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The identification of inhibitory NK cell receptors specific for HLA-I molecules (KIRs and
NKG2A) provided the molecular basis for clarifying the mechanism by which NK cells kill
transformed cells while sparing normal cells. The direct interactions between inhibitory
NK cell receptors and their HLA-I ligands enable NK cells to distinguish healthy from
transformed cells, which frequently show an altered expression of HLA-I molecules.
Indeed, NK cells can kill cancer cells that have lost, or under express, HLA-I molecules,
but not cells maintaining their expression. In this last case, it is possible to use anti-
KIR or anti-NKG2A monoclonal antibodies to block the inhibitory signals generated by
these receptors and to restore the anti-tumor NK cell activity. These treatments fall within
the context of the new immunotherapeutic strategies known as “immune checkpoint
blockade.” These antibodies are currently used in clinical trials in the treatment of
both hematological and solid tumors. However, a more complex scenario has recently
emerged. For example, NK cells can also express additional immune checkpoints,
including PD-1, that was originally described on T lymphocytes, and whose ligands
(PD-Ls) are usually overexpressed on tumor cells. Thus, it appears that the activation of
NK cells and their potentially harmful effector functions are under the control of different
immune checkpoints and their simultaneous expression could provide additional levels
of suppression to anti-tumor NK cell responses. This review is focused on PD-1 immune
checkpoint in NK cells, its potential role in immunosuppression, and the therapeutic
strategies to recover NK cell cytotoxicity and anti-tumor effect.
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INTRODUCTION

The immune system defends our body against foreign microbes/antigens, while simultaneously
preventing self-reactivity. To this aim, immune cells are regulated by a balance between inhibitory
and activating receptors/co-receptors expressed on their surface, which, upon interactions with
their ligands, deliver negative, or positive signals that dictate the outcome of immune responses.

Receptors delivering inhibitory signals function as immune checkpoints and play a more general
role in maintaining peripheral tolerance and preventing autoimmunity (1, 2).

However, immune-regulation displays also its negative tradeoffs. Thus, local tolerance in the
tumor microenvironment represents a common survival strategy, exploited by different tumors to
escape elimination by the immune system (3).
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Immune checkpoint blockade is based on the use of
monoclonal antibodies (mAbs) directed against inhibitory
checkpoints expressed by immune cells (or their ligands
expressed by tumor cells). The mAb-mediated disruption of these
receptor/ligand interactions may revert the functional inhibition
of these cells and restore an effective anti-tumor cytotoxic
activity, possibly leading to durable tumor regression.

The best-known immune checkpoints are represented by
CTLA-4 and the axis including PD-1 and its ligands PD-Ls (PD-
L1/PD-L2). Both CTLA-4 and PD-1 were originally identified
in T lymphocytes, while PD-Ls may be expressed on different
tumor cells. Since the discovery of these immune checkpoints,
the innovative cancer immunotherapeutic approach was focused
on the restoration of T cell-mediated specific responses to
tumor antigens.

Anti-CTLA-4 mAbs, such as ipilimumab, were the first of this
class of immunotherapeutics that became available in clinical
practice achieving the US FDA approval for the treatment of
metastatic melanoma (4, 5).

The first PD-1/PD-Ls disrupting agent approved for the
treatment of solid tumors was the anti-PD-1 nivolumab;
subsequently, several PD-1/PD-Ls blockers have been
introduced in clinical practice and many others are currently
under investigations across different solid and hematologic
malignancies, including non-small cell lung cancer (NSCLC),
melanoma, head&neck cancer, renal cell carcinoma and
urothelial carcinoma, and high-grade Hodgkin’s lymphoma.
In addition, various combination therapies have recently been
explored in clinical trials, and some combination therapies are
being introduced in clinical practice, with particular reference to
NSCLC, including combinations of nivolumab and ipilimumab,
or platinum-based chemotherapy in association with the anti-
PD-1 pembrolizumab, or a combination of platinum-based
chemotherapy plus the anti-PD-L1 atezolizumab and the
anti-angiogenic bevacizumab. It is possible that combination
therapies may earn a progressively prominent role in clinical
practice in the upcoming years (6, 7). More recently, maintenance
with the anti-PD-L1 agent durvalumab after chemo-radiation for
unresectable, locally advanced NSCLC, resulted in a significant
improvement in terms of progression-free survival and overall
survival (8). While, on one hand, immunotherapy with immune
checkpoint inhibitors is characterized by impressive results
across various solid and hematologic tumors, on the other hand,
the great variability of response among patients (indeed a still
large fraction of patients fails to respond), suggests that the
complex biology of immune checkpoint pathways has not yet
been fully understood. Notably, the documented expression
of PD-L1 on tumors might influence the clinical decision of
treating patients with immune checkpoint inhibitors in specific
settings; indeed, strong expression of PD-L1 (>50%) is required
for prescribing pembrolizumab as first-line treatment for
advanced NSCLGC; similarly, a positive expression of PD-L1 (at
least 1%) is necessary for the administration of pembrolizumab
in second and further lines and for the administration of
durvalumab after chemo-radiation with curative intent for
locally advanced NSCLC. However, the available tumor samples
are frequently represented by biopsies that may yield inadequate

information on the actual PD-L1 expression, eventually
representing a potential issue in the management of NSCLC
(9). Furthermore, the predictive role of PD-L1 expression has
been questioned by additional clinical data; in first place, the
outcomes of PD-1/PD-L1 inhibitors in other malignancies
apart from NSCLC do not appear to be influenced by PD-L1
expression. Furthermore, in NSCLC, single-agent treatments
with nivolumab and atezolizumab for previously treated disease
were effective regardless of PD-L1 expression. Similarly, the
outcomes achieved by combination regimens involving multiple
immune checkpoint blocking agents, such as ipilimumab
plus nivolumab in solid tumors, including renal cell cancer
(RCC), NSCLC, and melanoma, or involving platinum-based
chemotherapy plus a PD-1 or PD-LI inhibitor in NSCLC were
not influenced by PD-L1 expression (10-13). Taken together,
these data suggest that other factors, apart from the mere
percentage of tumor cells expressing PD-L1, must play a relevant
role in immune checkpoint blockade (14).

