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Abstract

NK cells orchestrate the tumor destruction and control metastasis in a coordinated way with other
immune cells of the tumor microenvironment. However, NK cell infiltration in the tumor
microenvironment is limited, and tumor cells have developed numerous mechanisms to escape NK cell
attack. As a result, NK cells that have been able to infiltrate the tumors are exhausted, and metabolically
and functionally impaired. Depending this impairment the prognostic and theranostic values of NK cells
differ depending on the studies, the type of cancer, the stage of tumor and the nature of the tumor
microenvironment. Extensive studies have been done to investigate different strategies to improve the

NK cell function, and nowadays, a battery of therapeutic tools are being tested, with promising results.
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1. Introduction

Natural Killer (NK) cells are part of the body’s first line of innate immune defenses and represent the
cytotoxic compartment of the innate lymphoid cells (ILCs). They rapidly respond to infection and to
malignant transformation and regulate the adaptive immune response [1]. NK cells originate from bone
marrow precursors [2], then, consistent with their role in anti-tumoral surveillance and defense, they are
widely distributed in lymphoid and non-lymphoid tissues, circulate throughout the body and acquire
their function in appropriate tissues. As a consequence, NK cells are found in many tissues and organs,
mainly in lymph nodes, liver, lung, uterus and thymus, in addition to the blood circulation[3—5]. Overall,
NK cells are characterized by the expression of surface markers such as NK1.1, NKp46 or CD49b (DXS5)
in mice, or CD56 (NCAM) and CD16 (FcyRIII) in humans. However, circulating and tissue resident
NK cells are characterized by distinct expression of transcription factors and distinct phenotypes [3,6].
NK cells exert their antitumor function following their activation, as a result of engagement of non-
clonotypic germ-line-encoded activating and inhibitory receptors with their ligands expressed at
variable levels on tumor cells [1,7]. Once activated, NK cells are prone to kill tumor cells and to secrete
an array of cytokines and chemokines that contribute to adaptive immune cell activation and recruitment

into the tumor microenvironment (TME).

In both human and mice, several NK cell subsets have been described, which correspond to different
stages of maturation, and subsequently various anti-tumor functions. High-throughput single-cell RNA-
seq was used to characterize tissue-specific gene signatures of NK cells in spleen and blood in mice and
in humans. This allowed the identification of two major subsets transcriptionaly similar across organs
and species, showing organ-specific signatures and heterogeneity of NK cells in the blood and in the
spleen [8].

In human, sequential maturation is divided into 5 stages 1 one to 5 during which the NK cells
sequentially acquire receptors essential for their functions. The pre-NK first stage of maturation derives
directly from common lymphoid precursor in the bone marrow. During stage 2, intermediate affinity
IL-15 receptor (CD122) is acquired to deliver survival signals to pre-NK cells allowing them to continue

their differentiation through stage 3 and 4 [9]. Stage 4 NK cells are characterized by high CD56



expression (CD56€" CD167), are mainly present in secondary lymphoid organs (lymph nodes), are
poorly cytotoxic and produce large amounts of cytokines [10], whereas stage 5 NK cells (CD56%™
CD16"%) are strongly cytotoxic, have high ability to produce IFN-y and perforins and are mainly
circulating or localized at the site of inflammation. In mice, 4 maturation steps have been identified on
the basis of the co-stimulatory CD27 receptor and integrin CD11b expression. Very immature NK cells
are CD27'CD11b" and acquire CD27, NKp46, NK1.1, NKG2D expression in the stage 2. Stage 3 NK
cells express both CD27 and CD11b and acquire sphingosine 1-phosphate receptor 5 (S1P5) involved
in NK cell migration. Finally, the stage 4 NK cells are the more mature (CD27°CD11b") and also express
the co-inhibitory killer cell lectin-like receptor subfamily G member 1 (KLRG1) [8].

Throughout maturation, NK cells acquire the capacity to interact with tumor cells. Mature NK cells
express two classes of inhibitory receptors: killer-cell immunoglobulin-like receptors (KIR) and CD94-
NKG2A. KIRs recognize MHC class I molecules, and NKG2A recognizes the unconventional HLA-E
[11], allowing self-tolerance [12]. The NK cells are therefore naturally inhibited and their activation is
only possible when the activating signals exceed inhibition. Once activated, NK cells become highly
cytotoxic [13]. Many activating receptors have been characterized on NK cells among which NKG2C,
NKG2D, the “Natural Cytotoxicity Receptor” (NCR) including NKp30, NKp44 and NKp46. NKG2D
recognizes a wide variety of ligands, for example MHC class I polypeptide-related sequence A (MIC-
A) or MIC-B, and UL16 binding protein 1 (ULBP1), 2 and 3 expressed by transformed cells [14]. This
recognition does not require antigenic recognition beforehand. During cytotoxic process, NK cells move
closer to tumor cells, then release proteases -called granzymes, and perforin. The perforin forms pores
in the target cell to create an aqueous channel through which the entire content of NK cells, including
granzymes, is transferred to the cell and induces apoptosis [15].

