res. 2007, 67, 7450–7457. [CrossRef] [PubMed]

90. Bennouna, J.; Levy, V.; Sicard, H.; Senellart, H.; Audrain, M.; Hiret, S.; Rolland, F.; Bruzzoni-Giovanelli, H.; Rimbert, M.;
Galea, C.; et al. Phase I study of bromohydrin pyrophosphate (BrHPP, IPH 1101), a Vgamma9Vdelta2 T lymphocyte agonist in
patients with solid tumors. Cancer Immunol. Immunother. 2010, 59, 1521–1530. [CrossRef]

91. Meraviglia, S.; Eberl, M.; Vermijlen, D.; Todaro, M.; Buccheri, S.; Cicero, G.; La Mendola, C.; Guggino, G.; D’Asaro, M.;
Orlando, V.; et al. In vivo manipulation of Vgamma9Vdelta2 T cells with zoledronate and low-dose interleukin-2 for immunother-
apy of advanced breast cancer patients. Clin. Exp. Immunol. 2010, 161, 290–297. [CrossRef]

92. Lang, J.M.; Kaikobad, M.R.; Wallace, M.; Staab, M.J.; Horvath, D.L.; Wilding, G.; Liu, G.; Eickhoff, J.C.; McNeel, D.G.; Malkovsky,
M. Pilot trial of interleukin-2 and zoledronic acid to augment gammadelta T cells as treatment for patients with refractory renal
cell carcinoma. Cancer Immunol. Immunother. 2011, 60, 1447–1460. [CrossRef] [PubMed]

93. Kunzmann, V.; Smetak, M.; Kimmel, B.; Weigang-Koehler, K.; Goebeler, M.; Birkmann, J.; Becker, J.; Schmidt-Wolf, I.G.; Einsele, H.;
Wilhelm, M. Tumor-promoting versus tumor-antagonizing roles of gammadelta T cells in cancer immunotherapy: Results from a
prospective phase I/II trial. J. Immunother. 2012, 35, 205–213. [CrossRef] [PubMed]

94. Pressey, J.G.; Adams, J.; Harkins, L.; Kelly, D.; You, Z.; Lamb, L.S., Jr. In vivo expansion and activation of gammadelta T cells as
immunotherapy for refractory neuroblastoma: A phase 1 study. Medicine 2016, 95, e4909. [CrossRef]

95. Bregeon, D.; Ferron, L.; Chretien, A.; Guillen, F.; Zgonnik, V.; Rivaud, M.; Mazieres, M.R.; Coquerel, G.; Belmant, C.;
Plaquevent, J.C. Synthesis of phosphoantigens: Scalable accesses to enantiomers of BrHPP and studies on N-HDMAPP synthesis.
Bioorg. Med. Chem. Lett. 2012, 22, 5807–5810. [CrossRef] [PubMed]

96. Kobayashi, H.; Tanaka, Y.; Yagi, J.; Osaka, Y.; Nakazawa, H.; Uchiyama, T.; Minato, N.; Toma, H. Safety profile and anti-tumor
effects of adoptive immunotherapy using gamma-delta T cells against advanced renal cell carcinoma: A pilot study. Cancer
Immunol. Immunother. 2007, 56, 469–476. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.01601
http://doi.org/10.1182/blood-2017-08-752162
http://doi.org/10.3389/fimmu.2019.01997
http://www.ncbi.nlm.nih.gov/pubmed/31507601
http://doi.org/10.3389/fimmu.2022.894315
http://www.ncbi.nlm.nih.gov/pubmed/35880177
http://doi.org/10.1038/s41573-019-0038-z
http://doi.org/10.1097/TP.0000000000002336
http://doi.org/10.1038/s41568-019-0153-5
http://doi.org/10.1038/cmi.2015.28
http://www.ncbi.nlm.nih.gov/pubmed/25864915
http://doi.org/10.1038/s12276-021-00576-0
http://www.ncbi.nlm.nih.gov/pubmed/33707742
http://doi.org/10.3390/cancers14123005
http://doi.org/10.1038/s41423-020-0504-x
http://doi.org/10.3390/ijms22168910
http://www.ncbi.nlm.nih.gov/pubmed/34445615
http://doi.org/10.1158/1078-0432.CCR-16-0597
http://doi.org/10.1016/bs.mie.2019.07.019
http://doi.org/10.1182/blood.V96.2.384
http://doi.org/10.1182/blood-2002-12-3665
http://doi.org/10.1158/0008-5472.CAN-07-0199
http://www.ncbi.nlm.nih.gov/pubmed/17671215
http://doi.org/10.1007/s00262-010-0879-0
http://doi.org/10.1111/j.1365-2249.2010.04167.x
http://doi.org/10.1007/s00262-011-1049-8
http://www.ncbi.nlm.nih.gov/pubmed/21647691
http://doi.org/10.1097/CJI.0b013e318245bb1e
http://www.ncbi.nlm.nih.gov/pubmed/22306909
http://doi.org/10.1097/MD.0000000000004909
http://doi.org/10.1016/j.bmcl.2012.07.092
http://www.ncbi.nlm.nih.gov/pubmed/22902654
http://doi.org/10.1007/s00262-006-0199-6
http://www.ncbi.nlm.nih.gov/pubmed/16850345