In this context, independent research groups published
data on the contributions of host cells in the PD-1/PD-L1
blockade mediated cancer immunotherapy in patients with PD-
L1-negative tumors responding to this blockade therapy (15-18).

Indeed, besides tumor cells, various types of host cells also
constitutively express PD-L1, or can upregulate its expression
upon stimulation with inflammatory cytokines, including IFN-
gamma. These observations imply that PD-L1 from tumor and/or
host compartment works in concert to dampen the anti-tumor
immune response (19). In addition to the PD-1/PD-L1 axis,
also the PD-1/PD-L2 interaction may play an important role
in evading anti-tumor immunity, suggesting that PD-1/PD-L2
blockade must be considered for optimal immunotherapy in
PD-L2-expressing cancers, such as RCC and NSCLC (20, 21).

The Multifaceted Nature of NK Cells

NK cells are classified as lymphocytes on the basis of their
origin from the common lymphoid progenitor cell in the bone
marrow. However, different from T and B lymphocytes, they
do not express antigen-specific cell surface receptors encoded
by rearranging genes. Thus, NK cells are considered to be
players of innate immune defenses, and, in particular, represent
cytotoxic innate lymphoid cells (ILCs) (22, 23). They were
originally identified over 40 years ago (24, 25), on the basis
of their ability to kill tumor/virus-infected cells in the absence
of prior activation. Later, NK cells have been recognized as
immunoregulatory cells, secreting pro-inflammatory cytokines,
and many chemokines, and expressing different receptors for
both cytokines and chemokines. This means that NK cells may
recruit and may be recruited to inflammatory sites where they
can colocalize with other immune cells, including dendritic cells
with which NK cells can cooperate (22, 26, 27). These different
cell-to-cell interactions endow NK cells with regulatory function
affecting both the quality and the strength of adaptive immune
defenses (23, 28).

Several lines of evidence indicate that NK cells or their
receptors play a critical role in immunosurveillance of
spontaneous tumors and in preventing tumor metastases.
In addition, it has been shown that impairment in NK cytotoxic

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1242


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pesce et al.

PD-1in NK Cells

activity is associated with a higher cancer risk (29). Indeed,
tumors have evolved mechanisms to escape NK cell control. This
knowledge prompted efforts to exploit NK cell functions for
better management of cancer patients.

The Discovery of NK Cell

Immune Checkpoints
Similar to T cells, NK cells express surface receptors that can be
targeted in checkpoint blockade strategies (30, 31).

The first NK cell immune checkpoints were identified
by Alessandro Moretta in 1990 with the discovery of p58
molecules that were later called killer cell immunoglobulin-
like receptors (KIRs). He demonstrated that KIRs were
specific for allotypic determinants of HLA-I molecules. He
also greatly contributed to the identification of additional
receptors interacting with HLA-I molecules including the HLA-
E specific CD94/NKG2A heterodimer (32-34). These findings
represented a true revolution in the field of human NK cell
biology and opened new avenues in the field of NK cell-based
immunotherapeutic approaches.

Initially, NK cell-based immunotherapy had mainly been
exploited to treat hematological malignancies and relied either
on the adoptive transfer of NK cells or on NK cells generated
from transplanted hematopoietic stem cell to treat high-risk
leukemia (35, 36).

Recent approaches have been based on mAb-mediated
blockade of specific NK cell immune checkpoints (37).

In 1999, Alessandro Moretta, together with Eric Vivier,
Hervé Brailly, Marc Bonneville, Jean-Jacques Fournié and
Francois Romagné, founded Innate Pharma, the first Biotech
Company that aimed to target NK cells in innovative anti-tumor
immunotherapeutic ~ strategies  (https://www.innate-pharma.
com/en/profile/founders). Starting from mAbs generated in
Alessandro’s lab, directed against the HLA-I specific inhibitory
receptors, the first two immune checkpoint inhibitors were
generated: lirilumab targeting pan-KIR2D and monalizumab
targeting NKG2A. These therapeutic antibodies, with the
capacity to disrupt the interactions between KIR or NKG2A and
HLA-I, are expected to unleash the anti-tumor NK cell cytotoxic
activity mimicking “missing-self” response. Both lirilumab and
monalizumab have been shown to be safe with limited side
effects upon prolonged treatments in phase I clinical trials (38).
These agents are currently undergoing phase I/II clinical trials
across a range of hematologic and solid tumors in monotherapy
or in combination with other agents, including rituximab (an
anti-CD20 mAD), and other forms of immune checkpoint
blockade (39-41).

In addition to KIR and NKG2A, other inhibitory checkpoints
may be expressed on NK cells. They include the T-cell Ig and
ITIM domain (TIGIT), CD96 (TACTILE), LAG-3 and TIM-3.

TIGIT and CD96 are co-inhibitory receptors expressed on
both T and NK cells and compete with the activating receptor
DNAM-1 for binding to PVR (CD155) and Nectin-2 (CD112)
(42). TIGIT expression has been reported as upregulated in
tumor-associated NK cells in different malignancies (43). Thus,
it has been hypothesized that TIGIT could play a role in

carcinogenesis due to its ability to inhibit NK cell cytotoxicity.
A recent study provided evidence that TIGIT blockade may
induce anti-tumor immune activity in preclinical models, and its
combination with PD-1/PD-L1 inhibitors is being explored (44).
Pre-clinical data also showed that blockade of CD96 alone or
in combination with anti-PD-1 or anti-CTLA-4 or doxorubicin
promotes NK cell activity (in terms of IFN-y release) and a better
control of tumor progression (45, 46).

