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1. ABSTRACT

Natural killer (NK) cells are innate immune
cells that have long been known to be involved in the
recognition and lysis of tumor cells. Despite significant
gains in our understanding of the mechanisms that regulate
NK cell function, the development of successful NK cell-
based therapies has not yet been achieved. However, recent
advances in our ability to modulate NK receptor signals
and the sensitivity of tumor cells to NK cell-mediated lysis
have led to a number of clinical trials testing novel methods
to enhance NK cytotoxicity against cancer. Here, we
present an overview of current therapies.
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2. NATURAL KILLER CELLS

Natural killer (NK) cells are essential
lymphocytes of the innate immune system, which are
located in peripheral blood, lymphatics and tissues (1-3).
They provide a first line of defense against tumors, viruses,
certain bacterial and parasitic infections (4). The
recognition of infected and tumor cells is governed by
inhibitory and activating receptor-mediated signals (5, 6).
Recent genomic analysis identified NKp46 as a unique
marker expressed on NK cells of different species including
humans, mice and rats (7). Traditionally, however, mouse
NK cells have been defined as CD3™ lymphocytes that
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ither express NK1.1 or DX5 depending on the mouse strain
(8). In humans NK cells comprise a CD56CD3
subpopulation of lymphocytes. Approximately 90% of
peripheral human NK cells express low levels of CD56
(CD56%™). The CD56“™ population is characterized by
highly effective cytotoxicity upon stimulation and their
ability to mediate antibody-dependent cellular cytotoxicity
due to their expression of the FcyR III (CD16) receptor.
The remaining 10% of peripheral human NK cells express
high levels of CD56 (CD56™"). In response to activation
signals, CD56"€" NK cells secrete high levels of cytokines
such as interferon-y (IFN-y), tumor necrosis factor o (TNF-
a) and granulocyte-macrophage colony-stimulating factor
(GM-CSF), but do not efficiently lyse target cells. Here, we
review current strategies that are based on our improved
understanding of tumor recognition by NK cells and
discuss novel approaches for future NK cell based
immunotherapies of cancer.

2.1. Regulation of NK cell functions

The qualitative and quantitative response of
NK cells depends on cytokines and interactions with other
immune cells, such as T cells, dendritic cells (DCs) and
macrophages (9). Human NK cell effector function is
regulated by cytokines such as interleukin-2 (IL-2), IL-12,
IL-15, TIL-18, IL-21, IFN-a, IFN-B, TGF-$ and Toll-like
receptor (TLR) ligands (10, 11). IL-2 has long been used in
vitro and in vivo to promote proliferation, cytotoxicity, and
partially the cytokine secretion of NK cells (lymphokine
activated killer cells - LAK cells), which are capable of
lysing tumor cell lines (see table 1 for a summary of
clinical trials) (4, 12-16). Infusion of LAK cells with
concomitant injection of recombinant IL-2, however, only
showed a response in 10-20% of the renal cancer patients in
a clinical trial (17). Further increase in number of LAK
cells or IL-2 proved to be ineffective in part because IL-2
promotes the expansion of regulatory T cells, which appear
to suppress NK cell effector functions (18).

Injection of recombinant human IL-12
intratumorally resulted in measurable immunological
response levels and tumor regression of human and murine
melanoma (19-23). However, IL-12 showed dose-limiting
toxicities at 500 ng/kg (24-26). Repeated administrations of
IL-12 were also associated with persistently elevated
plasma levels of IL-10, presumably due to IL-12-induced
IL-10 production by T cells (19, 20, 27). Finally,
administration of IL-12 transiently diminished NK cells
numbers in the blood of patients, which may be caused by
migration of NK cells from blood to lymph nodes, lungs,
liver, and spleen (28).

The effectiveness of several other cytokines
that regulate NK cell function has been assessed in clinical
trials. IL-15 plays an important role in the development,
survival and probably activation of NK cells (29, 30).
Treatment of NK cells with IL-15 increases the expression
of cell survival genes such as Bcl-2, Bel-xL, survivin and
NK-related effector molecules like perforin and granzyme
B in splenic NK cells (31, 32). Administration of IL-15 in
combination with chemotherapeutic agents such as
cyclophosphamide enhances anti-tumor response in tumor-
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bearing mice (33, 34).

In a phase I clinical study, IL-18 infusion
increased IFN-y serum levels and FasL expression on NK
cells (35). It remains to be determined if the unconfirmed
partial antitumor responses observed in two patients
correlated with NK cell activation.

IL-21 was shown to enhance tumor rejection
through NKG2D-dependent mechanisms in mice (36).
Administration of IL-21 in melanoma patients in phase I
trials induced a dose dependent transient decrease in
circulating NK cells and T cells, but enhanced the ability of
NK cells to kill sensitive targets ex vivo and increased the
perforin and granzyme B mRNA levels (37, 38).

Infusion of IFN-o resulted in 60 to 80%
response in CML patients, which correlated with NK
activity (39° 40). IFN-a and IFN-B (Type I interferons)
have also been shown to be critical for tumor surveillance
by NK cells in vivo (41). 3-methycholanthrene (MCA)
treated type I IFN receptor deficient mice (IFNAR1™ and
IFNAR2™) show increased susceptibility to fibrosarcoma
formation (42). In vivo, type I IFN expression is induced by
pathogen associated molecular patterns (PAMPs), uniquely
expressed by certain microbes (43). Many PAMPs bind to
TLRs, the intracellular RIG-I like helicases or NOD
molecules expressed by most cells types (44). Upon
binding of their respective ligands these receptors induce a
signal cascade that activates transcription factors such as
NF-kB and interferon-regulated factor 3 (IRF3), leading to
the expression of type I IFNs and IL-18 (45). Interestingly,
TLR2, TLR3 and TLRY agonists can directly activate
human NK cells in the presence of cytokines (46-48).
Hence, human NK cells may contribute to the adjuvant
effects of TLR agonists, which appear to be safe in
triggering NK and T cell function in phase I clinical trials
of lymphoma patients (49-52). TLR3 agonists have also
been used to treat patients with the chronic fatigue
syndrome, a disease associated with defects in NK cell
functions (53, 54). Bacillus Calmette-Guerin
immunotherapy (containing TLR2, 4, and 9 agonists) for
superficial bladder cancer also depends on NK cell
functions in mice (55). In summary, TLR agonists may
have great potential in NK cell based therapies by inducing
type I IFN expression and activating NK cells directly.
Combination with other cytokines may further improve
their efficacy.

2.2. Recognition of target cells by NK cells

NK cell activation is regulated by a balance
between a variety of activating receptors such as NKp46,
NKp44, NKp30 (collectively called NCRs), DNAM-1 and
NKG2D, as well as inhibitory NK cell receptors (5, 6).
Inhibitory receptors include members of at least three
families of proteins: the lectin-like Ly49 family present in
mice and rats, but not in humans; the Kkiller cell
immunoglobulin-like receptor (KIR) found in humans and
other primates, but not in mice; and the CD94/NKG2A
receptor shared by all species so far examined. Many of
these inhibitory receptors expressed by NK cells are
specific for major histocompatibility complex (MHC) class
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Table 1. Summary of clinical trials that modulate NK cell function

Treatment Phase Pat;tent Exp. Design Cancer type Response Effect on NK cells Ref.
Cytokines
IL-2' 1,2 23 iv.+BMT Breast cancer, NHL* 0% ND’ 12
IL-2 2,3 270 iv. Mel® 16% ND 14
1L-2 1,2,3 1712 iv.ors.c.’ RCC? 15% ND 15
1L-2 1 19 s.C. Advanced cancer ND Expansion 16
IL12 1 26 s.C. RCC ND W inblood | 19

. 12 13
IL-12 2 10 il HNSCC!! xp | Vin blmd/fm d“;ml;lljrs 20
IL-12 1 40 iv. Advanced cancer ND Cytotoxicity 22
1L-12 1 28 iv. +1L-2 RCC, Mel 1 partial ND 23
1L-12 1 14 iv. RCC, Mel 1 partial ND 24
14 15 16