In human, the stage 5 subpopulation of NK cells (CD56Y™CD16") exerts cytotoxic function and
expresses high levels of perforin and granzyme B. In mice, the stage 4 (CD11b"CD27") NK cell subset
is the cytotoxic one [ 10]. In addition to direct cytotoxicity, NK cells can kill tumor cell through antibody-

dependent cell-mediated cytotoxicity (ADCC), involving the CD16 receptor [15].



In addition to cytotoxic functions, NK cells have been shown to play a role in the regulation of innate
and adaptive immune populations. NK cells express receptors for [L-12, IL-15 and IL-18 cytokines that
are produced by antigen presenting cells (APCs) [16—18]. These cytokines trigger the proliferation of
NK CD56" and production of cytokines like IFN-y, IL-10, IL-13, TNF-B and GM-CSF [19]. Thus,
APC influence the phenotype and cellular functions of NK cells. Reciprocally, NK cells influence the
function of APC: they stimulate the production of TNF-a by monocytes and kill immature dendritic

cells (DC) during “DC editing” [20-22].

Many studies have characterized the NK cells in the TME of solid tumors, and have shown that in
numerous tumors, NK cells are scarce and dysfunctional. In this review, we provide an overview of NK
cells in the TME of solid tumors, with a focus on their prognostic and theranostic values. We will then
discuss the recent advances and trends in current therapies that are being developed to strengthen

antitumor NK cell responses.



2. NK cells in Tumor Microenvironment

The main function of NK cells in the TME is the killing of tumor cells, through perforin/granzyme
exocytosis, engagement of death receptors (Fas-FasL and TRAIL-TRAILR) and secretion of the effector
cytokines IFN-y and TNF-o.. To be able to efficiently function as tumor eliminating cells, mature
functional NK cells must be located in the tumor nest, to establish close contacts with their target cells,
and thereafter kill them. The presence of fully functional NK cells may results from in situ maturation
of NK cells or from the active recruitment of mature NK cells from adjacent tissue and circulation.
These recent years, advances in cellular and molecular analysis using high-throughput new technologies
- single cell sequencing (scRNAseq), multiplexed image analysis, or spatial transcriptomics - [23]
allowed a better understanding of the complexity of the TME. Nowadays, a deep characterization of
intratumoral immune cell transcriptome has been performed [24-26] that allows to precisely define NK
cell heterogeneity at the single-cell level in a pan-genomic analysis across organs and species.

The first remarkable observation made by numerous studies quantifying NK cells in situ is that NK cells
poorly infiltrate the TME. Low numbers of NK cells were found in lung cancer [27], in renal cell
carcinoma metastases in the lung [28], in colorectal carcinoma [29] and in gastrointestinal stromal
tumors (GIST) [30] as compared to corresponding healthy tissue. Similar conclusions were made in
scRNA seq analysis of cells in the TME of lung cancer: less NK cells were found in the tumor than in
normal tissue [24]. In addition, when present in the TME, NK cells are not in direct contact with tumor
cells but are mainly localized within the stroma [27,29,30].

We performed a comparative analysis of the number of NKp46 or CD56 transcripts in the tumor and in
the normal tissue using TCGA database, and confirmed that in many tumors, such as lung cancer, diffuse
large B cell lymphoma, thymoma, urothelial bladder carcinoma, breast, ovarian, endocervical, colon,
and prostate cancer, the infiltration of NK cells is lower than in healthy tissue (Figure 1). The low
infiltration of NK cells in the TME raises some questions: Does the tumor microenvironment apply a
selective attraction of specific subset(s) of NK cells or does it exclude NK cells by modulating their
expression of chemokine receptors? The migration of NK cell subsets in the tumor is governed by the
action of chemokines abundantly produced in the TME, and the chemokine receptor expression profile

of NK cells. In the circulation, almost 90% of NK cells are CD56%™, CD16", perforin® and are mostly



cytotoxic [1]. These cells express a panel of chemokine receptors including CXCR1, CXCR2, CXCR4
and CX3CR1 [31] and are predominant in bone marrow, spleen, lung and breast normal tissues.
Conversely, the CD56"#" NK cells which express CCR7, CXCR3, CD62L and CXCR4, are
preferentially localized in lymph nodes, intestinal mucosa, mucosa-associated lymphoid tissue (MALT)
and in gastric, liver, uterus, visceral and kidney tissues [32]. The TME is able to modify the local
chemotactic environment to preferentially recruit less cytotoxic NK cells: To do so, it alters the
chemokine receptor repertoire on intra-tumoral NK cells through a TGF-f dependent mechanism
[33,34]. It also reduces the production of the ligands corresponding to the receptors expressed by
CD56%™ NK cells (CXCL1, CXCL2, CX3CL1 and CXCLS) and it increases the expression of ligands
able to attract CD56"" NK cells (CXCL9, CXCL10, CCL19 and CCL5) [32,35].