LAG-3 is a negative costimulatory receptor homologous to
CD4 and expressed on activated T and NK cells (47). High-
affinity ligands for LAG-3 are HLA-II molecules that are mainly
expressed by antigen presenting cells, but also by some cancer
cells. Despite its inhibitory activity has been defined only in T
cells, this immune checkpoint is currently considered as a good
target for immunotherapy because of its potential to activate
both T and NK cells. Indeed, LAG-3 mAbs are currently in pre-
clinical development in association with standard chemotherapy
(NCT02614833) and in combination with anti-PD-1 therapy
(NCT02676869, NCT01968109).

TIM-3 is a checkpoint receptor that binds several ligands
including galectin-9 (Gal-9) (48), phosphatidylserine on
apoptotic cells (49), high mobility group box 1 (HMGB1) (50),
and CEA-related cell adhesion molecule-1(CEACAMI1) (51).
TIM-3 is expressed on both adaptive and innate immune cells
(52, 53). The engagement of this inhibitory checkpoint on NK
cells may have different and opposite effects (53). These divergent
functions are likely associated with the existence of multiple and
different TIM-3 ligands. Blockade of TIM-3 could restore T-cell
effector function in preclinical models and result in increased
NK cytotoxicity (54).

The Identification of the PD-1T NK

Cell Subset

The effect of the PD-1/PD-L1 blockade has been usually
attributed to the restoration of cytotoxic T lymphocyte activity,
and killing of tumor cells expressing HLA-I molecules. However,
a partial or complete loss of HLA-I expression is one of the most
frequent mechanisms of tumor escape from the host’s immune
system in different human tumor types. In this context, it is
important to remember the “missing self” hypothesis postulated
by Karre in 1986 (55), and formally proven in humans by
Alessandro Moretta (56-59). The “missing self” hypothesis stated
that absence, or reduced expression, of self-HLA-I molecules may
be sufficient to render a target cell susceptible to killing by NK
cells. Thus, NK cells recognize tumors that avoid T cell-mediated
killing through abnormal or absent HLA-I expression. This is
clinically relevant for patients with tumors displaying low levels
of HLA-T at diagnosis and suggests the potential of NK cell-based
adoptive immunotherapy.

Along this line, we were convinced that even NK cells could
contribute to the clinical benefit of immunotherapeutic strategies
targeting PD-1/PD-L1 axis, but to confirm our hypothesis we
first had to demonstrate that even NK cells could express
PD-1 (Figure 1).

Initially, we tested different mAbs to check the best reagent to
analyze this receptor on NK cells. We selected a reagent generated
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by our friend and international scientist Daniel Olive, as the most
performing among all the tested mAbs (60, 61). Regarding the
biological samples, we started the analysis of healthy donors, and
thanks to the high number of healthy donors analyzed and also to
the excellent reagent used, we were able to identify a subset of NK
cells expressing high level of PD-1 in 25% of the donors analyzed
(62). In order to verify what we were observing, we increased

the cases and the controls; this allowed us not only to confirm
this expression but also to characterize this new PD-1" NK cell
subset. PD-1 expression was confined to CD56%™ NK cells and,
if present, to CD56"¢ NK cells, whereas the CD56""8" subset
was consistently PD-1"%8. By comparing the PD-1" and PD-1"¢8
NK cells derived from the same healthy donor, we found that
the PD-17 subset was confined to fully mature NK cells. Indeed,
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these PD-17 NK cells were homogeneously characterized by the
CD56%MKIR T LIR-1TNKG2A™8CD57+NCRY™ phenotype.

The fact that only one fourth of the individuals analyzed
were characterized by a PD-1" NK cell subset could be the
result of given acute or chronic infection affecting only part
of the population. Further analysis revealed that a direct
correlation between HCMV infection and presence of a PD-
1T NK cell subset could be established. Indeed, the totality of
PD-1% individuals was seropositive for HCMV. Furthermore,
as expected, the PD-1T donors showed a reconfiguration
of the NK cell receptor repertoire, typically induced by
HCMYV infection (62, 63). Interestingly, different PD-1 mRNA
splicing isoforms and a cytoplasmic pool of PD-1 protein
are detectable in virtually all NK cells analyzed (mainly
CD56%™), thus indicating a possible rapid recruitment of this
molecule on cell surface in response to precise, yet undefined,
stimuli (64).

Once the presence of PD-1 on healthy donor NK cells
was demonstrated, we moved to cancer patients. Given our
previous expertise in ovarian cancer (65), we decided to focus our
attention on NK cells derived from this kind of tumor patients.
Our analyses showed that PD-1+ NK cells were detectable in
the peripheral blood (PB) of the majority of these patients.
More importantly, this NK cell subset was further increased
in the tumor microenvironment, thus suggesting a possible
accumulation/induction of this subset in this compartment.
Again, the PD-14 NK cells were confined to the CD56%™ NK
subset, although our ongoing analyzes indicate that the features
of the tumor-associated PD-1T NK cell subset are different
from those of the subset present in healthy donors (manuscript
in preparation).

As the interest on PD-17 NK cells is now turned on, several
papers have been recently published, confirming the presence
of the PD-17 NK cell subset in tumor patients. In particular
higher proportions of PD-17 NK cells can be also detected
on PB NK cells from multiple myeloma or Kaposi sarcoma
patients and on PB and tumor-associated NK cells in head&neck
cancer patients (41, 66). In vitro, PD-1 expression may be
induced on NK cell surface upon persistent stimulation by
tumor cells expressing ligands for activating NK receptors (66).
In addition, virus infection (e.g., HCMV) (62) and/or soluble
factors released in the tumor microenvironment (including
endogenous glucocorticoids) may be involved in PD-1 induction
(67, 68) (Figure 1).

This phenotype correlates with an impaired NK cell
activity (cytotoxicity, proliferation, and cytokine production)
against PD-LP®® tumor cells that can be partially restored
by mAb-mediated disruption of PD-1/PD-L interaction
(41, 62, 69) (Figure 1).

This is an important detail because we know how
in vivo the use of anti-PD-1 or anti-PD-L mAbs
may generate beneficial effects toward the anti-tumor
response mediated by T lymphocytes, but evidently also
from NK cells.

