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Natural killer (NK) cells are an important component of the innate immune system, and have a key role in host defense against infection and in tumor surveillance. Tumors and viruses employ remarkably similar strategies to avoid recognition and killing by NK cells and so much can be learnt by comparing NK cells in these disparate diseases. The lung is a unique tissue environment and immune cells in this organ, including NK cells, exist in a hypofunctional state to prevent activation against innocuous stimuli. Upon infection, rapid NK cell infiltration into the lung occurs, the amplitude of which is determined by the extent of inflammation and damage. Activated NK cells kill infected cells and produce pro-inflammatory cytokines and chemokines to recruit cells of the adaptive immune system. More recent evidence has shown that NK cells also play an additional role in resolution of inflammation. In lung cancer however, NK cell recruitment is impaired and those that are present have reduced functionality. The majority of lung NK cells are circulatory, however recently a small population of tissue-resident lung NK cells has been described. The specific role of this subset is yet to be determined, but they show similarity to resident memory T cell subsets. Whether resident or recruited, NK cells are important in the control of pulmonary infections, but equally, can drive excessive inflammation if not regulated. In this review we discuss how NK cells are recruited, controlled and retained in the specific environment of the lung in health and disease. Understanding these mechanisms in the context of infection may provide opportunities to promote NK cell recruitment and function in the lung tumor setting.
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Introduction

NK cells belong to the innate arm of the immune system, with roles analogous to those of CD8+ T cells of the adaptive immune system. They are part of the innate lymphoid cell (ILC) family, which also includes helper type 1, type 2 and type 3 ILCs (ILC1s, ILC2s and ILC3s). ILCs are categorized by the cytokines they express, which mirror those expressed by T helper (Th) cells Th1, Th2 and Th17 (1). NK cells share some similarity with ILC1s in that they both produce interferon-γ (IFNγ) and tumor necrosis factor-α (TNFα). However, NK cells, like CD8+ T cells, also produce granzyme B and perforin, which promote the lysis of target cells (1, 2) (Figure 1). Additionally, helper type ILCs are only found in tissues, whereas NK cells are a predominantly circulatory population (3, 4).




Figure 1 | NK cells in the lung. NK cells are part of the ILC family, and in humans are classified into more or less differentiated on the basis of their expression of CD16. In mice, the relative levels of CD11b and CD27 correspond to their differentiation status. More differentiated NK cells predominantly express granules that contain perforin and granzyme, and to a lesser extent they produce the cytokines IFNγ and TNFα. In the human lung, they express CD16, CD56 and KIRs on their cell surface, and are controlled by the transcription factor Eomes. In the mouse lung, they express CD49b, high levels of CD11b, and variable levels of CD27, and are controlled by the transcription factors Tbet and Eomes. The less differentiated NK cells predominantly produce IFNγ and TNFα, but can also release perforin and granzymes. In the human lung, these NK cells do not express CD16 and express no/low levels of KIRs, but they express higher levels of CD56 than mature NK cells. They are also regulated by Eomes. In the mouse lung, these less differentiated NK cells express CD49b, no/low levels of CD11b, and high levels of CD27; and are regulated by Tbet and Eomes. In the human lung, tissue resident NK (trNK) cells express the cell-surface receptors CD69, CD49a and/or CD103; they are CD56+ but CD16−; they produce IFNγ and TNFα, and have low expression of lytic granules. They express both Eomes and T-bet. In the mouse lung, trNK cells express do not express CD49b, but express CD49a, CD69 and CD11b, and low levels of CD27. They are thought to express both Eomes and Tbet. Further detail on the cell surface markers that characterise these NK cell subsets in the human and mouse lung is shown in Table 1.*This is an area where further research is needed.



NK cells (and other ILCs) derive from common lymphoid progenitor cells in the bone marrow. After differentiation to NK cell precursors, they leave the bone marrow in an immature state and then proceed through several stages of maturation and differentiation in secondary lymphoid tissues, from where they exit to the peripheral blood (5, 6).

NK cells are important in the early stages of host defense, as they exist in a poised effector state (7). Their activation is strictly controlled by numerous activating receptors (for example, CD16, NKG2D, activating killer cell immunoglobulin-like receptors (KIRs) and NKp46) and inhibitory receptors (for example, inhibitory KIRs and NKG2A) that are expressed on their cell surface, and the balance of activating to inhibitory signals received by the NK cell determines its fate. CD16 (FcγRIII receptor) is the only receptor for which ligation on its own by antibody is sufficient to induce NK cell activation, leading to antibody-dependent cell cytotoxicity (ADCC). All other activating receptors require multiple interactions, which are counter-balanced by ligation of inhibitory receptors; for example, TIGIT and DNAM-1 bind to the same ligands and have opposing effects (8). NK cells also respond to soluble environmental cues such as pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs) and cytokines; in particular interleukins (IL) IL-2, IL-12, IL-18, IL-15 and type I IFNs which promote NK cell activation (9). Conversely, transforming growth factor-β (TGFβ) has many inhibitory effects on NK cells, which include reducing NK cell cytotoxicity and IFNγ production (9–11). These cytokine signals combine with the signals NK cells receive through their activating and inhibitory receptors to determine whether the NK cell activation threshold is reached (9).

Activating receptors bind to ligands associated with damage and stress (e.g. PAMPs and DAMPs), whereas inhibitory receptors bind to ‘self’ molecules — major histocompatibility complex class I (MHC-I), also known as human leukocyte antigen (HLA) — that are expressed on the surface of all nucleated host cells. In health, these interactions maintain NK cell inhibition. However, during infection, NK cells receive more activating receptor signals, which outweigh the inhibitory signals, thereby overcoming the threshold for NK cell activation. In a similar way, MHC-I molecules are often downregulated on the surface of tumor cells, reducing the amount of inhibitory signaling and enabling NK cell activation. This downregulation of MHC-I is known as the ‘missing self’ hypothesis (12). Once an NK cell is activated, either by antibody cross-linking of CD16 (ADCC) or by ligand binding to NK cell activating receptors, the interacting target cell is lysed. Lysis occurs via two different pathways: release of lytic granule content (perforin and granzyme), or death receptor signaling. In the first mechanism, the NK cell forms an immunological synapse with the target cell, and granules containing the lytic mediators perforin and granzyme B are released (13). Perforin creates pores in the target cell surface, through which granzyme B enters to induce apoptosis through cleavage and activation of caspase-3, as well as caspase-independent mechanisms (14). An alternative mechanism of NK cell killing is via death receptor signaling where NK cells expressing Fas ligand (FasL) or TRAIL, apoptosis-inducing members of the TNF family, bind their conjugate receptors Fas and TRAIL-R that are expressed on target cells. This receptor-binding interaction triggers the cleavage and activation of caspase-8, again leading to apoptosis of the target cell (15). The killing ability of NK cells is not limited to a single target cell — NK cells are able to sequentially kill multiple target cells, with in vitro studies showing NK cell serial killing of up to 10 target cells over a 6-hour period (16, 17).

As part of the innate immune system, the traditional view was that NK cells would not exhibit memory-like or adaptive-like properties. In fact innate immune cells, including NK cells, have been found to exhibit some form of immunological memory, also known as trained immunity (18). Various different memory-like NK cell subsets have been described in both humans and mice, including tissue-resident NK cells in the liver (19, 20), adaptive-like tissue-resident NK cells in the lung (21), pregnancy-trained decidual NK cells (22), and in vitro generated cytokine-induced memory-like NK cells (generated following IL-2/IL-15/IL-12/IL-18 stimulation) (23). These cells are generally characterized by NKG2C expression, and show increased cytokine production, cytotoxicity and proliferative capacity upon re-challenge (19, 21–24).

This review will focus on what is known about the specific phenotype of NK cells in the lung in both humans and mice, and how the NK cell population in this organ is affected in different disease states. In particular, this review will compare and contrast the mechanisms regulating NK cell function and recruitment in the settings of infection and cancer. Understanding these mechanisms will help identify new ways to promote NK cell recruitment to lung tumors, which may be applicable in a clinical setting.


Comparison of NK Cell Subtypes in the Blood and in the Lung

In healthy human blood and lungs, NK cells make up around 10% of the population of lymphocytes (25, 26). NK cells are categorized based on the level of expression of CD56 (bright (br) and dim) and CD16 and include two broad subsets: CD56br/dimCD16− and CD56dim CD16+ (27). We will refer to these as CD16− and CD16+ NK cells, respectively, throughout this review as it can be difficult to distinguish between CD56br and CD56dim subsets in lung tissue – particularly in lung tumors (28, 29). CD16− NK cells are less differentiated and have low cytolytic ability, but produce greater amounts of IFNγ and TNFα than their CD16+ counterparts (30, 31). Conversely, CD16+ NK cells are more differentiated, with high cytolytic activity (30, 31) (Figure 1). A key difference between the two subsets in the blood is that CD16− NK cells lack the expression of KIRs (31, 32). NK cell expression of KIRs is acquired during their maturation, in a process known as NK cell education or licensing, and expression of KIRs is vital for the cytolytic activity of NK cells (33–35). However, expression of KIRs by CD16− NK cells does occur in some tissues, such as the lung (21, 36).

The lung microenvironment regulates resident immune cells at homeostasis to prevent unwanted activation by harmless antigens. Alveolar macrophages are a prime example of this; these cells are regulated by anti-inflammatory soluble factors such as TGFβ and IL-10, and by ligation of inhibitory receptors such as CD200R and SIRPα (37). The lung NK cell population as a whole (including circulating and tissue-resident subsets) in both humans and mice similarly displays hypo-functional features in the healthy state compared to NK cells from the blood or other organs (38–41). In vitro, human lung-derived NK cells exhibit 25-fold lower cytotoxicity against K562 cells (a cell line particularly sensitive to NK-cell-mediated lysis) (39) and decreased degranulation and ADCC responses compared to blood-derived NK cells (38). In mice, lung NK cells also show decreased cytotoxicity and degranulation versus NK cells isolated from the spleen (40), and express higher levels of the inhibitory receptor NKG2A and lower levels of activating receptors NKp44 and NKG2D (41). Therefore, lung NK cells are thought to be more tightly regulated with a higher threshold for activation than NK cells in other tissues.

In the blood (where they are known as circulating NK (cNK) cells) approximately 10% of NK cells are CD16− and 90% CD16+ (31). The CD16− compartment can also contain CD16+ NK cells that transiently lose expression of CD16 following activation, when CD16 is cleaved from the cell surface (42–45). In the lung, the distribution of CD16+ to CD16− NK cells is similar to that in the blood (38, 46); however, it does vary, for example in the liver and gut, where the CD16− population predominates (25, 26). In addition, recent studies show the presence of possible ‘resident’ NK cells in certain tissues (particularly the liver) on the basis of the expression of the markers CD69, CD103 (αE integrin) and CD49a (α1 integrin), which cause their retention (20, 47, 48) (Figure 1). CD69 interacts with sphingosine-1-phosphate receptor 1 (S1PR1) to promote its degradation; as a result, S1PR1 surface expression is decreased, causing a reduction in chemotactic cues to the blood where high levels of S1P are present. CD49a and CD103 have specific ligands: CD103 binds to E-cadherin, which is expressed by epithelial cells; and CD49a binds to collagen IV, a component of the ECM. For simplicity, we will refer to these cells as tissue-resident NK (trNK) cells in this review, but cells with this phenotype have also been described (in various tissues) as ILC1s (49–51), CD103+ ILC1s (50) and intra-epithelial ILC1s (ieILC1s) (2, 50, 52, 53). In the placenta there is also a population of NK cells that expresses CD49a and CD103 described as decidual NK cells (dNK cells) (2, 54). dNK cells have unique functions that are crucial for successful pregnancy which include maintaining maternal-fetal immune tolerance and promoting uterine spiral artery remodeling; the latter being necessary for allowing sufficient blood flow to both the placenta and the developing fetus (2, 54) [reviewed by Liu et al. (55)]. In both humans and mice, and between different organs, the distinction between trNK cells and ILC1s/ieILC1s is blurred, with few clear markers to distinguish these cell types and no clear differences in function [reviewed by O’Sullivan 2019 (56), and Peng and Tian 2017 (57)]. We have summarized the similarities and differences between trNK cells, ieILC1s and ILC1s in the lung specifically in Table 1.


Table 1 | Characteristics of trNK cells, ieILC1s and ILC1s in the human and mouse lung.



In the lung, trNK cells comprise 10–25% of the total NK cell population, with the overwhelming majority of trNK cells being CD16− (46, 48, 58, 59). As the majority of the NK cells in the lung are circulating rather than tissue-resident, this provides an explanation for the predominance of CD16+ NK cells in this organ, whereas other tissues — namely the liver, skin and secondary lymphoid organs — have a larger population of CD16− trNK cells (48). A caveat in the identification of trNK cells in the human lung is that all studies (21, 46, 58) use lung tissue obtained from patients with lung cancer (tissue that is distal from tumors). trNK cells (described as ieILC1-like cells) are also reported at a higher frequency in lung tumor regions than in adjacent non-cancerous lung tissue (2). A population of trNK cells is also present at low frequencies in the blood, although the frequency of these cells was increased in lung cancer patients compared to controls (21).

Whether lung trNK cells are truly resident remains unclear. In terms of their function, one study which separated CD16− trNKs into CD56br and CD56dim trNK cells found that CD16− CD56br trNK cells have higher expression of the degranulation marker CD107a than CD16− CD56br cNK cells in response to influenza A virus in a human lung explant model (46). However, this difference is not observed between CD16− CD56dim trNK cells and CD16− CD56dim cNK cells. Additionally, no difference is observed in CD107a expression or production of granzyme B, IFNγ or TNFα between trNK cells and cNK cells in response to PMA and ionomycin (46, 58); however trNK do produce increased levels of GM-CSF and show decreased perforin expression (58). In addition, a sub-population of trNK cells described as adaptive-like trNK cells has recently been described in the human lung, characterized by expression of CD49a, NKG2C and KIRs (21). In line with their memory-like phenotype, these cells display greater cytokine production and cytotoxicity than CD49a+ NKG2C- trNK cells (21). The discovery of these cells adds further confusion to the nomenclature surrounding trNK cells, and more research is needed to determine the similarities and differences between trNK cells and memory-like NK cells.

Differences are observed at the transcriptional level in lung trNK cells (in this study defined as CD69+CD49a+ and/or CD103+) compared to CD69+ single-positive and CD69-negative NK cells, with higher expression of ID3, IRF4 and RBPJ in the former (58). Genes involved in tissue retention such as RGS1, RGS2 and ZNF683 (Hobit) are also upregulated in the trNK cells compared to CD69− NK cells. Different tissue resident immune cell subsets share some features, for example, lung trNK cells express high levels of CXCR6 and RGS1, and have reduced levels of expression of SELL, S1PR5 and FGFBP2 similar to lung and spleen CD8+ tissue-resident memory T cells (TRM) (58, 69). Liver trNK cells also express high levels of CXCR6 at both the mRNA and protein level (20) and produce high levels of IFNγ, TNFα and GM-CSF but lower levels of perforin upon stimulation; similar to trNK cells in the lung (70, 71).

Comparison of human NK cell subsets with those in mice are difficult as murine NK cells do not express CD56, but are instead identified using NK1.1 and/or CD49b (DX5), and with maturity determined using the expression of CD11b and CD27 (Figure 1) (72, 73). Fortunately, most activating and inhibitory receptors are conserved between human and mouse; for example, NKp46 and NKG2D (74). CD49a is also used as a marker for tissue residency in mice, however most studies refer to trNK cells as ILC1s as, in mice, the population tends to lack expression of the transcription factor Eomes (75). Despite these differences, parabiosis mouse models show that 80–90% of lung NK cells are cNK cells (4, 76), with the remaining 10–20% presumed to be trNK cells, in agreement with the human studies described above. Further studies are needed to ascertain the functional role of this potential trNK cell population.




NK Cells in Disease Settings

From a historical perspective, as shown in their name as “killer” cells, the typical view has been that NK cells play a beneficial role in diseases: clearing infection and preventing development of tumors. However, it is now clear that there is much more nuance to this, and NK cells can have both beneficial and detrimental roles. Indeed, they can play an immunoregulatory role in restraining the activity of other immune cells at sites of infection (77), although in the tumor setting this is unclear. Their recruitment and function in disease depends on the tissue microenvironment (e.g. extracellular matrix), the level of tissue damage and the general inflammatory milieu – which rises and falls quickly in lung infection, but is slower to rise and becomes chronic during tumor development (78).


NK Cells in Pulmonary Infections

In the healthy lung, NK cells are localized to the interstitium rather than to the airways (38). However, NK cells are observed in the bronchoalveolar lavage (BAL) fluid after infection with influenza virus (79), Staphylococcus aureus (80), cytomegalovirus (CMV) (81), and SARS-CoV-2 (82). NK cells are also present in BAL fluid in various non-infectious diseases, such as asthma and chronic obstructive pulmonary disease (COPD) (47).

