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Abstract

NK cells are the major lymphocyte subset of the innate immune system that mediates antiviral and anti-tumor
responses. It is well established that they develop mechanisms to distinguish self from non-self during the process of
NK cell education. Unlike T and B cells, natural killer cells lack clonotypic receptors and are activated after recognizing
their target via germline-encoded receptors through natural cytotoxicity, cytokine stimulation, and Ab-dependent cel-
lular cytotoxicity. Subsequently, they utilize cytotoxic granules, death receptor ligands, and cytokines to perform their
effector functions. In this review, we provide a general overview of human NK cells, as opposed to murine NK cells,
discussing their ontogeny, maturation, receptor diversity, types of responses, and effector functions. Furthermore, we
also describe recent advances in human NK cell biology, including tissue-resident NK cell populations, NK cell memory,
and novel approaches used to target NK cells in cancer immunotherapy.
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Human NK cells - from development to

. in immunotherapy. This review aims to summarize the
effector functions

established and emerging knowledge to broaden our
NK cells are innate lymphocytes that belong to the current understanding of human NK cells.
rapidly expanding family of innate lymphoid cells
(ILC) and represent 5-20% of all circulating lympho-
cytes in humans.' ® However, in contrast with these
conventional NK (cNK) cells in terms of their pheno-
type, function, and ontogeny, tissue-resident NK
(trNK) cells have been observed in organs such as the

Development and functional maturation
of human NK cells

Stages in human NK cell development

lungs, liver, kidneys, lymph nodes, thymus, and the
uterus.* ® Human NK cells can be primarily classified
into two subtypes that arise during development:
CD3 CDS56™&" CDI16 cells and CD3 CD56%™
CD16" cells, with the latter being functionally more
mature than the former. CD56%™ cells are highly cyto-
toxic, whereas CD56""€" cells are more specialized to
secrete cytokines.” NK cells were discovered in the mid-
1970s by Kiessling and Herberman through indepen-
dent studies.®” On observing that these cells were able
to spontaneously kill syngeneic and allogeneic tumor
cells without the requirement of prior sensitization or
affinity maturation, they were named “natural kill-
ers”.>!%!! Since then, they have gained enormous inter-
est from researchers due to their successful utilization

Human NK cells were originally thought to develop
solely in the bone marrow (BM). Nonetheless, recent
findings suggest that they also develop in extramedul-
lary sites such as secondary lymphoid tissues, liver, and
the uterus, etc.'”> Within human BM they originate
from Lin” CD34% CD133" CD244" multipotent hema-
topoietic stem cells (HSCs) that commit to the lym-
phoid lineage to become CD45RA" CDI133"
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lymphoid primed multipotent progenitors (LMPPs)."?
LMPPs differentiate into common lymphoid progeni-
tors (CLP) marked by CD38" CD7" CD10" CDI127"
that have the potential to become Pro-B, Pre-T, or
ILCs, apart from CD77, CDI27" (IL-7Ra™),
CDI122% (IL-2RBT), CD117" (c-Kit"), and IL-1R1"™%
Stage 1 NK progenitors (NKPs).'*!> Thus, the irre-
versible fate of the decision of CLPs into the NK cell
lineage is defined by the up-regulation of CD122.'¢17
NKPs transition into Stage 2 Pre-NK cells marked by
the expression of CD7" CD127" and down-regulation
of CD3e¢. Observations from recent studies have further
split Stage 2 Pre-NK cells into Stage 2a and 2b, based
on whether they lack or express IL-1R1, respectively.'®
The acquisition of activating receptors such as
NKG2D(CD314), NKp46(CD335), NKp30(CD337),
and CDI161 marks the transition from Stage 2b Pre-
NK cells into Stage 3 immature NK cells (iNK)
cells."® iNK cells develop into Stage 4 CD56""&" NK
cells which are divided into substages 4a and 4b, with
the latter distinct from the former by the expression of
NKp80.!” CD56 Pright NK cells eventually develop into
Stage 5 CD56%™ mature NK (mNK) cells by the grad-
ual up-regulation of CD94/NKG2C and CDI6
(FcyRIII), and by the down-regulation of CDS56,
c-Kit(CD117), and CD94/NKG2A.*° Ultimately,
the terminally mature Stage 6 NK cells will be
marked by the expression of CD57" and killer cell
immunoglobulin-like  receptors  (KIRT/CD158")
(Appendix Table 1).2'2*

Factors influencing human NK Cell development

The expression of cytokine receptors, such as c-Kit
(CD117), CD127, and CD122, defining various devel-
opmental stages, reflects the significance of cytokines in
fine-tuning human NK cell development.?>*® In con-
trolling human NK cell development, critical compo-
nents from these signaling pathways can act as either
upstream regulators or downstream targets of tran-
scription factors (TFs) belonging to transcriptional
regulatory networks.?’”*® The early commitment of
human HSCs into LMPPs and CLPs is regulated by
1L-3, IL-7, and membrane-bound SCF/KL and FIt3L/
FIk2 that interact with c-Kit and FIt3, respectively.'*>
The primary TF involved in this is Notchl."? However,
besides acting synergistically to promote CD34" cell
proliferation, FIt3L and SCF have been reported to
enhance IL-15-mediated development and maturation
of human NKPs by inducing the expression of CD122
and/or IL-15Ra (CD215).2° 3! Despite all this, research
evidence suggests that both IL-15 and c-Kit might not
be essential for human NK cell lineage commit-
ment.*"*? Subsequently, the commitment to human

NKPs is controlled by RUNX3 and ID2. Indeed,
RUNX3 has been shown to enhance the expression
of NK cell receptors, such as KIR and NKp46.
E4BP4 and EST1 promote the transition to iNK
cells. Next, the gradual transitioning to human
CD56"M cells is regulated by the transcription factors
GATA2 and EOMES." In parallel, it is worth men-
tioning that IL-7 is considered indispensable for the
survival of human CD56°#" NK cells.*® Finally, T-
bet promotes them to become Stage 5 CD56%™ cells.
Interestingly, Notchl has also been shown to increase
KIR expression in enhancing human NK cell
cytotoxicity."?

