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1.

Introduction

Immunotherapy has rapidly emerged to become a cornerstone
in the treatment of a large variety of cancer types. Current approaches in immunotherapy include the relatively basic
administration of cytokines, vaccines (Melero et al., 2014)
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and antibodies (Michaud et al., 2014) as well as more advanced
manipulations involving in vitro expansion and infusion of
specific T cell (Restifo et al., 2012) and natural killer (NK) cell
subsets (Vivier et al., 2012). The natural cytotoxic potential of
these lymphocytes may also be harnessed through the insertion of genetically engineered chimeric antigen receptors
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(CAR) or T cell receptors (TCR), specific for tumor associated
and patient specific neo-antigens, respectively (Gill and June,
2015; Schumacher and Schreiber, 2015). Currently, adoptive
cell therapy platforms require enormous resources in order
to facilitate tumor sequencing, bioinformatics and cell culture
that fulfill the requirements for good manufacturing practice
(GMP) conditions. It is likely, however, that refinement in these
areas over the coming decade will enable the development of
cost-effective, high-throughput platforms for large-scale
implementation of advanced cellular therapies in the clinic.
In this review we focus on the development of the next generation of NK cell immunotherapy, based on new insights into
their functional plasticity (Vivier et al., 2011).

2.

NK cell-based immunotherapy against cancer

NK cells were discovered in the mid 700 s based on their
intrinsic “natural” capacity to kill tumor cells (Herberman
et al., 1975; Kiessling et al., 1975). Mice deficient in key activating NK cell receptors are more prone to develop
carcinogen-induced tumors (Iguchi-Manaka et al., 2008), highlighting the biological relevance of NK cells in immune surveillance. In humans, a population-based functional
screening of >3500 healthy individuals revealed an inverse
correlation between NK cell cytotoxicity and the risk of developing cancer (Imai et al., 2000). Four decades of intense
research have culminated in a rather detailed understanding
of the biology of these potent cytotoxic lymphocytes,
including their development and functional regulation by cytokines, and the broad array of activating and inhibitory receptors that they express (Cichocki et al., 2014). Insights into
the molecular specificities of the missing self response, i.e.
the ability of NK cells to sense the absence of self MHC class
I molecules through stochastically expressed inhibitory receptors, suggest that NK cells may be particularly effective when
transferred across HLA barriers (Karre, 2002; Ruggeri et al.,
2002a; Valiante et al., 1997), in the context of allogeneic stem
cell transplantation (Ruggeri et al., 2002a) or adoptive cell therapy (Miller et al., 2005). However, the research community has
only recently begun to systematically address the potential
role of NK cells in clinical settings. Currently, approximately
260 open studies are registered at ClinicalTrials.gov and the
clinical translation of new insights in NK cell biology is an
area of intense investigation.
Several recent reviews have covered historical landmarks
of breakthroughs in NK cell biology (Cichocki et al., 2014), their
functional regulation, mechanisms involved in maintenance
of self tolerance (Goodridge et al., 2015; Kadri et al., 2015), as
well as their role in the context of allogeneic stem cell transplantation (Cichocki et al., 2015). Other reviews have discussed strategies for ex vivo expansion (Pittari et al., 2015),
de novo development of NK cells from induced pluripotent
stem cells (iPSc) and human embryonic stem cells (hESC)
(Eguizabal et al., 2014), genetic manipulation with CARs
(Glienke et al., 2015), and prospects for using NK cells in
both adult and pediatric hematological malignancies and solid
tumors (Gras Navarro et al., 2015; Knorr et al., 2014; Leung,
2014; McDowell et al., 2015). In light of these, this review will
focus entirely on the prospects for clinical translation of the
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most recent insights into the functional plasticity and adaptive behavior of NK cells. Several lines of evidence suggest
that NK cells contribute to adaptive immunity both as mediators of memory responses (Min-Oo et al., 2013) and in their
ability to regulate T cell homeostasis (Cook et al., 2014;
Waggoner et al., 2012). Thus, in addition to overcoming regulatory and technical challenges pertaining to donor selection,
generation of sufficient NK cell numbers and choice of the
target specificity for therapy, we believe it will be of outmost
importance to consider the fundamental mechanisms
involved in creating the vast repertoire diversity of NK cells
as well as the heritability and persistence of the effector potential during in vivo homeostasis. Before outlining the
emerging clinical possibilities of harnessing adaptive NK cells,
we will briefly review recent insights into their differentiation
and functional reprogramming.

3.