IL-12 1 40 i, | ROGMel CCTPCR Cot 2 partial ND | 26
IL-18 1 28 iv. RCC, Mel, HL"® 2 partial V¥ in blood 35
IL-21 1 29 iv. Mel 1CR" Cytotoxicity 36
1L-21 1 72 iv. RCC, Mel ND | W inblood, Cytotoxicity | 38
IFN-alpha® 26 iv. CML”! 60—80% Cytotoxicity 39
IFN-alpha 26 iv. CML 58% remission Cytotoxicity 40
TLR Agonists™
CpG 1 23 iv. NHL 2 Cytotoxicity 50
Cell Therapy
LAK cells® 1,2 34 i.v.+IL-2 + BMT Lymphoma, Breast cancer 0% Cytotoxicity 12
HSC* (KIR IR>, Thiotepa, Flu®® or o/ (r0 Alloreactivity,
mismatched) 120 Cy”, ATG® AML 34% (6% Curl) Cytotoxicity 77
HCT? (KIR 130 ALL*, AML’!, CML, MDS®, Survival 87% ND 78
mismatched) NHL, HD*, MM* (48% Ctrl*)
HCT (KIR 2026 AML, CML, MDS |  0.54 relative risk ND | 79
mismatched)
HCT (KIR ALL, AML, CML, SAA*®,
mismatched) 175 Leukemia, MD*’ No response ND 80
HCT (KIR 1571 AML, CML, MDS No response ND | 81
mismatched)
Haploidentical NIC 43 Cy+Flu AML, Mel, RCC, HD 5 CR (AML) Expansion | 82
NK-92 1 12 iv. RCC 1 minor ND 83
Antibody
Therapeutics
Rituximab 1 43 +IL-2s.c. B-cell NHL 53% ADCC* 93
Rituximab 2 57 +1L-2 s.c. Indolent NHL 8.80% ND 95
Rituximab 1 10 +1L-2iv.+ LAK B-cell NHL 1 partial, 4 SD* ADCC 94
/P30 specific |y 5 15 iv. HD 25% Cytotoxicity | 96
Cpre/ep30 specific 2 16 IL-2 + GM-CSF" HD 29% ADCC | 97
Chemotherapy
Ara-C* 3 320 s.c. + Histamine + IL-2 AML 40% (Ctrl 26%) ND 13
gaunorublcm + Ara- 1 32 iv. +1L-2 AML 55% relapse free Cytotoxicity | 119
Flu 2 40 i.v. + Rituximab Low-Grade or Follicular 80% complete Transient, modest W 121

Lymphoma

Abbreviations: IL, Interleukin'; i.v., Intravenous’; BMT, Bone Marrow Transplantation3; NHL, Non-Hodgkin’s Lymphoma“; ND, Not
Determined’; Mel., Melanoma®; s.c., Subcutaneous’; RCC, Renal Cell Carcinoma®; |, Decrease’; i.t., Intratumoral'’; HNSCC, Head and Neck
Squamous Cell Carcinoma''; 1, Increase'’; LN, Lymph node'*; CC, Colon Cancer'’; PC, Parotid Cancer'; CerC, Cervical Cancer'®; ACC,
Adenoid Cystic Cancer'’; HL, Hodgkin’s Lymphomals; CR, Complete Responselg; IFN, Interferon®’; CML, Chronic Myeloid Leukemia®'; TLR,
Toll-like receptor”?; LAK, Lymphokine Activated Killer”; HSC, Hematopoietic Stem Cell*; IR, Irradation®; Flu, Fludarabine®; Cy,
Cyclophosphamide”’; ATG, Antithymocyte Globulin®*; HCT, Hematopoietic Cell Transplantation®®; ALL, Acute Lymphoblastic Leukemia®;
AML, Acute Myeloid Leukemia®'; MDS, Myelodysplastic Syndrome32; HD, Hodgkin’s Disease®; MM, Multiple Myeloma”; Ctrl, Control®*;
SAA, Severe aplastic anemias*®; MD, Metabolic Disorder’’; ADCC, Antibody-dependent Cell-mediated Cytotoxicity’m; SD, Stable Disease®’; Ab,
Antibody*’; GM-CSF, Granulocyte Macrophage-Colony Stimulating Factor*'; Ara-C, Cytosine Arabinoside®.

I molecules, which are expressed by most vertebrate cells
and may protect normal cells from NK cell attacks. In
addition, several inhibitory receptors exist that are specific
for non-MHC class I ligands such as the NKR-P1B and
NKR-P1D receptors, which bind to Clr-b/Ocil, a member
of a distinct family of lectin-like cell surface glycoproteins
(56, 57). Inhibitory receptors play a central role in 'missing
self-recognition' by NK cells; the capacity of NK cells to
attack cells that lose or downregulate expression of MHC

cytotoxicity.
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class I molecules (58, 59). Lowered or absent MHC class [
expression often occurs in tumor cells and infected cells,
presumably as a means for these cells to evade an adaptive
immune response. However, the ability of NK cells to lyse
cells does not always correlate with MHC class [
expression. These findings suggested the existence of
activating receptors on NK cells whose engagement by
tumor cell ligands is necessary to trigger NK-mediated
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One of the best-characterized NK cell-
activating receptor in the context of cancer is NKG2D (60-
62). All NK cells constitutively express NKG2D. In
humans its surface expression requires association with the
adaptor protein DAP10. Engagement of NKG2D leads to
cytokine secretion and cytotoxicity that is mediated via
phosphatidylinositol-3-kinase and phospholipase C (63).
NKG2D recognizes MHC class I chain-related (MIC) A
and B proteins and UL16 binding proteins (ULBP) in
humans and Rael, H60 and Multl molecules in mice (60).
NKG2D ligand expression has been observed on tumors of
many origins, in particular in solid tumors, lymphomas and
myeloid leukemia (64, 65). Although cellular ligands of
NCRs on target cells have not yet been identified, blocking
experiments suggest an important role for NCRs in the NK
cell recognition of tumor cells (66). Recently DNAM-1 was
shown to be critical for the ability of NK cells to recognize
and lyse MCA and 7,12-dimethylbenzanthracene (DMBA)
induced tumors (67). In vitro studies further suggest that
DNAM-1 is also required for NK cell-mediated killing of
tumor cells, such as neuroblastoma and myelomas,
expressing the DNAM-1 ligands CD155 and CD112 (68,
69).

2.3. Blocking of inhibitory signals in NK cell therapy

A novel concept to enhance NK cell function
is to block inhibitory NK receptors. Antibodies that block
inhibitory receptors have been shown to enhance tumor
rejection in preclinical models of leukemia and melanoma
(70). Phase I clinical trials are currently investigating the
effects of a humanized monoclonal antibody that blocks the
interactions between KIR2DL1, 2, 3 inhibitory receptors and
HLA-C ligands in patients with AML and multiple myeloma
in remission after chemotherapy (71). Furthermore, blocking
of KIRs enhances the NK cell-mediated lysis of B cell tumors
by rituximab, an anti-CD20 antibody (72). Other attempts at
reducing inhibitory signaling rely on proteosome inhibitors (f.
e. Bortezomib), which reduce MHC expression on target cells
(73). Proteosome inhibitors also sensitize tumor cells to NK
cell-mediated lysis via upregulation of the TRAIL receptor and
NKG2D ligands (73-75).

Another promising approach is to exploit NK
alloreactivity in allogeneic transplantations. NK cell
alloreactivity derives from a mismatch between inhibitory
receptors for self-MHC class I molecules on donor NK cell
subsets and the MHC class I ligands on recipient cells resulting
in lack of KIR-mediated inhibition. Results from murine
models and patients showed that NK cell alloreactivity could
eliminate leukemic cells and reduce graft-versus-host disease
(GVHD) thereby improving survival (76-79). Alloreactive NK
cells also eradicated recipient DCs and T cells improving
hematopoietic engraftment (76). However, some subsequent
studies were not able to confirm the beneficial effects of
allogeneic transplantation (80, 81). The discrepancies between
these studies may partially be explained by differences in the
degree of KIR mismatches, number of stem cell in the graft
and the degree of T cell removal from the grafts.

The potential contribution of allogeneic NK
cells to mediate graft versus leukemia effects has prompted
clinical studies of adoptive allogeneic NK cell
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immunotherapy. Previous studies using autologous NK
cells found no consistent efficacy in cancer patients when
compared with cohorts of matched controls (12). Adoptive
transfer of haploidentical NK cells in AML patients
induced complete remission in 5 out of 19 patients (82).
Remission depended on high dose chemotherapy prior to
NK cell infusion. High-dose immunosuppressive regimen
allowed for transient NK engraftment and in vivo
expansion, which correlated with increased systemic levels
of IL-15. Infusion of a human NK cell line NK-92, which
lacks KIR receptors, in patients with advanced refractory
renal cell cancer and melanoma has been shown to be safe
in a phase I trial (83). The possibility of large-scale
expansion and relative safety of administering allogeneic
NK cells or NK cells that lack KIR receptors may enable
NK cell-based therapy although their antitumor activity
against different cancers remains to be determined.