Another explanation for scarce density of NK cells could be the in situ apoptosis of intratumoral NK
cells. In lung cancer, genes related to apoptosis were found to be upregulated in intratumoral NK cells
as compared to wild-type tissue [36]. Similarly, in hepatic cancer, apoptosis of NK cells can be induced
into the tumors [37]. Several mechanisms have been proposed, that involves the reactive oxygen species
(ROS), such as Indoleamine-2,3-dioxygenase (IDO) [38] or the lactate mediated apoptosis in colorectal

liver metastasis [39].

Numerous studies have found that intratumoral NK cells are dysfunctional due to the
immunosuppressive microenvironment [7,40]. Tumor cells escape from NK cell recognition and
destruction by shedding of MIC-A/-B ligands for activating NK cell receptor NKG2D [41] and by
secreting immunosuppressive molecules such as IDO, prostaglandin E2, IL-10 and TGF-$, responsible
for down-regulation of activating receptors on NK cells [42]. Consequently, intratumoral NK cells
display altered phenotype and function in many tumors, including lung tumors [27,43,44], breast cancer
[45], ovarian cancer [46], hepatocellular carcinoma [47,48], GIST [49] and melanoma [50]. The TGF-
B mediated conversion of effector NK cells into type 1 ILCs has also been characterized as a mechanism
of tumor evasion from NK cells attack in the TME [51,52]. Dysfunction of intratumoral NK cells were
confirmed by recent studies using high throughput technologies - multi-scale immune profiling using

mass cytometry by time-of-flight (CyTOF) combined with single-cell transcriptomics and multiplex



tissue imaging, unveiled that NK cells were unique in tumor lesions compared to normal lung from the
same patients, and that these changes occur in very early stages tumors [26]. Finally, accumulating
evidences highlighted the acquisition of immune checkpoint molecules by tumor infiltrating NK cells
[53], and the acquisition of a regulatory phenotype — characterized by T cell suppression, secretion of
TGF-B and IL-10 [54]. NK cells do express T cell immunoreceptor with Ig and ITIM domains (TIGIT),
which was found associated with NK cell exhaustion in tumor-bearing mice and patients with colorectal
cancer [55], programmed-cell death protein 1 (PD-1) [56], programmed-cell death ligand 1 (PD-L1)
[57], T-cell immunoglobulin mucin-3 (TIM-3) in patients with GIST [58] and bladder cancer [59] and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (our unpublished results in lung cancer and
[60,61]). In addition, NK cells in the TME were found to co-express CD73, lymphocytes activation
gene-3 (LAG-3), V-domain Ig suppressor of T cell activation (VISTA), PD-1 and PD-L1, secrete IL-10
and TGF-B, while the frequency of CD73 expressing NK cells was found correlated with advanced
stages in breast cancer [62].

Accumulating evidences showed that cellular metabolism is also important for immune cell functions
[63—65], and that modifications of metabolic pathways in the TME may lead to NK cell dysfunction.
Glycolysis is important for human and mouse NK cell functions [66]. Extracellular adenosine is a key
immunosuppressive metabolite, generated from ATP by the ectonucleotidase CD39 and CD73
expressed by intratumoral immune cells. It acts as a checkpoint that limits the maturation and the
function of NK cells via adenosine receptors (A2AR) [67], as shown in a mice model of melanoma.
Another study performed in lung cancer demonstrated that NK cells are progressively impaired while
lung tumor progress due to metabolism alteration. The intratumoral NK cells were reduced in number,
displayed lower survival and attenuated cytotoxicity and showed decreased glycolysis with concomitant
increased Fructose-1,6-biphosphatase (FBP1) [36]. The study concluded that FBP1, an important
regulator of glycolysis, is a key regulator of NK cell dysfunction in the TME. The alterations of NK
cells induced by the tumor microenvironment are summarized in the Figure 2.

In some tumors, different subsets of NK cells are able to infiltrate the TME, and depending their
maturation and functional state, they may influence the clinical outcome of patients.