Despite an apparent hypo-functionality at homeostasis, NK cells respond and activate quickly in response to pulmonary infections. In humans, rare genetic disorders affecting NK cell function are associated with increased respiratory infections, particularly viral infections (13, 83). As ‘poised effector’ cells, NK cells are early responders to infection and animal models show that substantial numbers are recruited to the lungs 2–3 days after infection with influenza virus, S. aureus and Klebsiella pneumoniae (41, 84, 85). The increase is thought to be due to NK cell recruitment rather than local proliferation, as the numbers of splenic and circulating NK cells show concomitant decreases following infection (41, 86). This increase is transient, as levels return to normal by day 6–9 after infection (85, 87). Similarly in SARS-CoV-2 infection in humans, peripheral NK cells are reduced during acute infection (88–90) and return to normal levels as the infection is cleared; however, in patients with severe COVID-19 the NK cell count remains low at 3 weeks post infection (91).

Activation of NK cells in the lung is facilitated by the upregulation of DAMPs, which are often ligands of NK cell activating receptors, particularly NKG2D (92). For example, Mycobacterium tuberculosis-infected monocytes and macrophages upregulate the NKG2D ligand ULBP1, and blocking ULBP1 prevents NK cell-mediated lysis of infected mononuclear cells (93). Airway epithelial cells also express the NKG2D ligands MICA and MICB (referred to as MICA/B hereafter) and ULBPs under stress (94). In addition, NK cells bind directly to viral proteins expressed on the surface of infected cells, such as the haemagglutinin (HA) glycoprotein of influenza virus, which is recognized by the activating receptor NKp46 (95). Once activated, NK cells produce pro-inflammatory cytokines including TNFα and IFNγ.  The latter has a number of important roles, including induction of interferon-stimulated genes in nearby cells (96), recruitment of other immune cells to the site of infection, and aiding the activity of CD8+ T cells (34, 83). In addition to cytokine production, activated NK cells also release perforin and granzymes, which induce apoptosis in targeted cells (Figure 2A). NK cells can also kill virally infected cells through death-receptor-mediated pathways; for example, influenza A induces the expression of TRAIL on NK cells, and blocking TRAIL in vivo results in reduced viral clearance (97).




Figure 2 | Pleiotropic functions of NK cells in the lung: protective, pathogenic and reparative. (A) NK cells have a protective role by recognizing virally infected cells that display viral proteins on their surface (for example, HA) and/or upregulate damage-associated molecules (for example, MICA/B and ULBPs). These bind to activating receptors on NK cells such as NKp46 (which binds HA) and NKG2D (which binds MICA/B and ULBPs). Once activated in this way, NK cells produce the inflammatory cytokines TNFα and IFNγ, which aid recruitment of effector cells to the site of infection and facilitate their activation. They also produce perforin and granzyme B, which directly lyse infected cells, and can mediate the contraction of activated CD4+ T cells to prevent immune-mediated tissue damage. Lysis of infected cells can also be death-receptor-mediated, via TRAIL or FasL. (B) NK cells can drive a pathogenic outcome in infection, particularly in cases of high viral load. Here activated NK cells produce excessive amounts of TNFα, which damages the epithelium and causes excessive recruitment of other immune cells. Excess lysis of activated CD4+ T cells through the release of perforin and granzyme removes the help for other immune cell subsets, particularly virus-specific CD8+ T cells, which results in impaired viral clearance. (C) NK cells can mediate the resolution of inflammation following infection. They are a source of IL-22, which promotes repair of the epithelium. They express the receptor LXA4R, which binds to the pro-resolving mediator LXA4. As a result of LXA4 binding, NK cells promote the apoptosis of immune effector cells such as CD8+ T cells and eosinophils. They also clear activated CD4+ T cells in a TRAIL-dependent manner, reducing CD8+ T cell help. NK cells also produce IL-10 which has general anti-inflammatory activity. Together, these clearance mechanisms prevent prolonged inflammation after infection.



Animal models show that lung NK cells have both protective and damaging roles in infection. In influenza virus and S. aureus infection, mice that lack NK cells (Ncr−/−, Il15−/−, or depleted using anti-NK1.1 antibodies) show a higher lung viral or bacterial burden at the peak of infection and a longer infection period (46, 80, 86). However, NK cells can also cause harm by contributing to inflammatory-mediated damage, particularly with high dose infections (85–87, 98) [reviewed by Frank and Paust 2020 (99)]. In a more regulatory role, in some tissues NK cells can also indirectly inhibit viral clearance by promoting the apoptosis of activated CD4+ T cells, which in turn reduces CD8+ T cell numbers (Figure 2B). However, in the same way, decreasing CD8+ T cell numbers can also prevent CD8+ T cell-mediated immunopathology (Figure 2C) (100). Therefore, timely induction of NK cell activation — but also contraction of their responses — is optimal for virus containment. Impaired NK cell responses occur in aged mice, which show decreased numbers in the lung following infection and reduced levels of the activation marker CD69 (101). Clearly, NK cells are important in the lung, but their impact on the outcome of an infection in mice is affected by factors such as viral titre and the strain and age of the mouse (85, 98, 101).


NK Cells in the Resolution of Inflammation

As with most immune cells, NK cells have pleiotropic functions and are involved in the resolution of inflammation. As described above, NK cells can lyse activated CD4+ T cells via perforin and granzyme, thereby removing 'help' for CD8+ T cells (100). NK cells can also directly lyse activated CD8+ T cells, which again can have both pathogenic (impaired viral clearance) and pro-resolving (prevent immunopathology) effects; although this has not been shown specifically in the lung (102, 103). However, in an influenza infection model, antigen-specific CD8+ TRM are significantly raised in NK cell-depleted mice, providing an improved response to re-infection with a different influenza strain; implying that NK cell-mediated clearance of CD8+ T cells in the lung may have detrimental effects in the long term (104).

Resolution of inflammation is also facilitated by NK cell production of IL-10 that limits anti-viral CD8+ T cell responses (105), NK cell expression of TRAIL that may facilitate removal of neutrophils and activated CD4 T cells (106, 107), and, in the case of asthma, lysis of granulocytes and T cells in an NKG2D-dependent way (108–110). Indeed, impaired NK cell-mediated killing is associated with severe asthma (110). NK cells also express receptors for the pro-resolving mediator lipoxin A4 (LXA4) (109, 110), which upon binding promotes NK cell-driven apoptosis of eosinophils and neutrophils through NKG2D (108). Furthermore, depletion of NK cells delays the resolution of allergic airways disease in mice (108). NK cells have also been described as a source of IL-22 in the lung following influenza virus infection in mice, which is crucial for the repair and regeneration of the tracheal epithelial layer after severe infection (79) (Figure 2C). However, more recent studies show non-NK ILCs (ILC3s) as a more important source of IL-22 in the lung (111, 112). Zwirner, Domaica and Fuertes have recently reviewed the regulatory functions of NK cells in detail (77). As such, it seems that NK cells have diverse roles in the lungs, beyond their activity as killer cells.

NK cells are therefore protective, pathogenic and reparative in lung infection (85, 86, 98, 113, 114) (Figure 2). The molecular mechanisms that govern each role are at present unclear, but they are clearly driven by the local tissue microenvironment. A caveat here is that the vast majority of research discussed above is derived from mouse models. Further study is needed to determine if NK cells in the human lung have the same roles.




NK Cells in Fibrotic Lung Disease

NK cell activity will alter depending on the physical and chemical properties of the tissue. These changes in tissue architecture are particularly evident in fibrotic lung diseases associated with chronic inflammation, and alterations in NK cell function are seen in a number of fibrotic lung diseases. For example in idiopathic pulmonary fibrosis (IPF), decreased expression of the activating receptor NKG2D on NK cells (and NKT cells and γδ T cells) isolated from the BAL fluid has been documented, indicating a decrease in NK cell functionality in IPF (115). In addition, NK cells are reduced in the blood of IPF patients (116). In COPD, which also contains a fibrotic element, lung NK cells have increased cytotoxic activity in comparison to NK cells from similar patients without COPD, and may actually drive destruction of the epithelium in COPD (113, 117). In a mouse model of pulmonary fibrosis (bleomycin-induced), the disease is more severe in mice where CXCR3-dependent immune cell (particularly NK cell) recruitment is reduced, resulting in increased mortality in Cxcr3-/- animals (118). Indeed, IFNγ was shown to have a protective effect in this model (118), implying that NK cells as a key source of IFNγ could have a beneficial role in pulmonary fibrosis, in contrast to the studies described above in COPD. This is an understudied area - NK cells can have negative and positive consequences in different fibrotic lung diseases.



NK Cells in Lung Cancer

Abundant NK cells or a dominant NK cell gene signature within a tumor correlates with better overall survival in a number of cancers, including lung cancer [reviewed by Larsen, Gao and Basse (119)], but the prognostic importance of NK cells in lung cancer is unclear. Some studies link high tumor NK cell infiltration with increased survival (120, 121), whereas others show no correlation (29, 122). Early studies grouped NK cells, NKT cells, γδ T cells and/or ILC1s together [reviewed by Habif et al. (122)] which has now been largely overcome by using antibodies to NKp30 (36) or NKp46 (25, 29), or by co-staining of CD45+ CD3− CD56+ cells (122). Discrepancies also arise owing to the different stages of tumor development examined and the precise microenvironment generated (78). Regardless of their prognostic significance, it is clear by both immunohistochemistry and flow cytometry that lung tumors have low NK cell infiltration (25, 28, 29, 36, 122–124). Additionally, NK cells tend to locate at the tumor edge, or in the tumor stroma, indicating a possible defect in their recruitment (25, 29, 36, 122). Factors affecting NK cell recruitment to both tumors and sites of infection include chemokines (125, 126), extracellular matrix (127, 128) and soluble mediators (129, 130), and these will be discussed in the next section.

As with viral infection, animal models of lung cancer indicate that the timing of NK cell infiltration may be crucial for their anti-tumor activity. In a mouse model of lung cancer, depletion of NK cells at early stages of cancer — but not at later stages — accelerated tumor growth (131). Furthermore, as tumor growth progresses, both mouse and human NK cells exhibit decreased expression of the degranulation marker CD107a (29, 36, 131), as well as decreased IFNγ (29, 131) and perforin (36, 131) (Figure 3). In mouse studies only, tumor NK cells have decreased expression of granzyme B and reduced proliferation (131) (Figure 3). In lung adenocarcinomas, as well as in other solid tumors, intratumoral NK cells are predominantly CD16−, rather than the more cytotoxic CD16+ subset seen in the neighbouring healthy margin tissue (29, 36, 122–124). Furthermore, downregulation of activating receptors, including NKG2D [as is also seen in IPF (115)], and upregulation of the inhibitory receptor NKG2A, reduce anti-tumor potency (28, 29, 122) (Figure 3). As mentioned previously, CD16 is enzymatically cleaved from NK cells after receptor engagement and activation (42, 43) and re-expression can be delayed (44, 45) meaning that NK cells in lung tumors may be ‘ex-CD16+’ rather than bona fide CD16− NK cells. NK cells isolated from lung tumors (as well as matched blood and lung margin) have also been shown to produce tumor-promoting angiogenic factors, including vascular endothelial growth factor (VEGF), placental growth factor (PlGF) and IL-8 (Figure 3) (123). Although there was no significant difference in the expression of these factors between tumor, lung margin and blood NK cells, it is interesting to note that CD16− NK cells – which are present in greater abundance in lung tumors – produce far greater amounts than CD16+ NK cells (123).




Figure 3 | Altered phenotype of lung tumor NK cells. NK cells in lung tumors have reduced expression of activating receptors including NKG2D, NKp30, NKp80 and DNAM1 and increased expression of the inhibitory receptor NKG2A. The activation marker CD69 is increased. Tumor NK cells have reduced expression of Ki67 and hence reduced proliferative capacity, and decreased expression of pro-inflammatory cytokines TNFα and IFNγ, and decreased production of perforin and granzyme B. Lung tumor NK cells can also produce pro-angiogenic growth factors VEGF, PlGF and IL-8.



This population of CD16− NK cells in lung tumors may also comprise trNK cells, which, in the lung, are predominantly CD16− (58). To support this idea, tumor NK cells express higher levels of CD69 compared to unaffected lung or blood NK cells (29, 36, 132); a marker highly expressed on trNK cells (38, 46, 58). Indeed, a population resembling trNKs (classified as ieILC1s) is apparent in human lung tumor tissue (2). Further characterization of tissue residency markers is required to determine what contribution trNK cells make to the intratumoral NK cell compartment.




Factors Influencing Lung NK Cell Recruitment and Function

The process of NK cell recruitment into the infected or malignant lung is very similar, though the magnitude will depend on the extent and nature of tissue damage. Affected areas have altered cellular composition, including changes in the phenotype, function and numbers of fibroblasts, stem cells, endothelial cells and immune cells including macrophages and lymphocytes. As such, many soluble factors are present at high levels in the infected lung and in the lung TME that are not normally expressed or expressed at low levels within healthy tissues: for example, chemokines, hypoxia-inducible factors and TGFβ (129, 130).


Chemokines

cNK cells express a broad repertoire of chemokine receptors depending on their differentiation stage (25, 133) (Table 2), providing one explanation for the variation in the ratio of CD16− to CD16+ NK cells in different tissues. For example, CD16− NK cells express CCR7 (and CD62L) which promote recruitment to secondary lymphoid tissues (25, 133, 134). Furthermore, organ-specific chemokine patterns exist in the steady state and in disease (135).


Table 2 | Chemokine receptor expression on human NK cell subsets, and their corresponding chemokine ligands.



Although CXCR3 can be expressed by both CD16− and CD16+ NK cells, it is predominantly expressed by CD16− NK cells [~10% of CD16+ NK cells express CXCR3 vs ~90% of CD16− NK cells (136)] and therefore is more important for mediating their recruitment (25, 136). At steady state, Cxcr3−/− mice have decreased NK cells in the lungs, liver, blood and lymph nodes (118, 137) and fewer NK cells are recruited during lung infection  (125, 138). In the peripheral blood of influenza and COVID-19 patients, fewer CXCR3+ CD16− NK cells are present (136), presumably because these cells have been recruited to the lung. In accordance with this, the expression of CXCL10 (a ligand for CXCR3) is increased in the BAL fluid of SARS-CoV-2 infected patients, and NK cells isolated from the BAL fluid of COVID-19 patients also express high levels of CXCR3 (82, 136). CCR5 is also implicated in NK cell recruitment to the lung, although to a lesser extent than CXCR3. Ccr5−/− mice only show a small reduction in pulmonary NK cell numbers after influenza infection (125). CCL5 expression is also increased in the BAL fluid of COVID-19 patients (136).

CXCR3 and its ligands CXCL9-10 also mediate the recruitment of NK cells into tumors. In subcutaneous and pulmonary mouse tumor models (RMA-S, a lymphoma tumor cell line expressing low levels of class I MHC; B16 melanoma cell line transduced to express the NKG2D ligand RAE-1ϵ; and pulmonary tumor cell line 3LL-Luc2), decreased intra-tumoral NK cells are observed in Cxcr3-/- mice and in mice treated with anti-CXCR3 antibodies; but despite this, no difference in survival is observed (65, 126). However, subcutaneous injection of tumor cells transduced to overexpress CXCL10, which results in increased NK cell tumor infiltration, does increase overall survival as compared to control cell injection (106). Tumor metastasis to the lung is facilitated by total NK cell depletion, but not by anti-CXCR3 antibodies, implying a role for other chemokine receptors (65). For example, IL-33 can drive the production of CCL5 from eosinophils and CD8+ T cells, which significantly increases survival and decreases lung metastases in an NK cell-dependent manner (139).

Chemokine production in infected or malignant tissue is also affected by other soluble factors. For example, IFNγ increases the production of the CXCR3 ligands CXCL9-11 by tumor cells, and correlates with an increase in NK cells in subcutaneous tumors and improved survival in mice (126). However, the immune modulator and tumor-promoting factor prostaglandin E2 (PGE2) inhibits IFNγ-induced secretion of CXCR3 ligands from breast cancer cell lines (140). Similarly, IFNγ-matured dendritic cells (DCs) exhibit reduced production of CXCL10, CCL5 and CCL19 in the presence of PGE2, which results in reduced NK cell migration in vitro (141).

In some instances, it is not NK cell recruitment that is the problem, but the recruitment of inappropriate NK cell subsets. For example, increased levels of CCL19, CXCL9 and CXCL10 in lung tumors may preferentially recruit CD16−NK cells, and reduced levels of CXCL2 may decrease recruitment of more cytotoxic CD16+ NK cells (Figure 4A) (25). These CD16− NK cells may also be inappropriately retained via, for example, reduced expression of S1PR1 that is needed for tissue egress, and increased expression of CXCR6, promoting retention (132).