Educating human NK cells to distinguish self from
non-self

Human NK cells undergo education within the BM to
avoid inadvertent attacks against self. However, this
process is not exclusively restricted to the BM and is
known to occur continuously throughout their life,
adjusted by the local environment and changes to
it.% There have been numerous models proposed to
explain human NK cell self-tolerance, the best-known
so far being the arming and disarming models.
According to the arming model, inhibitory signaling
through the engagement of a MHC class I molecule
by its corresponding KIR inhibitory receptor (func-
tionally analogous to Ly49 in mice) promotes function-
al maturation of human precursor NK cells but not
mature NK cells. Whereas, in the disarming model,
both precursor and mature human NK cells that
receive unopposed positive signaling via activating
receptors are rendered hyporesponsive. Yet, the exact
mechanisms underlying these observations have still
not been fully defined.>* Supporting these models, it
has been shown that increasing inhibitory receptor sig-
naling, compared with activating receptor signaling,
results in elevated responsiveness of human NK cells
and vice versa.*> Moreover, stronger inhibitory
receptor-ligand interactions demonstrating greater effi-
cacy in educating human NK cells suggests that both
quantitative and qualitative aspects of the interaction
are important.*® Furthermore, human NK cells in pos-
session of highly variable functional copies of KIR
genes were shown to be functionally more competent,
suggesting that the diversity among inhibitory recep-
tors is positively correlated to human NK cell activity.
Interestingly, studies have revealed that, compared
with degranulation, the production of IFN-y requires
stronger interactions.’® These observations demon-
strate that human NK cell education is not an ‘on
and off” procedure but something that can be fine-
tuned. In fact, this is known as the ‘Rheostat’ model,
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which is widely accepted for its role in training NK cell
function and marries together concepts of disarming
and licensing (Figure 1).%%%!

Functional competency observed in human NK cell
education may also be attributed to the confinement of
activating receptors towards the immunological syn-
apse (IS) during cell-cell contact.’”* However, He
et al. have demonstrated that human NK cell education
can take place even via non-classical MHC and non-
MHC ligands.*

Human NK cell target recognition and
activation

Human NK cell receptors

Human NK cells lack clonotypic receptors. Therefore
their activity is believed to be controlled by a sophisti-
cated array of germline-encoded activating and inhibi-
tory receptors, and thus by a very delicate balance
between inhibitory and activating stimuli.*® The ability
of human NK cells to integrate these different signals
remains decisive in their activation, granting them the
ability to precisely recognize and destroy stressed cells
whilst guaranteeing self-tolerance.” Human NK cell
receptors are transmembrane proteins formed by an
extracellular ligand-binding portion and an intracellu-
lar cytoplasmic tail. If the receptor is inhibitory, the
intracellular cytoplasmic tail contains an immunore-
ceptor tyrosine-based inhibition motif capable of
direct stimulation of protein phosphatases, whereas if
it is an activating receptor it will indirectly stimulate
protein kinases by recruiting adaptor proteins contain-
ing immunoreceptor tyrosine-based activation motifs.*
KIRs and CD94/NKG2A(CD94/CD15%9a) are two
major classes of inhibitory receptors expressed by
human NK cells. KIR recognizes HLA class I, whereas
the leukocyte Ig-like receptor 1 (LIRI)/Ig-like tran-
script 2 (ILT2) receptor recognizes both classical and
non-classical human leukocyte Ag (HLA) class I mol-
ecules and are encoded by genes on the leukocyte
receptor complex on chromosome 19q13.4.% Instead,
CD9%4/NKG2A, a heterodimeric C-type lectin receptor,
recognizes non-classical MHC class Ib molecules such
as HLA-E and is encoded by genes on the NK gene
complex (NKC) on chromosome 12p13. However, acti-
vating forms of KIRs and LIRs have also been identi-
fied.* The natural cytotoxicity receptors (NCR)
NKp46 (NCR1), NKp30 (NCR3), and NKp44
(NCR?2), together with NKG2D, a type Il transmem-
brane and C-type lectin-like type II homodimeric
receptor, are considered as activating receptors
involved in human NK cell-mediated lysis.*!**?
NKG2C is another activating receptor that binds
HLA-E as NKG2A and NKG2E but with a lower

affinity. Additionally, 2B4, NTB-A, DNAM-1, CD59,
and NKp80 are co-receptors that amplify activating
signals. Moreover, TLRs are also present. Finally, the
presence of FcylIll, that recognizes the Fc portion of
IgG Abs (CD16), enables Ab-dependent cellular cyto-
toxicity (ADCC) (Appendix Table 2).4'4

Owing to the stochastic nature of the expression of
human NK cell receptors, there is significant diversity
in the array of activating and inhibitory receptors
among autologous NK cells and this must have
paved the way for their functional diversity, with
some being more capable of eliminating a specific
type of threat.** Furthermore, it is tempting to think
that some receptors, such as inhibitory receptors
toward MHCs, are expressed by all human NK cells
due to their fundamental role in the prevention of
autoreactivity.”

Human NK cell target cell contact

Different scenarios of human NK cell signal integra-
tion can be described. Recognition of normal self
occurs when inhibitory and activating signals balance
out or when there is a greater tendency towards inhi-
bition, and the human NK cell is inhibited. Instead, if
the human NK cell recognizes a non-self MHC-I, it
gets activated. One occasion where this is manifested
is when NK cells reject transplanted donor tissues
expressing allogeneic MHC-1.7%** By contrast, recog-
nition of missing self occurs when inhibitory signals are
lacking, usually when the target cell has lost MHC-I
expression, for example, due to a tumor or viral infec-
tion. However, as mentioned previously, this process is
more complicated than a mere lack of self MHC and
thus needs to be sustained by other unknown stimuli.
Another possibility is activation by recognizing an
induced/altered self in case activating ligands are up-
regulated in the target cell because of stress or infection
(Figure 2).20%

