
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACT 
Natural killer (NK) cells are one of the first lines 
of defense against a wide range of pathogens and 
cancers. They express a variety of both inhibitory 
and activating receptors and antigens that can 
be used to classify cells as a particular subset 
population with differing regulatory and effector 
functions. New studies reveal previously 
uncharacterized complexities of NK development, 
functions, roles, and responses to stimuli within 
these subsets of NK cells. These new characteristics 
include populations of NK cells that are involved 
in regulation, memory, hematopoiesis, positive 
and negative selection, and interactions between 
adaptive and innate cells. NK cells thus serve as 
an important innate, anti-pathogen and anti-tumor 
cell with possible adaptive immunity features. 
 
KEYWORDS: natural killer cells, licensing, 
education, arming, adaptive, innate, cell interactions, 
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INTRODUCTION 
Natural killer (NK) cells are large, granular 
lymphocytes that are a part of the innate immune 
system and primarily play a role in anti-tumor and 
anti-viral responses [1-3]. Though initially assumed 
to be fairly simplistic cytotoxic innate cells, recent 
findings have highlighted their complexities and 
nuances that were not considered previously. 
 

License to kill, regulate and remember: The many roles of 
natural killer cells 
 

Increasing work in both humans and mice has 
shown the existence of various subpopulations of 
NK cells with potentially different capabilities 
and roles in the immune system [4-16]. Numerous 
characteristics and attributes of adaptive immune 
cells have started to be applied to NK cells 
[17-26]. The idea of NK cell “education” or 
“licensing” is akin to positive selection in T cells 
whereby NK cells are only fully functional upon 
capability of binding to host MHC I molecules 
and showing they can be inhibited [27-29]. The 
discovery of specialization of NK cells in terms 
of certain populations primarily producing only 
cytokines, others that are immunosuppressive, 
cytotoxic, or promote hematopoiesis further 
exemplify the multifaceted roles NK cells have 
[4, 16, 30, 31]. Additionally, selective expansion 
of certain subsets and potential memory NK cells 
suggest there might be much more about these 
cells that we do not understand or consider 
currently [21, 32-36]. This review will highlight 
the history and general background of NK cells in 
both humans and mice, and delve into the new 
discoveries and characteristics of NK cells that 
make them such a unique cell. Finally, the clinical 
significance and potential of NK cells will be 
highlighted due to the role they have in numerous 
disease processes and medical conditions.  
 
Natural killer cell history and background 
Natural killer (NK) cells were first discovered by 
Kiessling and Herberman in 1975 [37, 38]. These 
studies looked at the unique capabilities of these 
cells to “naturally” eliminate leukemia cells without 
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the anti-viral capabilities of NK cells are a 
significant aspect of the immune system’s role in 
handling viral infections. They have been shown 
to either cause direct lysis of virally infected cells 
or respond to the infection by producing IFNγ and 
other pro-inflammatory cytokines to help eliminate 
the virus from the host [65-68]. NK cells have 
been shown to have important roles against 
cytomegalovirus [69-72], herpes simplex virus 
[73], various hepatitis viruses [74-76], influenza 
[77, 78], human immunodeficiency virus [79-81], 
as well as various other viruses [82-85]. NK cells 
aid in both the anti-viral and tumor responses 
through direct ligand recognition and cytotoxicity, 
antibody-dependent cell-mediated cytotoxicity 
(ADCC), immunostimulatory and inflammatory 
cytokines release like TNF-α or IFN-γ, and other 
mechanisms that will be addressed in more detail 
later on. 
NK cells are defined phenotypically by the 
presence and absence of particular antigens. No 
one specific marker exists to identify them. Most 
of the typical NK markers are also located on 
T cells, mast cells, or macrophages and include 
the C-type lectin NK-cell receptor protein 1 A 
(NK1.1 in mice or CD161 in humans) [86], 
integrin-α2 (CD49b) in mice [87], the neuronal 
cell adhesion molecule CD56 in humans [88], 
CD11b and asialoganglio-N-tetraosyceramide 
(asilo-GM1) [89]. Therefore it is usually a 
combination of expression of these antigens along 
with a lack of typical T cell markers like CD3 or 
the T cell receptor that identifies a NK cell.  
NK cell development and maturation occurs 
primarily in the bone marrow (though the fetal 
liver is the primary hematopoietic organ before 
birth [90]) deriving from the common lymphoid 
progenitor (CLP) [91, 92]. The stages of 
development can be divided into four primary 
stages. The first stage is defined by the expression 
of IL-2 receptor β (IL-2Rβ/CD122). NKG2D, a NK 
activating receptor is also expressed early on during 
development, though the precursor NK cells do 
not appear to be capable of cytotoxic capability at 
this point. NK cells then develop into the immature 
stage with the acquisition of NK1.1 in mice or 
CD161 in humans with the expression of DX5 in 
mice or CD56 in humans along with NKG2A/ 
CD94 complex expression following shortly after. 
 

any immunization beforehand [39]. However, the 
first studies that identified the presence of NK cell 
activity involved bone marrow rejection. In these 
studies F1 hybrid mice were able to reject bone 
marrow cells injected from parental or allogeneic 
bone marrow allografts. These findings were 
confusing since F1 host T cells should not be 
able to reject parental bone marrow cells due 
to the laws of transplantation that state MHC-
encoded transplantation antigens are expressed 
co-dominantly [40, 41]. Thus there appeared to 
be a unique lymphocyte population capable of 
mediating this hybrid rejection, which initiated the 
study of NK cells. 
It was originally proposed that NK cells 
targeted cells based on “missing self” [42-45]. 
This hypothesis stated that if an NK cell was 
not inhibited by the presence of major 
histocompatibility complex (MHC) class I molecules 
on a potential target, then it would exhibit 
cytotoxicity towards that cell. This fit with the 
potential targets for NK cells that included virally 
infected and transformed cells that often times 
down-regulate MHC I expression levels and 
would make them a prime target due to lack of 
inhibition of the NK cells [42, 43]. However there 
are normal cells, including red blood cells, that 
have low MHC I expression and NK cells have 
not been shown to attack them normally. Thus the 
missing-self hypothesis was modified to also 
include the need for activating signals from the 
potential targets to signify the cell is a threat to 
the host [46-48]. NK cells recognize their targets 
through germline-encoded pattern recognition 
receptors that are not MHC I restricted [3, 49-53]. 
The best-characterized targets of NK cells are 
viruses and tumor cells. Initial studies looking at 
the activity of NK cells showed high levels of 
cytotoxicity towards blood-borne cancer cells like 
various types of leukemia in both mice [37, 54-56] 
and humans [57-59]. Since NK cells have a 
prominent role in anti-tumor protection in the 
blood, their role in protection against metastatic 
tumors cells has also be discovered. NK cells are 
capable of targeting and eliminating the metastatic 
cells from solid tumors that enter the blood stream 
and help reduce spread of the cancer to other 
organs and tissues [60-64]. In addition to the anti-
tumoral protection provided by natural killer cells, 
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and CD56 low populations respectively [11]. These 
populations of cells will be discussed more later. 
Another difference alluded to before involves 
the receptor families responsible for binding to 
self-MHC class I. In mice this family is the C 
type lectins, Ly49s, and in humans the killer 
immunoglobulin-like receptors (KIRs). There are 
structural differences between the two receptor 
families, but functionally they are very similar. 
They both have receptors that bind to self-MHC 
class I, signal through SHP-1/2 or SHIP-1, and 
inhibit the NK cells [49, 71, 72]. Both receptor 
families also contain activating receptors that bind 
to MHC class I-like molecules [49, 102, 103].  
There are also significant differences in terms of 
in vitro culture and activity of freshly isolated NK 
cells from humans and mice. NK cells newly 
isolated from humans show strong cytotoxic 
capability and are able to be maintained in culture 
for long periods of time in the presence of IL-2 
and/or IL-15. They maintain expression of normal 
receptors, including KIR expression, for months 
in culture and can be greatly expanded [104-106]. 
Murine NK cells on the other hand exhibit poor 
cytotoxicity and cytokine production when they 
are isolated from mice. They need stimulation 
through cytokines or other activating signals 
to be able to exhibit these normal functions. 
Additionally, in vitro culture with IL-2 is much 
more limited, with the majority of NK cells dying 
or exhibiting reduced cytotoxicity and cytokine 
production after 2 weeks in culture [107, 108].  
There are also differences in the basal activity and 
expression of granzyme B and perforin between 
human and murine NK cells. In murine resting 
NK cells, granzyme B and perforin mRNA is 
constitutively present, but only minimal levels of 
protein is detected. Upon stimulation or activation 
of the NK cells, the protein is rapidly translated 
and the NK cells can respond and kill the target 
cell. In contrast, human NK cells constitutively 
express high levels of both granzyme B and 
perforin protein. This grants the NK cells a basal 
level of cytotoxicity and allows for rapid response 
of the NK cells to targets. IL-2 or IL-15 
stimulation can further increase this level of 
granzyme B and perforin that is present in NK 
cells and further enhance the inherent cytotoxicity 
capabilities [109-111]. 

The C type lectins (Ly49s) in mice and the killer 
immunoglobulin-like receptors (KIRs) in humans 
are the last markers to be expressed before 
becoming mature NK cells and going out into the 
periphery [91, 93-96]. The maturation of NK cells 
can be defined by the varying expression patterns 
of CD11b and CD27. The four stages according 
to the expression of these receptors are: 
CD11blowCD27low, CD11blowCD27high, CD11bhigh 

CD27high, CD11bhighCD27low [97]. This final stage 
is the predominant NK population in the liver, 
spleen, blood, and lungs, while CD11blowCD27high 

is found more in the lymph nodes and bone marrow 
with smaller populations also in the spleen 
and liver [12, 14, 98]. Additionally, the relative 
expression levels of CD94 could also be indicative 
of the maturation status and functional capabilities 
of the NK cells. NK populations can be divided 
into CD94high or CD94low populations, with the 
CD94high population being capable of greater 
levels of proliferation, cytotoxicity, and IFNγ 
production. The CD94low population was shown to 
be capable of increasing expression of CD94 and 
becoming the CD94high population. However the 
CD94high population was not capable of becoming 
the CD94low population suggesting the CD94high 
population to be a more mature NK cell [99].  
 