2.4. Modification of positive signals in NK cell activation

A number of different approaches are used to
enhance activating receptor signals. The low affinity Fcy
receptor [lla, CDI16, is unique among the activating
receptors as engagement of CD16 is sufficient for lysis of
target cells by both resting and IL-2-activated NK cells (84,
85). Thus CD16 allows NK cells to recognize and lyse
antibody-coated tumor cells (86). This antibody-dependent
cellular cytotoxicity (ADCC) has been suggested as a
mechanism that may contribute at least in part to the
efficacy of monoclonal antibody therapies against tumors,
such as rituximab (anti-CD20) and trastuzumab (anti-
Her2/Neu) (87-91). Responsiveness to rituximab in patients
with  non-Hodgkin’s  lymphoma  correlates  with
polymorphisms in CD16 and CD32 (88, 92). Furthermore,
it was shown that blocking the inhibitory receptor
KIR3DL1 with an antibody enhanced the ADCC response
of NK cells against a lymphoma cell line (72). Phase I
clinical trials combining monoclonal antibody therapy with
IL-2 or infusion of activated NK cell appeared to increase
their efficiency (93, 94). However, some phase 2 trials have
shown no beneficial effects (95-97). Different approaches
are being tested to render ADCC by NK cells more
efficient. The affinity of the Fc region for CD16 can be
enhanced using protein-engineering approaches (89). A
related therapeutic approach is the use of bispecific
antibodies specific for CD16 on NK cells and tumor
antigens such as CD20, CD19 or ERB2 (97-99). Hodgkin’s
lymphoma patients that were treated with bispecific
antibodies against CD16 and CD30 showed some antitumor
response (97). Finally, soluble proteins in which the
constant region of human IgGl was fused to the
extracellular portion of an activating receptor, NKp30 have
been shown to inhibit the growth of two different human
prostate cancer cell lines in vivo (100).

Recent advances to genetically modify NK
cells have been used to introduce transgenes for activating
chimeric receptors into human NK cells. Human NK-92
cells which ectopically express a chimeric receptor
consisting of a CD20-specific single-chain variable
antibody fragment connected to the intracellular CD3(
chain display markedly enhanced cytotoxicity against
CD20 positive target cells, when compared to CD20
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negative cells (101). Similarly, the transduction of ex vivo
expanded NK cells with a chimeric anti-CD19-CD3(-4-
1BB receptor dramatically enhanced their ability to kill
CD19-expressing malignant B cells (102). This study also
highlights the importance of the choice of the intracellular
domain, as DAP10, an adaptor associated with several
activating receptors, was less efficient in stimulating NK
cells (102, 103). Careful testing of different intracellular
domains may allow to further increase the effector
functions of NK cells.

2.5. Induction of ligands for activating receptors

A similar approach is to specifically induce or
increase the expression of ligands for activating receptors
and thereby rendering tumor cells more susceptible to NK
cell-mediated lysis. An attractive target for enhancing the
therapeutic activity of NK cells against cancer is the
NKG2D ligand system. A number of reports suggest that
ectopic expression of NKG2D ligands in rare tumor cell
lines that lack endogenous NKG2D ligands renders the
cells sensitive to NK cell lysis in vitro and increases their
immunogenicity in vivo. In some cases long-lasting T cell-
mediated immunity against the tumor cells was observed
(61, 104). In addition, administration of a DNA-vaccine
encoding NKG2D ligands and tumor antigens, but not tumor
antigens by themselves, induced immune responses that were
able to eradicate established tumors (105). NKG2D has also
been implicated in recent studies to be important in controlling
the incidence and progression of cutaneous carcinogenesis and
in surveillance of carcinogen-induced tumors (62, 106). In
summary, a large body of evidence suggests a role for
NKG2D-mediated immune activation in tumor rejection, but
more experimental evidence is needed. Recent studies have
provided a number of candidate approaches for optimizing
NKG2D-dependent killing in vivo. Chemotherapeutic agents,
radiation and histone deacetylase inhibitors have been reported
to induce NKG2D ligand up-regulation on tumors, sensitizing
them to NKG2D-dependent NK cell cytolysis in vitro (107-
111). In addition, chemotherapy also upregulated the
expression of PVR, a ligand for the activating receptor
DNAM-1 on multiple myeloma cells (112). Our data indicate
that in vitro NKG2D ligand and PVR induction is independent
of p53, which is required for self-intrinsic apoptosis in
response to chemotherapeutic agents (107, 113 and our
unpublished observations). As p53 function is often disrupted
in cancer, it is possible that increased sensitivity of treated cells
to NK cell-mediated lysis accounts for some of the efficacy of
chemotherapeutic drugs. A number of studies using mouse
models have shown that low doses of some chemotherapeutic
agents enhance anti-tumor immunity (114, 115). In a few cases
it correlated with an increased NK cell activity (16, 116-118).
In AML patients chemotherapy in combination with injection
of low dose IL-2 increased NK cells and T cells numbers and
enhanced cytolytic activity against leukemia cells (119).
Studies using low dose chemotherapy suggest that it may be
equal or even superior to high-dose chemotherapy, which is
frequently ~ immunosuppressive  (120).  Furthermore,
chemotherapy may help antibody-based therapies although the
role of NK cells has not been explored (121-123). It remains
to be shown if the efficacy of chemotherapeutic agents
partially relies on NK cells in vivo.
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3. CONCLUSION AND PROSPECTS

The anti-tumor activity of NK cells has long
been observed in vitro and in vivo. The molecular
characterization of the inhibitory and activating receptor-
ligand systems has allowed novel NK-cell based
immunotherapeutic strategies against human cancer. A
promising idea is to reduce inhibitory signals in NK cells
by using haploidentical NK cells in adoptive transfer
therapies, which suggest clinical anti-tumor effects without
adverse side effects. Current efforts are focused on
understanding which factors allow the survival, expansion
and activation of adoptively transferred NK cells in vivo.
Such strategies may also be used in combination with other
treatments such anti-tumor antibodies, potentially leading
to synergistic anti-tumor activities.

In tumors that express insufficient amounts of
activating ligands combination therapies using antibodies
targeting tumor antigens that bind with high affinity to
FceyRIII, together with NK cell adjuvants are worthwhile
options to be validated in clinical trials. Direct
manipulation of activating ligand levels on tumor cells by
chemotherapeutic agents may offer a new exciting
possibility to render tumor cells more susceptible to NK
cell-mediated killing. It will be important to carefully
evaluate the different chemotherapy agents and the optimal
dose to achieve ligand upregulation without negatively
affecting NK cell activation. Combination of chemotherapy
with subsequent adoptive transfer of NK cells may in part
circumvent toxic effects of the chemotherapy on the
patient’s NK cells. It will be important to minimize the use
of immunosuppressants, such as chemotherapeutic agents
and steroids. The development of biomarkers to check the
different NK cell functions and tumor susceptibility to NK
cell throughout clinical trials will be an important issue that
needs to be investigated to a greater extent in the future.

Finally, the development of immune evasion
mechanisms during treatment needs to be taken into
account and monitored. Recent reports suggest that tumors
can evade immune attacks by controlling the NKG2D
ligand expression. The activation of metalloproteinases
leads to proteolytic shedding of the human NKG2D ligands
MICA, MICB and ULBP2 by tumor cells, which correlates
with a markedly reduced susceptibility to NKG2D-
mediated cytotoxicity (124-128). Similarly, shedding of Fas
by matrix metalloproteinases correlates with tumor
progression in cancer patients (129-131). Tumor cells may
also evade cytotoxic effector function of NK cells by
upregulating the expression of proteinase inhibitor 9 (PI-9,
SerpinB9), an intracellular granzyme B inhibitor (132,
133). In summary NK cells have great potential to play an
important role in future therapies against certain human
cancers, both alone and in combination with other
therapies, however more efforts to translate our basic
understanding of NK cell biology to the clinic are required.

4. ACKNOWLEDGEMENTS

We would like to thank Dr. Asja Praetor for critical reading
of the manuscript and helpful suggestions.



