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    Abstract     Natural killer (NK) cells are lymphocytes of the innate immune system 
that have the ability to recognize malignant cells through detection of a variety of 
cell-surface indicators of stress and danger. Once activated through such recognition, 
NK cells release cytokines and induce target cell lysis through a variety of mecha-
nisms. NK cells are increasingly recognized as important mediators of other immu-
notherapeutic modalities, including cytokines, antibodies, immunomodulators, and 
stem cell transplantation. Adoptive immunotherapies with NK cells are being tested 
in early-stage clinical trials, and recent advances in manipulating their number and 
function have caused a renewed emphasis on this cancer-fi ghting cell. In this chapter 
we address the evidence for NK cell recognition of osteosarcoma in vitro and in vivo, 
discuss new therapies that are directly or indirectly dependent on NK cell function, 
and describe potential approaches for manipulating NK cell number and function to 
enhance therapy against osteosarcoma.  
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        Brief Overview of NK Cell Biology 

 NK cells are lymphocytes of the innate immune system with cytotoxic and regulatory 
functions, which are critical mediators of immune responses against infections and 
malignancies [ 1 ]. Unlike adaptive T and B lymphocytes, NK cells are characterized by 
their ability to recognize such targets without prior sensitization. Human NK cells 
comprise approximately 10–15 % of all peripheral blood lymphocytes and are 
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identifi ed by the lack of CD3 and the presence of CD56 and/or CD16. NK cells 
express several classes of activating receptors that recognize proteins which are 
upregulated by cell stress or are of nonself origin, and are negatively regulated by 
inhibitory receptors that primarily bind human leukocyte antigens (HLA) as a 
mechanism of self-recognition. NK-cell effector function, including target cyto-
toxicity, is triggered when the balance of activating and inhibiting signals is tipped 
towards activation. 

    Activating and Inhibitory Receptors 

 Several families of activating receptors have been characterized, including CD16 
(FcRγIIIa), natural cytotoxicity receptors (NCR), and NK Group 2 (NKG2)-family 
lectin-like receptors. CD16 is the low-affi nity Fc receptor which binds the Fc por-
tion of human IgG1 and IgG3, mediating antibody-dependent cell cytotoxicity 
(ADCC) of antibody-labeled cells [ 2 ]. The NCRs (NKp30, NKp44, and NKp46) are 
activating receptors that bind virus- and stress-related proteins, with expression 
mostly restricted to NK cells [ 3 ]. The receptors of the NKG2 family are expressed as 
heterodimers with CD94, except for NKG2D which is expressed as homodimer [ 4 ]. 
NKG2D, the major activating receptor in this family, recognizes MHC-class-I- related 
Chain A or B (MICA/B) and members of the UL-16 binding protein (ULBP)-family, 
which are increased in response to cellular stress. 

 Killer Immunoglobulin-like Receptors (KIR) have cytoplasmic domains com-
prised of a short immunoreceptor tyrosine-based activating motif (ITAM) or a long 
immunoreceptor tyrosine-based inhibition motif (ITIM) [ 4 ]. The primary inhibitory 
receptors in NK cells are the long-tailed KIRs and NKG2A, which serve to recognize 
self by binding to HLA class I molecules, preventing NK-mediated lysis of cells with 
normal HLA expression. 

 Fifteen closely related KIR genes are located on chromosome 19q13.4 and are 
present or absent in many haplotype combinations such that most individuals lack 
one or more KIR genes. In addition to their haplotype variability, KIR genes are 
highly polymorphic, are variably expressed between NK cells, and functional reac-
tivity is educated by interaction with the host HLA haplotypes. Thus, the NK-cell 
repertoire varies greatly between individuals. The allelic variations in KIR have 
been grouped into A and B haplotypes [ 5 ], with B haplotypes having greater num-
bers of activating KIR genes. Allogeneic transplants from donors with the “B” hap-
lotype are predicted to have superior NK cell-mediated antitumor effects [ 6 ]. 

 Inhibitory KIRs are specifi c for HLA isotypes on the basis of conserved amino 
acid residues at position 80. Approximately half of HLA-C alleles have the amino 
acid asparagine (N) at residue 80—referred to as Group C1—which confers binding 
to KIR2DL2 and KIR2DL3. The other half of the C alleles codes for lysine (K) at 
residue 80 (Group C2), which confers binding to KIR2DL1. Similarly, about 40 % 
of HLA-B alleles carry the supertypic serologic epitope HLA-Bw4 (defined 
primarily by threonine (T) at residue 80), which confers binding to KIR3DL1. 
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The presence of the HLA ligand regulates the activity of these KIRs during NK cell 
development through a process called licensing. Thus, given both parental alleles it 
is possible for the HLA type of an individual to restrict NK cell licensing to as few as 
one (e.g., C2/C2 homozygous and Bw4–) or as many as three (C1/C2 heterozygous 
and Bw4+) inhibitory KIR. 