Cancers 2023, 15, 1264 18 of 21

97. Bennouna, J.; Bompas, E.; Neidhardt, E.M.; Rolland, F.; Philip, I.; Galea, C.; Salot, S.; Saiagh, S.; Audrain, M.; Rimbert, M.; et al.
Phase-I study of Innacell gammadelta, an autologous cell-therapy product highly enriched in gamma9delta2 T lymphocytes,
in combination with IL-2, in patients with metastatic renal cell carcinoma. Cancer Immunol. Immunother. 2008, 57, 1599–1609.
[CrossRef] [PubMed]

98. Nakajima, J.; Murakawa, T.; Fukami, T.; Goto, S.; Kaneko, T.; Yoshida, Y.; Takamoto, S.; Kakimi, K. A phase I study of adoptive
immunotherapy for recurrent non-small-cell lung cancer patients with autologous gammadelta T cells. Eur. J. Cardiothorac. Surg.
2010, 37, 1191–1197. [CrossRef]

99. Kobayashi, H.; Tanaka, Y.; Yagi, J.; Minato, N.; Tanabe, K. Phase I/II study of adoptive transfer of gammadelta T cells in
combination with zoledronic acid and IL-2 to patients with advanced renal cell carcinoma. Cancer Immunol. Immunother. 2011, 60,
1075–1084. [CrossRef]

100. Nicol, A.J.; Tokuyama, H.; Mattarollo, S.R.; Hagi, T.; Suzuki, K.; Yokokawa, K.; Nieda, M. Clinical evaluation of autologous
gamma delta T cell-based immunotherapy for metastatic solid tumours. Br. J. Cancer 2011, 105, 778–786. [CrossRef]

101. Noguchi, A.; Kaneko, T.; Kamigaki, T.; Fujimoto, K.; Ozawa, M.; Saito, M.; Ariyoshi, N.; Goto, S. Zoledronate-activated
Vgamma9gammadelta T cell-based immunotherapy is feasible and restores the impairment of gammadelta T cells in patients
with solid tumors. Cytotherapy 2011, 13, 92–97. [CrossRef]

102. Sakamoto, M.; Nakajima, J.; Murakawa, T.; Fukami, T.; Yoshida, Y.; Murayama, T.; Takamoto, S.; Matsushita, H.; Kakimi, K.
Adoptive immunotherapy for advanced non-small cell lung cancer using zoledronate-expanded gammadeltaTcells: A phase I
clinical study. J. Immunother. 2011, 34, 202–211. [CrossRef] [PubMed]

103. Wada, I.; Matsushita, H.; Noji, S.; Mori, K.; Yamashita, H.; Nomura, S.; Shimizu, N.; Seto, Y.; Kakimi, K. Intraperitoneal injection
of in vitro expanded Vgamma9Vdelta2 T cells together with zoledronate for the treatment of malignant ascites due to gastric
cancer. Cancer Med. 2014, 3, 362–375. [CrossRef]

104. Aoki, T.; Matsushita, H.; Hoshikawa, M.; Hasegawa, K.; Kokudo, N.; Kakimi, K. Adjuvant combination therapy with gemcitabine
and autologous gammadelta T-cell transfer in patients with curatively resected pancreatic cancer. Cytotherapy 2017, 19, 473–485.
[CrossRef]

105. De Gassart, A.; Le, K.S.; Brune, P.; Agaugue, S.; Sims, J.; Goubard, A.; Castellano, R.; Joalland, N.; Scotet, E.; Collette, Y.; et al.
Development of ICT01, a first-in-class, anti-BTN3A antibody for activating Vgamma9Vdelta2 T cell-mediated antitumor immune
response. Sci. Transl. Med. 2021, 13, eabj0835. [CrossRef]

106. Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat.
Rev. Immunol. 2020, 20, 651–668. [CrossRef]

107. Postow, M.A.; Callahan, M.K.; Wolchok, J.D. Immune Checkpoint Blockade in Cancer Therapy. J. Clin. Oncol. 2015, 33, 1974–1982.
[CrossRef] [PubMed]