Figure 4 | Factors affecting NK cell recruitment to tumors. (A) Chemokines. Tumor cells and immune cells in the TME produce increased levels of CCL19, CXCL9 and CXCL10 and decreased levels of CXCL2, which may preferentially recruit CD16−NK cells expressing CCR7 and CXCR3. (B) Extracellular matrix. Tumors can be surrounded by a dense ECM layer that restricts or prevents NK cell entry from the circulation. Entry requires specific proteolytic activity, e.g. MMPs. (C) Soluble factors. Tumor cells and immune cells in the TME secrete soluble factors including TGFβ and PGE2. TGFβ can promote a phenotypic switch in NK cells to a more trNK cell-like phenotype (also known as ex-NK cells, and intermediate ILC1s), with increased expression of CD49a, increased production of pro-angiogenic factors VEGF and PlGF, and increased expression of inhibitory receptors. These trNK cells may also have decreased cytotoxicity. TGFβ and PGE2 have other inhibitory effects on NK cells, including reducing NK cell cytotoxicity, decreasing inflammatory cytokine production, decreasing proliferative capacity and altering their metabolic activity (decreasing glycolysis). PGE2 can also alter NK cell chemokine production, decreasing secretion of CCL5 and XCL1.



Clearly, therapeutic targeting of specific chemokine axes may facilitate the recruitment of cytotoxic CD16+ NK cells to tumors, but the potential for off-target effects remains a caveat. Genetic modulation of chemokine receptors is a current field of research for NK cell-based therapies, and provides a more targeted method of altering the chemokine axes of NK cells (142, 143). However, altered chemokine axes cannot explain all defects in the recruitment of NK cells, as in some cancers CX3CL1 (the ligand for CX3CR1) expression is high but CD16+ NK cells are not present, despite expressing CX3CR1 (144).



The Role of Matrix

Alteration of the extracellular matrix (ECM) occurs in viral infections (145), and in cancer (78) and may affect NK cell recruitment, retention and activation.

In both animal tumor models and human cancers, tumors can be surrounded by ECM, with some encapsulated in laminin or collagen (Figure 4B) (146–148). Indeed, lung tumors are surrounded by type I collagen (149), and small cell lung cancers (SCLC) and their metastases are enveloped in a dense ECM composed of fibronectin, laminin, collagen IV and tenascin C (150). Additionally, tumor resistance to PD-1/PD-L1 blockade is associated with increased collagen deposition (151). It has also been observed in influenza mouse models that ECM alterations, which are observed in acute infection, can persist well after viral clearance (145). To migrate through tissues, particularly those with dense ECM, many cells (including NK cells) release proteases such as MMPs (152). In the Lewis lung carcinoma (LLC) mouse model, tumors with more altered structural properties have less NK cell infiltration compared to tumors with a high NKp46, IFNγ and, somewhat controversially, fibronectin signature (127). Furthermore, Ifnγ -/- mice have primary tumors with a more aggressive, ECM-enriched phenotype, and increased metastases (127). Fibronectin and other ECM proteins are generally associated with more mesenchymal, invasive tumors. However, the presence of fibronectin in tumors can be beneficial if accompanied by a decrease in other typical epithelial-to-mesenchymal transition (EMT) markers including keratin, vimentin and N-cadherin (127). It should also be noted, that cross-linking and density of tumor ECM influences NK cell recruitment with ‘loose’ facilitating and ‘compact’ inhibiting (128). The role of ECM in NK cell recruitment to lung tumors, and indeed in recruitment to the fibrotic lung, is an emerging area of research.



TGFβ and PGE2

The soluble mediators TGFβ and PGE2 inhibit immunity in the healthy lung but also impair immunity in the post-viral lung and in lung cancer (37, 78).

TGFβ has a number of immunoregulatory effects on NK cells in vitro including a decrease of activating receptors NKG2D and NKp30; a reduction in IL-15- or IL-2-induced NK cell cytotoxicity, proliferation, degranulation and granzyme B expression; a reduction of CD16-induced production of IFNγ; a decrease in glycolysis; and enhanced expression of the pro-angiogenic factors VEGF and PlGF (Figure 4) (10, 11, 123, 131, 153–155). With prolonged treatment, TGFβ also reduces NK cell-dependent ADCC responses (156). In mouse models of lung metastasis (B16 melanoma model, which spontaneously metastasizes to the lung), TGFβ promotes the expansion of an ‘intermediate ILC1’/’ex-NK cell’ population, associated with increased expression of inhibitory receptors, reduced cytotoxicity, and expression of the trNK-associated marker CD49a (Figure 4C). Interestingly, this population increases with tumor burden, as do the levels of TGFβ in the TME (157–159). In vitro studies with human blood-derived NK cells have also shown that TGFβ alone or in combination with IL-15 can promote the development of a trNK cell-like phenotype (53, 129, 153). However, unlike the studies described above in mice, these cells were highly cytotoxic (53). TGFβ (alone, or in combination with hypoxia and a demethylating agent) has also been shown to promote cNK cell acquisition of a dNK cell-like phenotype in vitro (160, 161). However in these studies, only the combination treatment resulted in a decrease in NK cell cytotoxicity (161). In the TME more broadly, TGFβ affects the chemokine milieu (78). For example, in a murine model of lung metastasis TGFβ suppressed the production of CXCL1 and CXCL5 by tumor cells (162) – chemokines associated with recruitment of CD16+ NK cells (36, 133).

PGE2 is a potent immune modulator produced during inflammation that, as mentioned previously, indirectly affects NK cells by reducing the levels of chemokines necessary for their recruitment (140, 141). PGE2 also directly suppresses NK cell proliferation, cytokine secretion, and cytotoxicity (Figure 4C) (141, 163, 164). In mouse tumor models (B16 melanoma and MC38 colorectal), a lack of the prostaglandin receptors EP2 and EP4 specifically on granzyme B+ cells – predominantly NK cells – causes tumor regression (165). PGE2 reduces the expression of the NK cell-derived chemokines CCL5 and XCL1 (Figure 4C), thereby decreasing the recruitment of conventional type 1 DCs to tumors (130, 166). In human immune cell datasets, XCL1 and XCL2 (homologues in humans for XCL1 in mice) are most highly expressed by CD16+ NK cells — the cells that are missing from the lung TME (130).



Soluble NKG2D Ligands

The ability of NK cells to become activated depends on the expression of cell-surface receptors, for example, NKG2D (167, 168). However, activating receptors can be internalized or cleaved leading to cancer and viral escape (169–171). For example, MMPs and A disintegrin and metalloproteinases (ADAMs), which are often present in the TME (172) and the post-viral lung (173), cleave NKG2D ligands (NKG2DLs) from the cell surface of tumor cells or infected cells, which leads to the evasion of NK cell-mediated killing (114, 174–176). Increased levels of soluble NKG2DLs are observed in the TME and serum of patients with cancer, including lung cancer (177), which correlate with decreased overall survival (177–181). Similarly in IPF, increased levels of soluble MICA are observed in the plasma, and polymorphisms in MICA are associated with increased risk for the development of IPF (115). Soluble NKG2DLs inhibit both CD8+ T cells and NK cells as they block ligation of membrane-bound NKG2DLs (180, 182, 183) and cause downregulation of NKG2D (182, 183). NK cells with reduced membrane expression of NKG2D exhibit impaired lytic ability (183, 184), and mice that lack NKG2D are more susceptible to tumors (185). In various mouse models, prevention of tumor cell shedding of NKG2DLs increases the anti-tumor activity of NK cells and decreases the number of tumor metastases (175, 186). Additionally, combining anti-soluble MIC treatment with PD-L1 blockade improves survival in mice (186), and therefore highlights a potential future therapeutic opportunity for human cancers – particularly those with high serum levels of soluble NKG2DLs.



Hypoxia

Another feature that influences NK cell activity is hypoxia, which occurs when the growth of tumor cells outstrips their supply of oxygen. In addition, the dense nature of the ECM around and within tumors can act as a barrier to critical metabolites (148). Hypoxia is often accompanied by lower pH and glucose levels (172). In vitro, hypoxia alone (1% O2) does not significantly affect NK cell cytotoxicity in comparison to normoxia (around 6% O2) (187–189). However, anoxia (0%) decreases NK cell-specific lysis of target cell lines in vitro (189). Hypoxic NK cells lose the ability to upregulate various activating receptors and produce less inflammatory cytokines in response to stimuli (190, 191); however, they can produce VEGF to promote angiogenesis (129). Additionally, indirect NK cell inhibition also occurs in hypoxic conditions, as hypoxia is associated with an increase in the shedding of NKG2DLs from cancer cells (192). Decreased pH levels also suppress NK cell cytotoxic activity and cytokine production (189, 193). A profound decrease in NK cell cytotoxicity occurs with a combination of low O2, pH and glucose in vitro, mirroring the conditions of the TME (189).



NK Cell Interactions With Other Immune Cells

In tissues – whether they be trNK cells or recruited cNK cells – NK cells interact with many different immune cells (194), epithelial and endothelial cells (94, 117, 171). Lung trNK cells express different integrins to cNK cells (46, 58), therefore different NK cell subsets likely have different positions within the lung tissue and hence different cell types that they interact with.

NK cell interactions with DCs are well studied (39, 40, 46, 117). Some interactions enhance NK cell activity, such as the interaction of CD16− NK cells with immature DCs (iDCs) during infection. These iDCs secrete a number of cytokines, including IL-12, IL-18, IL-15 and type I IFNs, which promote NK cell maturation, activation and memory-like responses (Figure 5A) (117, 194–197). There are also contact-dependent mechanisms of DC-mediated NK cell maturation (Figure 5A) (195, 197). Such interactions are often reciprocal: once primed by iDC interaction, the activated NK cell then either induces killing of the iDC or its maturation (196, 197). Factors affecting this outcome are shown in Figure 5B (34, 194, 198). Environmental factors change the interaction between NK cells and DCs, for example cigarette smoke exposure in mice enhances NK cell cytotoxicity in a DC-dependent manner (117). A similar priming effect of DCs on NK cells is observed in COPD (117) that culminates in enhanced NK cell-mediated destruction of lung epithelial cells (113, 117). However, much less is known about NK cell-DC interactions in the TME.




Figure 5 | Reciprocal interactions between NK cells and immature DCs. (A) iDCs can promote NK cell activation and maturation in several ways: they secrete IL-12, IL-18, IL-15 and type I IFNs; they trans-present IL-15 to NK cells; and they express MICA/B, which binds to NKG2D on the surface of NK cells. (B) Once activated, NK cells then promote either killing of the iDC or activation of the iDC, depending on various factors. iDC killing is usually induced when the NK cell expresses high levels of NKp30 and DNAM, and/or when the iDC expresses low levels of MHC-I. iDC activation is induced when high levels of TNFα are present, when the NK cell produces GM-CSF, and/or when the iDC expresses high levels of MHC-I.



In addition to DCs, NK cells are known to interact with macrophages. In pulmonary infection, macrophages increase their surface expression of NKG2DLs, in some cases rendering them susceptible to NK cell-mediated lysis (94, 199) [reviewed by (Stojanovic, Correia and Cerwenka, 2018 92)]. Tumor macrophages can also display increased levels of NKG2DLs (92, 200, 201), which are postulated to act on NK cells in a similar way to soluble NKG2DLs – in that low-level engagement of NKG2D promotes receptor internalization and desensitization of NK cells (92, 170). As with soluble NKG2DLs in serum, elevated expression of NKG2DLs is also observed on circulating monocytes in some cancers (201). Interestingly, this expression decreases following tumor resection surgery (201). In vitro studies show that the hypoxia-related factor lactate dehydrogenase 5 (LDH5) is able to drive expression of NKG2DLs on monocytes (201); hypoxia may therefore affect NK cell–macrophage communication. Additionally, tumor- or metastasis-associated-macrophages can express membrane-bound TGFβ (66), which will likely have similar inhibitory effects on NK cells as those described earlier for soluble TGFβ.




Outlook: NK Cell-Based Therapies for Lung Cancer

Response rates to traditional chemotherapy and radiotherapy are poor in lung cancer, with lung cancer patients having a low 5-year survival rate of between 10-20% (202). Chemotherapies, radiotherapies and immunotherapies affect NK cell function; summarized in Box 1. T-cell-based immunotherapies target inhibitory molecules that are also expressed by NK cells, but their effect on NK cells is much less studied. In non-small cell lung cancer (NSCLC) (the most common lung cancer subtype), PD-1 and PD-L1 inhibitors are increasingly being used, and do improve survival in comparison to traditional chemotherapies (214, 215). However, the response rate is still only ~20%, with the greatest survival benefit seen in patients with tumors expressing highest levels of PD-L1 (214, 216). As such, a better understanding of how these therapies change NK cell activity may help to identify more effective dosing regimens and treatment combinations that promote NK cell tumor killing. In addition, specifically targeting NK cells with immunotherapies and/or cytokine therapies is also an area of expanding research (215). For example, targeting NK cell activation with an IL-15 therapy has shown early promise in clinical trials for NSCLC, in combination with PD-1 inhibition (217).


 BOX 1 | Current and future cancer therapies and their effects on NK cells

Clinically, chemotherapies mainly suppress NK cell-mediated killing and cytokine production, although the effect varies depending on dose (203, 204). The mechanisms behind this suppression are poorly understood, as in vitro a number of chemotherapies actually enhance the immunogenicity of cancer cells to NK cells [reviewed by Zingoni et al. 2017 (203)]. NK cell recruitment may also be affected by chemotherapeutic drugs, as they can increase the expression of CXCR3 ligands in both human and mouse cancers (205).

Radiotherapy or ionizing radiation (IR) increases the expression of NKG2DLs and death receptors on cancer cells, making tumor cells more susceptible to NK cell-mediated lysis [reviewed by Chen et al. (206)]. However, IR also increases the cleavage of NKG2DLs from tumor cells (206), enabling the evasion of NK cell-mediated killing (174, 175). The effect of IR, like chemotherapy, is also dose-dependent, with low doses generally being beneficial for NK cell activity whereas high doses are detrimental (206).

Immune checkpoint receptors on T cells targeted by immunotherapies (for example, PD-1, TIGIT and CTLA-4) are also expressed by NK cells, therefore immunotherapies will also affect their activity. NK cells also contribute to the efficacy of monoclonal antibody therapies through the engagement of CD16, enabling the killing of target cells by ADCC (207, 208). New immunotherapies are in development to target specific NK cell inhibitory receptors, including anti-KIR and anti-NKG2A [reviewed by  Sun H. and Sun C. (209)]. Indeed, targeting both NK cells and T cells can be more effective than either alone (210, 211).

Chimeric antigen receptor (CAR)-engineered NK cell therapies (CAR-NK cells) are in early clinical trials for solid and haematoligical malignancies (212). CAR-NK cells are NK cells modified in vitro to express a single-chain Fv fragment that targets a specific tumor antigen. These may prove a more attractive therapy than CAR-T cells, as there is less chance of them inducing cytokine storm or graft-versus-host disease, as it is not necessary to match HLA as strictly as for CAR-T cells (213).



The field of chimeric antigen receptor- (CAR) NK cell research also shows increasing promise, although clinical trials are still in the early stages. CAR-T cell therapies have so far been less effective at treating solid tumors than haematoligical (non-solid) malignancies, although whether this also true for CAR-NK cells is not clear (212, 213). CAR-NK cell infiltration into tumors is likely to be inhibited by the same features that affect general NK cell recruitment to tumors that we have discussed in this review; namely chemokine axes, extracellular matrix and soluble factors. These factors are likely also altered by radiotherapy, chemotherapy and immunotherapy (205).



Discussion

Immunology is becoming more complicated as the appreciation of tissue complexity and cellular interactions grows. The phenotype, function, readiness to activate, retention and survival of immune cells are all dictated by the immediate environment. This is true for NK cell subsets, the study of which is catching up with T cells in that they too have a tissue-resident subset with distinct properties to those circulating (58). Furthermore, NK cells are influenced by contact with other cells, soluble mediators in the microenvironment and features of the extracellular matrix. Many new therapies look to promote NK cell activity in tumors; however, if these activated NK cells (e.g. by immune checkpoint inhibitors, or CAR-NK cell infusion) are unable to enter tumors, then these therapies may prove unsuccessful. A greater understanding of NK cell activity and the specific formation of the ECM following lung infection or in cancer needs to be assessed together.

The nomenclature surrounding tissue-resident NK cell subsets and other innate lymphoid cells requires further clarification as currently the disharmony makes it impossible to compare between studies, which we highlight in regard to the lung in Table 1. There may also be plasticity between NK cells and ILC subsets. Confusion also arises by looking at the NK cell population in bulk, rather than at least separating into CD16− and CD16+ NK cells. It should be taken into consideration that CD16− NK cells may be ‘ex-CD16+’ NK cells that have cleaved CD16 after activation (42, 43). An agreed phenotypic definition of the more differentiated CD16+/ex-CD16+ NK cell subset is needed, as is whether CD69 expression indicates tissue residency or merely activation.

