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Abstract

Natural Killer cells (NK cells) are cells of the innate immune system that are important players in
mounting an immune response against viral infections and tumors. NK cells have a variety of
mechanisms in order to detect and attack their target cells. In this review, the roles of NK cells in
anti-tumor immunity have been discussed. NK cells use a combination of cell surface receptors
and secreted factors in order to attack tumor cells and prevent tumor growth. In addition, NK
cells act as an important mediator in the activation of the adaptive immune system, thereby
resulting in a sustained anti-tumor immune response. Thus a high NK cell number in the tumor is
indicative of a positive prognosis. Therefore, NK cell proportion is an important readout in order
to evaluate the efficacy of novel anti-tumor therapies. However, a novel subset of NK cells that
can suppress the immune response has recently been described. These ‘regulatory’ NK cells
differ from conventional NK cells in the expression of certain cell surface markers, and secrete
immune suppressive cytokines. Thus, immune monitoring studies that use cell surface marker
analysis to determine NK cell numbers as a readout for efficacy of experimental therapies need
to re-assess their NK cell detection strategy and differentially identify the different NK cell
subsets. This would help better predict the prognostic effect of certain therapies, as well as pave
the way for novel therapies targeting tumor-mediated immune suppression.
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Introduction

Natural Killer cells (NK cells) are cytotoxic
lymphocytes that play a critical role in the
innate immune system. NK cells are usually
characterized by the presence, absence or
fluorescent intensity of certain cell surface
markers, as determined by flow cytometry.
In humans, NK cells are identified as CD3"
CD56°. Further, based on the fluorescent
intensity of CD56, NK cells can be further
sub-classified into CD56”®" and CD56%"
cells. In mice, they are observed to be
CD3 'NK1.1" or CD3 'NKp46™ (1-3). NK cells
represent 5—-15% of circulating lymphocytes
in humans and can be further categorized
into subpopulations based on maturation
status (4). As the first line of defense, NK
cells have the unique ability to recognize
stressed cells (typically virus-infected cells
or tumor cells) and are able to mount a
rapid immune response in order to
eliminate their target cells (5). Importantly,
NK cells act as a bridge between the innate

and the adaptive immune system, activating
T cells, dendritic cells (DCs) and
macrophages in order to elicit a more
robust and long-term immune response (1).
For these reasons, NK cells have gained
special significance in tumor immunology
and cancer immunotherapy.

NK cells in cancer immunosurveillance

Natural killer cells attack and kill cells that
they consider to be dangerous (cancer,
foreign or virus-infected cells) and therefore
are major players in cancer
immunosurveillance (6). NK cells have
developed several mechanisms  for
distinguishing healthy cells from cancerous
cells, which form the basis of NK cell
activation. These mechanisms consist of a
complex mix of signals from a variety of
receptors, both stimulatory and inhibitory.
The intensity of signaling through either
type of receptor dictates the NK cell
response. i.e. increased signaling through
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the inhibitory receptors leads to tolerance
or inhibition of immune response, while
increased signaling through the stimulatory
receptor leads to activation of an immune
response.

NK cells express inhibitory receptors for
major histocompatibility complex (MHC)
class | complex, viz. the Ly49 receptors in
mice, killer immunoglobulin-like receptors
(KIRs) in humans, and the CD94-NKG2A
heterodimer in both species. Binding of self-
MHC class | is a major mechanism for the
tolerance of NK cells to self-tissue, and
allows their ‘education’” in order to
distinguish between self and non-self
tissues (7). Cells undergoing malignant
transformation often down-regulate MHC
Class | in order to evade the immune
system, which may alert the NK cells about
their potential as target cells. However, loss
of MHC Class | expression alone is not
sufficient to elicit an NK immune response.
In addition, the malignant cells also need to
over express certain NK activation markers
in order to affect NK cell recognition.

As mentioned earlier, in tumor cells upon
cellular transformation, surface MHC-I
expression is often reduced or lost to evade
recognition by antitumor T cells. In parallel,
cellular stress and DNA damage lead to
upregulated expression of ligands for NK
cell-activating receptors such as NKG2D,
NKp46, NKp30, NKp44 and CD226 (8-13),
(14-16). Binding of NK cell activating
receptors to their ligands leads to NK cell
activation and subsequent tumor cell death.
Several studies in mice have supported the
notion that NK cells are responsible for the
eradication of tumor cells. In these studies,
syngeneic tumor cells were implanted in
mice that either were genetically deficient
in NK cell function or depleted of NK cells
using neutralizing antibodies (17-20).
Eliminating NK cells in these models often
led to a more aggressive tumor growth and
metastasis (21). Thus, NK cells play a crucial
role in inducing an early immune response
to tumor cells.
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Mechanisms of tumor cytotoxicity by NK
cells

NK cells can exhibit natural cytotoxicity
against certain tumor cells in the absence of
pre-immunization or stimulation (22-24).
CD56"™NK cells, which make up the
majority of circulating cells, are the most
potent cytotoxic NK cells against tumor
cells. As described earlier, NK-cell
recognition of tumor cells by inhibitory and
activating receptors is complex, and two
recognition  models—‘missing-self’  and
‘stress-induced self’—might be used to
detect tumor cells. NK cells thus activated
are thus able to directly or indirectly exert
their antitumor activity to control tumor
growth and prevent metastasis using direct
as well as indirect mechanisms.