Therefore, when we talk about tumor and NK cells we should
not consider the recognition of HLA by the main inhibitory
checkpoints expressed by NK cells, i.e., KIR or NKG2A, as the

only system that plays a fundamental role in the control of
tumor transformation, but we should also consider a possible
participation of PD-1 in this system. In fact, simultaneous
expression of different inhibitory checkpoints could provide
multiple levels of suppression to anti-tumor responses of
NK cells.

Now, several data suggest that NK cells are potential PD-
1 blockade responders and that NK cell removal abrogates the
anti-tumor efficacy of this immunotherapy (69).

Furthermore, PD-1 expression on NK cells may correlates
with poor prognosis in different type of cancers (70). These
findings strongly suggest a possible role for NK cells in
immunotherapeutic  strategies targeting the PD-1/PD-L1
axis particularly against HLA-I deficient tumor cells, but,
interestinlgy, NK responses were still important for controlling
cancer development also in cancer models in which CD8" T
cells played a substantial role (69) (Figure 1).

Thus, the analysis of expression/coexpression and function of
inhibitory checkpoints is extremely important in order to design
innovative immunotherapeutic strategies.

In this context, clinical trials are presently undergoing in
which anti-NKG2A (monalizumab) or anti-KIR (lirilumab)
antibodies are used as a combotherapy with anti PD-1
(nivolumab) for various type of solid tumors in order to
obtain a complete reconstitution of anti-tumor NK cell citolytic
activity (71).

These innovative approaches have a particular relevance
especially if we think that tumor infiltrating T cells may express
PD-1 but also KIR and/or NKG2A. Thus, the combined blockade
of different checkpoints may simultaneously activate both innate
and adaptive immune responses.

Interestingly, recent data indicate that PD-1 is also expressed
by and may regulate both ILC2s and ILC3s, and that mAb-
mediated blocking of PD-1 restored their effector functions.
Since ILCs play a critical role in different inflammatory
conditions, including tumors, these cells may represent
interesting targets for immunotherapy (52, 72, 73) (Figure 1).
Novel immunotherapeutic approaches could be based on the use
of microRNA. In this context, it has been recently shown that the
hsa-miR-146a-5p may negatively regulate the surface expression
of certain KIRs by mimicking a “missing self” condition and, as
a consequence, by improving the NK cell mediated cytotoxicity
(74). Moreover, recent studies have provided novel evidence that
miR-148a-3p and miR-873 negatively regulate tumor cell PD-L1
expression (75, 76). Thus, these regulatory miRNA/targets axes
might serve as an additional tool in tumor therapy.

CONCLUDING REMARKS

Tumor  development often induces a  suppressive
microenvironment hampering cytotoxic lymphocytes effector-
functions thus promoting tumor progression. T and NK
cells result powerless just when we need them more. One of
the main escape mechanisms by which tumor turn off our
defense is the exploitment of immune checkpoints pathway.
Restoring and harnessing immune cells to cure cancer represents
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an attractive challenge for scientists. In the 90s, Alessandro
Moretta discovered the first NK cell immune checkpoints:
KIRs and NKG2A. Soon after, Innate Pharma generated the
first two therapeutic immune checkpoint inhibitors: lirilumab,
targeting KIR, and monalizumab, targeting NKG2A. This was
the beginning of a revolution. In the same years, Tasuku Honjo
and Jim Allison discovered that the reactivation of the immune
system by blocking two major immune checkpoints, CTLA-4 and
PD-1, could represent a practice-changing approach in oncology.

Honjo and Allison received the Nobel Prize in Medicine
2018 “for their discovery of cancer therapy by inhibition of
negative immune regulation.” During his speech at the Nobel
Banquet, Honjo stated: “As a result, Jim and I have experienced
many occasions that have made us feel well-rewarded, such
as meeting cancer patients who say their lives were saved by
our therapies.” He also added: “Jim and I both know that the
development of our discovery is just beginning. We encourage
many more scientists to join us in our efforts to keep improving
cancer immunotherapy.”

Alessandro realized that immunotherapy with anti-PD-1
mAbs can be also useful for reactivating NK cells against
the tumor in particular in the case of T-mediated tumor
resistance (HLA-I"®8 tumor cells). This intuition was confirmed
by the identification of the PD-1 receptor on a subset of
NK cells by his group. This subset is increased in the tumor
microenvironment, as also shown by different research groups
around the world (41, 62, 66).

The very recent discovery that PD-1 is also expressed on
other groups of ILCs, including ILC2s and ILC3s, opens up new
scenarios (52, 72, 73).

Once again Alessandro Moretta gave a fundamental
contribution to the field of NK cell biology and to the clinical use
of NK cell immune checkpoints. Initially, with the discovery of
the first inhibitory checkpoints, then with the discovery of the

various NK cell activating receptors (77), here not discussed, and
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finally, with the identification of the PD-1 immune checkpoint
expression on NK cells. This latest discovery by Alessandro
was certainly one of his most important contributions, and we
collaborators, but above all friends, know what the discovery
of this molecule on his beloved NK cells and its clinical
implications has meant to him. Still today, all Alessandro’s
discoveries represent important bases for understanding how to
best use NK cells in cancer therapies (Figure 1).

Thank you Alessandro for allowing us in your life, for
supporting of us when we needed it most, for making us all always
feel special and, most of all, for teaching us how to move forward
with courage, simplicity and dignity.

Thank you Alessandro for having taught us how to do science,
day by day, with scientific strictness, together with modesty.
Thank you for having instilled in us your curiosity, and infinite
passion for Science. Being afraid doesn’t make any sense.

We miss you every moment in our life!

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by Fondazione Associazione
Italiana per la Ricerca sul Cancro (IG 2017-
20312 and 5x1000-21147) and Fondazione Roche

(Progetto Roche per la Ricerca 2017).