Human and mouse NK cell differences 
Though there are numerous similarities between 
NK cells found in mice and humans, NK cells are 
more divergent between species than many 
adaptive immune cells including T cells. A major 
difference between human and mouse NK cells 
involves the differential expression of various 
receptors and antigens. One such marker is CD56, 
which is only found in humans and help distinguish 
between two different populations of NK cells 
that are either more cytotoxic or produce more 
cytokines based on having either low or high 
expression of CD56 respectively [4, 30, 31, 100]. 
The CD56 bright population is also found primarily 
in the lymph nodes (LN) in normal conditions, 
whereas NK cells in mice typically are only found 
in the lymph node after they have been activated 
or stimulated and still in relatively low amounts 
[101]. Correlations of these populations have been 
made with CD11blowCD27high and CD11bhigh 

CD27lowNK cells in mice with CD56 bright 
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glycoprotein m157 and lead to activation of 
the NK cell and killing of the target cell [32, 33, 
48, 124]. There are also more general activating 
receptors that bind to more universal targets like 
NKG2D, NK1.1, DNAX accessory molecule-1 
(DNAM-1), CD16, 2B4, CD94 that dimerizes with 
NKG2C, and the natural cytotoxicity receptors 
(NCRs) that include NKp30, NKp44, and NKp46 
[3, 49, 52, 125-129]. 
The NKG2D receptor is found in NK, T, NKT, 
and γδ T cells. It is a type II transmembrane 
anchored C-type lectin-like glycoprotein that 
binds MHC class I-related and similar proteins. 
This receptor signals through the adaptor proteins 
Dap10 (in humans and mice) or Dap12 (mouse 
only), which signal through the PI3K and AKT 
signaling pathways and lead to phosphorylation of 
Janus kinase 2 (JAK2), STAT5, ERK1/2, and 
MEK1/2. This signaling leads to the activation of 
the NK cells and cytotoxicity towards the target 
cell the receptor bound to. This activation also leads 
to secretion of IFNγ and granzyme degranulation. 
The ligands for this receptor in humans include 
MHC class I related proteins A and B (MICA/B) 
and UL16-binding protein (ULBPs). In mice they 
include retinoic acid early inducible-1 (Rae-1), 
minor histocompatibility antigen H60, and murine 
UL16-binding protein like transcript-1 (MULT-1). 
These ligands can be normally expressed on cells, 
but are upregulated when the cells are stressed or 
undergoing high rates of proliferation, which 
would include most cancer cells [50, 130-134]. 
NKG2D is thus considered one of the major 
receptors for NK cells identifying target cancer 
and virally infected cells to eliminate.  
Natural cytotoxicity receptors (NCRs) have also 
been shown to play a role in NK cell tumor 
recognition and killing with blockade of these 
receptors resulting in reduced killing of tumor 
cells [98, 99]. NKp30 and NKp44 are expressed 
only on human NK cells, but NKp46 can be found 
on both human and mouse cells. NKp46 and 30 
are constitutively expressed on NK cells, but 
NKp44 expression needs to be induced through 
stimulation like IL-2 binding [135, 136]. The 
ligands for these receptors are still being 
researched, but the human leukocyte antigen B 
associated transcript-3 (BAT-3) and B7-H6 have 
been identified as ligands for NKp30 [135-140]. 

These differences highlight a potential evolutionary 
timeframe for NK cells. Though T cells and 
adaptive immune cells have traditionally been 
classified as having evolved more recently due to 
the adaptive immune system being seemingly 
more complex and nuanced, the differences 
between human and mouse T and B cells are very 
limited [112, 113]. The significant differences 
between human and mouse NK cells could 
suggest a more recent evolutionary development 
as compared to T and B cells, highlighting the 
novelty and significance of NK cells [114, 115]. 
Though there are a number of differences between 
human and mouse NK cells, the importance and 
knowledge to be obtained from doing mouse work 
is vast. The fundamental principles of target 
recognition, cytotoxic activity, cytokine production, 
inhibition, and regulation are similar between 
human and mouse NK cells [115]. Correlations 
and extrapolations of findings discovered in mice 
to humans are numerous. The mouse models also 
allow for a setting of high amounts of potential 
manipulations and experimentation that cannot be 
done in humans. Additionally with the availability 
of reagents, techniques, varying strains of mice 
with different knock-outs and knock-ins, and 
xenogenic mouse models, the mouse models 
allow for extensive and detailed experimentation 
to be performed.  
 
Cytotoxicity 
Natural killer cells can exhibit a wide range of 
functions beyond simple killing of target cells. 
However, the best-characterized aspect of NK 
cells is their cytotoxicity. NK cells are able to 
determine target cells with a combination of a 
lack of inhibition (missing-self hypothesis as 
previously described [42, 43]) and activating 
signals from various danger signals that are 
released by stressed cells [46, 116, 117]. NK cells 
are able to primarily recognize cells that are either 
virally infected or transformed, but NK cells have 
also been shown to have a role in anti-bacterial 
[118-120] and fungal [121-123] responses. NK 
cells recognize their targets through various 
activating receptors. Some are very specific for a 
certain target like the Ly49H receptor found 
in C57BL/6 background mice that is able to 
bind with the murine cytomegalovirus (MCMV) 
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for therapies for many difficult viruses and 
cancers to eliminate. 
NK cells can mediate lysis of target cells through 
a variety of ways including both apoptotic and 
necrotic pathways. The primary method involves 
the release of perforin and granzyme. Perforin 
functions by essentially creating pores on the 
surface of the target cell which leads to escape of 
the cellular components of the target cell and 
necrosis to occur. Additionally, the pores allow 
for the entry of granzyme, which can lead to the 
activation of the caspase signaling pathway and 
cause apoptosis of the target [150, 151]. NK cells 
can also kill through various death receptors 
including TRAIL and FAS to initiate apoptosis, 
but these pathways take a longer amount of 
time than the rapid killing induced by 
perforin/granzyme [152-154].  
 
Cytokine production 
Cytokine production is an essential component of 
NK activity through the release of a wide range of 
cytokines both inhibitory and stimulatory. NK 
cells store their cytokines and perforin/granzyme 
in granules in the cytosol to be released upon 
activation or stimulation [155]. This allows for the 
NK cells to respond rapidly to immunological 
challenge without the need to wait for production 
of the various cytokines to be released. In humans 
there is a subset of NK cells that are considered to 
be primarily involved in cytokine production. This 
is the CD56bright population that is found in the 
lymph nodes. The CD56dim population is found in 
the periphery and is the typical killer NK cells that 
do not produce high levels of cytokines [4, 30, 
31]. It is currently under debate if the CD56bright 

population is actually a maturation stage of NK 
cells and is a less mature population than the 
CD56dim population. It is thought that CD56 
expression is reduced as the NK cell matures and 
becomes the typical killer cell and moves out 
into the periphery to have its effector functions 
[100, 156-158]. CD56 is only found on human 
NK cells, but potential mouse markers that reflect 
these similar patterns of NK activity have been 
identified. The CD11blowCD27high and CD11bhigh 

CD27low correlate with CD56bright and CD56dim 

respectively. The CD11blowCD27high population 
was found to primarily produce cytokines and 

Additionally, unique isoforms of NKp30 have 
been discovered with different signaling pathways 
that lead to subsets of NK cells with varying roles. 
In a study looking at gastrointestinal stromal 
tumors, three isoforms of NKp30 were isolated 
and expressed by different populations of NK 
cells. Two of the isoforms had the expected 
outcome of mediating NK cell activation and 
leading to cytotoxicity of the tumor cells, but one 
was found to be inhibitory and lead to NK cells 
producing an immunosuppressive cytokine, IL-10 
[16]. This lead to the identification of differing 
roles of the NKp30 receptor based on the expressed 
isoform and to the presence of different subsets of 
NK cells, cytotoxic NK cells and suppressive NK 
cells, that could greatly impact the immunological 
response to a tumor challenge.  
It is thought that influenza hemagglutinin is a 
potential ligand for NKp46, but more ligands are 
suspected [141-143]. There have been conflicting 
data looking at the importance of NKp46 with 
some studies showing NKp46 deficient mice 
unable to control tumor growth while others show 
the opposite outcome of NKp46 knockout mice 
resulting in improved tumor control [144]. These 
studies suggest a potential inhibitory role of this 
receptor that has not be clarified. There could be 
different isoforms of NKp46 similar to NKp30 
that result in either cytotoxic or suppressive NK 
cells based on the isoform expression. Thus, our 
current understanding of the various NCRs is 
limited and greatly needs to be expanded.  
Another way NK cells can become activated and 
result in cytotoxicity of targets cells is through 
antibody-dependent cell-mediated cytotoxicity 
(ADCC). NK cells can express an Fc receptor 
(CD16) that binds to the Fc portion of an 
antibody. This can lead to activation of the NK 
cell and triggering of the cell to release various 
cytokines or perforin and granzyme to lyze the 
potential target cell bound by the antibody [81, 
145]. This is a great potential therapeutic tool in 
both tumor or viral situations since using antibodies 
directed against ligands found specifically on 
targets could lead to ADCC of these targets by 
NK cells. This has been tried in a number of 
scenarios, including various cancers and viruses 
[79, 81, 145-149]. Utilization of specific monoclonal 
antibodies and ADCC remains a source of hope 
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and regulation. NK cells are able to produce both 
granulocyte colony stimulating factor (G-CSF) 
and granulocyte macrophage colony stimulating 
factor (GM-CSF), which results in granulocyte 
and macrophage production in the bone marrow 
as the names suggest. The production of these 
cytokines can be important during immunological 
challenge to facilitate production of cells that can 
aid in the response [167, 168]. It is also important 
after hematopoietic stem cell transplantation and 
irradiation when many of the cells in the bone 
marrow have been eliminated. NK cells are more 
tolerant to high levels of irradiation than other 
lymphocytes and can survive for a number of days 
after exposure to irradiation allowing them to help 
facilitate repopulation of the bone marrow [169]. 
Thus certain populations could potentially by NK 
“helper” cells whereby they facilitate repopulation 
and expansion of certain immune cell populations 
to aid in immune responses.  
 