It is not known where trNK cells fit in the differentiation process of CD16− cells to CD16+ cells, or if they differentiate separately from traditional cNK cell subsets. However, TGFβ and/or IL-15 can induce the expression of CD103 and CD49a on blood-derived NK cells in vitro, (with CD16− NK cells having a greater capacity to acquire this trNK cell-phenotype than CD16+ NK cells), indicating that perhaps these cells are not developmentally distinct but are instead reacting to specific signaling cues in the tissue environment (53, 58, 129, 153). Additionally, lung- and bone-marrow-derived cells with a trNK cell-like phenotype do not have increased capacity for self-renewal (unlike TRM cells), as measured by Ki-67 staining (21, 58, 218). As TGFβ is often elevated in the human TME, perhaps this is driving a switch to a trNK cell phenotype in lung tumors (2), as has been observed in mouse tumor models (157, 158).

The function of trNK cells remains a controversy as some studies have shown cells with this phenotype as tumor-promoting with low cytotoxicity (157–159), whereas others (including one study identifying these cells in human head and neck tumors) show they are highly cytotoxic with strong anti-tumor activity (53, 219). trNK cells in the liver display a form of immunological memory (20, 220), and a subset of trNK cells in the lung appear to also possess memory-like properties (21). CD8+ TRM cells express high amounts of the effector molecules ICOS and granzyme B; they also express high levels of inhibitory molecules CTLA4 and PD-1. As such, they function as rapid effector cells whose activity can be easily shut off (221). Given the similarity in gene expression and cell surface marker profile (58), trNK cells may have a similar function. However, an overall shared function of trNK cells throughout the body may not exist, as their function will likely depend on the specific tissue environment in which they reside; with dNK cells providing a clear example of this (55).

In the past NK cells were assigned a predominantly pro-inflammatory role. However, a regulatory role for NK cells is emerging that promotes inflammatory resolution (Figure 2C) (79, 100, 105, 106, 108–110). In a tumor setting, NK cells with an immunoregulatory phenotype could perhaps help drive tumor development. In mice, an immunoregulatory subset of NK cells expressing CD117 (c-Kit) and PD-L1 negatively regulate DC maturation, resulting in decreased DC priming of CD8+ T cells (222). When these NK cells were adoptively transferred into tumor-bearing mice, they promoted the development of lung metastases (222).

NK cell interactions with other immune cells is another area that warrants further study. As in vitro studies show, NK cells are an important helper cell to DCs, and NK cell–DC interactions have effects on both cell types (117, 194–198, 223). NK cells also interact with macrophages, but how these interactions may promote or inhibit tumor growth or affect the outcome of infection is difficult to study. Macrophages are one of the predominant immune cell types within lung tumors (124, 224, 225), so deciphering this cross-talk may help in the development of anti-tumor strategies that enable the ‘re-education’ of both NK cells and macrophages.

CAR-NK cell research offers the opportunity to alter many aspects of NK cell biology, such as enhancing chemokine receptor expression to aid NK cell recruitment, or modifying the repertoire of activating and inhibitory receptors to increase activity in tumors (226). Other NK-cell-based cancer therapies in development include anti-NKG2A monoclonal antibodies, recombinant IL-2 and recombinant IL-15 [reviewed by Bald et al. (74)]. However, studies with T cell-based immunotherapies show that targeting one immune cell type in the TME is often not enough to inhibit tumor growth. Combining chemotherapies, T cell-based and NK cell-based immunotherapies may be more effective and a number of combination clinical trials are currently in progress (74, 227).

In summary, NK cells are an important component of the immune response to infectious and non-infectious stimuli and many downstream immune pathways rely on their appropriate recruitment and activation. The field of tissue-specific training of innate immunity has exploded in recent years, such that it is impossible to understand fundamental responses of immune cells without taking into account their context. This is clearly also relevant to NK cells, which are influenced by immune and non-immune factors in the local environment, as well as by direct cell-to-cell contact. This communication is altered by the TME, resulting in low infiltration of NK cells into tumors. Promoting their recruitment into the TME, as well as their activation and retention, will be key for successful NK-cell based therapies. In addition, further research into the cross-talk between immune cells in the lung TME, such as that between NK cells and macrophages, may provide new areas for therapeutic intervention. The identification of trNK cells in the lung may also reveal novel roles for NK cells beyond their traditional cytotoxic activity; for example, in immune memory and tolerance.



Author Contributions

MF wrote the first draft of the manuscript, EC and TH wrote sections of the manuscript. All authors contributed to revising, editing and approval of the submitted manuscript.



Funding

This work was supported in part by grants from the Wellcome Trust (202865/Z/16/Z), and by Cancer Research UK via funding to the Cancer Research UK Manchester Centre (C147/A25254) and their Non-Clinical Training Programme.



Acknowledgments

We thank David Morgan and Christopher Jagger for critiquing the manuscript.



References

1. Yudanin, NA, Schmitz, F, Flamar, AL, Thome, JJC, Tait Wojno, E, Moeller, JB, et al. Spatial and Temporal Mapping of Human Innate Lymphoid Cells Reveals Elements of Tissue Specificity. Immunity (2019) 50(2):505–19.e4. doi: 10.1016/j.immuni.2019.01.012.Citedin:Pubmed

2. Simoni, Y, Fehlings, M, Kloverpris, HN, McGovern, N, Koo, SL, Loh, CY, et al. Human Innate Lymphoid Cell Subsets Possess Tissue-Type Based Heterogeneity in Phenotype and Frequency. Immunity (2017) 46(1):148–61. doi: 10.1016/j.immuni.2016.11.005

3. Artis, D, and Spits, H. The Biology of Innate Lymphoid Cells. Nature (2015) 517(7534):293–301. doi: 10.1038/nature14189

4. Gasteiger, G, Fan, X, Dikiy, S, Lee, SY, and Rudensky, AY. Tissue Residency of Innate Lymphoid Cells in Lymphoid and Nonlymphoid Organs. Science (2015) 350(6263):981–5. doi: 10.1126/science.aac9593

5. Bozzano, F, Perrone, C, Moretta, L, and De Maria, A. NK Cell Precursors in Human Bone Marrow in Health and Inflammation [Mini Review]. Front Immunol (2019) 10:2045(2045). doi: 10.3389/fimmu.2019.02045

6. Freud, AG, Mundy-Bosse, BL, Yu, J, and Caligiuri, MA. The Broad Spectrum of Human Natural Killer Cell Diversity. Immunity (2017) 47(5):820–33. doi: 10.1016/j.immuni.2017.10.008

7. Stetson, DB, Mohrs, M, Reinhardt, RL, Baron, JL, Wang, ZE, Gapin, L, et al. Constitutive Cytokine mRNAs Mark Natural Killer (NK) and NK T Cells Poised for Rapid Effector Function. J Exp Med (2003) 198(7):1069–76. doi: 10.1084/jem.20030630

8. Shimasaki, N, Jain, A, and Campana, D. NK Cells for Cancer Immunotherapy. Nat Rev Drug Discovery (2020) 19(3):200–18. doi: 10.1038/s41573-019-0052-1

9. Zwirner, NW, and Domaica, CI. Cytokine Regulation of Natural Killer Cell Effector Functions. BioFactors (2010) 36(4):274–88. doi: 10.1002/biof.107

10. Viel, S, Marcais, A, Guimaraes, FS, Loftus, R, Rabilloud, J, Grau, M, et al. TGF-Beta Inhibits the Activation and Functions of NK Cells by Repressing the mTOR Pathway. Sci Signal (2016) 9(415):ra19. doi: 10.1126/scisignal.aad1884.Citedin:Pubmed

11. Castriconi, R, Cantoni, C, Della Chiesa, M, Vitale, M, Marcenaro, E, Conte, R, et al. Transforming Growth Factor Beta 1 Inhibits Expression of NKp30 and NKG2D Receptors: Consequences for the NK-Mediated Killing of Dendritic Cells. Proc Natl Acad Sci USA (2003) 100(7):4120–5. doi: 10.1073/pnas.0730640100

12. Ljunggren, HG, and Karre, K. In Search of the 'Missing Self': MHC Molecules and NK Cell Recognition. Immunol Today (1990) 11(7):237–44. doi: 10.1016/0167-5699(90)90097-s

13. Orange, JS. Human Natural Killer Cell Deficiencies. Curr Opin Allergy Clin Immunol (2006) 6(6):399–409. doi: 10.1097/ACI.0b013e3280106b65

14. Belizario, JE, Neyra, JM, and Setubal Destro Rodrigues, MF. When and How NK Cell-Induced Programmed Cell Death Benefits Immunological Protection Against Intracellular Pathogen Infection. Innate immunity (2018) 24(8):452–65. doi: 10.1177/1753425918800200

15. Wang, S, and El-Deiry, WS. TRAIL and Apoptosis Induction by TNF-Family Death Receptors. Oncogene (2003) 22(53):8628–33. doi: 10.1038/sj.onc.1207232

16. Vanherberghen, B, Olofsson, PE, Forslund, E, Sternberg-Simon, M, Khorshidi, MA, Pacouret, S, et al. Classification of Human Natural Killer Cells Based on Migration Behavior and Cytotoxic Response. Blood (2013) 121(8):1326–34. doi: 10.1182/blood-2012-06-439851

17. Choi, PJ, and Mitchison, TJ. Imaging Burst Kinetics and Spatial Coordination During Serial Killing by Single Natural Killer Cells. Proc Natl Acad Sci USA (2013) 110(16):6488–93. doi: 10.1073/pnas.1221312110

18. Cerwenka, A, and Lanier, LL. Natural Killer Cell Memory in Infection, Inflammation and Cancer. Nat Rev Immunol (2016) 16(2):112–23. doi: 10.1038/nri.2015.9

19. Peng, H, Jiang, X, Chen, Y, Sojka, DK, Wei, H, Gao, X, et al. Liver-Resident NK Cells Confer Adaptive Immunity in Skin-Contact Inflammation. J Clin Invest (2013) 123(4):1444–56. doi: 10.1172/jci66381

20. Peng, H, and Sun, R. Liver-Resident NK Cells and Their Potential Functions. Cell Mol Immunol (2017) 14(11):890–4. doi: 10.1038/cmi.2017.72

21. Brownlie, D, Scharenberg, M, Mold, JE, Hard, J, Kekalainen, E, Buggert, M, et al. Expansions of Adaptive-Like NK Cells With a Tissue-Resident Phenotype in Human Lung and Blood. Proc Natl Acad Sci USA (2021) 118(11):e2016580118. doi: 10.1073/pnas.2016580118

22. Gamliel, M, Goldman-Wohl, D, Isaacson, B, Gur, C, Stein, N, Yamin, R, et al. Trained Memory of Human Uterine NK Cells Enhances Their Function in Subsequent Pregnancies. Immunity (2018) 48(5):951–62.e5. doi: 10.1016/j.immuni.2018.03.030

23. Cooper, MA, Elliott, JM, Keyel, PA, Yang, L, Carrero, JA, and Yokoyama, WM. Cytokine-Induced Memory-Like Natural Killer Cells. Proc Natl Acad Sci (2009) 106(6):1915–9. doi: 10.1073/pnas.0813192106

24. Pahl, JHW, Cerwenka, A, and Ni, J. Memory-Like NK Cells: Remembering a Previous Activation by Cytokines and NK Cell Receptors. Front Immunol (2018) 9:2796. doi: 10.3389/fimmu.2018.02796

25. Carrega, P, Bonaccorsi, I, Di Carlo, E, Morandi, B, Paul, P, Rizzello, V, et al. CD56(bright)perforin(low) Noncytotoxic Human NK Cells are Abundant in Both Healthy and Neoplastic Solid Tissues and Recirculate to Secondary Lymphoid Organs via Afferent Lymph. J Immunol (Baltimore Md 1950) (2014) 192(8):3805–15. doi: 10.4049/jimmunol.1301889

26. Dogra, P, Rancan, C, Ma, W, Toth, M, Senda, T, Carpenter, DJ, et al. Tissue Determinants of Human NK Cell Development, Function, and Residence. Cell (2020) 180(4):749–63.e13. doi: 10.1016/j.cell.2020.01.022.Citedin:Pubmed

27. Lanier, LL, Le, AM, Civin, CI, Loken, MR, and Phillips, JH. The Relationship of CD16 (Leu-11) and Leu-19 (NKH-1) Antigen Expression on Human Peripheral Blood NK Cells and Cytotoxic T Lymphocytes. J Immunol (Baltimore Md 1950) (1986) 136(12):4480–6.

28. Esendagli, G, Bruderek, K, Goldmann, T, Busche, A, Branscheid, D, Vollmer, E, et al. Malignant and non-Malignant Lung Tissue Areas are Differentially Populated by Natural Killer Cells and Regulatory T Cells in non-Small Cell Lung Cancer. Lung Cancer (Amsterdam Netherlands) (2008) 59(1):32–40. doi: 10.1016/j.lungcan.2007.07.022

29. Platonova, S, Cherfils-Vicini, J, Damotte, D, Crozet, L, Vieillard, V, Validire, P, et al. Profound Coordinated Alterations of Intratumoral NK Cell Phenotype and Function in Lung Carcinoma. Cancer Res (2011) 71(16):5412–22. doi: 10.1158/0008-5472.CAN-10-4179

30. Nagler, A, Lanier, LL, Cwirla, S, and Phillips, JH. Comparative Studies of Human FcRIII-Positive and Negative Natural Killer Cells. J Immunol (Baltimore Md 1950) (1989) 143(10):3183–91.

31. Poli, A, Michel, T, Thérésine, M, Andrès, E, Hentges, F, and Zimmer, J. CD56bright Natural Killer (NK) Cells: An Important NK Cell Subset. Immunology (2009) 126(4):458–65. doi: 10.1111/j.1365-2567.2008.03027.x

32. Jacobs, R, Hintzen, G, Kemper, A, Beul, K, Kempf, S, Behrens, G, et al. CD56bright Cells Differ in Their KIR Repertoire and Cytotoxic Features From CD56dim NK Cells. Eur J Immunol (2001) 31(10):3121–7. doi: 10.1002/1521-4141(2001010)31:10<3121::aid-immu3121>3.0.co;2-4

33. Anfossi, N, Andre, P, Guia, S, Falk, CS, Roetynck, S, Stewart, CA, et al. Human NK Cell Education by Inhibitory Receptors for MHC Class I. Immunity (2006) 25(2):331–42. doi: 10.1016/j.immuni.2006.06.013

34. Zamora, AE, Aguilar, EG, Sungur, CM, Khuat, LT, Dunai, C, Lochhead, GR, et al. Licensing Delineates Helper and Effector NK Cell Subsets During Viral Infection. JCI Insight (2017) 2(10):e87032. doi: 10.1172/jci.insight.87032.Citedin:Pubmed

35. Pende, D, Falco, M, Vitale, M, Cantoni, C, Vitale, C, Munari, E, et al. Killer Ig-Like Receptors (KIRs): Their Role in NK Cell Modulation and Developments Leading to Their Clinical Exploitation. Front Immunol (2019) 10:1179. doi: 10.3389/fimmu.2019.01179

36. Carrega, P, Morandi, B, Costa, R, Frumento, G, Forte, G, Altavilla, G, et al. Natural Killer Cells Infiltrating Human Nonsmall-Cell Lung Cancer are Enriched in CD56 Bright CD16(-) Cells and Display an Impaired Capability to Kill Tumor Cells. Cancer (2008) 112(4):863–75. doi: 10.1002/cncr.23239

37. Hussell, T, and Bell, TJ. Alveolar Macrophages: Plasticity in a Tissue-Specific Context. Nat Rev Immunol (2014) 14(2):81–93. doi: 10.1038/nri3600

38. Marquardt, N, Kekalainen, E, Chen, P, Kvedaraite, E, Wilson, JN, Ivarsson, MA, et al. Human Lung Natural Killer Cells Are Predominantly Comprised of Highly Differentiated Hypofunctional CD69(-)CD56(dim) Cells. J Allergy Clin Immunol (2017) 139(4):1321–30.e4. doi: 10.1016/j.jaci.2016.07.043.Citedin:Pubmed

39. Robinson, BW, Pinkston, P, and Crystal, RG. Natural Killer Cells are Present in the Normal Human Lung But are Functionally Impotent. J Clin Invest (1984) 74(3):942–50. doi: 10.1172/JCI111513

40. Michel, T, Poli, A, Domingues, O, Mauffray, M, Theresine, M, Brons, NH, et al. Mouse Lung and Spleen Natural Killer Cells Have Phenotypic and Functional Differences, in Part Influenced by Macrophages. PLoS One (2012) 7(12):e51230. doi: 10.1371/journal.pone.0051230

41. Wang, J, Li, F, Zheng, M, Sun, R, Wei, H, and Tian, Z. Lung Natural Killer Cells in Mice: Phenotype and Response to Respiratory Infection. Immunology (2012) 137(1):37–47. doi: 10.1111/j.1365-2567.2012.03607.x

