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Abstract The participation of natural killer (NK) cells in multiple aspects of innate
and adaptive immune responses is supported by the wide array of stimulatory and
inhibitory receptors they bear. Here we review the receptor-ligand interactions and
subsequent signaling events that culminate in NK effector responses. Whereas some
receptor-ligand interactions result in activation of both NK cytotoxicity and cytokine
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production, others have more subtle effects, selectively activating only one pathway
or having distinct context-dependent effects. Recent approaches offer ways to unravel
how the integration of complex signaling networks directs the NK response.

1
Introduction

Natural killer (NK) cells are large granular lymphocytes of the innate im-
mune system. They are widespread throughout the body, being present in
both lymphoid organs and nonlymphoid peripheral tissues (Cooper et al.
2004; Ferlazzo and Munz 2004). NK cells are involved in direct innate immune
reactions against viruses, bacteria, parasites, and other triggers of pathology,
such as malignant transformation, all of which cause stress in affected cells
(Moretta et al. 2002; Raulet 2004). Importantly, NK cells also link the innate
and adaptive immune responses, contributing to the initiation of adaptive im-
mune responses (see chapter by Zitvogel et al., this volume) (Martin-Fontecha
et al. 2004) and executing adaptive responses with the CD16 FcyRIIIA im-
munoglobulin Fc receptor. Such responses are mediated through two major
effector functions, the direct cytolysis of target cells and the production of cy-
tokines and chemokines. We focus here on the nature of recognition events by
NK cells and address how these events are integrated to trigger these distinct
and graded effector functions.

2
Themes of NK Cell Recognition

The dissection of NK cell innate recognition strategies was initiated by the
discovery that NK cell cytotoxicity inversely correlates with the level of major
histocompatibility complex (MHC) class I expression on target cells (Karre
et al. 1986). The missing self hypothesis elegantly provided an explanation for
this phenomenon and led to the discovery of multiple inhibitory receptors
that block activating signals by recruitment of protein tyrosine phosphatases
to their intracytoplasmic immunoreceptor tyrosine-based inhibition motifs
(ITIMs) (Long 1999; Vivier and Daéron 1997). Opposing this inhibitory sig-
naling, innate stimulatory recognition by NK cells can be classified in three
general modes: recognition of constitutively expressed self molecules, recog-
nition of motifs upregulated by stressed cells, and direct recognition of infec-
tious pathogen components (Raulet 2004; Vivier and Malissen 2005). Together,
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the numerous receptors carrying out these functions allow NK cells to dis-
criminate between target and non-target cells (Fig. 1) (Cerwenka and Lanier
2001; Vilches and Parham 2002; Vivier and Biron 2002; Yokoyama 1998). Only
aminority of these receptors, such as the natural cytotoxicity receptors (NCR),
are truly NK cell specific, with many being found on other hematopoietic cells.
The question of how all the signals are integrated from multiple, redundant
and opposing, simultaneously engaged pathways to culminate in graded NK
cell responses, that is, cytotoxicity and/or cytokine production, serves to illus-
trate the complex and dynamically balanced nature of cell activation (Lanier
2003; Vivier et al. 2004).

3
Inhibitory Recognition and Signaling

3.1
Inhibitory Receptors for MHC Class |

Multiple families of receptors in mouse and human recognize MHC class
I products and transmit inhibitory signals when engaged. CD94/NKG2
receptors are heterodimers of C-type lectin type II transmembrane proteins
that recognize the nonclassical MHC class I molecules HLA-E (human
leukocyte antigen-E, in human) and Qa-1° (in mouse) (Borrego et al. 1998;
Braud et al. 1998; Lee et al. 1998; Vance et al. 1998). Of the NKG2 family
members that associate with CD94 (including NKG2A, C, and E), NKG2A
contains ITIMs in its cytoplasmic domain conferring inhibitory function.
Recognition of HLA-E or Qa-1® by CD94/NKG2 requires the presence of
peptides in the peptide binding grooves of these class I molecules. Many of
these peptides are derived from the leader sequences of classical MHC class
I molecules (Braud et al. 1997; Kraft et al. 2000), thus making CD94/NKG2A
a sensor of active MHC class I biosynthesis and presentation. CD94/NKG2
is unique in both its high evolutionary conservation and its means of
recognizing classical MHC class I as a “proxy” sensor.

Members of other NK cell MHC class I receptor families directly bind to
classical MHC class I molecules. In the mouse and rat, NK cell recognition of
subsets of MHC class I allotypes is mediated by members of the Ly49 family
of C-type lectin type II transmembrane proteins. In contrast, human NK cells
use immunoglobulin domain-containing type I transmembrane proteins for
the same function. The immunoglobulin-like transcript 2 (ILT2, or LIR1) re-
ceptor recognizes a broad range of both classical and nonclassical MHC class
I molecules (Chapman et al. 1999; Colonna et al. 1997), whereas members
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Fig. 1 Themes in NK cell recognition and signaling. NK receptors can be classified
according to their recognition of ligands expressed by self cells, stressed cells, or
pathogens. Prototypical receptor-ligand interactions that are described in the text
are shown. Additional ligands are known for a number of the receptors shown. Ef-
fects of these interactions are detailed as inhibitory (-), activating (+), or involved
in adhesion. The motifs used by membrane receptors or associated signaling adap-
tor molecules are shown for each receptor. These serve to illustrate the association
of many NK activating receptors with specialized signaling transmembrane adaptor
proteins that contain ITAMs (immunoreceptor tyrosine-based activation motifs) or
YINM motifs in their cytoplasmic tails. These adaptors form homodimers or het-
erodimers through disulfide bonding and associate with membrane receptors using
charged amino acids in the transmembrane domain (stars; white indicates positive
charge, red indicates negative charge). Other motifs including ITIM (immunoreceptor
tyrosine-based inhibitory motif) and ITSM (immunoreceptor tyrosine-based switch
motif) are found within the cytoplasmic domains of NK receptors. The FcyRIIIA
(CD16) receptor could be classified as recognizing constitutive self, stressed self, or
pathogen-expressed moieties depending on a particular IgG antibody. As IgG antibod-
ies recognizing constitutive self molecules are frequently avoided through processes of
immune tolerance, FcyRIIIA is classified here as recognizing pathogen components.
The figure includes both human and murine molecules that are not always found
in the other species. Other important abbreviations: MHC-I, major histocompatibil-
ity complex class I molecule; MICA, MHC class I chain-related protein A; Influenza
HA: influenza virus hemagglutinin; MCMV, murine cytomegalovirus; TLR, Toll-like
receptor. Direct interaction and inhibitory modulation of NKp30 by pp65 of human
cytomegalovirus has been described (Arnon et al. 2005). Therefore, NKp30 may also
be defined as recognizing pathogen components
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of the killer immunoglobulin-like receptor (KIR) family are much more spe-
cific. Primate KIR show MHC class I allotype specificity and appear to be
functional homologs of rodent Ly49 despite their diverse evolutionary origin.
Hitherto-studied mammalian species segregate into those with an expansion
of KIR genes or Ly49 genes (Parham 2005). An interesting feature of both
KIR and Ly49 recognition of MHC class I is sensitivity to peptides bound in
the MHC class I groove. Many KIR and some Ly49 receptors are sensitive to
peptide changes (Franksson et al. 1999; Hanke et al. 1999; Hansasuta et al.
2004; Peruzzi et al. 1996; Rajagopalan and Long 1997; Zappacosta et al. 1997),
but this sensitivity is far less pronounced and specific than that underpinning
T cell antigen recognition. The different roles of peptide are also reflected
in the binding kinetics of NK and T cell MHC class I receptors. Although
both types of receptor have similar affinities, KIRs have fast on and off rates
with favorable binding entropy whereas T cell receptors (TCR) have slower
kinetics (Maenaka et al. 1999; Vales-Gomez et al. 1998). The slow on rate of
the TCR is relatively peptide independent and may reflect an energetically un-
favorable transition state in which peptide-independent TCR-MHC contacts
are made. Peptide has a large influence on the off rate, however, reflecting
its importance in complex stability and role in T cell signaling (Wu et al.
2002).

