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Natural killer cells (NK) are innate lymphocytes endowed with the ability to recognize and kill cancer cells. Consequently,
adoptive transfer of autologous or allogeneic NK cells represents a novel opportunity in cancer treatment that is under
clinical investigation. However, cancer renders NK cells dysfunctional, thus restraining the efficacy of cell-based therapies.
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| 1. Introduction

Natural killer cells were first described in the late 1960s as cells capable of killing cancer cells without restriction by HLA
molecules . The concept of NK cells as a tool for cancer therapy was formally proved when the infusion of NK cells was
first employed in the treatment of leukemia patients, with promising efficacy [&. Nowadays, we are conscious that NK cells
are key in anti-tumor immunity, given their potent cytotoxicity against cancer cells. Therapeutic approaches that take
advantage of the anti-tumor activities of NK cells, such as the adoptive transfer of genetically modified NK cells and the
modulation of checkpoint molecules, turned out to be promising immunotherapeutic strategies to eliminate cancer.
Unfortunately, exposure to tumor cells and to the components of the tumor microenvironment (TME) impairs NK-cell
effector functions and makes them dysfunctional. Dysfunctional NK cells are defined by a limited release of effector
cytokines and a decreased ability to kill malignant cells. Multiple mechanisms are implicated in such dysfunction, spanning
from inhibition of recruitment to the tumor bed, activation of inhibitory processes, blowing up of activation signals, and
deregulation of metabolism (Figure 1).
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Figure 1. Mechanisms of Natural Killer (NK) cell dysfunction within the tumor microenvironment. The specific
environmental conditions that mark the tumor site are responsible for NK cell exhaustion and dysfunction. Indeed,
hypoxia, low pH, glucose deprivation, and lactate accumulation could determine both the inhibition of NK cell cytolytic
activity and NK cell apoptosis. Soluble factors released by immune, tumor, and stromal cells, including transforming



growth factor (TGF)-B, adenosine, and prostaglandin E, (PGE,), not only inhibit NK cell functionality, but they additionally
determine their conversion toward a non-cytolytic phenotype. An additional inhibitory mechanism exploited by the tumor
microenvironment is represented by the imbalance in immune checkpoint molecules, responsible for NK cell exhausted
status. The recruitment and infiltration of NK cells within the tumor site are inhibited by the alteration of extracellular matrix
stiffness as well as by the imbalanced presence of chemokines. Created partly with BioRender.com.

| 2. Inhibition of Recruitment

NK cells express a heterogeneous repertoire of chemoattractant receptors that are distinct for each cell subset, and thus
differentially regulate the recruitment of each population to the tumor bed. CD56P9" NK cells are known to express
CCR2, CCR5, CCR7, and CXCR3, while CD569™ NK cells specifically express CXCR1, CXCR2, CX3CR1, S1Ps, and
Chemerin Receptor 23 (ChemR23) 8. The abundance of NK cells in tumors correlates with a good prognosis in most
cancers; however, NK cell infiltration inside the tumor tissue is generally limited, thus suggesting that cancer cells engage
in strategies that target chemoattraction to limit the recruitment of NK cells and promote escape from killing [41.

Several chemokine/receptor axes have been described in the regulation of NK cell trafficking to the tumor bed, and some
have been reported to modulate NK cell anti-tumor functions. The expression by tumor-infiltrating NK cells of certain
chemokine receptors including CCR2, CCR5, CCR7 and CX3CR1, and the abundance of their respective ligands in the
TME has been correlated to enhanced NK cell tumor infiltration and improved cytotoxic response &, However, tumor cells
could hijack NK cell trafficking mechanisms to shut down their functions. For example, high levels of CCL19 have been
reported in the serum of stage IV melanoma patients, suggesting a mechanism by which NK cells are retained in the
bloodstream to avoid their migration to LNs €. On the same line, low levels of the chemokines CXCL12, CXCL10, and
CCL27 have been detected in the TME of endometrial carcinoma, suggesting a potential impairment of NK cell migration
to the tumor bed in this context [Z. More recently, the interaction between CXCL12, released by hepatic stellate cells, and
CXCR4, expressed by NK cells, has been associated with the induction of NK cell quiescence and increased breast
cancer outgrowth (8],

Interestingly, CD56P"9" NK cells that are generally endowed with limited cytotoxic functions and immune-regulatory
properties are the most abundant NK subset in many tumors, including non-small cell lung cancer (NSCLC) and breast
cancer, thus suggesting that tumor cells orchestrate attraction and select which NK cell population to call. For example,
transforming growth factor beta (TGF-P) in the tumor tissue promotes the deregulation of the CX3CL1-CX3CRL1 axis, thus
reducing NK cell infiltration in hepatocellular carcinoma and breast cancer. More generally, TGF-f3 signaling favors the
recruitment of CD56PM9" NK cells at the expense of the CD569™ subset and in parallel impairs NK cell activation, thus
representing an interesting target to improve NK-cell-mediated therapies B On the same line, increased levels of
CCL19, CXCL9, and CXCL10 and decreased levels of CXCL2 in lung tumors foster the recruitment of CD16™~ NK cells, at
the expense of the more cytotoxic CD16* NK cells [L2[13],

