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Abstract

Understanding how signals are integrated to control natural killer (NK)
cell responsiveness in the absence of antigen-specific receptors has been
a challenge, but recent work has revealed some underlying principles
that govern NK cell responses. NK cells use an array of innate re-
ceptors to sense their environment and respond to alterations caused
by infections, cellular stress, and transformation. No single activation
receptor dominates; instead, synergistic signals from combinations of
receptors are integrated to activate natural cytotoxicity and cytokine
production. Inhibitory receptors for major histocompatibility complex
class I (MHC-I) have a critical role in controlling NK cell responses and,
paradoxically, in maintaining NK cells in a state of responsiveness to
subsequent activation events, a process referred to as licensing. MHC-
I-specific inhibitory receptors both block activation signals and trigger
signals to phosphorylate and inactivate the small adaptor Crk. These
different facets of inhibitory signaling are incorporated into a revocable
license model for the reversible tuning of NK cell responsiveness.

227



Annu. Rev. Immunol. 2013.31:227-258. Downloaded from www.annualreviews.org
by National Institutes of Health Library (NIH) on 03/22/13. For personal use only.

Lytic granule:
specialized secretory
lysosome of cytotoxic
lymphocytes; contains
effector proteins such
as perforin and
granzymes that kill
target cells

Inside-out signal:
intracellular signal
delivered to the
cytoplasmic tails of
integrins to induce a

conformational change

that increases integrin
binding to
extracellular ligand
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INTRODUCTION

Natural killer (NK) cells are lymphocytes that
function at the interface between innate and
adaptive immunity. NK cells contribute di-
rectly to immune defense through their effector
functions, such as cytotoxicity and cytokine se-
cretion, and indirectly by regulating antigen-
presenting cells (APCs) and the adaptive re-
sponses of T cells. Despite a lack of receptor
diversity generated by DNA rearrangement, as
foundin B cells and T cells, NK cells share some
properties with cells of the adaptive immune
system. NK cells have the capacity to distin-
guish diseased cells from healthy cells, to mount
powerful antiviral responses, and to maintain
the pool of long-lived cells that expands during
aresponse. One of the fundamental sets of ques-
tions in NK cell biology includes how response
specificity is achieved when NK cells interact
with other cells and how healthy cells are spared
from NK cell attack. Explorations into these is-
sues not only have revealed features unique to
NK cells but also have contributed to our un-
derstanding of fundamental processes, such as
cellular cytotoxicity and the regulation of cellu-
lar responses by dominant inhibitory receptors,
which occurs in many other cellular and biolog-
ical contexts.

This review focuses mainly on the regula-
tion of NK cell responses through signals de-
livered by receptors that bind extracellular lig-
ands, with an emphasis on signaling induced by
contact with other cells (Figure 1). Rather than
covering an exhaustive list of receptors and their
associated signaling components, which have
been reviewed previously (1-4), we focus our
attention on essential features of signal trans-
duction for the regulation of NK cell responses
and propose some general principles. The main
points we wish to convey are:

1. NK cells have to integrate signals re-
ceived from multiple, germ line—encoded
receptors to sense their environment and
respond appropriately. The engagement
of many different receptors during NK
cell contact with target cells raises the
questions of how various signals are co-

Long et al.

ordinated and how specificity can be
achieved. Is there redundancy or a hier-
archy among receptors for NK cell acti-
vation? Do receptors act independently
of one another? Recent work suggests
that there is no dominant receptor for
activation. Rather than forming a hier-
archy, receptors combine into synergis-
tic pairs to induce activation. Redundancy
may occur within and among synergis-
tic combinations of receptors, allowing
NK cells greater flexibility in sensing and
responding quickly to changes in their
environment.

. The cytolytic activity of NK cells is sim-

ilar to that of CD8* cytotoxic T lym-
phocytes (CTLs). It occurs by polarized
release of the contents of lytic granules
toward target cells. However, NK cells
differ from T cells in that the signals
that control granule polarization and de-
granulation can be uncoupled, as they are
not orchestrated through a central acti-
vation complex such as the T cell recep-
tor (TCR). NK cells have a strict require-
ment for complementation of signals that
trigger polarization and of those for de-
granulation.

. Another striking difference from T cells

is that the f, integrin LFA-1 can sig-
nal autonomously in NK cells. In T cells,
inside-out signals from the T'CR or from
chemokine receptors are required to ac-
tivate LFA-1 into a ligand-receptive con-
formation. In NK cells, LFA-1 not only
binds to ligand and signals independently
of inside-out signaling but is also suffi-
cient to induce granule polarization.

. Control of NK reactivity by inhibitory

receptors specific for major histocompat-
ibility complex class I (MHC-I) molecules
is well established. But the regulation of
NK cell responses is not due to a simple
balance of activation and inhibition. As
negative signals from inhibitory recep-
tors tend to be dominant, the functional
outcome of engaging both activating
and inhibitory receptors is tilted in favor
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Figure 1

Multiple signals control NK cell responses. An array of NK cell activation receptors bind to ligands on other
cells. Target cell killing requires signals for lytic granule polarization and degranulation. Combinations of
coactivation receptors synergize to induce killing and a secretory response. Some of the secretory response is
independent of transcription. Inhibitory receptors (red ) for MHC-I exert dominant inhibition of cytotoxicity
and secretion, as seen in the NK cell-dendritic cell interaction. Dendritic cells also receive signals from
ligands on NK cells (purple). In the absence of inhibition through MHC-I, target cells that express ligands
for activation receptors are killed. NK cells respond to various soluble activators, such as cytokines and
chemokines, that deliver signals for functions such as migration and survival. The prosurvival cytokine IL-15
bound to the IL-15R « chain is trans-presented by other cells to the IL-15R By, chains on NK cells. In
response to soluble factors, NK cells secrete IFN-vy, TNF-«, other cytokines, and chemokines. Signals
received through receptors that bind soluble ligands are not subject to inhibition through MHC-I. Soluble
HLA-G binds to CD158d and induces a transcriptional response for a unique set of proinflammatory,
proangiogenic molecules.

of inhibition. Inhibitory receptors for 5. Another function recently attributed

MHC-I carry in their cytoplasmic tails
immunoreceptor tyrosine-based inhibi-
tion motifs (ITTMs), which become phos-
phorylated upon receptor engagement
and recruit the tyrosine phosphatases
SHP-1 and SHP-2. What are the specific
signals targeted by SHP for inhibition?

to inhibitory receptors for MHC-I is
that they confer intrinsic responsiveness
to NK cells, a property that has been
referred to as licensing (5). Licens-
ing is ITIM dependent and requires
the presence of an MHC-I ligand for
the inhibitory receptor. The NK cell

www.annualreviews.org o Regulation of NK Cell Responses
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ITIM:
immunoreceptor
tyrosine-based
inhibition motif;
tandem
phosphorylated ITIMs
recruit the tyrosine
phosphatases SHP-1
and SHP-2

Licensing:
ITIM-dependent
process by which NK
cells gain or maintain a
state of responsiveness
to subsequent
activation signals

KIR: killer cell
immunoglobulin-like
receptor; encoded in a
polymorphic multi-
gene family

Trophoblast: outer
layer of cells of the
blastocyst that
mediates its
attachment to the
uterine wall and
develops into the
placenta

FHL: familial
hemophagocytic
lymphohistiocytosis
Preeclampsia:

a complication of
pregnancy
characterized by high
blood pressure,
proteinuria, and edema

230

responsiveness dictated by inhibitory
receptors is not fixed but can be tuned up
or down through NK cell adaptation to
the MHC-I environment. A major ques-
tion is how licensing for responsiveness is
achieved through signaling by inhibitory
receptors. Are I'TIM-bearing receptors
capable of transmitting signals other
than tyrosine phosphatase-dependent
dephosphorylation?

6. The function of NK cells is both medi-
ated and controlled by soluble factors, in-
cluding chemokines, cytokines, and other
secreted ligands of NK cell receptors
(Figure 1). In this context, we focus on
only a few aspects that are unique to NK
cells. In response to soluble HLA-G, an
unusual killer cell immunoglobulin-like
receptor (KIR) with Toll-like receptor
(TLR)-like properties signals from endo-
somes for a proinflammatory and proan-
giogenic response. Because HLA-G ex-
pression is restricted to fetal trophoblast
cells that invade the uterus soon after im-
plantation, this activation pathway could
contribute to vascular remodeling in early
pregnancy.

Signaling by NK cell receptors has to be
understood within a functional and biologi-
cal framework. The biological functions per-
formed by NK cells fall within three major
categories.

NK Cells Contribute to Defense
Mechanisms that Control Infections
and Tumor Establishment

NK cells have an essential role in the control
of infections by certain viruses, in particular
those in the Herpesviridae family, such as cy-
tomegalovirus (CMV). NK cells are recruited
to the site of infection by chemokines and per-
form their effector functions through perforin-
dependent cytotoxicity and IFN-y secretion
(6). NK cells cannot clear the virus but are es-
sential for controlling virus titers until an adap-
tive T cell response eliminates infected cells.
NK cells also contribute to the control of para-

Long et al.

sitic infections, mostly through IFN-y produc-
tion (7). Antitumor activity of NK cells occurs
through upregulation of ligands for NK activa-
tion receptors and/or loss of MHC-I on tumor
cells. Mouse models with selective deletion of
NK activation receptors have demonstrated an
important contribution of NK cells to tumor
immunosurveillance (8, 9).

NK Cells Maintain Homeostasis
in the Lymphoid System

NK cells can promote inflammation by secret-
ing IFN-y and tumor necrosis factor (TNF)-«,
and they also control inflammation associated
with immune responses by killing APCs and
activated T cells (10). This is evident in famil-
ial hemophagocytic lymphohistiocytosis (FHL)
patients, who have deficiencies in cellular cyto-
toxicity of lymphocytes. The lack of NK cyto-
toxic function in FHL patients is manifested by
systemic inflammation. By dampening immune
responses, NK cells may provide protection in
the context of autoimmunity—for example, in
multiple sclerosis (11, 12).