NK recognition of individual allotypes of MHC class I could play an im-
portant role in innate immunity against viruses or tumorigenic processes that
result in the loss of expression of specific MHC class I allotypes (Garcia-Lora
et al. 2003). In addition, the polymorphic nature of both NK receptors and
their MHC ligands suggests that a population effect may be at work, with
NK receptors serving to modify the NK cell activation state (see chapter by
Carrington and Martin, this volume) (Parham 2005). This is illustrated in the
finding that preeclampsia, a complication associated with insufficient remod-
eling of the uterine spiral arteries that provide a blood supply for the fetus
during pregnancy, is associated with HLA-C group 2 molecules that could the-
oretically provide strong inhibitory signals to decidual NK cells (Hiby et al.
2004). It is also known that NK KIR-HLA interactions can be exploited dur-
ing certain bone marrow transplantation procedures where incompatibility
decreases the likelihood of graft-versus-host disease and leukemia relapse
(Ruggeri et al. 2002). Of importance in each role is the repertoire of NK cell
specificity. Almost all NK cell MHC class I receptors are expressed in a varie-
gated fashion by the NK population, resulting in a broad range of MHC class I
specificities within any individual’s NK population (see chapter by Anderson,
this volume).
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3.2
Inhibitory Receptors for Non-MHC Ligands

A number of NK receptors whose ligands are non-MHC class I molecules also
contain ITIMs and have the capacity to function as inhibitory receptors. These
include glycoprotein 49 B1 (gp49B1) and certain NK cell receptor protein 1
(NKR-P1) family members found only in mice, along with carcinoembryonic
antigen-related cell adhesion molecule 1 (CEACAM1) and sialic acid-binding
immunoglobulin-like lectin (SIGLEC) family members found in both humans
and mice. The roles of these receptors are currently obscure, but the broad
expression of many of their ligands suggests that some may perform “missing-
self” functions in a similar way to MHC class I receptors (see chapter by
Plougastel and Yokoyama, this volume) (Kumar and McNerney 2005).

4
Activating Recognition and Signaling

4.1
Some ITAM-Based Receptors

In a similar way to the antigen receptors expressed by T and B cells, many
of the NK receptors that induce strong activation of NK cells upon receptor
cross-linking or ligation use immunoreceptor tyrosine-based activation mo-
tifs (ITAMs) to transduce these signals. In many cases these ITAMs are not
present in the polypeptide conferring ligand binding capacity but are con-
nected with it through noncovalent association of a transmembrane ITAM-
bearing adaptor molecule. DNAX-activating protein of 12 kDa [DAP12, or
KARAP (killer cell activating receptor-associated protein)], FcRy, and CD3(
are such signaling adaptors expressed by NK cells and involved in signal trans-
duction from multiple distinct surface receptors. Two members of the NCRs,
NKp46 and NKp30, along with the FcyRIIIA CD16 receptor responsible for
NK cell antibody-dependent cellular cytotoxicity (ADCC) couple with FcRy
and CD3C. The other NCR, NKp44, couples with DAP12. As previously stated,
NCRs are NK cell-specific receptors. Their name derives from their critical
involvement in natural cytotoxicity against a broad panel of target cell types
without prior NK cell sensitization, as demonstrated by antibody blocking of
the cytolysis (see chapter by Bottino et al., this volume). Despite the reported
NCR interaction with viral products (Arnon et al. 2005; Mandelboim et al.
2001), the identity of the NCR ligands expressed by tumor cells is still un-
known, but it is tempting to speculate that these could either be normal self
molecules or moieties upregulated on stress (Bloushtain et al. 2004).
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4.2
NKG2D

NKG2D is an outlying member of the NKG2 family that forms homodimers
and does not heterodimerize with CD94 (see chapters by Gonzdlez et al. and
Jabriand Meresse, this volume). Many NKG2D ligands are class  MHC-related
molecules that are expressed very selectively or at low levels by normal cells
but are upregulated during stress and cellular transformation. In humans,
NKG2D ligands include MICA, MICB, and various ULBP/RAET1 molecules,
and murine H60, MULT1, and Rael molecules provide these roles in the
mouse. The NKG2D ligands MICA, MICB, and Rael are all upregulated in
tumor cells (Cerwenka et al. 2000; Diefenbach et al. 2000; Groh et al. 1996).
NKG2D stimulation on NK cells leads to strong activation, and transfection-
mediated NKG2D ligand expression on tumor cells leads to their rapid re-
jection in syngeneic mice (Cerwenka et al. 2001; Diefenbach et al. 2001).
NKG2D is also expressed by CD8" T cells. However, NKG2D stimulation is
not sufficient to induce effector functions of CD8" T cells without a primary
activating signal coming from, for example, the TCR. The inability of NKG2D
to directly stimulate CD8 T cells without additional signals is partially a con-
sequence of its method of signal transduction. Human NKG2D and the long
splice-variant form of mouse NKG2D (NKG2D-L) associate exclusively with
the DAP10 (DNAX-activating protein of 10 kDa) signaling adaptor. Unlike the
signaling adaptors used by the NCRs, DAP10 contains a YxxM motif that links
to signaling pathways distinct from those of ITAM-bearing receptors. In the
mouse, an additional short splice-variant form of NKG2D (NKG2D-S) is able
to associate with both DAP10 and DAP12, but the lack of DAP12 expression
in the majority of T cells restricts its association to the NK cell compartment
(Diefenbach et al. 2002; Gilfillan et al. 2002).

4.3
Activating Homologs of Inhibitory MHC Class | Receptors

All the families of MHC class I receptors previously mentioned in the con-
text of their inhibitory function also include activating molecules. Activating
members of the Ly49, KIR, and NKG2 families (excepting NKG2D, which
does not complex with CD94) are highly homologous to inhibitory receptors
within these families but contain no ITIM and associate with DAP12. Where
it has been possible to show direct binding to MHC class I molecules, the
affinities of these activating interactions are much lower than those of ac-
tivating counterparts (Vales-Gomez et al. 2000), questioning whether MHC
class I molecules are their functional ligands. For the activating Ly49s, an
astonishing role for Ly49H has been demonstrated in the control of murine
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cytomegalovirus (MCMYV) infection. This receptor directly binds the MCMV
m157 gene product and is critical in control of infection by certain strains of
mice (see chapters by Vidal and Lanier and Gumad et al., this volume). In addi-
tion, the activating receptor KIR2DS4 has been reported to bind a non-MHC
class I ligand expressed by melanoma cells, suggesting a role in recognition
of altered self (Katz et al. 2004).