Role of NK cells in cancer therapy

5. REFERENCES

1. E. Vivier, E. Tomasello, M. Baratin, T. Walzer and S.
Ugolini: Functions of natural killer cells. Nat Immunol,
9(5), 503-10 (2008)

2. G. Ferlazzo, D. Thomas, S. L. Lin, K. Goodman, B.
Morandi, W. A. Muller, A. Moretta and C. Munz: The
abundant NK cells in human secondary lymphoid tissues
require activation to express killer cell Ig-like receptors and
become cytolytic. J Immunol, 172(3), 1455-62 (2004)

3. M. J. Robertson: Role of chemokines in the biology of
natural killer cells. J Leukoc Biol, 71(2), 173-83 (2002)

4. G. Trinchieri: Biology of natural killer cells. Adv.
Immunol., 47(187), 187-376 (1989)

5. D. H. Raulet and R. E. Vance: Self-tolerance of natural
killer cells. Nat Rev Immunol, 6(7), 520-31 (2006)

6. S. Gasser and D. Raulet: Activation and self-tolerance of
natural killer cells. Immunol Rev, 214, 130-42 (2006)

7. T. Walzer, M. Blery, J. Chaix, N. Fuseri, L. Chasson, S.
H. Robbins, S. Jaeger, P. Andre, L. Gauthier, L. Daniel, K.
Chemin, Y. Morel, M. Dalod, J. Imbert, M. Pierres, A.
Moretta, F. Romagne and E. Vivier: Identification,
activation, and selective in vivo ablation of mouse NK cells
via NKp46. Proc Natl Acad Sci U S A4, 104(9), 3384-9
(2007)

8. R. Biassoni, C. Cantoni, D. Pende, S. Sivori, S. Parolini,
M. Vitale, C. Bottino and A. Moretta: Human natural killer
cell receptors and co-receptors. Immunol Rev, 181, 203-14.
(2001)

9. E. O. Long: Ready for prime time: NK cell priming by
dendritic cells. Immunity, 26(4), 385-7 (2007)

10. T. Walzer, M. Dalod, S. H. Robbins, L. Zitvogel and E.
Vivier: Natural-killer cells and dendritic cells: "l'union fait
la force". Blood, 106(7), 2252-8 (2005)

11. Y. Laouar, F. S. Sutterwala, L. Gorelik and R. A.
Flavell: Transforming growth factor-beta controls T helper
type 1 cell development through regulation of natural killer
cell interferon-gamma. Nat Immunol, 6(6), 600-7 (2005)

12. L. J. Burns, D. J. Weisdorf, T. E. DeFor, D. H. Vesole,
T. L. Repka, B. R. Blazar, S. R. Burger, A. Panoskaltsis-
Mortari, C. A. Keever-Taylor, M. J. Zhang and J. S. Miller:
IL-2-based immunotherapy after autologous transplantation
for lymphoma and breast cancer induces immune activation
and cytokine release: a phase I/Il trial. Bone Marrow
Transplant, 32(2), 177-86 (2003)

13. M. Brune, S. Castaigne, J. Catalano, K. Gehlsen, A. D.
Ho, W. K. Hofmann, D. E. Hogge, B. Nilsson, R. Or, A. L.
Romero, J. M. Rowe, B. Simonsson, R. Spearing, E. A.
Stadtmauer, J. Szer, E. Wallhult and K. Hellstrand:
Improved leukemia-free survival after postconsolidation

385

immunotherapy with histamine dihydrochloride and
interleukin-2 in acute myeloid leukemia: results of a
randomized phase 3 trial. Blood, 108(1), 88-96 (2006)

14. M. B. Atkins, M. T. Lotze, J. P. Dutcher, R. 1. Fisher,
G. Weiss, K. Margolin, J. Abrams, M. Sznol, D. Parkinson,
M. Hawkins, C. Paradise, L. Kunkel and S. A. Rosenberg:
High-dose recombinant interleukin 2 therapy for patients
with metastatic melanoma: analysis of 270 patients treated
between 1985 and 1993. J Clin Oncol, 17(7), 2105-16
(1999)

15. R. M. Bukowski: Natural history and therapy of
metastatic renal cell carcinoma: the role of interleukin-2.
Cancer, 80(7), 1198-220 (1997)

16. N. J. Meropol, G. M. Barresi, T. A. Fehniger, J. Hitt,
M. Franklin and M. A. Caligiuri: Evaluation of natural
killer cell expansion and activation in vivo with daily
subcutaneous low-dose interleukin-2 plus periodic
intermediate-dose pulsing. Cancer Immunol Immunother,
46(6), 318-26 (1998)

17. T. M. Law, R. J. Motzer, M. Mazumdar, K. W. Sell, P. J.
Walther, M. O'Connell, A. Khan, V. Vlamis, N. J. Vogelzang
and D. F. Bajorin: Phase III randomized trial of interleukin-2
with or without lymphokine-activated killer cells in the
treatment of patients with advanced renal cell carcinoma.
Cancer, 76(5), 824-32 (1995)

18. F. Ghiringhelli, C. Menard, M. Terme, C. Flament, J.
Taieb, N. Chaput, P. E. Puig, S. Novault, B. Escudier, E.
Vivier, A. Lecesne, C. Robert, J. Y. Blay, J. Bernard, S.
Caillat-Zucman, A. Freitas, T. Tursz, O. Wagner-Ballon, C.
Capron, W. Vainchencker, F. Martin and L. Zitvogel:
CD4+CD25+ regulatory T cells inhibit natural killer cell
functions in a transforming growth factor-beta-dependent
manner. J Exp Med, 202(8), 1075-85 (2005)

19. J. E. Portielje, C. H. Lamers, W. H. Kruit, A. Sparreboom,
R. L. Bolhuis, G. Stoter, C. Huber and J. W. Gratama:
Repeated administrations of interleukin (IL)-12 are associated
with persistently elevated plasma levels of IL-10 and declining
IFN-gamma, tumor necrosis factor-alpha, 1L-6, and IL-8
responses. Clin Cancer Res, 9(1), 76-83 (2003)

20. C. M. van Herpen, M. Looman, M. Zonneveld, N.
Scharenborg, P. C. de Wilde, L. van de Locht, M. A. Merkx,
G. J. Adema and P. H. de Mulder: Intratumoral administration
of recombinant human interleukin 12 in head and neck
squamous cell carcinoma patients elicits a T-helper 1 profile in
the locoregional lymph nodes. Clin Cancer Res, 10(8), 2626-
35(2004)

21. L. Heinzerling, R. Dummer, J. Pavlovic, J. Schultz, G.
Burg and K. Moelling: Tumor regression of human and murine
melanoma after intratumoral injection of IL-12-encoding
plasmid DNA in mice. Exp Dermatol, 11(3), 232-40 (2002)

22. M. J. Robertson, C. Cameron, M. B. Atkins, M. S.
Gordon, M. T. Lotze, M. L. Sherman and J. Ritz:
Immunological effects of interleukin 12 administered by



Role of NK cells in cancer therapy

bolus intravenous injection to patients with cancer. Clin
Cancer Res, 5(1), 9-16 (1999)

23.J. A. Gollob, K. G. Veenstra, R. A. Parker, J. W. Mier,
D. F. McDermott, D. Clancy, L. Tutin, H. Koon and M. B.
Atkins: Phase 1 trial of concurrent twice-weekly
recombinant human interleukin-12 plus low-dose IL-2 in
patients with melanoma or renal cell carcinoma. J Clin
Oncol, 21(13), 2564-73 (2003)

24.]. A. Gollob, J. W. Mier, K. Veenstra, D. F. McDermott, D.
Clancy, M. Clancy and M. B. Atkins: Phase I trial of twice-
weekly intravenous interleukin 12 in patients with metastatic
renal cell cancer or malignant melanoma: ability to maintain
IFN-gamma induction is associated with clinical response.
Clin Cancer Res, 6(5), 1678-92 (2000)

25. 1. E. Portielje, W. H. Kruit, M. Schuler, J. Beck, C. H.
Lamers, G. Stoter, C. Huber, M. de Boer-Dennert, A. Rakhit,
R. L. Bolhuis and W. E. Aulitzky: Phase I study of
subcutaneously administered recombinant human interleukin
12 in patients with advanced renal cell cancer. Clin Cancer
Res, 5(12),3983-9 (1999)

26. M. B. Atkins, M. J. Robertson, M. Gordon, M. T. Lotze,
M. DeCoste, J. S. DuBois, J. Ritz, A. B. Sandler, H. D.
Edington, P. D. Garzone, J. W. Mier, C. M. Canning, L.
Battiato, H. Tahara and M. L. Sherman: Phase I evaluation of
intravenous recombinant human interleukin 12 in patients with
advanced malignancies. Clin Cancer Res, 3(3), 409-17 (1997)