Stimulation and polarization of the human NK cell
response by cytokines

Apart from intrinsic regulation by transcription fac-
tors, signaling mediated by cytokine cocktails from
the microenvironment in which human NK cells
reside also influences the type of effector function
they perform.** Accordingly, it has been shown that
prior stimulation with a cocktail consisting of IL-2,
IL-15, and IL-18 amplifies human NK cell responses
upon secondary stimulation, in a process referred to as
‘priming’.** Indeed, three main human NK cell polar-
ization states have been defined in humans: cytotoxic,
regulatory, and tolerant NK cells.** IL-12, IL-18, and
IL-21 have been shown to enhance human NK cell
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Appendix Figure |I. Different models explaining NK cell education. (A) Precursor NK cells develop into armed NK cells after
recognition of self MHC-I. The inability to recognize self MHC-I results in a loss of their effector potential. (B) Precursor and/or
mature NK cells maintain their effector potential as long as they recognize self MHC-I. The inability to do so leads to disarming.
(C) NK cell education is a modulated process and not an ‘on and off’ procedure. NK cell effector potential increases with the

increased number of inhibitory receptor-self MHC-| contacts.

cytotoxicity, i.e. they promote the NK'°°¥¢ pheno-

type. In fact, human NK cells produce high levels of
IFN-v in response to stimulation with IL-12. Instead,
IL-18 not only promotes the production of IFN-y but
also up-regulates the expression of CD25 in human NK
cells.* Interestingly, stimulation using a combination
of IL-12 and IL-18 has been shown to reverse human

NK cell anergy.*® Similarly, stimulation of exhausted
human NK cells with IL-21 has been shown to retrieve
their cytotoxicity, triggering the release of IFN-v,
TNF-o, and certain chemokines that recruit both
naive and activated T cells.*’ Thus, cytokine treatment
of human NK cells could be an extremely effective
approach in NK cell immunotherapy. IGF-1 is another
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Appendix Figure 2. Mechanisms of NK cell target recognition and their corresponding activation thresholds. (A) ‘Normal self”:

Increased autologous MHC-| recognition by the NK cell leading to a net inhibition. (B) ‘Missing self’: Net activation of NK cell due to
the lack of inhibitory signaling from inhibitory receptor-self MHC-I contact. (C) ‘Altered self’: Activating ligands are induced in the
target cell due to stress, possibly caused by an underlying infection, and results in a net activation of the NK cell. (D) ‘Non-self’: NK
cell activation when the target cell expresses non-self MHC-I, for example during an allogeneic transplant.

signaling molecule that enhances human NK cell cyto-
toxicity by promoting the synthesis of perforin. By con-
trast, IL-10 and TGF-B are known to promote the
acquisition of the CD27" CD11b” NK '™ phenotype.
This subset of human NK cells is of particular impor-
tance in suppressing inflammation in chronic patho-
genic environments or immune-tolerant organs such
as the liver.?® Similarly, IL-15 and TGF-B act to pro-
mote the differentiation towards the CD356""€" CD27-
NKeeulatory shenotype. Regulatory decidual NK cells
that are involved in immune tolerance in the first tri-
mester of human pregnancy belong to this subtype.?

Ab-dependent cellular cytotoxicity

Human NK cells possess Fc receptors that bind Abs in
their invariant (Fc) region. This triggers a signaling
cascade causing their activation and, as a result, release
Iytic compounds that eliminate cells that have been
opsonized by Abs.*® Though the predominant activat-
ing Fc receptor among human NK cells is the low-
affinity FcyRIIIA/CD16a that binds the Fc¢ domain
of IgG, an inhibitory FcyRIIC/CD32c receptor has
also been observed on NK cells of some individu-
als.*>>® However, upon binding to CD16a, only poly-
valent (but not monomeric) Ag-Ab complexes can
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initiate signal transduction upon the clustering and
subsequent phosphorylation of CD3( leading to cellu-
lar activation.*

Mechanisms of human NK cell action

The following section evaluates (at least) three major
mechanisms by which human NK cells perform their
effector function, i.e. the cytotoxic elimination of their
target.SI’52

The predominant mechanism by which human NK
cells kill their target is by the release of lysosomal-
related organelles known as lytic granules, in a process
referred to as ‘degranulation’.’*>* The synthesis of
cytotoxic granules in human NK cells takes place
during development and maturation.’® Recent evidence
suggests that two freestanding pools of secretory lyso-
somes may exist for FasL and perforin, granulysin and
granzyme (lytic granules). It is doubted whether their
disjointed recruitment takes place from two different
routes that originate either from a common source,
such as a multivesicular body (MVB), or from distinct
storage compartments.’>>® Nonetheless, lytic granules
lead to two distinct cytotoxic pathways in the target
cells, which include perforin-mediated osmotic lysis
(necrosis) and granzyme (a group of serine proteases)
induced apoptotic cell death.’” Degranulation, despite
being a highly regulated process, initiates with human
NK cell-target immunological synapse (IS) forma-
tion.”> Moreover, the observation of mitochondrial
reorganization towards the target cell IS, supposedly
to compensate for any energy lost, suggests that the
stability of the human NK cell-target conjugate is
dependent on ATP.>* Receptor-ligand interactions
being constantly broken and re-established makes the
IS a dynamic structure.>® Besides this, the availability
of a new target in close proximity to a target-
conjugated human NK cell induces mechanisms that
result in its detachment, ultimately leading to an
increased speed of killing in human NK cells due to
integrated signals from both the previous and current
targets. This is often referred to as ‘kinetic priming’.’*
The spatial and temporal integration of signals at the
IS leads to cytoskeletal rearrangement-assisted micro-
tubule-organizing center (MTOC) polarization in an
attempt to cause lytic granule convergence.’>%%
Therefore, directional degranulation allows focused
release of granule content within a complex tissue
while preventing the destruction of the plethora of sur-
rounding healthy cells. However, in tumor microenvir-
onments, induction of diffuse degranulation could be
an effective therapeutic approach, not only because
tumor cells would vastly outnumber the infiltrating
NK cells, but also because the kinetics and efficiency
of human NK cell-mediated killing are independent of

the three-dimensional orientation of the point of
degranulation.’” Upon activation by a single target, a
human NK cell releases about a tenth of its total Iytic
granule reserve (which includes > 200 ~2-4). Despite
the first few degranulation events (2—4) being adequate
for target cell killing, human NK cells continue to
degranulate at the IS until active detachment takes
place.>?