Interestingly, if it is generally accepted that NK cells circulate and patrol the body to search for danger, it is also
established that NK cells reside in peripheral tissues and that distinct subsets show preferential organ localization 141,
Such organ-specific homing should be taken in consideration, as distinct tumors and metastatic lesions may respond
differently to therapies aimed at improving NK cell recruitment. Another crucial point to consider is the spatial localization
of NK cells within the tumor tissue. Indeed, evidence indicates that the abundance of NK cells in certain cancer contexts is
independent from the amount and assortment of chemokines available. In addition, NK cells are often more abundant in
the adjacent tissue than inside the tumor lesion 13, Together, these data suggest that the stiffness and organization of the
extracellular matrix (ECM) may impact the capability of NK cells to cross the stromal barrier around cancer L8IL7 More
investigation is needed to clarify the role played by ECM on NK cells’ infiltration across cancers and may provide
strategies to increase NK cell abundance in the tumor bed.

| 3. Modulation by Soluble Factors

Once in the tumor, infiltrating NK cells are exposed to a variety of strategies engaged by cancer cells and components of
TME to establish immunosuppression. TGF- is one of the most abundant cytokines in the TME in various cancers, and is
widely known to dampen immune surveillance. TGF-B recognition by NK cells results in the inhibition of cytokine secretion
and granules release, and in the modulation of cell metabolism through the mammalian Target of Rapamycin (NTOR)
pathway 28!, In addition, TGF-B produced by cancer cells and by a component of the TME has been reported to inhibit NK
cell anti-tumor activity via downregulation of the activating receptors, including NKG2D, NKp30, and NKp44 19201 Among
other soluble factors, Prostaglandin E2 (PGE,) has been reported to impair the recruitment and activation of NK cells in
preclinical models. Genetic deletion of EP2 and EP4 receptors for PGE; facilitates the early intra-tumoral accumulation of



interferon gamma (IFN-y)-producing NK cells and an IFN-y-dependent re-education of the TME against cancer 2. On the
same line, PGE; released by CAFs in hepatocellular carcinoma brings NK cells to dysfunction 2. The influence of IL-10,
a known inducer of immunosuppression that is abundant in the TME, is more complex. While in vitro results suggest that
IL-10 exposure lowers the release of cytotoxic factors by NK cells and hampers activation, in vivo evidence in murine
models showed that IL-10 enhances NK cell activation by itself or in combination with additional secreted factors, such as
IL-18 and IL-2, and inhibits metastasis formation when infused in cancer models 231241251126 A interesting soluble factor
enriched in the tumor bed is represented by adenosine, a purine nucleoside that recognizes specific receptors expressed
on T cells, as well as NK cells and restrains cell activation 2Z. Adenosine is produced upon the degradation of adenosine
triphosphate (ATP) by ectonucleotidase CD38, CD39, and CD73, expressed by cancer cells and by components of the
immune microenvironment, including T cells and macrophages. The investigation of the crosstalk between CD39-
expressing immune subsets and NK cells promises new discoveries that may further clarify the mechanisms of NK cell
dysfunction in cancer. Importantly, the variety and abundance of soluble molecules in the tumor is influenced by the
cellular composition of TME, as most factors are released by both tumor cells and stromal subsets. The investigation of
the crosstalk between NK cells and components of the TME is essential in order to distinguish the mechanisms that
underlie NK cell dysfunction in cancers and is discussed below.