NK cell differentiation

At birth, the repertoire of human NK cells is usually na€ıve and
devoid of cells bearing the features of full functional maturity
and terminal differentiation (Bjorkstrom et al., 2010; Le GarffTavernier et al., 2010). Full development of mature phenotypic
and functional NK cell profiles occurs only in response to environmental cues, from metabolism to infection, as observed
with infection of mice raised under germ free conditions
(Marcais et al., 2014). This development and accumulation of
functional NK cells over time, likely occurs under persistent
waves of environmental stimulation (Goodridge et al., 2015).
The na€ıve state of NK cell differentiation is associated with
high CD56 and CD62L expression, as well as expression of
more broadly specific receptors, such as NKG2A and natural
cytotoxicity receptors (NCRs) (Beziat et al., 2010; Bjorkstrom
et al., 2010; Juelke et al., 2010). Moving along the spectrum of
differentiation, cells are observed to progressively downregulate NKG2A and acquire CD16 as well as more specific inhibitory receptors, such as inhibitory killer cell immunoglobulinlike receptors (KIR). KIR acquisition results in a narrower
HLA-I ligand specificity and determines the functional fate
of the cell (Goodridge et al., 2015; Luetke-Eversloh et al.,
2013). As the NK cell population veers toward terminal differentiation, receptor expression profiles become less random
and emerging patterns of surface expression suggest an accumulation of differentiated cells enriched by specific receptor
interactions. Terminally differentiated NK cells display diminished responsiveness to cytokines, which correlates with the
reduction of cytokine receptors, manifested both at the protein and transcriptional level (Beziat et al., 2010; Bjorkstrom
et al., 2010). Concurrently, there is a gain in cytolytic potential,
as they express higher levels of granzyme B and perforin and
become particularly efficient in mediating antibodydependent cellular cytotoxicity (ADCC) (Lopez-Verges et al.,
2010), as well as in the capacity for cytokine production in
response to stimulation through activating receptors
(Luetke-Eversloh et al., 2014b). It is during the approach towards terminal stages of maturation that the adaptive
behavior of NK cells truly comes to light, and is most strikingly
demonstrated during CMV infection in mice and humans alike
(Cichocki et al., 2014).
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Adaptive NK cell responses

Until recently, NK cells were believed to be short-lived innate
lymphocytes with no active involvement in the formation of
immunological memory towards encountered pathogens. In
recent years, this dogma has been challenged by compelling
evidence of how viral infection shapes NK cell repertoires to
provide specific protection against subsequent challenges
(O’Leary et al., 2006; Paust and von Andrian, 2011; Sun et al.,
2009, 2010). In mice, CMV infection results in the expansion
of Ly49Hþ NK cells which recognize the viral protein m157.
Akin to memory CD8þ T cells, these cells proliferate faster
and display stronger effector function upon re-exposure to
CMV (Sun et al., 2009). While such adaptive NK cell responses
have been mostly documented in mice, there appears to be a
similar plasticity in Rhesus Macaques (Reeves et al., 2015)
and in the human NK cell compartment (Bjorkstrom et al.,
2011), supporting the notion that NK cells exhibit adaptive
behavior. In the human, CMV-driven expansions of NKG2Cþ
NK cells have been documented in healthy individuals
(Beziat et al., 2013; Guma et al., 2004) and in numerous clinical
settings, including solid organ transplantation (SOT) (LopezVerges et al., 2011) and hematopoietic stem cell transplantation (HSCT) (Della Chiesa et al., 2012; Foley et al., 2012).
Elevated numbers of differentiated NKG2Cþ NK cells have
also been observed in the context of other virus infections,
including hepatitis C, chikungunya and hantavirus, but only
in CMV-seropositive individuals (Beziat et al., 2012;
Bjorkstrom et al., 2011; Petitdemange et al., 2011). The link between NKG2C-mediated NK-cell expansion and CMV infection
indicates that acute or chronic virus infections may lead to
subclinical reactivation of CMV that in turn triggers the
expansion and long-term persistence of NKG2Cþ NK cells.
Expanded NKG2Cþ NK cells have a differentiated phenotype and can be identified using an increasing collection of
characteristic markers that include lower expression of
CD62L, CD7, CD161, CD122, FcεR1g, NKp30, NKp46, siglec-7,
siglec-9 and higher expression of CD2, ILT2, CD57 and granzyme B (Luetke-Eversloh et al., 2013). Another striking feature
of adaptive NK cells is their preferential expression of inhibitory KIR specific for self HLA class I molecules (Beziat et al.,
2013; Della Chiesa et al., 2012; Foley et al., 2012).

5.