42. Romee, R, Foley, B, Lenvik, T, Wang, Y, Zhang, B, Ankarlo, D, et al. NK Cell CD16 Surface Expression and Function is Regulated by a Disintegrin and Metalloprotease-17 (ADAM17). Blood (2013) 121(18):3599–608. doi: 10.1182/blood-2012-04-425397

43. Peruzzi, G, Femnou, L, Gil-Krzewska, A, Borrego, F, Weck, J, Krzewski, K, et al. Membrane-Type 6 Matrix Metalloproteinase Regulates the Activation-Induced Downmodulation of CD16 in Human Primary NK Cells. J Immunol (Baltimore Md 1950) (2013) 191(4):1883–94. doi: 10.4049/jimmunol.1300313

44. Goodier, MR, Lusa, C, Sherratt, S, Rodriguez-Galan, A, Behrens, R, and Riley, EM. Sustained Immune Complex-Mediated Reduction in CD16 Expression After Vaccination Regulates NK Cell Function. Front Immunol (2016) 7:384. doi: 10.3389/fimmu.2016.00384

45. Srpan, K, Ambrose, A, Karampatzakis, A, Saeed, M, Cartwright, ANR, Guldevall, K, et al. Shedding of CD16 Disassembles the NK Cell Immune Synapse and Boosts Serial Engagement of Target Cells. J Cell Biol (2018) 217(9):3267–83. doi: 10.1083/jcb.201712085

46. Cooper, GE, Ostridge, K, Khakoo, SI, Wilkinson, TMA, and Staples, KJ. Human CD49a(+) Lung Natural Killer Cell Cytotoxicity in Response to Influenza A Virus [Original Research]. Front Immunol (2018) 9:1671(1671). doi: 10.3389/fimmu.2018.01671

47. Hervier, B, Russick, J, Cremer, I, and Vieillard, V. NK Cells in the Human Lungs [Mini Review]. Front Immunol (2019) 10:1263(1263). doi: 10.3389/fimmu.2019.01263

48. Sojka, DK, Plougastel-Douglas, B, Yang, L, Pak-Wittel, MA, Artyomov, MN, Ivanova, Y, et al. Tissue-Resident Natural Killer (NK) Cells are Cell Lineages Distinct From Thymic and Conventional Splenic NK Cells. Elife (2014) 3:e01659. doi: 10.7554/eLife.01659

49. Luci, C, Vieira, E, Perchet, T, Gual, P, and Golub, R. Natural Killer Cells and Type 1 Innate Lymphoid Cells Are New Actors in Non-Alcoholic Fatty Liver Disease [Mini Review]. Front Immunol (2019) 10:1192(1192). doi: 10.3389/fimmu.2019.01192

50. Bernink, JH, Krabbendam, L, Germar, K, de Jong, E, Gronke, K, Kofoed-Nielsen, M, et al. Interleukin-12 and -23 Control Plasticity of CD127(+) Group 1 and Group 3 Innate Lymphoid Cells in the Intestinal Lamina Propria. Immunity (2015) 43(1):146–60. doi: 10.1016/j.immuni.2015.06.019

51. Bernink, JH, Peters, CP, Munneke, M, te Velde, AA, Meijer, SL, Weijer, K, et al. Human Type 1 Innate Lymphoid Cells Accumulate in Inflamed Mucosal Tissues. Nat Immunol (2013) 14(3):221–9. doi: 10.1038/ni.2534

52. Fuchs, A, Vermi, W, Lee, JS, Lonardi, S, Gilfillan, S, Newberry, RD, et al. Intraepithelial Type 1 Innate Lymphoid Cells are a Unique Subset of IL-12- and IL-15-Responsive IFN-Gamma-Producing Cells. Immunity (2013) 38(4):769–81. doi: 10.1016/j.immuni.2013.02.010

53. Moreno-Nieves, UY, Tay, JK, Saumyaa, S, Horowitz, NB, Shin, JH, Mohammad, IA, et al. Landscape of Innate Lymphoid Cells in Human Head and Neck Cancer Reveals Divergent NK Cell States in the Tumor Microenvironment. Proc Natl Acad Sci (2021) 118(28):e2101169118. doi: 10.1073/pnas.2101169118

54. Kopcow, HD, Allan, DS, Chen, X, Rybalov, B, Andzelm, MM, Ge, B, et al. Human Decidual NK Cells Form Immature Activating Synapses and are Not Cytotoxic. Proc Natl Acad Sci USA (2005) 102(43):15563–8. doi: 10.1073/pnas.0507835102

55. Liu, Y, Gao, S, Zhao, Y, Wang, H, Pan, Q, and Shao, Q. Decidual Natural Killer Cells: A Good Nanny at the Maternal-Fetal Interface During Early Pregnancy. Front Immunol (2021) 12:663660. doi: 10.3389/fimmu.2021.663660

56. O'Sullivan, TE. Dazed and Confused: NK Cells. Front Immunol (2019) 10:2235(2235). doi: 10.3389/fimmu.2019.02235

57. Peng, H, and Tian, Z. Diversity of Tissue-Resident NK Cells. Semin Immunol (2017) 31:3–10. doi: 10.1016/j.smim.2017.07.006

58. Marquardt, N, Kekalainen, E, Chen, P, Lourda, M, Wilson, JN, Scharenberg, M, et al. Unique Transcriptional and Protein-Expression Signature in Human Lung Tissue-Resident NK Cells. Nat Commun (2019) 10(1):3841. doi: 10.1038/s41467-019-11632-9

59. Scharenberg, M, Vangeti, S, Kekalainen, E, Bergman, P, Al-Ameri, M, Johansson, N, et al. Influenza A Virus Infection Induces Hyperresponsiveness in Human Lung Tissue-Resident and Peripheral Blood NK Cells [Original Research]. Front Immunol (2019) 10:1116(1116). doi: 10.3389/fimmu.2019.01116

60. De Grove, KC, Provoost, S, Verhamme, FM, Bracke, KR, Joos, GF, Maes, T, et al. Characterization and Quantification of Innate Lymphoid Cell Subsets in Human Lung. PloS One (2016) 11(1):e0145961. doi: 10.1371/journal.pone.0145961

61. Meininger, I, Carrasco, A, Rao, A, Soini, T, Kokkinou, E, and Mjösberg, J. Tissue-Specific Features of Innate Lymphoid Cells. Trends Immunol (2020) 41(10):902–17. doi: 10.1016/j.it.2020.08.009

62. Bal, SM, Bernink, JH, Nagasawa, M, Groot, J, Shikhagaie, MM, Golebski, K, et al. IL-1β, IL-4 and IL-12 Control the Fate of Group 2 Innate Lymphoid Cells in Human Airway Inflammation in the Lungs. Nat Immunol (2016) 17(6):636–45. doi: 10.1038/ni.3444

63. Monticelli, LA, Diamond, JM, Saenz, SA, Wojno, EDT, Porteous, MK, Cantu, E, et al. Lung Innate Lymphoid Cell Composition Is Altered in Primary Graft Dysfunction. Am J Respir Crit Care Med (2020) 201(1):63–72. doi: 10.1164/rccm.201906-1113OC

64. Blomme, EE, Provoost, S, De Smet, EG, De Grove, KC, Van Eeckhoutte, HP, De Volder, J, et al. Quantification and Role of Innate Lymphoid Cell Subsets in Chronic Obstructive Pulmonary Disease. Clin Transl Immunol (2021) 10(6):e1287. doi: 10.1002/cti2.1287

65. Yamamoto, Y, Miyazato, K, Takahashi, K, Yoshimura, N, Tahara, H, and Hayakawa, Y. Lung-Resident Natural Killer Cells Control Pulmonary Tumor Growth in Mice [Https://Doi.Org/10.1111/Cas.13703]. Cancer Sci (2018) 109(9):2670–6. doi: 10.1111/cas.13703

66. Brownlie, D, Doughty-Shenton, D, Yh Soong, D, Nixon, C, OC, N, MC, L, et al. Metastasis-Associated Macrophages Constrain Antitumor Capability of Natural Killer Cells in the Metastatic Site at Least Partially by Membrane Bound Transforming Growth Factor β. J Immunother Cancer (2021) 9(1):e001740. doi: 10.1136/jitc-2020-001740

67. Verma, R, Er, JZ, Pu, RW, Sheik Mohamed, J, Soo, RA, Muthiah, HM, et al. Eomes Expression Defines Group 1 Innate Lymphoid Cells During Metastasis in Human and Mouse. Front Immunol (2020) 11:1190. doi: 10.3389/fimmu.2020.01190

68. Park, E, Patel, S, Wang, Q, Andhey, P, Zaitsev, K, Porter, S, et al. Toxoplasma Gondii Infection Drives Conversion of NK Cells Into ILC1-Like Cells. Elife (2019) 8:e47605. doi: 10.7554/eLife.47605

69. Kumar, BV, Ma, W, Miron, M, Granot, T, Guyer, RS, Carpenter, DJ, et al. Human Tissue-Resident Memory T Cells Are Defined by Core Transcriptional and Functional Signatures in Lymphoid and Mucosal Sites. Cell Rep (2017) 20(12):2921–34. doi: 10.1016/j.celrep.2017.08.078

70. Harmon, C, Robinson, MW, Fahey, R, Whelan, S, Houlihan, DD, Geoghegan, J, et al. Tissue-Resident Eomeshi T-Betlo CD56bright NK Cells With Reduced Proinflammatory Potential are Enriched in the Adult Human Liver. Eur J Immunol (2016) 46(9):2111–20. doi: 10.1002/eji.201646559

71. Marquardt, N, Béziat, V, Nyström, S, Hengst, J, Ivarsson, MA, Kekäläinen, E, et al. Cutting Edge: Identification and Characterization of Human Intrahepatic CD49a+ NK Cells. J Immunol (Baltimore Md 1950) (2015) 194(6):2467–71. doi: 10.4049/jimmunol.1402756

72. Hayakawa, Y, and Smyth, MJ. CD27 Dissects Mature NK Cells Into Two Subsets With Distinct Responsiveness and Migratory Capacity. J Immunol (Baltimore Md 1950) (2006) 176(3):1517–24. doi: 10.4049/jimmunol.176.3.1517

73. Chiossone, L, Chaix, J, Fuseri, N, Roth, C, Vivier, E, and Walzer, T. Maturation of Mouse NK Cells is a 4-Stage Developmental Program. Blood (2009) 113(22):5488–96. doi: 10.1182/blood-2008-10-187179

74. Bald, T, Krummel, MF, Smyth, MJ, and Barry, KC. The NK Cell-Cancer Cycle: Advances and New Challenges in NK Cell-Based Immunotherapies. Nat Immunol (2020) 21(8):835–47. doi: 10.1038/s41590-020-0728-z

75. Valero-Pacheco, N, and Beaulieu, AM. Transcriptional Regulation of Mouse Tissue-Resident Natural Killer Cell Development. Front Immunol (2020) 11:309. doi: 10.3389/fimmu.2020.00309

76. Cong, J, and Wei, H. Natural Killer Cells in the Lungs [Review]. Front Immunol (2019) 10:1416(1416). doi: 10.3389/fimmu.2019.01416

77. Zwirner, NW, Domaica, CI, and Fuertes, MB. Regulatory Functions of NK Cells During Infections and Cancer. J Leukoc Biol (2021) 109(1):185–94. doi: 10.1002/JLB.3MR0820-685R

78. Hanahan, D, and Weinberg, RA. Hallmarks of Cancer: The Next Generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

79. Kumar, P, Thakar, MS, Ouyang, W, and Malarkannan, S. IL-22 From Conventional NK Cells is Epithelial Regenerative and Inflammation Protective During Influenza Infection. Mucosal Immunol (2013) 6(1):69–82. doi: 10.1038/mi.2012.49

80. Small, CL, McCormick, S, Gill, N, Kugathasan, K, Santosuosso, M, Donaldson, N, et al. NK Cells Play a Critical Protective Role in Host Defense Against Acute Extracellular Staphylococcus Aureus Bacterial Infection in the Lung. J Immunol (Baltimore Md 1950) (2008) 180(8):5558–68. doi: 10.4049/jimmunol.180.8.5558

81. Calabrese, DR, Chong, T, Wang, A, Singer, JP, Gottschall, M, Hays, SR, et al. NKG2C Natural Killer Cells in Bronchoalveolar Lavage Are Associated With Cytomegalovirus Viremia and Poor Outcomes in Lung Allograft Recipients. Transplantation (2019) 103(3):493–501. doi: 10.1097/TP.0000000000002450

82. Liao, M, Liu, Y, Yuan, J, Wen, Y, Xu, G, Zhao, J, et al. Single-Cell Landscape of Bronchoalveolar Immune Cells in Patients With COVID-19. Nat Med (2020) 26(6):842–4. doi: 10.1038/s41591-020-0901-9

83. Culley, FJ. Natural Killer Cells in Infection and Inflammation of the Lung. Immunology (2009) 128(2):151–63. doi: 10.1111/j.1365-2567.2009.03167.x

84. Ge, MQ, Ho, AW, Tang, Y, Wong, KH, Chua, BY, Gasser, S, et al. NK Cells Regulate CD8+ T Cell Priming and Dendritic Cell Migration During Influenza A Infection by IFN-Gamma and Perforin-Dependent Mechanisms. J Immunol (Baltimore Md 1950) (2012) 189(5):2099–109. doi: 10.4049/jimmunol.1103474

85. Zhou, G, Juang, SW, and Kane, KP. NK Cells Exacerbate the Pathology of Influenza Virus Infection in Mice. Eur J Immunol (2013) 43(4):929–38. doi: 10.1002/eji.201242620

86. Gazit, R, Gruda, R, Elboim, M, Arnon, TI, Katz, G, Achdout, H, et al. Lethal Influenza Infection in the Absence of the Natural Killer Cell Receptor Gene Ncr1. Nat Immunol (2006) 7(5):517–23. doi: 10.1038/ni1322

87. Liu, Y, Zheng, J, Liu, Y, Wen, L, Huang, L, Xiang, Z, et al. Uncompromised NK Cell Activation is Essential for Virus-Specific CTL Activity During Acute Influenza Virus Infection. Cell Mol Immunol (2018) 15(9):827–37. doi: 10.1038/cmi.2017.10

88. Zheng, M, Gao, Y, Wang, G, Song, G, Liu, S, Sun, D, et al. Functional Exhaustion of Antiviral Lymphocytes in COVID-19 Patients. Cell Mol Immunol (2020) 17(5):533–5. doi: 10.1038/s41423-020-0402-2

89. Wang, F, Nie, J, Wang, H, Zhao, Q, Xiong, Y, Deng, L, et al. Characteristics of Peripheral Lymphocyte Subset Alteration in COVID-19 Pneumonia. J Infect diseases (2020) 221(11):1762–9. doi: 10.1093/infdis/jiaa150

90. He, R, Lu, Z, Zhang, L, Fan, T, Xiong, R, Shen, X, et al. The Clinical Course and its Correlated Immune Status in COVID-19 Pneumonia. J Clin Virol (2020) 127:104361. doi: 10.1016/j.jcv.2020.104361

91. Krämer, B, Knoll, R, Bonaguro, L, ToVinh, M, Raabe, J, Astaburuaga-García, R, et al. Early IFN-α Signatures and Persistent Dysfunction are Distinguishing Features of NK Cells in Severe COVID-19. Immunity (2021) 54(11):2650–69.e14. doi: 10.1016/j.immuni.2021.09.002

92. Stojanovic, A, Correia, MP, and Cerwenka, A. The NKG2D/NKG2DL Axis in the Crosstalk Between Lymphoid and Myeloid Cells in Health and Disease [Review]. Front Immunol (2018) 9:827(827). doi: 10.3389/fimmu.2018.00827

93. Vankayalapati, R, Garg, A, Porgador, A, Griffith, DE, Klucar, P, Safi, H, et al. Role of NK Cell-Activating Receptors and Their Ligands in the Lysis of Mononuclear Phagocytes Infected With an Intracellular Bacterium. J Immunol (Baltimore Md 1950) (2005) 175(7):4611–7. doi: 10.4049/jimmunol.175.7.4611

94. Borchers, MT, Harris, NL, Wesselkamper, SC, Vitucci, M, and Cosman, D. NKG2D Ligands are Expressed on Stressed Human Airway Epithelial Cells. Am J Physiol Lung Cell Mol Physiol (2006) 291(2):L222–31. doi: 10.1152/ajplung.00327.2005

95. Mandelboim, O, Lieberman, N, Lev, M, Paul, L, Arnon, TI, Bushkin, Y, et al. Recognition of Haemagglutinins on Virus-Infected Cells by NKp46 Activates Lysis by Human NK Cells. Nature (2001) 409(6823):1055–60. doi: 10.1038/35059110