NK licensing/arming/education 
NK cell can possess a wide range of inhibitory 
receptors that are acquired randomly during the 
development of the NK cell. These receptors can 
be NKG2A or the Ly49 (mice) or KIR (human) 
receptor families [126]. The Ly49s and KIRs bind 
to specific MHC class I haplotypes with each 
receptor having greater or weaker affinity to a 
certain haplotype [52, 170]. Regardless of the 
MHC background of the host, an NK cell can 
possess any of the possible LY49s or KIRs [49]. 
This suggested that there were potential NK cells 
that possessed inhibitory receptors that could not 
bind to the host MHC I and thus would not be 
inhibited normally. To help explain why there is 
not a high level of self-reactivity from this 
population of NK cells, the notion of licensing/ 
education was developed [10, 27, 28, 171]. This 
hypothesis states that as a NK cell develops, it 
goes through essentially a process analogous to 
positive selection of thymocytes in the thymus 
[172]. If an NK cell is able to bind to the host 
MHC I molecule, it is considered licensed/educated 
and is then capable of a wide range of effector 
functions including cytotoxicity and cytokine 
production and can be inhibited normally. 
The other population of NK cells that possess 
inhibitory receptors with low affinity to host 
 

exhibited low levels of cytotoxicity in killing 
assays, while the CD11bhighCD27low population 
had high levels of cytotoxicity and low levels of 
cytokine production [12, 159]. Thus different 
functional subsets of NK cells exist in both 
humans and mice that are not simple killer cells as 
predicted for NK cells.  
The primary cytokine produced by NK cells is 
IFNγ. It is a dimerized soluble cytokine that is a 
member of the type II class of interferons. This 
cytokine is involved in anti-viral and anti-
intracellular bacteria capabilities and results in an 
inflammatory response. IFNγ has been shown to 
be essential in the response against numerous 
viruses including CMV by inhibiting viral 
replication directly by interfering with viral 
transcription [160]. It is also immunostimulatory 
by producing a Th1 response in T cells by 
upregulating the transcription factor T-bet, 
increasing antigen presentation and lysosome 
activity in macrophages, and promoting adhesion 
for leukocyte migration [161]. NK cells not capable 
of producing IFNγ have been shown to have 
dramatically reduced anti-MCMV capabilities [162]. 
Other immunostimulatory cytokines include 
TNF-α [163] and IL-6 [164]. These cytokines are 
both proinflammatory and can be released due to 
a variety of immunological responses including 
viral and tumoral challenge.  
NK cells can also produce numerous 
immunosuppressive and regulatory cytokines. 
These include IL-10 [165] and TGF-β [166]. These 
cytokines can suppress the activity of a variety 
of immune cells including T cells, macrophages, 
DCs, and other NK cells as well. They can also 
facilitate the activation and skewing of other 
immunosuppressive cells like T regulatory cells 
[165, 166]. Some studies have suggested the 
possibility of certain subsets of NK cells being 
primarily suppressive and regulating the function 
and activity of the NK response. This was seen 
with the NKp30c isoform in GIST tumors that 
produced IL-10 and were not cytotoxic [16]. The 
possibility of other suppressive NK populations 
also exists. 
A number of cytokines are also involved in 
hematopoiesis, suggesting a largely overlooked 
aspect of NK cells involved in cell development 
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The actual process NK cells go through to become 
licensed/educated/armed is currently not well 
understood in terms of what cells are involved, 
where it occurs, or when it occurs during the 
development of the NK cell. One study showed 
that the responsiveness and licensed status of the 
NK cell can be altered depending on the presence 
or absence of MHC I. When mature, functional 
NK cells were transferred to MHC I-deficient 
hosts, they became hyporesponsive and essentially 
unlicensed. When hyporesponsive NK cells from 
MHC I-deficient mice were transferred into wild 
type hosts, then they became responsive and fully 
functional. This suggested that this licensing 
phenomenon is not necessarily a singular event 
that occurs only during the initial stages of NK 
development, but is instead more of a dynamic 
process that can be altered based on the 
environment that the NK cells are in. This could 
also lead to potential alterations in NK activity in 
the cases of various diseases or cancers that have 
reduced or altered MHC I expression [176].  
Contrary to the in vitro findings and the limited 
comparisons between licensed and unlicensed NK 
cells seen in vivo, a study looking at MCMV 
resistances and licensing showed the opposite 
predicted effect of licensing. In this study, either 
licensed or unlicensed NK cells were depleted 
based on antibodies against the various Ly49 
receptors prior to MCMV infection. There were 
significantly greater viral titers in mice that were 
depleted of the unlicensed population than 
depletion of the licensed cells or undepleted mice, 
suggesting a greater role of the unlicensed cells in 
MCMV response. It was thought that any 
potentially beneficial effects the licensing 
phenomenon had on NK cell activity was offset 
by the fact that these cells possessed inhibitory 
receptors that can bind to self and thus be 
inhibited by potential host cells infected with 
MCMV. The unlicensed cells, on the other hand, 
do not have such inhibitory receptors and would 
not be as inhibited as the licensed cells and could 
thus have greater anti-MCMV effects [177]. 
However, this study did not factor in the kinetics 
of the NK cells, in terms of the licensed NK cells 
being the initial and faster responders prior to the 
unlicensed population that requires a greater 
amount of activating signals and cytokines to be 
equally active. It also did not address the potential 
 

MHC I are considered unlicensed/uneducated and 
are hyporesponsive [10, 27]. This idea would 
explain the lack of high levels of self-reactivity 
from the NK cells that lack inhibitory receptors 
with high binding capability to self. Additionally, 
the amount of interaction amongst the various 
inhibitory receptors and MHC-class I molecules 
seems to alter the functional capabilities of the 
specific NK cell as well. It was shown that the 
greater number of inhibitory receptors a NK cell 
possessed that could bind to self-MHC, the 
greater the level of functional activity of the cell 
including cytokine production and cytotoxicity 
[173, 174], expanding upon the idea of licensing.  
Much of the work concerning licensing has been 
done in vitro with isolated subsets of NK cells 
based on inhibitory receptor expression patterns. 
These studies have shown increased cytotoxicity 
of the licensed NK cells towards targets as well as 
increased degranulation and IFNγ production as 
compared to unlicensed [27]. However, exogenous 
stimulation of the unlicensed population through 
various cytokines or stimulatory molecules, 
including IL-2, IL-15, polyinosinic:polycytidylic 
acid (poly I:C), or activating receptor stimulation 
has shown this typically hyporesponsive population 
to exhibit levels of cytotoxicity, degranulation, 
and cytokine production typical of the licensed 
population [10, 27]. In vivo support for licensing 
has typically been shown in areas concerning 
bone marrow rejection and engraftment after 
hematopoietic stem cell transplantation (HSCT) 
[10]. In these studies, the licensed population of 
NK cells resulted in greater rejection of bone 
marrow grafts than the unlicensed. These results 
also occurred in bone marrow cells injected from 
MHC class I knockout mice suggesting it is not 
due to potential differences in inhibition of the 
licensed versus the unlicensed NK cells, but rather 
intrinsic differences in there capabilities to reject 
the donor cells [7, 175]. Human studies have also 
shown evidence for licensing in terms if specific 
KIR-HLA combinations. After HSCT, licensed 
NK cells with KIRs specific for host were able to 
expand and respond to CMV reactivation greater 
than unlicensed cells [69]. They were also shown 
to exhibit greater cytotoxicity and cytokine 
production in patients with acute myleogenous 
leukemia [171] and in ex vivo culture with target 
cells [173].  
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NK cell negative selection 
Since licensing is analogous to T cell positive 
selection in the thymus, the potential for negative 
selection of NK cells in the bone marrow was 
also addressed in a pair of articles. MCMV 
glycoprotein m157 expression was induced in 
either bone marrow stromal cells [25] or 
systemically [26] to see if the NK activating 
receptor Ly49H would become desensitized and 
hyporesponsive to the actual virus. In both cases, 
NK cells that developed in the presence of m157 
were hyporesponive to MCMV and had 
significantly reduced anti-MCMV capabilities as 
compared to wild type mice. Even with transfer of 
these NK cells into wild type hosts, there was still 
dramatically reduced anti-MCMV function 
[25, 26]. This suggested that NK cells go through 
processes similar to both negative and positive 
selection during their development in the bone 
marrow that is analogous to T cell development. 
Unlike what occurs with T cells if they fail to pass 
these two selective processes, NK cells are still 
able to get out into the periphery and are not 
capable of any sort of receptor rearrangement.  
 
NK cell memory 
Expanding on the T cell and NK cell similarities, 
recent studies in both mice and humans have 
shown the potential of memory-like NK cells with 
specific expansion of certain subsets. After 
exposure to CMV or MCMV, certain populations 
of NK cells (NKG2C+ in humans [69] and 
Ly49H+ [17] in mice) had longer survival times, 
expansion, and stronger secondary responses 
against viral rechallenge than other NK 
cell populations [17, 22, 35, 36, 178]. This 
phenomenon was also induced by hapten-specific 
contact hypersentivity and cytokine stimulation 
[21, 34]. However it is difficult to discern if the 
memory like longevity and increased response to 
rechallenge is truly due to a memory phenotype, 
or due to continuous low-level exposure to the 
pathogen or hapten. If the Ly49H+ NK cells are 
continuously being exposed to the low levels of 
latent CMV that is potentially in the host or in the 
transferred cells, the NK cells could remain active 
and continue to expand greater than other cell 
populations resulting in the memory-like pattern 
observed. Both the specific expansion of certain 
NK populations and the potential memory-like 
 

of other cells, including T regulatory cells, 
affecting the licensed and unlicensed populations 
in potentially different ways and degrees. In a 
setting of immunodepletion, such as what occurs 
after irradiation and bone marrow transplantation, 
the activity levels of the different NK populations 
could be drastically different and that initial, fast 
responding licensed population may have the 
greatest clinical effect in responding to viruses or 
tumors.  
An additional role for the unlicensed population 
of NK cells was also discovered in bone marrow 
cell rejection/engraftment after hematopoietic 
stem cell transplantation. Typically, depletion of 
the host NK cells prior to lethal irradiation and 
bone marrow cell injection in mice results in 
greater engraftment of the donor cells, abrogating 
the rejection facilitated by NK cells. Depletion of 
the unlicensed population results in enhanced 
rejection of bone marrow cells by the licensed 
population, suggesting that the unlicensed cells 
were either inhibiting or reducing the functional 
capabilities of the licensed population [7]. In 
addition, depletion of the licensed population of 
NK cells results in improved engraftment, even 
greater than total NK depletion. Since the only 
population remaining is the unlicensed NK cells, 
these results suggest the unlicensed are actually 
promoting engraftment of the donor cells. This is 
a unique and previously undescribed capability of 
NK cells to serve as essentially “helper” cells. It 
also gives a potential new role for unlicensed NK 
cells to serve as Helper NK cells and promote 
donor cell engraftment after transplantation. This 
engraftment could be facilitated by certain sets of 
cytokines produced by the unlicensed population 
of NK cells including G-CSF and GM-CSF 
(manuscript in preparation).  
Overall there are still numerous unanswered 
questions about licensing. We still do not know 
about the actual clinical significance of licensing 
or what role the unlicensed cells play since they 
are able to get out into the periphery. Fundamental 
differences between unlicensed and licensed cells 
are also not known including differences in 
cytokine production, transcription factor expression 
differences, trafficking, activation, and more. 
Additional work is required to improve and 
expand upon this concept to better understand 
natural killer cell subset differences. 
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is also hampered by the reduced number of 
cytokines produced by the DCs that could 
affect pathogens and other immune cells directly 
[183, 186].  
 