Mechanisms of target cell death induced by the
engagement of death receptors (DR) by their cognate
ligands have been well characterized. Indeed, after
stimulation human NK cells express death receptor
ligands such as TNF-o, tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), and FasL/CD178
that trigger the extrinsic apoptotic pathway by binding
to TNFR1, TRAIL receptor (TRAIL-R) i.e. DR4/
TRAIL-R1 & DR5/TRAIL-R2, and Fas/CD95/APO-
1 on their targets, respectively.’>%*¢" Ligand binding
leads to DR oligomerization to recruit adaptor proteins
that will recruit and process initiator caspases to trigger
apoptotic cell death directly via effector caspases or
indirectly via the intrinsic mitochondrial pathway.
However, the inability to activate caspase 8 leads to
oligomerized mixed lineage kinase domain-like pro-
tein-mediated necroptosis.®>

Several authors have emphasized the fact that
CD56"" NK cells constitute a minority (= 10%) of
peripheral blood (PB)-NK cells but are the major
subset of human NK cells responsible for the produc-
tion of cytokines. Thus, further supported by the low
frequency of expression of CDI16 among human
CD56"" NK cells, they are regarded as being
poorly cytotoxic with mostly immunoregulatory func-
tions.”%> %5 However, it has been shown that, with
aging, there is a decline in the CD56"&" subset and
the CD56%™ cell subset dominates. Hence, the role of
human CD56°€" cells in initiating T and B cell-
mediated adaptive responses is impaired.'"!*® The
reason for human CD56™&" NK cells being more
potent producers of cytokines may be attributed to
differences at the level of the signaling cascade, as
both subsets (CD56°€" and CD56%™) of human NK
cells have reported expressing identical levels of acti-
vating and inhibitory receptors.”' Among the most
prominently released cytokines are IFN-y and TNF-
o, and to a lesser extent the release of IL-5, IL-10,
IL-13, certain growth factors like 1L-3, G-CSF, GM-
CSF, as well as chemokines such as CCL2/MCP-1,
CXCLS/IL-8, CXCLI10/IP-10, XCLI/lymphotactin,
CCL1, CCL3/MIP-1a, CCL4/MIP-1B, and CCLS5/
RANTES have been reported.”'%¢ % Interestingly,
the release of these factors is sequential, with chemo-
kines preceding pro-inflammatory cytokines, and is
dependent upon the chronology and strength of stim-
ulation.”!® Human NK cell cytokine secretion can be
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both beneficial and disadvantageous. For example,
Jewett et al. have reported that human NK cells exhibit
‘split anergy’, a process that terminates in a selective
loss of cytotoxicity but increased cytokine secretion
upon interaction with cancer stem cells (undifferenti-
ated tumors). This led to IFNy-mediated tumor differ-
entiation with reduced proliferative capacity, but also
resulted in human NK cell inactivation owing to
increased tumor resistance.®® A large number of exist-
ing studies in the broader literature have examined the
relevance of cytokines to human NK cell effector func-
tions. For instance, IFN-y effectively activates Thl
cells, not only by inducing the production of chemo-
kines to recruit Ag-presenting cells (APC) but also by
inducing ample expression of molecules and chaper-
ones involved in Ag presentation.®>*’® Furthermore,
it facilitates both the acidification of the phagosome as
well as its rapid fusion with lysosomes and intensifies
the generation of both ROS and RNS by accelerating
the synthesis of the key enzymes involved.®®”! Indeed,
it promotes apoptosis by simultaneously increasing the
number of proapoptotic factors and by inducing the
synthesis of antiviral mediators.®*’> Moreover, it
enhances opsonic uptake of extracellular pathogens
via receptor-mediated phagocytosis by inducing the
up-regulation of complement proteins and FcR.®
Similarly, TNF-a stimulates B cell proliferation that
leads to Ag-non-specific Ig production, elicits cytotoxic
and anti-proliferative effects against various types of
tumor cells, and promotes host defense against intra-
cellular pathogens through inhibition, induction of cell
death and granuloma formation. Additionally, it medi-
ates contact-dependent endothelial activation, leading
to the production of procoagulants, adhesion mole-
cules, and pro-inflammatory cytokines, which seem to
be manifestations of microvascular inflammation.”
However, unlike INF-y, TNF-o has been shown to
exist as either transmembrane TNF-oo (mTNF-o) or
soluble TNF-a0 (STNF-0).”* As a matter of fact,
TNF-a converting enzyme (TACE) on human NK
cells is capable of proteolytically cleaving mTNF to
release STNF.” Indeed, supporting outside in (reverse)
signaling, increased human NK cell cytotoxicity has
been observed upon pre-stimulation of transmembrane
TNF-a with soluble TNF-R1.%+7

Diverse array of functions

As the largest lymphocyte population of the innate
immune system, human NK cells are known to be
involved in a wide variety of biological roles, though
much is yet to be unveiled. In particular, human NK
cells are known to suppress graft versus host disease
(GvHD), but recent controversial evidence suggests
that under certain circumstances they can also promote

GvHD.”® However, as shown in vitro using both
human and mice cells, NK cells can prevent alloreac-
tive T cell-mediated GvHD development, either by the
direct and selective depletion of stressed conventional T
(not Treg) cells that have up-regulated stress ligands,
such as NKG2D, or indirectly by killing off APCs
(Figure 3A).7°

