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Abstract
Natural killer (NK) cells were originally defined as effector lymphocytes of innate immunity
endowed with constitutive cytolytic functions. More recently, a more nuanced view of NK cells
has emerged. NK cells are now recognized to express a repertoire of activating and inhibitory
receptors that is calibrated to ensure self-tolerance while allowing efficacy against assaults such as
viral infection and tumor development. Moreover, NK cells do not react in an invariant manner
but rather adapt to their environment. Finally, recent studies have unveiled that NK cells can also
mount a form of antigen-specific immunologic memory. NK cells thus exert sophisticated
biological functions that are attributes of both innate and adaptive immunity, blurring the
functional borders between these two arms of the immune response.

The immune system is classically divided into innate and adaptive immunity. The distinctive
features of innate immunity commonly refer to a broadly distributed variety of myeloid and
lymphoid cells that can exert rapid effector function through a limited repertoire of
germline-encoded receptors. In contrast, adaptive immunity in mammals is characterized by
two types of lymphocytes, T and B cells, clonally expressing a large repertoire of antigen
receptors that are produced by site-specific somatic recombination, that is, T cell receptor
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(TCR) and antibody/B cell receptor (BCR). Functionally, naive T and B cells encounter
antigens in specialized lymphoid organs and undergo a process of cell division and
maturation before exerting their effector function. Natural killer (NK) cells represent a
subgroup of white blood cells. Since their identification in 1975 (1, 2), NK cells have been
classified as lymphocytes on the basis of their morphology, their expression of many
lymphoid markers, and their origin from the common lymphoid progenitor cell in the bone
marrow. NK cells, however, are generally considered to be components of innate immune
defense because they lack antigen-specific cell surface receptors. In addition, despite the
extreme rarity of convincing cases of selective NK cell deficiency in humans (Online
Mendelian Inheritance in Man database 609981) (3), NK cells have been shown in humans
and mice to participate in the early control against virus infection, especially herpesvirus
infection (4), and in tumor immunosurveillance (5). The lack of gross abnormalities in X-
linked severe combined immunodeficiency (SCID-X1) patients who have undergone
hematopoietic stem cell transplantation (HSCT) or IL2RG gene therapy, but remain
unexpectedly NK cell deficient, has supported the possibility that NK cells might exert
redundant function (6). However, the presence of NK cells in nonhuman mammals and NK
cell orthologs in other vertebrates argues for their importance (7). Notably, NK cells are
peculiar in their capacity to invade the uterus, where they have been shown to contribute to
the development of the embryo (8). These data prompt speculation that the role of NK cells
during reproduction has contributed to their selection.

How Do NK Cells Contribute to Immunity?
NK cells were originally described as cytolytic effector lymphocytes, which, unlike
cytotoxic T cells, can directly induce the death of tumor cells and virus-infected cells in the
absence of specific immunization; hence their name. Subsequently, NK cells have been
recognized as major producers of cytokines such as interferon-γ (IFN-γ) in many
physiological and pathological conditions. NK cells also produce an array of other
cytokines, both proinflammatory and immunosuppressive, such as tumor necrosis factor–α
(TNF-α) and interleukin (IL)–10, respectively, and growth factors such as GM-CSF
(granulocyte macrophage colony-stimulating factor), G-CSF (granulocyte colony-
stimulating factor), and IL-3. NK cells also secrete many chemokines, including CCL2
(MCP-1), CCL3 (MIP1-α), CCL4 (MIP1-β), CCL5 (RANTES), XCL1 (lymphotactin), and
CXCL8 (IL-8) (9). Whereas the biological function of the growth factors secreted by NK
cells remains to be clarified, their secretion of chemokines is key to their colocalization with
other hematopoietic cells such as dendritic cells (DC) in areas of inflammation (10).
Furthermore, the production of IFN-γ by NK cells helps to shape T cell responses in lymph
nodes, possibly by a direct interaction between naïve T cells and NK cells migrating to
secondary lymphoid compartments from inflamed peripheral tissues and by an indirect
effect on DC (11) (Fig. 1). NK cell–mediated killing of target cells also impacts T cell
responses, possibly by decreasing the antigenic load (12) and/or because target cell debris
might promote antigen cross-presentation to CD8+ cytotoxic T cells (13) (Fig. 1). Although
NK cells can positively (12, 13) or negatively (14) influence host T and B cell immunity,
depending on the nature of the antigenic challenge, the emerging notion is that NK cells are
not only cytolytic effector cells against microbe-infected cells or tumor cells. Rather, NK
cell–mediated cytotoxicity and cytokine production impact DC, macrophages, and
neutrophils (10) and endow NK cells with regulatory function affecting subsequent antigen-
specific T and B cell responses. Conversely, the “natural” effector function of NK cells has
been revisited. NK cells require priming by various factors, such as IL-15 presented by DC
(15) or macrophages (16), IL-12 (17) or IL-18 (18), to achieve their full effector potential,
highlighting the intimate regulatory interactions between NK cells and other components of
the immune response. Thus, NK cells, like T and B cells, participate in the immunity in
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many different ways and undergo a process of functional maturation to fulfill these
functions.