It is not yet known whether such MHC class I-independent functions also
apply to other activating members of these families. The high genetic polymor-
phism of activating receptors from the Ly49 and KIR families and a recent re-
port supporting the continuous evolution of activating genes from inhibitory
genes suggest that strong positive and negative evolutionary pressures are
acting on them (Abi-Rached and Parham 2005). These pressures could be
due to host-pathogen interactions in which pathogen “decoy” molecules for
inhibitory receptors become detectable by a newly evolved activating recep-
tor, giving a host with this receptor the upper hand (Arase and Lanier 2002).
Alternatively, the selection pressures may be entirely due to interactions with
self-MHC molecules. Support for this comes from disease association stud-
ies in which both KIR and HLA have been studied in parallel. The genetic
combination of an activating KIR and its known or potential (based on in-
hibitory KIR homology) HLA ligand is beneficial during HIV or hepatitis C
virus (HCV) infection but increases the risk of developing certain autoim-
mune diseases including type I diabetes and psoriasis vulgaris (see chapters
by Carrington and Martin and Johansson et al., this volume). Activating KIRs
are also reported as beneficial during pregnancy, where their genetic pres-
ence reduces the risk of preeclampsia (Hiby et al. 2004). These findings point
to a MHC-based role for activating KIR in regulation of immune responses
and/or homeostasis of the NK and T cells that bear them.

Unlike activating KIR and Ly49, the NKG2C and E genes are highly con-
served, suggesting a long-running evolutionary pressure for their mainte-
nance. Along with changes in CD94/NKG2C expression observed on NK and
T cells during infection, this argues for a role in modifying the activation
capacity of these lymphocytes (see chapter by Gumad et al.).

5
The NK Cell Activation Cascade: From Surface Triggers
to Effector Function

Engagement of NK-activating receptors induces tyrosine phosphorylation
of their associated adaptor proteins. After phosphorylation by Src family
kinases, ITAM-containing adaptors recruit the protein tyrosine kinases Syk
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and ZAP70, ultimately triggering NK cell effector functions. Alternatively, the
YINM motif of DAP10, which signals for the receptor NKG2D (Wu et al. 1999),
binds the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K)
(Chang et al. 1999; Wu et al. 1999) and the adaptor Grb2 (Chang et al. 1999)
upon tyrosine phosphorylation.

Researchers are now actively exploring membrane-distal signaling
molecules that mediate NK cell effector functions, particularly cytotoxicity.
This process involves several steps including (a) rearrangement of actin
cytoskeleton and formation of an immune synapse (IS) between NK cells
and target cells, (b) reorientation of the Golgi complex and microtubule
organizing center (MTOC) to polarize the lytic granules toward the IS, and
(c) release of lytic granule contents (perforin and granzymes). The Vav
guanine nucleotide exchange factors are implicated in all three of these
processes as they play a central role in the activation of GTP-binding proteins
(Billadeau et al. 1998; Chan et al. 2001; Colucci et al. 2001; Galandrini
et al. 1999). Specifically, Vavl is required for DAP10-mediated cytotoxicity,
whereas Vav2 and Vav3 are essential for ITAM-mediated cytotoxicity
(Cella et al. 2004). The Rho family of GTP-binding proteins (Racl, RhoA,
and Cdc42) and the Wiskott-Aldrich syndrome protein (WASP) regulate
cytoskeleton rearrangements required for IS formation and MTOC-directed
granule polarization (Gismondi et al. 2004; Khurana and Leibson 2003).
Ras-related GTPase Arf6 promotes the release of cytolytic granule contents
(Galandrini et al. 2005). Specifically, Arf6 activates the phosphatidylinositol
4-phosphate 5-kinase type Io (PI5KIa), contributing to the generation of
a phosphatidylinositol 4,5-bisphosphate (PIP,) plasma membrane pool
required for granule secretion.

Exocytosis of lytic granules also involves phospholipases Cyl and -2
(PLCy1, PLCy2) and intracellular Ca** mobilization (Azzoni et al. 1992; Bil-
ladeau et al. 2003; Liao et al. 1993; McVicar et al. 1998; Ting et al. 1992). Analysis
of PLCy2—/— mice has demonstrated that PLCy2 is essential for all activating
NK cell receptors to trigger granule exocytosis (Wang et al. 2000; Tassi et al.
2005). Studies with pharmacological inhibitors have strongly implicated the
MAP kinase (MAPK) MAPK ERK1/2 and p38 in granule exocytosis (Chini
etal. 2000; Trotta et al. 2000, 1998). Although multiple signaling pathways that
lead to MAPK activation have been identified (Perussia 2000), how ERK1/2
and p38 elicit release of lytic granules remains to be determined. PI3K ac-
tivates the NK cytolytic machinery by inducing sequential activation of the
GTP-binding protein Racl, followed by the kinases Pakl, MEK, and ERK1/2
(Jiang et al. 2000). In addition, PI3K generates phosphatidylinositol 3,4,5-
trisphosphate (PIP3), which mediates recruitment of PLCy1 and PLCy2 to the
cell membrane and their activation (Deane and Fruman 2004; Koyasu 2003;



10 C. A. Stewart et al.

Okkenhaug and Vanhaesebroeck 2003). Surprisingly, mice lacking the p85«a
regulatory subunit of PI3K do not exhibit major NK cell cytolytic defects. As
PI3K includes multiple regulatory and catalytic subunits, redundancy may be
in place. Like T and B lymphocytes, NK cells express intracellular adaptors
such as the linker for activation of T cells (LAT), SLP-76, Gads, Grb2-associated
binder 2 (Gab2), and 3BP2, which bridge together various components of sig-
nal transduction pathways. Although several signaling pathways have been
shown to involve these adapters (Billadeau et al. 2003; Bottino et al. 2000;
Chuang et al. 2001; Jevremovic et al. 1999, 2001; Klem et al. 2002; Zompi
et al. 2004), it is not yet known whether any of them is required for NK cell
activation.

6
Complexities in NK Cell Activation

6.1
Consequences of ITIM Phosphorylation

ITIM-bearing inhibitory NK receptors have been shown to recruit the pro-
tein tyrosine phosphatases SHP-1 and SHP-2 after ITIM phosphorylation
(Colucci et al. 2002; Lanier 2003; McVicar and Burshtyn 2001; Vivier et al.
2004). In general, SHP-1 and SHP-2 dephosphorylate and deactivate multiple
substrates that mediate NK cell activation, such as ITAM adaptors, protein
tyrosine kinases, and Vav. However, SHP-1 and SHP-2 have different prefer-
ences for both phosphorylated ITIMs and substrates. Furthermore, each of
them can either negatively or positively regulate signaling pathways depend-
ing on the experimental system studied. It is therefore not always trivial to
ascribe a downregulating function to an ITIM-bearing receptor (see chapter
by MacFarlane and Campbell, this volume).