Furthermore, in a model proposed by Simonetta
et al. to explain this controversy, they demonstrate
that secretion of pro-inflammatory cytokines by acti-
vated human NK cells can indirectly induce GVHD by
stimulating alloreactive T cells, and that this prevails
over their anti-GvHD cytotoxic effect. In this case, the
timing of adoptive NK cell transfer is also clinically
relevant in determining whether it will induce or pro-
tect from GvHD: the earlier the transfer, the better the
outcome.’® Apart from this, an inverse correlation
between the human NK cell count and metastasis sug-
gests that human NK cells are also involved in the con-
trol of metastasis. This was further backed by the
observation of up-regulated human NK cell activation
receptors and augmented cytotoxicity being linked to
better cancer prognosis. Normal and malignant cells
express multiple ligands for human NK inhibitory
receptors (NKIRs) and are thus able to evade human
NK cell attack. By contrast, potentially metastatic
cancer cells up-regulate human NK activating recep-
tors coupled with the down-regulation of NKIRs, lead-
ing to the antimetastatic effects of human NK cells.”’
Moreover, human NK cells can act against viruses and
other pathogens. Human NK cells can easily detect
virus-infected cells, not only because of the increased
expression of host-derived stress-induced ligands but
also because of the loss of self MHC class 1. Their
activation and subsequent release of IFN-y leads to
the elevated production of antiviral mediators such as
dsRNA-dependent protein kinase (PKR) and IFN reg-
ulatory factors in the target cell. Instead, according to
recent in vivo and in vitro studies, the response against
intracellular  pathogens involves the granzyme-
mediated inactivation of key enzymes involved in the
defense against oxidative stress, which leads to the pro-
duction of ROS and disrupts their essential metabolic
pathways. Similarly, human NK cell killing of fungi
has been observed in vivo.”® Using animal models it
has been shown that impaired human NK cell func-
tionality leads to the accumulation of senescent cells
in tissues, and thus suggests that human NK cells are
crucial in maintaining tissue homeostasis. This is fur-
ther confirmed by observing that human NK cells up-
regulate several activating receptors such as NKG2D
and DNAX accessory molecule-1(DNAM-1) upon
interaction with stressed cells.!! Furthermore, human
NK cells exert regulatory functions on the immune
system. For example, they are involved in the
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Appendix Figure 3. Functions of NK cells. (A) NK cells
suppress GvHD by directly killing T cells or by indirectly killing
APCs. Moreover, NK cells can also promote the development of
GvHD through the secretion of pro-inflammatory cytokines.
(B) NK cells destroy metastatic cells. (C) NK cells destroy
infected or stressed cells that display up-regulated activating
ligands. (D) uNK cells drive the migration of the trophoblast
during pregnancy through the secretion of chemokines. They
secrete angiogenic growth factors to promote the remodeling of
decidual spiral arteries during the early stages of pregnancy.

maturation of DCs, direct activation of adaptive
immune cells by secreting [IFN-vy, and killing of imma-
ture DCs and overstimulated Mds. It has also been
suggested that human NK cells could cause vascular
injury due to their expression of receptors for endothe-
lial cell adhesion molecules that can be activated by
endothelial membrane ligands such as CX3CL1.” As
reported previously, a subset of human uterine
CD56"€" NK cells (uNK) has been shown to play
an active role in controlling trophoblast invasion and
vascular remodeling.’’ Besides this, there had been

much debate on whether human uNK cells possess
memory. However, a better-equipped placental vascu-
larization and trophoblast invasion in subsequent preg-
nancies are highly suggestive of such a phenotype.>*
CD56"" CD16~ uNKs constitute the majority (70—
80%) of uNK cells and reshape spiral arteries through
the secretion of proangiogenic factors like VEGEF,
PLGF, and NKGS5, and are also involved in directing
trophoblast migration and invasion through the secre-
tion of cytokines such as GM-CSF, CSF-1, CXCLI12,
CXCLI10, IL-2, LIF, TNF-a and INF-y. By contrast, a
minor subset of CD56%™ CD16" uNK cells displays
cytotoxicity towards the extravillous trophoblast
(EVT) and autologous endometrial cells. Indeed, a
study by Giuliani et al. found that women who had a
higher population of cytotoxic CD56%™ CD16" uNK
cells were at a higher risk of infertility and related dis-
orders (Figure 3).%-%