108. Catafal-Tardos, E.; Baglioni, M.V.; Bekiaris, V. Inhibiting the Unconventionals: Importance of Immune Checkpoint Receptors in
gammadelta T, MAIT, and NKT Cells. Cancers 2021, 13, 4647. [CrossRef] [PubMed]

109. Weimer, P.; Wellbrock, J.; Sturmheit, T.; Oliveira-Ferrer, L.; Ding, Y.; Menzel, S.; Witt, M.; Hell, L.; Schmalfeldt, B.;
Bokemeyer, C.; et al. Tissue-Specific Expression of TIGIT, PD-1, TIM-3, and CD39 by gammadelta T Cells in Ovarian
Cancer. Cells 2022, 11, 964. [CrossRef]

110. Gertner-Dardenne, J.; Fauriat, C.; Orlanducci, F.; Thibult, M.L.; Pastor, S.; Fitzgibbon, J.; Bouabdallah, R.; Xerri, L.; Olive, D. The
co-receptor BTLA negatively regulates human Vgamma9Vdelta2 T-cell proliferation: A potential way of immune escape for
lymphoma cells. Blood 2013, 122, 922–931. [CrossRef]

111. Dondero, A.; Pastorino, F.; Della Chiesa, M.; Corrias, M.V.; Morandi, F.; Pistoia, V.; Olive, D.; Bellora, F.; Locatelli, F.; Castel-
lano, A.; et al. PD-L1 expression in metastatic neuroblastoma as an additional mechanism for limiting immune surveillance.
Oncoimmunology 2016, 5, e1064578. [CrossRef] [PubMed]

112. Hu, G.; Wu, P.; Cheng, P.; Zhang, Z.; Wang, Z.; Yu, X.; Shao, X.; Wu, D.; Ye, J.; Zhang, T.; et al. Tumor-infiltrating
CD39(+)gammadeltaTregs are novel immunosuppressive T cells in human colorectal cancer. Oncoimmunology 2017, 6, e1277305.
[CrossRef] [PubMed]

113. Castella, B.; Foglietta, M.; Sciancalepore, P.; Rigoni, M.; Coscia, M.; Griggio, V.; Vitale, C.; Ferracini, R.; Saraci, E.; Omede, P.; et al.
Anergic bone marrow Vgamma9Vdelta2 T cells as early and long-lasting markers of PD-1-targetable microenvironment-induced
immune suppression in human myeloma. Oncoimmunology 2015, 4, e1047580. [CrossRef] [PubMed]

114. Rossi, C.; Gravelle, P.; Decaup, E.; Bordenave, J.; Poupot, M.; Tosolini, M.; Franchini, D.M.; Laurent, C.; Morin, R.;
Lagarde, J.M.; et al. Boosting gammadelta T cell-mediated antibody-dependent cellular cytotoxicity by PD-1 blockade in follicular
lymphoma. Oncoimmunology 2019, 8, 1554175. [CrossRef]

115. Hoeres, T.; Holzmann, E.; Smetak, M.; Birkmann, J.; Wilhelm, M. PD-1 signaling modulates interferon-gamma production by
Gamma Delta (gammadelta) T-Cells in response to leukemia. Oncoimmunology 2019, 8, 1550618. [CrossRef]

116. Girard, P.; Charles, J.; Cluzel, C.; Degeorges, E.; Manches, O.; Plumas, J.; De Fraipont, F.; Leccia, M.T.; Mouret, S.; Chaperot, L.; et al.
The features of circulating and tumor-infiltrating gammadelta T cells in melanoma patients display critical perturbations with
prognostic impact on clinical outcome. Oncoimmunology 2019, 8, 1601483. [CrossRef]

117. Li, X.; Lu, H.; Gu, Y.; Zhang, X.; Zhang, G.; Shi, T.; Chen, W. Tim-3 suppresses the killing effect of Vgamma9Vdelta2T cells on
colon cancer cells by reducing perforin and granzyme B expression. Exp. Cell. Res. 2020, 386, 111719. [CrossRef] [PubMed]