6.2
2B4 Inhibition and Activation

In addition to ITIM-bearing inhibitory receptors, NK cells also express an
unusual receptor, called 2B4, which binds CD48 on other cells. 2B4-mediated
recognition of CD48 on target cells inhibits NK cell cytotoxicity (Lee et al.
2004), but 2B4-CD48 interaction between T cells and T cells or NK cells and
NK cells enhances their activation (Lee et al. 2003). This intriguing dichotomy
may be explained by the complexity of 2B4 signaling. 2B4 is a member of the
CD2-like family of receptors, which also includes CD2, CD150, CD58, CD48,
CD84, CD229, NTB-A, and CRACC (Engel et al. 2003; Nichols et al. 2005).
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Some of these receptors, including 2B4, contain cytoplasmic immunoreceptor
tyrosine-based switch motifs (ITSMs), which are distinct from ITAMs and
ITIMs. Through ITSMs, CD2-like receptors bind a SH2 domain-containing
cytoplasmic protein called SH2D1A (or SAP). SH2D1A recruits the Src kinase
FynT, which phosphorylates the cytoplasmic tyrosines of the receptors. After
tyrosine phosphorylation, CD2-like receptors sequentially recruit the SH2
domain-containing inositol-5 phosphatase-1 (SHIP-1), Shc, Dok1/2, and Ras-
GABP, ultimately modulating MAPK activation (Veillette and Latour 2003).

Recently, it has been shown that cytoplasmic ITSMs, including those of
2B4, can also recruit a homolog of SH2D1A, called EWS-activated transcript
2 (EAT-2) (Morra et al. 2001b; Veillette and Latour 2003). EAT-2 may mediate
a signaling cascade similar to that of SH2D1A. Alternatively, it could compete
with SH2D1A for binding ITSM, thereby blocking the signaling cascade medi-
ated by SH2D1A. Moreover, EAT-2 may block binding of other SH2-containing
proteins, such as SHP-2, to ITSMs (Morra et al. 2001b). In this way, one cur-
rent hypothesis is that the balance of SH2D1A and EAT-2 associated with the
cytoplasmic domains of 2B4 and other ITSM-containing NK cell receptors
determines the inhibitory or activating outcome of signaling. Importantly,
mutations in SH2D1A cause X-linked lymphoproliferative disorder (XLP),
a progressive combined variable immunodeficiency in which symptoms ap-
pear on Epstein-Barr virus (EBV) infection (Morra et al. 2001a; Nichols et al.
2005). Therefore, altered signaling by 2B4 and other ITSM-containing proteins
expressed on NK cells may contribute to the pathogenesis of XLP. Understand-
ing the function of SH2D1A and EAT-2 in NK cell inhibition and activation
represents an important goal for NK cell research.

6.3
Roles of Adhesion

Early on in NK cell research, adhesion molecules were recognized as cen-
tral players in NK cell-target cell and NK cell-matrix interactions as well
as in NK cell effector functions (Helander and Timonen 1998). Mature NK
cells constitutively express both B; and {3, integrins. Their ligation results
in rapid phosphorylation and activation of proline-rich tyrosine kinase 2
(Pyk2) (Gismondi et al. 2000), which regulates rearrangement of actin cy-
toskeleton through its constitutive association with paxillin. Pyk2 also con-
tributes to NK cell activation by promoting ERK1/2 phosphorylation. More-
over, integrins activate a signaling cascade involving Vavl, Racl, Pakl, and
MKK3, ultimately leading to the activation of the MAPK p38 (Mainiero et al.
2000).
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Recent evidence indicates that NK cells express a novel family of receptors,
including DNAM-1, Tactile, and CRTAM, which bind a group of adhesion
molecules called nectins and nectin-like molecules (Necls) (Boles et al. 2005;
Bottino et al. 2003; Fuchs et al. 2004). Nectins and Necls are expressed on
epithelial cells and mediate cell-cell adhesion (Sakisaka and Takai 2004). In
addition, they are expressed on antigen-presenting cells (Boles et al. 2005).
DNAM-1 binds Necl-5 and Nectin-2, Tactile binds Necl-5, and CRTAM binds
Necl-2 (Boles et al. 2005; Bottino et al. 2003; Fuchs et al. 2004). The function
of these adhesion interactions is under investigation. DNAM-1 triggers NK
cell-mediated cytotoxicity (Shibuya et al. 1996) and has been reported to be
physically and functionally associated with the 8, integrin LFA-1, which in-
duces DNAM-1 phosphorylation through the Src kinase Fyn-T (Shibuya et al.
1999). Thus DNAM-1-Necl-5/Nectin-2 interactions may be crucial in regulat-
ing NK cell adhesion to and lysis of target cells (Bottino et al. 2003). Tactile
and CRTAM mediate strong adhesion but stimulate cytotoxicity weakly (Boles
etal. 2005; Fuchs et al. 2004). Therefore, they may be preferentially implicated
in NK cell migration into lymph nodes and peripheral tissues and/or NK cell
proliferation and differentiation. Interestingly, Necl-2 is poorly expressed in
epithelial tumors and overexpression of Necl-2 suppresses tumorigenesis of
human tumor cell lines injected into nude mice (Kuramochi et al. 2001). This
suggests that Necl-2 could be a major determinant of tumor immunogenic-
ity, promoting anti-tumor NK cell responses through CRTAM (Boles et al.
2005).

6.4
Cytotoxicity and Cytokine Responses

Many NXK cell ITAM-based receptors are capable of inducing full NK cell acti-
vation with intracellular Ca** mobilization, cytotoxic responses, and cytokine
production (Moretta et al. 2001). However, signaling through certain NK cell
receptors leads to more restricted effector function (see chapter by MacFar-
lane and Campbell, this volume). For example, stimulation of DAP10-linked
NKG2D on NK cells leads to cytotoxicity but not IFN-y secretion (Billadeau
et al. 2003; Zompi et al. 2003). Alternatively, triggering of the unusual KIR
family member KIR2DL4 has been found to result in IFN-y secretion but not
cytotoxicity (Rajagopalan et al. 2001). These findings illustrate how effector
functions can be differentially triggered depending on the signaling pathway
used and fit with their diverse roles in regulating and conducting immune
responses.
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7
A Challenge for the Future: Understanding the Integration
of Signals by NK Cells

Although the reductionist analysis of NK cell signaling is rapidly leading to
a detailed knowledge of individual pathways, it is essential to reconstruct the
complexity of NK cell signaling and establish how these different components
are integrated. In one experimental system, NK cell cytotoxicity has been
tested against individual ligands expressed on a Drosophila insect cell line or
directly coupled to beads (Barber et al. 2004). Remarkably, this approach has
shown that expression of ICAM-1 on insect cells is sufficient not only to induce
adhesion of NK cells to Drosophila cells through the 8, integrin LFA-1 but
also to induce activation signals that trigger lysis by NK cells. Coexpression
of multiple activating and inhibitory ligands on Drosophila cells or beads will
allow analysis of the relative contribution of the many different activating and
inhibitory NK cell receptors (Barber and Long 2003).