ACKNOWLEDGMENTS

SP is recipient of the post-doctoral fellowship from the
Fondazione Umberto Veronesi. Figurel was created with
BioRender.

8. Antonia S§J, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.
Overall survival with durvalumab after chemoradiotherapy in stage III
NSCLC. N Engl ] Med. (2018) 379:2342-50. doi: 10.1056/NEJMoal80
9697

9. Munari E, Zamboni G, Sighele G, Marconi M, Sommaggio M, Lunardi
G, et al. Expression of programmed cell death ligand 1 in non-small
cell lung cancer: comparison between cytologic smears, core biopsies, and
whole sections using the SP263 assay. Cancer Cytopathol. (2019) 127:52-
61. doi: 10.1002/cncy.22083

10. Hammers H]J, Plimack ER, Infante JR, Rini BI, McDermott DE
Lewis LD, et al. Safety and efficacy of nivolumab in combination
with ipilimumab in metastatic renal cell carcinoma: the checkmate
016 study. J Clin Oncol. (2017) 35:3851-8. doi: 10.1200/JC0O.2016.72
1985

11. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier-
Valette C, et al. Nivolumab plus ipilimumab in lung cancer with
a high tumor mutational burden. N Engl ] Med. (2018) 378:2093-
104. doi: 10.1056/NEJMoa1801946

12. Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Cowey CL,
et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab
alone in advanced melanoma. (CheckMate 067): 4-year outcomes of a
multicentre, randomised, phase 3 trial. Lancet Oncol. (2018) 19:1480-
92. doi: 10.1016/S1470-2045(18)30700-9

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1242


https://doi.org/10.1016/1074-7613(95)90125-6
https://doi.org/10.1016/S1074-7613(00)80089-8
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/471561a
https://doi.org/10.1038/nrc3153
https://doi.org/10.5152/eurasianjmed.2018.18194
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1809697
https://doi.org/10.1002/cncy.22083
https://doi.org/10.1200/JCO.2016.72.1985
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1016/S1470-2045(18)30700-9
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pesce et al.

PD-1in NK Cells

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Force ], Leal JHS, McArthur HL. Checkpoint blockade strategies in the
treatment of breast cancer: where we are and where we are heading. Curr Treat
Options Oncol. (2019) 20:35. doi: 10.1007/s11864-019-0634-5

Salmaninejad A, Valilou SE, Shabgah AG, Aslani S, Alimardani M, Pasdar A,
etal. PD-1/PD-L1 pathway: basic biology and role in cancer immunotherapy.
J Cell Physiol. (2019). doi: 10.1002/jcp.28358. [Epub ahead of print].

Noguchi T, Ward JP, Gubin MM, Arthur CD, Lee SH, Hundal J,
et al. Temporally distinct PD-L1 expression by tumor and host cells
contributes to immune escape. Cancer Immunol Res. (2017) 5:106-
17. doi: 10.1158/2326-6066.CIR-16-0391

Lau J, Cheung J, Navarro A, Lianoglou S, Haley B, Totpal K, et al. Tumour and
host cell PD-LL1 is required to mediate suppression of anti-tumour immunity
in mice. Nat Commun. (2017) 8:14572. doi: 10.1038/ncomms14572
Kleinovink JW, Marijt KA, Schoonderwoerd MJA, van Hall T,
Ossendorp F, Fransen MEF. PD-L1 expression on malignant cells is
no prerequisite for checkpoint therapy. Oncoimmunology. (2017)
6:¢1294299. doi: 10.1080/2162402X.2017.1294299

Tang H, Liang Y, Anders RA, Taube JM, Qiu X, Mulgaonkar A, et al. PD-L1
on host cells is essential for PD-L1 blockade-mediated tumor regression. J Clin
Invest. (2018) 128:580-8. doi: 10.1172/JCI96061

Tang F, Zheng P. Tumor cells versus host immune cells: whose PD-L1
contributes to PD-1/PD-L1 blockade mediated cancer immunotherapy? Cell
Biosci. (2018) 8:34. doi: 10.1186/s13578-018-0232-4

Takamori S, Takada K, Toyokawa G, Azuma K, Shimokawa M, Jogo T, et al.
PD-L2 expression as a potential predictive biomarker for the response to anti-
PD-1 drugs in patients with non-small cell lung cancer. Anticancer Res. (2018)
38:5897-901. doi: 10.21873/anticanres.12933

Nishikawa H, Tanegashima T, Togashi Y, Azuma K, Kawahara A, Ideguchi
K, et al. Immune suppression by PD-L2 against spontaneous and
treatment-related antitumor immunity. Clin Cancer Res. (2019)
clincanres.3991.2018. doi: 10.1158/1078-0432.CCR-18-3991. [Epub ahead of
print].

Moretta A. Natural killer cells and dendritic cells: rendezvous in abused
tissues. Nat Rev Immunol. (2002) 2:957-64. doi: 10.1038/nri956

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al.
Innate or adaptive immunity? The example of natural killer cells. Science.
(2011) 331:44-9. doi: 10.1126/science.1198687

Herberman RB, Nunn ME, Holden HT, Lavrin DH. Natural cytotoxic
reactivity of mouse lymphoid cells against syngeneic and allogeneic
tumors. II. Characterization of effector cells. Int J Cancer. (1975) 16:230-
9. doi: 10.1002/ijc.2910160205

Kiessling R, Klein E, Pross H, Wigzell H. “Natural” killer cells in the
mouse. II. Cytotoxic cells with specificity for mouse Moloney leukemia
cells. Characteristics of the killer cell. Eur ] Immunol. (1975) 5:117-
21. doi: 10.1002/€ji.1830050209

Ferlazzo G, Tsang ML, Moretta L, Melioli G, Steinman RM, Munz C. Human
dendritic cells activate resting natural killer (NK) cells and are recognized
via the NKp30 receptor by activated NK cells. ] Exp Med. (2002) 195:343-
51. doi: 10.1084/jem.20011149