Direct NK-mediated anti-tumor immunity
NK cells directly kill target tumor cells
through several mechanisms: (a) Release of
apoptosis-inducing granules: Cytoplasmic
granules containing perforin and granzymes
lead to tumor-cell apoptosis in a caspase-
dependent and -independent manner (25,
26). Perforin induces perforations in the
tumor cell membrane, thus allowing entry
to Granzymes into the tumor cells and
leading to apoptosis; (b) Death receptor-
mediated apoptosis:  NK cells express
ligands such as Fas ligand (FasL) or TNF-
related apoptosis-inducing ligand (TRAIL),
which can induce tumor-cell apoptosis by
interacting with their respective receptors,
Fas and TRAIL receptor (TRAILR), on tumor
cells (27-30). TNF-a produced by activated
NK cells can also induce tumor-cell
apoptosis (31); (c) Secretion of various
effector molecules: Effector molecules, such
as cytokines, mediate antitumor functions
in various ways, including hindering tumor
angiogenesis and stimulating adaptive
immunity (32, 33). Exposure of tumors to
NK cells is also associated with nitric oxide
(NO) production, which leads to tumor DNA
fragmentation and cell lysis (34, 35); (d)
Antibody-dependent cytotoxicity: NK cells
can sometimes express CD16, a marker that
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can interact with antibody receptors on
tumor cells in order to induce antibody-
dependent cellular cytotoxicity (ADCC) in
tumor cells (36-41).

Indirect NK-mediated antitumor immunity
Apart from directly killing tumor cells, NK
cells also activate components of the
adaptive immune system such as DCs,
macrophages, and T cells by producing
various cytokines (IFN-y, TNF-a and IL-10),
as well as chemokines and growth factors
(42). Activated NK cells produce IFN-y,
which in turn activate naive CD8" T cells to
become cytotoxic T lymphocytes (CTLs).
IFN-y also helps to differentiate CD4" T cells
toward a T helperl Thl phenotype (an
inflammatory phenotype) in order to
promote CTL differentiation (43-45). In
addition, cancer cells killed by NK cells could
be phagocytosed by DCs, inducing them to
mature and present antigen to T cells in
order to generate antigen-specific CTL
responses (45-48).

A 1l-year follow-up study in patients
indicated that low NK cell cytotoxicity was
associated with increased cancer risk (49).
In patients with colorectal carcinoma,
gastric carcinoma and squamous cell lung
cancer, high levels of tumor-infiltrating NK
cells are associated with a favorable
outcome suggesting that NK cell infiltration
into the tumor tissues represents a positive
prognostic marker (50-52). Using flow
cytometry for CD56 detection, Geissler et
al. showed that a high percentage of CD56+
NK cells was associated with increased
survival in renal cell carcinoma. Therefore it
is not surprising that in pre-clinical as well
as clinical studies of novel
immunotherapies, the levels of NK cells in
the tumor as well as peripheral blood is
routinely detected by flow cytometry, and
presence of high levels CD56+ cells is seen
as a positive indication towards tumor
remission and increased disease-free
survival (53-57).
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‘Regulatory’ NKs

Recent studies have started to describe a
subset of NK cells that play a role in
immune suppression by regulating the
activation of other immune cell subsets (58-
61). ‘Regulatory’ NK cells, or better known
as CD56° "™ NK cells, are phenotypically
different from immune activating NKs, and
display high surface expression of CD56, are
CD16™%™ express the inhibitory receptor
NKG2A, and do not express Kkiller cell
immunoglobulin-like  receptors  (KIRs).
CD56” " NK cells were first considered
“immunoregulatory” by Cooper et al., due
to increased production of
immunosuppressive cytokines and reduced
cytotoxicity compared to CD56%™ NK cells
(62).

In several studies, it has now been
established that CD56” " NK cells regulate
other immune cells belonging to both the
innate and adaptive immune system. Deniz
et al. directly purified IL-10-secreting and
non-secreting NK cell subsets from
peripheral blood and were among the first
to report the ability of IL-10 secreting NK
cells to suppress T cell function (63). Thus,
there exists a dynamic relationship between
NK cells with T cells. Traditionally believed
to only promote T cell activation, it is now
understood that NK cells can also inhibit T
cell-mediated immune responses in a
variety of contexts, including autoimmunity,
viral infection and anti-tumor immunity (64-
69). NK cell-mediated regulation of T cells
has been observed in mouse studies where
in vivo depletion of NK cells improved
antiviral T cell responses and resulted in the
clearance of lymphocytic choriomeningitis
virus (LCMV) (64, 70). In humans, NK cells
from patients with chronic hepatitis B virus
(HBV) infection were able to kill HBV-