NK Cells Have a Role in Reproduction

NK cells are the predominant lymphocyte sub-
set in the uterus (13). They interact with fe-
tal trophoblast cells that invade the maternal
uterine tissue upon implantation and contribute
to the remodeling of the maternal vascula-
ture. Genetic associations between the mater-
nal repertoire of KIRs and MHC-I expressed
by the fetus have shown that combinations
that favor NK cell activation are beneficial,
whereas combinations that promote inhibition
correlate with pregnancy complications such as
preeclampsia (14).

INTEGRATION OF SIGNALS
FOR ACTIVATION

The multitude of receptors capable of trigger-
ing NK cell responses, such as cytokine secre-
tion and direct cellular cytotoxicity (Figure 1),
is potentially dangerous. How are their signals
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kept in check to avoid inappropriate responses
against healthy cells? Control of NK cell re-
activity is exerted at two levels: expression of
ligands for these activation receptors and ex-
pression of MHC-I ligands for inhibitory re-
ceptors. But what are the minimal requirements
for activation of NK cell effector function?
Given the many receptor-ligand interactions
that take place during NK-target cell contacts,
itis difficult to determine the contribution of in-
dividual receptors. A reductionist approach us-
ing reconstituted systems was essential to tease
apart contributions from different receptors
(15-17). The use of Abs to selectively cross-link
specific receptors bypasses the complexity of
mammalian target cells but does not reproduce
physiological receptor-ligand interactions. The
ligand of a given receptor can be expressed on
insect cells or attached to artificial lipid bilay-
ers and tested for its ability to induce signals in
NK cells. However, a limitation has been that
the ligands for several of the NK activation re-
ceptors have yet to be identified. Recent data
acquired with primary, unstimulated NK cells
have led to a new appreciation of the regulation
of NK cell activation. Apart from the Fc recep-
tor FeyRIIIa (CD16), other receptors, includ-
ing NKG2D (CD314) and NKp46 (CD335),
do not activate on their own (17, 18). Activa-
tion of NK cells by any of the tested receptors
required complementation with another recep-
tor to obtain synergistic activation signals. Neg-
ative control of NK activation signals occurs
at different levels, not just through inhibition
by receptors for MHC-I. A revision of how
we think about the regulation of NK cell ac-
tivation is required to accommodate this new
information.

An Abundance of Receptors
for Activation

Our understanding of signaling by NK cell re-
ceptors is skewed toward a few receptors for
which signaling pathways have been described;
less is known about the signaling properties of
most of the other receptors. Among the recep-
tors considered dominant are those associated

with immunoreceptor tyrosine-based activa-
tion motif ITAM)-bearing signaling molecules
(e.g., NKp46, which is associated with the FcR
v chain or the TCR ¢ chain) and the recep-
tor NKG2D (which is associated with the sig-
naling molecule DAP10) (19, 20). Receptors
considered costimulatory include members of
the signaling lymphocytic activation molecule
(SLAM) family, such as 2B4 (CD244), as well as
unrelated receptors suchas DNAM-1 (CD226),
CD2, and NKp80 (product of the KLRFI gene).
We do not review each receptor in detail but
highlight recent work on their signaling prop-
erties and outline some general principles that
govern activation of NK cell functions.

Receptors associated with ITAM-bearing
molecules. Three I'TAM-bearing molecules
contribute to signaling by several different
activation receptors on NK cells. The FcR
v and TCR ( chains form homodimers
and heterodimers that associate with CD16.
Among the three natural cytotoxicity recep-
tors (NCRs), NKp46 and NKp30 associate with
FcR v and/or TCR ¢, whereas NKp44 asso-
ciates with the signaling adaptor DAP12 (19).
DAPI12 carries a single ITAM and forms a
homodimer (21, 22). Ubiquitously expressed,
DAP12 associates with several other recep-
tors in multiple cell types. Signaling through
ITAMs has been studied in great detail, as it
is the signaling pathway used by several of the
major immunoreceptors, including TCR (23).
The two tyrosines in the I'TAM are phosphory-
lated by Src kinase family members, and phos-
phorylated ITAMs form a binding site for the
Src homology 2 (SH2) domains of the ZAP70
and Syk tyrosine kinases.

The only transmembrane protein, normally
expressed at the plasma membrane, that has
been identified as a ligand for an NCR is B7-
H6, which binds to NKp30 and is expressed
on several tumor cell lines (24). The ability
of B7-H6 to activate NK cells on its own
has not been tested. NKp30 is involved in
the activation of NK cells by dendritic cells
(DCs) (25). Even though NKp46 is associated
with ITAM-bearing subunits, stimulation of

www.annualreviews.org o Regulation of NK Cell Responses
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primary, resting NK cells with NKp46 Abs was
not sufficient to activate degranulation (18).
However, NKp46 induced degranulation when
combined with signals from any one of the
receptors 2B4, DNAM-1, NKG2D, or CD2.
This requirement for a synergistic combination
of activation receptors may serve as a safeguard
to prevent unrestrained activation of NK cells.
This stands in contrast to signaling by CD16,
which is sufficient to activate degranulation.
Through binding to the Fc portion of Abs,
CD16 endows NK cells with the ability to de-
tect cells coated with Abs and to eliminate them
by Ab-dependent cellular cytotoxicity (ADCC).
In this case, specificity is determined by adap-
tive, Ab-producing B cells, which could be the
reason why activation of NK cells by CD16
does not require synergy with other receptors.

The KIR and CD94-NKG?2 families of in-
hibitory receptors include members that are ac-
tivating due to their association with DAP12
(20, 26). The activating isoforms of the KIR
family appear to have evolved more rapidly
than inhibitory KIRs, perhaps through selec-
tion imposed by pathogens (27, 28). Genetic
studies have revealed that certain activating
KIRs, in combination with specific MHC-I lig-
ands, may provide protection from progression
to AIDS in HIV-infected individuals (29) and
from preeclampsia in pregnant mothers (30).
A difficulty in understanding the basis of the
protective effect is that ligands for most of the
activating KIRs have not been identified.

An unusual activating KIR with a single
ITIM and the ability to associate with the
ITAM-containing FcR vy chain is CD158d
(KIR2DL4) (31, 32). Although it is capable of
triggering weak cytotoxicity from the cell sur-
face, the receptor mostly resides in endosomes
and signals at that site. In transfected HEK293
cells, CD158d signals by a pathway indepen-
dent of the ITIM and of the transmembrane
arginine thatis required for association with the
FcR vy chain (33).

In mice, the function performed by KIRs
in humans is assigned to the Ly49 receptors,
which are C-type lectin—like receptors encoded
in the NK gene complex (34). Like the KIR
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genes, the Ly49 family is highly polymorphic
and multigenic. Ly49 members are expressed as
dimers, with activating isoforms of Ly49 pairing
with DAP12 and inhibitory isoforms carrying
an I'TIM in their cytoplasmic tail. Ly49H and
Ly49P are activating forms expressed in specific
Ly49 haplotypes; they detect cells infected with
mouse CMV (MCMV) and provide resistance
to infection (35-38). Analogously, the expan-
sion of human NK cells that express the ac-
tivating receptor CD94-NKG2C during CMV
and hantavirus infections suggests that such NK
cells may provide protection (39-42).

NKG2D (CD314). NKG2D binds to many
ligands that are induced on cells under stress
due to infection, transformation, or DNA dam-
age (43). These ligands include MICA, MICB,
and the family of ULBP molecules in hu-
mans and H60, MULT1 and the family of
RAE-1 molecules in mice (44). Therefore,
NKG2D has an important function in target-
ing NK cell responses toward abnormal cells
(45). Mice deficientin NKG2D are more prone
to spontaneous tumors (8). NKG2D signals
through its association with the short trans-
membrane molecule DAP10, which carries a
tyrosine-based motif (YxxM) different from the
ITAM (46). Phosphorylated DAP10 binds ei-
ther the p85 subunit of phosphoinositide 3-
kinase (PI3K) or the small adaptor Grb2 in as-
sociation with the guanine nucleotide exchange
factor (GEF) Vavl (47-50). Stimulation of NK
cells through NKG2D results in binding of the
small adaptor CrkL to the p85 subunit of PI3K.
CrkL contributes to NKG2D signaling for ad-
hesion, granule polarization toward the tar-
get cell, and degranulation (51). Because CrkLL
binds to GEFs that activate the GTPases Racl
and Rapl, it can promote synapse formation
and LFA-1-dependent adhesion.

Receptors of the SLAM family. One of the
best-characterized NK cell activation receptors
is 2B4 (CD244), which is a member of the
SLAM receptor family (3). The immunoglob-
ulin (Ig)-like receptors of the SLAM family are
expressed on hematopoietic cells. They mediate
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cell-cell interactions through homophilic bind-
ing (i.e., they bind to themselves in #rans), ex-
cept for 2B4, which binds to another Ig-like
hematopoietic molecule, CD48. NK cells ex-
press every member of the SLAM family of re-
ceptors except for SLAM (CD150, SLAMF1)
itself. In addition to 2B4, they are: NK, T,
and B cell antigen (NTB-A, SLAMF6, Ly108
in mouse); CD2-like receptor activating cyto-
toxic cells (CRACC, CD319, SLAMF7); Ly9
(CD229); and CD84 (52). All share tyrosine-
based motifs, S/TxYxxL/I, in their cytoplasmic
tails; these motifs are similar to I'TIMs and are
referred to as immunoreceptor tyrosine-based
switch motifs I'TSMs) (53). The SLAM fam-
ily receptors transmit activation signals through
the SLAM-associated protein (SAP, encoded
by the gene SH2D1A), which recruits the ty-
rosine kinase Fyn (54). Mutations in SH2D1A4
form the genetic basis of X-linked lymphopro-
liferative disease (55, 56). SAP controls 2B4-
dependent NK cell activation in two ways: by
Fyn-induced phosphorylation of Vavl and by
blocking recruitment of the inhibitory SH2
domain—containing inositol 5 phosphatase-1
(SHIP-1), which dampens Ca?* influx (57). In-
hibitory molecules recruited in the absence of
SAP include SHIP, SHP-1 and SHP-2, and
Csk (58, 59). NK cells express another adap-
tor related to SAP, Ewing’s sarcoma—associated
transcript-2 (EAT-2), which does not bind Fyn
(60). SAP and EAT-2 combine to promote NK
cell activation in response to CD48-expressing
cells (61), and in NK cells from mice defi-
cient in both SAP and EAT-2, 2B4 was even
more inhibitory than in the absence of SAP
(57).