http://doi.org/10.1007/s00262-008-0491-8
http://www.ncbi.nlm.nih.gov/pubmed/18301889
http://doi.org/10.1016/j.ejcts.2009.11.051
http://doi.org/10.1007/s00262-011-1021-7
http://doi.org/10.1038/bjc.2011.293
http://doi.org/10.3109/14653249.2010.515581
http://doi.org/10.1097/CJI.0b013e318207ecfb
http://www.ncbi.nlm.nih.gov/pubmed/21304399
http://doi.org/10.1002/cam4.196
http://doi.org/10.1016/j.jcyt.2017.01.002
http://doi.org/10.1126/scitranslmed.abj0835
http://doi.org/10.1038/s41577-020-0306-5
http://doi.org/10.1200/JCO.2014.59.4358
http://www.ncbi.nlm.nih.gov/pubmed/25605845
http://doi.org/10.3390/cancers13184647
http://www.ncbi.nlm.nih.gov/pubmed/34572874
http://doi.org/10.3390/cells11060964
http://doi.org/10.1182/blood-2012-11-464685
http://doi.org/10.1080/2162402X.2015.1064578
http://www.ncbi.nlm.nih.gov/pubmed/26942080
http://doi.org/10.1080/2162402X.2016.1277305
http://www.ncbi.nlm.nih.gov/pubmed/28344891
http://doi.org/10.1080/2162402X.2015.1047580
http://www.ncbi.nlm.nih.gov/pubmed/26451323
http://doi.org/10.1080/2162402X.2018.1554175
http://doi.org/10.1080/2162402X.2018.1550618
http://doi.org/10.1080/2162402X.2019.1601483
http://doi.org/10.1016/j.yexcr.2019.111719
http://www.ncbi.nlm.nih.gov/pubmed/31726050


Cancers 2023, 15, 1264 19 of 21

118. Wu, K.; Feng, J.; Xiu, Y.; Li, Z.; Lin, Z.; Zhao, H.; Zeng, H.; Xia, W.; Yu, L.; Xu, B. Vdelta2 T cell subsets, defined by PD-1 and
TIM-3 expression, present varied cytokine responses in acute myeloid leukemia patients. Int. Immunopharmacol. 2020, 80, 106122.
[CrossRef]

119. Wu, K.; Zhao, H.; Xiu, Y.; Li, Z.; Zhao, J.; Xie, S.; Zeng, H.; Zhang, H.; Yu, L.; Xu, B. IL-21-mediated expansion of Vgamma9Vdelta2
T cells is limited by the Tim-3 pathway. Int. Immunopharmacol. 2019, 69, 136–142. [CrossRef]

120. Halary, F.; Peyrat, M.A.; Champagne, E.; Lopez-Botet, M.; Moretta, A.; Moretta, L.; Vie, H.; Fournie, J.J.; Bonneville, M. Control
of self-reactive cytotoxic T lymphocytes expressing gamma delta T cell receptors by natural killer inhibitory receptors. Eur. J.
Immunol. 1997, 27, 2812–2821. [CrossRef]

121. Poccia, F.; Cipriani, B.; Vendetti, S.; Colizzi, V.; Poquet, Y.; Battistini, L.; Lopez-Botet, M.; Fournie, J.J.; Gougeon, M.L. CD94/NKG2
inhibitory receptor complex modulates both anti-viral and anti-tumoral responses of polyclonal phosphoantigen-reactive V
gamma 9V delta 2 T lymphocytes. J. Immunol. 1997, 159, 6009–6017. [CrossRef] [PubMed]

122. Wragg, K.M.; Tan, H.X.; Kristensen, A.B.; Nguyen-Robertson, C.V.; Kelleher, A.D.; Parsons, M.S.; Wheatley, A.K.; Berzins, S.P.;
Pellicci, D.G.; Kent, S.J.; et al. High CD26 and Low CD94 Expression Identifies an IL-23 Responsive Vdelta2(+) T Cell Subset with
a MAIT Cell-like Transcriptional Profile. Cell Rep. 2020, 31, 107773. [CrossRef] [PubMed]

123. Pizzolato, G.; Kaminski, H.; Tosolini, M.; Franchini, D.M.; Pont, F.; Martins, F.; Valle, C.; Labourdette, D.; Cadot, S.; Quillet-
Mary, A.; et al. Single-cell RNA sequencing unveils the shared and the distinct cytotoxic hallmarks of human TCRVdelta1 and
TCRVdelta2 gammadelta T lymphocytes. Proc. Natl. Acad. Sci. USA 2019, 116, 11906–11915. [CrossRef] [PubMed]

124. Tan, L.; Fichtner, A.S.; Bubke, A.; Odak, I.; Schultze-Florey, C.; Koenecke, C.; Förster, R.; Jarek, M.; von Kaisenberg, C.;
Borchers, A.; et al. A fetal wave of human type-3 γδ T cells with restricted TCR diversity persists into adulthood. bioRxiv 2020.
[CrossRef] [PubMed]

125. Kaiser, B.K.; Barahmand-Pour, F.; Paulsene, W.; Medley, S.; Geraghty, D.E.; Strong, R.K. Interactions between NKG2x im-
munoreceptors and HLA-E ligands display overlapping affinities and thermodynamics. J. Immunol. 2005, 174, 2878–2884.
[CrossRef]