Human NK cells in distinct tissue
compartments

Most of our current knowledge on human NK cells has
been gathered using peripheral blood mononuclear
cells or conventional NK (¢NK) cells. However, recent-
ly there seems to be a growing interest among research-
ers to characterize the phenotype and behavior of trNK
cells.®® The observation of NCRs that also recognize
induced-self ligands and non-self Ags in human trNKs
suggest that trNKs have similar mechanisms of activa-
tion as cNKs.?* However, human trNKs are known to
be developmentally, functionally, and immunopheno-
typically distinct from cNKs. The expression of differ-
ent types and levels of KIRs compared with ¢cNKs
seems to be suggestive of this functional divergence.”*
In addition, human trNKs require unique transcription
factors such as Hobit, observed in human liver-resident
NK cells, that guide them towards tissue residency by
repressing genes required for tissue egression.®® Other
factors responsible for the dichotomy include the up-
regulation of either CD69; a type II C-lectin membrane
receptor that also acts as an activation-associated
marker, CXCR6; a chemokine receptor, CD103; an
integrin subunit that forms oEB7 and binds to the cell
adhesion molecule E-cadherin, or CD49a; an aolpl
integrin receptor o-subunit that binds to collagen IV,
all of which are known to be key markers of tissue
retention.®”® However, the types of cytokines and
cells that drive the differentiation of human NKPs
towards tissue retention has been poorly defined and
is left over to be investigated. Interestingly, a study
conducted by Salzberger et al. demonstrated that in
contrast to human peripheral blood CD56° € NKs,
CD56°"8" CXCR6™ trNKs expressed higher levels of
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the amino acid transporter CD98 but lower levels of
Glutl. This suggests possible differences in their metab-
olism, of which the functional relevance is not yet
clear.®® Human trNK subsets that have so far gained
the attention of researchers mainly include those which
reside in the gut, liver, thymus, uterus, lymph nodes,
and the kidney, even though they have been observed
in many other tissues. Nonetheless, each subset has
been shown to follow distinct developmental pathways
depending on their resident tissue compartment.®
Recently, several studies have begun to unveil the
clinical relevance of these distinct human trNK subsets.
For example, NK cells make up 10-20% of lympho-
cytes in the human lung, and out of this only 20%
accounts for lung resident CD49a*CD69"CDI103"
CDI16~ trNKs.>%* It has been shown that they facilitate
CDS8'T cytotoxic and CD4" T hl responses against
influenza-infected epithelial cells through IFN-vy secre-
tion after being rendered hyperresponsive.””*"?> The
remaining majority is known to transition between
the lung and peripheral blood and has the
CD56™CD16~ mature phenotype.” Moreover, a
subset of innate-like NKs is involved in promoting
regeneration of the human tracheal epithelium by
secreting 1L-22.°°% In the human liver, NK cells
account for 50% of the total lymphocyte count
and comprise hepatic CD56°"¢" CCR5" CXCR6"
CD69" trNKs, transient ¢NKs, and memory-like
NKs.”*% This high percentage itself shows the extent
of their contribution towards detoxification, which is
undoubtedly one of the major functions of the liver.
Moreover, they promote hepatic tolerance and homeo-
stasis by interacting with hepatocyte HLA-E through
the NKG2A inhibitory receptor to prime DCs via the
release of TGF-p, eventually resulting in the expansion
of CD4CD25" T, cells.”® Such a role is further con-
firmed by finding that human hepatic trNKs can limit
fibrosis by killing hepatic stellate cell-derived myofi-
broblasts.”” In the human lymph nodes, where commu-
nication between innate and adaptive immunity takes
place, NK cells are comprised of thymus-derived NKs,
circulating NKs, and a unique subset of lymphoid
trNKs that develop within the lymph node.”®* Here,
human NKs are known to interact with DCs and
release IFNy to drive the differentiation of IFNy-pro-
ducing CD4"Thl. Indeed, the addition of an Ab block-
ing IFNy was able to impair NK-dependent Thl
responses.'” As lymph nodes usually act as the first
site of tumor metastasis, mechanisms could be devel-
oped to enhance lymph nodal tissue retention of
human NKs to improve prognosis in early stages of
lymph node metastasis.'”"'"? NK cells account for
approximately 25% of the total lymphocytes in the
human kidney. These NK cells are mainly CD56" "t
but it is still doubted whether they act as transient

circulating NK cells or whether they are permanently
resident.'® Indeed, Law et al. have recently reported
the observation of CD69" CD56¢" NKs in human
kidney biopsies from patients with various renal
pathologies, which seems to be indicative of tissue res-
idency, but also observed that these NKs were
CD117", which was absent in human trNKs observed
in the uterus, spleen, lymph nodes and the BM. Further
studies will be required to clarify this issue.'® Several
studies have also described that human kidney NKs
contribute to renal injury. This is said to be mediated
by an interplay between tubular epithelial cells and
kidney NKs.'”> Although the existence of human
thymic NKs was known for a long time, their function
is largely unknown, even today.'®® Nonetheless, their
functions have been speculated using data from murine
studies. In fact, human thymic NKs could be involved
in the regulation of thymic T cell development, possibly
by clearing negatively selected T cells. Moreover, it has
been suggested that they have the potential to regulate
the extent of MHC class I expression on stromal cells.’
However, these affirmations require confirmation
through human studies. By contrast, numerous studies
have been conducted on human uNK cells. It is well
established that human uNK cells account for > 70%
of all lymphocytes in the first trimester of pregnancy
and their majority is characterized by a CD94"
NKG2A*" CD103" CD49a" CD16~ phenotype.'?” 1%
Before becoming less granular, they peak in numbers
during the first trimester and progressively diminish in
frequency during gestation.''® In the human uterus, we
have already described in the previous section how
uNKs contribute to spiral artery remodeling, an essen-
tial process for a healthy pregnancy, and we also dis-
cussed the different uNK subsets. Indeed, they secrete
matrix metalloproteinases (MMPs) to directly control
decidua-associated vascular remodeling. Besides this,
they regulate trophoblast mediated-vascular remodel-
ing by a balance between extravillous trophoblast
(EVT) pro-invasive factors (GM-CSF, CCL1, XCL1)
and anti-invasive factors (TGF-p)."'"""'"* Recently,
Bonaccorsi et al. discussed the presence of trNKs in
human carotid atherosclerotic plaques. The authors
have shown that these trNKs contribute to disease pro-
gression and increase the instability of the plaque via
the release of IFNy which induced MMP activity.
Hereby, we see that we are discovering novel roles of
human NK cells in tissue compartments, which hope-
fully in the future could pave the way for human NKs
to be targeted for treating diseases other than cancer.''”

Human NK cell memory

NK cells have historically been defined by nonspecific
innate killing of tumor and virus-infected cells.''®
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However, in the past decade, ample studies have dem-
onstrated that they can elicit memory-like responses.
Some of the earliest evidence of NK cell memory
came from a mouse model of cytomegalovirus infection
(CMV) where, like T cells, Ly49H" (a receptor that
recognizes virally-encoded m157 on infected cells)
murine NKs were capable of rapid responses to a sec-
ondary challenge imposed by the same haptens.''”
Similar to what has been observed in mice, a subset
of human NKs bearing the human analog of murine
Ly49H, the MHC class I binding activating receptor
CD94/NKG2C, has been shown to undergo massive
clonal expansion following human CMYV reactivation
in immunosuppressed transplant patients.''® It is worth
noting that surface markers lack specificity for the
identification of these adaptive NK cells. However,
previous studies have suggested that the loss of certain
intracellular adapter signaling molecules such as
FceR1y, DAB2, SYK, and/or EAT-2 and the retention
of others such as CD3{, ZAP-70, and SAP provides
such specificity. Also, human adaptive NK cells are
characterized by the down-regulation of transcription
factors PLZF and IKZF2."""'2! This has been attrib-
uted to the methylation of their promoters. In fact,
human adaptive NK cells, which are also characterized
by the absence of IFN-y secretion following stimula-
tion by IL-12 and IL-18, are owing to the methylation
of promoters of their respective receptors, which in
turn are known to be under the control of PLZF.'?!
Human adaptive NKs were also hyporesponsive to
autologous T cell-mediated stimulation. Despite all
this, it has been observed that CD16 ligation was able
to induce IFN-y secretion and vigorous proliferation of
these NKs, owing to the hypomethylated state of the
IFN-y promoter.''” ! Moreover, Liu et al. have
shown that the synergistic interaction between CD2
(responsible for the recruitment of CD16 to the IS)
and CD16 in human CMV(HCMYV) seropositive
patients resulted in adaptive NK activation (but not
cNK activation) leading to both the increased secretion
of IFN-y and TNF-a, as well as enhanced Ab-mediated
responses. Conversely, CD2 mediated co-stimulation
had not been observed in HCMV seronegative patients.
This suggests that CD2 co-stimulation plays an impor-
tant role in adaptive NK responses which requires fur-
ther investigation.'?*!* Also, the cytotoxic capacity of
human adaptive NK cells compared with ¢NKs is
something that requires further evidence to be clari-
fied.®> Interestingly, other forms of NK memory have
been described. For example, Zhang et al. have
described Ab-dependent memory-like NK (g° NK)
cells distinguished by FcRy deficiency; they had high
expression of FcR but lacked the intracellular y signal-
ing chain. These g” NKs were observed at low frequen-
cy in all individuals but expanded in HCMV