96. Garcia-Sastre, A, and Biron, CA. Type 1 Interferons and the Virus-Host Relationship: A Lesson in Detente. Science (2006) 312(5775):879–82. doi: 10.1126/science.1125676

97. Ishikawa, E, Nakazawa, M, Yoshinari, M, and Minami, M. Role of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand in Immune Response to Influenza Virus Infection in Mice. J Virol (2005) 79(12):7658–63. doi: 10.1128/JVI.79.12.7658-7663.2005

98. Abdul-Careem, MF, Mian, MF, Yue, G, Gillgrass, A, Chenoweth, MJ, Barra, NG, et al. Critical Role of Natural Killer Cells in Lung Immunopathology During Influenza Infection in Mice. J Infect diseases (2012) 206(2):167–77. doi: 10.1093/infdis/jis340

99. Frank, K, and Paust, S. Dynamic Natural Killer Cell and T Cell Responses to Influenza Infection [Review]. Front Cell Infect Microbiol (2020) 10:425(425). doi: 10.3389/fcimb.2020.00425

100. Waggoner, SN, Cornberg, M, Selin, LK, and Welsh, RM. Natural Killer Cells Act as Rheostats Modulating Antiviral T Cells. Nature (2011) 481(7381):394–8. doi: 10.1038/nature10624

101. Toapanta, FR, and Ross, TM. Impaired Immune Responses in the Lungs of Aged Mice Following Influenza Infection. Respir Res (2009) 10(1):112. doi: 10.1186/1465-9921-10-112

102. Lang, PA, Lang, KS, Xu, HC, Grusdat, M, Parish, IA, Recher, M, et al. Natural Killer Cell Activation Enhances Immune Pathology and Promotes Chronic Infection by Limiting CD8+ T-Cell Immunity. Proc Natl Acad Sci USA (2012) 109(4):1210–5. doi: 10.1073/pnas.1118834109

103. Pallmer, K, Barnstorf, I, Baumann, NS, Borsa, M, Jonjic, S, and Oxenius, A. NK Cells Negatively Regulate CD8 T Cells via Natural Cytotoxicity Receptor (NCR) 1 During LCMV Infection. PLoS Pathog (2019) 15(4):e1007725. doi: 10.1371/journal.ppat.1007725

104. Rose, DL, Reagin, KL, Oliva, KE, Tompkins, SM, and Klonowski, KD. Enhanced Generation of Influenza-Specific Tissue Resident Memory CD8 T Cells in NK-Depleted Mice. Sci Rep (2021) 11(1):8969. doi: 10.1038/s41598-021-88268-7

105. Lee, SH, Kim, KS, Fodil-Cornu, N, Vidal, SM, and Biron, CA. Activating Receptors Promote NK Cell Expansion for Maintenance, IL-10 Production, and CD8 T Cell Regulation During Viral Infection. J Exp Med (2009) 206(10):2235–51. doi: 10.1084/jem.20082387

106. Schuster, IS, Wikstrom, ME, Brizard, G, Coudert, JD, Estcourt, MJ, Manzur, M, et al. TRAIL+ NK Cells Control CD4+ T Cell Responses During Chronic Viral Infection to Limit Autoimmunity. Immunity (2014) 41(4):646–56. doi: 10.1016/j.immuni.2014.09.013

107. McGrath, EE, Marriott, HM, Lawrie, A, Francis, SE, Sabroe, I, Renshaw, SA, et al. TNF-Related Apoptosis-Inducing Ligand (TRAIL) Regulates Inflammatory Neutrophil Apoptosis and Enhances Resolution of Inflammation. J Leukoc Biol (2011) 90(5):855–65. doi: 10.1189/jlb.0211062

108. Haworth, O, Cernadas, M, and Levy, BD. NK Cells are Effectors for Resolvin E1 in the Timely Resolution of Allergic Airway Inflammation. J Immunol (Baltimore Md 1950) (2011) 186(11):6129–35. doi: 10.4049/jimmunol.1004007

109. Barnig, C, Cernadas, M, Dutile, S, Liu, X, Perrella, MA, Kazani, S, et al. Lipoxin A4 Regulates Natural Killer Cell and Type 2 Innate Lymphoid Cell Activation in Asthma. Sci Trans Med (2013) 5(174):174ra26. doi: 10.1126/scitranslmed.3004812

110. Duvall, MG, Barnig, C, Cernadas, M, Ricklefs, I, Krishnamoorthy, N, Grossman, NL, et al. Natural Killer Cell-Mediated Inflammation Resolution is Disabled in Severe Asthma. Sci Immunol (2017) 2(9):eaam5446. doi: 10.1126/sciimmunol.aam5446.Citedin:Pubmed

111. Gray, J, Oehrle, K, Worthen, G, Alenghat, T, Whitsett, J, and Deshmukh, H. Intestinal Commensal Bacteria Mediate Lung Mucosal Immunity and Promote Resistance of Newborn Mice to Infection. Sci Trans Med (2017) 9(376):eaaf9412. doi: 10.1126/scitranslmed.aaf9412

112. Starkey, MR, Plank, MW, Casolari, P, Papi, A, Pavlidis, S, Guo, Y, et al. IL-22 and its Receptors are Increased in Human and Experimental COPD and Contribute to Pathogenesis. Eur Respir J (2019) 54(1):1800174. doi: 10.1183/13993003.00174-2018

113. Freeman, CM, Stolberg, VR, Crudgington, S, Martinez, FJ, Han, MK, Chensue, SW, et al. Human CD56+ Cytotoxic Lung Lymphocytes Kill Autologous Lung Cells in Chronic Obstructive Pulmonary Disease. PLoS One (2014) 9(7):e103840. doi: 10.1371/journal.pone.0103840

114. Liu, G, Lu, S, Wang, X, Page, ST, Higano, CS, Plymate, SR, et al. Perturbation of NK Cell Peripheral Homeostasis Accelerates Prostate Carcinoma Metastasis. J Clin Invest (2013) 123(10):4410–22. doi: 10.1172/JCI69369

115. Aquino-Galvez, A, Perez-Rodriguez, M, Camarena, A, Falfan-Valencia, R, Ruiz, V, Montano, M, et al. MICA Polymorphisms and Decreased Expression of the MICA Receptor NKG2D Contribute to Idiopathic Pulmonary Fibrosis Susceptibility. Hum Genet (2009) 125(5-6):639–48. doi: 10.1007/s00439-009-0666-1

116. Galati, D, De Martino, M, Trotta, A, Rea, G, Bruzzese, D, Cicchitto, G, et al. Peripheral Depletion of NK Cells and Imbalance of the Treg/Th17 Axis in Idiopathic Pulmonary Fibrosis Patients. Cytokine (2014) 66(2):119–26. doi: 10.1016/j.cyto.2013.12.003

117. Finch, DK, Stolberg, VR, Ferguson, J, Alikaj, H, Kady, MR, Richmond, BW, et al. Lung Dendritic Cells Drive Natural Killer Cytotoxicity in Chronic Obstructive Pulmonary Disease via IL-15ralpha. Am J Respir Crit Care Med (2018) 198(9):1140–50. doi: 10.1164/rccm.201712-2513OC

118. Jiang, D, Liang, J, Hodge, J, Lu, B, Zhu, Z, Yu, S, et al. Regulation of Pulmonary Fibrosis by Chemokine Receptor CXCR3. J Clin Invest (2004) 114(2):291–9. doi: 10.1172/JCI16861

119. Larsen, SK, Gao, Y, and Basse, PH. NK Cells in the Tumor Microenvironment. Crit Rev Oncog (2014) 19(1-2):91–105. doi: 10.1615/critrevoncog.2014011142.Citedin:Pubmed

120. Takanami, I, Takeuchi, K, and Giga, M. The Prognostic Value of Natural Killer Cell Infiltration in Resected Pulmonary Adenocarcinoma. J Thorac Cardiovasc Surg (2001) 121(6):1058–63. doi: 10.1067/mtc.2001.113026

121. Villegas, FR, Coca, S, Villarrubia, VG, Jimenez, R, Chillon, MJ, Jareno, J, et al. Prognostic Significance of Tumor Infiltrating Natural Killer Cells Subset CD57 in Patients With Squamous Cell Lung Cancer. Lung Cancer (Amsterdam Netherlands) (2002) 35(1):23–8. doi: 10.1016/s0169-5002(01)00292-6

122. Habif, G, Crinier, A, Andre, P, Vivier, E, and Narni-Mancinelli, E. Targeting Natural Killer Cells in Solid Tumors. Cell Mol Immunol (2019) 16(5):415–22. doi: 10.1038/s41423-019-0224-2

123. Bruno, A, Focaccetti, C, Pagani, A, Imperatori, AS, Spagnoletti, M, Rotolo, N, et al. The Proangiogenic Phenotype of Natural Killer Cells in Patients With non-Small Cell Lung Cancer. Neoplasia (2013) 15(2):133–42. doi: 10.1593/neo.121758

124. Lavin, Y, Kobayashi, S, Leader, A, Amir, ED, Elefant, N, Bigenwald, C, et al. Innate Immune Landscape in Early Lung Adenocarcinoma by Paired Single-Cell Analyses. Cell (2017) 169(4):750–65.e17. doi: 10.1016/j.cell.2017.04.014.Citedin:Pubmed

125. Carlin, LE, Hemann, EA, Zacharias, ZR, Heusel, JW, and Legge, KL. Natural Killer Cell Recruitment to the Lung During Influenza A Virus Infection Is Dependent on CXCR3, CCR5, and Virus Exposure Dose. Front Immunol (2018) 9:781. doi: 10.3389/fimmu.2018.00781

126. Wendel, M, Galani, IE, Suri-Payer, E, and Cerwenka, A. Natural Killer Cell Accumulation in Tumors is Dependent on IFN-Gamma and CXCR3 Ligands. Cancer Res (2008) 68(20):8437–45. doi: 10.1158/0008-5472.CAN-08-1440

127. Glasner, A, Levi, A, Enk, J, Isaacson, B, Viukov, S, Orlanski, S, et al. NKp46 Receptor-Mediated Interferon-Gamma Production by Natural Killer Cells Increases Fibronectin 1 to Alter Tumor Architecture and Control Metastasis. Immunity (2018) 48(1):107–19.e4. doi: 10.1016/j.immuni.2017.12.007.Citedin:Pubmed

128. Yang, Q, Goding, S, Hagenaars, M, Carlos, T, Albertsson, P, Kuppen, P, et al. Morphological Appearance, Content of Extracellular Matrix and Vascular Density of Lung Metastases Predicts Permissiveness to Infiltration by Adoptively Transferred Natural Killer and T Cells. Cancer Immunol Immunother (2006) 55(6):699–707. doi: 10.1007/s00262-005-0043-4

129. Hawke, LG, Whitford, MKM, and Ormiston, ML. The Production of Pro-Angiogenic VEGF-A Isoforms by Hypoxic Human NK Cells Is Independent of Their TGF-β-Mediated Conversion to an ILC1-Like Phenotype. Front Immunol (2020) 11:1903. doi: 10.3389/fimmu.2020.01903

130. Bottcher, JP, Bonavita, E, Chakravarty, P, Blees, H, Cabeza-Cabrerizo, M, Sammicheli, S, et al. NK Cells Stimulate Recruitment of Cdc1 Into the Tumor Microenvironment Promoting Cancer Immune Control. Cell (2018) 172(5):1022–37.e14. doi: 10.1016/j.cell.2018.01.004.Citedin:Pubmed

131. Cong, J, Wang, X, Zheng, X, Wang, D, Fu, B, Sun, R, et al. Dysfunction of Natural Killer Cells by FBP1-Induced Inhibition of Glycolysis During Lung Cancer Progression. Cell Metab (2018) 28(2):243–255.e5. doi: 10.1016/j.cmet.2018.06.021

132. Russick, J, Joubert, PE, Gillard-Bocquet, M, Torset, C, Meylan, M, Petitprez, F, et al. Natural Killer Cells in the Human Lung Tumor Microenvironment Display Immune Inhibitory Functions. J Immunother Cancer (2020) 8(2):e001054. doi: 10.1136/jitc-2020-001054

133. Castriconi, R, Carrega, P, Dondero, A, Bellora, F, Casu, B, Regis, S, et al. Molecular Mechanisms Directing Migration and Retention of Natural Killer Cells in Human Tissues [Review]. Front Immunol (2018) 9:2324(2324). doi: 10.3389/fimmu.2018.02324

134. Frey, M, Packianathan, NB, Fehniger, TA, Ross, ME, Wang, WC, Stewart, CC, et al. Differential Expression and Function of L-Selectin on CD56bright and CD56dim Natural Killer Cell Subsets. J Immunol (Baltimore Md 1950) (1998) 161(1):400–8.

135. Ferlazzo, G, and Morandi, B. Cross-Talks Between Natural Killer Cells and Distinct Subsets of Dendritic Cells. Front Immunol (2014) 5:159(159). doi: 10.3389/fimmu.2014.00159

136. Brownlie, D, Rødahl, I, Varnaite, R, Asgeirsson, H, Glans, H, Falck-Jones, S, et al. Comparison of Lung-Homing Receptor Expression and Activation Profiles on NK Cell and T Cell Subsets in COVID-19 and Influenza. Front Immunol (2022) 13:834862. doi: 10.3389/fimmu.2022.834862

137. Martin-Fontecha, A, Thomsen, LL, Brett, S, Gerard, C, Lipp, M, Lanzavecchia, A, et al. Induced Recruitment of NK Cells to Lymph Nodes Provides IFN-Gamma for T(H)1 Priming. Nat Immunol (2004) 5(12):1260–5. doi: 10.1038/ni1138

138. Widney, DP, Hu, Y, Foreman-Wykert, AK, Bui, KC, Nguyen, TT, Lu, B, et al. CXCR3 and its Ligands Participate in the Host Response to Bordetella Bronchiseptica Infection of the Mouse Respiratory Tract But are Not Required for Clearance of Bacteria From the Lung. Infect immunity (2005) 73(1):485–93. doi: 10.1128/IAI.73.1.485-493.2005

139. Qi, L, Zhang, Q, Miao, Y, Kang, W, Tian, Z, Xu, D, et al. Interleukin-33 Activates and Recruits Natural Killer Cells to Inhibit Pulmonary Metastatic Cancer Development. Int J cancer (2020) 146(5):1421–34. doi: 10.1002/ijc.32779

140. Bronger, H, Kraeft, S, Schwarz-Boeger, U, Cerny, C, Stockel, A, Avril, S, et al. Modulation of CXCR3 Ligand Secretion by Prostaglandin E2 and Cyclooxygenase Inhibitors in Human Breast Cancer. Breast Cancer Res (2012) 14(1):R30. doi: 10.1186/bcr3115.Citedin:Pubmed

141. Van Elssen, CH, Vanderlocht, J, Oth, T, Senden-Gijsbers, BL, Germeraad, WT, and Bos, GM. Inflammation-Restraining Effects of Prostaglandin E2 on Natural Killer-Dendritic Cell (NK-DC) Interaction are Imprinted During DC Maturation. Blood (2011) 118(9):2473–82. doi: 10.1182/blood-2010-09-307835

142. Carlsten, M, Levy, E, Karambelkar, A, Li, L, Reger, R, Berg, M, et al. Efficient mRNA-Based Genetic Engineering of Human NK Cells With High-Affinity CD16 and CCR7 Augments Rituximab-Induced ADCC Against Lymphoma and Targets NK Cell Migration Toward the Lymph Node-Associated Chemokine CCL19 [Original Research]. Front Immunol (2016) 7:105(105). doi: 10.3389/fimmu.2016.00105

143. Bernardini, G, Antonangeli, F, Bonanni, V, and Santoni, A. Dysregulation of Chemokine/Chemokine Receptor Axes and NK Cell Tissue Localization During Diseases [Mini Review]. Front Immunol (2016) 7:402(402). doi: 10.3389/fimmu.2016.00402

144. Halama, N, Braun, M, Kahlert, C, Spille, A, Quack, C, Rahbari, N, et al. Natural Killer Cells are Scarce in Colorectal Carcinoma Tissue Despite High Levels of Chemokines and Cytokines. Clin Cancer Res (2011) 17(4):678–89. doi: 10.1158/1078-0432.CCR-10-2173

145. Bell, TJ, Brand, OJ, Morgan, DJ, Salek-Ardakani, S, Jagger, C, Fujimori, T, et al. Defective Lung Function Following Influenza Virus is Due to Prolonged, Reversible Hyaluronan Synthesis. Matrix Biol (2019) 80:14–28. doi: 10.1016/j.matbio.2018.06.006

146. Hagenaars, M, Zwaveling, S, Kuppen, PJ, Ensink, NG, Eggermont, AM, Hokland, ME, et al. Characteristics of Tumor Infiltration by Adoptively Transferred and Endogenous Natural-Killer Cells in a Syngeneic Rat Model: Implications for the Mechanism Behind Anti-Tumor Responses. Int J cancer (1998) 78(6):783–9. doi: 10.1002/(sici)1097-0215(19981209)78:6<783::aid-ijc17>3.0.co;2-c.Citedin:Pubmed;PMID9833773