Molecular footprints in adaptive NK cells

In T cells, both lineage commitment and maintenance of
memory is associated with epigenetic modification, which is
subsequently retained in daughter cells during immune
expansion as well as long-term homeostatic cell divisions
(Youngblood et al., 2013). Similar characteristics are observed
in NK cells as they progress through cycles of differentiation
and clonal expansion, providing a partial explanation for the
long-term stability of adaptive NK cells. Principal component
analysis of the global epigenetic profiles of adaptive NK cells
places them in close proximity to the memory subset of CD8
T cells (Luetke-Eversloh et al., 2014b; Schlums et al., 2015).
One way that the effect of epigenetic modification on function
could be demonstrated directly was through the divergent

IFN-g production observed in na€ıve (CD56bright) and mature
(CD56dim) NK cells, despite there being an equivalent capacity
for signaling between the two subsets in response to receptor
stimulation (Luetke-Eversloh et al., 2014a). These differences
could be attributed to progressive epigenetic remodeling,
where the more differentiated NK cells possess a greatly
increased capacity to produce IFN-g owing to specific demethylation of the conserved non-coding sequence (CNS1) of
the IFN-g promoter (Luetke-Eversloh et al., 2014b). In addition,
adaptive NK cells have also been observed to produce high
levels of TNF in response to target cell stimulation, possibly
through related epigenetic mechanisms.
A deeper look into the relationship between CMV infection
and its effect on the composition of the NK cell compartment
revealed that adaptive NK cells frequently exhibit downregulation of the signaling adapter FcεR1g (Zhang et al., 2013).
The population of FcεR1g negative NK cells showed enhanced
functional responses to infected cells in the presence of virus
specific antibodies. Broadening the scope, downregulation of
multiple signaling intermediates, including SYK, DAB2 and
EAT2, was shown to occur specifically in NK cells with adaptive features, and often in combination (Lee et al., 2015;
Schlums et al., 2015). The downregulation of these markers
was attributed to epigenetic silencing. Furthermore, transcription factors PLZF and IKZF2, which also correlate with epigenetic silencing, were identified through global epigenetic
profiling (Schlums et al., 2015). As PLZF is known to interact
with the promoter regions for SYK, EAT2 and FcεR1g, its
downregulation may also contribute to the change in their
expression. Heterogeneous downregulation of these signaling
intermediates, combined with more consistent downregulation of PLZF and modification in the CNS1 region of IFN-g provide molecular footprints of adaptive NK cell responses. Thus,
the adaptive NK cell response is much more diverse than
initially anticipated, involving waves of expansion of partially
redundant phenotypes, where CD57þNKG2Cþ subsets may
only represent the tip of the iceberg.

6.

Role of adaptive NK cells in host immunity

To date, there is limited knowledge as to whether NK cells
directly control herpesvirus infections. Biron et al. reported a
case with an isolated deficiency in NK cells, showing recurrent
severe herpesvirus infections including CMV pneumonia
(Biron et al., 1989). This patient later developed a bone marrow
failure shown to be caused by GATA-2 mutation (Mace et al.,
2013). Patients presenting with isolated NK cell deficiency, adrenal insufficiency and herpesvirus susceptibility were shown
to carry MCM4 autosomal recessive mutations, a gene
involved in DNA replication (Gineau et al., 2012). Recently, a
patient presenting an isolated NK cell deficiency, who died
from VZV infection, was reported to carry a known founder
mutation in RTEL1, a gene involved in telomere maintenance
(Hanna et al., 2015). Evidently, these mutations in GATA2 and
RTEL1 ultimately resulted in multiple cytopenias (Ballew et al.,
2013; Collin et al., 2015). Furthermore, it has been postulated
that NK cells might be the first lymphocyte subset affected
during bone marrow failure. It therefore remains unclear
whether herpesvirus susceptibility in these patients was due
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to NK deficiency itself or simply an early sign of bone marrow
failure and a broader underlying immune defect. However,
Kuijpers et al. reported a case of a young infant with a family
history of fatal infections (Kuijpers et al., 2008). The three
month-old girl with a TBþNKþ SCID phenotype presented
with a CMV-induced gastroenteritis that resolved spontaneously without anti-viral treatment. Characterization of the
immune response revealed a profound expansion of NKG2Cþ
NK cells with a restricted KIR-repertoire that was normalized
when the viral load declined. Although circumstantial, this
case indicates the potential for NK cells to control acute
CMV infection in the absence of T cells. Similarly, in the
context of allogeneic HSCT, adaptive NK cells emerging in recipients early after transplant appear to protect from CMV
reactivation (Davis et al., 2015).
Despite vigorous monitoring and pre-emptive therapy,
CMV infection and re-activation remains a significant cause
of morbidity and mortality in immunocompromised HSCT recipients (Ljungman, 2014). Intriguingly, however, the epidemiological link between CMV reactivation and relapse protection
(Elmaagacli et al., 2011) has nurtured the idea that emergence
of adaptive NK cells early after transplant may contribute to
the elimination of leukemic cells. Although this concept is
appealing, it is somewhat difficult to reconcile with the fact
that adaptive NK cells express self-specific inhibitory KIRs,
which effectively abrogate recognition of HLA-matched
leukemic blasts (Liu et al., unpublished data). Further studies
into the role of adaptive NK cells in determination of transplantation outcome are warranted, and it will be particularly
interesting to dissect the role for HLA mismatch in this
context, as certain combinations would result in transfer (or
emergence) of large populations of highly cytotoxic NK cells
mediating missing self responses.