An inhibitory function of 2B4 occurs not
only in SAP mutants but also in cells from nor-
mal mice. The inhibitory function of 2B4 is im-
portant for the protection of activated CD8* T
cells from NK cells during lymphocytic chori-
omeningitis virus (LCMYV) infection of mice.
In 2B4-deficient mice, NK cells killed activated
CD8* T cells early in infection, leading to vi-
ral persistence and worsened pathology (62).
How the balance between the activating and in-
hibitory functions of 2B4is set in normal, SAP*

individuals, and whether it is regulated at the
level of SAP expression, is not known.

Other activating receptors. NK cells express
a long list of other receptors with activation
potential, such as DNAM-1 and NKp80. For
most of them, limited information about their
signaling properties is available. DNAM-1 has
an essential role in preventing spontaneous tu-
mor formation and in controlling tumor growth
(9, 63-66). DNAM-1 binds to the poliovirus
receptor CD155 and the nectin adhesion
molecule CD112 (67), both of which are upreg-
ulated on tumor cells. DNAM-1, together with
NKp30, participates in the killing of DCs (68).
Protein kinase C (PKC)-dependent phosphor-
ylation of serine 329 in DNAM-1 promotes lig-
and binding (69). DNAM-1 has been found as-
sociated physically and functionally with LFA-1
and the tyrosine kinase Fyn (70).

NKp80 and NKp65, which have activating
properties in NK cells, share common struc-
tural and genetic features: (#) a tyrosine se-
quence motif in their N-terminal cytoplas-
mic tails that corresponds to half an ITAM
(a hemi-ITAM, or hemITAM) and () tight
linkage of their genes with the genes encod-
ing their ligands. NKp80 binds to activation-
induced C-type lectin (AICL, encoded by
CLEC2B), which is upregulated by TLR stim-
ulation on myeloid cells (71). NKp65 binds to
keratinocyte-associated C-type lectin (KACL,
encoded by CLEC2A), which is expressed exclu-
sively in the skin and stimulates cytotoxicity and
cytokine release by NK cells (72). NKp80 stim-
ulates Syk phosphorylation and Syk-dependent
cytotoxicity (73). Signaling through a hem-
ITAM by recruitment of the tyrosine ki-
nase Syk was first described for the recep-
tor Dectin-1 (CLEC7A) expressed in myeloid
cells (74). The Syk-dependent signal induced
by Dectin-1 leads to activation of the NLRP3
inflammasome and to an NF-«kB-dependent
proinflammatory response (75). The signals
downstream of Syk after stimulation by NKp80
are not known, and it is not clear whether hem-
ITAM signaling in NK cells will have the same
outcome as in myeloid cells.
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Many other receptors—including CD2,
CD44, CD137, fractalkine receptor CX3CR1,
TNF receptor family member CD27, and
CD160—can contribute to NK cell activation.
Much work remains to be done in determining
how and when the various NK cell receptors
deliver signals for activation.

Redundancy and specificity of components
in the NK cell signaling toolbox. NK cells
tend to express several members of a given
family of signaling molecules, which are other-
wise expressed selectively in one cell type. For
example, NK cells express the T cell-specific
tyrosine kinase ZAP70 and phospholipase C
(PLC)-v1, as well as the B cell-specific tyro-
sine kinase Syk and PLC-y2. This redundancy
may explain why NK cell function often re-
mains normal in mice with targeted deletions of
genes encoding signaling molecules. Further-
more, a redundancy of activation pathways in
NK cells endows them with the ability to de-
tect different types of target cells and to mount
different types of responses. It is now clear that
NK cells can kill target cells through TTAM-
dependent and ITAM-independent pathways.
The original observation that NK cells lack-
ing both ZAP70 and Syk kinases have normal
cytotoxic activity toward sensitive target cells,
implying that ITAM-based pathways are dis-
pensable for natural cytotoxicity toward certain
target cells, was initially a surprise (76).

Two signaling molecules that are critical
for NK cell activation are Vavl and PLC-
v2. NK cells in Vavl-deficient mice are not
as impaired as T cells but show defects in
tumor cell killing (77). NK cells from PLC-
v2-deficient mice have defects in Ca’* mo-
bilization, degranulation, cytotoxicity, and the
control of MCMYV infection (78, 79). Further-
more, PLAID (PLC-y2-associated antibody
deficiency and immune dysregulation) patients
with mutations in PLCG2 show defective NK
cell degranulation after incubation with sensi-
tive target cells and defective Ca’* mobilization
after stimulation through NKG2D and 2B4
(80). In line with the cell type—specific expres-
sion of PLC-y2, defects in Ca’* mobilization
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were also evident in B cell receptor-stimulated
B cells, but not after cross-linking of TCRs on
T cells (80).

NKG2D couples preferentially to PLC-y2,
whereas ITAM-based pathways can use ei-
ther of the two PLC-y isoforms (81). Fur-
thermore, NKG2D signals selectively through
Vavl, whereas signaling through the ITAMs of
the FcR y chain or DAP12 requires Vav2 and
Vav3 (82). Thus, there are examples of paral-
lel, redundant pathways that are distinguished
by the use of dedicated effector molecules. Sig-
naling by NK cell activation receptors often
leads to degranulation and to cytokine secre-
tion. The downstream signaling requirements
for these two responses are different, even if
triggered by the same receptor. For example,
PKC-6, a member of the novel PKC family, is
required for ITAM-dependent transcriptional
IFN-vy responses but not for cytotoxicity (83).

Given this large apparent redundancy in ac-
tivation receptors and signaling pathways that
contribute to stimulation of NK cells, an im-
portant question is how NK cells coordinate
and integrate these different signaling inputs.

Synergistic Combinations of
Coactivation Receptors

Is there redundancy, hierarchy, or complemen-
tation among the multiplicity of receptors on
NK cells that can deliver activation signals? Is
any receptor sufficient and is any receptor nec-
essary to trigger cytotoxicity, cytokine secre-
tion, or other NK cell responses? Receptors
that are generally considered activating (i.e.,
sufficient to induce a functional response) in-
clude NKG2D and the three members of the
NCR family: NKp46, NKp44, and NKp30 (19,
20). Expression of ligands for NKG2D on cells
that are normally resistant to NK cytotoxicity
can result in target cell lysis (84). Initially, such
results were taken to mean that NKG2D was
sufficient to activate natural cytotoxicity and,
further, that it may be resistant to inhibition by
receptors for MHC-I. Lysis of many tumor cell
lines or fresh tumor cells can be blocked with
Abs to one or more of the NCRs (19), showing
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that these receptors are necessary to activate cy-
totoxicity. But are they sufficient? Most of the
other NK receptors that signal for activation,
such as DNAM-1, 2B4, and CD2, have typically
been considered to be costimulatory or contrib-
utors to adhesion and accessory functions.

The best way to determine the precise role
of any given receptor on NK cells is to test
each one individually and in combination with
others. Abs provide a convenient tool to se-
lectively cross-link receptors, but they do not
even approximate the biophysical properties of
receptor-ligand interactions in opposing mem-
branes. More physiological conditions can be
achieved by expression of ligands for NK cell
receptors on Drosophila insect cells or by attach-
ing ligands to artificial supported lipid bilayers.
Several unexpected results were obtained when
NK cells were presented with specific ligands
using such a reductionist approach.

Cross-linking  NK  receptors with Abs
showed that CD16 was the only receptor tested
that was sufficient to activate degranulation
in primary, resting, human NK cells (18).
The other receptors—NKp46, 2B4, NKG2D,
DNAM-1, and CD2—stimulated degranula-
tion only in combination with others. Some, but
not all, pairwise combinations of receptors re-
sulted in synergistic activation. Therefore, NK
cell activation receptors, including NKp46 and
NKG2D, do not stimulate degranulation on
their own.

Similar results were obtained using the
Drosophila insect cell line S2, (#) transfected to
express ligands of NK receptors, either alone or
in combination, and () coated with an anti-S2
polyclonal rabbit IgG to stimulate CD16 (17).
Insect cells stimulated degranulation and were
killed either by ADCC or when pairs of ligands
for synergistic combinations of receptors were
coexpressed. For example, CD48 (2B4 ligand)
and ULBP1 (NKG2D ligand) or CD48 and
CD155 (DNAM-1 ligands) induced NK cell
degranulation, but ULBP1 and CD155 did not
(17). The hierarchy in NK cell activation recep-
tors in the context of primary, resting NK cells
has to be revised. First, among those tested, no
single receptor for natural cytotoxicity is suf-

ficient to induce degranulation. (CD16 is not
an NCR because it mediates ADCC, the speci-
ficity of which is determined by B cells of the
adaptive immune system.) Second, receptors
thought to be accessory or costimulating, such
as DNAM-1 and 2B4, have gained equal status
with NKG2D and NCRs. Third, natural cy-
totoxicity can occur in the absence of ligands
for NKG2D and NCR, as with the combina-
tion of 2B4 and DNAM-1. Thus, none of the
receptors tested is sufficient and none is neces-
sary. Instead, there is a redundancy of synergis-
tic coactivation receptors.