126. Di Vito, C.; Mikulak, J.; Mavilio, D. On the Way to Become a Natural Killer Cell. Front. Immunol. 2019, 10, 1812. [CrossRef]
127. Del Zotto, G.; Marcenaro, E.; Vacca, P.; Sivori, S.; Pende, D.; Della Chiesa, M.; Moretta, F.; Ingegnere, T.; Mingari, M.C.;

Moretta, A.; et al. Markers and function of human NK cells in normal and pathological conditions. Cytom. B Clin. Cytom. 2017,
92, 100–114. [CrossRef]

128. Sanchez Sanchez, G.; Papadopoulou, M.; Azouz, A.; Tafesse, Y.; Mishra, A.; Chan, J.K.Y.; Fan, Y.; Verdebout, I.; Porco, S.;
Libert, F.; et al. Identification of distinct functional thymic programming of fetal and pediatric human gammadelta thymocytes
via single-cell analysis. Nat. Commun. 2022, 13, 5842. [CrossRef]

129. Papadopoulou, M.; Dimova, T.; Shey, M.; Briel, L.; Veldtsman, H.; Khomba, N.; Africa, H.; Steyn, M.; Hanekom, W.A.;
Scriba, T.J.; et al. Fetal public Vgamma9Vdelta2 T cells expand and gain potent cytotoxic functions early after birth. Proc. Natl.
Acad. Sci. USA 2020, 117, 18638–18648. [CrossRef]

130. McMahon, C.W.; Raulet, D.H. Expression and function of NK cell receptors in CD8+ T cells. Curr. Opin. Immunol. 2001, 13,
465–470. [CrossRef]

131. He, Y.; Tian, Z. NK cell education via nonclassical MHC and non-MHC ligands. Cell. Mol. Immunol. 2017, 14, 321–330. [CrossRef]
132. Held, W. Nonclassical NK cell education. Nat. Immunol. 2012, 13, 1135–1137. [CrossRef]
133. Shreeve, N.; Depierreux, D.; Hawkes, D.; Traherne, J.A.; Sovio, U.; Huhn, O.; Jayaraman, J.; Horowitz, A.; Ghadially, H.;

Perry, J.R.B.; et al. The CD94/NKG2A inhibitory receptor educates uterine NK cells to optimize pregnancy outcomes in humans
and mice. Immunity 2021, 54, 1231–1244.e4. [CrossRef] [PubMed]

134. Ivarsson, M.A.; Loh, L.; Marquardt, N.; Kekalainen, E.; Berglin, L.; Bjorkstrom, N.K.; Westgren, M.; Nixon, D.F.; Michaelsson, J.
Differentiation and functional regulation of human fetal NK cells. J. Clin. Invest. 2013, 123, 3889–3901. [CrossRef]

135. Braud, V.M.; Allan, D.S.; O’Callaghan, C.A.; Soderstrom, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.; Bell, J.I.;
Phillips, J.H.; et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C. Nature 1998, 391, 795–799. [CrossRef]
[PubMed]

136. Yunis, E.J.; Romero, V.; Diaz-Giffero, F.; Zuniga, J.; Koka, P. Natural Killer Cell Receptor NKG2A/HLA-E Interaction Dependent
Differential Thymopoiesis of Hematopoietic Progenitor Cells Influences the Outcome of HIV Infection. J. Stem Cells 2007, 2,
237–248.

137. Vales-Gomez, M.; Reyburn, H.T.; Erskine, R.A.; Lopez-Botet, M.; Strominger, J.L. Kinetics and peptide dependency of the binding
of the inhibitory NK receptor CD94/NKG2-A and the activating receptor CD94/NKG2-C to HLA-E. EMBO J. 1999, 18, 4250–4260.
[CrossRef] [PubMed]

138. Horowitz, A.; Djaoud, Z.; Nemat-Gorgani, N.; Blokhuis, J.; Hilton, H.G.; Beziat, V.; Malmberg, K.J.; Norman, P.J.; Guethlein, L.A.;
Parham, P. Class I HLA haplotypes form two schools that educate NK cells in different ways. Sci. Immunol. 2016, 1, eaag1672.
[CrossRef]