7.
Drivers of the adaptive NK cell response in the
human
NKG2C and NKG2A are two transmembrane receptors
expressed as heterodimers in association with CD94 (Brooks
et al., 1997; Lazetic et al., 1996). Although these receptors
both share specificity for the non-classical class I molecule
HLA-E (Braud et al., 1998; Kaiser et al., 2005; Llano et al.,
1998), they display opposing functional properties. CD94/
NKG2A is an inhibitory receptor with two ITIM motifs while
CD94/NKG2C associates with the adaptor molecule DAP12
and mediates activating signals (Lanier et al., 1998; Lazetic
et al., 1996). NKG2A appears to have the stronger affinity for
HLA-E/peptide complexes and its inhibitory signal is dominant when the two receptors are co-engaged on the same
NK cell (Beziat et al., 2011; Kaiser et al., 2005).
The cellular mechanism that drives the expansion of
NKG2Cþ NK cells following HCMV infection remains elusive,
as does the degree to which NKG2C is involved. NKG2C binding to HLA-E is influenced by the peptide bound to the groove
(Braud et al., 1998; Tomasec et al., 2000). It is therefore possible
that the inhibitory receptor NKG2A and activating receptor
NKG2C can distinguish between HLA-E expressing different
leader peptides and/or peptides derived from viral antigens
and thus, may ultimately influence adaptive NK cell
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responses. Based on characteristics common to adaptive NK
cells, expansions can also be seen independently of NKG2C,
in NK cells expressing activating KIR (such as 2DS2, 2DS4)
(Beziat et al., 2013). Further supporting this notion, a study
of patients carrying a homozygous deletion of the NKG2C
gene undergoing umbilical cord blood transplantation
(UCBT) and experiencing CMV infection showed the emergence of adaptive NK cells characterized by the expression
of activating KIRs (Della Chiesa et al., 2014). For most of the
activating KIRs the natural ligands remain unknown
(Ivarsson et al., 2014), albeit it is tempting to speculate that
they recognize virally encoded ligands in a fashion similar to
Ly49H-mediated recognition of the CMV protein m157 (Arase
et al., 2002). The discovery of a spectrum of adaptive NK cells,
many of which lack NKG2C and activating KIRs (Schlums
ziat et al., unpublished observation), open up
et al., 2015) (Be
for the possibility that NKG2C merely serves as a marker of
adaptive NK cells and that other cellular mechanisms drive
their expansion.
Intriguingly, adaptive NK cells also exhibit a superior capacity for expansion in response to both CMV and Influenza
antigens in the presence of seropositive plasma (Lee et al.,
2015). This suggests the expansion of adaptive NK cells is
driven at least in part by antibody-mediated stimulation.
Thus, in addition to signaling via NKG2C and activating KIRs,
agonistic stimulation of CD16 by virus specific antibodies
may be one such independent driver of adaptive NK cells.
Notably, these insights have direct implications for the design
of culturing protocols aiming to selectively expand adaptive
NK cells.