How Are NK Cells Regulated?
NK cells are equipped with an array of receptors that can either stimulate NK cell reactivity
(activating receptors) or dampen NK cell reactivity (inhibitory receptors) (19, 20).
Activating receptors include receptors that interact with soluble ligands such as cytokines
and receptors that interact with cell surface molecules (Fig. 2). Cytokine receptors that are
coupled to the common gamma chain (γc), such as IL-15R, IL-2R, and IL-21R, are involved
in NK cell development and effector function. In particular, IL-15 is required for the
maturation and survival of NK cells, consistent with the absence of circulating NK cells in
SCID-X1 patients and in mice lacking IL-15 or IL-15R components (21). Cytokine receptors
that are linked to the adapter protein MyD88 are also important for NK cell maturation,
namely IL-1R in humans (22) and IL-18R in the mouse (18).

NK cells exert their biological functions by various means. NK cells can kill a variety of
target cells, including virus-infected cells and tumors, in the absence of antibody. In the case
of viruses, the mouse Ly49H activating receptor recognizes a cytomegalovirus-encoded
ligand (m157) (23, 24), and NKp46 has been reported to interact with hemagglutinins
derived from influenza and parainfluenza viruses (25). NK cells are also able to detect
antibody-coated cells through the FcγRIIIA (CD16) cell surface receptor and to exert
antibody-dependent cell cytotoxicity (ADCC) and cytokine production. CD16 is coupled to
the CD3ζ and FcRγ signal transduction polypeptides bearing intracytoplasmic
immunoreceptor tyrosine-based activation motifs (ITAMs). The natural cytotoxicity
receptors (NKp46/NCR1, NKp44/NCR2, and NKp30/NCR3) are also potent activation
receptors linked to the ITAM-bearing CD3ζ, FcRγ, or DAP12 molecules (26). In mice, the
NK1.1 (Nkrp1c) molecule on CD3− cells has been a useful marker for NK cells, but its
expression is confined to only certain strains of mice. NKp46 appears to be the most specific
NK cell marker across mammalian species, although discrete subsets of T cells also express
it (27). Accumulating data in humans and mice also indicate that NCR+ cells (NKp46+ in the
mouse, NKp46+NKp44+ in humans) that produce IL-22, a cytokine noted to be important in
mucosal immunity, are found in gut-associated mucosal tissue. In contrast to bona fide NK
cells, these NCR+IL-22+ mucosal cells express the transcription factor RORγt, are not
cytotoxic, do not secrete IFN-γ, and are not dependent on IL-15 for their development (28,
29). NCR+IL-22+ are thus clearly distinct from the conventional NK cell subsets and likely
derive from a different lineage that could be related to the lymphoid tissue inducer (LTi)
cells involved in the formation of lymphoid tissue (28, 29). In contrast to the ITAM-coupled
antigen-specific TCR and BCR whose absence leads to a complete block in T and B cell
development, respectively, NK cells still develop in the absence of ITAM-bearing molecules
(30). These results highlight the redundancy of NK cell developmental pathways and may
explain the robustness of this lymphoid cell compartment in most cases of immune
deficiencies.