NK and T cell interactions 
The NK cells and T cells are capable of 
modulating and regulating each others’ effector 
functions in both direct and indirect ways. The 
cytokines produced by NK cells, namely IFN-γ, 
are able to skew the differentiation of T cells 
towards a Th1 phenotype, altering the adaptive 
immune response that occurs [101, 161]. NK cells 
have also been shown to activate T cells be 
serving as an antigen presentation cell (APC). 
Antigen uptake through a variety of activating 
receptors and increased expression of MHC II and 
costimulatory ligands for T cell receptors by NK 
cells in viral infections demonstrated this unique 
ability of NK cells to stimulate T cells [187].  
NK cells have also been shown to be suppressive 
of the T cell response. IFN-γ has been shown 
to actually lead to apoptosis of CD8 T cells 
late in an immune response leading to an 
immunosuppressive role of NK cells [188-190]. 
A recent study has also shown NK cells are able 
to modulate the CD8 adaptive immune response 
by the direct killing of CD4 T cells that stimulate 
CD8 T cells. This direct killing of CD4 T cells 
lead to a reduced CD8 response to various viruses. 
At low and medium dosages of virus, this was 
harmful to the host mouse since the adaptive 
immune response was dampened. However, at high 
dosages of the virus it was actually beneficial, due 
to the exacerbated response the T cells normally 
make to a high viral load that lead to severe 
immunopathology in a number of organs. NK 
cells prevented this autoimmune response at 
high viral doses by the reduction of CD4+ 
and CD8+ cells [191]. NK cells are also able 
to indirectly modulate the T cell response by 
eliminating transformed and virally infected 
antigen presenting cells (APC) and hamper the 
activation of T cells [186, 192, 193].  
T cells can in turn affect the activity of NK cells. 
The production of various cytokines can both 
activate and inhibit NK cells. The production of 
IL-2 can lead to the activation of all NK cells 
[30, 194]. Treg cells can also suppress NK function 
 

characteristics of NK cells are representative of 
the sophistication of NK cells beyond what is 
typically characterized of innate cells. These traits 
are more characteristic of adaptive immune cells 
and hint at the limited understanding we have of 
NK cells currently.  
 
NK and dendritic cell crosstalk 
NK cells and dendritic cells (DCs) can interact in 
a number of ways to alter both the adaptive and 
innate immune response. DCs are capable of 
stimulating and activating NK cells through the 
trans-presentation of IL-15. IL-15 is best capable 
of signaling when it is trans-presented on a receptor 
to the target cell and DCs facilitate this presentation 
leading to NK cell activation [179, 180]. IL-15 
was shown to be essential for NK survival and 
maturation since mice that were deficient in 
IL-15 production had severe defects in NK 
populations impairment in maturation [181]. DCs 
also produce type I IFNs, IL-18, and IL-12 which 
activate and expand NK cells [182, 183, 184]. 
These cytokines, as well as signaling through 
activating receptors such as Ly49H, have been 
shown to be able to overcome the need for IL-15 
[124]. DCs can thus act to stimulate and activate 
NK cells and help expand the NK response to 
pathogens or transformed cells. 
The interface of the interaction between DCs and 
NK cells is still not completely known. A recent 
paper showed an interaction between CD30 on 
NK cells and CD30L on DCs that lead to a 
pro-inflammatory immune response. Signaling 
from this interaction lead to differentiation of 
DCs to a more mature status and also release 
pro-inflammatory cytokines through the mitogen-
activated protein kinase pathway. This engagement 
also resulted in NK cells releasing IFNγ and 
TNFα resulting in a strong pro-inflammatory 
immune response [185].  
NK cells can also limit and regulate both the 
adaptive and innate immune response by affecting 
the DC population. This is achieved by directly 
lysing the DCs that have taken up viral pathogens.  
By eliminating the DC population, there are 
reduced antigen presenting cells (APCs) capable 
of activating the adaptive immune response, 
which will limit the extent of adaptive immune 
cell activation and expansion. The innate response 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

112 Can M. Sungur et al.

become reactivated in the now immunosuppressed 
state of the patient. Additionally, NK cells have 
been observed to potentially be able to target 
cancer stem cells specifically [215, 216], which 
are more radioresistant than other cancer 
populations [217, 218] and are thought to be 
responsible for the tumor relapse that occurs in 
patients [219-221]. Adoptive transfer of autologous 
and allogeneic NK cells have resulted in successful 
engraftment and expansion of the NK cells with 
IL-2 administration for maintenance [211], but 
limited clinical benefit has been seen in a 
variety of cancers including various leukemias, 
lymphomas, breast and lung cancers, and 
metastatic melanoma. Autologous transfer showed 
minimal clinical benefit, most likely due to the 
tumor cells being able to inhibit the NK function 
due to the presence of MHC I molecules [23, 197, 
211, 214]. Allogeneic NK cell transfer showed 
more promise with some studies showing 
improved survival rates with no side effects, and 
others showing no significant clinical benefit even 
with substantial NK expansion after transfer 
[39, 212, 222-228]. Minor changes in patient 
survival and metastasis have been observed, despite 
the clear engraftment, trafficking, and expansion 
of the transferred NK cells [211, 212].  
A recent paper tried to explain why this is the case 
by stating that NK cells can become exhausted 
like T cells after continuous exposure to a certain 
target. The transferred NK cells were shown to be 
active and capable of anti-tumor functions at day 
one after transfer, but starting at day five, they 
became hyporesponive with reduced activating 
receptors, IFNγ production, cytotoxicity, and 
transcription factors that regulate NK activity 
[23]. This suggested that despite the NK cells 
reaching the target tumor sites, the NK cells 
become rapidly exhausted and not capable of 
producing significant anti-tumor effects that 
would have clinical benefit. Finding ways to 
reduce this exhaustion and keep NK cells active 
or giving repeated injections of NK cells might 
help improve the clinical benefit of performing 
adoptive transfers of NK cells.  
There are many limitations in using NK cells for 
adoptive transfer currently. One major hurdle is 
obtaining sufficient, active NK cells to transfer. 
Short term in vitro culture beforehand usually 
 

directly through TGF-β production [195-198]. NK 
cells can thus serve as a link to the adaptive 
immune system and alter the T cell response to 
pathogens. T cells in turn can limit and regulate 
the NK response and prevent over-reactivity as 
well creating a balanced dynamic between the two 
lymphocyte populations.  
 
Clinical use of NK cells 
A number of immunotherapies using NK cells 
have been examined to take advantage of the anti-
tumor capabilities of NK cells. One approach was 
to try and improve the capabilities of the NK cells 
in the patient. This was done through administration 
of stimulatory and activating cytokines like IL-2 
[199] or IL-15 [180, 200, 201]. IL-2 was shown to 
be efficacious in mice to improve the anti-tumor 
response by the NK cells [198] and was approved 
for clinical use for renal cell carcinoma [202], 
metastatic melanoma [203], and metastatic breast 
cancer [199]. IL-2 administration enhanced NK 
expansion in patients, but had limited long term 
affects in patients. Tumor relapse and overall 
survival of patients was not significantly altered 
[199, 202, 203]. There were also severe toxicities 
associated with the administration of IL-2. High 
doses of IL-2 lead to vascular leak syndrome due 
to increased vascular permeability and extravasation 
of fluids and proteins into the lung leading 
to pulmonary edema and cardiovascular failure 
[204-206]. IL-2 can also lead to expansion and 
activation of Tregs that can limit the activity of 
NK cells through the release of TGF-β [207, 208]. 
IL-15 was a good alternative due to not activating 
Tregs and not having as severe side effects as 
IL-2. Numerous approaches are currently being 
investigated to use IL-15 clinically including 
giving IL-15/IL-15Rα complexes for the trans-
presentation of IL-15 and in combination with 
other cytokines including IL-6 to enhance NK 
function and anti-TGF-β to block the inhibition 
[180, 201, 209, 210]. 
Another clinical application of NK cells that is 
actively being pursued is the adoptive transfer of 
NK cells in conjunction with irradiation and 
hematopoietic stem cell transplantation in hopes 
of eliminating any remaining tumor cells that 
survive the irradiation [197, 211-214]. The NK 
cells would also help eliminate any viruses that 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

More work needs to be done in order to more easily 
obtain high numbers of functional NK cells and 
better ways to analyze the activity, function, and 
phenotype of the transferred cells when they are in 
the patient and been exposed to the tumor cells.  
 
CONCLUSIONS 
The roles and functions of NK cells have greatly 
expanded from the simple killer cells they 
were originally thought to be. Through the 
production of numerous cytokines that can 
be immunosuppressive, immunostimulatory, or 
involved in hematopoiesis to helper cells that can 
aid in donor cell engraftment, NK cells can have 
many roles. Different subsets and populations of 
NK cells exist that specialize in these differing 
roles. The discoveries of specific expansion of 
 

does not allow for sufficient expansion of the 
cells. Long term culture is now being used with a 
number of different cytokine combinations (IL-2, 
IL-12, IL-15, or IL-21) or co-cultured with feeder 
cells to provide large numbers of active NK cells 
for transfer [229-231]. Another issue is how the 
NK cells are transferred. Since they are usually 
given after other major therapies, it is difficult to 
discern if the function and activity of the NK cells 
are truly due to their innate ability, or if they are 
actually altered by the treatments the patient has 
undergone. The determination of the function and 
activity of the NK cells can also be misleading 
since the NK cells are obtained from peripheral 
blood after transfer and then studied through  
in vitro assays which may not be truly reflective 
of the environment they were in within the patient.
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Figure 1. Adaptive features of NK cells. NK cells have many functions similar to those of lymphocytes in the 
adaptive immune system. Numerous subsets of NK cells are being discovered that specialize in certain functions 
such as immunoregulation, cytotoxicity, or cytokine production. Both positive and negative selection have been 
shown to occur during the development of NK cells. Potential memory NK cells have also been discovered that 
are long lived and respond rapidly to rechallenge. Overexposure to certain antigens or after prolonged stimulation, 
especially after adoptive transfer into hosts with tumors, have shown signs of NK exhaustion with reduced 
capabilities. Finally, numerous interactions and regulations of many other immune cells including T cells, 
dendritic cells, macrophages, and other NK cells have been shown, both positive and negative regulation. 
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certain NK populations in response to a challenge, 
NK memory-like properties, positive and negative 
selection during development, and NK exhaustion 
blur the line between these innate cells and their 
adoptive immune system counterparts (Figure 1). 
Additionally, with the differences seen between 
human and mouse NK cells, NK cells may 
represent an evolutionarily new population of 
lymphocytes that have developed to be a rapid 
response to various immunological challenges and 
serve as a link between the innate and adaptive 
immune system. A greater understanding of the 
roles, functions, and subsets of NK cells could 
lead to significant clinical advancements and uses 
in cancer and viral therapies.  
 