specific CD8" T cells in a TRAIL-receptor-
dependent manner (71, 72). In addition to
hampering T cell function, some studies
have reported that suppressive NK cells
produce IL-10, inhibit B cell function, and
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weaken immune responses by modulating
DC function and by killing CD8" T cells (47,
73-78). Crome et al. recently described a
novel immune cell population (described as
CD56°CD3 cells) that were characterized as
being
CD56°""CD16"CD94"'NKG2D*KIR"NKp30*NK
p46" lymphocytes, which could limit T cell
cytokine production and expansion. While
the authors refrained from classifying these
cells as a subset of NK cells, this novel cell
population expressed several cell surface
markers that are present in NK cells,
specifically KIR and NKp46, with NKp46
regulating interactions with, and
suppressing T cells (79) (Figure 1). Thus,
several studies have reliable identified an
immunosuppressive  NK  cell  subset.
However, further studies need to be
performed in order to determine the
differential expression on cell surface
markers and secreted cytokines between
conventional and regulatory NKs.

Potential of NK cells as a biomarker for
disease prognosis

In cancer patients, immune monitoring
studies are routinely carried out in order to
evaluate or predict response to therapy. For
immune monitoring, immune cell
composition in the blood or in the tumor
(Tumor infiltration lymphocytes (TILs)) are
detected by a variety of mechanisms
including flow cytometry and
immunohistochemistry. TILs specimens that
possess a high percentage of NK cells (as
detected by the presence of cell surface
markers) are usually associated with better
prognosis and increased survival (33, 51,
52). However, recent studies have
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substantiated the presence of an
immunosuppressive NK phenotype. While
the specific cell surface markers have yet to
be fully elucidated for this subset, most
studies have characterized these cells as
being CD56" " and secreting IL-10. These
findings have tremendous implications for
immune monitoring studies that look at TILs
to evaluate and predict the prognosis of the
patient. The expression of many NK cell
markers on regulatory NK cells (albeit at
different levels) underscores the need for
careful evaluation of these immune cell
subsets in TILs before basing prognosis and
survival predictions off of NK cell numbers.
Furthermore, functional analysis of NK cells
from TILs needs to be performed in order to
assess their net contribution in the tumor
microenvironment.

Conclusions

NK cells form the first line of defense
against tumor immune detection and
elimination. Furthermore, they play an
important role in activating the adaptive
immune system, leading to a more powerful
and long-lasting immune response against
tumors. These abilities have collectively
rendered NK cells as a predictive biomarker
for better prognosis and improved response
to cancer therapy. However, with the
recent identification of an
immunosuppressive NK cell subtype, which
possesses a partial overlap in cell surface
characteristics with conventional NK cells,
there is now a greater need for routine
functional characterization of NK cells in
TILs in order to conclusively assess response
to therapy and disease prognosis.
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Figure 1: Role of NK cells in mediating and inhibiting tumor cell death

Expression of NK activating ligands on tumor cells can lead to NK cell activation and tumor cell
death. In addition, inflammatory cytokines released during NK cell activation can activate
cytotoxic T cells, which in turn may also contribute to tumor cell death. Regulatory NK cells, if
present, can release immunosuppressive cytokines, which can hamper anti-tumor T cell
response.

BIBLIOGRAPHY Augugliaro R, Bottino C, et al. p46, a novel natural

1. Vivier E, Raulet DH, Moretta A, Caligiuri MA, killer cell-specific surface molecule that mediates
Zitvogel L, Lanier LL, et al. Innate or adaptive cell activation. J Exp Med. 1997;186(7):1129-36.

immunity? The example of natural killer cells. https://doi.org/10.1084/jem.186.7.1129

Science. 2011;331(6013):44-9. PMid:9314561 PMCid:PMC2211712
https://doi.org/10.1126/science.1198687 4. Caligiuri MA. Human natural killer cells. Blood.
PMid:21212348 PMCid:PMC3089969 2008;112(3):461-9.

2. Walzer T, Blery M, Chaix J, Fuseri N, Chasson L, https://doi.org/10.1182/blood-2007-09-077438
Robbins SH, et al. Identification, activation, and PMid:18650461 PMCid:PMC2481557

selective in vivo ablation of mouse NK cells via 5, Terunuma H, Deng X, Dewan Z, Fujimoto S,
NKp46. Proc Natl Acad Sci U S A. 2007;104(9):3384- yamamoto N. Potential role of NK cells in the
9. https://doi.org/10.1073/pnas.0609692104 induction of immune responses: implications for
PMid:17360655 PMCid:PMC1805551 NK cell-based immunotherapy for cancers and viral

3. Sivori S, Vitale M, Morelli L, Sanseverino L, infections. Int Rev Immunol. 2008;27(3):93-
110.https://doi.org/10.1080/08830180801911743



https://doi.org/10.1126/science.1198687
https://doi.org/10.1073/pnas.0609692104
https://doi.org/10.1084/jem.186.7.1129
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1080/08830180801911743

16 Journal of Postdoctoral Research September 2017:11-20

PMid:18437601 contributor to NK cell control of tumor metastasis.