8.
Selective expansion of single-KIRD NK cells for
cancer therapy
Transfer of NK cells across HLA barriers releases the cytotoxic
potential of a functional repertoire that is otherwise
restrained by interactions with self HLA class I in the donor
(Ruggeri et al., 1999; Valiante et al., 1997; Yawata et al., 2008).
This scenario has been observed to occur in certain specific
donor-recipient constellations in the context of partially mismatched allogeneic HSCT and has been linked to improved
survival (Giebel et al., 2003; Miller et al., 2007; Ruggeri et al.,
2002b; Symons et al., 2010). For such an NK cell-mediated
graft-versus-leukemia (GVL) effect to take place the recipient
setting must lack any one of the three major KIR ligands present in the donor. For example, an HLA-C1/C1 recipient must
receive an HLA-C2þ allograft, whereby donor-derived
KIR2DL1þ NK cells may contribute to the clearance of mismatched HLA-C1þ leukemic cells (Figure 1). A major limitation, however, is the number of cells that can be isolated
expressing 2DL1 (or KIR2DL3 for HLA-C2/C2 recipients) as
the sole inhibitory receptor (Fauriat et al., 2008). The genetic
determination of the HLA-C genotype provides no information
about the size of the alloreactive NK cell repertoire for a given
donor. An attractive solution to this problem would be to
develop in vitro culturing protocols for selective expansion of
the alloreactive NK cell subset (Figure 1).
Although there are many alternative strategies for ex vivo
expansion of NK cells that are currently being explored in
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Figure 1 e Selective expansion of alloreactive NK cell subsets. A schematic illustration of the expansion of single KIR2DL3D NK cells from a C1/
Bw4 donor. NK cells are educated (functionally tuned) against the HLA in the donor. Upon adoptive transfer into a recipient, NK cells expressing
KIR2DL3 as their only inhibitory KIR sense the absence of the HLA-C1 molecule and mediate alloreactivity against leukemic blasts. Adaptive
NK cell responses to CMV leads to the expansion of NK cells expressing self-specific KIR in vivo. Thus, it may be possible to mimic the effects of
CMV and establish culture protocols that selectively expand NK cells of a given specificity. This would increase the number of alloreactive NK
cells available for infusion into the patient.
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the clinic, few of these yield specific expansion of subsets
expressing a single KIR. NKG2Cþ adaptive NK cells represent
a naturally occurring expansion of single KIR positive subsets,
representing up to 75% of all NK cells in some healthy donors
(Beziat et al., 2013). Expansions of NKG2Cþ NK cells can be
achieved in vitro by co-culturing na€ıve NK cells with cell lines
engineered to express HLA-E at high levels or fibroblasts
infected with CMV, supporting a direct role for NKG2C in
driving adaptive NK cell responses (Charoudeh et al., 2013;
Guma et al., 2006). CMV encodes several proteins that interfere with antigen processing and cause downregulation of
classical MHC class I molecules (Mocarski, 2004). At the
same time, the signal peptide of the CMV UL40 protein promotes surface expression of HLA-E, providing stimulation to
NKG2Cþ NK cells (Prod’homme et al., 2012; Ulbrecht et al.,
2000). However, in vitro expansion protocols based on infection with live viruses would face substantial challenge and
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are highly unlikely to pass regulatory GMP requirements. An
alternative approach for recapitulating the expansion of
NKG2CþKIRþ cells that occurs in vivo is to use HLA-E transfected feeder cells devoid of other HLA-I ligands (e.g.
721.221.AEH) (Beziat et al., 2013; Guma et al., 2006), a process
potentially scalable to a GMP-compliant production process.
Likewise, a feeder-free system based on latex beads or direct
coating of agonists onto plates or culture bags utilizing
distinct combination of cytokine with agonistic mAbs directed
against specific activation receptors, such as anti-CD94, antiNKG2C, anti-NKp46, anti-DNAM-1, anti-CD2, anti-activating
KIR, anti-CD16 as well as pentamers of HLA-E in complex
with different leader sequences would provide an attractive
platform for expansion and functional tuning (Figure 2).
In the above mentioned strategies to expand adaptive NK
cells expressing a specific KIR, no distinct measure is taken
in order to actively skew the KIR repertoire toward a given

Figure 2 e Strategies for achieving guided differentiation and selective skewing towards adaptive NK cells. A) Shown are potential pathways that
stimulate growth of adaptive NK cells including NKG2C (left), activating KIRs (middle) and antibody-based recognition of viral antigens (right).
B) Guided differentiation and/or selective expansion of adaptive NK cells may be achieved by culturing NK cells together with genetically modified
feeder cells (left) or through agonistic stimulation by antibody-coated beads (middle) or plates/culture bags coated with the desired combination of
antibodies (right). The three principal pathways that have been postulated for driving adaptive NK cells (NKG2C, activating KIR or antibody
triggering of FcgRIIIa) could be targeted in either culturing platform.
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specificity. The mechanism behind the selective outgrowth of
NK cells expressing self KIRs in such cultures is unknown and
somewhat paradoxical, as one would expect cells that are not
restricted through inhibitory interactions with self MHC to
gain a proliferative advantage. One may speculate that education mediated through self KIR-HLA interactions not only influences degranulation and IFN-g production, but also the
ability of the cells to undergo proliferation. However this is unlikely to be the sole explanation, since mice lacking MHC class
I mount similarly effective adaptive NK cell responses, which
are fully capable of controlling MCMV infection, despite their
NK cell compartment being profoundly hyporesponsive (Orr
et al., 2010). Likewise, TAP-deficient patients displaying low
HLA class I expression can develop NKG2Cþ adaptive NK cell
responses that could potentially contribute to the immunity
against CMV (Beziat et al., 2015). Notably, these patients displayed polyclonal KIR expression, demonstrating that the
expression of self KIRs is not required for the expansion to
take place. Perhaps a more likely explanation is that expression of self KIR provides a survival advantages during conditions of stress. Thus, during conditions with limited access
to nutrients and oxygen, inhibitory input might protect the
cell from activation-induced cell death leading to a relative increase in cells with self KIRs (Felices et al., 2014).
Although it will be useful to define and optimize the culture
conditions that leads to selective outgrowth of NK cells
expressing self KIRs, alternative strategies, involving active
manipulation should also be explored. For example, it may
be possible to selectively inhibit unwanted populations
through forced overexpression of specific HLA-C molecules.
Indeed, co-culturing NK cells with lymphoblastoid cell lines
genetically modified to express a given KIR ligand stimulated
the outgrowth of NK cells expressing the mismatched KIR
(Igarashi et al., 2004). Siegler et al. described a more direct
strategy for selective expansion of NK cells, through enrichment of self KIR positive cells using a GMP-compatible sorter
(Siegler et al., 2010). The desired population was enriched to
98.6% purity and expanded 159- to 390-fold in IL-2 and IL-15
over the course of three weeks. The final product displayed superior killing of AML blasts relative to bulk cultures and also
in vivo efficacy in NOD/SCID mice. At present, there are no
GMP-compatible anti-KIR antibodies available but once these
reagents reach the market, pre-expansion manipulation
through FACS sorting may open up new possibilities to topfeed cultures with precursor populations of adaptive NK cells.
A potential caveat of this strategy is the possibility of uncontrolled skewing of the cultures down-stream of the sort with
outgrowth of for example NKG2Aþ subsets.