A feature of several NK cell activating receptors resides in their capacity to detect self
molecules induced in conditions of cellular stress (31). This is the case for NKG2D, which
interacts with various ligands that are expressed at low levels in most tissues but are
overexpressed upon initiation of cellular distress, for example, after initiation of the DNA
damage response (32). This is also the case for B7-H6, a ligand for NKp30 that has not been
detected in healthy cells but is expressed on certain tumor cells (33).

Pioneering work showed that NK cells can detect the lack of major histocompatibility
complex (MHC) class I (“missing self”), a situation that can occur when cells are perturbed
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by viral infection or cellular transformation (34). This “missing self” recognition is
explained by the NK cell surface expression of a variety of MHC class I–specific inhibitory
receptors that include killer cell immunoglobulin-like receptors (KIRs) in humans, lectin-
like Ly49 molecules in mice, and CD94/NKG2A heterodimers in both species (35, 36).
These MHC class I receptors belong to the large family of inhibitory receptors that mediate
their function by signaling through intracytoplasmic immunoreceptor tyrosine-based
inhibition motifs (ITIMs) (19). Thus, NK cells spare healthy cells that express self-MHC
class I molecules and low amounts of stress-induced self molecules, whereas they
selectively kill target cells “in distress” that down-regulate MHC class I molecules and/or
up-regulate stress-induced self molecules such as NKG2D ligands (Fig. 3) (32).

Why Aren’t NK Cells Self-Reactive?
Like T cells and B cells, NK cells have the potential for autoreactivity even though NK
receptor genes do not undergo somatic diversification. This is because some NK cells lack
inhibitory receptors that bind to the MHC class I molecules of the host (37, 38) or they
express activating receptors that recognize self ligands, including MHC molecules (39–41).
These patterns of expression arise because the array of receptors that individual NK cells
come to express during development is largely random, and the MHC ligands recognized by
these receptors are inherited independently of the receptor genes (42). Therefore, some NK
cells may express activating receptors for a self ligand, yet fail to express inhibitory
receptors for self-MHC molecules.

To avoid autoreactivity, an education system exists whereby such NK cells acquire self-
tolerance. The potentially autoreactive NK cells are not generally clonally deleted but
instead acquire a state of hyporesponsiveness to stimulation through various activating
receptors. Thus, in normal mice (38) or humans (43), a fraction of NK cells lack inhibitory
receptors for self-MHC, and these NK cells are unresponsive to self cells (Fig. 4A). A
related situation applies in mice or humans that lack MHC class I molecules, where NK cells
exist in normal numbers but fail to exert detectable autoimmunity or to kill MHC class I–
deficient autologous cells in vivo or in vitro (44–46) (Fig. 4B). In both cases, the NK cells
not only are unresponsive to self cells but also exhibit reduced responses to various other
stimuli, including MHC class I–deficient tumor cells or cross-linking antibodies specific for
activating receptors (37, 38, 43, 44, 47). By comparison, by an MHC-dependent education
process described as licensing by some investigators, the NK cells that express receptors for
self MHC in normal animals or humans exhibit greater responsiveness to stimulation, but
their effector function against neighboring normal cells is inhibited by engagement of the
MHC-specific inhibitory receptors (37, 38, 48). Whether NK responsiveness is actively
induced by encounters with cells expressing MHC ligands for these NK cells (called
“arming”), or hyporesponsiveness is actively induced by encounters with normal cells that
lack MHC ligands and at the same time express stimulatory ligands for these NK cells
(called “disarming,” or energy), or both, remain unsettled issues (48). The molecular
mechanisms that govern responsiveness are also not established, except that it is clear that
changes in responsiveness are not correlated with changes in the expression of the known
activating receptors (37, 38, 43, 44, 47, 49).