6. Vivier E, Tomasello E, Baratin M, Walzer T’Jlmmunol. 1999;162(11):6658-62. PMid:10352283

Ugolini S. Functions of natural killer cells. Nat 15. Smyth MJ, Kelly JM, Baxter AG, Korner H,

Immunol. 2008;9(5):503-10. Sedgwick JD. An essential role for tumor necrosis
https://doi.org/10.1038/ni1582 factor in natural killer cell-mediated tumor
PMid:18425107 rejection in the peritoneum. J Exp Med.

7. Raulet DH, Vance RE. Self-tolerance of natural 1998;188(9):1611-9.
killer cells. Nat Rev Immunol. 2006;6(7):520-31, https://doi.org/10.1084/jem.188.9.1611

https://doi.org/10.1038/nri1863 PMid:9802973 PMCid:PM(C2212521

PMid:16799471 16. van den Broek MF, Kagi D, Zinkernagel RM,
Hengartner H. Perforin dependence of natural killer
cell-mediated tumor control in vivo. Eur J Immunol.

8. Ljunggren HG, Malmberg KJ. Prospects for the
use of NK cells in immunotherapy of human cancer.
Nat  Rev  Immunol.  2007;7(5):329-39. 1995;25(12):3514-6.

https://doi.org/10.1038/nri2073 PMid: 17438573  https://doi.org/10.1002/eji.1830251246
PMid:8566046

9. Ljunggren HG, Karre K. In search of the 'missing )
self: MHC molecules and NK cell recognition. 17- Havakawa Y, Smyth MJ. Innate immune
Immunol Today. 1990;11(7):237-44. recognition and suppression of tumors. Adv Cancer

https://doi.org/10.1016/0167-5699(90)90097-5  Res: 2006;95:293-322.
https://doi.org/10.1016/S0065-230X(06)95008-8

10. Karre K, Ljunggren HG, Piontek G, Kiessling R. ] _
Selective rejection of H-2-deficient lymphoma 18. Wu J, Lanier LL. Natural killer cells and cancer.

variants suggests alternative immune defence AdV Cancer Res. 2003;90:127-56.
ctrategy.  Nature.  1986:319(6055):675-8, Nttsi//doi.org/10.1016/50065-230X(03)90004-2

https://doi.org/10.1038/319675a0 19. Smyth MJ, Hayakawa Y, Takeda K, Yagita H.
PMid:3951539 New aspects of natural-killer-cell surveillance and
11. Ljunggren HG, Karre K. Host resistance directed therapy of cancer. Nat Rev Cancer. 2002;2(11):850-

selectively against H-2-deficient lymphoma 61. )
variants. Analysis of the mechanism. J Exp Med. https://doi.org/10.1038/nrc928

1985;162(6):1745-59. PMid:12415255
https://doi.org/10.1084/jem.162.6.1745 20. Kim S, lizuka K, Aguila HL, Weissman IL,
PMid:3877776 Yokoyama WM. In vivo natural killer cell activities

12. Zhang X, Rao A, Sette P, Deibert C, Pomerantz revealed by natural killer cell-deficient mice. Proc
A, Kim WJ, et al. IDH mutant gliomas escape Natl Acafj Sci U S A 2000;,97(6):2731-6.
natural killer cell immune surveillance by https://doi.org/10.1073/pnas.050588297

downregulation of NKG2D ligand expression. Neuro PMid:10694580 PMCid:PMC15998

Oncol. 2016;18(10):1402-12. 21. Sungur CM, Murphy WJ. Positive and negative
https://doi.org/10.1093/neuonc/now061 regulation by NK cells in cancer. Crit Rev Oncog.
PMid:27116977 2014;19(1-2):57-66.

13. Amankulor NM, Kim Y, Arora S, Kargl J https://doi.org/10.1615/CritRevOncog.2014010805

’

Szulzewsky F, Hanke M, et al. Mutant IDH1 PMid:24941373 PMCid:PMC4242411

regulates the tumor-associated immune system in 22. Barlozzari T, Reynolds CW, Herberman RB. In

gliomas. Genes Dev. 2017;31(8):774-86. vivo role of natural killer cells: involvement of large
https://doi.org/10.1101/gad.294991.116 granular lymphocytes in the clearance of tumor
PMid:28465358 cells in anti-asialo GM1-treated rats. J Immunol.