9.

Balancing numbers versus specificity

One outstanding challenge lies in identifying the ideal seeding
population for expansion of NK cells of a given specificity. Like
most forms of cell proliferation, the capacity of immune cells
to proliferate generally decreases as the cells differentiate towards functional maturity (Weng, 2001; Weng et al., 1997),
while target specificity increases. There are many mechanisms that underlie the poor proliferation of differentiated
cells: the progressive loss of cytokine receptors, the

shortening of telomeres in the absence of telomerase expression, and the induction of anergy. Thus, cytokine stimulation
of a mixed population of NK cells tends to result in the preferential outgrowth of the relatively more immature NKG2Aþ NK
cells expressing polyclonal KIR repertoires (Figure 3AeB). It is
obvious that the near uniform expression of inhibitory CD94/
NKG2A receptors on such NK cells poses a significant limit to
the clinical utility against a broad range of tumor cells
expressing high levels of HLA-E (de Kruijf et al., 2010;
Gooden et al., 2011).
In mice, selective proliferation and persistence of specific
NK cells takes place during anti-viral (MCMV) responses and
typically follows an initial phase of proliferation of more
broadly reactive bulk NK (Brown et al., 2001; Dokun et al.,
2001), in a manner reminiscent of T cell effector expansion
and subsequent contraction into a memory population.
Mimicking this scenario in the human, CD56bright or
NKG2AþKIRCD56dim NK cells can be driven to undergo differentiation, involving acquisition of KIRs, under appropriate
conditions including relevant cytokines and ligands
(Bjorkstrom et al., 2010; Juelke et al., 2009; Romagnani et al.,
2007) (Figure 3C). Such differentiation of CD56bright NK cells
could supplement the total number of specific and highly
functional NK cells. Since CD56bright NK cells and less mature
NKG2Aþ CD56dim NK cells tend to proliferate greatly under
current protocols, the challenge is to guide the differentiation
process towards the desired specificity. Deciphering the molecular mechanisms that govern the transitioning of NK cells
through discrete stages of differentiation is likely to be very
informative for future development of such protocols. In addition, it is possible that emerging platforms for NK cell differentiation from iPS cells may feed into strategies for guided
differentiation of adaptive NK cell populations (Knorr et al.,
2013).
Adaptive NK cells are poorly responsive to cytokine stimulation and appear to be unable to undergo further divisions
in vitro. However, the currently ongoing mapping of their transcriptional and epigenetic profiles may open up new possibilities for selective outgrowth of this seemingly senescent
subset, potentially involving the use of growth factors
(Figure 3D). Although na€ıve NK cells were shown to be the
dominant cellular source for the replenishment of adaptive
NK cells during in vitro culture, the success rate of expanding
large numbers of adaptive NK cells was actually higher in individuals with a pre-existing adaptive subset (Beziat et al.,
2013). These results suggested the existence of a primed NK
cell intermediate that rapidly differentiates into adaptive cells
with the same specificity as the original expansion.
A critical aspect to consider in the development of more selective culturing protocols is the choice of cytokines, potential
combinations and the timing of feeding the cultures. Most
current regimes employ fixed dosing and continuous supply
of saturating levels of cytokines and nutrients. Adapted and
sequential dosing schedules that are based on continuous
monitoring of the cellular composition may be required to
avoid outgrowth of unwanted subsets. IL-15 is a commonly
used cytokine for NK cell proliferation in therapeutic products
as it promotes NK cell survival while activating and promoting
proliferation. However, IL-15 may not promote expression of
telomerase in NK cells, which could potentially limit the
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Figure 3 e Balancing numbers versus specificity. A) The natural repertoire consists of cells at different stages of differentiation (CD56bright,
CD56dim, NK cells expressing self and non-self KIRs and terminally differentiated “adaptive” NK cells. BeD) The end result of the culture, in
terms of cell populations, may vary depending on the strategy used. B) Large numbers of relatively na€ıve, NKG2AD NK cells typically dominate
following cultures in high doses of stimulatory cytokines. C, D) Shown are future potential protocols for generating large numbers of “adaptive”
NK cells. C) It may be possible to define the conditions for guided differentiation of na€ıve NK cells into adaptive NK cells with desired KIR
expression profiles. D) Alternatively, one may achieve selective expansion of pre-existing adaptive NK cells or less differentiated precursors thereof.