Another powerful approach to reconstruct the complexity of NK cell sig-
naling is three-dimensional immunofluorescence imaging (Davis 2002; Vyas
et al. 2002). Interaction of NK cells with target cells leads to formation of an
immunological synapse (IS) at the contact site. Molecules accumulating at
the IS segregate in distinct domains. Segregated molecules are driven into
specific arrangements depending on differences in cumulative activating and
inhibitory signals. When inhibitory signals prevail over activating signals,
SHP-1 clusters in the center of the cytolytic synapse, the Src kinase Lck has
a multifocal distribution, and LFA-1 and LFA-1-associated talin form a ring
that encloses SHP-1 and Lck. This inhibitory synapse is short-lived, the con-
tact surface area shrinks rapidly, and deconjugation occurs within 2 or 3 min.
In contrast, when activating signals overcome inhibitory signals, many acti-
vating molecules, such as protein kinase C-8, WASP, Nck, SLP76, and LAT, as
well as lytic granules, are recruited to the center of the IS. LFA-1 and talin
form a peripheral ring, Lck maintains a multifocal distribution, and SHP-1
clusters in the periphery of the IS. This cytolytic IS is sustained and can last
more than 15 min.

The complexity of NK cell signaling may go well beyond the integration
of activating and inhibitory signals. Recent studies demonstrate that NK cells
express multiple chemokine receptors, which trigger Ga; protein-mediated
signals when engaged by constitutive or inflammatory chemokines (Maghaz-
achi 2003). Moreover, NK cells express Toll-like receptors, which can sense
pathogen components and trigger cytokine secretion (Chalifour et al. 2004;
Hornung et al. 2002; Sivori et al. 2004). Finally, there is abundant evidence
that IL-2, which is commonly used to culture NK cells, has profound effects
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on NK cell signaling, potentiating alternative cytotoxicity pathways that may
not operate in freshly isolated NK cells. For example, WASP deficiency affects
cytotoxicity of fresh but not IL-2-cultured NK cells (Gismondi et al. 2004). Ad-
ditional cytokines, such as IFN-a, IL-12, IL-23,IL-15, and IL-21, influence NK
cell maturation and/or acquisition of effector functions (Bonnema et al. 1994;
Nguyen et al. 2002; Nutt et al. 2004; Vosshenrich et al. 2005). Understanding
how these signaling pathways are integrated in vivo during NK cell-mediated
immunosurveillance against viruses and tumors represents a challenging goal
for NK cell research in the near future.
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Abstract Tolerance of natural killer (NK) cells toward normal cells is mediated through
their expression of inhibitory receptors that detect the normal expression of self in the
form of class I major histocompatibility complex (MHC-I) molecules on target cells.
These MHC-I-binding inhibitory receptors recruit tyrosine phosphatases, which are
believed to counteract activating receptor-stimulated tyrosine kinases. The perpetual
balance between signals derived from inhibitory and activating receptors controls
NK cell responsiveness and provides an interesting paradigm of signaling cross talk.
This review summarizes our knowledge of the intracellular mechanisms by which cell
surface receptors influence biological responses by NK cells. Special emphasis focuses
on the dynamic signaling events at the NK immune synapse and the unique signaling
characteristics of specific receptors, such as NKG2D, 2B4, and KIR2DL4.
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1
Introduction

The observation that natural killer (NK) cells selectively attack abnormal cells
lacking proper display of self molecules of the class I major histocompatibility
complex (MHC-I) spawned the “missing self” hypothesis [101]. By attacking
cells that do not properly express MHC-I, NK cells can destroy mutant cells
that cytolytic T cells would miss. Many pathogenic conditions are marked by
MHC-I downregulation, including cells infected with varicella-zoster virus
[3] or cytomegalovirus [118] and numerous tumor cells [63, 64].

The strategy of “missing self recognition” differs from that governing T-
and B cell activation, which is triggered by the specific recognition of antigen
(nonself) through expression of a wide repertoire of polymorphic receptors. It
has come to light thata complex interplay of signals initiates upon engagement
of numerous diverse NK cell receptors during interactions with other cells in
the body. Some of these receptors are activating, whereas others are inhibitory.
Activating receptors can initiate adhesion, cytotoxicity, and cytokine release.
The key regulators of NK cell activation, however, are inhibitory receptors
that recognize MHC-I and are responsible for limiting the activating signals.
In this way, recognition of normal MHC-I expression dominantly suppresses
NK attack of normal cells, whereas a lack of self MHC-I recognition shifts the
balance toward target cell killing.

Contemporary NK signaling theory holds that “positive signals” derived
from activating receptors are transduced through protein tyrosine kinase
(PTK)-dependent pathways to phosphorylate signaling intermediates that po-
larize the cell toward its target, causing focused release of cytolytic granules
and cytokine production. The granules contain perforin and granzymes that
perforate the target and induce apoptosis, respectively. Cytokines, especially
IFNy, TNFa, and GM-CSF activate other immune cells, promote viral clear-
ance, and elicit antitumor effects. In contrast, tolerance toward normal cells
is mediated by “negative” signals derived from engagement of the MHC-I-
binding receptors that recruit protein tyrosine phosphatases (PTP), which are
believed to dephosphorylate the activation signaling intermediates. Specific
details of how the activating and inhibitory signals propagate and interact
within the cell are the subject of this review. After introducing major gen-
eral concepts of NK cell signaling, we will highlight details relevant to some
specific receptors of interest.
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2
Physical Parameters of NK Cell Activation: The Cytolytic NK Cell
Immune Synapse

The surface of contact between NK cell and target cell has been termed the
NK immune synapse (NKIS). Contact with a susceptible target cell has been
named the cytolytic NKIS (cNKIS), and a noncytolytic interaction with a nor-
mal cell is defined as an inhibitory NKIS (iNKIS), which will be discussed later.
Numerous activating receptor-ligand pairs and effector signaling molecules
accumulate at the cNKIS, forming an aggregate called the central supramolec-
ular activation cluster (c-SMAC) (see Fig. 1). The peripheral region (p) of the
SMAC rings the c-SMAC. The p-SMAC characteristically contains NK cell ad-
hesion molecules, including LFA-1 (CD11a) and Mac-1 (CD11b), which both
tether to their ICAM-1 ligand on the target cell. CD2 is an NK cell adhesion
molecule in the p-SMAC that interacts with CD58 on target cells in humans
and CD48 in rodents. Accordingly, coexpression of ICAM-1 in combination
with either CD48 or CD58 on target cells has been shown to initiate strong
adhesion by resting NK cells [9]. The actin-binding protein talin characteristi-
cally accumulates beneath these adhesion molecules in the p-SMAC, providing
a link to the cytoskeleton during cNKIS establishment [126, 139, 169].