14. Smyth MJ, Thia KY, Cretney E, Kelly JM, Snook 198_3;131(2):1024'7'
MB, Forbes CA, et al. Perforin is a major PMid:6863925


https://doi.org/10.1038/ni1582
https://doi.org/10.1038/nri1863
https://doi.org/10.1038/nri2073
https://doi.org/10.1016/0167-5699(90)90097-S
https://doi.org/10.1038/319675a0
https://doi.org/10.1084/jem.162.6.1745
https://doi.org/10.1093/neuonc/now061
https://doi.org/10.1101/gad.294991.116
https://doi.org/10.1084/jem.188.9.1611
https://doi.org/10.1002/eji.1830251246
https://doi.org/10.1016/S0065-230X(06)95008-8
https://doi.org/10.1016/S0065-230X(03)90004-2
https://doi.org/10.1038/nrc928
https://doi.org/10.1073/pnas.050588297
https://doi.org/10.1615/CritRevOncog.2014010805

Rao and Amankulor 17

23. Riccardi C, Santoni A, Barlozzari T, Puccetti P, immunotherapy in cancer: current insights and
Herberman RB. In vivo natural reactivity of mice future prospects. J Intern Med. 2009;266(2):154-

against tumor cells. Int J Cancer. 1980;25(4):475-
86.

https://doi.org/10.1002/ijc.2910250409
PMid:6154658

24. Herberman RB, Holden HT. Natural cell-
mediated immunity. Adv Cancer Res. 1978;27:305-
77. https://doi.org/10.1016/50065-230X(08)60936-

7

25. Trapani JA, Davis J, Sutton VR, Smyth MJ.
Proapoptotic functions of cytotoxic lymphocyte
granule constituents in vitro and in vivo. Curr Opin
Immunol. 2000;12(3):323-9.
https://doi.org/10.1016/50952-7915(00)00094-7

26. Prochazka M, Papiernikova E, Konik |I.
[Angiographic findings in various focal epilepsies].
Cesk Neurol Neurochir. 1976;39(2):63-7.
PMid:816473

27. Cretney E, Takeda K, Yagita H, Glaccum M,
Peschon JJ, Smyth MJ. Increased susceptibility to
tumor initiation and metastasis in TNF-related
apoptosis-inducing  ligand-deficient  mice. J
Immunol. 2002;168(3):1356-61.
https://doi.org/10.4049/jimmunol.168.3.1356
PMid:11801676

28. Takeda K, Hayakawa Y, Smyth MJ, Kayagaki N,
Yamaguchi N, Kakuta S, et al. Involvement of tumor
necrosis factor-related apoptosis-inducing ligand in
surveillance of tumor metastasis by liver natural
killer ~ cells. Nat Med. 2001;7(1):94-100.
https://doi.org/10.1038/83416

PMid:11135622

29. Kayagaki N, Yamaguchi N, Nakayama M, Takeda
K, Akiba H, Tsutsui H, et al. Expression and function
of TNF-related apoptosis-inducing ligand on murine

activated NK cells. J Immunol. 1999;163(4):1906-

13. PMid:10438925

30. Bradley M, Zeytun A, Rafi-Janajreh A,
Nagarkatti PS, Nagarkatti M. Role of spontaneous
and interleukin-2-induced natural killer cell activity
in the cytotoxicity and rejection of Fas+ and Fas-
tumor  cells. Blood. 1998;92(11):4248-55.
PMid:9834230

31. Sutlu T, Alici E. Natural killer cell-based

81.
https://doi.org/10.1111/j.1365-2796.2009.02121.x
PMid:19614820

32. Smyth MJ, Crowe NY, Pellicci DG, Kyparissoudis
K, Kelly JM, Takeda K, et al. Sequential production
of interferon-gamma by NK1.1(+) T cells and
natural killer cells is essential for the antimetastatic
effect of alpha-galactosylceramide.  Blood.
2002;99(4):1259-66.
https://doi.org/10.1182/blood.V99.4.1259
PMid:11830474

33. Street SE, Cretney E, Smyth MJ. Perforin and
interferon-gamma activities independently control

| tumor initiation, growth, and metastasis. Blood.

2001;97(1):192-7.
https://doi.org/10.1182/blood.V97.1.192
PMid:11133760

34. Furuke K, Burd PR, Horvath-Arcidiacono JA,
Hori K, Mostowski H, Bloom ET. Human NK cells
express endothelial nitric oxide synthase, and nitric
oxide protects them from activation-induced cell
death by regulating expression of TNF-alpha. J
Immunol. 1999;163(3):1473-80.
PMid:10415049

35. Cifone MG, D'Alo S, Parroni R, Millimaggi D,
Biordi L, Martinotti S, et al. Interleukin-2-activated
rat natural killer cells express inducible nitric oxide
synthase that contributes to cytotoxic function and
interferon-gamma production. Blood.
1999;93(11):3876-84.