3. Prognostic value of NK cells



Most of the studies focusing on the prognostic value of NK cells across solid tumors have attempted to
correlate the number of intratumoral NK cells to patient’s survival. The quantification of NK cells was
mainly performed by immunohistochemistry and flow cytometry and led to controversial results,
because of the heterogeneity of the markers used that added confusion when comparing the results of
these studies. The first works used the CD57 (HNK-1) marker to characterize NK cells, even if it’s not
specific for the overall NK cell population [68]. CD57 is now considered as a marker for a CD56%™NK
cell subset [69]. The literature studying CD57" NK cells found a positive impact of these cells on the
clinical outcome in lung adenocarcinoma [70], squamous cell lung cancer [71], colorectal carcinoma
[72], gastric carcinoma [73], esophageal squamous cell carcinoma [74] and ovarian cancer [75]. More
recently, studies using CD56 as a marker of NK cells have shown a more complex situation: depending
on the tumor type, CD56" NK cells were found associated or not with clinical outcome. Whereas it had
no impact in lung cancer [76] and in melanoma [77], it was associated with a better outcome in colorectal
carcinoma [78], renal cell carcinoma (RCC) [79] and head and neck squamous cell carcinoma [80]. As
NKp46 is expressed by all NK cells, its staining should allow to homogenize the studies [81]. Indeed,
using NKp46 staining for NK cells, it was shown that high NK-cell densities were associated with
improved survival in RCC [28], in localized GIST [49] and in triple negative breast cancer [82].
However, no prognostic value was found linked to NKp46 expression in lung cancer [27]. Finally, in a
meta-analysis of gene expression signature from almost 18,000 tumors, that included 25 cancer types,

the authors did not find any correlation between NK cell signature and clinical outcome [83].

In addition to NK cell quantification, the NK cell activity seems to be more informative to determine
the real impact of NK cells on clinical outcome [78]. The importance of NK cell activity was highlighted
by a study that compared the expression of NKp46 and NKp30 variants - immunosuppressive or
immunostimulatory - in GIST, neuroblastoma, melanoma and lung cancer. This study showed a
correlation between the low expression of NKp30 genes and a poor clinical outcome [84], but no
correlation was found between prognosis and NKp46 expression. Similarly, a 11-year follow-up study
published in 2000 analyzed the cytotoxic activity of peripheral NK cells among 154 cancer cases. The

most abundant cancers in this cohort were stomach, lung and intestine in which the authors found an
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inverse correlation between NK cell cytotoxic activity and cancer incidence [85]. The prognostic value

of NK cells in cancer are summarized in Table 1.

To complete the data from literature, we compared the expression of genes encoding for NK cells
markers — CD56 (NCAM1), CD57 (B3GAT1) and NKp46 (NCR1) — versus genes encoding for
cytotoxic molecules — Granzyme A (GZMA), Granzyme B (GZMB), Granzyme K (GZMK), Perforin
(PRF1), CD16 (FCGR3A) and NKp44 (NCR2) —, and evaluated their impact on overall survival of
patients (Figure 3). Using public data of TCGA database and analyzing it using GEPIA2 [86], we were
able to compare 20 types of tumors. NCAMI1 is the only gene correlating with the prognostic value in
the first signature whereas all the genes are linked in prognostic value of Brain Lower Grade Glioma
(LGG), Skin Cutaneous Melanoma (SKCM) and uveal melanoma (UVM) patients, showing the

potential interest of NK cell activity over NK cell number.

4. Theranostic value of NK cells

As immunotherapies represent the most recent and striking improvement of cancer management, the
theranostic value of NK cells has recently been studied with respect to immune checkpoints blockade
(ICB). In melanoma, lymphoma and colon carcinoma murine models, Hsu et al. demonstrated that the
PD-1/PD-L1 axis modulates NK cell phenotype, as its blockade restores NK cell antitumor functions
and allows a better survival of the animals [87]. In a prospective analysis of lung cancer patients, the
use of Nivolumab (an anti-PD-1 therapy) increased the NK cell number in patients with better prognosis,
whereas the NK declined in the bad prognosis group [88]. Similarly, NCR1 was the only parameter
affecting the prognosis in non-small cell lung carcinoma (NSCLC) patients with high PD-L1 expression
on tumor cells [84]. In metastatic melanoma, the increased density of activated NK cells into the tumor
was correlated with response to PD-1 blockade, concomitant with activation of NK cell cytotoxicity
[89]. NK cell activation was also found predictive to non-progressive disease and high progression free
survival (PFS) in patients with melanoma, lung cancer and head and neck cancers, in response to anti-