Marcenaro  E, B, Moretta
the  usefulness of  auto-aggression.
4:520-5. doi: 10.1016/j.autrev.2005.04.015
Marcenaro E, Dondero A, Moretta A. Multi-directional cross-regulation of
NK cell function during innate immune responses. Transpl Immunol. (2006)
17:16-9. doi: 10.1016/j.trim.2006.09.019

Lofstedt A, Chiang SC, Onelov E, Bryceson YT, Meeths M, Henter JI.
Cancer risk in relatives of patients with a primary disorder of lymphocyte
cytotoxicity: a retrospective cohort study. Lancet Haematol. (2015) 2:e536—
42. doi: 10.1016/S2352-3026(15)00223-9

Moretta L, Bottino C, Pende D, Vitale M, Mingari MC, Moretta A. Different
checkpoints in human NK-cell activation. Trends Immunol. (2004) 25:670-
6. doi: 10.1016/}.it.2004.09.008

Chiossone L, Vivier E. Immune checkpoints on innate lymphoid cells. ] Exp
Med. (2017) 214:1561-3. doi: 10.1084/jem.20170763

Perez-Villar JJ, Melero I, Navarro F, Carretero M, Bellon T, Llano M, et al.
The CD94/NKG2-A inhibitory receptor complex is involved in natural
killer cell-mediated recognition of cells expressing HLA-GI1. ] Immunol.
(1997) 158:5736-43.

A. NK-DC
Autoimmun

interaction: on
Rev.  (2005)

Ferranti

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Sivori S, Vitale M, Bottino C, Marcenaro E, Sanseverino L, Parolini S, et al.
CD94 functions as a natural killer cell inhibitory receptor for different
HLA class I alleles: identification of the inhibitory form of CD94 by
the use of novel monoclonal antibodies. Eur ] Immunol. (1996) 26:2487-
92. doi: 10.1002/€ji.1830261032

Braud VM, Allan DS, O’Callaghan CA, Soderstrom K, D’Andrea A, Ogg GS,
et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C.
Nature. (1998) 391:795-9. doi: 10.1038/35869

Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik
WD, Tosti A, et al. Effectiveness of donor natural killer cell
alloreactivity in mismatched hematopoietic transplants. Science. (2002)
295:2097-100. doi: 10.1126/science.1068440

Moretta L, Locatelli E Pende D, Marcenaro E, Mingari MC, Moretta A.
Killer Ig-like receptor-mediated control of natural killer cell alloreactivity
in haploidentical hematopoietic stem cell transplantation. Blood. (2011)
117:764-71. doi: 10.1182/blood-2010-08-264085

Romagne F, Andre P, Spee P, Zahn S, Anfossi N, Gauthier L, et al. Preclinical
characterization of 1-7F9, a novel human anti-KIR receptor therapeutic
antibody that augments natural killer-mediated killing of tumor cells. Blood.
(2009) 114:2667-77. doi: 10.1182/blood-2009-02-206532

Vey N, Bourhis JH, Boissel N, Bordessoule D, Prebet T, Charbonnier A, et al.
A phase 1 trial of the anti-inhibitory KIR mAb IPH2101 for AML in complete
remission. Blood. (2012) 120:4317-23. doi: 10.1182/blood-2012-06-43
7558

Benson DM Jr, Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B,
et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple
myeloma effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-
1 antibody. Blood. (2010) 116:2286-94. doi: 10.1182/blood-2010-02-271874
Kohrt HE, Thielens A, Marabelle A, Sagiv-Barfi I, Sola C, Chanuc F, et al. Anti-
KIR antibody enhancement of anti-lymphoma activity of natural killer cells as
monotherapy and in combination with anti-CD20 antibodies. Blood. (2014)
123:678-86. doi: 10.1182/blood-2013-08-519199

Andre P, Denis C, Soulas C, Bourbon-Caillet C, Lopez J, Arnoux T, et al.
Anti-NKG2A mAb is a checkpoint inhibitor that promotes anti-tumor
immunity by unleashing both T and NK cells. Cell. (2018) 175:1731-43
el3. doi: 10.1016/j.cell.2018.10.014

Martinet L, Smyth MJ. Balancing natural killer cell activation through paired
receptors. Nat Rev Immunol. (2015) 15:243-54. doi: 10.1038/nri3799
Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and TIGIT: Co-inhibitory
receptors with specialized functions in immune regulation. Immunity. (2016)
44:989-1004. doi: 10.1016/j.immuni.2016.05.001

Hung AL, Maxwell R, Theodros D, Belcaid Z, Mathios D, Luksik
AS, TIGIT and PD-1 dual checkpoint blockade enhances
antitumor immunity and survival in GBM. Oncoimmunology. (2018)
7:¢1466769. doi: 10.1080/2162402X.2018.1466769

Blake SJ, Dougall WC, Miles JJ, Teng MW, Smyth MJ. Molecular pathways:
targeting CD96 and TIGIT for cancer immunotherapy. Clin Cancer Res.
(2016) 22:5183-8. doi: 10.1158/1078-0432.CCR-16-0933

Blake §J, Stannard K, Liu J, Allen S, Yong MC, Mittal D, et al
Suppression of metastases using a lymphocyte  checkpoint
target for cancer immunotherapy. Cancer Discov. (2016) 6:446-
59. doi: 10.1158/2159-8290.CD-15-0944

Triebel E Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-
Pequignot E, et al. LAG-3, a novel lymphocyte activation gene closely related
to CD4. J Exp Med. (1990) 171:1393-405. doi: 10.1084/jem.171.5.1393

Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, et al. The
Tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat
Immunol. (2005) 6:1245-52. doi: 10.1038/ni1271

Nakayama M, Akiba H, Takeda K, Kojima Y, Hashiguchi M, Azuma M, et al.
Tim-3 mediates phagocytosis of apoptotic cells and cross-presentation. Blood.
(2009) 113:3821-30. doi: 10.1182/blood-2008-10-185884