27. L. Meyaard, E. Hovenkamp, S. A. Otto and F. Miedema:
IL-12-induced IL-10 production by human T cells as a
negative feedback for IL-12-induced immune responses. J
Immunol, 156(8), 2776-82 (1996)

28. B. D. Car, V. M. Eng, J. M. Lipman and T. D. Anderson:
The toxicology of interleukin-12: a review. Toxicol Pathol,
27(1), 58-63 (1999)

29. B. Becknell and M. A. Caligiuri: Interleukin-2, interleukin-
15, and their roles in human natural killer cells. Adv Immunol,
86, 209-39 (2005)

30. M. Lucas, W. Schachterle, K. Oberle, P. Aichele and A.
Diefenbach: Dendritic cells prime natural killer cells by trans-
presenting interleukin 15. Immunity, 26(4), 503-17 (2007)

31. M. A. Cooper, J. E. Bush, T. A. Fehniger, J. B.
VanDeusen, R. E. Waite, Y. Liu, H. L. Aguila and M. A.
Caligiuri: /n vivo evidence for a dependence on interleukin 15
for survival of natural killer cells. Blood, 100(10), 3633-3638.
(2002)

32. W. E. Carson, T. A. Fehniger, S. Haldar, K. Eckhert,
M. J. Lindemann, C. F. Lai, C. M. Croce, H. Baumann and
M. A. Caligiuri: A potential role for interleukin-15 in the
regulation of human natural killer cell survival. J Clin
Invest, 99(5), 937-43. (1997)

33. A.L. Chapoval, J. A. Fuller, S. G. Kremlev, S. J.
Kamdar and R. Evans: Combination chemotherapy and IL-

386

15 administration induce permanent tumor regression in a
mouse lung tumor model: NK and T cell-mediated effects
antagonized by B cells. J Immunol, 161(12), 6977-84
(1998)

34.LR. Evans, J. A. Fuller, G. Christianson, D. M. Krupke and
A. B. Troutt: IL-15 mediates anti-tumor -effects after
cyclophosphamide injection of tumor-bearing mice and
enhances adoptive immunotherapy: The potential role of NK
cell subpopulations. Cell Immunol, 179(1), 66-73 (1997)

35.1.M. J. Robertson, J. W. Mier, T. Logan, M. Atkins, H.
Koon, K. M. Koch, S. Kathman, L. N. Pandite, C. Oei, L.
C. Kirby, R. C. Jewell, W. N. Bell, L. M. Thurmond, J.
Weisenbach, S. Roberts and M. M. Dar: Clinical and
biological effects of recombinant human interleukin-18
administered by intravenous infusion to patients with
advanced cancer. Clin Cancer Res, 12(14 Pt 1), 4265-73
(2006)

36. R. Takaki, Y. Hayakawa, A. Nelson, P. V.
Sivakumar, S. Hughes, M. J. Smyth and L. L. Lanier: IL-
21 Enhances Tumor Rejection through a NKG2D-
Dependent Mechanism. J Immunol, 175(4), 2167-73
(2005)

37. D. J. Andorsky and J. M. Timmerman: Interleukin-21:
biology and application to cancer therapy. Expert Opin Biol
Ther, 8(9), 1295-307 (2008)

38. K.S. Frederiksen, D. Lundsgaard, J. A. Freeman, S. D.
Hughes, T. L. Holm, B. K. Skrumsager, A. Petri, L. T. Hansen,
G. A. McArthur, I. D. Davis and K. Skak: IL-21 induces in
vivo immune activation of NK cells and CD§(+) T cells in
patients with metastatic melanoma and renal cell carcinoma.
Cancer Immunol Immunother, 57(10), 1439-49 (2008)

39. A. Meseri, V. Delwail, F. X. Mahon, D. Pelletier, F.
Guilhot, A. Brizard, J. Gombert, J. Tanzer and P. Goube de
Laforest: Natural-killer cell activity and cytogenetic response
in chronic myelogenous leukemia treated with alpha-
interferon. Br J Haematol, 78(4), 585-6 (1991)

40.F. A. de Castro, P. V. Palma, F. R. Morais, B. P. Simoes, P.
V. Carvalho, S. J. Ismael, C. P. Lima and J. C. Voltarelli:
Immunological effects of interferon-alpha on chronic
myelogenous leukemia. Leuk Lymphoma, 44(12), 2061-7
(2003)

41. G. P. Dunn, C. M. Koebel and R. D. Schreiber:
Interferons, immunity and cancer immunoediting. Nat
Rev Immunol, 6(11), 836-48 (2006)

42. J.B. Swann, Y. Hayakawa, N. Zerafa, K. C. Sheehan,
B. Scott, R. D. Schreiber, P. Hertzog and M. J. Smyth:
Type 1 IFN contributes to NK cell homeostasis,
activation, and antitumor function. J Immunol, 178(12),
7540-9 (2007)

43. S. Akira and H. Hemmi: Recognition of pathogen-
associated molecular patterns by TLR family. Immunol
Lett, 85(2), 85-95 (2003)



Role of NK cells in cancer therapy

44. T. Kawai and S. Akira: Toll-like receptor and RIG-I-
like receptor signaling. Ann N Y Acad Sci, 1143, 1-20
(2008)

45. S. Akira and K. Takeda: Toll-like receptor signalling.
Nat Rev Immunol, 4(7), 499-511 (2004)

46. S. Sivori, M. Falco, M. Della Chiesa, S. Carlomagno,
M. Vitale, L. Moretta and A. Moretta: CpG and double-
stranded RNA trigger human NK cells by Toll-like
receptors: induction of cytokine release and cytotoxicity
against tumors and dendritic cells. Proc Natl Acad Sci U S
A4,101(27), 10116-21 (2004)

47. 1.V. Girart, M. B. Fuertes, C. I. Domaica, L. E. Rossi
and N. W. Zwirner: Engagement of TLR3, TLR7, and
NKG2D regulate IFN-gamma secretion but not NKG2D-
mediated cytotoxicity by human NK cells stimulated with
suboptimal doses of IL-12. J Immunol, 179(6), 3472-9
(2007)

48. E. Marcenaro, B. Ferranti, M. Falco, L. Moretta and A.
Moretta: Human NK cells directly recognize Mycobacterium
bovis via TLR2 and acquire the ability to kill monocyte-
derived DC. Int Immunol, 20(9), 1155-67 (2008)

49.J. G. McHutchison, B. R. Bacon, S. C. Gordon, E. Lawitz,
M. Shiffman, N. H. Afdhal, I. M. Jacobson, A. Muir, M. Al-
Adhami, M. L. Morris, J. A. Lekstrom-Himes, S. M. Efler and
H. L. Davis: Phase 1B, randomized, double-blind, dose-
escalation trial of CPG 10101 in patients with chronic hepatitis
C virus. Hepatology, 46(5), 1341-9 (2007)

50. B. K. Link, Z. K. Ballas, D. Weisdorf, J. E. Wooldridge, A.
D. Bossler, M. Shannon, W. L. Rasmussen, A. M. Krieg and
G. J. Weiner: Oligodeoxynucleotide CpG 7909 delivered as
intravenous infusion demonstrates immunologic modulation in
patients with previously treated non-Hodgkin lymphoma. J
Immunother, 29(5), 558-68 (2006)

51. AM. Krieg, S. M. Efler, M. Wittpoth, M. J. Al Adhami
and H. L. Davis: Induction of systemic THI-like innate
immunity in normal volunteers following subcutaneous but not
intravenous administration of CPG 7909, a synthetic B-class
CpG oligodeoxynucleotide TLR9 agonist. J Immunother,
27(6), 460-71 (2004)

52. I. Wysocka, B. M. Benoit, S. Newton, L. Azzoni, L. J.
Montaner and A. H. Rook: Enhancement of the host immune
responses in cutaneous T-cell lymphoma by CpG
oligodeoxynucleotides and IL-15. Blood, 104(13), 4142-9
(2004)

53. H. Kanzler, F. J. Barrat, E. M. Hessel and R. L. Coffman:
Therapeutic targeting of innate immunity with Toll-like
receptor agonists and antagonists. Nat Med, 13(5), 552-9
(2007)

54. T. L. Whiteside and D. Friberg: Natural killer cells and
natural killer cell activity in chronic fatigue syndrome. Am
J Med, 105(3A), 27S-34S (1998)