Receptor synergy for secretion of cytokines
and chemokines. The stimulation of cytokine
and chemokine secretion by NK cell recep-
tors for ligands expressed on other cells (as
opposed to receptors for soluble molecules) is
more complex than the degranulation response
(85). For example, 2B4 is sufficient to induce
IFN-y secretion on its own. In combination
with a synergistic partner receptor, 2B4 signals
for greater IFN-y production and also for se-
cretion of additional cytokines and chemokines.
Both the magnitude of cytokine secretion and
the complexity of the secretory profile increase
when different coactivation receptors are co-
engaged (85). Another conclusion drawn from
the stimulation of NK cells by combinations of
receptor ligands for NK receptors is that the
distinction between the two major subsets of pe-
ripheral NK cells is not as previously thought.
The majority of NK cells in peripheral blood
are CD569mCD16%. The CD56™¢*CD16~
NK cells, which constitute the smaller subset
in peripheral blood, are more abundant in tis-
sues and are stronger cytokine/chemokine pro-
ducers when stimulated with soluble factors
such as IL-12 and IL-18 (86). However, the cy-
tokine/chemokine secretion induced by contact
with target cells is greater with CD564mCD16+
than with CD56"¢"CD16~ cells (85). Thus,
the distinction is not that one subset makes
more cytokine or kills better, but rather that one
subset (the CD56") responds better to sol-
uble factors, whereas the other (the CD56%™)
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Immunological
synapse: a specialized
cell-cell junction with
a synaptic cleft
between an immune
cell and an
antigen-presenting cell
or a target cell

Microtubule
organizing center
(MTOC): also called
the centrosome;
nucleates microtubules
at a central site close to
the nucleus
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responds better to receptors that bind to ligands
anchored on other cells.

The molecular basis for synergy among
coactivation receptors. It is somewhat puz-
zling that several receptors with very differ-
ent signaling properties can synergize in var-
ious combinations for NK cell activation. This
suggests that signals converge toward a critical
control element and that a certain activation
threshold has to be reached. However, synergy
is best achieved through complementation of
independent signals rather than by a simple in-
crease in signal input. With the combination of
receptors 2B4 and NKG2D, either cross-linked
with Abs or coengaged with target cells coex-
pressing their ligands, synergy was detected at
the level of phosphorylation of PLC-y and the
mitogen-activated protein kinase (MAPK) Erk
(87). Phosphorylation of Vavl, in contrast, oc-
curs after engaging each receptor individually
and is additive after coengagement of both re-
ceptors. Vavl is required for natural cytotox-
icity induced by coactivation receptors. The
requirement for receptor synergy in this Vavl-
dependent pathway is due to inhibition by the
ubiquitin ligase ¢-Cbl, which is overcome by
signals from two synergistic receptors, such as
2B4 with NKG2D or 2B4 with DNAM-1 (87).

The additive rather than synergistic phos-
phorylation of Vavl after coengagement of
2B4 with either NKG2D or DNAM-1 sug-
gests either a requirement for a threshold
of activated Vavl or a complementation of
different pools of Vavl. Experimental results
support the latter, as synergy involves the selec-
tive phosphorylation of two tyrosine residues
on the adaptor molecule SLP-76 (88). SLP-
76 is required for the synergistic activation
of human NK cells by 2B4 paired with ei-
ther NKG2D or DNAM-1 (88). In mouse NK
cells, SLP-76 is also required for NKG2D-
dependent activation, but less so for killing of
the sensitive YAC-1 target cells (89, 90), per-
haps due to redundant signaling pathways in-
duced by YAC-1 cells. Two tyrosines in SLP-
76, at positions 113 and 128, are phosphory-
lated in T cells after stimulation through the
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TCR (91) or in NK cells stimulated by CD16.
In contrast, 2B4 signaling leads to preferential
phosphorylation at Tyr113, and NKG2D sig-
nals for phosphorylation at Tyr128 (Figure 2).
Each one of these two phosphotyrosines (pY)
can bind Vavl and the adaptor Nck. Vavl
and Nck also bind each other, such that
a (Vavl),:(Nck),:SLP-76 stoichiometric com-
plex can be formed (92). The dependence of
synergistic activation on complementary phos-
phorylation of two tyrosines in SLP-76 is fur-
ther supported by the synergistic combination
of activation through 2B4 and DNAM-1. En-
gagement of DNAM-1, which does not syner-
gize with NKG2D, results in phosphorylation
at the same Tyr128 (88). How recruitment of
two Vavl molecules by one SLP-76 molecule
or complementation of separate Vavl-pY113-
SLP-76 and Vavl-pY128-SLP-76 complexes
results in synergistic signaling is not known.
Transactivation of adjacent Vavl molecules or
the protection of (Vavl),—SLP-76 complexes
from c-Cbl-dependent ubiquitylation are pos-
sibilities (Figure 2).

Uncoupling of Signals
for Degranulation and
Granule Polarization

Target cells are killed by NK cells as a result of
polarized release of the contents of lytic gran-
ules at the immunological synapse. At least two
important steps are required for cytotoxicity:
() movement of the microtubule organizing
center (MTOC) and MTOC-associated gran-
ules toward the site at the plasma membrane
that is in contact with target cells (polariza-
tion) and (b) fusion of the granules with the
plasma membrane (degranulation). In resting
NK cells, ADCC induced by CD16 and syn-
ergistic signals induced by coactivation recep-
tors in the absence of LFA-1 engagement pro-
mote degranulation but not polarization (16,
17, 87). Conversely, LFA-1 binding to ICAM-1
induces granule polarization but not degranu-
lation (15, 16). Autonomous signaling by LFA-
1 is a unique feature of NK cells, as integrins
generally depend on inside-out signaling by
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other receptors to become activated. In mouse
NK cells signals for granule polarization re-
quire coligation of LFA-1 and NKG2D (93). In
IL-2-activated NK cells signaling requirements
for granule polarization are less stringent: Both
NKG2D and LFA-1 can signal on their own
for granule polarization (94). The strict com-
plementation of signals for granule polarization
and degranulation that is required for cytotox-
icity by resting NK cells provides a safeguard
against unrestrained NK cytotoxicity.

Signal Integration at
Immunological Synapses

Each of the two processes, granule polarization
and degranulation, involves multiple inter-
mediate steps (10), such as dynein-dependent
transport of granules to the MTOC, docking
of the MTOC at the plasma membrane,
docking and priming of granules at the plasma
membrane, and fusion of granules with the
plasma membrane (95-99). NK cells are very
well suited as a system to study cytotoxic
immunological synapses. Unlike work with
T cells, work with NK cells does not require
isolation of antigen-specific clones or gener-
ation of transgenic mice expressing a single
antigen-specific TCR. NK cells also have
some properties that are unique from T cells.
For example, weak TCR signals in CTLs are
sufficient to promote movement of the MTOC
to the synapse but not to efficiently recruit
granules to the MTOC (100). In contrast,
movement of granules to the MTOC in NK
cells is a fast, dynein-dependent, and actin-
independent process that precedes movement
of the MTOC toward the synapse (95).

The small Rho family GTPase Cdc42 is a
key control element in cell polarity (101). Dur-
ing NK cell-target cell interaction, Cdc42 is
activated and its activity oscillates, as shown
with a biosensor for GTP-bound Cdc42 (102).
The p85 subunit of PI3K is required for Cdc42
activation, for the periodicity of Cdc42 oscil-
lation, and for MTOC polarization, suggest-
ing that Cdc42 oscillation contributes to gran-
ule polarization at cytotoxic synapses (102).

2B4 CD16 NKG2D DNAM-1
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Figure 2

A molecular basis for synergistic activation through pairs of coactivation
receptors on NK cells. Cytotoxicity and secretion by primary, resting NK cells
require synergistic signals from two coactivation receptors, such as 2B4 and
NKG2D or 2B4 and DNAM-1. This synergy is required to overcome
inhibition by the ubiquitin ligase c-Cbl of a Vavl-dependent activation
pathway. Stimulation through 2B4 results in a Fyn-dependent,
Syk-independent, selective phosphorylation of Tyr113 but not Tyr128 in the
adaptor protein SLP-76. Conversely, stimulation through NKG2D or
DNAM-1 results in selective, Syk-independent phosphorylation of Tyr128 but
not Tyr113 in SLP-76. In contrast, stimulation by the Fcy receptor CD16
results in Syk-dependent phosphorylation of both Tyr113 and Tyr128, as is the
case after T cell receptor signaling in T cells. CD16 signals are sufficient to
induce degranulation and secretion. Abbreviation: pY, phosphotyrosine.

Downstream of activated Cdc42, the Cdc42-
interacting protein-4 (CIP4), which binds to
microtubules, is required for MTOC polariza-
tion and cytotoxicity but not for F-actin accu-
mulation (103).
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A late step in cytotoxicity is the movement
of lytic granules through the cortical actin
cytoskeleton toward the plasma membrane,
and this step is myosin ITA dependent (104,
105). High-resolution microscopy has revealed
that NK cytotoxic synapses are not depleted
of F-actin but that the remaining F-actin
network includes a few openings just wide
enough to allow passage of lytic granules,
which are about 250-500 nm in diameter (106,
107). The precise signals that control each
of the steps that guide granules first along
microtubules toward the MTOC and then
from microtubules across an F-actin layer to
the plasma membrane are not known.