139. Hallner, A.; Bernson, E.; Hussein, B.A.; Ewald Sander, F.; Brune, M.; Aurelius, J.; Martner, A.; Hellstrand, K.; Thoren, F.B. The
HLA-B -21 dimorphism impacts on NK cell education and clinical outcome of immunotherapy in acute myeloid leukemia. Blood
2019, 133, 1479–1488. [CrossRef]

http://doi.org/10.1016/j.intimp.2019.106122
http://doi.org/10.1016/j.intimp.2019.01.027
http://doi.org/10.1002/eji.1830271111
http://doi.org/10.4049/jimmunol.159.12.6009
http://www.ncbi.nlm.nih.gov/pubmed/9550399
http://doi.org/10.1016/j.celrep.2020.107773
http://www.ncbi.nlm.nih.gov/pubmed/32553157
http://doi.org/10.1073/pnas.1818488116
http://www.ncbi.nlm.nih.gov/pubmed/31118283
http://doi.org/10.1126/sciimmunol.abf0125
http://www.ncbi.nlm.nih.gov/pubmed/33893173
http://doi.org/10.4049/jimmunol.174.5.2878
http://doi.org/10.3389/fimmu.2019.01812
http://doi.org/10.1002/cyto.b.21508
http://doi.org/10.1038/s41467-022-33488-2
http://doi.org/10.1073/pnas.1922595117
http://doi.org/10.1016/S0952-7915(00)00242-9
http://doi.org/10.1038/cmi.2016.26
http://doi.org/10.1038/ni.2470
http://doi.org/10.1016/j.immuni.2021.03.021
http://www.ncbi.nlm.nih.gov/pubmed/33887202
http://doi.org/10.1172/JCI68989
http://doi.org/10.1038/35869
http://www.ncbi.nlm.nih.gov/pubmed/9486650
http://doi.org/10.1093/emboj/18.15.4250
http://www.ncbi.nlm.nih.gov/pubmed/10428963
http://doi.org/10.1126/sciimmunol.aag1672
http://doi.org/10.1182/blood-2018-09-874990


Cancers 2023, 15, 1264 20 of 21

140. Petersdorf, E.W.; Carrington, M.; O’HUigin, C.; Bengtsson, M.; De Santis, D.; Dubois, V.; Gooley, T.; Horowitz, M.; Hsu, K.;
Madrigal, J.A.; et al. Role of HLA-B exon 1 in graft-versus-host disease after unrelated haemopoietic cell transplantation:
A retrospective cohort study. Lancet Haematol. 2020, 7, e50–e60. [CrossRef]

141. Qu, G.; Wang, S.; Zhou, Z.; Jiang, D.; Liao, A.; Luo, J. Comparing Mouse and Human Tissue-Resident gammadelta T Cells. Front.
Immunol. 2022, 13, 891687. [CrossRef] [PubMed]

142. Angelini, D.F.; Zambello, R.; Galandrini, R.; Diamantini, A.; Placido, R.; Micucci, F.; Poccia, F.; Semenzato, G.; Borsellino, G.;
Santoni, A.; et al. NKG2A inhibits NKG2C effector functions of gammadelta T cells: Implications in health and disease. J. Leukoc.
Biol. 2011, 89, 75–84. [CrossRef] [PubMed]

143. Trichet, V.; Benezech, C.; Dousset, C.; Gesnel, M.C.; Bonneville, M.; Breathnach, R. Complex interplay of activating and inhibitory
signals received by Vgamma9Vdelta2 T cells revealed by target cell beta2-microglobulin knockdown. J. Immunol. 2006, 177,
6129–6136. [CrossRef]

144. Bhagat, G.; Naiyer, A.J.; Shah, J.G.; Harper, J.; Jabri, B.; Wang, T.C.; Green, P.H.; Manavalan, J.S. Small intestinal
CD8+TCRgammadelta+NKG2A+ intraepithelial lymphocytes have attributes of regulatory cells in patients with celiac
disease. J. Clin. Invest. 2008, 118, 281–293. [CrossRef] [PubMed]

145. Borrego, F.; Ulbrecht, M.; Weiss, E.H.; Coligan, J.E.; Brooks, A.G. Recognition of human histocompatibility leukocyte antigen
(HLA)-E complexed with HLA class I signal sequence-derived peptides by CD94/NKG2 confers protection from natural killer
cell-mediated lysis. J. Exp. Med. 1998, 187, 813–818. [CrossRef]

146. Xu, W.; Monaco, G.; Wong, E.H.; Tan, W.L.W.; Kared, H.; Simoni, Y.; Tan, S.W.; How, W.Z.Y.; Tan, C.T.Y.; Lee, B.T.K.; et al. Mapping
of gamma/delta T cells reveals Vdelta2+ T cells resistance to senescence. EBioMedicine 2019, 39, 44–58. [CrossRef]

147. Marin, R.; Ruiz-Cabello, F.; Pedrinaci, S.; Mendez, R.; Jimenez, P.; Geraghty, D.E.; Garrido, F. Analysis of HLA-E expression in
human tumors. Immunogenetics 2003, 54, 767–775. [CrossRef]