Chiba S, Baghdadi M, Akiba H, Yoshiyama H, Kinoshita I, Dosaka-Akita H,
et al. Tumor-infiltrating DCs suppress nucleic acid-mediated innate immune
responses through interactions between the receptor TIM-3 and the alarmin
HMGBI. Nat Immunol. (2012) 13:832-42. doi: 10.1038/ni.2376

Huang YH, Zhu C, Kondo Y, Anderson AC, Gandhi A, Russell A, et al.
CEACAMI regulates TIM-3-mediated tolerance and exhaustion. Nature.
(2015) 517:386-90. doi: 10.1038/nature13848

et al

new

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1242


https://doi.org/10.1007/s11864-019-0634-5
https://doi.org/10.1002/jcp.28358
https://doi.org/10.1158/2326-6066.CIR-16-0391
https://doi.org/10.1038/ncomms14572
https://doi.org/10.1080/2162402X.2017.1294299
https://doi.org/10.1172/JCI96061
https://doi.org/10.1186/s13578-018-0232-4
https://doi.org/10.21873/anticanres.12933
https://doi.org/10.1158/1078-0432.CCR-18-3991
https://doi.org/10.1038/nri956
https://doi.org/10.1126/science.1198687
https://doi.org/10.1002/ijc.2910160205
https://doi.org/10.1002/eji.1830050209
https://doi.org/10.1084/jem.20011149
https://doi.org/10.1016/j.autrev.2005.04.015
https://doi.org/10.1016/j.trim.2006.09.019
https://doi.org/10.1016/S2352-3026(15)00223-9
https://doi.org/10.1016/j.it.2004.09.008
https://doi.org/10.1084/jem.20170763
https://doi.org/10.1002/eji.1830261032
https://doi.org/10.1038/35869
https://doi.org/10.1126/science.1068440
https://doi.org/10.1182/blood-2010-08-264085
https://doi.org/10.1182/blood-2009-02-206532
https://doi.org/10.1182/blood-2012-06-437558
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1182/blood-2013-08-519199
https://doi.org/10.1016/j.cell.2018.10.014
https://doi.org/10.1038/nri3799
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.1080/2162402X.2018.1466769
https://doi.org/10.1158/1078-0432.CCR-16-0933
https://doi.org/10.1158/2159-8290.CD-15-0944
https://doi.org/10.1084/jem.171.5.1393
https://doi.org/10.1038/ni1271
https://doi.org/10.1182/blood-2008-10-185884
https://doi.org/10.1038/ni.2376
https://doi.org/10.1038/nature13848
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pesce et al.

PD-1in NK Cells

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Vacca P, Pesce S, Greppi M, Fulcheri E, Munari E, Olive D,
et al. PD-1 is expressed by and regulates human group 3 innate
lymphoid cells in human decidua. Mucosal Immunol. (2019) 12,
624-31. doi: 10.1038/s41385-019-0141-9

Das M, Zhu C, Kuchroo VK. Tim-3 and its role in regulating anti-tumor
immunity. Immunol Rev. (2017) 276:97-111. doi: 10.1111/imr.12520

da Silva IP, Gallois A, Jimenez-Baranda S, Khan S, Anderson AC,
Kuchroo VK, et al. Reversal of NK-cell
melanoma by Tim-3 blockade. Cancer
2:410-22. doi: 10.1158/2326-6066.CIR-13-0171
Karre K, Ljunggren HG, Piontek G, Kiessling R. Selective rejection of H-2-
deficient lymphoma variants suggests alternative immune defence strategy.
Nature. (1986) 319:675-8. doi: 10.1038/319675a0

Moretta A, Tambussi G, Bottino C, Tripodi G, Merli A, Ciccone E, et al. A
novel surface antigen expressed by a subset of human CD3- CD16+ natural
killer cells. Role in cell activation and regulation of cytolytic function. J Exp
Med. (1990) 171:695-714. doi: 10.1084/jem.171.3.695

Moretta A, Bottino C, Pende D, Tripodi G, Tambussi G, Viale O,
et al. Identification of four subsets of human CD3-CD16+ natural killer
(NK) cells by the expression of clonally distributed functional surface
molecules: correlation between subset assignment of NK clones and ability
to mediate specific alloantigen recognition. J Exp Med. (1990) 172:1589-
98. doi: 10.1084/jem.172.6.1589

Moretta A, Bottino C, Vitale M, Pende D, Biassoni R, Mingari MC, et al.
Receptors for HLA class-I molecules in human natural killer cells. Annu Rev
Immunol. (1996) 14:619-48. doi: 10.1146/annurev.immunol.14.1.619
Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari
MC, et al. Activating receptors and coreceptors involved in human
natural killer cell-mediated cytolysis. Annu Rev Immunol. (2001)
19:197-223. doi: 10.1146/annurev.immunol.19.1.197

Ghiotto M, Gauthier L, Serriari N, Pastor S, Truneh A, Nunes JA, et al.
PD-L1 and PD-L2 differ in their molecular mechanisms of interaction
with PD-1. Int Immunol. (2010) 22:651-60. doi: 10.1093/intimm/dx
q049

Xerri L, Chetaille B, Serriari N, Attias C, Guillaume Y, Arnoulet C, et al.
Programmed death 1 is a marker of angioimmunoblastic T-cell lymphoma
and B-cell small lymphocytic lymphoma/chronic lymphocytic leukemia. Hum
Pathol. (2008) 39:1050-8. doi: 10.1016/j.humpath.2007.11.012

Pesce S, Greppi M, Tabellini G, Rampinelli F, Parolini S, Olive D, et al.
Identification of a subset of human natural killer cells expressing high levels of
programmed death 1: a phenotypic and functional characterization. J Allergy
Clin Immunol. (2017) 139:335-46 e3. doi: 10.1016/j.jaci.2016.04.025

Della Chiesa M, Pesce S, Muccio L, Carlomagno S, Sivori S, Moretta A,
et al. Features of Memory-Like and PD-1(4) Human NK Cell Subsets. Front
Immunol. (2016) 7:351. doi: 10.3389/fimmu.2016.00351