 This HLA-biased education without HLA-restricted antigen recognition (as for 
T cells), gave rise to the “missing-self hypothesis,” which postulates that NK cells 
recognize and destroy autologous cells with lost or altered self-HLA class I molecules 
[ 7 ]. However, classical HLA class I is not always required to protect from NK-cell 
mediated cytotoxicity, nor is it always suffi cient to prevent NK-cell cytotoxicity [ 8 ].  

    Mechanisms of NK Cell-Mediated Killing 

 Upon receiving a predominance of activating signals, NK cells release granules 
containing perforin and granzymes directed towards the target cell. The perforins 
form a pore in the cell membrane, allowing entry of the granzymes to the cytoplasm 
to induce apoptosis by direct activation of caspase-3 [ 9 ]. NK cell activation also 
results in increased expression of death receptor ligands on the NK cell, such as Fas 
ligand (FasL) and tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) [ 10 ], which induce apoptosis via associated death receptors on target cells 
[ 11 – 13 ]. In addition to these pathways, NK cells also produce several cytokines 
such as IFN-γ, which are important in mediating the adaptive immune response 
against cancer [ 14 ].   

    Evidence for NK Cell Activity in Osteosarcoma 

    NK Cell Function in Osteosarcoma Patients 

 NK cells play a critical role in tumor surveillance and low NK cell cytotoxicity in 
older adults is associated with increased risk of developing cancer [ 15 ]. Clinical 
data show that NK cells may play an important role in osteosarcoma (OS) preven-
tion and treatment response. In patients with OS, a lower number of circulating NK 
cells was observed in peripheral blood compared to normal controls [ 16 ] suggest-
ing that NK cells play a preventive role in OS tumor development. Furthermore, 
patients undergoing treatment for OS demonstrate better survival outcome with 
faster absolute lymphocyte recovery compared to patient with slow lymphocyte 
recovery [ 17 ], denoting the antitumor role of the immune system in treatment 
response. Finally, patients with OS treated with Il-2 in addition to polychemo-
therapy and surgery showed augmentation in the number and activity of NK cells, 
the magnitude of which correlated with an improved clinical outcome [ 18 ]. 
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Whereas NK cells in patients with several types of cancer have been shown to have poor 
function, NK cells isolated from patients with OS were shown to be functionally and 
phenotypically unimpaired, have intact IFN signaling, and demonstrated cytolytic 
activity against autologous and allogeneic OS cells and other target cells [ 19 ,  20 ].  

    Expression of NK Ligands 

 The susceptibility of tumor cells to NK cell lysis is regulated by the proportion 
of inhibiting and activating signals perceived upon interaction of NK cells with the 
target cell. It correlates negatively with expression of HLA class I antigens and posi-
tively with intercellular adhesion molecules and activating ligands on the surface of 
tumor cells. 

 Downregulation of HLA class I antigens on the cell surface can be induced by 
stress conditions and is correlated with increased susceptibility to NK cell killing 
through decreased signaling by inhibitory KIRs, a phenomenon described as 
“missing- self.” In vitro experiments with OS cell lines of varying levels of HLA 
class I antigen expression show that OS cells with surface expression of HLA are 
less susceptible to killing by NK cells compared to cells lacking cell surface HLA; 
moreover, downregulation of cell-surface HLA enhances the sensitivity of 
NK-resistant OS cells to NK killing. Similarly, OS target cell killing correlates with 
their degree of KIR-HLA incompatibility with the NK cells [ 21 ]. In vivo, OS pri-
mary and metastatic tumors have been shown to lose or downregulate HLA class I 
expression, thus becoming more susceptible to NK cell killing [ 22 ]. 