PMid:10339496

36. Smyth MJ, Cretney E, Takeda K, Wiltrout RH,
Sedger LM, Kayagaki N, et al. Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)

contributes to interferon gamma-dependent
natural killer cell protection from tumor
metastasis. J Exp Med. 2001;193(6):661-70.

https://doi.org/10.1084/jem.193.6.661
PMid:11257133 PMCid:PMC2193421

37. Kodama T, Takeda K, Shimozato O, Hayakawa Y,
Atsuta M, Kobayashi K, et al. Perforin-dependent
NK cell cytotoxicity is sufficient for anti-metastatic
effect of IL-12. Eur J Immunol. 1999;29(4):1390-6.
https://doi.org/10.1002/(SICI)1521-



https://doi.org/10.1002/ijc.2910250409
https://doi.org/10.1016/S0065-230X(08)60936-7
https://doi.org/10.1016/S0065-230X(08)60936-7
https://doi.org/10.1016/S0952-7915(00)00094-7
https://doi.org/10.4049/jimmunol.168.3.1356
https://doi.org/10.1038/83416
https://doi.org/10.1111/j.1365-2796.2009.02121.x
https://doi.org/10.1182/blood.V99.4.1259
https://doi.org/10.1182/blood.V97.1.192
https://doi.org/10.1084/jem.193.6.661
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1390::AID-IMMU1390%3E3.0.CO;2-C

18 Journal of Postdoctoral Research September 2017:11-20

4141(199904)29:04<1390::AID- https://doi.org/10.1038/cmi.2011.23

IMMU1390>3.0.C0O;2-C PMid:21822297 PMCid:PMC4002926
https://doi.org/10.1002/(SICI)1521- 47. Piccioli D, Sbrana S, Melandri E, Valiante NM. Contact-de
4141(199904)29:04<1390::AID- dendritic cells by natural killer cells. J
IMMU1390>3.3.€0;2-3 https://doi.org/10.1084/jem.20010934

38. Yao L, Sgadari C, Furuke K, Bloom ET, Teruya- PMid:11828008 PMCid:PM(C2193592

Feldstein J, Tosato G. Contribution of natural killer 48. Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra
cells to inhibition ofanglogene5|s by interleukin-12. interaction between natural killer cells and dendritic cel

39. Trinchieri G. Interleukin-12: a cytokine at the PMid:11828007 PMCid:PMC2193595

interface of inflammation and immunity. AdV 49 |mai K Matsuyama S, Miyake S, Suga K, Nakachi K. Natur:
Immunol 1998;70:83-243. |y ohocytes and cancer incidence: an 11-year follow-up st
40. Talmadge JE, Phillips H, Schindler J, Tribble H, https://doi.org/10.1016/S0140-6736(00)03231-1

Pennington R. Systematic preclinical study on the 5q yjjlegas FR, Coca S, Villarrubia VG, Jimenez R, Chillon MJ, Jz
therapeutic properties of recombinant human o infiltrating natural killer cells subset CD57 in patients
interleukin 2 for the treatment of metastatic ancer.

disease. ~ Cancer  Res.  1987;47(21):5725-32. p+4hc.//doi.org/10.1016/50169-5002(01)00292-6

PMid:3499218

) o 51. Ishigami S, Natsugoe S, Tokuda K, Nakajo A, Che X, Iv
41. Wiltrout RH, Herberman RB, Zhang SR, Chirigos .+ atumoral  natural  killer  cells  in gastric  carcit
MA, Ortaldo JR, Green KM, Jr., et al. Role of organ- . //doi.org/10.1002/(SICI)1097-0142(20000201)88:3<577::A

associated NK cells in decreased formation of pp¢.//d0i.0rg/10.1002/(SIC1)1097-0142(20000201)88:3<577::A
experimental metastases in lung and liver. J ] ] ]
Immunol. 1985;134(6):4267-75. PMid:3989307 52. Coca S, Perez-Piqueras J, Martinez D, Colmenarejo A, Sae

significance of intratumoral natural killer cells in patients
42. Bryceson YT, March ME, Ljunggren HG, Long 1997;79(12):2320-8.

EO. Activation, coactivation, and costimulation of .+, //do0i.0rg/10.1002/(SIC1)1097-0142(19970615)79:12<2320

resting human natural killer cells. Immunol Rev. ] ] ] o
2006:214:73-91. 53. Curti A, Ruggeri L, D'Addio A, Bontadini A, Dan E, Motta MR,

https://doi.org/10.1111/i.1600-065X.2006.00457.x haploidentical KIR ligand-mismatched natural killer cells after int
PMid:17100877 PMCid:PMC3845883 leukemia patients. Blood.

43. Martin-Fontecha A, Thomsen LL, Brett S, G 51 5
recruitment of NK cells to lymph nodes provides [ N-gamma for T(H)1 priming. Nat Immunol
2004;5(12):1260-5. 54. Geller MA, Cooley S, Judson PL, Ghebre R, Carson LF, Argent:

https://doi.org/10.1038/ni1138 PMid:15531883 natural killer cell therapy to treat patients with recurrent ov

44. Mocikat R, Braumuller H, Gumy A, Egeter O, Z|eﬁ%r : 5t al. N3 j fgggated
ps: .0rg/10.3109/ . . .

by MHC class I(low) targets prime dendritic cells to e ' 3 [ESNONSES. mmunity.