387

55. S. Brandau, J. Riemensberger, M. Jacobsen, D. Kemp,
W. Zhao, X. Zhao, D. Jocham, T. L. Ratliff and A. Bohle:
NK cells are essential for effective BCG immunotherapy.
Int J Cancer, 92(5), 697-702 (2001)

56.J. R. Carlyle, A. M. Jamieson, S. Gasser, C. S. Clingan,
H. Arase and D. H. Raulet: Missing self-recognition of
Ocil/Clr-b by inhibitory NKR-P1 natural killer cell
receptors. Proc Natl Acad Sci U S A, 101(10), 3527-32
(2004)

57. K. lizuka, O. V. Naidenko, B. F. Plougastel, D. H.
Fremont and W. M. Yokoyama: Genetically linked C-type
lectin-related ligands for the NKRP1 family of natural
killer cell receptors. Nat Immunol, 4(8), 801-7 (2003)

58. K. Karre: Natural killer cell recognition of missing self.
Nat Immunol, 9(5), 477-80 (2008)

59. H. G. Ljunggren and K. Karre: In search of the 'missing
self': MHC molecules and NK cell recognition. Immunol
Today, 11(7), 237-44 (1990)

60. D. Raulet: Roles of the NKG2D immunoreceptor and
its ligands. Nat Rev Immunol, 3(10), 781-790 (2003)

61. A. Diefenbach, E. R. Jensen, A. M. Jamieson and D.
Raulet: Rael and H60 ligands of the NKG2D receptor
stimulate tumour immunity. Nature, 413(6852), 165-71.
(2001)

62. M.J. Smyth, J. Swann, E. Cretney, N. Zerafa, W. M.
Yokoyama and Y. Hayakawa: NKG2D function protects
the host from tumor initiation. J Exp Med, 202(5), 583-8
(2005)

63. J. L. Upshaw and P. J. Leibson: NKG2D-mediated
activation of cytotoxic lymphocytes: unique signaling
pathways and distinct functional outcomes. Semin
Immunol, 18(3), 167-75 (2006)

64. 1. Nausch and A. Cerwenka: NKG2D ligands in tumor
immunity. Oncogene, 27(45), 5944-58 (2008)

65. S. Gonzalez, A. Lopez-Soto, B. Suarez-Alvarez, A.
Lopez-Vazquez and C. Lopez-Larrea: NKG2D ligands: key
targets of the immune response. Trends Immunol, 29(8),
397-403 (2008)

66. A. Moretta, C. Bottino, M. Vitale, D. Pende, C.
Cantoni, M. C. Mingari, R. Biassoni and L. Moretta:
Activating receptors and coreceptors involved in human
natural killer cell-mediated cytolysis. Annu Rev Immunol,
19, 197-223 (2001)

67. A. Iguchi-Manaka, H. Kai, Y. Yamashita, K. Shibata,
S. Tahara-Hanaoka, S. Honda, T. Yasui, H. Kikutani, K.
Shibuya and A. Shibuya: Accelerated tumor growth in mice
deficient in DNAM-1 receptor. J Exp Med, 205(13), 2959-
64 (2008)



Role of NK cells in cancer therapy

68. R. Castriconi, A. Dondero, M. V. Corrias, E. Lanino, D.
Pende, L. Moretta, C. Bottino and A. Moretta: Natural
killer  cell-mediated  killing of freshly isolated
neuroblastoma cells: critical role of DNAX accessory
molecule-1-poliovirus receptor interaction. Cancer Res,
64(24), 9180-4 (2004)

69. Y. M. El-Sherbiny, J. L. Meade, T. D. Holmes, D.
McGonagle, S. L. Mackie, A. W. Morgan, G. Cook, S.
Feyler, S. J. Richards, F. E. Davies, G. J. Morgan and G. P.
Cook: The requirement for DNAM-1, NKG2D, and NKp46
in the natural killer cell-mediated killing of myeloma cells.
Cancer Res, 67(18), 8444-9 (2007)

70. C. Y. Koh, B. R. Blazar, T. George, L. A. Welniak, C.
M. Capitini, A. Raziuddin, W. J. Murphy and M. Bennett:
Augmentation of antitumor effects by NK cell inhibitory
receptor blockade in vitro and in vivo. Blood, 97(10), 3132-
7(2001)

71. C. Sheridan: First-in-class cancer therapeutic to
stimulate natural killer cells. Nat Biotechnol, 24(6), 597
(2006)

72. L. Binyamin, R. K. Alpaugh, T. L. Hughes, C. T. Lutz,
K. S. Campbell and L. M. Weiner: Blocking NK cell
inhibitory self-recognition promotes antibody-dependent
cellular cytotoxicity in a model of anti-lymphoma therapy.
J Immunol, 180(9), 6392-401 (2008)

73. W. H. Hallett, E. Ames, M. Motarjemi, I. Barao, A.
Shanker, D. L. Tamang, T. J. Sayers, D. Hudig and W. J.
Murphy: Sensitization of tumor cells to NK cell-mediated
killing by proteasome inhibition. J Immunol, 180(1), 163-
70 (2008)

74. S. Armeanu, M. Krusch, K. M. Baltz, T. S. Weiss, 1.
Smirnow, A. Steinle, U. M. Lauer, M. Bitzer and H. R.
Salih: Direct and natural killer cell-mediated antitumor
effects of low-dose bortezomib in hepatocellular
carcinoma. Clin Cancer Res, 14(11), 3520-8 (2008)

75. M. Vales-Gomez, S. E. Chisholm, R. L. Cassady-Cain,
P. Roda-Navarro and H. T. Reyburn: Selective induction of
expression of a ligand for the NKG2D receptor by
proteasome inhibitors. Cancer Res, 68(5), 1546-54 (2008)

76. L. Ruggeri, M. Capanni, E. Urbani, K. Perruccio, W. D.
Shlomchik, A. Tosti, S. Posati, D. Rogaia, F. Frassoni, F.
Aversa, M. F. Martelli and A. Velardi: Effectiveness of
donor natural killer cell alloreactivity in mismatched
hematopoietic transplants. Science, 295(5562), 2097-100
(2002)

77. L. Ruggeri, A. Mancusi, M. Capanni, E. Urbani, A.
Carotti, T. Aloisi, M. Stern, D. Pende, K. Perruccio, E.
Burchielli, F. Topini, E. Bianchi, F. Aversa, M. F. Martelli
and A. Velardi: Donor natural killer cell allorecognition of
missing self in haploidentical hematopoietic transplantation
for acute myeloid leukemia: challenging its predictive
value. Blood, 110(1), 433-40 (2007)

388

78. S. Giebel, F. Locatelli, T. Lamparelli, A. Velardi, S.
Davies, G. Frumento, R. Maccario, F. Bonetti, J. Wojnar,
M. Martinetti, F. Frassoni, G. Giorgiani, A. Bacigalupo and
J. Holowiecki: Survival advantage with KIR ligand
incompatibility in hematopoietic stem cell transplantation
from unrelated donors. Blood, 102(3), 814-9 (2003)

79. J. S. Miller, S. Cooley, P. Partham, S. S. Farag, M. R.
Verneris, K. L. McQueen, L. A. Guethlein, E. A.
Trachtenberg, M. Haagenson, M. M. Horowitz, J. P. Klein
and D. J. Weisdorf: Missing KIR ligands are associated
with less relapse and increased graft-versus-host disease
(GVHD) following unrelated donor allogeneic HCT. Blood,
109(11), 5058-61 (2007)

80. S. M. Davies, L. Ruggieri, T. DeFor, J. E. Wagner, D.
J. Weisdorf, J. S. Miller, A. Velardi and B. R. Blazar:
Evaluation of KIR ligand incompatibility in mismatched
unrelated donor hematopoietic  transplants.  Killer
immunoglobulin-like receptor. Blood, 100(10), 3825-7
(2002)

81. S. S. Farag, A. Bacigalupo, M. Eapen, C. Hurley, B.
Dupont, M. A. Caligiuri, C. Boudreau, G. Nelson, M.
Oudshoorn, J. van Rood, A. Velardi, M. Maiers, M.
Setterholm, D. Confer, P. E. Posch, C. Anasetti, N.
Kamani, J. S. Miller, D. Weisdorf and S. M. Davies: The
effect of KIR ligand incompatibility on the outcome of
unrelated donor transplantation: a report from the center for
international blood and marrow transplant research, the
European blood and marrow transplant registry, and the
Dutch registry. Biol Blood Marrow Transplant, 12(8), 876-
84 (2006)