Degranulation by NK cells can be trig-
gered by CD16 alone or by synergy of coac-
tivation receptors (16, 17, 108). It depends
on the participation of many proteins, some
of which have been tested directly for their
role in NK cell degranulation. These include
syntaxin 11, which is mutated in FHL4 pa-
tients (109, 110), dynamin 2 (111), and the two
soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) proteins
VAMP4 and VAMP7 (112). VAMP7, but not
VAMP4, is also involved in IFN-y secretion
(112). The proteins Rab27a, which is mutated
in Griscelli syndrome type 2, and Muncl3-
4, which is mutated in FHL3, are required
for a late step in granule docking and fusion
in cytotoxic lymphocytes (113). Recruitment
of these two molecules to perforin-containing
granules in NK cells is controlled by different
signals. LFA-1, NKG2D, and 2B4 each signal
for Rab27arecruitment, whereas CD16 induces
Rab27a-dependent recruitment of Muncl3-4
to perforin compartments (99). How these sig-
nals are properly coordinated for functional cel-
lular cytotoxicity is not known.

The noncytolytic immunological synapse
between NK cells and DCs has unique proper-
ties. NK-DC conjugates are stable, and F-actin
accumulated at the synapse in the DC promotes
clustering of MHC-I and protection from ly-
sis by the NK cell (114). These properties may
promote stimulation of NK cells by DCs in the
absence of cytotoxicity (115).

Long et al.

A Central Role for 3, Integrin

NK cells provide a unique opportunity to ex-
amine the signaling properties of an integrin in
the absence of inside-out signals. In primary T
cells, the 3, integrin LFA-1 remains in a closed
conformation unless the TCR or a chemokine
receptor transmits inside-out signals that trig-
ger an extended conformation (116). Because
LFA-1 does not signal onits own in T cells, it is
not possible to dissect the relative contributions
of TCR and LFA-1 signals to T cell responses.
In primary CTLs, TCR signals induce a
partial polarization of lytic granules toward the
synapse. LFA-1 does not bind to ICAM-1 on
its own and does not signal in the absence of
TCR engagement. However, the combination
of both TCR and LFA-1 signals results in
efficient granule polarization (117). This means
either that TCR transmits inside-out signals to
LFA-1, which then facilitates TCR-dependent
granule polarization by promoting adhesion,
or that TCR provides only inside-out signals
and the polarization is controlled mainly by
LFA-1. These two interpretations cannot be
distinguished in T cells. Because inside-out
signaling by other receptors for the binding of
LFA-1 to ICAM-1 is not required in NK cells,
one can examine the outcome of signaling
by LFA-1 alone (15). [In NK cells, LFA-1
provides its own inside-out signal, which pro-
motes a signal-dependent increase in binding
of NK cells to ICAM-1 (118).] LFA-1 binding
to purified ICAM-1 on beads or to ICAM-1
expressed on insect cells is sufficient to induce
granule polarization (15, 16).

Santoni and colleagues (119, 120) have
shown that B; and f, integrins in NK cells
initiate signals that lead to phosphorylation of
the kinase Pyk2 and its association with the
scaffold protein paxillin. Pyk?2 is required for
the reorientation of the MTOC and paxillin in
NK cells that are in contact with sensitive tar-
getcells (121). Studies of T cell immunological
synapses have shown that paxillin is bound to
the MTOC and that the combined signals from
LFA-1 and TCR result in paxillin recruitment
to the site of integrin engagement (122). This
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is consistent with the role of paxillin in the
LFA-1-dependent polarization of granules in
NK cells (123).

Binding of LFA-1 on NK cells to purified
ICAM-1 results in tyrosine phosphorylation of
several molecules, including PLC-y and Syk,
that are also phosphorylated downstream of
the ITAM-dependentsignaling by CD16 (123).
"This is surprising, considering that LFA-1 does
not induce Ca** mobilization and that CD16
does not induce polarization. How the signal-
ing pathways diverge downstream of CD16 and
LFA-1, with one leading to degranulation and
the other to polarization, is not known. In this
respect, NK cells are also different from neu-
trophils, in which {3, integrin couples to ITAM-
bearing subunits to signal for Ca’* mobilization
and degranulation (124, 125). It is not known
how (3, integrins signal through ITAM-bearing
DAP12 or FcR vy chain in neutrophils.

The requirements for granule polarization
differ in mouse NK cells. Binding of ICAM-
1-coated beads to mouse NK cells is sufficient
to induce actin cytoskeletal reorganization but
not polarization of lytic granules. Granule po-
larization in mouse NK cells requires signal-
ing induced by ICAM-1 and coligated NKG2D
(93). Talin, which is associated with the cy-
toplasmic tail of LFA-1 and is required for
inside-out signaling, is also required for LFA-1
outside-in signaling for polarization (93). Talin
contributes to LFA-1 signaling in two ways:
by recruitment of the Arp2/3 actin nucleat-
ing complex through vinculin and by associa-
tion with phosphatidylinositol 4-phosphate 5-
kinase (126). Binding of ICAM-1-coated beads
to LFA-1 is sufficient to induce an increase
in PI-4,5-phosphate (PIP,) and recruit the
Wiskott-Aldrich syndrome protein (WASp),
which initiates Arp2/3-dependent actin poly-
merization (126).

Another critical role of LFA-1 in NK cells
is in the organization of the cytotoxic im-
munological synapse. ICAM-1 is required for
the formation of organized natural cytotoxicity
synapses, including a peripheral ring of ICAM-
1 around a central region where the CD48 lig-
and of 2B4 accumulates, as observed with arti-

ficial lipid bilayers carrying ligands for NK re-
ceptors (108). ICAM-1 is also required for the
formation of a stable central zone at the synapse
where active membrane internalization occurs
and where exocytosed lysosome-associated pro-
tein 1 (LAMP-1) molecules are retrieved into an
endocytic compartment, presumably for the re-
cycling of lytic granule membranes (108). The
unique ability of LFA-1 to signal on its own in
NK cells has revealed a much greater signal-
ing capability of this integrin than previously
appreciated.

SIGNALS INDUCED BY
SOLUBLE FACTORS

As circulating lymphocytes, NK cells are ex-
posed to many different types of soluble
activators—including chemokines, cytokines,
and interferons—that control their survival,
proliferation, and migration as well as their
own production of soluble factors (Figure 1).
Signaling by the receptors for these soluble
molecules has been studied extensively in many
cells, including NK cells, and falls beyond the
scope of this review. A few aspects of this signal-
ing that relate to unique properties of NK cells
are highlighted. First among them is that stim-
ulation of NK cells by purely soluble molecules
is not subject to the inhibition mediated by NK
receptors that bind to MHC-I on other cells
(Figure 1). This is because inhibition operates
within the context of immunological synapses,
blocks signaling by coclustered activation re-
ceptors, and does not render NK cells unre-
sponsive to other stimuli (see Dominant Inhi-
bition, below).

An interesting exception may be the stimu-
lation of NK cells by IL-15, a cytokine essential
for NK survival. IL-15 is not released as a free
cytokine but is bound to the « chain of the IL-
15 receptor (IL-15Re) and is trans-presented
by cells expressing the IL-15Ra-IL-15 com-
plex at their surface to the intermediate-affinity
By. (CD122/CD132) receptor on T cells and
NK cells (127-130). NK cells do not need to
express either IL-15R« or IL-15 as long as
other cells, such as DCs, express IL-15Ro and
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trans-present IL-15. Therefore, stimulation of
NK cells by IL-15 trans-presentation, which
occurs in the context of cell-cell contacts
(Figure 1), is potentially subject to control by
other receptor-ligand interactions, including
signals from inhibitory receptors.

Stimulation of NK cells by type I IFN has
interesting properties. Typically, type ITFN re-
ceptors signal through Statl and Stat2 to in-
duce a cytolytic program. However, NK cells
express a high basal amount of Stat4 that sig-
nals for IFN-y secretion in response to type
I IFN (131). Thus NK cells are prewired to
produce Stat4-dependent IFN-y before grad-
ually switching to Statl-dependent expression
of genes required for cytolytic function (131).

Sphingosine-1-phosphate (S1P) is an im-
portant mediator of lymphocyte trafficking out
of lymphoid tissues. S1P binds to the three Gai-
coupled receptors S1IPR1, SIPR3, and SIPRS
(132). T cell egress from lymph nodes is con-
trolled by S1P binding to S1PRI, which is
subject to desensitization through internaliza-
tion after ligand binding. NK cells rely on a
high expression of SIPRS, which is not subject
to ligand-dependent desensitization, to detect
S1P. SIPRS is essential for NK cell migration;
NK cells accumulate in the bone marrow and
lymph nodes in its absence (133, 134). SIPRS
is also resistant to downregulation mediated by
CD69 (132). Thus, NK cells use a dedicated
S1P receptor that promotes more rapid and ef-
ficient emigration from lymphoid tissue than
does the SIP receptor used by T cells.

Signaling Requirements for NK
Cell Priming and for Innate and
Adaptive Memory

NK cells in mice kept in pathogen-free condi-
tions require priming to mount functional re-
sponses to viruses and parasites. Priming for
responses to viruses depends on IL-15 trans-
presentation by plasmacytoid DCs that receive
signals from type I IFN (135). Priming for NK
responses to the parasite Leishmania requires
IL-12 production by myeloid DCs (136). A
proportion of NK cells isolated from human

Long et al.

blood behave as primed cells, presumably due
to priming by exposure to environmental mi-
crobes. NK cells in mice captured in the wild
are also primed (137). The signaling require-
ments for priming and the exact state that de-
fines NK cells as primed are not clear. Identifi-
cation of markers or a transcriptional signature
would facilitate their analysis.