PD-1 therapy [90].
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The modulation of NK cell activity by ICB could be, in part, explained by regulatory T cells (Tregs)
which were shown to be regulators of NK cells, both in pre-clinical models and in humans [88,91]. By
reducing the inhibitory environment, immune checkpoint blockade could restore the cytotoxic functions
of NK cells. Moreover, NK cells interact with an intra-tumoral subset of DC that are able to re-stimulate
T cells, within the melanoma tumor microenvironment [92]. This interaction is predictive of increased
overall survival and of the responsiveness to anti-PD-1 immunotherapy. The crosstalk between NK cells,
DC and Tregs also play a central role in GIST patients treated with Imatinib. This inhibitor of tyrosine-
kinase receptors induces the accumulation of NK cells into the tumor (multiplying the ratio
NKp46/FoxP3 by four), triggers DC-mediated NK cell activation and the production of IFNy, which is
considered as a predictive factor of long-term survival in advanced GIST [49,93,94]. Interestingly, in a
murine lung adenocarcinoma model resistant to checkpoint inhibition, the combination of IL2/anti-IL2
complexes with anti-PD-1 acts on CD8 exhaustion, whereas the addition of anti-CTLA-4 to IL2/anti-
IL2 complexes allows the rescue of NK cell functions [91]. In human, the use of Tremelimumab, an
anti-CTLA-4 immunotherapy restored the CD56%™/CD56¢ NK ratio, promoted the killing of tumor
cells by NK cells and consequently improved the overall survival of malignant mesothelioma patients

[95].

Altogether, these studies reveal the importance of tumor escape to NK cells and emphasizes the interest

to target NK cells to reinvigorate their anti-tumor functions.

4. NK cells as therapeutic targets

Several therapies targeting NK cells have been proposed to re-activate NK cells. In the 1980s, the first
therapy targeting NK has been developed for patients who did not respond to classical treatments:
autologous Lymphokine Activated Killer (LAK) cell therapy. Lymphocytes from patients collected by
leukapheresis were activated with IL-2 and then re-injected into patients with or without IL-2. This
induced the remission of 31% of patients, compared to 15% for those who received IL2 only [96]. This
research extended until 1989 for hepatocellular carcinoma (HCC) cancer and lung carcinoma, giving

disappointing results [97,98], with undesired expansion of Tregs [99] and side effects [96,100,101].
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Immunotherapy is a major breakthrough in cancer treatment. To target NK cells, several approaches are
under investigation, based on complementary strategies that consist in blocking inhibitor signals (using
anti-KIR, anti-NKG2a or other anti-checkpoint inhibitors), enhancing ADCC (using mAbs against
tumor associated antigens (TAAs) and bi- or tri-specific killer engagers), enhancing NK cell
proliferation and cytotoxicity (using cocktails of cytokines). Another attractive strategy is to transfer
NK cells in tumor-bearing patients. An historical timeline is depicted in Figure 4, which summarizes

the major significant NK cell therapies.

4.1. Anti-immune checkpoint inhibitors: pre-clinical models and clinical trials

Functional NK cells can efficiently kill cancer cells that have reduced or lost MHC class I molecules,
but not cells maintaining their expression. In addition, as many cells in the TME, NK cells do express
immune checkpoints molecules [102]. It is therefore possible to use therapeutic anti-inhibitory
monoclonal antibodies (mAbs), such as anti-KIR or anti-NKG2A mAbs to restore their anti-tumor
activity. Preclinical studies demonstrated the efficacy of immune checkpoint blockade on NK cells: anti-
TIGIT mAbs inhibited tumor growth and prevented exhaustion of tumor-infiltrating NK cells in tumor-
bearing mice [55], and the use of anti-NKG2A combined with anti-PD-1/PL-L1 promoted antitumor
immunity in several mice models [103].

These treatments are part of the « IC blockade » based immunotherapeutic strategies and are currently
used in clinical trials in the treatment of solid tumors as summarized in the Table 2. Several clinical
trials combining Lirilumab (anti-KIR), Nivolumab (anti-PD-1) and/or Ipilimumab (anti-CTLA-4) are
currently being studied for treatment of bladder cancer or several advanced refractory solid tumors
(clinical trials numbers: NCT03532451, NCT03203876 and NCT01750580). Phase I trials demonstrated
the patients' tolerance to the combination of these antibodies. However, trials in an extended population
of patients with squamous cell carcinoma of the head and neck (SCCHN) have not shown any clear

clinical benefit (https://www.innate-

pharma.com/sites/default/files/leidner_sitc 2016 _liri 001_efficacy_oral 0.pdf). Other clinical trials

have investigated Monalizumab (anti-NK(G2a) in combination with Trastizumab (anti-HER2),

Durvalumab (PD-L1) and/or Cetuximab (anti-EGFR) in breast cancer, colorectal cancer and NSCLC
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(NCT04307329, NCT02671435, NCT04145193, NCT03822351, NCT 03794544 and NCT02643550).
Clinical trials of the combination of Monalizumab and Cetuximab showed no additional toxicity

compared to monotherapies and the phase II trial gave promising results for head and neck cancer, with

an overall response rate (ORR) of 20%. A phase III trial has been planned (https:/www.innate-

pharma.com/sites/default/files/asco2020 _monacetux.pdf). For combination with Durvalumab, the

phase II trial in colorectal cancer also gave encouraging preliminary results (https://www.innate-

pharma.com/sites/default/files/180205asco_15poster _09.pdf).