82.J. S. Miller, Y. Soignier, A. Panoskaltsis-Mortari, S. A.
McNearney, G. H. Yun, S. K. Fautsch, D. McKenna, C. Le,
T. E. Defor, L. J. Burns, P. J. Orchard, B. R. Blazar, J. E.
Wagner, A. Slungaard, D. J. Weisdorf, I. J. Okazaki and P.
B. McGlave: Successful adoptive transfer and in vivo
expansion of human haploidentical NK cells in patients
with cancer. Blood, 105(8), 3051-7 (2005)

83. S. Arai, R. Meagher, M. Swearingen, H. Myint, E.
Rich, J. Martinson and H. Klingemann: Infusion of the
allogeneic cell line NK-92 in patients with advanced renal
cell cancer or melanoma: a phase I trial. Cytotherapy,
10(6), 625-32 (2008)

84. Y. T. Bryceson, M. E. March, H. G. Ljunggren and E.
0. Long: Synergy among receptors on resting NK cells for
the activation of natural cytotoxicity and cytokine
secretion. Blood, 107(1), 159-66 (2006)

85. Y. T. Bryceson, M. E. March, D. F. Barber, H. G.
Ljunggren and E. O. Long: Cytolytic granule polarization
and degranulation controlled by different receptors in
resting NK cells. J Exp Med, 202(7), 1001-12 (2005)

86. H. R. Smith, A. H. Idris and W. M. Yokoyama: Murine
natural killer cell activation receptors. Immunol Rev, 181,
115-25(2001)



Role of NK cells in cancer therapy

87. S. Dall'Ozzo, S. Tartas, G. Paintaud, G. Cartron, P.
Colombat, P. Bardos, H. Watier and G. Thibault:
Rituximab-dependent cytotoxicity by natural killer cells:
influence of FCGR3A polymorphism on the concentration-
effect relationship. Cancer Res, 64(13), 4664-9 (2004)

88. W. K. Weng and R. Levy: Two immunoglobulin G
fragment C receptor polymorphisms independently predict
response to rituximab in patients with follicular lymphoma.
J Clin Oncol, 21(21), 3940-7 (2003)

89. J.J. Carter: Potent antibody therapeutics by design. Nat
Rev Immunol, 6(5), 343-57 (2006)

90. L. M. Weiner: Building better magic bullets--improving
unconjugated monoclonal antibody therapy for cancer. Nat
Rev Cancer, 7(9), 701-6 (2007)

91. A. Iannello and A. Ahmad: Role of antibody-dependent
cell-mediated cytotoxicity in the efficacy of therapeutic
anti-cancer monoclonal antibodies. Cancer Metastasis Rev,
24(4), 487-99 (2005)

92. G. Cartron, L. Dacheux, G. Salles, P. Solal-Celigny, P.
Bardos, P. Colombat and H. Watier: Therapeutic activity of
humanized  anti-CD20  monoclonal  antibody  and
polymorphism in IgG Fc receptor FcgammaRIlla gene. Blood,
99(3), 754-8 (2002)

93. W. L. Gluck, D. Hurst, A. Yuen, A. M. Levine, M. A.
Dayton, J. P. Gockerman, J. Lucas, K. Denis-Mize, B. Tong,
D. Navis, A. Difrancesco, S. Milan, S. E. Wilson and M.
Wolin: Phase I studies of interleukin (IL)-2 and rituximab in
B-cell non-hodgkin's lymphoma: IL-2 mediated natural killer
cell expansion correlations with clinical response. Clin Cancer
Res, 10(7), 2253-64 (2004)

94. J. G. Berdeja, A. Hess, D. M. Lucas, P. O'Donnell, R. F.
Ambinder, L. F. Diehl, D. Carter-Brookins, S. Newton and 1.
W. Flinn: Systemic interleukin-2 and adoptive transfer of
lymphokine-activated killer cells improves antibody-dependent
cellular cytotoxicity in patients with relapsed B-cell lymphoma
treated with rituximab. Clin Cancer Res, 13(8), 2392-9 (2007)

95. K. D. Khan, C. Emmanouilides, D. M. Benson, Jr., D.
Hurst, P. Garcia, G. Michelson, S. Milan, A. K. Ferketich, L.
Piro, J. P. Leonard, P. Porcu, C. F. Eisenbeis, A. L. Banks, L.
Chen, J. C. Byrd and M. A. Caligiuri: A phase 2 study of
rituximab in combination with recombinant interleukin-2 for
rituximab-refractory indolent non-Hodgkin's lymphoma. Clin
Cancer Res, 12(23), 7046-53 (2006)

96. C. Renner, F. Hartmann, W. Jung, C. Deisting, M. Juwana
and M. Pfreundschuh: Initiation of humoral and cellular
immune responses in patients with refractory Hodgkin's
disease by treatment with an anti-CD16/CD30 bispecific
antibody. Cancer Immunol Immunother, 49(3), 173-80 (2000)

97. F. Hartmann, C. Renner, W. Jung, L. da Costa, S.
Tembrink, G. Held, A. Sek, J. Konig, S. Bauer, M. Kloft
and M. Pfreundschuh: Anti-CD16/CD30 bispecific
antibody treatment for Hodgkin's disease: role of infusion

389

schedule and costimulation with cytokines. Clin Cancer
Res, 7(7), 1873-81 (2001)

98. L. S. Shahied, Y. Tang, R. K. Alpaugh, R. Somer, D.
Greenspon and L. M. Weiner: Bispecific minibodies
targeting HER2/neu and CDI16 exhibit improved tumor
lysis when placed in a divalent tumor antigen binding
format. J Biol Chem, 279(52), 53907-14 (2004)

99. J. Bruenke, K. Barbin, S. Kunert, P. Lang, M. Pfeiffer,
K. Stieglmaier, D. Niethammer, B. Stockmeyer, M. Peipp,
R. Repp, T. Valerius and G. H. Fey: Effective lysis of
lymphoma cells with a stabilised bispecific single-chain Fv
antibody against CD19 and FcgammaRIIl (CD16). Br J
Haematol, 130(2), 218-28 (2005)

100. T. I. Arnon, G. Markel, A. Bar-Ilan, J. Hanna, E.
Fima, F. Benchetrit, R. Galili, A. Cerwenka, D.
Benharroch, N. Sion-Vardy, A. Porgador and O.
Mandelboim: Harnessing soluble NK cell killer receptors for
the generation of novel cancer immune therapy. PLoS ONE,
3(5), 2150 (2008)

101. T. Muller, C. Uherek, G. Maki, K. U. Chow, A. Schimpf,
H. G. Klingemann, T. Tonn and W. S. Wels: Expression of a
CD20-specific chimeric antigen receptor enhances cytotoxic
activity of NK cells and overcomes NK-resistance of
lymphoma and leukemia cells. Cancer Immunol Immunother,
57(3), 411-23 (2008)

102. C. Imai, S. Iwamoto and D. Campana: Genetic
modification of primary natural killer cells overcomes
inhibitory signals and induces specific killing of leukemic
cells. Blood, 106(1), 376-83 (2005)

103. L. L. Lanier: DAP10- and DAP12-associated receptors in
innate immunity. Immunol Rev, 227(1), 150-60 (2009)

104. Y. Hayakawa, J. M. Kelly, J. Westwood, P. K. Darcy, A.
Diefenbach, D. Raulet and M. J. Smyth: Tumor rejection
mediated by NKG2D receptor-ligand interaction is strictly
dependent on perforin. J Immunol, 169(10), 5377-5381 (2002)

105. H. Zhou, Y. Luo, C. D. Kaplan, J. A. Kruger, S. Lee, R.
Xiang and R. A. Reisfeld: A DNA-based cancer vaccine
enhances lymphocyte crosstalk by engaging the NKG2D
receptor. Blood (2005)

106. D. E. Oppenheim, S. J. Roberts, S. L. Clarke, R. Filler, J.
M. Lewis, R. E. Tigelaar, M. Girardi and A. C. Hayday:
Sustained localized expression of ligand for the activating
NKG2D receptor impairs natural cytotoxicity in vivo and
reduces tumor immunosurveillance. Nat Immunol, 6(9), 928-
37 (2005)

107. S. Gasser, S. Orsulic, E. J. Brown and D. Raulet: The
DNA damage pathway regulates innate immune system
ligands of the NKG2D receptor. Nature, 436(7054), 1186-90
(2005)