REFERENCES 
1. Moretta, L., Bottino, C., Pende, D., 

Mingari, M. C., Biassoni, R. and Moretta, 
A. 2002, Eur. J. Immunol., 32, 1205-11. 

2. Wu, J. and Lanier, L. L. 2003, Adv. Cancer 
Res., 90, 127-56. 

3. Arnon, T. I., Markel, G. and Mandelboim, 
O. 2006, Semin. Cancer Biol., 16, 348-58. 

4. Pierson, B. A. and Miller, J. S. 1996, 
Blood, 88, 2279-87. 

5. De Maria, A. and Moretta, L. 2011, Cell 
Cycle, 10, 1178-9. 

6. De Maria, A., Bozzano, F., Cantoni, C. and 
Moretta, L. 2011, Proc. Natl. Acad. Sci. 
USA, 108, 728-32. 

7. Sun, K., Alvarez, M., Ames, E., Barao, I., 
Chen, M., Longo, D. L., Redelman, D. and 
Murphy, W. J. 2012, Blood, 119, 1590-8. 

8. Frey, M., Packianathan, N. B., Fehniger, T. 
A., Ross, M. E., Wang, W. C., Stewart, C. 
C., Caligiuri, M. A. and Evans, S. S. 1998, 
J. Immunol., 161, 400-8. 

9. George, T. C., Ortaldo, J. R., Lemieux, S., 
Kumar, V. and Bennett, M. 1999, J. 
Immunol., 163, 1859-67. 

10. Fernandez, N. C., Treiner, E., Vance, R. 
E., Jamieson, A. M., Lemieux, S. and 
Raulet, D. H. 2005, Blood, 105, 4416-23. 

11. Hayakawa, Y., Huntington, N. D., Nutt, S. 
L. and Smyth, M. J. 2006, Immunol. Rev., 
214, 47-55. 

12. Hayakawa, Y. and Smyth, M. J. 2006, J. 
Immunol., 176, 1517-24. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

26. Tripathy, S. K., Keyel, P. A., Yang, L., 
Pingel, J. T., Cheng, T. P., Schneeberger, 
A. and Yokoyama, W. M. 2008, J. Exp. 
Med., 205, 1829-41. 

27. Kim, S., Poursine-Laurent, J., Truscott, S. 
M., Lybarger, L., Song, Y. J., Yang, L., 
French, A. R., Sunwoo, J. B., Lemieux, S., 
Hansen, T. H. and Yokoyama, W. M. 
2005, Nature, 436, 709-13. 

28. Anfossi, N., Andre, P., Guia, S., Falk, C. 
S., Roetynck, S., Stewart, C. A., Breso, V., 
Frassati, C., Reviron, D., Middleton, D., 
Romagne, F., Ugolini, S. and Vivier, E. 
2006, Immunity, 25, 331-42. 

29. Orr, M. T. and Lanier, L. L. 2010, Cell, 
142, 847-56. 

30. Fehniger, T. A., Cooper, M. A., Nuovo, G. 
J., Cella, M., Facchetti, F., Colonna, M. and 
Caligiuri, M. A. 2003, Blood, 101, 3052-7. 

31. Konjevic, G., Schlesinger, B., Cheng, L., 
Olsen, K. J., Podack, E. R. and Spuzic, I. 
1995, Immunol. Invest., 24, 499-507. 

32. Cheng, T. P., French, A. R., Plougastel, B. 
F., Pingel, J. T., Orihuela, M. M., Buller, 
M. L. and Yokoyama, W. M. 2008, 
Immunogenetics, 60, 565-73. 

33. Orr, M. T., Sun, J. C., Hesslein, D. G., 
Arase, H., Phillips, J. H., Takai, T. and 
Lanier, L. L. 2009, J. Exp. Med., 206, 
807-17. 

34. Paust, S., Gill, H. S., Wang, B. Z., Flynn, 
M. P., Moseman, E. A., Senman, B., 
Szczepanik, M., Telenti, A., Askenase, P. 
W., Compans, R. W. and von Andrian, U. 
H. 2010, Nat. Immunol., 11, 1127-35. 

35. Sun, J. C. and Lanier, L. L. 2011, 
Immunol. Cell Biol., 89, 327-9. 

36. Sun, J. C., Lopez-Verges, S., Kim, C. C., 
DeRisi, J. L. and Lanier, L. L. 2011, J. 
Immunol., 186, 1891-7. 

37. Kiessling, R., Klein, E., Pross, H. and 
Wigzell, H. 1975, Eur. J. Immunol., 5, 
117-21. 

38. Kiessling, R., Klein, E. and Wigzell, H. 
1975, Eur. J. Immunol., 5, 112-7. 

39. Herberman, R. B., Nunn, M. E., Holden, 
H. T. and Lavrin, D. H. 1975, Int. J. 
Cancer, 16, 230-9. 

40. Cudkowicz, G. and Bennett, M. 1971, J. 
Exp. Med., 134, 83-102. 

41. Cudkowicz, G. and Bennett, M. 1971, J. 
Exp. Med., 134, 1513-28. 

42. Ljunggren, H. G. and Karre, K. 1985, J. 
Exp. Med., 162, 1745-59. 

43. Karre, K., Ljunggren, H. G., Piontek, G. 
and Kiessling, R. 1986, Nature, 319, 675-8. 

44. Lopez-Botet, M., Moretta, L. and 
Strominger, J. 1996, Immunol. Today, 17, 
212-4. 

45. Smith, K. D., Kurago, Z. B. and Lutz, C. T. 
1997, Immunol. Res., 16, 243-59. 

46. Matzinger, P. 1998, Semin. Immunol., 10, 
399-415. 

47. Matzinger, P. 1994, Annu. Rev. Immunol., 
12, 991-1045. 

48. Arase, H., Mocarski, E. S., Campbell, A. 
E., Hill, A. B. and Lanier, L. L. 2002, 
Science, 296, 1323-6. 

49. Lanier, L. L. 1998, Annu. Rev. Immunol., 
16, 359-93. 

50. Bauer, S., Groh, V., Wu, J., Steinle, A., 
Phillips, J. H., Lanier, L. L. and Spies, T. 
1999, Science, 285, 727-9. 

51. Raulet, D. H., Vance, R. E. and McMahon, 
C. W. 2001, Annu. Rev. Immunol., 19, 
291-330. 

52. Biassoni, R., Bottino, C., Cantoni, C. and 
Moretta, A. 2002, Curr. Protoc. Immunol., 
Chapter 14, Unit 14.10. 

53. Smith, H. R., Heusel, J. W., Mehta, I. K., 
Kim, S., Dorner, B. G., Naidenko, O. V., 
Iizuka, K., Furukawa, H., Beckman, D. L., 
Pingel, J. T., Scalzo, A. A., Fremont, D. H. 
and Yokoyama, W. M. 2002, Proc. Natl. 
Acad. Sci. USA, 99, 8826-31. 

54. Herberman, R. B., Holden, H. T., Ting, C. 
C., Lavrin, D. L. and Kirchner, H. 1976, 
Cancer Res., 36, 615-21. 

55. Haller, O., Hansson, M., Kiessling, R. and 
Wigzell, H. 1977, Nature, 270, 609-11. 

56. Haller, O., Kiessling, R., Orn, A., Karre, 
K., Nilsson, K. and Wigzell, H. 1977, Int. 
J. Cancer, 20, 93-103. 

57. Jondal, M., Spine, C. and Targan, S. 1978, 
Nature, 272, 62-4. 

58. Eremin, O., Ashby, J. and Stephens, J. P. 
1978, Int. J. Cancer, 21, 35-41. 

59. Klein, E., Vanky, F. and Vose, B. M. 1978, 
Haematologia (Budap), 12, 107-12. 

Natural killer cell advances and adaptive features                                                                                     115 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

60. Gorelik, E., Fogel, M., Segal, S. and 
Feldman, M. 1980, Results Probl. Cell 
Differ., 11, 233-40. 

61. Hanna, N. 1982, Cancer Metastasis Rev., 
1, 45-64. 

62. Holtan, S. G., Creedon, D. J., Thompson, 
M. A., Nevala, W. K. and Markovic, S. N. 
2011, Clin. Dev. Immunol., 2011, 316314. 

63. Quan, W. D., Gagnon, G. A., Walker, P. R. 
and Quan, F. M. 2011, Cancer Biother. 
Radiopharm., 26, 65-7. 

64. Fregni, G., Perier, A., Pittari, G., Jacobelli, 
S., Sastre, X., Gervois, N., Allard, M., 
Bercovici, N., Avril, M. F. and Caignard, 
A. 2011, Clin. Cancer Res., 17, 2628-37. 

65. Trinchieri, G. and Santoli, D. 1978, J. Exp. 
Med., 147, 1314-33. 

66. Welsh, R. M. Jr. 1978, J. Exp. Med., 148, 
163-81. 

67. Santoli, D., Trinchieri, G. and Koprowski, 
H. 1978, J. Immunol., 121, 532-8. 

68. Fujimiya, Y., Babiuk, L. A. and Rouse, B. 
T. 1978, Can. J. Microbiol., 24, 1076-81. 

69. Foley, B., Cooley, S., Verneris, M. R., Pitt, 
M., Curtsinger, J., Luo, X., Lopez-Verges, 
S., Lanier, L. L., Weisdorf, D. and Miller, 
J. S. 2012, Blood, 119, 2665-74. 