During c¢NKIS formation, focused talin recruitment and actin polymer-
ization in the NK cell organize the assembly of signaling molecules at the
target interface. This stabilizes NK cell adhesion to the target cell and initiates
subsequent actin-directed reorientation of the microtubule-organizing center
(MTOC) toward the target cell [181]. Perforin-containing cytolytic granules
are then shuttled to the cNKIS by microtubule-associated kinesin motors,
resulting in the focused release of their contents at the target interface [90].
A ring of F-actin surrounding the site of granule release [126] is believed
to localize the release of cytolytic effectors and thereby prevent killing of
normal “bystander” cells. Interestingly, multiple cNKIS can simultaneously
occur toward susceptible target cells on opposite poles of an NK cell, but one
report suggests that c-SMAC formation can only occur at one of the multi-
ple interfaces at a given time [169]. Wiilfing and colleagues have provided
evidence that actin polarization is a key element in a series of sequential
cytoskeletal polarization events that are required to trigger NK cell cytotox-
icity [181]. Furthermore, they found that cytotoxicity by NK cells was more
sensitive than that of CTL to a pharmacological inhibitor of actin dynamics
[181]. Separately, Orange et al. found sequential cytoskeletal reorganization
requirements, in which actin function was necessary for adhesion molecule
redistribution within the cNKIS, whereas tubulin assembly was not obligatory
until subsequent perforin polarization toward the target [126].
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Fig. 1 The cytolytic NK immune synapse (cNKIS). A wide array of molecular inter-
actions between receptor-ligand pairs, signaling effectors, signaling adaptors, lipid
rafts, and cytoskeletal components occur at the contact interface between an NK cell
(bottom) and a susceptible target cell (top). The lipid raft subdomain is designated as
a speckled region of the overall plasma membrane (gray bar). The diagram is a sim-
plified model to visualize the general physical localization of some of these molecules
within the c-SMAC and p-SMAC regions of the developing cNKIS. Their locations are
based on numerous immunofluorescence studies as described in the text

Lipid rafts are glycosphingolipid-enriched membrane microdomains that
rapidly accumulate at the c-SMAC in a cytoskeleton-dependent manner [54,
104, 126, 168]. A number of important signaling markers are anchored in
rafts, including the Src family PTK Lck and the linker for activation of T cells
(LAT), which is a transmembrane adaptor [77, 194]. The c-SMAC becomes
the focal point of intense positive signaling that is initiated by recruitment of
awide array of signaling effector proteins. The functions of these effectors will
be discussed below in greater detail, but they include the membrane-active
enzyme phospholipase Cy (PLCy);, the cytosolic adaptors SLP-76, BLNK,
and Wiskott-Aldrich syndrome protein (WASP), and the protein kinases Itk,
Fyn, Lck, Syk, ZAP-70, and protein kinase C (PKC)-6 [127, 169]. Recruitment
of lipid rafts to the c-SMAC requires the Src family PTKs (Fyn and Lck),
Syk family PTKs (Syk and ZAP-70), and the serine/threonine kinase, PKC-8
[13, 104]. Src homology 2 (SH2) domain-containing PTP-1 (SHP-1) is also
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recruited to the p-SMAC within 1 min of target cell conjugation [167, 168].
This may provide a mechanism for limiting the spread of activation beyond
the c-SMAC. After 10 min of conjugation, SHP-1 enriches at the c-SMAC,
possibly indicating a negative feedback role in limiting the duration of the
activation response.

Many signaling events at the cNKIS lead to actin polymerization, which
is crucial for cytotoxicity responses. The c-SMAC component WASP interacts
with Cdc42 and the ARP2/3 complex to drive actin polymerization [128].
Patients with Wiskott-Aldrich syndrome exhibit defects in WASP and notably
display impaired NK cell cytotoxicity that correlates with decreased frequency
of F-actin and perforin at the cNKIS [66, 127].

The above discussion has outlined the known physical parameters that
occur at the ¢cNKIS to trigger cytoskeletal polarization and the cytolytic re-
sponse. The following sections will examine specific signaling pathways that
are triggered downstream from activating receptors engaged with ligands at
the cNKIS.

3
Activation Signaling Through Receptor-Associated Transmembrane
Accessory Proteins

Most NK cell-activating receptors communicate external stimuli to the cel-
lular interior through noncovalent association with disulfide-linked dimers
of transmembrane (TM) accessory proteins. The four TM accessory proteins
known to exist in NK cells are TCRC (C), FceRIy (y), and DNAX activating
proteins of 10 kDa (DAP10, also known as KAP10) and 12 kDa (DAP12, also
known as KARAP). All four TM accessory proteins exist as disulfide-linked
homodimers, whereas y and { can also disulfide-link as heterodimers. For
details about pairing between specific receptors and accessory proteins, see
Table 1. Association of activating receptors with TM accessory proteins is gen-
erally promoted by electrostatic interactions between a TM arginine or lysine
residue in the receptor that pairs with a corresponding aspartic or glutamic
acid residue on the accessory protein. One notable exception is the receptor for
antibody-dependent cytotoxicity (ADCC), FcyRIII (CD16), which associates
with y and G, despite the presence of a TM glutamic acid residue [92]. The
cytoplasmic domains of DAP12, y, and ( all contain one or more immunore-
ceptor tyrosine-based activation motif (ITAM), whereas DAP10 has a YINM
sequence. The following discussion will examine ITAM-mediated signaling
and a subsequent section will detail events downstream from DAP10.
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Table1 Transmembrane accessory proteins associated with various NK cell-activating
receptors from mouse and human

Receptor Species Accessory protein
CD16 (FceRIII) Mouse Yy

CD16 (FceRIII) Human yand ¢

KIR2DS Human DAPI12

KIR3DS Human N.D. (probably DAP12)
KIR2DL4 Human y (some ()

Ly49D, H Mouse DAP12
CD94/NKG2C, E Mouse and human DAP12

NKG2D Mouse DAP10 and DAP12
NKG2D Human DAP10

NKp30 Human yand(

NKp44 Human DAP12

NKp46 Human yand{

NKR-P1C Mouse Y

N.D., not determined

4
Signals Downstream of ITAMs

The ITAM is characterized by an amino acid sequence of Yxx(L/I/V)x(_g)
Yxx(L/1/V) [71]. When a receptor associated with an ITAM containing acces-
sory protein binds to its ligand, the tyrosine residues in the ITAM become
phosphorylated by a Src family kinase (e.g., Lyn, Lck, or Fyn). It is believed
that this important phosphorylation event is primarily initiated by ligand
interaction-mediated recruitment of these receptor-associated domains into
lipid rafts at the c-SMAC, where Src family PTKs are resident. The bispho-
sphorylated ITAM establishes a highly specific binding site for the tandem
SH2 domains of the Syk family PTKs: spleen tyrosine kinase (Syk) and C-
associated protein of 70 kDa (ZAP-70). Membrane recruitment of these PTKs
and their subsequent activation by Src family kinases represent significant
signal-initiating events that are analogous to those of numerous antigen and
Fc receptors on lymphocytes [159]. Although either Syk or ZAP-70 is capa-
ble of binding to all three ITAM-containing TM accessory proteins, several
reports have described preferential association of Syk with DAP12 and vy,
whereas ZAP-70 reportedly binds most tightly to C, as the name would imply
[88, 114, 156].
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Syk and ZAP-70 are critical PTKs for the function of ITAM-containing
receptor complexes, and Syk has been shown to be required for human NK
cell cytotoxicity [22, 80]. It was surprising, however, that NK cells from mice
deficient in both of these PTKs still exhibited cytotoxicity toward a number
of target cells [43]. At least part of the residual activation signaling in Syk-
/ZAP-70-deficient NK cells is likely mediated through integrins, a receptor
associated with DAPI10, and the 2B4 receptor, all of which function inde-
pendently of ITAMs, as will be discussed in subsequent sections [6, 8, 16,
146].