long-term proliferative response (Ouyang et al., 2007). In
contrast, IL-21 is known to induce telomerase expression in
NK cells and could thereby overcome the telomere limitation
and sustain longer culture periods (Lim et al., 2014). When
IL-21 was applied in the first week of culture, NK cells were
found to have significantly longer telomeres than NK cells in
continuous culture without IL-21. Together with the attempt
to direct differentiating CD56bright NK cells, the yield of selective NK cells would increase. Notably, parallel strategies are
currently emerging in which the scheduling of combination
of cytokines together with a structured rest, prime NK cells

for more efficient function in response to subsequent challenges (Romee et al., 2012). Potentially such strategies could
include co-culture with feeder cells or beads with the aim of
overcoming the hypo responsiveness of NK cells lacking self
KIRs (Figure 4). Cytokine-induced memory NK cells are
currently being tested in the clinic (reviewed in BerrienElliott et al., 2015).
Another important point to consider in this context is the
potential for retuning of NK cell function in vivo following
transfer to the new host. It has been shown that educated
NK cells loose functionality within 48 h post transfer into
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Figure 4 e Overcoming NK cell tolerance. Strategies for scheduling cytokine stimulation may potentially be tailored to overcome the hypo
responsiveness of NK cells lacking self-KIRs. Such protocols could be used to prime uneducated NK cells for efficient missing self recognition in
autologous and/or matched HLA class I settings as illustrated in the figure.

MHC-deficient mice (Elliott et al., 2010; Joncker et al., 2010).
Conversely, functional potential is regained in hyporesponsive NK cells by transfer to an educating environment.
Whether these effects will influence the efficacy of adoptive
NK cell therapy in the human remains unknown. It is possible
that one may need to design treatment schedules with
repeated infusions of functional NK cells rather than depending long-term in vivo persistence of NK cells which have calibrated to the recipient and therefore lost their alloreactive
potential.

10.
Maintaining effector function by manipulating
cell metabolism
Immune cell differentiation and function have been widely
investigated, but only recently has immune cell metabolism
emerged as a key regulatory mechanism behind these processes. As of now, the majority of the research has been
focused on understanding T cell metabolism. It was previously believed that transcription factors and cytokines were
the main determinants of T cell function and their differentiation into specific subsets. However it has now become clear
that metabolic reprogramming due to environmental cues
plays the central role in determining the fate of a T cell (Man
and Kallies, 2015). These discoveries sparked an interest in
deciphering NK cell metabolism.
The role of IL-15 in NK cell homeostasis, activation and differentiation has been well documented, yet the molecular basis for the multifaceted functions of IL-15 has only now been
linked to the mammalian target of rapamycin (mTOR)
(Donnelly et al., 2014; Marcais et al., 2014; Nandagopal et al.,

2014). mTOR is a serine/threonine kinase which can form
two protein complexes, mTORC1 and mTORC2, and has
been shown to play a fundamental role in regulating T cells,
dendritic cells and recently NK cells (Donnelly et al., 2014).
One role of mTORC1 is to sense the microenvironment for nutrients such as glucose and amino acids, and in turn regulate
NK cell metabolism, particularly through glycolysis. Donnely
et al. have shown that as an NK cell is primed for activation,
it increases its metabolic activity and undergoes metabolic
reprogramming, primarily switching its source of energy
acquisition from oxidative phosphorylation to glycolysis,
which is required for both IFN-g and granzyme B production.
Interestingly, NK cell activation and function are independently regulated. This was shown by inhibiting mTORC1 using
rapamycin, resulting in smaller, yet activated NK cells (CD69
expression) exhibiting reduced glycolysis and consequently
diminished IFN-g and granzyme B levels. Evidently, mTORC1
signaling leads to metabolic reprogramming and increased
nutrient uptake in activated NK cells, and in turn modulates
NK cell effector function through IFN-g and granzyme B production (Donnelly et al., 2014).
Marcais et al. investigated the regulation of mTOR itself, as
well as the molecular machinery behind these metabolic
changes in more detail. This study unearthed the role of IL15 in controlling mTORC1 activity and subsequently one of
its downstream targets, STAT5. Interestingly, the dose of IL15 determines its downstream targets, accounting for its
multifaceted role in NK cells. Only high concentrations of IL15 were able to induce mTORC1 activity, resulting in metabolic
reprogramming to induce effector function. Furthermore,
high levels of IL-15 also induced the proliferative potential of
NK cells. Low dose IL-15, on the other hand, did not result in
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mTORC1 activation, but nonetheless resulted in STAT5 phosphorylation that maintained NK cell survival. Consequently, it
is the amount of IL-15 that determines its downstream targets
and thus its effect on the NK cell (Marcais et al., 2014).
The importance of mTORC1 for NK effector function has
also been investigated in mice infected with MCMV (Marcais
et al., 2014; Nandagopal et al., 2014). Similar to IL-15 treatment,
MCMV infection in mice results mTORC1 activation, as seen
through phosphorylation of S6 ribosomal protein
(Nandagopal et al., 2014). In this setting, expression of effector
molecules, mainly IFN-g and granzyme B, was greatly reduced
following specific inhibition of mTORC1 signaling. This
directly translated to NK cell cytotoxicity, where rapamycin
treatment during MCMV infection abolished killing of tumor
target cells. Evidently, mTORC1 plays a vital role in regulating
NK cell effector function in both cytokine-stimulated activation and in response to viral infection. As NK cells differentiate, their metabolism slows down resulting in
metabolically resting, yet mature NK cells (Marcais et al.,
2014). The same metabolic decrease is observed during NK
cell expansion. Manipulating NK cell metabolism in order to
maintain effector function is therefore an attractive method
to expand mature, yet cytotoxic NK cells for adoptive therapy
(Figure 5).
The change in metabolism that an NK cell undergoes as it
moves along the spectrum of differentiation exhibits striking
similarities to metabolic changes occurring during T cell differentiation. As a na€ıve T cell differentiates into an effector
and eventually memory T cell, it moves from a catabolic to
an anabolic and back to a catabolic state. Intriguingly,
mTORC1 is activated during the anabolic state (effector T
cell) and inhibited during the catabolic state (na€ıve and memory T cell) (Man and Kallies, 2015). Evidently, mTORC1 plays a
vital role in determining the effector potential of both T cells
and NK cells and mTORC1 itself, in turn, obtains cues from
the environment. This correlates well with previous