70. Schlub, T. E., Sun, J. C., Walton, S. M., 
Robbins, S. H., Pinto, A. K., Munks, M. 
W., Hill, A. B., Brossay, L., Oxenius, A. 
and Davenport, M. P. 2011, J. Immunol., 
187, 1385-92. 

71. Orange, J. S. and Biron, C. A. 1996, J. 
Immunol., 156, 1138-42. 

72. Nguyen, K. B., Salazar-Mather, T. P., 
Dalod, M. Y., Van Deusen, J. B., Wei, X. 
Q., Liew, F. Y., Caligiuri, M. A., Durbin, 
J. E. and Biron, C. A. 2002, J. Immunol., 
169, 4279-87. 

73. Kim, M., Osborne, N. R., Zeng, W., 
Donaghy, H., McKinnon, K., Jackson, D. 
C. and Cunningham, A. L. 2012, J. 
Immunol., 188, 4158-70. 

74. Imran, M., Waheed, Y., Manzoor, S., Bilal, 
M., Ashraf, W., Ali, M. and Ashraf, M. 
2012, Virol. J., 9, 126. 

75. Kramer, B., Korner, C., Kebschull, M., 
Glassner, A., Eisenhardt, M., Nischalke, H. 
D., Alexander, M., Sauerbruch, T., 
Spengler, U. and Nattermann, J. 2012, 
Hepatology. 56, 1201-13. 

76. Stegmann, K. A., Bjorkstrom, N. K., 
Ciesek, S., Lunemann, S., Jaroszewicz, J., 
Wiegand, J., Malinski, P., Dustin, L. B., 
Rice, C. M., Manns, M. P., Pietschmann, 
T., Cornberg, M., Ljunggren, H. G. and 
Wedemeyer, H. 2012, J. Infect. Dis., 205, 
1351-62. 

77. Verbist, K. C., Rose, D. L., Cole, C. J., 
Field, M. B. and Klonowski, K. D. 2012, 
PLoS One, 7, e37539. 

78. Glasner, A., Zurunic, A., Meningher, T., 
Lenac Rovis, T., Tsukerman, P., Bar-On, 
Y., Yamin, R., Meyers, A. F., Mandeboim, 
M., Jonjic, S. and Mandelboim, O. 2012, 
PLoS One, 7, e36837. 

79. Wren, L., Parsons, M. S., Isitman, G., 
Center, R. J., Kelleher, A. D., Stratov, I., 
Bernard, N. F. and Kent, S. J. 2012, PLoS 
One, 7, e38580. 

80. Brown, B. K., Wieczorek, L., Kijak, G., 
Lombardi, K., Currier, J., Wesberry, M., 
Kappes, J. C., Ngauy, V., Marovich, M., 
Michael, N., Ochsenbauer, C., Montefiori, 
D. C. and Polonis, V. R. 2012, PLoS One, 
7, e29454. 

81. Thobakgale, C. F., Fadda, L., Lane, K., 
Toth, I., Pereyra, F., Bazner, S., Ndung'u, 
T., Walker, B. D., Rosenberg, E. S., Alter, 
G., Carrington, M., Allen, T. M. and 
Altfeld, M. 2012, J. Virol., 86, 6986-93. 

82. Lanier, L. L. 2008, Nat. Rev. Immunol., 8, 
259-68. 

83. Cerwenka, A. and Lanier, L. L. 2001, Nat. 
Rev. Immunol., 1, 41-9. 

84. Brandstadter, J. D. and Yang, Y. 2011, J. 
Innate. Immun., 3, 274-9. 

85. Yokoyama, W. M. 2005, Adv. Exp. Med. 
Biol., 560, 57-61. 

86. Sentman, C. L., Kumar, V., Koo, G. and 
Bennett, M. 1989, J. Immunol., 142, 1847-53. 

87. Arase, H., Saito, T., Phillips, J. H. and 
Lanier, L. L. 2001, J. Immunol., 167, 1141-4. 

88. Guia, S., Cognet, C., de Beaucoudrey, L., 
Tessmer, M. S., Jouanguy, E., Berger, C., 
Filipe-Santos, O., Feinberg, J., Camcioglu, 
Y., Levy, J., Al Jumaah, S., Al-Hajjar, S., 
Stephan, J. L., Fieschi, C., Abel, L., 
Brossay, L., Casanova, J. L. and Vivier, E. 
2008, Blood, 111, 5008-16. 

116 Can M. Sungur et al.



106. Somanchi, S. S., Senyukov, V. V., 
Denman, C. J. and Lee, D. A. 2011, J. Vis. 
Exp., 48, 2540. 

107. Bartlett, S. P. and Burton, R. C. 1982, J. 
Immunol., 128, 1070-5. 

108. Hebert, P. and Pruett, S. B. 2001, In Vitr. 
Mol. Toxicol., 14, 71-82. 

109. Fehniger, T. A., Cai, S. F., Cao, X., 
Bredemeyer, A. J., Presti, R. M., French, 
A. R. and Ley, T. J. 2007, Immunity, 26, 
798-811. 

110. Lucas, M., Schachterle, W., Oberle, K., 
Aichele, P. and Diefenbach, A. 2007, 
Immunity, 26, 503-17. 

111. Leong, J. W. and Fehniger, T. A. 2011, 
Blood, 117, 2297-8. 

112. Mestas, J. and Hughes, C. C. 2004, J. 
Immunol., 172, 2731-8. 

113. Ghia, P., ten Boekel, E., Rolink, A. G. and 
Melchers, F. 1998, Immunol. Today, 19, 
480-5. 

114. Parham, P. 2008, Semin. Immunol., 20, 
311-6. 

115. Murphy, W. J., Parham, P. and Miller, J. S. 
2012, Biol. Blood Marrow Transplant, 18, 
S2-7. 

116. Matzinger, P. 2012, Expert Rev. Clin. 
Immunol., 8, 311-7. 

117. Anderson, C. C. and Matzinger, P. 2000, 
Semin. Immunol., 12, 231-8; discussion 
257-344. 

118. Chalifour, A., Jeannin, P., Gauchat, J. F., 
Blaecke, A., Malissard, M., N'Guyen, T., 
Thieblemont, N. and Delneste, Y. 2004, 
Blood, 104, 1778-83. 

119. Athie-Morales, V., O'Connor, G. M. and 
Gardiner, C. M. 2008, J. Immunol., 180, 
4082-9. 

120. Yun, C. H., Lundgren, A., Azem, J., Sjoling, 
A., Holmgren, J., Svennerholm, A. M. and 
Lundin, B. S. 2005, Infect Immun., 73, 
1482-90. 

121. Hidore, M. R. and Murphy, J. W. 1989, 
Infect Immun., 57, 1990-7. 

122. Schmidt, S., Tramsen, L., Hanisch, M., 
Latge, J. P., Huenecke, S., Koehl, U. and 
Lehrnbecher, T. 2011, J. Infect Dis., 203, 
430-5. 

123. Bouzani, M., Ok, M., McCormick, A., Ebel, 
F., Kurzai, O., Morton, C. O., Einsele, H. 
and Loeffler, J. 2011, J. Immunol., 187, 
1369-76. 

89. Young, W. W. Jr., Hakomori, S. I., Durdik, 
J. M. and Henney, C. S. 1980, J. Immunol., 
124, 199-201. 

90. Vilpo, J. A. and Vilpo, L. 1976, Acta. 
Haematol., 55, 224-9. 

91. Di Santo, J. P. 2006, Annu. Rev. 
Immunol., 24, 257-86. 

92. Orr, M. T., Wu, J., Fang, M., Sigal, L. J., 
Spee, P., Egebjerg, T., Dissen, E., Fossum, 
S., Phillips, J. H. and Lanier, L. L. 2010, 
PLoS One, 5, e15184. 

93. Hesslein, D. G. and Lanier, L. L. 2011, 
Adv. Immunol., 109, 45-85. 

94. Rolink, A. G., Massa, S., Balciunaite, G., 
and Ceredig, R. 2006, Swiss Med. Wkly., 
136, 679-83. 

95. Yoon, S. R., Chung, J. W. and Choi, I. 
2007, Mol. Cells, 24, 1-8. 

96. Silvennoinen, O., Renkonen, R. and 
Hurme, M. 1986, Cell Immunol., 101, 1-7. 

97. Chiossone, L., Chaix, J., Fuseri, N., Roth, 
C., Vivier, E. and Walzer, T. 2009, Blood, 
113, 5488-96. 

98. Watt, S. V., Andrews, D. M., Takeda, K., 
Smyth, M. J. and Hayakawa, Y. 2008, J. 
Immunol., 181, 5323-30. 

99. Yu, J., Wei, M., Mao, H., Zhang, J., 
Hughes, T., Mitsui, T., Park, I. K., Hwang, 
C., Liu, S., Marcucci, G., Trotta, R., 
Benson, D. M. Jr. and Caligiuri, M. A. 
2009, J. Immunol., 183, 4968-74. 

100. Chan, A., Hong, D. L., Atzberger, A., 
Kollnberger, S., Filer, A. D., Buckley, 
C. D., McMichael, A., Enver, T. 
and Bowness, P. 2007, J. Immunol., 179, 
89-94. 

101. Martin-Fontecha, A., Thomsen, L. L., 
Brett, S., Gerard, C., Lipp, M., 
Lanzavecchia, A. and Sallusto, F. 2004, 
Nat. Immunol., 5, 1260-5. 

102. Long, E. O. 1999, Annu. Rev. Immunol., 
17, 875-904. 

103. Barten, R., Torkar, M., Haude, A., 
Trowsdale, J. and Wilson, M. J. 2001, 
Trends Immunol., 22, 52-7. 

104. Caligiuri, M. A. 2008, Blood, 112, 461-9. 
105. Fujisaki, H., Kakuda, H., Shimasaki, N., 

Imai, C., Ma, J., Lockey, T., Eldridge, P., 
Leung, W. H. and Campana, D. 2009, 
Cancer Res., 69, 4010-7. 

Natural killer cell advances and adaptive features                                                                                    117 



140. Kaifu, T., Escaliere, B., Gastinel, L. N., 
Vivier, E. and Baratin, M. 2011, Cell Mol. 
Life Sci., 68, 3531-9. 

141. Pessino, A., Sivori, S., Bottino, C., 
Malaspina, A., Morelli, L., Moretta, L., 
Biassoni, R. and Moretta, A. 1998, J. Exp. 
Med., 188, 953-60. 