2003;19(4):561-9.

https://doi.org/10.1016/51074-7613(03)00264-4  55. lliopoulou EG, Kountourakis P, Karamouzis MV, Doufexis |

h .t f t f all | kill [
45. Kelly JM, Darcy PK, Markby JL, Godfrey DI, Takedgli?%gltgll %t 3FRRJugt|(;?1nos %rJo Frs er}elcl_na lura ter ce

ek munol I
memory by NK cell-mediated tumor hﬁ'lp? /ﬂi‘m org'\}% 10%?}“(%%‘2 0”% %13) 83- é‘b

https://doi.org/10.1038/ni746
PMid:11743585 PMid:20703455

. Rizzjer rms hen DF G, Yapg Y, Nikcevich DA
46. Nguyen-Pham TN, Yang DH, Nguyen TA, Lim MS ?—?on%a?k r\]\uiy()ns romp&lg\%légh econ ﬁ

for the generation of natural killer cell-induced deY%'rp ochﬁﬁ or cance un Yo ?almlly membet
Immunol. transp antati § L é Marrow



https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1390::AID-IMMU1390%3E3.3.CO;2-3
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1390::AID-IMMU1390%3E3.3.CO;2-3
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1390::AID-IMMU1390%3E3.3.CO;2-3
https://doi.org/10.1016/S0065-2776(08)60387-9
https://doi.org/10.1111/j.1600-065X.2006.00457.x
https://doi.org/10.1038/ni1138
https://doi.org/10.1016/S1074-7613(03)00264-4
https://doi.org/10.1038/ni746
https://doi.org/10.1038/cmi.2011.23
https://doi.org/10.1084/jem.20010934
https://doi.org/10.1084/jem.20010938
https://doi.org/10.1016/S0140-6736(00)03231-1
https://doi.org/10.1016/S0169-5002(01)00292-6
https://doi.org/10.1002/(SICI)1097-0142(20000201)88:3%3C577::AID-CNCR13%3E3.3.CO;2-M
https://doi.org/10.1002/(SICI)1097-0142(20000201)88:3%3C577::AID-CNCR13%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1097-0142(19970615)79:12%3C2320::AID-CNCR5%3E3.0.CO;2-P
https://doi.org/10.1182/blood-2011-01-329508
https://doi.org/10.3109/14653249.2010.515582
https://doi.org/10.1007/s00262-010-0904-3

Rao and Amankulor 19

https://doi.org/10.1016/j.bbmt.2010.02.018 68. Villanueva J, Lee S, Giannini EH, Graham TB, Passo MH,
PMid:20188202 PMCid:PMC3625653 dysfunction is a distinguishing feature of systemic onset juvenil
57. Rao A, Taylor JL, Chi-Sabins N, Kawabe M, GoaﬁﬁWgtWE,_ Storkus WT.dEHHﬂJinatio_n th’g‘FB Ii}t.\ﬁlith ) Res

HSP90 inhibitor 17-DMAG reconditions the tumditRsid{SRLOrEHAHB8L 143 OMifkInGaataQ POICid:PMC106
therapeutic T cells. Care®rTakeda K, Bsnnert G. Th20di2yE263nad06F286toimmunity i
https://doi.org/10.1158/0008-5472.CAN-12-0538 disappearance of natural killer type 1-positive cells: evidence
PMid:22552283 PMCid:PMC3389149 marrow stem cell proliferation, B cell immunoglobulin secretit

58. Kimura MY, Nakayama T. Differentiation of NK1 Madk2 cells. Crit Rev Immunol. 2005;25(5):361-74.
https://doi.org/10.1615/CritRevimmunol.v25.i5.20 Nttps://doi.org/10.1084/jem.177.1.155 PMid:8418197

59. Aktas E, Akdis M, Bilgic S, Disch R, Falk CS, BlJ&rW,a%QOJl%ﬁ%r&?{'}Pa"t(ﬁd}"kiﬁSPQI\hk(( WERRM. Natural |
expression and immunoglobulin E (IgE) regulatiaﬂti‘ﬂ§alNK1 and NK2' cells. Clin Exp® Iﬁ‘nmunol. Natur
https://doi.org/10.1111/j.1365-2249.2005.02777.x 71. Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schur
PMid:15807855 PMCid:PMC1809360 receptor renders antiviral T cells susceptible to NK cell-mediate

60. Deniz G, Akdis M, Aktas E, Blaser K, Akdis % uman NK1 and NK2 subsets determined by
purification of IFN-gamma-secreting and IFN—gQﬁM&MM@MQJ Immunol.
2002;32(3):879-84. PMid:23254287 PMCid:PMC3549717
https://doi.org/10.1002/1521-4141(200203)32:3<8782.ANDIEVisViIRBOFIcEB2 Rogdal LJ, Rotman Y, Noureddin M,

61. Jain SP. Giant haemolymphangioma of k@lﬂ'é@ﬁ.” f%ag{iowpdimgavi59I05'§7r§§%§)s.§§@_§]terferon the
PMid:1157734 2011;141(4):1231-9,9 el1-2.