Mariotti  FR, Petrini S, Ingegnere T, Tumino N,
Scordamaglia F et al. PD-1 NK  cells:
cytoplasmic mRNA and protein expression. Oncoimmunology. (2019)
8:1557030. doi: 10.1080/2162402X.2018.1557030

Pesce S, Tabellini G, Cantoni C, Patrizi O, Coltrini D, Rampinelli F
et al. B7-H6-mediated downregulation of NKp30 in NK cells contributes
Oncoimmunology.  (2015)

in advanced
Res. (2014)

exhaustion
Immunol

Besi E

in human evidence of

to ovarian carcinoma immune escape.
4:1001224. doi: 10.1080/2162402X.2014.1001224

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Beldi-Ferchiou A, Lambert M, Dogniaux S, Vely E, Vivier E, Olive D, et al. PD-
1 mediates functional exhaustion of activated NK cells in patients with Kaposi
sarcoma. Oncotarget. (2016) 7:72961-77. doi: 10.18632/oncotarget.12150
Voron T, Colussi O, Marcheteau E, Pernot S, Nizard M, Pointet AL, et al.
VEGF-A modulates expression of inhibitory checkpoints on CD8+ T cells in
tumors. ] Exp Med. (2015) 212:139-48. doi: 10.1084/jem.20140559

Quatrini L, Wieduwild E, Escaliere B, Filtjens ], Chasson L, Laprie C, et al.
Endogenous glucocorticoids control host resistance to viral infection through
the tissue-specific regulation of PD-1 expression on NK cells. Nat Immunol.
(2018) 19:954-62. doi: 10.1038/s41590-018-0185-0

Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault MC, Trevino
TN, et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-
L1 blockade. J Clin Invest. (2018) 128:4654-68. doi: 10.1172/JCI99317

Liu Y, Cheng Y, Xu Y, Wang Z, Du X, Li C, et al. Increased expression of
programmed cell death protein 1 on NK cells inhibits NK-cell-mediated anti-
tumor function and indicates poor prognosis in digestive cancers. Oncogene.
(2017) 36:6143-53. doi: 10.1038/0nc.2017.209

Sim FE Leidner R, Bell RB. Immunotherapy for head
neck cancer. Oral Maxillofac  Surg Clin  North Am.
31:85-100. doi: 10.1016/j.coms.2018.09.002

Tumino N, Martini S, Munari E, Scordamaglia F, Besi F, Mariotti FR,
et al. Presence of innate lymphoid cells in pleural effusions of primary and
metastatic tumors: functional analysis and expression of PD-1 receptor. Int |
Cancer. (2019). doi: 10.1002/ijc.32262. [Epub ahead of print].

Taylor S, Huang Y, Mallett G, Stathopoulou C, Felizardo TC, Sun MA, et al.
PD-1 regulates KLRG1(+) group 2 innate lymphoid cells. ] Exp Med. (2017)
214:1663-78. doi: 10.1084/jem.20161653

Pesce S, Squillario M, Greppi M, Loiacono F, Moretta L, Moretta A, et al.
New miRNA signature heralds human NK cell subsets at different maturation
steps: involvement of miR-146a-5p in the regulation of KIR expression. Front
Immunol. (2018) 9:2360. doi: 10.3389/fimmu.2018.02360

Ashizawa M, Okayama H, Ishigame T, Thar Min AK, Saito K, Ujiie D,
et al. microRNA-148a-3p regulates immunosuppression in DNA mismatch
repair-deficient colorectal cancer by targeting PD-L1. Mol Cancer Res.
(2019). doi: 10.1158/1541-7786.MCR-18-0831. [Epub ahead of print].

Gao L, Guo Q, Li X, Yang X, Ni H, Wang T, et al. MiR-873/PD-L1 axis
regulates the stemness of breast cancer cells. EBioMedicine. (2019) 41:395-
407. doi: 10.1016/j.ebiom.2019.02.034

Sivori S, Carlomagno S, Pesce S, Moretta A, Vitale M, Marcenaro E.
TLR/NCR/KIR: which one to use and when? Front Immunol. (2014)
5:105. doi: 10.3389/fimmu.2014.00105

and
(2019)

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Pesce, Greppi, Grossi, Del Zotto, Moretta, Sivori, Genova and
Marcenaro. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1242


https://doi.org/10.1038/s41385-019-0141-9
https://doi.org/10.1111/imr.12520
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1038/319675a0
https://doi.org/10.1084/jem.171.3.695
https://doi.org/10.1084/jem.172.6.1589
https://doi.org/10.1146/annurev.immunol.14.1.619
https://doi.org/10.1146/annurev.immunol.19.1.197
https://doi.org/10.1093/intimm/dxq049
https://doi.org/10.1016/j.humpath.2007.11.012
https://doi.org/10.1016/j.jaci.2016.04.025
https://doi.org/10.3389/fimmu.2016.00351
https://doi.org/10.1080/2162402X.2018.1557030
https://doi.org/10.1080/2162402X.2014.1001224
https://doi.org/10.18632/oncotarget.12150
https://doi.org/10.1084/jem.20140559
https://doi.org/10.1038/s41590-018-0185-0
https://doi.org/10.1172/JCI99317
https://doi.org/10.1038/onc.2017.209
https://doi.org/10.1016/j.coms.2018.09.002
https://doi.org/10.1002/ijc.32262
https://doi.org/10.1084/jem.20161653
https://doi.org/10.3389/fimmu.2018.02360
https://doi.org/10.1158/1541-7786.MCR-18-0831
https://doi.org/10.1016/j.ebiom.2019.02.034
https://doi.org/10.3389/fimmu.2014.00105~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	PD/1-PD-Ls Checkpoint: Insight on the Potential Role of NK Cells
	Introduction
	The Multifaceted Nature of NK Cells
	The Discovery of NK Cell Immune Checkpoints
	The Identification of the PD-1+ NK Cell Subset

	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