142. Sivori, S., Pende, D., Bottino, C., 
Marcenaro, E., Pessino, A., Biassoni, R., 
Moretta, L. and Moretta, A. 1999, Eur. J. 
Immunol., 29, 1656-66. 

143. Della Chiesa, M., Carlomagno, S., 
Frumento, G., Balsamo, M., Cantoni, C., 
Conte, R., Moretta, L., Moretta, A. and 
Vitale, M. 2006, Blood, 108, 4118-25. 

144. Narni-Mancinelli, E., Jaeger, B. N., Bernat, 
C., Fenis, A., Kung, S., De Gassart, A., 
Mahmood, S., Gut, M., Heath, S. C., 
Estelle, J., Bertosio, E., Vely, F., Gastinel, 
L. N., Beutler, B., Malissen, B., Malissen, 
M., Gut, I. G., Vivier, E. and Ugolini, S. 
2012, Science, 335, 344-8. 

145. Herberman, R. B., Reynolds, C. W. and 
Ortaldo, J. R. 1986, Annu. Rev. Immunol., 
4, 651-80. 

146. Isitman, G., Stratov, I. and Kent, S. J. 
2012, Adv. Virol., 2012, 637208. 

147. Koehn, T. A., Trimble, L. L., Alderson, K. 
L., Erbe, A. K., McDowell, K. A., 
Grzywacz, B., Hank, J. A. and Sondel, P. 
M. 2012, Front Pharmacol., 3, 91. 

148. Shuptrine, C. W., Surana, R. and Weiner, 
L. M. 2012, Semin. Cancer Biol., 22, 3-13. 

149. Alderson, K. L. and Sondel, P. M. 2011, J. 
Biomed. Biotechnol., 2011, 379123. 

150. Lowin, B., Peitsch, M. C. and Tschopp, J. 
1995, Curr. Top. Microbiol. Immunol., 
198, 1-24. 

151. Griffiths, G. M. and Mueller, C. 1991, 
Immunol. Today, 12, 415-9. 

152. Screpanti, V., Wallin, R. P., Grandien, A. 
and Ljunggren, H. G. 2005, Mol. 
Immunol., 42, 495-9. 

153. Wajant, H. 2006, Cancer Treat Res., 130, 
141-65. 

154. Sato, K., Hida, S., Takayanagi, H., 
Yokochi, T., Kayagaki, N., Takeda, K., 
Yagita, H., Okumura, K., Tanaka, N., 
Taniguchi, T. and Ogasawara, K. 2001, 
Eur. J. Immunol., 31, 3138-46. 

124. Sun, J. C., Ma, A. and Lanier, L. L. 2009, 
J. Immunol., 183, 2911-4. 

125. Lee, S. H., Kim, K. S., Fodil-Cornu, N., 
Vidal, S. M. and Biron, C. A. 2009, J. Exp. 
Med., 206, 2235-51. 

126. Moretta, L., Biassoni, R., Bottino, C., 
Cantoni, C., Pende, D., Mingari, M. C. and 
Moretta, A. 2002, Microbes Infect., 4, 
1539-44. 

127. Dimasi, N. and Biassoni, R. 2005, 
Immunol. Cell Biol., 83, 1-8. 

128. Raulet, D. H. and Guerra, N. 2009, Nat. 
Rev. Immunol., 9, 568-80. 

129. Seya, T., Shime, H., Ebihara, T., Oshiumi, 
H. and Matsumoto, M. 2010, Cancer Sci., 
101, 313-20. 

130. Cerwenka, A., Bakker, A. B., McClanahan, 
T., Wagner, J., Wu, J., Phillips, J. H. and 
Lanier, L. L. 2000, Immunity, 12, 721-7. 

131. Diefenbach, A., Jensen, E. R., Jamieson, 
A. M. and Raulet, D. H. 2001, Nature, 413, 
165-71. 

132. Jamieson, A. M., Diefenbach, A., 
McMahon, C. W., Xiong, N., Carlyle, J. R. 
and Raulet, D. H. 2002, Immunity, 17, 
19-29. 

133. Champsaur, M., Beilke, J. N., Ogasawara, 
K., Koszinowski, U. H., Jonjic, S. 
and Lanier, L. L. 2010, J. Immunol., 185, 
157-65. 

134. Champsaur, M. and Lanier, L. L. 2010, 
Immunol. Rev., 235, 267-85. 

135. Moretta, A., Biassoni, R., Bottino, C., 
Mingari, M. C. and Moretta, L. 2000, 
Immunol. Today, 21, 228-34. 

136. Bottino, C., Biassoni, R., Millo, R., 
Moretta, L. and Moretta, A. 2000, Hum. 
Immunol., 61, 1-6. 

137. Joyce, M. G., Tran, P., Zhuravleva, M. A., 
Jaw, J., Colonna, M. and Sun, P. D. 2011, 
Proc. Natl. Acad. Sci. USA, 108, 6223-8. 

138. Ferlazzo, G., Tsang, M. L., Moretta, L., 
Melioli, G., Steinman, R. M. and Munz, C. 
2002, J. Exp. Med., 195, 343-51. 

139. Pende, D., Parolini, S., Pessino, A., Sivori, 
S., Augugliaro, R., Morelli, L., Marcenaro, 
E., Accame, L., Malaspina, A., Biassoni, 
R., Bottino, C., Moretta, L. and Moretta, 
A. 1999, J. Exp. Med., 190, 1505-16. 

118 Can M. Sungur et al.



172. Jameson, S. C., Hogquist, K. A. and 
Bevan, M. J. 1995, Annu. Rev. Immunol., 
13, 93-126. 

173. Yu, J., Heller, G., Chewning, J., Kim, S., 
Yokoyama, W. M. and Hsu, K. C. 2007, J. 
Immunol., 179, 5977-89. 

174. Joncker, N. T., Fernandez, N. C., Treiner, 
E., Vivier, E. and Raulet, D. H. 2009, J. 
Immunol., 182, 4572-80. 

175. Raziuddin, A., Longo, D. L., Bennett, M., 
Winkler-Pickett, R., Ortaldo, J. R. and 
Murphy, W. J. 2002, Blood, 100, 3026-33. 

176. Joncker, N. T., Shifrin, N., Delebecque, F. 
and Raulet, D. H. 2010, J. Exp. Med., 207, 
2065-72. 

177. Orr, M. T., Murphy, W. J. and Lanier, L. 
L. 2010, Nat. Immunol., 11, 321-7. 

178. Paust, S. and von Andrian, U. H. 2011, 
Nat. Immunol., 131, 500-8. 

179. Negrini, S., Giuliani, M., Durali, D., 
Chouaib, S. and Azzarone, B. 2011, 
Haematologica, 96, 762-6. 

180. Castillo, E. F., Stonier, S. W., Frasca, L. 
and Schluns, K. S. 2009, J. Immunol., 183, 
4948-56. 

181. Cooper, M. A., Bush, J. E., Fehniger, T. 
A., VanDeusen, J. B., Waite, R. E., Liu, 
Y., Aguila, H. L. and Caligiuri, M. A. 
2002, Blood, 100, 3633-8. 

182. Vivier, E., Tomasello, E., Baratin, M., 
Walzer, T. and Ugolini, S. 2008, Nat. 
Immunol., 9, 503-10. 

183. Cooper, M. A., Fehniger, T. A., Fuchs, A., 
Colonna, M. and Caligiuri, M. A. 2004, 
Trends Immunol., 25, 47-52. 

184. Ferlazzo, G. and Munz, C. 2004, J. 
Immunol., 172, 1333-9. 

185. Simhadri, V. L., Hansen, H. P., Simhadri, 
V. R., Reiners, K. S., Bessler, M., Engert, 
A. and von Strandmann, E. P. 2012, Biol. 
Chem., 393, 101-6. 

186. Spaggiari, G. M., Carosio, R., Pende, D., 
Marcenaro, S., Rivera, P., Zocchi, M. R., 
Moretta, L. and Poggi, A. 2001, Eur. J. 
Immunol., 31, 1656-65. 

187. Hanna, J., Gonen-Gross, T., Fitchett, J., 
Rowe, T., Daniels, M., Arnon, T. I., Gazit, 
R., Joseph, A., Schjetne, K. W., Steinle, 
A., Porgador, A., Mevorach, D., Goldman-
Wohl, D., Yagel, S., LaBarre, M. J., 
Buckner, J. H. and Mandelboim, O. 2004, 
J. Clin. Invest., 114, 1612-23. 

155. Burkhardt, J. K., Hester, S., Lapham, C. K. 
and Argon, Y. 1990, J. Cell Biol., 111, 
2327-40. 

156. Beziat, V., Duffy, D., Quoc, S. N., Le 
Garff-Tavernier, M., Decocq, J., 
Combadiere, B., Debre, P. and Vieillard, 
V. 2011, J. Immunol., 186, 6753-61. 

157. Moretta, L. 2010, Blood, 116, 3689-91. 
158. Poli, A., Michel, T., Theresine, M., 

Andres, E., Hentges, F. and Zimmer, J. 
2009, Immunology, 126, 458-65. 

159. Fu, B., Wang, F., Sun, R., Ling, B., Tian, 
Z. and Wei, H. 2011, Immunology, 133, 
350-9. 

160. Karupiah, G., Xie, Q. W., Buller, R. M., 
Nathan, C., Duarte, C. and MacMicking, J. 
D. 1993, Science, 261, 1445-8. 

161. Schroder, K., Hertzog, P. J., Ravasi, T. and 
Hume, D. A. 2004, J. Leukoc. Biol., 75, 
163-89. 

162. Pomeroy, C., Delong, D., Clabots, C., 
Riciputi, P. and Filice, G. A. 1998, J. Lab 
Clin. Med., 132, 124-33. 

163. Locksley, R. M., Killeen, N. and Lenardo, 
M. J. 2001, Cell, 104, 487-501. 

164. Kishimoto, T. 2010, Int. Immunol., 22, 
347-52. 

165. Couper, K. N., Blount, D. G. and Riley, E. 
M. 2008, J. Immunol., 180, 5771-7. 

166. Shi, Y. and Massague, J. 2003, Cell, 113, 
685-700. 

167. Cuturi, M. C., Anegon, I., Sherman, F., 
Loudon, R., Clark, S. C., Perussia, B. and 
Trinchieri, G. 1989, J. Exp. Med., 169, 
569-83. 