 Expression of cell adhesion molecules renders tumor cells more susceptibility to 
NK-mediated lysis; these molecules fortify cell-to-cell interactions and provide 
co- stimulatory signals that enhance the cytotoxic activity of NK cells [ 23 ,  24 ]. 
Expression of the adhesion molecules CD54 and CD58 increases the bond between 
target and effector cells and correlates positively with the susceptibility of OS cells 
to NK lysis [ 25 – 27 ]. In vivo, lack of CD54 expression allows the circulation of 
tumor cells, avoids establishing stable cytolytic conjugates, and provides means of 
evading NK spontaneous lysis [ 28 ]. 

 Several activating receptor–ligand interactions have been implicated in the inter-
action of NK cells with OS cells. Ligands for NKG2D and DNAM-1 activating 
receptors (MICA/B, ULBP, PVR, and nectin-2) are widely expressed on OS cell 
lines and OS tumor samples [ 19 ,  29 ], rendering them more sensitive to NK recogni-
tion and killing. Cytolysis of OS cells is dependent on NKG2D and DNAM-1 path-
ways and blockade of both pathways is required for optimal inhibition of activated 
NK cells; activation through NKG2D and DNAM-1 pathways also overcomes inhi-
bition of NK cells mediated by KIR–HLA interaction [ 19 ]. In vivo, the level of 
MICA expression on OS cells has been correlated with staging; expression of MICA 
is higher in patients with early stage disease compared to late stage, suggesting a 
role for MICA-NKG2D mediated NK control of OS [ 29 ], and downregulation of 
MICA appears to be a common immune escape mechanism [ 30 ]. Unlike other 
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tumor types, MICA expression on OS tumor cells is unaltered by exposure to 
chemotherapy [ 19 ]. NK cell recognition of OS tumor cell has also been described via 
the NCR receptors, although the ligands on OS cells for these receptors is unknown.  

    Mechanisms of Killing 

 NK cells exert direct and indirect antitumor activity and kill target tumor cells via 
release of perforin and granzyme containing granules, secretion of cytokines and 
effector molecules, ligation of death receptors, and ADCC through the CD16 
receptor. 

 OS cell lines and freshly isolated OS tumor cells are susceptible to the cytolytic 
activity of activated NK cells [ 31 ]. The release of granules containing granzyme B 
(GrB) into the target cell cytoplasm is a predominant pathway involved in NK cell 
killing of OS cells; blocking GrB results in complete abrogation of NK-mediated 
OS lysis [ 19 ]. NK cytotoxicity to OS cells is enhanced by Fc–FcγR interaction; 
epidermal growth factor receptor (EGFR)-expressing OS cells are more susceptible 
to NK killing in the presence anti-EGFR monoclonal antibody (MoAb) compared to 
EGFR-negative OS cells [ 32 ]. The Fas-Fas ligand mediated apoptosis, an important 
process of target killing by NK cells, appears at least in vitro to play only a minor role 
in the interaction between NK cells and OS cells [ 19 ].  

    Mechanisms of Immune Escape 

 Tumor cells may acquire diverse mechanisms to evade NK cell recognition [ 33 ]. No or 
low expression of adhesion molecules or ligands for activating receptors and/or 
increased expression of ligands for inhibitory receptors are described mechanisms 
adapted by tumor cells to evade NK cell surveillance. In addition, shedding of 
NKG2D ligands (soluble sMICA) from the membrane of tumor cells can impair 
NKG2D-mediated cytotoxicity by blocking the NKG2D receptors on NK cells. 
Furthermore, secretion of immunosuppressive cytokines and transforming growth 
factor-β has been associated with defective NK cell function, restricting tumor cell 
recognition and killing. 

 Both classical and nonclassical HLA class I molecules, which are ligands for 
inhibitory KIR and CD94/NKG2A receptors, are expressed on some OS naïve tumors 
and may be increased in OS cells when exposed to chemotherapy [ 19 ]. 

 OS cell lines and tumor sample show higher expression of surface MICA com-
pared to normal bone tissue and benign bone tumors making them theoretically 
more susceptible to NK cells killing. However, soluble MICA was detected in the 
serum of some patient with OS resulting in diminished NKG2D expression on NK 
cells and decreased tumor cell killing. Clinical correlation showed that in patients 
with OS, elevated MICA expression combined with increased soluble MICA was 
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associated with decreased NKG2D expression on PBMC, and this combination 
correlated signifi cantly with advanced and metastatic disease [ 29 ,  34 ]. With progres-
sion of OS, expression of MICA decreases, soluble MICA increases, and expression 
of NKG2D on NK cells decreases [ 29 ].   