147. Fang, M, Yuan, J, Peng, C, and Li, Y. Collagen as a Double-Edged Sword in Tumor Progression. Tumour Biol (2014) 35(4):2871–82. doi: 10.1007/s13277-013-1511-7

148. Henke, E, Nandigama, R, and Ergun, S. Extracellular Matrix in the Tumor Microenvironment and Its Impact on Cancer Therapy [Review]. Front Mol Biosci (2019) 6:160(160). doi: 10.3389/fmolb.2019.00160

149. Fang, S, Dai, Y, Mei, Y, Yang, M, Hu, L, Yang, H, et al. Clinical Significance and Biological Role of Cancer-Derived Type I Collagen in Lung and Esophageal Cancers. Thorac Cancer (2019) 10(2):277–88. doi: 10.1111/1759-7714.12947

150. Sethi, T, Rintoul, RC, Moore, SM, MacKinnon, AC, Salter, D, Choo, C, et al. Extracellular Matrix Proteins Protect Small Cell Lung Cancer Cells Against Apoptosis: A Mechanism for Small Cell Lung Cancer Growth and Drug Resistance In Vivo. Nat Med (1999) 5(6):662–8. doi: 10.1038/9511.Citedin:Pubmed

151. Peng, DH, Rodriguez, BL, Diao, L, Chen, L, Wang, J, Byers, LA, et al. Collagen Promotes Anti-PD-1/PD-L1 Resistance in Cancer Through LAIR1-Dependent CD8+ T Cell Exhaustion. Nat Commun (2020) 11(1):4520. doi: 10.1038/s41467-020-18298-8

152. Goda, S, Inoue, H, Umehara, H, Miyaji, M, Nagano, Y, Harakawa, N, et al. Matrix Metalloproteinase-1 Produced by Human CXCL12-Stimulated Natural Killer Cells. Am J Pathol (2006) 169(2):445–58. doi: 10.2353/ajpath.2006.050676

153. Hawke, LG, Mitchell, BZ, and Ormiston, ML. TGF-β and IL-15 Synergize Through MAPK Pathways to Drive the Conversion of Human NK Cells to an Innate Lymphoid Cell 1-Like Phenotype. J Immunol (Baltimore Md 1950) (2020) 204(12):3171–81. doi: 10.4049/jimmunol.1900866

154. Lee, JC, Lee, KM, Kim, DW, and Heo, DS. Elevated TGF-Beta1 Secretion and Down-Modulation of NKG2D Underlies Impaired NK Cytotoxicity in Cancer Patients. J Immunol (Baltimore Md 1950) (2004) 172(12):7335–40. doi: 10.4049/jimmunol.172.12.7335

155. Zaiatz-Bittencourt, V, Finlay, DK, and Gardiner, CM. Canonical TGF-Beta Signaling Pathway Represses Human NK Cell Metabolism. J Immunol (Baltimore Md 1950) (2018) 200(12):3934–41. doi: 10.4049/jimmunol.1701461

156. Trotta, R, Dal Col, J, Yu, J, Ciarlariello, D, Thomas, B, Zhang, X, et al. TGF-Beta Utilizes SMAD3 to Inhibit CD16-Mediated IFN-Gamma Production and Antibody-Dependent Cellular Cytotoxicity in Human NK Cells. J Immunol (Baltimore Md 1950) (2008) 181(6):3784–92. doi: 10.4049/jimmunol.181.6.3784

157. Cortez, VS, Ulland, TK, Cervantes-Barragan, L, Bando, JK, Robinette, ML, Wang, Q, et al. SMAD4 Impedes the Conversion of NK Cells Into ILC1-Like Cells by Curtailing non-Canonical TGF-Beta Signaling. Nat Immunol (2017) 18(9):995–1003. doi: 10.1038/ni.3809

158. Gao, Y, Souza-Fonseca-Guimaraes, F, Bald, T, Ng, SS, Young, A, Ngiow, SF, et al. Tumor Immunoevasion by the Conversion of Effector NK Cells Into Type 1 Innate Lymphoid Cells. Nat Immunol (2017) 18(9):1004–15. doi: 10.1038/ni.3800

159. Silver, JS, and Humbles, AA. NK Cells Join the Plasticity Party. Nat Immunol (2017) 18(9):959–60. doi: 10.1038/ni.3817

160. Keskin, DB, Allan, DS, Rybalov, B, Andzelm, MM, Stern, JN, Kopcow, HD, et al. TGFbeta Promotes Conversion of CD16+ Peripheral Blood NK Cells Into CD16- NK Cells With Similarities to Decidual NK Cells. Proc Natl Acad Sci USA (2007) 104(9):3378–83. doi: 10.1073/pnas.0611098104

161. Cerdeira, AS, Rajakumar, A, Royle, CM, Lo, A, Husain, Z, Thadhani, RI, et al. Conversion of Peripheral Blood NK Cells to a Decidual NK-Like Phenotype by a Cocktail of Defined Factors. J Immunol (Baltimore Md 1950) (2013) 190(8):3939–48. doi: 10.4049/jimmunol.1202582

162. Bierie, B, Stover, DG, Abel, TW, Chytil, A, Gorska, AE, Aakre, M, et al. Transforming Growth Factor-Beta Regulates Mammary Carcinoma Cell Survival and Interaction With the Adjacent Microenvironment. Cancer Res (2008) 68(6):1809–19. doi: 10.1158/0008-5472.Can-07-5597

163. Bankhurst, AD. The Modulation of Human Natural Killer Cell Activity by Prostaglandins. J Clin Lab Immunol (1982) 7(2):85–91.

164. Kalinski, P. Regulation of Immune Responses by Prostaglandin E2. J Immunol (Baltimore Md 1950) (2012) 188(1):21–8. doi: 10.4049/jimmunol.1101029

165. Bonavita, E, Bromley, CP, Jonsson, G, Pelly, VS, Sahoo, S, Walwyn-Brown, K, et al. Antagonistic Inflammatory Phenotypes Dictate Tumor Fate and Response to Immune Checkpoint Blockade. Immunity (2020) 53(6):1215–29.e8. doi: 10.1016/j.immuni.2020.10.020.Citedin:Pubmed

166. Zelenay, S, van der Veen, AG, Bottcher, JP, Snelgrove, KJ, Rogers, N, Acton, SE, et al. Cyclooxygenase-Dependent Tumor Growth Through Evasion of Immunity. Cell (2015) 162(6):1257–70. doi: 10.1016/j.cell.2015.08.015

167. Okita, R, Maeda, A, Shimizu, K, Nojima, Y, Saisho, S, and Nakata, M. Clinicopathological Relevance of Tumor Expression of NK Group 2 Member D Ligands in Resected non-Small Cell Lung Cancer. Oncotarget (2019) 10(63):6805–15. doi: 10.18632/oncotarget.27308

168. Okita, R, Yukawa, T, Nojima, Y, Maeda, A, Saisho, S, Shimizu, K, et al. MHC Class I Chain-Related Molecule A and B Expression is Upregulated by Cisplatin and Associated With Good Prognosis in Patients With non-Small Cell Lung Cancer. Cancer Immunol Immunother (2016) 65(5):499–509. doi: 10.1007/s00262-016-1814-9

169. Coudert, JD, Zimmer, J, Tomasello, E, Cebecauer, M, Colonna, M, Vivier, E, et al. Altered NKG2D Function in NK Cells Induced by Chronic Exposure to NKG2D Ligand-Expressing Tumor Cells. Blood (2005) 106(5):1711–7. doi: 10.1182/blood-2005-03-0918

170. Deng, W, Gowen, BG, Zhang, L, Wang, L, Lau, S, Iannello, A, et al. Antitumor Immunity. A Shed NKG2D Ligand That Promotes Natural Killer Cell Activation and Tumor Rejection. Science (2015) 348(6230):136–9. doi: 10.1126/science.1258867

171. Thompson, TW, Kim, AB, Li, PJ, Wang, J, Jackson, BT, Huang, KTH, et al. Endothelial Cells Express NKG2D Ligands and Desensitize Antitumor NK Responses. Elife (2017) 6:e30881. doi: 10.7554/eLife.30881

172. Hanahan, D, and Weinberg, RA. The Hallmarks of Cancer. Cell (2000) 100(1):57–70. doi: 10.1016/s0092-8674(00)81683-9

173. Rojas-Quintero, J, Wang, X, Tipper, J, Burkett, PR, Zuniga, J, Ashtekar, AR, et al. Matrix Metalloproteinase-9 Deficiency Protects Mice From Severe Influenza A Viral Infection. JCI Insight (2018) 3(24):e99022. doi: 10.1172/jci.insight.99022

174. Waldhauer, I, Goehlsdorf, D, Gieseke, F, Weinschenk, T, Wittenbrink, M, Ludwig, A, et al. Tumor-Associated MICA is Shed by ADAM Proteases. Cancer Res (2008) 68(15):6368–76. doi: 10.1158/0008-5472.CAN-07-6768

175. Ferrari de Andrade, L, Tay, RE, Pan, D, Luoma, AM, Ito, Y, Badrinath, S, et al. Antibody-Mediated Inhibition of MICA and MICB Shedding Promotes NK Cell-Driven Tumor Immunity. Science (2018) 359(6383):1537–42. doi: 10.1126/science.aao0505

176. Zingoni, A, Molfetta, R, Fionda, C, Soriani, A, Paolini, R, Cippitelli, M, et al. NKG2D and Its Ligands: "One for All, All for One" [Review]. Front Immunol (2018) 9:476(476). doi: 10.3389/fimmu.2018.00476

177. Wang, LP, Niu, H, Xia, YF, Han, YL, Niu, P, Wang, HY, et al. Prognostic Significance of Serum sMICA Levels in non-Small Cell Lung Cancer. Eur Rev Med Pharmacol Sci (2015) 19(12):2226–30.

178. Vyas, M, Reinartz, S, Hoffmann, N, Reiners, KS, Lieber, S, Jansen, JM, et al. Soluble NKG2D Ligands in the Ovarian Cancer Microenvironment are Associated With an Adverse Clinical Outcome and Decreased Memory Effector T Cells Independent of NKG2D Downregulation. Oncoimmunology (2017) 6(9):e1339854. doi: 10.1080/2162402X.2017.1339854.Citedin:Pubmed

179. Jinushi, M, Takehara, T, Kanto, T, Tatsumi, T, Groh, V, Spies, T, et al. Critical Role of MHC Class I-Related Chain A and B Expression on IFN-Alpha-Stimulated Dendritic Cells in NK Cell Activation: Impairment in Chronic Hepatitis C Virus Infection. J Immunol (Baltimore Md 1950) (2003) 170(3):1249–56. doi: 10.4049/jimmunol.170.3.1249

180. Yamaguchi, K, Chikumi, H, Shimizu, A, Takata, M, Kinoshita, N, Hashimoto, K, et al. Diagnostic and Prognostic Impact of Serum-Soluble UL16-Binding Protein 2 in Lung Cancer Patients. Cancer Sci (2012) 103(8):1405–13. doi: 10.1111/j.1349-7006.2012.02330.x

181. Song, H, Kim, J, Cosman, D, and Choi, I. Soluble ULBP Suppresses Natural Killer Cell Activity via Down-Regulating NKG2D Expression. Cell Immunol (2006) 239(1):22–30. doi: 10.1016/j.cellimm.2006.03.002

182. Groh, V, Wu, J, Yee, C, and Spies, T. Tumour-Derived Soluble MIC Ligands Impair Expression of NKG2D and T-Cell Activation. Nature (2002) 419(6908):734–8. doi: 10.1038/nature01112

183. Ogasawara, K, Hamerman, JA, Hsin, H, Chikuma, S, Bour-Jordan, H, Chen, T, et al. Impairment of NK Cell Function by NKG2D Modulation in NOD Mice. Immunity (2003) 18(1):41–51. doi: 10.1016/s1074-7613(02)00505-8

184. Oppenheim, DE, Roberts, SJ, Clarke, SL, Filler, R, Lewis, JM, Tigelaar, RE, et al. Sustained Localized Expression of Ligand for the Activating NKG2D Receptor Impairs Natural Cytotoxicity In Vivo and Reduces Tumor Immunosurveillance. Nat Immunol (2005) 6(9):928–37. doi: 10.1038/ni1239

185. Guerra, N, Tan, YX, Joncker, NT, Choy, A, Gallardo, F, Xiong, N, et al. NKG2D-Deficient Mice are Defective in Tumor Surveillance in Models of Spontaneous Malignancy. Immunity (2008) 28(4):571–80. doi: 10.1016/j.immuni.2008.02.016

186. Basher, F, Dhar, P, Wang, X, Wainwright, DA, Zhang, B, Sosman, J, et al. Antibody Targeting Tumor-Derived Soluble NKG2D Ligand sMIC Reprograms NK Cell Homeostatic Survival and Function and Enhances Melanoma Response to PDL1 Blockade Therapy. J Hematol Oncol (2020) 13(1):74. doi: 10.1186/s13045-020-00896-0

187. Baginska, J, Viry, E, Berchem, G, Poli, A, Noman, MZ, van Moer, K, et al. Granzyme B Degradation by Autophagy Decreases Tumor Cell Susceptibility to Natural Killer-Mediated Lysis Under Hypoxia. Proc Natl Acad Sci U S A (2013) 110(43):17450–5. doi: 10.1073/pnas.1304790110

188. Fink, T, Ebbesen, P, Koppelhus, U, and Zachar, V. Natural Killer Cell-Mediated Basal and Interferon-Enhanced Cytotoxicity Against Liver Cancer Cells is Significantly Impaired Under In Vivo Oxygen Conditions. Scand J Immunol (2003) 58(6):607–12. doi: 10.1111/j.1365-3083.2003.01347.x

189. Loeffler, DA, Juneau, PL, and Heppner, GH. Natural Killer-Cell Activity Under Conditions Reflective of Tumor Micro-Environment. Int J cancer (1991) 48(6):895–9. doi: 10.1002/ijc.2910480617

190. Balsamo, M, Manzini, C, Pietra, G, Raggi, F, Blengio, F, Mingari, MC, et al. Hypoxia Downregulates the Expression of Activating Receptors Involved in NK-Cell-Mediated Target Cell Killing Without Affecting ADCC. Eur J Immunol (2013) 43(10):2756–64. doi: 10.1002/eji.201343448

191. Parodi, M, Raggi, F, Cangelosi, D, Manzini, C, Balsamo, M, Blengio, F, et al. Hypoxia Modifies the Transcriptome of Human NK Cells, Modulates Their Immunoregulatory Profile, and Influences NK Cell Subset Migration [Original Research]. Front Immunol (2018) 9:2358(2358). doi: 10.3389/fimmu.2018.02358

192. Siemens, DR, Hu, N, Sheikhi, AK, Chung, E, Frederiksen, LJ, Pross, H, et al. Hypoxia Increases Tumor Cell Shedding of MHC Class I Chain-Related Molecule: Role of Nitric Oxide. Cancer Res (2008) 68(12):4746–53. doi: 10.1158/0008-5472.CAN-08-0054

193. Muller, B, Fischer, B, and Kreutz, W. An Acidic Microenvironment Impairs the Generation of non-Major Histocompatibility Complex-Restricted Killer Cells. Immunology (2000) 99(3):375–84. doi: 10.1046/j.1365-2567.2000.00975.x

194. Moretta, A, Marcenaro, E, Parolini, S, Ferlazzo, G, and Moretta, L. NK Cells at the Interface Between Innate and Adaptive Immunity. Cell Death Differ (2008) 15(2):226–33. doi: 10.1038/sj.cdd.4402170

195. Fernandez, NC, Lozier, A, Flament, C, Ricciardi-Castagnoli, P, Bellet, D, Suter, M, et al. Dendritic Cells Directly Trigger NK Cell Functions: Cross-Talk Relevant in Innate Anti-Tumor Immune Responses in vivo. Nat Med (1999) 5(4):405–11. doi: 10.1038/7403.Citedin:Pubmed

196. Moretta, A. Natural Killer Cells and Dendritic Cells: Rendezvous in Abused Tissues. Nat Rev Immunol (2002) 2(12):957–64. doi: 10.1038/nri956

197. Walzer, T, Dalod, M, Robbins, SH, Zitvogel, L, and Vivier, E. Natural-Killer Cells and Dendritic Cells: "L'union Fait La Force". Blood (2005) 106(7):2252–8. doi: 10.1182/blood-2005-03-1154

198. Piccioli, D, Sbrana, S, Melandri, E, and Valiante, NM. Contact-Dependent Stimulation and Inhibition of Dendritic Cells by Natural Killer Cells. J Exp Med (2002) 195(3):335–41. doi: 10.1084/jem.20010934