Phosphorylation of Syk or ZAP-70 initiates a cascade of downstream events
that are fundamental to our understanding of general lymphocyte activation
and important for initiating cytotoxicity and cytokine release by NK cells.
Some of the major activating signal pathways emanating from ITAMs are out-
lined in Fig. 2. Initial substrates of Syk and ZAP-70 include phosphatidylinosi-
tol 3-kinase (PI3K) and PLCy [79, 80, 160]. PLCy activation also requires phos-
phorylation by a Tec family PTXK, such as Itk, which is activated by Syk family
PTKs in T cells [105]. PLCy cleaves phosphatidylinositol 4,5-bisphosphate
(PIP,) in the plasma membrane to release inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). IP; migrates to the endoplasmic reticulum to re-
lease stored calcium, and DAG activates PKC at the plasma membrane [82,
97]. Alternately, PI3K phosphorylates the 3'-inositol hydroxyl group of PIP,
to generate phosphatidylinositol 3,4,5-trisphosphate (PIP;). PIP; production
creates a specific plasma membrane binding site for recruitment of certain sig-
naling proteins containing pleckstrin homology (PH) domains, which include
PLCy, Vav, Itk, and 3BP2. 3BP2 is an adaptor protein that brings PLCy and
Vav together at the assembling signalosome [78, 107]. Syk-phosphorylated
Vav activates GTPases of the Rhofamily [60], which will be covered in Sect. 6
below. Activation of PLCy, PKC, Vav, and PI3K as well as elevation of cytosolic
calcium concentrations are important events for initiation of the cytolytic hit
by NK cells [19, 34, 42, 60, 79, 82, 158-160, 181].

Another substrate of Syk and ZAP-70 kinases is growth factor receptor-
bound protein 2 (Grb2), which is an adaptor that recruits son of sevenless
(SOS). SOS is a guanine nucleotide exchange factor (GEF) that activates the
Ras family GTPases, which trigger the Ras—RAF—MEK— ERK cascade [59].
Extracellular signal-regulated kinase (ERK) is a mitogen-activated protein ki-
nase (MAPK) involved in regulating growth, proliferation, and cytotoxicity.
ERK is activated by ITAM-coupled receptors and integrins in NK cells and
important for granule-mediated cytotoxicity and IFNy production [27, 29,
108, 115, 163, 174]. One report, however, showed that ERK does not con-
tribute to conjugation with target cells or reorganization of actin or tubulin
cytoskeleton in NK cells [163]. It was recently reported that abnormal NK



30 A. W. MacFarlane IV - K. S. Campbell

Activating Receptor

DAP12
TCR(
FcRy

Pl-4,5-P2 DAG

Src family P
PTK

ITAM

k]
=X X< ~XXx<

Granule Release &
Target Cell Cytotoxicity

Actin Reorganization

o)
=3
5

—» Transcriptional Regulation

Cytokine Production

Fig.2 Signaling cascades downstream from ITAM-coupled receptors. This model di-
agrams the major downstream intracellular events emanating from an engaged NK
cell-activating receptor that is noncovalently associated with a disulfide-linked (SS)
dimer of ITAM-containing TM accessory proteins. Single arrows label activation im-
pacts or motility of molecules, double-headed arrow designates physical interaction,
dash-lined arrows specify links to effector functions in another portion of the cell
surface plasma membrane (gray bar) for clarity, p signifies a phosphorylation event,
and gray boxes highlight ultimate biological responses. Rounded notches in individual
effector modules represent SH2 or PH domains that interact with tyrosine phospho-
rylated proteins or PIP3, respectively. Abbreviations correspond with the text

cells from patients with lymphoproliferative disease of granular lymphocytes
(NK-LDGL) exhibit constitutive Ras and ERK activation that contributes to
their accumulation [52].
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5
Signaling Through DAP10

DAP10 is only associated with one activating receptor, which is NKG2D. Hu-
man NKG2D only associates with homodimers of DAP10, and murine NK cells
possess a similar version, NKG2D-L, which also associates only with DAP10
dimers [50, 65, 140]. Murine NK cells, however, also express a shorter version,
NKG2D-S, which lacks 13 amino-terminal amino acids in the cytoplasmic
domain and can uniquely associate with homodimers of both DAP10 and
DAP12 [50, 65, 140]. In contrast to ITAM-signaling receptors, the previously
mentioned YINM motif on DAP10 becomes phosphorylated on ligation of
NKG2D [10], thereby establishing a membrane-proximal binding site for SH2
domains of the Grb2 adaptor and the p85 subunit of PI3K [35, 180]. Grb2
and PI3K recruitment are also part of the ITAM-initiated activating pathway,
and it has been shown that DAP10 signaling plays a costimulatory role that
amplifies ITAM signaling [65, 69, 141, 178]. Similar costimulatory functions
by CD28 and CD19 that enhance antigen receptor signaling in T- and B-cells,
respectively, are also thought to be derived mainly from recruitment of PI3K
[4, 30]. Numerous reports, however, indicate that NKG2D/DAP10 can also di-
rectly stimulate cytotoxicity [6, 16, 75, 196]. One of these studies even utilized
NK cells from mice lacking Syk, ZAP-70, and DAP12 [196].

Significant differences have emerged that distinguish DAP10-initiated sig-
nals from those downstream of ITAMs. First, Billadeau et al. have shown in
human NK cells that DAP10 signaling through the YINM motif is indepen-
dent of Syk but involves Src kinases, SLP-76, PLCy, Vav-1, and Rho family
GTPases, whereas ITAM signaling involves all of these, including Syk [16].
Their evidence also indicates that DAP10-mediated phosphorylation of PLCy
and Vav requires the YINM tyrosine, but is independent of PI3K [16]. This
suggests important roles for other effector proteins that might be recruited to
the phosphorylated YINM. In line with this possibility, one study has found
that NKG2D ligation stimulates Janus kinase 2 (Jak2) and STAT5, which are
not characteristic effectors in ITAM signaling [153]. Several reports indi-
cate that DAP10 can stimulate cytotoxicity, but not IFNy production by NK
cells, whereas DAP12 can trigger both responses [50, 69, 178, 196]. Although
the basis of this is not entirely clear, the activation of Syk/ZAP-70 through
ITAMs, which represents a major distinction from DAP10 signaling, may be
critical for the cytokine response [80]. Second, evidence has been provided
that NKG2D/DAP10-mediated activation is apparently less sensitive to atten-
uation by MHC class I-binding inhibitory receptors, such as KIR, whereas
ITAM-containing receptor signaling is readily blocked by these inhibitory re-
ceptors [10, 32, 44, 49]. The molecular basis for this insensitivity to inhibition
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is currently unclear, but it allows NK cells to attack tumors that upregulate
NKG2D ligands yet still express MHC-I. A third difference in downstream
signaling is the activation of different Vav subtypes by ITAM- and YINM-
coupled receptors [31]. These differences in Vav activation will be detailed in
the next section.