148. Allard, M.; Oger, R.; Vignard, V.; Percier, J.M.; Fregni, G.; Perier, A.; Caignard, A.; Charreau, B.; Bernardeau, K.;
Khammari, A.; et al. Serum soluble HLA-E in melanoma: A new potential immune-related marker in cancer. PLoS ONE
2011, 6, e21118. [CrossRef]

149. Levy, E.M.; Bianchini, M.; Von Euw, E.M.; Barrio, M.M.; Bravo, A.I.; Furman, D.; Domenichini, E.; Macagno, C.; Pinsky, V.;
Zucchini, C.; et al. Human leukocyte antigen-E protein is overexpressed in primary human colorectal cancer. Int. J. Oncol. 2008,
32, 633–641. [CrossRef]

150. Zheng, H.; Lu, R.; Xie, S.; Wen, X.; Wang, H.; Gao, X.; Guo, L. Human leukocyte antigen-E alleles and expression in patients with
serous ovarian cancer. Cancer Sci. 2015, 106, 522–528. [CrossRef]

151. Kren, L.; Slaby, O.; Muckova, K.; Lzicarova, E.; Sova, M.; Vybihal, V.; Svoboda, T.; Fadrus, P.; Lakomy, R.; Vanhara, P.; et al.
Expression of immune-modulatory molecules HLA-G and HLA-E by tumor cells in glioblastomas: An unexpected prognostic
significance? Neuropathology 2011, 31, 129–134. [CrossRef]

152. Bossard, C.; Bezieau, S.; Matysiak-Budnik, T.; Volteau, C.; Laboisse, C.L.; Jotereau, F.; Mosnier, J.F. HLA-E/beta2 microglobulin
overexpression in colorectal cancer is associated with recruitment of inhibitory immune cells and tumor progression. Int. J. Cancer
2012, 131, 855–863. [CrossRef]

153. Eugene, J.; Jouand, N.; Ducoin, K.; Dansette, D.; Oger, R.; Deleine, C.; Leveque, E.; Meurette, G.; Podevin, J.; Matysiak, T.; et al. The
inhibitory receptor CD94/NKG2A on CD8(+) tumor-infiltrating lymphocytes in colorectal cancer: A promising new druggable
immune checkpoint in the context of HLAE/beta2m overexpression. Mod. Pathol. 2020, 33, 468–482. [CrossRef]

154. Seliger, B.; Jasinski-Bergner, S.; Quandt, D.; Stoehr, C.; Bukur, J.; Wach, S.; Legal, W.; Taubert, H.; Wullich, B.; Hartmann, A. HLA-E
expression and its clinical relevance in human renal cell carcinoma. Oncotarget 2016, 7, 67360–67372. [CrossRef]

155. Talebian Yazdi, M.; van Riet, S.; van Schadewijk, A.; Fiocco, M.; van Hall, T.; Taube, C.; Hiemstra, P.S.; van der Burg, S.H. The
positive prognostic effect of stromal CD8+ tumor-infiltrating T cells is restrained by the expression of HLA-E in non-small cell
lung carcinoma. Oncotarget 2016, 7, 3477–3488. [CrossRef] [PubMed]

156. Gooden, M.; Lampen, M.; Jordanova, E.S.; Leffers, N.; Trimbos, J.B.; van der Burg, S.H.; Nijman, H.; van Hall, T. HLA-E expression
by gynecological cancers restrains tumor-infiltrating CD8(+) T lymphocytes. Proc. Natl. Acad. Sci. USA 2011, 108, 10656–10661.
[CrossRef] [PubMed]

157. Andersson, E.; Poschke, I.; Villabona, L.; Carlson, J.W.; Lundqvist, A.; Kiessling, R.; Seliger, B.; Masucci, G.V. Non-classical
HLA-class I expression in serous ovarian carcinoma: Correlation with the HLA-genotype, tumor infiltrating immune cells and
prognosis. Oncoimmunology 2016, 5, e1052213. [CrossRef]

158. de Kruijf, E.M.; Sajet, A.; van Nes, J.G.; Natanov, R.; Putter, H.; Smit, V.T.; Liefers, G.J.; van den Elsen, P.J.; van de Velde, C.J.;
Kuppen, P.J. HLA-E and HLA-G expression in classical HLA class I-negative tumors is of prognostic value for clinical outcome of
early breast cancer patients. J. Immunol. 2010, 185, 7452–7459. [CrossRef]

159. Sun, C.; Xu, J.; Huang, Q.; Huang, M.; Wen, H.; Zhang, C.; Wang, J.; Song, J.; Zheng, M.; Sun, H.; et al. High NKG2A expression
contributes to NK cell exhaustion and predicts a poor prognosis of patients with liver cancer. Oncoimmunology 2017, 6, e1264562.
[CrossRef]