NK cells can display memory-like func-
tions after ex vivo stimulation with cytokines
and transfer into naive mice (138, 139). This
form of conditioning results in enhanced IFN-
v production but not cytotoxicity after restim-
ulation. The changes in signaling that under-
lie this property have not yet been defined.
Mouse NK cells exhibit innate memory prop-
erties after infection with MCMYV and vaccinia
virus (140, 141). Ly49H* NK cells in C57BL/6
mice are activated by the MCMV-encoded
protein m157 expressed on infected cells (35,
37). Ly49H signals through the ITAM-bearing
protein DAP12. The generation of long-lived
Ly49H" NK cells with enhanced recall re-
sponse to MCMYV is dependent on IL-12 but
not IFN-y (142, 143), which may be related to
the cytokine-dependent memory-like NK cell
responses (138). Finally, NK cells are also ca-
pable of mounting RAG-independent yet adap-
tive memory-like responses to specific haptens
and viral particles (144-146). Transfer of such
memory NK cells into naive mice confers virus-
specific protection from lethal challenge. Per-
sistence of memory requires CXCR6, which is
expressed on hepatic NK cells. The molecular
basis for this type of antigen-specific recogni-
tion and memory is still unknown.

Soluble HLA-G
All NK cells express CD158d (KIR2DL4), an

unusual activation receptor that resides primar-
ily in endosomes (33). Endosomal signaling by
CD158d in response to soluble HLA-G results
in a unique proinflammatory and proangio-
genic response in the absence of cytotoxicity
(147). Such a response would be relevant at sites
of HLA-G expression, such as at the maternal-
fetal interface during early pregnancy, which
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is characterized by an abundance of NK cells
in the uterus, invasion of fetal trophoblast
cells, and extensive vascular remodeling (13).
Soluble HLA-G added to primary NK cells
freshly isolated from human peripheral blood
accumulates in the same endosomes where
CD158d resides (147). Signaling from endo-
somes has recently emerged as a mechanism
by which selected receptors provide sustained
signals that are distinct from those generated
at the cell surface. The signaling pathway
triggered by CD158d in endosomes is distinct
from the pathways utilized by endosomal
TLRs and internalized growth factor receptors
(33). The kinase activity of DNA-PKcs, a
DNA damage signaling kinase, is required
for CD158d signaling and phosphorylates Akt
at serine 473. A CD158d-DNA-PKcs-Akt
signaling axis culminates in NF-«kB activation
to generate proinflammatory and proangio-
genic mediators (148). This novel mode of
endosomal signaling could initiate sustained
responses with particular relevance to vascular
remodeling in response to fetal HLA-G during
early pregnancy. Thus, interactions between an
NK activation receptor and its soluble ligand
can induce NK cell secretory responses that
would favor implantation and reproductive
success.

DOMINANT INHIBITION

To maintain equilibrium in biological systems,
every biochemical signal must be calibrated by
positive and negative control mechanisms. In
addition to signal strength, the duration and
oscillation of receptor signaling are often criti-
cal parameters that determine biological out-
comes and must be tightly regulated. A spe-
cific type of negative regulation, distinct from
negative feedback, occurs through dedicated in-
hibitory receptors that block activation signals
at an early step, thereby preventing rather than
terminating the intended outcome of activation
(149). Such inhibitory receptors, which carry
ITIM sequences in their cytoplasmic tails, are
members of several receptor families and are
expressed in many cell types (150, 151).

COMMON MISCONCEPTIONS

. NKG2D and NKp46, commonly thought to be the major NK

activating receptors, are not sufficient on their own to activate
degranulation by primary, resting NK cells. Unlike T cells,
NK cells do not have a single activation receptor but rather
have coactivation receptors that act synergistically. Receptors
previously considered costimulatory, such as 2B4 and DNAM-
1, are also coactivation receptors.

. Paired sets of activating and inhibitory receptors are not

linked functionally, with the I'TIM serving as inhibitor of the
paired ITAM. Rather, ITIM-based inhibition is independent
of I'TAMs and blocks many types of activation signals.

. There is no peptide specificity in the recognition of HLA by

KIR—only peptide selectivity based on discrimination against
unfavorable peptide sequences. Moreover, due to HLA poly-
morphism and the germ line-encoded KIR repertoire, NK
cells cannot discriminate between self-peptides and viral pep-
tides.

. CDS56%™ NK cells are not poor cytokine producers. Capable

of robust secretory responses, they respond better to cell sur-
face ligands, whereas CD56¢™ cells respond better to soluble
factors.

. KIR2DL4 is not an inhibitory receptor, and primary NK cells

are not globally inhibited by HLA-G. KIR2DL4 is an acti-
vation receptor for soluble HLA-G and induces a secretory
response in all NK cells.

The concept and existence of the I'TIM was
first established with FcyRIIb, which inhibits B
cell receptor signaling by recruiting the inositol
phosphatase SHIP when coligated through
binding of IgG immune complexes (150,
152). However, the majority of ITIM-bearing
receptors bind the tyrosine phosphatases SHP-
1 and SHP-2. The precise ITIM sequence
that provides specific binding sites for SHP-1
is V/IxYxxL/V (in single-letter amino acid
code, with x indicating nonconserved positions
and, e.g., V/I indicating either valine or
isoleucine), as determined with the first func-
tional characterization of an inhibitory KIR
(153). Two ITIMs, separated by ~25 amino
acids, in the cytoplasmic tails of inhibitory
receptors provide a specific binding site for
the tandem SH2 domains of SHP-1 or SHP-2
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(153-155). The N-terminal cytoplasmic tails
of the lectin-like Ly49 inhibitory receptors
for MHC-I in the mouse carry a single ITIM.
But as a covalent homodimer, each Ly49
receptor complex has two ITIMs. In contrast
to inhibitory signaling by FcyRIIb, inhibition
by KIR requires recruitment of SHP-1 or
SHP-2 but not SHIP (153, 156).

The identification of the I'TIM sequence
led to the correct prediction that other ITIM-
bearing receptors, including molecules of pre-
viously unknown function such as NKG2A,
would have inhibitory functions. I'TIM-bearing
receptors have turned out to be widespread and
to regulate many cellular functions in different
types of cells (150, 151, 157). In the case of NK
cells, MHC-I-specific, ITIM-bearing receptors
have a prominentrole in controlling cellular re-
activity. Their characterization has led to the
delineation of a conserved I'TIM sequence and
the discovery of many other receptors with sim-
ilar inhibitory signaling properties.

ITIM-Bearing Inhibitory Receptors

As I'TIM-based inhibition is dominant over ac-
tivation signals from receptors bound to ligands
displayed on target cells, NK cell responses are
not the outcome of a simple balance of activa-
tion and inhibition signals. Rather, they involve
a complex integration and hierarchy of signals.
Recruitment of SHP-1 by MHC-I-specific,
ITIM-bearing receptors blocks signaling at
a proximal step, such that most downstream
signals are prevented from occurring at all, as
opposed to being switched off (151). The only
SHP-1 substrate identified directly during inhi-
bition of NK cellsis Vavl; it was identified using
a KIR-SHP-1 fusion protein that included a
substrate-trapping mutation in SHP-1 (158,
159). These experiments demonstrated that in-
hibition of NK cell lines by KIR-SHP-1 bound
to HLA-C on target cells was mainly through
dephosphorylation of Vavl. These and other
data led to a new model for inhibition: I'TIM-
bearing receptors block NK cell activation
upstream of actin-dependent signals, including
signals required for the recruitment and
phosphorylation of activation receptors (151).

Long et al.

Live imaging of nascent inhibitory recep-
tor microclusters, stimulated synchronously by
photoactivation of an HLA-C—peptide com-
plex, supported this model (160). Inhibitory
receptor microclusters formed within seconds
and suppressed the formation of activating re-
ceptor microclusters, concomitant with a col-
lapse of the peripheral F-actin network and
retraction of the NK cell synaptic footprint
(160).

Atwhat points are activation signals blocked
by coengagementofinhibitory receptors? LFA-
1-dependent adhesion of resting NK cells to
target cells expressing ICAM-1 is enhanced
by inside-out signals delivered by any one
of several coactivation receptors (17, 118).
Signals as proximal as inside-out signals are
blocked by coengagement of inhibitory recep-
tor CD94-NKG2A by HLA-E on target cells
(17). Outside-in signals delivered by LFA-1 are
also blocked by inhibitory receptors (15). Nat-
ural cytotoxicity requires the combination of
signals for granule polarization and signals for
granule fusion with the plasma membrane. Ex-
periments with reconstituted target cells ex-
pressing different ligands of NK activation re-
ceptors have shown that LFA-1-dependent and
NKG2D-dependent granule polarization are
more easily inhibited than degranulation in-
duced by ADCC (Table 1) (94). However, in-
teraction of NK cells with human target cells
expressing MHC-I ligands of inhibitory recep-
tors results in complete inhibition of polariza-
tion and degranulation (94). This suggests that
inhibition may be facilitated by other receptor-
ligand interactions.

Inhibitory signals block activation at a very
proximal point, upstream of inside-out signals
to, and outside-in signals by, LFA-1 and up-
stream of actin-dependent signals for receptor
recruitment and phosphorylation (151, 160).
This may explain how inhibition dominates
over most activation signals. Rather than turn-
ing activation signals off, inhibitory receptors
prevent activation signals from occurring in the
first place.

An intriguing exception to the domi-
nance of inhibition over activation—other than
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Table 1 Activation and inhibition of primary NK cell responses by ligands on insect S2 cells

Receptor (Ligand) Degranulation Polarization Killing Reference(s)
NKG2D (ULBPI) No No No 17, 87

2B4 (CD48) No No No 17,87
NKG2D + 2B4 Yes? No No 17, 87

LFA-1 (ICAM-1) No Yes® No 15, 16,94, 123
NKG2D + 2B4 + LFA-1 Yes Yes Yes 17

CD16 (anti-S2 IgG) Yes No No 16,17

CD16 + LFA-1 Yes Yes Yes 16, 94
NKG2D + 2B4 + IR® (HLA-E) No 17, 87

LFA-1 + IR (HLA-C, HLA-E) No 94

CD16 + IR (HLA-E) Less 17

CD16 + LFA-1 + IR (HLA-C, Yes Lessd

HLA-E)

*Green shading indicates activation; red shading indicates inhibition.
YIn mouse NK cells, polarization requires coengagement of LFA-1 with NKG2D (93).