Experimental evidence for NK cell education in an MHC-independent scenario has been
obtained using mice engineered to express ligands for activating receptors such as NKG2D
(Fig. 4C) or Ly49H (50, 51) (Fig. 4D). The NK cells in these mice are tolerant to expressed
ligand but retain expression of the corresponding receptor. Similarly, in humans, NK cells
expressing the KIR2DS1 activating receptor specific for the human lymphocyte antigen
(HLA)–C2 allotype are functional only when derived from C1/C2 or C1/C1 donors but
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hyporesponsive in donors homozygous for C2 (52). This suggests that in the presence of
high levels of activating ligands, a negative tuning effect may occur (53) (Fig. 4E).

It is possible that some of the mechanisms that confer tolerance in mice with constitutive
expression of activating ligands are the same as those that operate when NK cells lack
inhibitory receptors for self-MHC. One possible mechanism for the impaired responsiveness
of NK cells that are not inhibited by MHC molecules is the induction of an anergic state, as
can occur in autoreactive T cells and B cells. Another is a failure of these NK cells to
undergo terminal functional maturation, which may depend on interactions between MHC
and inhibitory receptors on NK cells. Other possibilities include the function of inhibitory
receptors for non-MHC ligands or the action of suppressor cells, but these are unlikely to
fully account for these outcomes.

Whatever the mechanism (or mechanisms), it must account for the existence of intermediate
states of responsiveness. NK cells vary in the number and affinity of inhibitory receptors
specific for self-MHC, and the functional response of NK cells to activating stimuli was
shown to increase commensurately with the number of different inhibitory receptors for self-
MHC that the NK cells expressed (53, 54). Despite exhibiting greater responsiveness, NK
cells with more inhibitory receptors are not autoreactive, because interactions of their
inhibitory receptors with MHC class I molecules on normal cells inhibits their activity.
Thus, NK cells appear to be “tuned” such that the greater effector cell inhibition that
accompanies the expression of more inhibitory receptors is balanced by a greater potential
responsiveness of the NK cells.

Several findings suggest that the responsiveness of mature NK cells is not fixed but may
adapt to a changing environment in vivo. In the absence of infection or other disease,
transfer of mature NK cells to mice with no MHC ligands led to a reduced responsiveness of
the NK cells, indicating that encounters with cells lacking self-MHC, which would normally
stimulate these cells, instead drive them into a hyporesponsive state (55). Conversely,
transfer of NK cells from MHC-deficient mice to MHC class I+ mice resulted in increased
responsiveness, specifically of those NK cells with an inhibitory receptor specific for MHC
molecules in the new host, indicating that the inhibitory interaction is instrumental in
increasing NK responsiveness (55, 56). Hence, persistent stimulation without inhibition
results in NK cell hyporesponsiveness, whereas persistent stimulation coupled with
commensurate inhibition results in NK cell responsiveness. These results suggest that NK
cell tuning might occur throughout the lifetime of the NK cell under steady-state conditions.
In infected animals, however, hyporesponsive NK cells are converted to a higher state of
responsiveness. In fact, NK cells lacking self-MHC–specific inhibitory receptors play a
more important role than other NK cells in protective responses to mouse cytomegalovirus
infections (57), probably reflecting an increased responsiveness associated with infection
coupled with the absence of inhibitory receptor interactions. Taken together, these findings
suggest that in steady-state conditions, NK cell tuning enables those NK cells with
inhibitory receptors for self-MHC to rapidly eliminate MHC class I–deficient cells that arise
in the environment, whereas NK cells with fewer such receptors can be mobilized by
inflammatory signals that accompany pathogen infections (38, 48).