seropositive patients, though were not limited to
them.'?*'?* Indeed, they elicited enhanced responses
superior to those cNKs seen upon FcR-mediated Ab-
dependent recognition of antiviral Abs during either
HSV-1 or HCMYV infections, regardless of prior anti-
genic exposure. Furthermore, g NKs stably persisted
in the long term in plasma of healthy individuals.'?*'>*
Similarly, another form termed cytokine-induced
memory NKs have been described by Cooper et al.
These cytokine-activated human NKs have been
shown to persist for 7-22 d following adoptive transfer
to a naive host and were capable of secreting signifi-
cantly elevated levels of IFN-y upon restimulation,
along with cytotoxicity like that observed in naive
NKs. However, prior sensitization with cytokines
alone seems unlikely to explain Ag-specific responses,
raising the question of whether there had been other
factors that made this possible. Interestingly, similar
cytokine-induced memory NKs were also observed
after vaccination against influenza in humans.'?>!'%¢
Recently, Brillantes et al. have shown that human
NKs can elicit memory and memory-like responses
towards a wide variety of microbial pathogens.'?’
However, what is still unclear is the mechanisms that
NKs deploy to mount memory responses. This is
because there is poor evidence showing that human
NKs increase the frequency of cells with a specific
receptor to decrease repertoire diversity, as normally
happens in adaptive immunity.''”” A work by
Horowitz et al. has revealed that 6,000-30,000 unique
subsets of NKs are present in each individual owing to
receptor assortment to generate different combina-
tions.'? In turn, the clones of specific subsets respon-
sive to distinct Ags could possibly expand. However,
whether this leads to a more mature repertoire favoring
cytokine-secreting cells over direct killing is to be deter-
mined."'® The discovery of memory in the human NK
compartment makes us wonder whether it could be
harnessed by vaccination. This could be particularly
effective in HIV infections where CD4+T cells get rap-
idly depleted as it provides an alternative where B and
T cells cannot be harnessed.'?”:1?%

Targeting human NK cells in cancer
immunotherapy

Within the past few years, NK-based immunotherapy
has become a convincing approach for treating several
malignancies.'** NK-based immunotherapy is now pre-
ferred over chimeric Ag receptor (CAR) T cell therapy
owing to safety issues and other challenges that have
arisen with the use of CAR T cell therapy, including
toxicities, finding targets specific to abnormal cells, and
overcoming the iImmunosuppressive tumor
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Appendix Table I. Human NK cell surface markers expressed during distinct developmental stages.

NKP PreNK  Pre-NK  iNK CD56"""™  CD56”&"™ CD56"™ CD56%™

HSC LMPP CLP Stage | Stage 2a  Stage 2b  Stage 3  Stage 4a Stage 4b Stage 5 Stage 6
Lin - - - - - - - - - - -
CD34 + low + + + + +/—= - - - -
c-Kit + low + + - + + +/low low/— low/— -
CD244 - - + o+ - + + + + + +
CD45RA - + + + + + + +/— +/—- - -
CDl127 - - + + + + +/—= - - - -
CcD7 - - + o+ + + + + + + +
cDIo - - + o+ -+~ - - - - - -
ILRI - - - low - + + +/low low/— low/— low/—
CDI122 - - - + - + + + + + +
HLA-DR - - - + + + - - - - -
NKp46 - - - - - - +— + + + +
NKp30 - - - - - - +/- + + + +
CDl6l - - - - - - +/— + + + +
NKG2D - - - - - - +/—- + + + +
NKG2A - - - - - - - + + low/— low/—
NKp80 - - - - - - - - + + +
CD56 - - - - - low/— low/—  ++ ++ low low
CDl6 - - - - - - - - - + +
KIR - - - - - - - - - +1— +
NKG2C - - - - - - - - - + +
CD57 - - - - - - - - - - +
microenvironment.'*"'3>  Furthermore, NK-based ADCC without in vifro reactivation with IL-2 due to

therapies need not be patient-specific as in the case of
CAR T cell therapy.'** Adoptive immunotherapy has
paved the way for overcoming the inhibition of human
NK cells, which originally resulted in reduced levels of
activating receptors and consequently impaired their
tumoricidal activity. This is explained by NK cell-
based adoptive immunotherapy frequently involving
ex vivo expansion and activation of human NK cells
to amplify both their numbers and enhance tumor kill-
ing."%13* One strategy that could be adopted to do this
is to culture and expand human NK cells using cyto-
kines such as IL-2, IL-12, IL-15, IL-18, and IL-21."*
Alternatively, feeder cells, which are division restricted
and cannot thus proliferate, are used to enhance
human NK proliferation and activation.'**'3¢
However, according to Parkhurst et al., although the
transfer of autologous NKs led to high levels of circu-
lating NKs, it did not lead to tumor regression in vitro
unless reactivated with IL-2."37-"% This could partly be
due to inhibitory KIR-mediated recognition of self
MHC-class I on tumor cell targets and the inability
to ensure the pure expansion of human NK cells.'*®
In this context, Abs could be targeted towards inhibi-
tory KIRs or miRNA could be used to stop the expres-
sion of inhibitory KIR to induce a ‘missing self’
condition.??> Nonetheless, these cells could mediate