| 4. Engagement of Checkpoint Inhibitors

Similar to T lymphocytes, NK cells express a variety of checkpoint molecules that, when engaged by ligands present
within the tumor, hinder cell activation and killing capability. NK cells express HLA-specific inhibitory receptors, such as
KIRs, NKG2A, and Lymphocyte Activation Gene-3 (LAG-3) and non-HLA-class I-specific inhibitory receptors, including
PD-1, T cell Immunoglobulin and Mucin-domain-containing molecule 3 (TIM-3), TIGIT, cluster of differentiation 112
receptor (CD112R), and CD96 28], PD-1 is expressed by NK cells in chronic infections, and is indicative of an exhausted
state in tumor-infiltrating NK cells. Accordingly, PD-1 expression by NK cells is augmented in multiple cancers, including
lymphomas, tumors of the digestive tract, ovarian cancer, breast cancer, renal adenocarcinoma, and others [29],
Interestingly, the recognition of PD-1 on NK cells by its ligands suppresses functional activation in cancer models £,
Accordingly, the transfer of NK cells pre-incubated with a PD-1-blocking antibody sustains the recognition and killing of
cancer stem cells and restrains tumor growth in a glioma model B, The immune cell profiling of peripheral blood in
cancer patients administered with anti-PD1 immunotherapy is ongoing and will explore the impact of PD-1 engagement on
NK cells, thus providing essential information on the matter (NCT02535247 and NCTO01714739). Interestingly,
combinatorial therapy of anti-PD-L1 and NK cell activating cytokines significantly augments the activity of NK cells against
PD-L1 negative leukemia cells, thus potentially explaining the clinical response of PD-L1 negative cancers to PD-L1
inhibition BYE2 Among other checkpoint molecules, Tim-3 has been found to be upregulated on the surface of NK cells
from cancer patients affected by gastric cancer, lung cancer, renal cancer, head and neck cancer, melanoma, and multiple
myeloma, among others. In murine models, Tim-3 defines exhausted NK cells with impaired cytotoxic capability, and the
inhibition of Tim-3 in vitro augments effector functions and cancer killing E3I34135] Similar to PD-1 and Tim-3, additional
HLA-independent checkpoints including CD96, CD112R, and TIGIT are increased in expression on NK cells in cancer
patients and have been reported to restrain NK cell killing ability in vitro and in vivo. Interestingly, TIR8, a receptor that
belongs to the IL-1 family, has recently emerged as a novel NK cell immune checkpoint in cancer and further investigation
is ongoing to verify whether genetic manipulation of this receptor may be exploited for cancer therapy. In general, there is
currently growing interest in the manipulation of these molecules with the aim of augmenting NK cell anti-tumor properties
and improving the efficiency of NK cell-based therapies in cancer. It has, however, to be considered that most immune
checkpoints are expressed by NK cells in physiology and are considered to be involved in immunotolerance, thus raising
concerns on the safety of healthy tissues upon the administration of checkpoint inhibitors. Further investigation is needed
on this line to address the emerging problem of excessive immune reaction and life-threatening side effects associated
with the use of immunotherapies.

| 5. Impact of Hypoxia and Acidification of the TME

Hypoxia is a hallmark of solid tumors and tumor-infiltrating cells undergo hypoxic stress that sustains an
immunosuppressive microenvironment. When exposed to hypoxia, tumor cells as well as stromal and immune
components of the TME upregulate hypoxia inducible factor 1 subunit alpha (HIF-1a), a transcription factor that in turn
modulates cell metabolism, differentiation, and activation. A first report on hypoxic stress in NK cells showed that hypoxia
induces an impairment of NK cell effector functions in multiple myeloma 8. On the same line, tumor-infiltrating NK cells
have been described to upregulate Hif-1a in different tumor models and the genetic deletion of Hif-1a confers to NK cells
superior effector functions and a more potent tumor killing B4, Interestingly, the constitutive expression of a high affinity
CD16 receptor and internal IL-2 in NK cells makes them resistant to the deregulation of effector functions induced by



hypoxia. This evidence provides additional information on the characteristics of high affinity NK cells, currently under
investigation in the clinic B8l In liver cancer patients, exposure to the hypoxic microenvironment induces an abnormal
fragmentation of the mitochondria. In this context, the mechanistic target of rapamycin-GTPase dynamin-related protein 1
(mTOR-Drpl) activation caused by low oxygen availability alters the mitochondrial programming, causes a reduction in
mitochondrial mass and mitochondrial membrane potential and leads NK cells to dysfunction B2, On the same line,
exposure to lactic acid produced by colorectal cancer cells induces reactive oxygen species (ROS) accumulation and
mitochondrial damage in tumor-infiltrating NK cells that provokes cell dysfunction 49, Similarly, the upregulation of lactate
dehydrogenase observed in melanoma sustains the acidification of TME with the consequent downregulation of nuclear
factor of activated T cells (NFAT) in T and NK cells and lower IFN-y release ¥ Many findings have described the
abundance of lactic acid as a central regulator of immunotolerance in cancer, and modulation of the tumor acidification
represents a valuable approach to improve NK and T cell-based immunotherapies. It has, however, to be considered that
both hypoxia and acidification of the microenvironment drive the upregulation of checkpoint molecules, such as PD-1 and
PD-L1, on cancer cells and tumor-infiltrating immune subsets 4243 As a consequence, low oxygen and high lactic acid
may render the tumor more responsive to immunotherapies based on checkpoint inhibitors, thus paradoxically becoming
potential allies for immunotherapy.
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