62. Cooper MA, Fehniger TA, Turner SC, Chen KS, GhgﬁeﬁwzéﬂgyGF'T%?%gpﬁﬁFn%N'n%?t?rs‘}frlkﬁlt\é?%‘ém? efficacy the
a unique innate immunoregulatory role for the %B%%(%@cgg}\ﬁ?’?ﬁ%@et Blood. 2001;97&0):3146-51.

https://doi.org/10.1182/blood.V97.10.3146 PMid:1 4pdoi.org/10.1016/.it.2015.0/.0
' . PMid:26272882 PMCid:PMC4567442
63. Deniz G, Erten G, Kucuksezer UC, Kocacik D, Karaigmdls C, Aktas E, et al. Regulatory NK cells

suppress antigen-specific T cell resgéln _SH' im K?m'fﬂﬂ”zﬁpmu 5‘06@% -$4fpn CA. Activati.n
https://doi.org/10.4049/jimmunol.180.2.850 for maintenance, IL-10 production, and CD8 T cell regulatic

https://doi.org/10.1084/jem.20082387

64. Lang PA, Lang KS, Xu HC, Grusdat M, Parish Wi&‘i@ﬁo%o%id%ﬁbﬁ%sce” activation
enhances immune pathology and promotes chronic infection by limiting CD8+ T-cell immuni;}% Proc

Natl Acad Sci U 75. F%dil—qunu NA.Lee SH, Be%fﬁﬁé@(m .‘ﬂag.nis AP,. Biror
https://doi.org/10.1073/pnas.1118834109 C57BL/6 mice: a new mouse cytomegalovirus-susceptible n
PMid:22167808 PMCid:PMC3268324 pathogens controlled by the NK gene complex.

) ) https://doi.org/10.4049/jimmunol.181.9.6394
65. Waggoner SN, Taniguchi RT, Mathew PA, K“marﬁfvﬂ\’é{%@ﬂ‘fgé\%ﬂﬁf&ﬂﬁxf@&%%% promotes NK

cell-mediated killing of activated CD8+ T cells, leading to prolonged viral persistence and altered

pathogenesis. J Clin 76. Della)(higsa M, Vitale M, {@ripiaagaf 13 figHgzzo G, Moret
https://doi.org/10.1172/JCI41264 mediated killing of autologous dendritic cells is confined to a c
PMid:20440077 PMCid:PMC2877945 lacking inhibitory killer Ig-like receptors. Eur

https://doi.org/10.1002/eji.200323986
66. Noone CM, Paget E, Lewis EA, Loetscher MR, Nemaﬁgy\ﬁélfgmson PA. Natural killer cells regulate

T-cell proliferation during human parainfluenza virus type 3 infection. J Virol. 2008;82(18):9299-302.
https://doi.org/10.1128/JV1.00717-08 77. Spaggiari GM, Carosio R, Pende D, Marcenaro S, Rivera P, Zo
PMid: 18614637 PMCid:PMC2546889 autologous antigen-presenting cells is triggered by the engagem

) ] upon ligation of the natural cytotoxicity receptors NKp30 and N
67. Beilke JN, Kuhl NR, Van Kaer L, Gill RG. NK celésspromote islet allograft tolerance via a perforin-

dependent mechanism. Nat pitps://doi.dV840.1002/1521 8% EHA 95383 656::AID-IM!
https://doi.org/10.1038/nm1296 PMid:16155578



https://doi.org/10.1016/j.bbmt.2010.02.018
https://doi.org/10.1158/0008-5472.CAN-12-0538
https://doi.org/10.1615/CritRevImmunol.v25.i5.20
https://doi.org/10.1111/j.1365-2249.2005.02777.x
https://doi.org/10.1002/1521-4141(200203)32:3%3C879::AID-IMMU879%3E3.0.CO;2-2
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.4049/jimmunol.180.2.850
https://doi.org/10.1073/pnas.1118834109
https://doi.org/10.1172/JCI41264
https://doi.org/10.1128/JVI.00717-08
https://doi.org/10.1038/nm1296
https://doi.org/10.1186/ar1453
https://doi.org/10.1084/jem.177.1.155
https://doi.org/10.1038/nature10624
https://doi.org/10.1084/jem.20121172
https://doi.org/10.1016/j.it.2015.07.004
https://doi.org/10.1084/jem.20082387
https://doi.org/10.4049/jimmunol.181.9.6394
https://doi.org/10.1002/eji.200323986
https://doi.org/10.1002/1521-4141(200106)31:6%3C1656::AID-IMMU1656%3E3.0.CO;2-V

20 Journal of Postdoctoral Research September 2017:11-20

78. Che S, Huston DP. Natural killer cell suppression of IgM production. Nat Immun. 1994;13(5):258-69.
PMid:7833625

79. Crome SQ, Nguyen LT, Lopez-Verges S, Yang SY, Martin B, Yam JY, et al. A distinct innate lymphoid
cell population regulates tumor-associated T cells. Nat Med. 2017;23(3):368-75
https://doi.org/10.1038/nm.4278

PMid:28165478



https://doi.org/10.1038/nm.4278