4.2. Monoclonal antibodies that promote NK cell ADCC

Several treatments have been developed to increase ADCC, based on the use of anti-CD20 [104], anti-
HER2 [105] or anti-CD133 [106]. These treatments, which target various solid tumors or leukemias, are
limited by the polymorphism of the CD16 gene which determines its affinity for [gG1 and IgG3 [105].
Approximately 10% of the population has a polymorphism that gives CD16 a greater affinity for the Fc
fractions of antibodies and therefore a better ADCC [107]. These differences can be seen in the
heterogeneity of clinical trial results [108,109]. Nowadays, Fc-optimized antibodies are created to
increase the affinity of the Fc fragment to CD16, as for Fc-optimized anti-CD133 which promotes
increased NK cell degranulation in an AML model [106].

Other strategies aimed at reinvigorate NK cell activation by inhibition of MICA/B shedding, using a
synergistic combination of HDAC inhibitor and anti-MICA/B mAbs, to enhance the transcription of
MICA/B genes and to inhibit MICA/B shedding and enhance its expression at the cell surface [110,111].

4.3. Bi- and Tri-specific Killer engagers

NK cells need direct contact with target tumor cell in order to lyse them. For this, bi-, tri- or tetra-specific
“killer engagers” have been created. These are engineered antibodies composed of two or three Fab
fragments linked together: a CD16 part to bind the NK and one or two fragments against tumor-
associated antigens [99]. This technology was developed as a treatment for leukemia, targeting the
CD20, CD19, CD30, CD33 or CD123 antigens in B cell Non-Hodgkin's lymphomas [112,113], mixed
lineage leukemia [114] or acute myeloid leukemia [115,116]. It was then used for several solid cancers
including RCC, with fragments targeting the epidermal growth factor receptor (EGF-R) [117] or HER2-

Feylll antigen [118,119]. Bispecific antibodies targeting EpCAM-CD16 also gave good results on
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prostate, breast, colon, head or neck cell lines carcinomas [120—-122]. Stimulation of NK cells by these
antibodies had increased ADCC and degranulation of NK cells.

4.4. Cytokines to boost the anti-tumor activity of NK cells

The preliminary stage of NK cells adoptive transfer relies on in vitro stimulation of NK cells. Several
cytokines are known to promote the expansion and activation of NK cells [99]. Since the 1980s, clinical
trials has been established for treatments of solid cancers such as breast cancer, colorectal cancer,
glioblastoma or melanoma, using type I interferon, 1L-2, IL-12, IL-15, IL-18 and IL-21 [122—124].
However, most of these cytokines, except IL-21, induced severe side effects, justifying the need to
design new recombinant cytokines.

The combination of cytokines with immune checkpoint blockade has also been investigated to tempt to
improve response to treatment, as the combination of IL-21 with Nivolumab in several solid tumors
(NCTO01629758), with Ipilimumab in melanoma (NCT01489059), or very recently using IL-15 with
anti-TIGIT mAb in melanoma [50].

Treatments have evolved to design superagonists IL-2 and IL-15 cytokines with improved affinity for
their receptor and higher biological affinity. The IL-2 and IL-15 (ALT-803) suprakines improved NK
cells proliferation and prevented their suppression by Tregs [99,125]. ALT-803, with a half-life of 25
hours, is now used in clinical trials in combination with Nivolumab in NSCLC (NCT02523469) [126]
or with Rituximab in B cell non-Hodgkin lymphoma (NCT02384954).

The last types of treatment involving NK cells consist in adoptive transfer of unmodified or engineered
NK cells that harbor a Chimeric Antigen Receptor (CAR), called NK-CAR cells. The aim of this method
is to multiply NK cells and make them cytotoxic so that they can destroy tumor cells [127].

4.5. Adoptive transfer of unmodified NK cells

For the case of adoptive transfers of unmodified NK cells, several methods were currently used. The
first one consists in stimulating NK cell proliferation, from patient or donor peripheral blood
mononuclear cells (PBMC). For this, the cells are cultured for several weeks with artificial antigen-
presenting cells, feeder cells and/or cytokines to stimulate proliferation and cytotoxicity [99,127].

Before 2010, adoptive NK cell transfer was limited to leukemia. Nowadays several phase I or II clinical

trials have been started in solid tumors, including NSCLC [128], ovarian and breast tumors [129], but
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the results are not conclusive. Many patients do not respond to treatment because of reduced NK cells
cytotoxicity due to their interaction with the immunosuppressive microenvironment and their inability
to reach the tumor nest.