retention of CDI16 expression. Thus, mAb therapy,
coupled with adoptive autologous NK transfer, seems
to be an attractive solution.'*’ Furthermore, to solve
this researchers also began to investigate the possibility
of using human allogeneic NKs that have proven them-
selves to be effective by inducing potent anti-tumor
activity and, unlike T cells, it is less likely to cause
GvHD."*1%0 Byt even if allogeneic NK adoptive
immunotherapy has proven to be effective against
hematological malignancies, the heterogeneity of solid
tumors, accompanied by the hypoxic and TGF-p, indo-
leamine 2,3-dioxygenase (IDO), IL-4, and prostaglan-
din E2 (PGE2) abundant tumor microenvironment
have made this challenging.'*''** Thus, approaches
to improve their action against solid tumors include
combination therapies with immunomodulatory
agents, monoclonal Abs, cytokines, checkpoint inhibi-
tors, and genetic engineering to enhance infiltration
into solid tumors.'*® Besides using cytokines and
feeder cells, an alternative strategy used to overcome
the limited quantity of primary NK cells available for
NK-based immunotherapy involves the use of NK cell
lines such as NK-92, NKL, YT, NK3.3, and NK-YS
(note that only NK-92 is currently approved for clinical
studies in patients), all of which were expanded clones
from patients with malignant leukemia, except for
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Appendix Table 2. A list of some common human NK cell receptors and their corresponding ligands.

Receptor Ligand
Non-HLA-specific receptors
Co-receptors
CD59 LFA-2 (CD2)
NTB-A (CD352) NTB-A (CD352)
NKp80 AICL (activation-induced C-type lectin)
DNAM-1 (226) Nectin-2 (CD112), PVR (CD155)
2B4 (244) CD48
Activating

NKp30 (CD337)
NKp44 (CD336)
NKp46 (CD335)
NKG2D (CD314)
FcyRIIl (CD16)
Inhibitory

PD-1 (CD279)
Siglec-7 (CD328)
IRP60 (CD300a)
Tactile (CD96)

B7-H6, BAG6/BAT3, HCMV-pp65, heparin sulfate

2|spe-MLL5-Nidogen-1, viral HA, proliferating nuclear cell Ag (PCNA)

CFP (complement factor P)/properdin, viral HA and HN, PfEMPI, heparin sulfate
MIC-A, MIC-B, ULBP -6

1gG

PD-LI (CD274), PD-L2 (CD273)

Ganglioside DSGb5

Phosphatidylethanolamine, phosphatidylserine, Pseudorabide virus, a-Herpesvirus
PVR (CCDI55)

ILIR8 IL-37
TIGIT PVR (CDI55)
TIM-3 Gal-9, PtdSer, HMGBI, CEACAMI
HLA-specific receptors
Activating
KIR2DS | HLA-C2
KIR2DS2/3 unknown
KIR2DL4 HLA-G
KIR2DS4 HLA-A*I | and some HLA-C
KIR2DS5 HLA-C2 (variable)
KIR3DSI HLA-Bw4, HLA-F
NKG2C HLA-E
Inhibitory
NKG2A HLA-E
KIR2DLI HLA-C2
KIR2DL2/3 HLA-CI, HLA-C2, few HLA-B®
KIR2DL5 unknown
KIR3DLI HLA-A-Bw4, HLA-B-Bw4
KIR3DL2 HLA-A*03, HLA-A*1 |
ILT2/LIR-1 Different MHC-I alleles
LAG-3 (CD223) MHC-II

NK3.3 that has been obtained from a healthy
donor."*”!*® Trradiation of NK cells obtained from
patients with malignancies prior to infusion has been
deemed necessary to prevent excessive proliferation in
vivo that may result from malignant transformation.
Furthermore, there are concerns regarding toxicity
arising from the frequent use of IL-2 for maintaining
NK-92 cells. Also, some human NK cell lines lack acti-
vating receptors and therefore they need to be geneti-
cally incorporated to make them tumoricidal.'* Apart
from these, alternatives sources that are widely avail-
able include umbilical cord blood, and human embry-
onic and pluripotent stem cells (PSCs)."**'>! The

human induced-PSCs (iPSCs) have no risk of becoming
malignant and can be genetically engineered easily
using both viral vectors and clustered regularly inter-
spaced short palindromic repeats (CRISPR) technolo-
gy."? 5% Finally, CAR NK cells are now under
consideration due to lower in vivo side effects such as
neurotoxicity, GvHD, and cytokine release syn-
drome.'>> Moreover, their short life makes them low
risk compared with CAR T cells. The basic structure of
the CAR NK cell signaling domain is much like that of
the CAR T cell and is comprised of extracellular, trans-
membrane, and intracellular signaling domains.
Indeed, the intracellular domain includes CD3( along
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with costimulatory molecules such as CD244 (2B4),
CD28, CDI137, and NKG2D, whereas the scFv
region of the extracellular domain contains the heavy
and light chains.'*® Interestingly, beyond targeting
tumor Ags, Parihar et al. demonstrated both in vitro
and in a mouse xenograft model, that CAR NK cells
could be effectively targeted against human myeloid-
derived suppressor cells, highlighting the possibility of
using them to eliminate immunosuppressive cells within
the tumor microenvironment.'3%!%’

Concluding remarks and future outlook

Previous research on human NK cells has undoubtedly
made us understand that they have enormous potential
to be harnessed for disease therapy, including but not
limited to cancer. Despite challenges such as sustaining
in vivo survival, difficulty obtaining large quantities,
and counteracting tumor immune-evasion, we believe
that further elucidation of NK cell immunity with a
human-centered approach will help overcome these
challenges and eventually strengthen their utilization
in immunotherapy.
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