Can NK Cell Reactivity Be Manipulated in Anticancer Treatments?
The dissection of NK cell reactivity has unveiled the basis of the recognition of tumor cells
by NK cells. In mice, NK cells reject tumors that lack MHC class I expression or
overexpress NKG2D ligands or costimulatory signals, a phenomenon facilitating T cell–
mediated antitumor immunity. NK cells protect the host against methylcholanthrene-induced
sarcomas and against B cell lymphoma arising in mice lacking perforin and β2
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microglobulin (a component of MHC class I) (58). In humans, the major receptors
responsible for tumor recognition by NK cells are NKp46, NKp30, NKp44, DNAM1, and
NKG2D. The NK cell-mediated lysis of tumor cells involves several such receptors,
depending on the malignancy. The target cell ligands recognized by some receptors have
been identified, such as MICA/B and the ULBPs for NKG2D, PVR and Nectin-2 for
DNAM-1, and B7-H6 for NKp30, which are primarily expressed or up-regulated on cells
after activation, proliferation, or cellular transformation (31).

Several lines of evidence indicate that NK cells or their receptors have a role in immuno-
surveillance of spontaneous tumors, including in humans. Indeed, tumors have evolved
mechanisms to escape NK cell control such as the shedding of soluble NKG2D ligands that
function as decoys for the activatingNKG2D receptor on NK cells, a phenomenon
correlating with poor prognosis in human melanoma and prostate cancer (58). Mice deficient
in NKG2D exhibited a higher incidence or greater severity of tumors in transgenic models
of cancer (59). Furthermore, studies with mice deficient in DNAM-1, NKp46, or NKG2D
demonstrate that in the presence of NK cells, tumors alter their expression of ligands (60,
61). In addition, an 11-year follow-up survey revealed that low NK lytic activity is
associated with cancer risk (62).

This knowledge has prompted efforts to harness NK cell functions for an improved
management of cancer patients. The seminal observation was the demonstration in humans
that the success of T cell–depleted HSCT for the treatment of leukemia patients is much
greater when the recipient lacks one HLA haplotype compared with the donor marrow and
donor NK cells are present in the bone marrow cell infusion (63). This outcome can be
attributed to “missing-self” recognition by a subset of donor alloreactive NK cells of the
recipient’s tumor cells (64). These alloreactive NK cells, which express KIRs that do not
recognize MHC molecules in the recipient, persist for several years and attack the
recipient’s leukemic cells (graft versus leukemia reaction) but fail to cause the generalized
graft-versus-host disease that alloreactive T cells can cause (65, 66). These NK cells have
been shown also to promote engraftment and prevent graft-versus-host disease due to their
ability to kill recipient antigen-presenting cells (63). On the basis of the education and
tuning phenomena, these alloreactive NK cells would be expected to be hyporesponsive.
Potentially, the infusion of large numbers of CD34+ cells provides a hematopoietic
microenvironment predominantly of donor type in which the process of NK cell education
and tuning would be similar to that occurring in the donor and result in generation of NK
cells displaying alloreactivity against leukemic blasts. Recently, an alternative to
manipulating NK cell–mediated “missing self” recognition has been set up, using the
infusion of human monoclonal antibodies to KIR in cancer patients (67). These protocols are
being tested in phase II clinical trials in acute myeloid leukemia and multiple myeloma.
Finally, production of clinical-grade human NK cells has proven feasible, safe, and
promising (65, 68), and combinations of adoptive NK cell transfer with therapeutic
monoclonal antibodies are being conducted. NK cell–based therapy should benefit from a
better knowledge of NK cell biodistribution and homing in vivo, identification of ligands for
some activating receptors, and NK-specific immunosuppressive and immunomodulatory
mechanisms. Additional studies on the role of NK cell education and KIR mismatch may
also provide optimal strategies for exploiting NK cells in antitumor therapies. Moreover,
genetic epidemiologic studies have shown that the expression of certain KIRs and MHC
class I polymorphisms are linked to resistance to several microbes, such as human
immunodeficiency virus type 1 (HIV-1) and hepatitis C, or to susceptibility to various
autoimmune or inflammatory syndromes (69). As KIR can also be expressed by T cell
subsets, the direct relevance of some of these data to NK cell biology remains to be firmly
established. Nevertheless, these studies prompt us to extend the design of NK cell–based
therapies to other disease conditions than cancer, such as infections and inflammation.
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Do NK Cells Remember?
Immunological memory is a hallmark of adaptive immunity and is characterized by the
long-term persistence of memory cells that rapidly undergo clonal expansion and present
enhanced effector functions in response to secondary challenge. Although recent findings
have shown a form of immunological memory in lower organisms that are reported to lack
adaptive immunity (70), the innate immune system has been commonly considered to lack
the capacity for immunological memory. Moreover, in the case of mature NK cells, their
half-life has been estimated to be 17 days in steady-state conditions (71). Therefore, recent
findings that at least some mature NK cells or their progeny can be long-lived and that NK
cells can mount a robust recall response are quite striking.