¢Inhibitory receptor (KIR and/or CD94-NKG2A).

dTested with NK clones; some clones were partially inhibited.

during activation by soluble molecules—
may occur with the chemokine receptor for
fractalkine (CX3CL1), a chemokine that exists
as a transmembrane protein on DCs. CX3CR1
not only transmits signals in the presence of
coengaged inhibitory receptors but also over-
comes the inhibition of other NK activation sig-
nals (161). The basis for this unusual property
is not known.

The consequence of inhibitory receptor
engagement may differ between effector and
memory T cells. KIR" CTL clones isolated
from tumor-infiltrating lymphocytes were in-
hibited by HLA-C ligand on tumor target
cells (162). Early signals, such as phosphory-
lation of ZAP-70 and Vavl, TCR accumula-
tion at the synapse, and actin rearrangement
were all blocked, much like during inhibition
of NK cells by HLA-C* target cells. In con-
trast, in KIRT memory T cells stimulated with
superantigen, engagement of inhibitory KIR by
HLA-C did not block adhesion, early Ca** sig-
nals, and degranulation (163). Inhibitory recep-
tor movement to the center of the synapse was
delayed by 15 to 30 min, and only later signals,
including the transcriptional response, were in-
hibited (163). Thus, the outcome of inhibitory
KIR engagement on memory T cells may be

very different from the inhibition of proximal
signals by KIR in CTLs and NK cells.

Another property of inhibitory KIR that
may be unique to T cells was observed af-
ter transfection of KIR into CD4* T cells.
Surprisingly, CD4* T cells expressing KIR
in the absence of its HLA-C ligand mounted
stronger 'T'CR-dependent IL-2 responses
(164). Even in the absence of ligand, the
KIR ITIM sequences were phosphorylated
and bound to SHP-2. Immunological synapses
formed in the presence of an HLA-C ligand
accumulated phosphorylated KIR, recruited
SHP-1, and blocked IL-2 production. The
basis for the costimulatory property of a
functional inhibitory KIR that is expressed
on T cells but not ligated is still unknown.
There is undoubtedly much more to discover
about the properties of inhibitory receptors
for MHC-I on non-NK cells, and about the
specific signaling properties of the many other
ITIM-bearing receptors.

A Signal Transmitted Directly by
Inhibitory Receptors

Inhibitory receptors do not block NK cells on
their own, in the absence of activation signals,
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Figure 3

Two components of negative signaling by inhibitory receptors for MHC-I.
Signaling by activation receptors (b/ue) requires the adaptor molecule Crk, actin
polymerization, and phosphorylation of the guanine nucleotide exchange factor
Vavl. Recruitment of tyrosine phosphatase SHP-1 by phosphorylated I'TIMs
in the cytoplasmic tail of inhibitory receptors (red) results in Vavl
dephosphorylation. In addition, inhibitory receptors induce Crk
phosphorylation by the tyrosine kinase c-Abl. Phosphorylated Crk dissociates
from cytoskeletal signaling complexes that include the scaffold proteins c¢-Cbl,
paxillin, and p130©AS. Abbreviation: ITIM, immunoreceptor tyrosine-based
inhibition motif.

but they have the capacity to block activation
signals delivered by different types of activation
receptors. Inhibition is effective only locally
and blocks signaling by coclustered activation
receptors without impairing NK cell responses
to other stimuli (165, 166). These properties
led to the appropriate term coinhibition to
describe the properties of ITIM-bearing
receptors (167).
Recent work has revealed that ITIM-
bearing receptors can, in fact, signal indepen-
dently. During inhibition of NK cells by MHC-
I expressed on target cells, the small adaptor
molecule Crk becomes phosphorylated and
associates with the tyrosine kinase c-Abl (159).
Crk links C3G, a GEF for the GTPase Rapl,
with scaffold proteins in the cytoskeleton (168).
As a result of phosphorylation, Crk dissociates
Coinhibition from c-Cbl-Crk-C3G and p130“*S-Crk-C3G
receptor: receptor complexes (168). Crk phosphorylation may
irhtsa;»izegioi;iigb?i O%  contribute to inhibidon of NK cells (159).
signals from activation HLA-Eis sufficient to induce Crk phosphoryla-
receptors tionin NKG2A* NK cells, as shown by imaging

NK cells over lipid bilayers carrying HLA-E
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only (169). Crk is required for signaling by
CD16and for the movement of microclusters of
CD16 ligands on the lipid bilayer (169). These
data provide evidence that inhibition by CD94-
NKG2A is achieved through two pathways: one
leading to Vavl dephosphorylation by SHP-1
and the other to Crk phosphorylation by c-Abl
(Figure 3). Thus, although ITIM-bearing KIR
and CD94-NKG2A remain coinhibitory re-
ceptors, they also have the property of signaling
autonomously. It is still unknown how c-Abl is
recruited and activated to phosphorylate Crk
in the context of NK cell inhibition.

A combination of quantitative proteomics
and modeling will be required to test how
phosphorylation of Crk is achieved and the
impact it has on the signaling network of
NK cells during activation and inhibition.
Modeling has been applied to investigate
the mechanism by which ITIM-mediated
inhibition is achieved (170-172). It will also
be of interest to examine whether the many
other ITIM-bearing receptors share the ability
to activate c-Abl, and how this property may
affect various cellular functions.

Contribution of HLA-Bound Peptides
to Inhibition

Inhibition resulting from KIR recognition
of MHC-I is influenced by the amino acid
sequence of the peptide bound to MHC-I
(173-176). Although a wide array of peptides
are competent to induce inhibition, recog-
nition by KIR can be impaired by certain
incompatible side chains at positions P7 and
P8 of a nonamer peptide. The Ly49 inhibitory
receptors in mice are structurally very different
from the KIRs. The contribution of peptide
sequences to MHC-I recognition varies among
different members of the Ly49 receptor family
(177,178, 179).

The peptide selectivity exhibited by in-
hibitory KIRs may have functional relevance.
KIR-mediated inhibition of NK cell func-
tion can be relieved by HLA-C-binding pep-
tides that function as antagonists and inter-
fere dominantly with inhibition mediated by
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peptides that strongly support KIR recogni-
tion of MHC-I (180). The molecular basis of
this antagonism, which results in NK cell ac-
tivation, is unknown. Interaction of inhibitory
KIR with an antagonist peptide-loaded HLA-
C may interfere with KIR bound to agonist
peptide-loaded HLA-C at the level of receptor
clustering or inhibitory signaling, or it may de-
liver a signal that counteracts the typical ITIM-
based inhibitory signal (180, 181). Regardless
of the mechanism, peptide antagonism may al-
low NK cells to exploit the peptide selectivity
of their inhibitory receptors to sense alterations
in their environment and favor host responses
to pathogens. In this way, NK cells can po-
tentally respond rapidly to changes in peptide
repertoire, both of self-peptides and of virus- or
tumor-derived peptides generated during viral
infections or in cancer. However, due to the ex-
tensive polymorphism of HLA ligands for the
germ line—encoded KIR, NK cells cannot dis-
criminate between self-peptides and non-self-
peptides. But this unexpected peptide antago-
nism, which overrides inhibition, could favor
the host if new peptides bound to HLA-C dur-
ing viral infection include antagonist peptides.
It will be interesting to investigate whether
such a mechanism is responsible for the KIR-
associated selection of HIV variants in chroni-
cally infected individuals, as is the case for the
selection of HIV escape mutants in epitopes of
virus-specific T cells (182, 183).

INHIBITORY RECEPTORS
DETERMINE NK CELL
RESPONSIVENESS

The original concept of “missing self” (184) was
challenged when the first 3,-microglobulin-
deficient mice were generated. In those mice,
despite the near absence of cell surface MHC-
I, NK cells still exist and appear normal but do
notkill autologous MHC-I-deficient cells (185,
186). The killing of MHC-I-negative cells by
wild-type NK cells had led to the missing self
hypothesis, but a new concept was required to
explain the self-tolerance of NK cells in an en-
vironment devoid of MHC-I. Recent findings

have shown that NK cells adapt to the MHC-
I environment and are hyporesponsive in the
absence of MHC-I or of inhibitory receptor
on NK cells (5, 187). This adaptation may be
similar to that of chronically stimulated lym-
phocytes, except that NK cells are stimulated
mainly in the absence of MHC-I. The adapt-
able lymphocyte hypothesis of Grossman and
Paul states that “immune responses are elicited
by fast increases in antigen. . .and are both tran-
sient and aggressive” (188). In contrast, sus-
tained or frequent exposure to antigen raises
the activation threshold of lymphocytes. Their
tunable activation threshold model (188) can be
applied to explain the adaptation of NK cells to
the absence of MHC-I, which leads to sustained
activation, and how NK cells detect the loss,
but not the absence, of MHC-I (Figure 4). A
similar model, called disarming, has been pro-
posed to explain how NK cells devoid of an in-
hibitory receptor for self-MHC are unrespon-
sive, even in the presence of MHC-I (Figure 4)
(187, 189).