108. M. Schmudde, A. Braun, D. Pende, J. Sonnemann, U.
Klier, J. F. Beck, L. Moretta and B. M. Broker: Histone



Role of NK cells in cancer therapy

deacetylase inhibitors sensitize tumour cells for cytotoxic
effects of natural killer cells. Cancer Lett (2008)

109. S. Diermayr, H. Himmelreich, B. Durovic, A.
Mathys-Schneeberger, U. Siegler, U. Langenkamp, J.
Hofsteenge, A. Gratwohl, A. Tichelli, M. Paluszewska,
W. Wiktor-Jedrzejczak, C. P. Kalberer and A. Wodnar-
Filipowicz: NKG2D ligand expression in AML increases
in response to HDAC inhibitor valproic acid and
contributes to allorecognition by NK-cell lines with
single KIR-HLA class I specificities. Blood, 111(3),
1428-36 (2008)

110. S. Skov, M. T. Pedersen, L. Andresen, P. T. Straten,
A. Woetmann and N. Odum: Cancer cells become
susceptible to natural killer cell killing after exposure to
histone deacetylase inhibitors due to glycogen synthase
kinase-3-dependent expression of MHC class I-related
chain A and B. Cancer Res, 65(23), 11136-45 (2005)

111. S. Armeanu, M. Bitzer, U. M. Lauer, S. Venturelli,
A. Pathil, M. Krusch, S. Kaiser, J. Jobst, I. Smirnow, A.
Wagner, A. Steinle and H. R. Salih: Natural killer cell-
mediated lysis of hepatoma cells via specific induction of
NKG2D ligands by the histone deacetylase inhibitor
sodium valproate. Cancer Res, 65(14), 6321-9 (2005)

112. A. Soriani, A. Zingoni, C. Cerboni, M. L. Iannitto,
M. R. Ricciardi, V. Di Gialleonardo, M. Cippitelli, C.
Fionda, M. T. Petrucci, A. Guarini, R. Foa and A.
Santoni: ATM-ATR dependent up-regulation of DNAM-
1 and NKG2D ligands on multiple myeloma cells by
therapeutic agents results in enhanced NK cell
susceptibility and is associated with a senescent
phenotype. Blood (2008)

113. J.R. Wallace-Brodeur and S. W. Lowe: Clinical
implications of p53 mutations. Cell Mol Life Sci, 55(1),
64-75 (1999)

114. J. Zagozdzon and J. Golab: Immunomodulation by
anticancer chemotherapy: more is not always better
(review). Int J Oncol, 18(2), 417-24 (2001)

115. M. J. Ehrke: Immunomodulation in cancer
therapeutics. Int Immunopharmacol, 3(8), 1105-19
(2003)

116. M. Okamoto, H. Kasetani, R. Kaji, H. Goda, G.
Ohe, H. Yoshida and M. Sato: cis-
Diamminedichloroplatinum and 5-fluorouracil are potent
inducers of the cytokines and natural killer cell activity
in vivo and in vitro. Cancer Immunol Immunother, 47(4),
233-41 (1998)

117. D. L. Maccubbin, K. R. Wing, K. F. Mace, R. L.
Ho, M. J. Ehrke and E. Mihich: Adriamycin-induced
modulation of host defenses in tumor-bearing mice.
Cancer Res, 52(13), 3572-6 (1992)

118. W. J. Urba, D. L. Longo, F. A. Lombardo and R. B.
Weiss: Enhancement of natural killer activity in human

390

peripheral blood by flavone acetic acid. J Natl Cancer
Inst, 80(7), 521-5 (1988)

119. J.M. Stone, D. J. DeAngelo, A. Janosova, 1. Galinsky,
C. Canning, J. Ritz and R. J. Soiffer: Low dose interleukin-
2 following intensification therapy with high dose
cytarabine for acute myelogenous leukemia in first
complete remission. Am J Hematol, 83(10), 771-7 (2008)

120. R. S. DiPaola, H. J. Durivage and B. A. Kamen: High
time for low-dose prospective clinical trials. Cancer, 98(8),
1559-61 (2003)

121. M. S. Czuczman, A. Koryzna, A. Mohr, C. Stewart, K.
Donohue, L. Blumenson, Z. P. Bernstein, P. McCarthy, A.
Alam, F. Hernandez-Ilizaliturri, M. Skipper, K. Brown, A.
Chanan-Khan, D. Klippenstein, P. Loud, M. K. Rock, M.
Benyunes, A. Grillo-Lopez and S. H. Bernstein: Rituximab
in combination with fludarabine chemotherapy in low-
grade or follicular lymphoma. J Clin Oncol, 23(4), 694-704
(2005)

122. D. O. Persky, J. M. Unger, C. M. Spier, B. Stea, M.
LeBlanc, M. J. McCarty, L. M. Rimsza, R. 1. Fisher and T.
P. Miller: Phase II study of rituximab plus three cycles of
CHOP and involved-field radiotherapy for patients with
limited-stage aggressive B-cell lymphoma: Southwest
Oncology Group study 0014. J Clin Oncol, 26(14), 2258-
63 (2008)

123. F. B. Hagemeister: Rituximab and chemotherapy for
aggressive lymphomas: a significant advance in therapy.
Clin Adv Hematol Oncol, 1(2), 120-5 (2003)

124. 1. Waldhauer, D. Goehlsdorf, F. Gieseke, T.
Weinschenk, M. Wittenbrink, A. Ludwig, S. Stevanovic, H.
Rammensee and A. Steinle: Tumor-Associated MICA Is
Shed by ADAM Proteases. Cancer Research, 68(15), 6368-
6376 (2008)

125. B. K. Kaiser, D. Yim, I. T. Chow, S. Gonzalez, Z. Dai,
H. H. Mann, R. K. Strong, V. Groh and T. Spies:
Disulphide-isomerase-enabled  shedding of tumour-
associated NKG2D ligands. Nature, 447(7143), 482-6
(2007)

126. H. R. Salih, H. G. Rammensee and A. Steinle: Cutting
edge: down-regulation of MICA on human tumors by
proteolytic shedding. J Immunol, 169(8), 4098-102 (2002)

127. J. Holdenrieder, P. Stieber, A. Peterfi, D. Nagel, A.
Steinle and H. R. Salih: Soluble MICA in malignant
diseases. Int J Cancer, 118(3), 684-7 (2006)

128. I. Waldhauer and A. Steinle: Proteolytic release of
soluble UL16-binding protein 2 from tumor cells. Cancer
Res, 66(5), 2520-6 (2006)

129. S. M. Sheen-Chen, H. S. Chen, H. L. Eng and W. J.
Chen: Circulating soluble Fas in patients with breast
cancer. World J Surg, 27(1), 10-3 (2003)



Role of NK cells in cancer therapy

130. Z. Kondera-Anasz, A. Mielczarek-Palacz and J.
Sikora: Soluble Fas receptor and soluble Fas ligand in the
serum of women with uterine tumors. Apoptosis, 10(5),
1143-9 (2005)

131. M. Enjoji, K. Yamaguchi, M. Nakashima, S. Ohta, K.
Kotoh, M. Fukushima, M. Kuniyoshi, M. Tanaka, M.
Nakamuta, T. Watanabe and H. Nawata: Serum levels of
soluble molecules associated with evasion of immune
surveillance: a study in biliary disease. Liver Int, 24(4),
330-4 (2004)]

132. A. Romanski, G. Bug, S. Becker, M. Kampfmann, E.
Seifried, D. Hoelzer, O. G. Ottmann and T. Tonn:
Mechanisms of resistance to natural killer cell-mediated
cytotoxicity in acute lymphoblastic leukemia. Exp Hematol,
33(3), 344-52 (2005)

133. J.D. Cunningham, X. Jiang and D. J. Shapiro:
Expression of high levels of human proteinase inhibitor 9
blocks both perforin/granzyme and Fas/Fas ligand-
mediated cytotoxicity. Cell Immunol, 245(1), 32-41 (2007)

Key Words: Natural Killer, Cancer, Immunity,
Interleukins, Clinical trials, Review

Send correspondence to: Stephan Gasser, Immunology
Programme, Centre for Life Sciences, National University
of Singapore, Number 03-10, 28 Medical Drive, Singapore
117456, Tel: 65167209, Fax: 6567782684, E-mail:
micsg@nus.edu.sg

http://www.bioscience.org/current/vol2E.htm

391