The second method uses stem cell-derived NK cells. Several sources of NK cells were used, like
Umbilical cord blood (UCB) [130], embryonic stem cells (ESC) and induced pluripotent stem cells
(iPSC), the aim being to obtain as many activated and cytotoxic NK cells as possible. UCB-derived NK
cell therapy is currently in phase I clinical trial for AML and myelodysplasic syndromes [131]. In this
clinical trial, NK cells derived UCB seems to acquire maturation stage after the infusion in patients.
The use of ESC or iPSC looks promising. The advantage of using stem cells is that a continuous and
homogeneous source of NK cells is obtained, unlike NK cells derived from PBMC or UCB [132-134].
Pre-clinical studies have demonstrated that these cells are cytotoxic in vitro against myeloma, pancreatic
and ovarian cancer cells [135,136] and also effective in vivo against leukemia, breast, prostate, testicular,
and glioma cancer in mice models [137]. In 2018 a study succeeded in genetically modifying NK cells
from iPSC into NK-CAR-iPSC cells. This success is revolutionary since it may allow standardization
and increased efficacy of adoptive transfer therapies [138].

4.6. Adoptive transfer of CAR-NK

CAR-NK cells are cells genetically modified to express transmembrane and extracellular domains
molecules that can bind tumor-associated-antigens expressed by tumor cells. These domains, mainly
derived from CD3(, are associated with one or two co-stimulation protein receptors [139].

The CAR technology was first developed on T cells and has shown efficacy in lymphomas and
leukemias [140]. However, studies on solid tumors have not been conclusive [141]. The technology was
then tested on NK cells. CAR-NK cells can be produced from autologous cells, NK cell lines or stem
cell-derived NK cells. Currently, most studies focus on leukemia [142] and several clinical trials are
ongoing in the context of solid tumors: ovarian cancer with anti-mesothelin-CAR-NK cells
(NCT03692637), prostate cancer with anti-PSMA-CAR-NK (Prostate-Specific Membrane Antigen)
cells (NCT03692663), pancreatic cancer with ROBO1 specific BICAR-NK cells (NCT03941457) and
various solid tumors with CAR-NK cells targeting NKG2D-Ligand or with ROBO1 CAR-NK cells

(NCT03415100 and NCT03940820).
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The advantage of CAR-NK is that these cells have higher cytotoxicity than CAR-T cells. Furthermore,
when using NK cell lines (NK-92), the advantage is that these cells express very low level of inhibitory
receptors [143]. These NKs have better viability and can be multiplied at a lower cost [142].

5. Conclusions

NK cells play a critical role in immune surveillance of spontaneous tumors and in preventing tumor
metastases [ 144]. This justifies to exploit NK cell functions for a better management of cancer patients.
Many studies have demonstrated NK cell impairment in cytotoxic activity, associated with a higher
cancer risk [145]. Since tumors have evolved multiple mechanisms to escape NK cell control, it is
fundamental to identify optimal therapies - or combination of therapies — to make NK cells able to kill
tumor cells. The conclusions that can be drawn from the published data set on NK cells are that in a
solid tumor context, the entire tumor microenvironment must therefore be taken into account in order to
hope for synergy and better efficacy of treatment. With respect to this, promising therapies targeting NK

cells are now being tested either in pre-clinical model or in clinical trials.
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Cancer type Prognostic value NK cell marker Reference

Positive (tumor progression

Adenocarcinoma . CD57 70
& S-year survival)
Positive (5-year survival) CD57 72
Colorectal carcinoma Positive (survival) CD56 78
No impact NKp46 28
Esophageal
squamous cell Positive (5-year survival) CD57 74
carcinoma
Gastric carcinoma Positive (5-year survival) CD57 73
GIST Positive (Miettinen score) NKp46 49
No impact NKp46* 84
Head and Neck
squamous cell Positive CD56 80
carcinoma
Positive (2-year survival) CD57 71
L No @mpact CD56 76
No impact NKp46 27
No impact NKp46* 84
Melanoma No %mpact CD5s6 77
No impact NKp46* 84
Neuroblastoma No impact NKp46* 84
Ovarian Positive (overall survival) CD57 75
Renal cell carcinoma Positive (overall survival) CD56 79
Positive (overall survival) NKp46 28
Triple negative Positive (d.isease free NKp46 22
breast survival)