NK Cells Adapt to the
MHC-I Environment

The intrinsic responsiveness of NK cells to ac-
tivation stimuli is determined by the interaction
of inhibitory receptors with MHC-I in a way
that is dependent on the ITIM (5). NK cells
thatlack I'TIM-bearing inhibitory receptors for
self-MHC-I and NK cells from hosts that lack
MHC-I ligands for I'TIM-bearing inhibitory
receptors have a reduced responsiveness to
activation signals, such as cross-linking of an
activation receptor or stimulation by sensitive
target cells (5, 187, 190, 191). These results led
to two models. The first, disarming, proposes
that in the absence of inhibition, continuous
stimulation of NK cells leads to a state of
unresponsiveness (also referred to as hypore-
sponsiveness) (189). The disarming model
is simple, as it requires only that inhibitory
receptors do their job: namely, inhibit NK
cells in the presence of MHC-I ligands. The
second model proposes that inhibitory recep-
tors provide an I'TIM-dependent instructive
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NK cells detect the loss but not the absence of MHC-I. In the absence of self-MHC-I (/ef?), inhibitory
receptors on NK cells are not engaged and NK cells remain unresponsive. In the presence of MHC-I,
inhibitory receptors such as KIR deliver an inhibitory signal that prevents disarming and/or a signal that
renders NK cells responsive (i.e., arming). The two options are not mutually exclusive and have the same
outcome: NK cells become licensed by either maintaining or acquiring responsiveness, and they can kill
target cells. NK cells that lack inhibitory receptors for self-MHC-I (right) are not licensed. Licensing is a
calibrated process that provides quantitative tuning of NK cell responsiveness. For clarity, receptor-ligand
combinations for activation are not shown. Abbreviation: KIR, killer cell immunoglobulin-like receptor.

signal to the NK cells that renders them
responsive (192). The term licensing, used to
describe the property of inhibitory receptors
for self-MHC that renders NK cells responsive
(5), was interpreted sometimes as representing
the second model, which is also known as
arming (189). Licensing is now understood to
encompass any process by which NK cells that
receive signals through inhibitory receptors
for self-MHC-I become responsive (193). The
hyporesponsiveness of NK cells due to the lack
of ITIM-dependent signaling can be partially
overcome by cytokines (5). Therefore, the lack
of licensing may not be a handicap for NK cell
responses during inflammation, as shown in
the response to MCMYV infection (194, 195).

Long et al.

Importantly, the arming and disarming
models are not mutually exclusive. Evidence
for disarming comes from early experiments
with transgenic mice that have mosaic expres-
sion of MHC-I and from cell transfers into
mice (196, 197). If NK cells exposed to an
environment with mixed MHC-I-positive and
MHC-I-negative cells do not reject MHC-I-
deficient cells, arming cannot be the sole or
dominant mechanism to develop responsive-
ness (198). Also consistent with disarming, NK
cell transfers into transgenic mice that express
m157, an MCMV-encoded ligand for activa-
tion receptor Ly49H, resulted in reduced NK
cell responsiveness despite normal expression
of MHC-I and inhibitory receptors (199, 200).
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NK cells may even be subject to disarming in
wild-type mice. A defective mutant of activa-
tion receptor NKp46 results in NK cell hyper-
activity, suggesting that signaling by wild-type
NKp46 may partially disarm NK cells (201).
Downregulation of NK cell responsiveness in
the presence of MHC-I could be explained if a
stronger inhibition is required to promote arm-
ing than to block responses of licensed NK cells.
Indeed, licensing requires stronger inhibitory
signals than MHC-I-dependent inhibition of
target cell killing, consistent with an arming
mechanism (202).

Conversely, responsiveness can be restored
to unresponsive NK cells via transfer from
MHC-I-deficient mice into MHC-I* hosts.
Responsiveness is acquired independently of
maturation, cell division, and MHC-I expres-
sion by NK cells, consistent with either arming
or absence of disarming (203, 204).

The arming model proposes that licensing
is achieved by an I'TIM-dependent signal that
is distinct from the dephosphorylation by ty-
rosine phosphatases SHP-1 or SHP-2 of sub-
strates such as Vavl (192, 198). ITIM-bearing
KIR and CD94-NKG2A are capable of deliver-
ing such a signal. During inhibition of NK cells
by an inhibitory receptor bound to MHC-I on
target cells, the small adaptor molecule Crk be-
comes phosphorylated, associates with the ki-
nase c-Abl, and dissociates from signaling com-
plexes (159). Furthermore, CD94-NKG2A can
deliver this signal autonomously, as binding
to HLA-E attached to artificial lipid bilay-
ers is sufficient to induce phosphorylation of
Crk (169).

Irrespective of the mechanism(s) for licens-
ing, NK cell responsiveness is calibrated by a
dynamic process according to the strength of
inhibitory signals received (191, 205, 206). A
rheostat model has been proposed to account
for the quantitative tuning of NK cell respon-
siveness (198,206, 207). NK cells adapt contin-
uously to the MHC-I environment and are ac-
tivated to kill only by the sudden loss of MHC-I
on target cells, as may occur during viral infec-
tions or cell transformation (Figure 4).

A Revocable License

What is the molecular basis of licensing (also
referred to as education or tuning), and how
different are licensed and unlicensed NK cells?
The transcriptional signatures in three sets of
licensed and unlicensed NK cells have revealed
very little difference (208). One comparison
was between NK cells in wild-type and f3,-
microglobulin-deficient mice; the second be-
tween wild-type mice and mice lacking the H-
2D and H-2K MHC-I genes; and the third be-
tween MHC-I-negative mice and mice in which
NK licensing was provided by transgenic coex-
pression of human HLA-Cw3 and KIR2DL3
(208). Although 45 to 430 genes were differen-
tially regulated within each set, only one gene
was upregulated in licensed NK cells across
all three independent sets: K/rz6, which codes
for the inhibitory receptor Ly49F (208). If NK
cell licensing were determined by a selection
process during development, by a distinct cell
fate, by a functional maturation step, or by
something similar to T cell anergy, a transcrip-
tional signature should have been apparent.
Therefore, the tuning of NK cell responsive-
ness is more likely set by transient signals, which
could also explain the reversibility of licens-
ing. Whether changes in the phosphorylation
status of Crk mediated by I'TIM-containing
receptors could account for licensing is not
known, but such changes do suggest an updated
model for licensing, referred to as the revocable
license.

It is important to note that licensing by in-
hibitory receptors renders NK cells more re-
sponsive to subsequent activation signals that
are delivered in the absence of inhibition. It
does notrender NK cells resistant to inhibition.
One of the properties of licensed mouse NK
cells is a reduced confinement of activation re-
ceptors NK1.1 and NKp46 at the plasma mem-
brane, as measured by dynamic fluorescence
correlation spectroscopy (208). Unlicensed, hy-
poresponsive NK cells display actin-dependent
confinement of these receptors. Counterin-
tuitively, the phosphorylation of Crk could
contribute to both inhibition and licensing.
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Because Crk is required for signaling by acti-
vation receptors (169), its inactivation by phos-
phorylation is an efficient way to block NK cell
activation. At the same time, phosphorylation of
Crk and its dissociation from cytoskeletal com-
plexes would disrupt the F-actin network and
reduce the constraintimposed by F-actin on re-
ceptor movement. Upon subsequent activation,
and because of their greater lateral diffusion,
activation receptors would have an enhanced
ability to form signaling microclusters. Shortly
thereafter, in the absence of inhibition, dephos-
phorylated Crk would reassemble into signaling
complexes, the F-actin network would be re-
stored, cytoskeletal constraints would confine
activation receptors, and the activated NK cells
would lose their license for future responses.
Thisrevocable license model could also account
for the rapid and reversible tuning of NK cell
responsiveness. NK cells would keep their li-
cense as long as they remained inhibited and
under control. Once they lostinhibitory control
through activation by MHC-I-negative cells,
their license would be revoked.

CONCLUDING REMARKS

A better understanding of how NK cell re-
sponses are controlled through simultaneous

FUTURE ISSUES

engagement of several germ line—encoded re-
ceptors has begun to emerge and has led to the
formulation of a few basic principles. Multi-
ple checkpoints are in place to avoid uncon-
trolled cytotoxicity and proinflammatory re-
sponses. Pairs of coactivation receptors have
to synergize to overcome negative regulation
by a ubiquitin ligase. The polarization of lytic
granules to the cytotoxic synapse and the fu-
sion of granules with the plasma membrane
are under independent control by complemen-
tary signals. Inhibitory receptors specific for
MHC class I molecules were previously consid-
ered coinhibitory, given their dedicated role in
blocking activation signals. However, through
their inhibitory function, these receptors con-
tribute also to the maintenance of the intrin-
sic responsiveness of NK cells. In addition,
these I'TIM-bearing receptors can deliver an
autonomous signal for the phosphorylation of
an adaptor molecule. Their signaling potential
is thus greater than initially thought, suggest-
ing a new model for the rapid tuning of NK
cell responsiveness. NK cells have again con-
tributed to a deeper understanding of funda-
mental cellular processes and their regulation,
an understanding that is relevant to the I'TIM-
dependent control of many types of cellular re-
sponses in various cell types.

1. What are the signaling properties of the different activating receptors on NK cells, and

how are these signals integrated spatially and temporally?

2. How does the integrin LFA-1 signal for the polarization of lytic granules?
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3. How do signals from multiple receptors combine for the detection of tumor cells, infected
cells, APCs, and activated T cells during immune responses?

4. What is the contribution of non-MHC-specific inhibitory receptors to NK function?
How is the expression of adaptor SAP regulated to balance the activating and inhibitory
properties of the SLAM family of receptors?

5. What s the signaling basis for licensing of NK cells? Are there distinct ITIM-dependent
pathways that lead to inhibition or licensing?

6. What is the basis for the genetic associations that implicate inhibitory receptors and
their MHC-I ligands in disease outcome? Do these associations result from inhibition
of NK cell responses or enhanced licensing by inhibitory receptors to promote greater
NK responsiveness?
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7. What signals are involved in peptide antagonism of inhibitory KIR signaling to prevent

NK cell inhibition? How do viral infections change the balance of agonist and antagonist
peptides?

8. What molecular events control the induction and maintenance of NK cell priming and

NK cell memory?

9. Is there a new genetic system that generates antigen receptor diversity for NK adaptive

immunity to specific haptens and viruses?
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