    Indirect Activation of NK Cell Function 

 In patients with OS, NK cell abnormalities have been described including lower 
numbers of circulating cells and decreased expression of activating receptors; these 
NK cells, however, have normal cytolytic activity following stimulation in vitro. 
The antitumor activity of NK cells can be modulated and enhanced by monoclonal 
antibodies, cytokines, or immunomodulators. 

    Monoclonal Antibodies 

 ADCC by NK cells requires interaction between the Fc receptor (CD16) on NK 
cells and the Fc region of an antibody binding to an antigen on the tumor cell surface, 
resulting in NK cell activation and degranulation toward the target cell. 

 EGFR is expressed on 90 % of OS tumor samples [ 35 ]. Cetuximab, a MoAb 
targeting EGFR, increases NK-dependent lysis of EGFR-expressing sarcomas. 
Importantly, the sensitivity to cetuximab-enhanced lysis by resting NK cells is com-
parable among most EGFR-expressing cell lines, including chemotherapy-resistant 
OS cells [ 32 ]. Although prolonged OS/NK cell cocultures and excess of tumor cells 
in culture results in diminished NK cell cytotoxicity secondary to downregulation 
of activating receptors on NK cell surface, ADCC killing of OS by NK cells is unal-
tered by this suppressive mechanism [ 36 ].  

    Cytokines 

 Cytokines may act directly on tumor cells as anti-proliferative agents and indirectly 
via activation of cellular immune agents such as NK cells leading to increased lysis 
of tumor cells. 

 Interleukin (IL)-15 potentiates the cytolytic activity of NK cells by increasing 
NKG2D expression on cell surface and enhancing GrB release upon activation. 
IL-15 activation reverses impaired expression of NKG2D and DNAM-1 and 
impaired NK cell cytotoxicity induced by prolonged cocultures of NK cells with 
OS cells, and NK cells activated with IL-15 prior to coculture with OS cells do not 
downregulate activating receptors and preserve functional activity despite prolonged 
exposure to target cells [ 36 ]. IL-2 and IL-12 increase cytotoxicity of NK cells to 
NK-sensitive and NK-resistant OS cell lines by increasing the density of CD18 and 
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CD2 receptors on the NK cell surface, enhancing the conjugate-forming capacity of 
NK cells to OS targets [ 37 ]. Importantly, targeted application of IL-2 to the lung by 
aerosolized delivery markedly improves the migration of adoptively transferred NK 
cells into lung metastasis, resulting in enhanced control of metastatic disease [ 38 ]. 

 IL-12 increases expression of ICAM-1 (a ligand for CD18) on OS cell lines 
cocultured with PBMCs in cell-to-cell contact [ 39 ]. In a mouse model of metastatic 
osteosarcoma, mice bearing pulmonary metastasis treated with IL-12 showed 
decreased number and size of pulmonary metastasis mediated by NK cells [ 40 ]. 
IFN potentiates NK-mediated lysis of OS cell lines, IFN-conjugated antibodies 
specifi cally localize tumor cells in a mouse xenograft tumor model and further 
increase NK cell activation and tumor cell lysis [ 41 ,  42 ]. IL-17 augments expression 
of fi bronectin on OS cell lines that express the IL-17 receptor, mediating increased 
adhesion of NK cells to OS cells and thus enhancing NK cytotoxicity. IL-17 has no 
direct effect on NK cells function [ 43 ].  

    Chemotherapy 

 As mentioned above, chemotherapy appears to increase expression of inhibitory 
ligands, but does not increase MICA [ 19 ]. Chemotherapy does increase sensitivity to 
ADCC by NK cells [ 36 ], and both gemcitabine [ 44 ] and cisplatin [ 45 ] may increase 
sensitivity of OS to direct NK cell lysis by upregulation of Fas or downregulation of 
anti-apoptotoic proteins.  

    Immunomodulators 

 In addition to MoAbs and cytokines, a variety immunomodulatory drugs have been 
successfully combined with NK cells to potentiate their antitumor activity and treat 
human malignancies [ 46 – 48 ]. 