168. Levitt, L. J., Nagler, A., Lee, F., Abrams, 
J., Shatsky, M. and Thompson, D. 1991, J. 
Clin. Invest., 88, 67-75. 

169. Storek, J., Geddes, M., Khan, F., Huard, 
B., Helg, C., Chalandon, Y., Passweg, J. 
and Roosnek, E. 2008, Semin. 
Immunopathol., 30, 425-37. 

170. Hanke, T., Takizawa, H., McMahon, C. 
W., Busch, D. H., Pamer, E. G., Miller, J. 
D., Altman, J. D., Liu, Y., Cado, D., 
Lemonnier, F. A., Bjorkman, P. J. and 
Raulet, D. H. 1999, Immunity, 11, 67-77. 

171. Cooley, S., Xiao, F., Pitt, M., Gleason, M., 
McCullar, V., Bergemann, T. L., 
McQueen, K. L., Guethlein, L. A., Parham, 
P. and Miller, J. S. 2007, Blood, 110, 
578-86. 

Natural killer cell advances and adaptive features                                                                                    119 



203. Yao, H., Ng, S. S., Huo, L. F., Chow, B. 
K., Shen, Z., Yang, M., Sze, J., Ko, O., Li, 
M., Yue, A., Lu, L. W., Bian, X. W., 
Kung, H. F. and Lin, M. C. 2011, Mol. 
Cancer Ther., 10, 1082-92. 

204. Queluz, T. T., Brunda, M., Vladutiu, A. O., 
Brentjens, J. R. and Andres, G. 1991, Exp. 
Lung Res., 17, 1095-108. 

205. Kotasek, D., Vercellotti, G. M., Ochoa, A. 
C., Bach, F. H. and Jacob, H. S. 1987, 
Trans. Assoc. Am. Physicians, 100, 21-7. 

206. Rosenstein, M., Ettinghausen, S. E. and 
Rosenberg, S. A. 1986, J. Immunol., 137, 
1735-42. 

207. Zorn, E., Nelson, E. A., Mohseni, M., 
Porcheray, F., Kim, H., Litsa, D., Bellucci, 
R., Raderschall, E., Canning, C., Soiffer, 
R. J., Frank, D. A. and Ritz, J. 2006, 
Blood, 108, 1571-9. 

208. Brandenburg, S., Takahashi, T., de la Rosa, 
M., Janke, M., Karsten, G., Muzzulini, T., 
Orinska, Z., Bulfone-Paus, S. and 
Scheffold, A. 2008, Eur. J. Immunol., 38, 
1643-53. 

209. Barao, I., Alvarez, M., Redelman, D., 
Weiss, J. M., Ortaldo, J. R., Wiltrout, R. H. 
and Murphy, W. J. 2011, Biol. Blood 
Marrow Transplant, 17, 1754-64. 

210. Zhou, X., Li, X., Gou, M., Qiu, J., Li, J., 
Yu, C., Zhang, Y., Zhang, N., Teng, X., 
Chen, Z., Luo, C., Wang, Z., Liu, X., Shen, 
G., Yang, L., Qian, Z. and Wei, Y. 2011, 
Cancer Sci., 102, 1403-9. 

211. Miller, J. S., Soignier, Y., Panoskaltsis-
Mortari, A., McNearney, S. A., Yun, G. 
H., Fautsch, S. K., McKenna, D., Le, C., 
Defor, T. E., Burns, L. J., Orchard, P. J., 
Blazar, B. R., Wagner, J. E., Slungaard, A., 
Weisdorf, D. J., Okazaki, I. J. and 
McGlave, P. B. 2005, Blood, 105, 3051-7. 

212. Laport, G. G., Sheehan, K., Baker, J., 
Armstrong, R., Wong, R. M., Lowsky, R., 
Johnston, L. J., Shizuru, J. A., Miklos, D., 
Arai, S., Benjamin, J. E., Weng, W. K., 
and Negrin, R. S. 2011, Biol. Blood 
Marrow Transplant, 17, 1679-87. 

213. Jiang, J. T., Wu, C. P., Shen, Y. P., Zheng, 
L., Wu, J., Ji, M., Xu, B., Chen, L. J., Wu, 
Y. G., Zheng, X., Zhu, Y. B., Lu, B. F. and 
Zhang, X. G. 2010, Zhonghua Wei Chang 
Wai Ke Za Zhi, 13, 366-70. 

188. Ramana, C. V., Grammatikakis, N., Chernov, 
M., Nguyen, H., Goh, K. C., Williams, B. 
R. and Stark, G. R. 2000, EMBO J., 19, 
263-72. 

189. Dooms, H. and Abbas, A. K. 2002, Nat. 
Immunol., 3, 797-8. 

190. Refaeli, Y., Van Parijs, L., Alexander, S. I. 
and Abbas, A. K. 2002, J. Exp. Med., 196, 
999-1005. 

191. Waggoner, S. N., Cornberg, M., Selin, L. 
K. and Welsh, R. M. 2012, Nature, 481, 
394-8. 

192. Poggi, A., Prevosto, C., Zancolli, M., 
Canevali, P., Musso, A. and Zocchi, M. R. 
2007, Ann. NY Acad. Sci., 1109, 47-57. 

193. Yu, G., Xu, X., Vu, M. D., Kilpatrick, E. 
D. and Li, X. C. 2006, J. Exp. Med., 203, 
1851-8. 

194. Yu, T. K., Caudell, E. G., Smid, C. and 
Grimm, E. A. 2000, J. Immunol., 164, 
6244-51. 

195. Barao, I., Hanash, A. M., Hallett, W., 
Welniak, L. A., Sun, K., Redelman, D., 
Blazar, B. R., Levy, R. B. and Murphy, W. 
J. 2006, Proc. Natl. Acad. Sci. USA, 103, 
5460-5. 

196. Yang, L., Pang, Y. and Moses, H. L. 2010, 
Trends Immunol., 31, 220-7. 

197. Salagianni, M., Lekka, E., Moustaki, A., 
Iliopoulou, E. G., Baxevanis, C. N., 
Papamichail, M. and Perez, S. A. 2011, J. 
Immunol., 186, 3327-35. 

198. Hallett, W. H., Ames, E., Alvarez, M., 
Barao, I., Taylor, P. A., Blazar, B. R. and 
Murphy, W. J. 2008, Biol. Blood Marrow 
Transplant, 14, 1088-99. 

199. Mani, A., Roda, J., Young, D., Caligiuri, 
M. A., Fleming, G. F., Kaufman, P., 
Brufsky, A., Ottman, S., Carson, W. E. 3rd. 
and Shapiro, C. L. 2009, Breast Cancer 
Res. Treat., 117, 83-9. 

200. Fehniger, T. A., Cooper, M. A. and 
Caligiuri, M. A. 2002, Cytokine Growth 
Factor Rev., 13, 169-83. 

201. Jakobisiak, M., Golab, J. and Lasek, W. 
2011, Cytokine Growth Factor Rev., 22, 
99-108. 

202. McDermott, D. F., Regan, M. M. and 
Atkins, M. B. 2006, Clin. Genitourin. 
Cancer, 5, 114-9. 

120 Can M. Sungur et al.



 

222. Herberman, R. B., Nunn, M. E. and Lavrin, 
D. H. 1975, Int. J. Cancer, 16, 216-29. 

223. Asai, O., Longo, D. L., Tian, Z. G., 
Hornung, R. L., Taub, D. D., Ruscetti, F. 
W. and Murphy, W. J. 1998, J. Clin. 
Invest., 101, 1835-42. 

224. Koh, C. Y., Ortaldo, J. R., Blazar, B. R., 
Bennett, M., and Murphy, W. J. 2003, 
Blood, 102, 4067-75. 

225. Ruggeri, L., Mancusi, A., Burchielli, E., 
Aversa, F., Martelli, M. F. and Velardi, A. 
2007, Curr. Opin. Oncol., 19, 142-7. 

226. Velardi, A., Ruggeri, L., Mancusi, A., 
Aversa, F. and Christiansen, F. T. 2009, 
Curr. Opin. Immunol., 21, 525-30. 

227. Yu, J., Venstrom, J. M., Liu, X. R., Pring, 
J., Hasan, R. S., O'Reilly, R. J. and Hsu, K. 
C. 2009, Blood, 113, 3875-84. 

228. Gahrton, G. 2010, Eur. J. Haematol., 85, 
279-89. 

229. Berg, M., Lundqvist, A., McCoy, P. Jr., 
Samsel, L., Fan, Y., Tawab, A. and Childs, 
R. 2009, Cytotherapy, 11, 341-55. 

230. Wu, J. Y., Ernstoff, M. S., Hill, J. M., 
Cole, B. and Meehan, K. R. 2006, 
Cytotherapy, 8, 141-8. 

231. Ljunggren, H. G. and Malmberg, K. J. 
2007, Nat. Rev. Immunol., 7, 329-39. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

214. Pegram, H. J., Jackson, J. T., Smyth, M. J., 
Kershaw, M. H. and Darcy, P. K. 2008, J. 
Immunol., 181, 3449-55. 

215. Tseng, H. C., Arasteh, A., Paranjpe, A., 
Teruel, A., Yang, W., Behel, A., Alva, J. 
A., Walter, G., Head, C., Ishikawa, T. O., 
Herschman, H. R., Cacalano, N., Pyle, A. 
D., Park, N. H. and Jewett, A. 2010, PLoS 
One, 5, e11590. 

216. Pietra, G., Manzini, C., Vitale, M., 
Balsamo, M., Ognio, E., Boitano, M., 
Queirolo, P., Moretta, L. and Mingari, M. 
C. 2009, Int. Immunol., 21, 793-801. 

217. Che, S. M., Zhang, X. Z., Liu, X. L., Chen, 
X. and Hou, L. 2011, Dis. Esophagus, 24, 
265-73. 

218. Hittelman, W. N., Liao, Y., Wang, L. and 
Milas, L. 2010, Future Oncol., 6, 1563-76. 

219. Merlos-Suarez, A., Barriga, F. M., Jung, 
P., Iglesias, M., Cespedes, M. V., Rossell, 
D., Sevillano, M., Hernando-Momblona, 
X., da Silva-Diz, V., Munoz, P., Clevers, 
H., Sancho, E., Mangues, R. and Batlle, E. 
2011, Cell Stem Cell, 8, 511-24. 

220. Lagadec, C., Vlashi, E., Della Donna, L., 
Dekmezian, C. and Pajonk, F. 2012, Stem 
Cells, 30, 833-44. 

221. Neman, J. and Jandial, R. 2010, Biologics, 
4, 157-62. 

 

Natural killer cell advances and adaptive features                                                                                     121