* The encoding gene has been used, not the protein



In combinaison

NK cell source with Phase Id Tumor
Sorafenib,
regolfinib or v NCT04162158 Hepatocellular Carcinoma
Autologous levabinib
- 11 NCT03410368 Non Small Cell Lung Carcinoma
Unmodified NK 1iPSC-derived
cell adoptive (FATE-NK 100) IL-2 I NCT03213964 Ovarian Cancer
transfer :
immune
iPSC-derived checkpoint I NCTO03841110 Neoplasms
(FT500) inhibitors
- 1.c. NCT04106167 Neoplasms
anti-PSMA CAR - I NCT03692663 Castrate-Resistant Prostate Cancer
NK cells
anti-Mesothelin .
Car NK Cells - I NCT03692637 Ovarian Cancer
CAR-NK cells
targeting IL-2 I NCT03415100 Neoplasms, Ovarian Cancer
CAR-NK cells | \xGoD ligands
RO]iSHls—NK - I/ | NCT03940820 Neoplasms
BiCAR-NK cells
(ROBO1 CAR- - /i NCT03941457 Pancreatic Cancer
NK cells)
anti-PD-1/anti- Oxaliplatin +
CTLA-4 cane cIi tabine /11 NCT03852251 Gastric Adenomaca
Bi-specific killer (AK104) P
engagers anti-PD-1/anti-
LAG3 Anti-HER2 I NCT03219268 Neoplasms
(MDGO013)
Anti-HER2
(MBS301) - I NCT03842085 Breast Cancer, Stomac Cancer
. Nivolumab
Monoclonal Anti-GD2 . ’
+
antibodies that (Ch14.18/CHO) Iplllrél.umab /I NCT03958383 Melanoma
promote NK cell Anti-ErbB3 radiation Ad ISolid T B
nti-Er vanced Solid Tumor, Breast
ADCC (ISU104) - I NCT03552406 Cancer
CD-40 (JNJ- Non Small Cell Lung Carcinoma,
64457107) ) I NCT02829099 Pancreatic Cancer, Melanoma
Nivolumab Lirilumab I NCT03532451 Bladder Cancer
Lirilumab Nivolumab /- I | NCT03203876 Bladder Cancer
Ipilimumab
Monalizumab Trastuzumab 1I NCTO04307329 Breast Cancer
Anti-immune i
checkpoint Durvalumab Mg?:ﬁ;zi?nn;ab’ /11 NCT02671435 Advanced Solid Tumor
inhibitor -
Durvalumab Oleclpmab, 1 NCT03822351 Non Small Cell Lung Carcinoma
Monalizumab unresectable
Durvalumab, . .
Oxaliplatin Oleclumab, I | NCTo4145193 | Microsatellite-stable Colorectal

Monalizumab

Cancer




Oleclumab,

Durvalumab Monalizumab, 11 NCT03794544 Non Small Cell Lung Carcinoma
Danvatirsen
Monalizumab Cetuximab /i NCT02643550 Head and Neck neoplasms
IL-15
superagonist Nivolumab /11 NCT02523469 Non Small Cell Lung Carcinoma
ALT-803
Cytokines to boost IL-15
yrokines 10 hoos superagonist Rituximab v NCT02384954 B cell Non-Hodgkin Lymphoma
the anti-tumor
. . ALT-803
activity of NK cells Denenicokin
(rIL-21) Nivolumab I NCT01629758 Neoplasms
Denenicokin Ipilimumab I | NCT01489059 Melanoma

(rIL-21)
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Figure 1: Relative abundance of NKp46 and CD56 transcripts in tumoral (red) versus normal (grey) tissue. The log2 fold-change of
transcript per million (FC(TPM)) of NCR1 (A) and NCAM (B) gene is represented in 30 cancer types. The log2FC threshold is set to 1
and the significance is defined by an adjusted p-value <0.05 using a one-way ANOVA test. This figure has been generated using
GEPIA2 software (http://gepia2.cancer-pku.cn/#index).
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Figure 2: Impact on the tumor microenvironment on intra-tumoral NK cells. The tumor microenvironment differentially recruits
CD569M (light blue) and CD56"e"t (dark blue) NK cells via chemokines secretion. The intra-tumoral NK cells then become
dysfunctional under the action of TGF[3, free adenosine, IDO and FBP1. Finally, the tumoral metabolism can also induce apoptosis of

intra-tumoral NK cells.
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Figure 3: Survival contribution of NK cells in solid tumors. Overall survival analysis based on gene expression with a median cut-off
was used to calculate hazards ratios (HRs) based on the Cox proportional-hazards model and log-rank P value. The overall survival is
represented across 20 cancer types. Blue colors correspond to a protective impact of NK gene expression, and red colors to
increased risk a tumor progression linked to NK gene overexpressed. The bold outlined boxes correspond to log-rank FDR adjusted
p<0.05. This figure has been generated using GEPIA2 software (http://gepia2.cancer-pku.cn/#index).
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Figure 4: Timeline of NK cell-based therapies. Summary of the therapeutic strategies using or targeting NK cells in various cancers.
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