The first evidence for NK cell memory was observed in a model of hapten-induced contact
hypersensitivity in recombination activating gene–2 (Rag-2)–deficient mice, which lack T
and B cells but possess NK cells (72). Hapten-induced contact hypersensitivity (CHS) was
previously thought to be mediated only by CD4+ T cells after priming mice with a chemical
hapten. Unexpectedly, this NK cell–mediated CHS response in Rag-2–deficient mice could
be detected for at least a month after chemical priming, and the response was hapten-
specific. These “memory”NK cells were unexpectedly found to reside only in the liver, but
not in the spleen, and were marked by high levels of expression of cell surface Thy1 (72)
and CXCR6 (73). A hapten-specific CHS response was observed in mice receiving an
adoptive transfer of liver NK cells from hapten-primed mice. Although blocking the
NKG2D receptor on the NK cells inhibited the CHS, the receptor responsible for hapten-
specific recognition has not been identified (72, 73).

NK cell memory has also been demonstrated in viral infections. In C57BL/6 mice, the
activating Ly49H receptor recognizes the mouse cytomegalovirus (MCMV) m157
glycoprotein that is displayed on the cell surface of infected cells, resulting in NK cell–
mediated control of the infection (23, 24). After infection with MCMV, these Ly49H+ NK
cells undergo preferential expansion (74). In experiments in which genetically marked,
mature Ly49H+ NK cells were adoptively transferred into recipients infected with MCMV,
the Ly49H+ NK cell population underwent contraction after control of the virus, but
memory NK cells could be detected in the recipient more than a month later (75). Similar to
memory T lymphocytes, upon restimulation these memory NK cells demonstrated enhanced
cytolytic function and cytokine production compared with “naïve” NK cells and were more
efficient at protecting MCMV-susceptible neonatal mice against infection (75). Memory NK
cells isolated from the first host can be adoptively transferred to a second and even a third
recipient and undergo subsequent rounds of proliferation in response to MCMV infection
(75). At about 2 months after the initial infection with MCMV, memory NK cells could be
detected in essentially all tissues and organs, including spleen, lymph nodes, liver, lung, and
kidney (75). Although there is as yet no unique marker of memory, these long-lived
MCMV-expanded NK cells stably express high levels of KLRG1, an inhibitory receptor that
recognizes cadherins. Recently, memory NK cells have been described in mice after
exposure to influenza, vesicular stomatitis virus (VSV), or HIV-1 (73), although a virus-
specific NK receptor for these pathogens has not been identified.

In addition, recent studies have demonstrated that NK cells activated with cytokines in vitro
and adoptively transferred into naïve recipients can also persist for at least a month and have
an enhanced ability to produce cytokines upon restimulation (76). These findings suggest
that, once activated, mature NK cells may acquire stable, heritable properties that influence
their behavior during subsequent infections. Thus, NK cells appear to remember their past, a
trait conventionally only considered possible for the adaptive immune system. The emerging
evidence for immunological memory and the capacity for self-renewal of mature cells in the
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NK cell lineage raises many questions: Can NK cells expanded in response to one pathogen
provide enhanced protection against other unrelated pathogens, given that NK cells possess
multiple activating receptors rather than a single, dominant antigen receptor like B and T
cells? Is it possible to vaccinate NK cells for enhanced host defense? What receptor systems
provide for hapten-specific recognition by NK cells? What epigenetic alterations account for
the longevity and enhanced effector functions demonstrated by memory NK cells? Can NK
cells, like T cells, differentiate into functionally distinct subsets with regulatory roles in
shaping the magnitude and nature of the immune response to different pathogens? Is
memory confined to a certain subset of NK cells, as suggested by their apparent localizing in
the liver as observed in some experimental systems?