Figure 5 e Manipulating metabolism to maintain effector potential.
NK cells acquire effector potential during the initial stages of
differentiation; followed by a decline in resting, mature NK cells due
to a decrease in metabolic activity. Maintenance of NK cell metabolic
activity during expansion and maturation could rescue the loss in
effector potential, resulting in expanded, mature, and cytotoxic NK
cells for use in adoptive cell therapy.

1913

observations describing the surrounding environment
shaping NK cell functionality. It has been well documented
that the tumor microenvironment dampens NK cell activity
through releasing immunosuppressive molecules (Baginska
et al., 2013). However, malignant cells present in the surrounding environment can further suppress NK cell function
by limiting the available nutrients, particularly glucose due
to their increased glucose uptake. The same is true for sites
of inflammation, where infiltrating immune cells will outcompete each other for the available nutrients (Donnelly et al.,
2014). This further strengthens the need to manipulate NK
cell metabolism to induce mTORC1 activation, effectively
maintaining effector function in a variety of environments,
during both expansion and subsequent infusion in adoptive
NK cell therapy.

11.

Concluding remarks

Adaptive NK cells in the human represent an increasing spectrum of defined NK cell subsets that have undergone in vivo
proliferation and differentiation in response to pathogenic
challenges. Although these cells have so far only been shown
to expand in response to infection it may be possible to
harness their unique properties in cell therapy against cancer.
The development of in vitro protocols that mimic the pathogenic triggers and in so doing drive the expansion of singleKIRþ NK cells would permit targeting of cancer in cell therapy
across HLA barriers. We anticipate that this approach, with
careful definition of donors and recipients, can be useful for
patients with a HLA-C1/C1 or C2/C2 genotype since it is
possible to expand 2DL1- and 2DL3 NK cells respectively.
While in vivo expansion of 3DL1 single positive NK cells is
rarely observed in CMV-seropositive patients, careful definition of 3DL1 and HLA-BW4 phenotype can make a difference
in efficacy of the effectors. Thus, an extended therapeutic
strategy
is
probably
required
for
HLA-C1þ/C2þ/
Bw4  patients, representing on average 40e50% of the
population.
In parallel, it will be essential to consider the homeostatic
regulation of NK cells, both during in vitro culture and
following infusion into the patient. To date, this has been
mostly studied in the context of tumor infiltrating lymphocytes (TIL), where evidence suggests that young TILs consisting of na€ıve effector cell populations are more effective
in vivo (Gattinoni et al., 2012). This raises interesting questions
concerning where, when and how long the effector response
should take place to be as effective as possible. In terms of
cytotoxic lymphocyte biology, this correlates to tumorhoming ability, the maturation and maintenance (inheritability) of the cytotoxic effector potential and the survival of
the effector cell. The extent to which these events are affected
by the upstream culture conditions remains to be explored.
New insights into how cytotoxic lymphocytes build potential
may pave the way for manipulating pathways that shape
the fate of the cells in the patient and thereby their efficacy
against the tumor. Apart from refining culturing platforms
to increase the effectiveness of NK cell therapy, a fundamental challenge in the field is to determine the therapeutic
sequencing of cell therapy relative to other therapeutic
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strategies and the potential synergies that may be obtained
through combinations.
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