160. van Hall, T.; Andre, P.; Horowitz, A.; Ruan, D.F.; Borst, L.; Zerbib, R.; Narni-Mancinelli, E.; van der Burg, S.H.; Vivier, E.
Monalizumab: Inhibiting the novel immune checkpoint NKG2A. J. Immunother. Cancer 2019, 7, 263. [CrossRef] [PubMed]

http://doi.org/10.1016/S2352-3026(19)30208-X
http://doi.org/10.3389/fimmu.2022.891687
http://www.ncbi.nlm.nih.gov/pubmed/35757696
http://doi.org/10.1189/jlb.0710413
http://www.ncbi.nlm.nih.gov/pubmed/20952657
http://doi.org/10.4049/jimmunol.177.9.6129
http://doi.org/10.1172/JCI30989
http://www.ncbi.nlm.nih.gov/pubmed/18064301
http://doi.org/10.1084/jem.187.5.813
http://doi.org/10.1016/j.ebiom.2018.11.053
http://doi.org/10.1007/s00251-002-0526-9
http://doi.org/10.1371/journal.pone.0021118
http://doi.org/10.3892/ijo.32.3.633
http://doi.org/10.1111/cas.12641
http://doi.org/10.1111/j.1440-1789.2010.01149.x
http://doi.org/10.1002/ijc.26453
http://doi.org/10.1038/s41379-019-0322-9
http://doi.org/10.18632/oncotarget.11744
http://doi.org/10.18632/oncotarget.6506
http://www.ncbi.nlm.nih.gov/pubmed/26658106
http://doi.org/10.1073/pnas.1100354108
http://www.ncbi.nlm.nih.gov/pubmed/21670276
http://doi.org/10.1080/2162402X.2015.1052213
http://doi.org/10.4049/jimmunol.1002629
http://doi.org/10.1080/2162402X.2016.1264562
http://doi.org/10.1186/s40425-019-0761-3
http://www.ncbi.nlm.nih.gov/pubmed/31623687


Cancers 2023, 15, 1264 21 of 21

161. Andre, P.; Denis, C.; Soulas, C.; Bourbon-Caillet, C.; Lopez, J.; Arnoux, T.; Blery, M.; Bonnafous, C.; Gauthier, L.; Morel, A.; et al.
Anti-NKG2A mAb Is a Checkpoint Inhibitor that Promotes Anti-tumor Immunity by Unleashing Both T and NK Cells. Cell 2018,
175, 1731–1743.e13. [CrossRef] [PubMed]

162. Tinker, A.V.; Hirte, H.W.; Provencher, D.; Butler, M.; Ritter, H.; Tu, D.; Azim, H.A., Jr.; Paralejas, P.; Grenier, N.; Hahn, S.A.; et al.
Dose-Ranging and Cohort-Expansion Study of Monalizumab (IPH2201) in Patients with Advanced Gynecologic Malignancies:
A Trial of the Canadian Cancer Trials Group (CCTG): IND221. Clin. Cancer Res. 2019, 25, 6052–6060. [CrossRef] [PubMed]

163. Lentz, R.W.; Colton, M.D.; Mitra, S.S.; Messersmith, W.A. Innate Immune Checkpoint Inhibitors: The Next Breakthrough in
Medical Oncology? Mol. Cancer Ther. 2021, 20, 961–974. [CrossRef] [PubMed]

164. Spinosa, P.; Musial-Siwek, M.; Presler, M.; Betts, A.; Rosentrater, E.; Villali, J.; Wille, L.; Zhao, Y.; McCaughtry, T.;
Subramanian, K.; et al. Quantitative modeling predicts competitive advantages of a next generation anti-NKG2A mono-
clonal antibody over monalizumab for the treatment of cancer. CPT Pharmacomet. Syst. Pharmacol. 2021, 10, 220–229.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.cell.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30503213
http://doi.org/10.1158/1078-0432.CCR-19-0298
http://www.ncbi.nlm.nih.gov/pubmed/31308062
http://doi.org/10.1158/1535-7163.MCT-21-0041
http://www.ncbi.nlm.nih.gov/pubmed/33850005
http://doi.org/10.1002/psp4.12592

	Introduction 
	Anti-Tumor Potential of  T Cells 
	V2 T Cells as a Source for Cancer Immunotherapies 
	Impact of NKG2A on the Effector Potential of V2 T Cells 
	NKG2A Immune Checkpoint in V2 T Cells 
	NKG2A in Cancer Immunotherapy—The Use of V2 T Cells 
	Conclusions and Future Directions 
	References