Innate or Adaptive Immunity?
In addition to the above questions that they raise, recent advances in NK cell biology have
thus shown that NK cells have attributes of both innate and adaptive immunity. These
findings also lead to the speculation that the shared innate and adaptive features are likely
not unique to NK cells. Along this line, macrophages rapidly phagocytose CD47-deficient
erythrocytes, because the inhibitory macrophage receptor SIRP1α is no longer engaged by
CD47, but macrophages from CD47-deficient mice do not phagocytose CD47-deficient
erythrocytes (77), suggesting that macrophages have adapted to the absence of CD47 in their
environment. Therefore, macrophages might undergo a process of education through the
interaction of the ITIM-bearing SIRP1α with its cognate CD47 ligand, reminiscent of NK
cell education through MHC class I–specific receptor engagement. Thus, notions originally
restricted to T and B cells, such as diverse receptor repertoires, education, and memory,
which now apply to NK cells, prompt investigation into whether other innate immune cells
show similar properties. Therefore, defining “innate” as having germline-encoded receptors
versus “adaptive” as having rearranged receptors appears sufficient to distinguish these two
arms of immunity.
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Fig. 1.
The biological functions of NK cells. NK cells can recognize a variety of stressed cells in
the absence or in the presence of antibodies (blue arrows). NK cell activation triggered by
this recognition can lead to the lysis of the target cell and to the production of various
cytokines and chemokines depending on the nature of the stimulation. Whereas NK cells are
biased to produce IFN-γ in many conditions, there are situations of chronic or systemic
inflammation that promote IL-10 secretion. NK can also cross-talk with DC in many
different ways, including the NK cell killing of immature DC and the promotion of DC
maturation by NK cell–derived IFN-γ and TNF-α, which leads to enhanced antigen
presentation to T cells. Through these biological activities, NK cells participate in the
shaping of the subsequent immune response; in the depicted example, NK cells boost or
dampen macrophage and T cell responses through IFN-γ (green arrows) or IL-10 secretion
(red arrows), respectively.
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Fig. 2.
NK cell receptors. NK cells express many cell surface receptors that can be grouped into
activating (green), inhibitory (red), adhesion (blue), cytokine (black) and chemotactic
receptors (purple). In addition to MHC class I–specific receptors, other NK cell inhibitory
receptors specific for non-MHC ligands also regulate NK cell reactivity (78). Adaptor
molecules involved in the signaling cascade downstream of the engagement of activating
receptors (green) are also indicated. The list of cell surface molecules involved in the
regulation of mouse and human NK cell function is not exhaustive. Unless indicated (h,
human; m, mouse), receptors are conserved in both species.
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Fig. 3.
The dynamic regulation of NK cell effector function. NK cells sense the density of various
cell surface molecules expressed at the surface of interacting cells. The integration of these
distinct signals dictates the quality and the intensity of the NK cell response. NK cells spare
healthy cells that express self-MHC class I molecules and low amounts of stress-induced
self molecules (A), whereas they selectively kill target cells “in distress” that down-regulate
MHC class I molecules (B) or up-regulate stress-induced self molecules (C). +, activating
receptors; −, inhibitory receptors.
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Fig. 4.
NK cell tuning. Experimental conditions in which NK cells have been shown to adapt to
their environment are schematized. In the absence of detection of MHC class I, such as
when NK cells lack cognate MHC class I receptors (A) or in MHC class I–deficient hosts
(B), NK cells are hyporesponsive at steady state. NK cells are rendered “anergic” by the
chronic engagement of various activating receptors such as NKG2D (C), Ly49H in the
mouse (D), or KIR2DS1 in humans (E). NK cells can be educated by MHC class I
molecules via their cognate inhibitory receptors in trans (F) or in cis (not depicted) and
primed by cytokines (G).
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