199. Siren, J, Sareneva, T, Pirhonen, J, Strengell, M, Veckman, V, Julkunen, I, et al. Cytokine and Contact-Dependent Activation of Natural Killer Cells by Influenza A or Sendai Virus-Infected Macrophages. J Gen Virol (2004) 85(Pt 8):2357–64. doi: 10.1099/vir.0.80105-0.Citedin:Pubmed

200. Thompson, TW, Jackson, BT, Li, PJ, Wang, J, Kim, AB, Huang, KTH, et al. Tumor-Derived CSF-1 Induces the NKG2D Ligand RAE-1delta on Tumor-Infiltrating Macrophages. Elife (2018) 7:e32919. doi: 10.7554/eLife.32919

201. Crane, CA, Austgen, K, Haberthur, K, Hofmann, C, Moyes, KW, Avanesyan, L, et al. Immune Evasion Mediated by Tumor-Derived Lactate Dehydrogenase Induction of NKG2D Ligands on Myeloid Cells in Glioblastoma Patients. Proc Natl Acad Sci USA (2014) 111(35):12823–8. doi: 10.1073/pnas.1413933111

202. Allemani, C, Matsuda, T, Di Carlo, V, Harewood, R, Matz, M, Niksic, M, et al. Global Surveillance of Trends in Cancer Survival 2000-14 (CONCORD-3): Analysis of Individual Records for 37 513 025 Patients Diagnosed With One of 18 Cancers From 322 Population-Based Registries in 71 Countries. Lancet (London England) (2018) 391(10125):1023–75. doi: 10.1016/S0140-6736(17)33326-3

203. Zingoni, A, Fionda, C, Borrelli, C, Cippitelli, M, Santoni, A, and Soriani, A. Natural Killer Cell Response to Chemotherapy-Stressed Cancer Cells: Role in Tumor Immunosurveillance. Front Immunol (2017) 8:1194. doi: 10.3389/fimmu.2017.01194

204. Zhang, X, Wang, D, Li, Z, Jiao, D, Jin, L, Cong, J, et al. Low-Dose Gemcitabine Treatment Enhances Immunogenicity and Natural Killer Cell-Driven Tumor Immunity in Lung Cancer. Front Immunol (2020) 11:331. doi: 10.3389/fimmu.2020.00331

205. Hong, M, Puaux, AL, Huang, C, Loumagne, L, Tow, C, Mackay, C, et al. Chemotherapy Induces Intratumoral Expression of Chemokines in Cutaneous Melanoma, Favoring T-Cell Infiltration and Tumor Control. Cancer Res (2011) 71(22):6997–7009. doi: 10.1158/0008-5472.Can-11-1466

206. Chen, J, Liu, X, Zeng, Z, Li, J, Luo, Y, Sun, W, et al. Immunomodulation of NK Cells by Ionizing Radiation. Front Oncol (2020) 10:874(874). doi: 10.3389/fonc.2020.00874

207. Dall'Ozzo, S, Tartas, S, Paintaud, G, Cartron, G, Colombat, P, Bardos, P, et al. Rituximab-Dependent Cytotoxicity by Natural Killer Cells: Influence of FCGR3A Polymorphism on the Concentration-Effect Relationship. Cancer Res (2004) 64(13):4664–9. doi: 10.1158/0008-5472.CAN-03-2862

208. He, L, Zhu, HY, Qin, SC, Li, Y, Miao, Y, Liang, JH, et al. Low Natural Killer (NK) Cell Counts in Peripheral Blood Adversely Affect Clinical Outcome of Patients With Follicular Lymphoma. Blood Cancer J (2016) 6(8):e457. doi: 10.1038/bcj.2016.67

209. Sun, H, and Sun, C. The Rise of NK Cell Checkpoints as Promising Therapeutic Targets in Cancer Immunotherapy [Review]. Front Immunol (2019) 10:2354(2354). doi: 10.3389/fimmu.2019.02354

210. Zhang, Q, Bi, J, Zheng, X, Chen, Y, Wang, H, Wu, W, et al. Blockade of the Checkpoint Receptor TIGIT Prevents NK Cell Exhaustion and Elicits Potent Anti-Tumor Immunity. Nat Immunol (2018) 19(7):723–32. doi: 10.1038/s41590-018-0132-0

211. 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(10):4654–68. doi: 10.1172/JCI99317

212. Wrona, E, Borowiec, M, and Potemski, P. CAR-NK Cells in the Treatment of Solid Tumors. Int J Mol Sci (2021) 22(11):5899. doi: 10.3390/ijms22115899

213. Glienke, W, Esser, R, Priesner, C, Suerth, JD, Schambach, A, Wels, WS, et al. Advantages and Applications of CAR-Expressing Natural Killer Cells. Front Pharmacol (2015) 6:21. doi: 10.3389/fphar.2015.00021

214. Mok, TSK, Wu, Y-L, Kudaba, I, Kowalski, DM, Cho, BC, Turna, HZ, et al. Pembrolizumab Versus Chemotherapy for Previously Untreated, PD-L1-Expressing, Locally Advanced or Metastatic non-Small-Cell Lung Cancer (KEYNOTE-042): A Randomised, Open-Label, Controlled, Phase 3 Trial. Lancet (2019) 393(10183):1819–30. doi: 10.1016/S0140-6736(18)32409-7

215. Zeng, Y, Lv, X, and Du, J. Natural Killer Cell−Based Immunotherapy for Lung Cancer: Challenges and Perspectives (Review). Oncol Rep (2021) 46(5):232. doi: 10.3892/or.2021.8183

216. Malhotra, J, Jabbour, SK, and Aisner, J. Current State of Immunotherapy for non-Small Cell Lung Cancer. Transl Lung Cancer Res (2017) 6(2):196–211. doi: 10.21037/tlcr.2017.03.01

217. Wrangle, JM, Velcheti, V, Patel, MR, Garrett-Mayer, E, Hill, EG, Ravenel, JG, et al. ALT-803, an IL-15 Superagonist, in Combination With Nivolumab in Patients With Metastatic non-Small Cell Lung Cancer: A non-Randomised, Open-Label, Phase 1b Trial. Lancet Oncol (2018) 19(5):694–704. doi: 10.1016/s1470-2045(18)30148-7.Citedin:Pubmed

218. Melsen, JE, Lugthart, G, Vervat, C, Kielbasa, SM, van der Zeeuw, SAJ, Buermans, HPJ, et al. Human Bone Marrow-Resident Natural Killer Cells Have a Unique Transcriptional Profile and Resemble Resident Memory CD8+ T Cells. Front Immunol (2018) 9:1829. doi: 10.3389/fimmu.2018.01829

219. Dadi, S, Chhangawala, S, Whitlock, BM, Franklin, RA, Luo, CT, Oh, SA, et al. Cancer Immunosurveillance by Tissue-Resident Innate Lymphoid Cells and Innate-Like T Cells. Cell (2016) 164(3):365–77. doi: 10.1016/j.cell.2016.01.002

220. Mikulak, J, Bruni, E, Oriolo, F, Di Vito, C, and Mavilio, D. Hepatic Natural Killer Cells: Organ-Specific Sentinels of Liver Immune Homeostasis and Physiopathology [Review]. Front Immunol (2019) 10:946(946). doi: 10.3389/fimmu.2019.00946

221. Iijima, N, and Iwasaki, A. Tissue Instruction for Migration and Retention of TRM Cells. Trends Immunol (2015) 36(9):556–64. doi: 10.1016/j.it.2015.07.002

222. Terme, M, Ullrich, E, Aymeric, L, Meinhardt, K, Coudert, JD, Desbois, M, et al. Cancer-Induced Immunosuppression: IL-18-Elicited Immunoablative NK Cells. Cancer Res (2012) 72(11):2757–67. doi: 10.1158/0008-5472.CAN-11-3379

223. Lucas, M, Schachterle, W, Oberle, K, Aichele, P, and Diefenbach, A. Dendritic Cells Prime Natural Killer Cells by Trans-Presenting Interleukin 15. Immunity (2007) 26(4):503–17. doi: 10.1016/j.immuni.2007.03.006

224. Singhal, S, Stadanlick, J, Annunziata, MJ, Rao, AS, Bhojnagarwala, PS, O'Brien, S, et al. Human Tumor-Associated Monocytes/Macrophages and Their Regulation of T Cell Responses in Early-Stage Lung Cancer. Sci Trans Med (2019) 11(479):eaat1500. doi: 10.1126/scitranslmed.aat1500

225. Kargl, J, Busch, SE, Yang, GH, Kim, KH, Hanke, ML, Metz, HE, et al. Neutrophils Dominate the Immune Cell Composition in non-Small Cell Lung Cancer. Nat Commun (2017) 8:14381. doi: 10.1038/ncomms14381

226. Kamiya, T, Seow, SV, Wong, D, Robinson, M, and Campana, D. Blocking Expression of Inhibitory Receptor NKG2A Overcomes Tumor Resistance to NK Cells. J Clin Invest (2019) 129(5):2094–106. doi: 10.1172/JCI123955

227. Morisaki, T, Hirano, T, Koya, N, Kiyota, A, Tanaka, H, Umebayashi, M, et al. NKG2D-Directed Cytokine-Activated Killer Lymphocyte Therapy Combined With Gemcitabine for Patients With Chemoresistant Metastatic Solid Tumors. Anticancer Res (2014) 34(8):4529–38.




Conflict of Interest: 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Franklin, Connolly and Hussell. 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.


OEBPS/Images/fimmu-13-887503-g002.jpg
A Protective

B Pathogenic

N et

oo
oeoo

RAIL-R!

Lysis of
infected cells

TRAIL

Perforin
Granzyme B @

L
[ ]

HA

’ NKp46

MICA/B
ULBPs

NKG2D

Virus-infected
epithelium

s vt

o fe | *[e*
® e e e
Immune- LR
mediatedl o

damage

MICA/B [T 4ial
uLBPs
a

Lysis of
autologous
epithelium

® perforin
/’. ® Granzyme B

Virus-infected

epithelium

Impaired viral
clearance

Decreased
CD8* T cell
numbers

Lysis of

activated

CD4* T cells activated
CD4* T cells

Recruitment and
activation of
effector cells

!

Prevent T-cell-mediated
tissue damage

e
Lysis of\¢

/ Reduced
CD8* T cell

‘help’

C Reparative

Repair and

‘. H. H. regeneration of
\ epithelium

IL-22

oo

Pro—resolvir&i
xaa T
Perforin
S~ Gra:zymeB
TRAIL @ .
°.®

Promote apoptosis
of immune effectors

oo
\2 ;TRALR/
Reduced Lysis of
CD8 T cell activated
‘help’ CDAT cells

Prevent excessive inflammation
and autoimmunity






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Recruited and Tissue-Resident Natural Killer Cells in the Lung During Infection and Cancer

      

        		

          Introduction

        

          		

            Comparison of NK Cell Subtypes in the Blood and in the Lung

          



        



        



        		

          NK Cells in Disease Settings

        

          		

            NK Cells in Pulmonary Infections

          

            		

              NK Cells in the Resolution of Inflammation

            



          



          



          		

            NK Cells in Fibrotic Lung Disease

          



          		

            NK Cells in Lung Cancer

          



        



        



        		

          Factors Influencing Lung NK Cell Recruitment and Function

        

          		

            Chemokines

          



          		

            The Role of Matrix

          



          		

            TGFβ and PGE2

          



          		

            Soluble NKG2D Ligands

          



          		

            Hypoxia

          



          		

            NK Cell Interactions With Other Immune Cells

          



        



        



        		

          Outlook: NK Cell-Based Therapies for Lung Cancer

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-887503-g004.jpg
A Chemokines B  Extracellular matrix
Preferential recruitment of CD16™ cNK
Fibronectin
Collagen |

Collagen IV

Laminin

cNK cells unable to enter tumor

trcetag ® . Require MMPs / proteolytic

MCXCL9 @ — activity to break through ECM

MexcLio ®

Jexe X

TUMOR .
A\ ~
- ~
7 ... @ Cytotoxicity ~~
- - s ¢ JIFNY SO
o — S
4 \ { NKG2D and NKp30 ~

1 CD49a J Proliferation S
/M Inhibitory receptors )/ \{ Glycolysis N
1 VEGF, PlAGAF PGE2 ~ "
\ Cytotoxicity? Expansion of ‘ex-NK cells’/ ~

‘intermediate ILC1s’ (L CCL5 and XCL1 C Soluble factors





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
CD16” CD56" Both CD16* CD56%™
Receptor Ligand(s) Receptor Ligand(s) Receptor Ligand(s)
CCR7 CCL19, CCL20 CXCR4 CXCL12 CX3CR1 CX3CL1
CCR5 CCL3-5 CXCR3 CXCL4, CXCLO-11 CXCR2 CXCL1-3, CXCL5
CXCR1 CXCL8






OEBPS/Images/fimmu-13-887503-g001.jpg
More differentiated

CD16*
cD56dIMm

KIR*

Human

cp11bhl o cp27hi/lo
CD49b*

Mouse

Perforin
Granzyme
IFNy
TNFa

Less differentiated Tissue-resident

bri o
CD56"" CDE9* cpsedim/bri

CD16” CD103*\, CD16-
CD49a*

cD11b/1° ~py7hi cD11bN

CD69*
CD49b* cD27'°
CD49a"*

IFNy IFNy *
TNFa TNFa *
Perforin Perforin *
Granzyme Granzyme *

CD49b-





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.887503_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Recruited and Tissue-Resident
Natural Killer Cells in the Lung
During Infection and Cancer





OEBPS/Images/fimmu-13-887503-g003.jpg
TUMOR
Activating Inhibitory

JNKG2D TNKG2A

JNKp30

J NKp80

J DNAM1

CD69

T \ ° O\I/Perforln granzyme B

O
. . JTNFa
' LIFNy
JKi67 .v ® o Angiogenic factors

®., % © VEGF PIGF IL-8





OEBPS/Images/table1.jpg
trNK ielLC1 ILC1
Human
Markers CD56+/bright CD56+ CD56+/—
(unstimulated) CD16-/low CD16- CD16-
CD69+ CD69+ CD69+/—
CD103+ CD103+ CD49a-
CD49a+ CD49a+ IL-12RB2+
Perforin —/low Perforin low NKp44+/—
Granzyme B —/low Granzyme B low CD117-
CXCR6+ CD127- CD127+
NKG2A+ CD161+ CD161+
CD57- NKp46+ CRTH2-
CCL5+ CD94+
2B4+
CD160+
CD122+
Transcription Thet+ Tbet+ Thbet+
factors Eomes+ Eomes+ Eomes+/-
Response to  PMA/ionomycin: IL-12 + IL-15: PMA/ionomycin:
stimulation Increased GM-CSF expression by CD49a* trNK vs CD16™ cNK. ~10% positive for IFNy (no Can produce IFNy (cannot say % positive as
~60% of CD49a* trNK express IFNy and TNFa, but no difference in  difference between ielLC1 and cells gated on total ILC population, not ILC1
IFNy or TNFo. expression between CD49a* trNK and CD16™ cNK. CD103™ NK cells) specifically)
Low (10 - 30% positive) expression of CD107a, no difference in IL-12 + IL-18:
expression between CD49a" trNK and CD16™ cNK. ~10% positive for IFNy (no
IL-15: difference between ielLC1 and
Increased Ki-67 expression on CD16~ CD49a* trNK (~40%) vs CD103™ NK cells)
CD16" cNK (~10%), but no difference compared to CD16~ cNK.
100% expression of perforin and 60% expression of granzyme B on
CD49a* trNK ~ less than CD16* cNK (but no difference as
compared to CD16~ cNK)
Ex vivo influenza X31:
Increased CD107a on CD16™ CD49a* trNK vs CD16™ cNK (but no
difference between CD16* CD49a* tNK and CD16" cNK)
No significant difference in expression of CD107a or TNFo. between
CD49a* trNK and CD16™ cNK.
References (21, 26, 46, 58, 59) ) (1, 60-64)
Mouse
Markers Lineage — Not described in the lung Lineage —
(unstimulated) NK1.1+ NK1.1+
CD49%a+ CD49a+/high
CD49b- CD49b+/low
CD11b high CD11b+
CD27 low CD27-
CD90+
NKp46+
CD127-
Transcription  Not described in the lung Not described in the lung Thet+
factors Eomes low/~
RORgT-
Response to  Not described in the lung Not described in the lung PMA/ionomycin:

stimulation

References

(48, 65, 66)

Not described in the lung

ILC1 produced less IFNy and TNFo. than NK
cells and were less cytotoxic
(4, 67, 68)






OEBPS/Images/fimmu-13-887503-g005.jpg
A DC-mediated NK cell activation B NK-cell-mediated DC killing or activation

IL-15 trans-presented

\ NKG2D

IL-12, IL-18, IL-15,

Type 1 IFNs

1
|
NK cell activation iDCkilled ! iDC activation
|
1