 In the setting of OS, the activity of NK cells may be weakened or enhanced by 
immune-modulating agents. Sodium valproate (an HDAC inhibitor) and hydrala-
zine (a DNA-methylation inhibitor) increase the expression of MICA and MICB 
on OS cells, but not sMICA in serum, and therefore increase the susceptibility of 
tumor cells to NK cell lysis [ 49 ,  50 ]. Moreover, hydralazine increases cell surface 
expression of Fas and augments Fas-induced OS cell death, whereas valproic acid 
sensitizes OS cells to Fas-mediated cell death and decreases production of soluble 
Fas [ 49 ,  50 ], thus further potentiating OS sensitivity to NK cell killing. However, 
both HDAC inhibition [ 51 ] and DNA hypomethylation [ 52 ] can have an adverse 
direct effect on NK cell function, necessitating approaches that sequence drug 
therapy and cell therapy. A narrow-spectrum HDAC inhibitor, SNDX-275, has 
been shown to increase osteosarcoma killing through upregulation of Fas [ 53 ], 
c-FLIP [ 54 ], and MICA [ 52 ], and also augments NK cell function through upregulation 
of NKG2D [ 30 ]. 
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 Lenalidomide is an immunomodulatory thalidomide derivative with activity 
against a wide variety of cancers. Lenalidomide may enhance NK cell number and 
maturation through increased IL-15 levels [ 55 ]. Lenalidomide augments the activity 
of NK cells by enhancing ADCC of MoAbs against solid tumors [ 56 ], including 
trastuzumab and cetuximab activity against bone sarcomas [ 57 ]. Mifamurtide 
(MTP-PE), discussed extensively in chapter “IL-11Rα: A Novel Target for the 
Treatment of Osteosarcoma,” may exert some of its anticancer effect by enhancing 
NK cell activity [ 58 ]. 

 Heat treatment of OS cell lines increases their susceptibility to NK-cell-mediated 
lysis through upregulation heat-shock-protein 72 (HSP72) expression [ 59 ]. Hypoxia 
decreases the expression of MICA on OS cell lines in a hypoxia-inducible factor 1α 
(HIF-1α)-dependent manner and consequently decreases the susceptibility of tumor 
cells to NK cell lysis [ 60 ]. However, hypoxia does not interfere with MoAb- 
mediated target cell killing by ADCC [ 61 ].   

    NK Cell Adoptive Immunotherapy 

    Clinical NK Cell Sources and Trials 

 NK cells may be obtained in numbers suffi cient for clinical use in adoptive immu-
notherapy by apheresis and CD3 depletion, or by  ex vivo  expansion. NK cells have 
been successfully expanded from peripheral blood, cord blood, and pluripotent or 
embryonic stem cells. Expansion methods have included various combinations of 
cytokines, cytokine fusion proteins, cytokines and OKT3, cytokines and stromal 
support, antibody-coated beads, and feeder cells obtained from peripheral blood or 
derived from EBV-lymphoblastoid cell lines or K562 (reviewed in [ 62 ]). 

 NK cells have been delivered by adoptive transfer to very few patients with osteo-
sarcoma. Expanded NK cells were given as adjuvant immunotherapy after matched 
allogeneic transplant (C. Mackall, personal communication—ClinicalTrials.gov 
Identifi er NCT01287104). As mentioned above, KIR-ligand incompatibility is associ-
ated with increased NK cell activity against osteosarcoma cell lines [ 21 ]. Thus, simi-
lar to the observed benefi t in AML, it is likely that approaches using mismatched 
allogeneic donors for NK cell therapy of osteosarcoma will have greater antitumor 
effect than matched or autologous NK cells. NK92 is a cell line derived from a patient 
with NK cell leukemia and has NK cell-like activity against tumor cell lines. Clinical 
grade irradiated NK92 cells have been infused in a patient with advanced osteosar-
coma, though no response to treatment was observed [ 63 ].  

    Future Approaches 

 The recent availability of clinically viable approaches for obtaining large number of 
NK cells now enables the clinical testing of combination therapies to enhance NK 
cell function and osteosarcoma sensitivity. Genetic modifi cation of NK cells may 
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further enhance their activity against osteosarcoma. The antigen-binding domains 
of all of the MoAbs mentioned above have been identifi ed and genetically manipu-
lated to generate chimeric antigen receptors (CAR) that mediate enhanced killing 
by T cells, as described in chapter “Using Canine Osteosarcoma as a Model to 
Assess Effi cacy of Novel Therapies: Can Old Dogs Teach Us New Tricks?” These 
CAR also have potential application for clinical development in NK cells, and 
CAR with NKG2D-like specifi city can further improve the NK cell immunother-
apy of osteosarcoma in murine models [ 64 ]. The ability to deliver large cell doses, 
combination with sensitizing chemotherapy, radiation, or immunomodulatory 
drugs, and genetic modifi cations will be the subjects of cutting edge trials in the 
decade to come.      
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