6
Vav, Rho Family GTPases, and MAP Kinases

Vav proteins are major players in numerous downstream NK cell activation
events and have been the subject of intense research in recent years. The Vav
proteins are GEFs that activate certain Rho family GTPases by promoting the
exchange of enzyme-bound GDP for GTP [45]. Rho family GTPases serve
as molecular switches that are “on” when bound with GTP, but “off” when
the nucleotide is hydrolyzed to GDP. The best-characterized subgroups of the
Rho family are Rho (three members), Rac (four members), and Cdc42 (five
members) [148]. By stimulating Rho family GTPases, Vav activation impacts
upon a wide range of NK cell processes, including adhesion, cytoskeletal
polarization toward the target cell, cytolytic granule release, transcriptional
regulation, and cytokine production [45, 60, 164].

Vav-mediated activation of Rho family GTPases ultimately leads to the
activation of members of the MAPK family, namely ERK, p38, and c-Jun N-
terminal kinase (JNK). Evidence indicates that the p38 and ERK subgroups
are important for IFNy production and cytotoxicity, whereas JNK is dispens-
able for the cytolytic response [38, 108, 115, 162, 174, 175]. Importantly, the
effector phase of the NK cell cytotoxicity response has been shown to require
ERK activation that is mediated through Racl instead of its typical upstream
effector, Ras [14, 79, 175]. This Racl— Pak—MEK— ERK pathway was shown
to be critical for polarization of cytolytic granules toward target cells [14, 60,
79, 175]. In line with these studies, activation of Rac GTPases in NK cells
with a pharmacological agent was recently shown to dramatically reorganize
actin dynamics, increase target cell adhesion, and enhance cytotoxicity [109].
In addition to their roles in the cytolytic response, activated MAPKs can be
transported to the nucleus to regulate transcription [36, 177]. A growing body
of evidence demonstrates selective transcriptional regulation events resulting
from the activation of specific MAPKs [138, 177].

The Vav family GEFs are believed to be recruited to the plasma mem-
brane by the binding of their PH domain to PIP;, where they become ac-
tivated [68], but evidence also exists for PI3K-independent Vav activation
[16, 51, 73]. In addition to stimulation through ITAM and YINM signaling,
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Vav proteins can also be activated by adhesion-related integrins [137]. In
a quiescent cell, Vav exists in an inactive state where it is folded back upon
itself in a hairpinlike conformation by an interaction between regulatory ty-
rosine residues and other amino acids within the Dbl homology domain.
When the regulatory tyrosines become phosphorylated, these interactions
are broken and Vav unfolds into its active conformation [5, 15]. (For an
excellent review of the structure and function of Vav domains, see [164].)
Three members of the Vav family have been identified and to a certain ex-
tent characterized. Vav-1 is restricted to hematopoietic cells, but Vav-2 and
Vav-3 are ubiquitously expressed [26]. Vav-1 is sometimes referred to sim-
ply as Vav, but here we will specify Vav-1 in reference to the first member
discovered and use Vav when referring to all three family members collec-
tively.

Recent experiments with mice deficient in one or more Vav family mem-
bers have demonstrated specific functional linkage to distinct TM accessory
proteins. These experiments showed Vav-1 to be essential for NKG2D/DAP10
(YINM)-mediated signaling, whereas DAP12 (ITAM)-mediated signals are
transduced by Vav-2 and Vav-3 [31]. The fact that loss of both Vav-2 and
Vav-3 was required to abolish signals through DAP12 suggests that these two
GEFs function in a redundant fashion in ITAM-dependent NK cell signaling
pathways. This correlates well with the observations that DAP12- but not
DAP10-derived signals induce IFNy secretion [196] and that IFNy secretion
by NK cells is independent of VAV-1 [42]. Further evidence for alternative
methods of Vav activation was provided by Riteau et al., who showed that
Vav-2 can become activated in NK cells by a signal originating from the {3,
integrin LFA-1 [137]. Although clear distinctions that account for functional
differences between Vav family members are not yet well established, many of
the downstream impacts mediated through Rho family GTPases are outlined
in the following discussion and schematized in Figs. 2 and 3.

Vav-1 has been shown to function as a GEF for Rac members [Rac-1 [46],
Rac-2 [145], RhoG [145]], Cdc42 [191], and possibly RhoA [129]. Vav-2 and
Vav-3 have been shown to activate Rac members (Rac-1, RhoG) and RhoA
[121, 122]. There are numerous conflicting reports as to whether Vav-2 is also
a GEF for Cdc42 [2, 99, 122, 145, 176]. The Rac, Rho, and Cdc42 subgroups
of GTPases impart distinct effects on the actin cytoskeleton as described
below. Rac-1, Cdc42, and RhoA can also stimulate transcription through NF-
kB [132]. Furthermore, Vav-1 itself has been shown to migrate directly to
the nucleus to associate with and facilitate transcription by nuclear factor for
activation of T cells (NF-AT) and NF-«xB family members [72].

As previously mentioned, Rac-1 initiates a signaling cascade that is impor-
tant during NK cell cytolytic responses by directly stimulating p21-activated
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Fig.3a,b Selective impacts of receptors coupled to YINM- or ITAM-containing recep-
tor complexes on subtypes of Vav and downstream impacts of the major subgroups of
Rho family GTPases that are stimulated by Vav. a Receptors coupled to DAP10 (con-
taining a YINM motif) and DAP12 (containing an ITAM) activate distinct subsets of
Vav subtypes as designated by the arrows. b Three major Rho family subgroups (Rac,
Cdc42, and Rho) can be activated by Vav subtypes to stimulate distinct downstream
cascades that lead to radically different impacts on the actin cytoskeleton. In addi-
tion, all three Rho subgroups can impact upon NF-kB to regulate transcription. Major
effectors in downstream signaling cascades are designated with arrows
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kinase (Pak), which activates MEK1 to stimulate ERK [79, 175]. Activation of
Rac-1 brings about morphological changes in the actin cytoskeleton that pro-
duce lamellipodia and ruffles [136]. Lamellipodia are the actin-rich leading
edges of motile cells, and ruffles are dorsal circular structures. Rac-2 is also
known to act through ERK and p38 and to promote actin polymerization in
T cells [186] and granule exocytosis in neutrophils [1]. Rho-G also generates
lamellipodia and ruffles, but in a more site-specific manner than Rac-1 [176].

RhoA has been shown in NK cells to activate Rho-associated kinase
(ROCK), which subsequently phosphorylates and activates LIM-kinase
(LIMK) [103]. Active LIMK inhibits the actin-depolymerizing protein cofilin.
Disruption of cofilin function leads to the formation of focal adhesions and
stress fibers that are involved in cell adhesion and motility [103]. Integrity
of the RhoA—ROCK—LIMK pathway has been shown to be essential for
recruitment of lipid rafts and actin polymerization at the cNKIS and for
target cytotoxicity [103].

Members of the Cdc42 subgroup of the Rho family recruit WASP. WASP
facilitates Arp2/3-mediated actin nucleation, which promotes growth of elon-
gated cytoskeletal protrusions called filopodia [128]. Although a clear role
for Cdc42 in NK cell function has not been defined, WASP is important in
cytotoxicity responses [66, 127], as mentioned above. Like Rac, Cdc42 can
also activate Pak and its downstream signaling events [148].

7
Negative Signaling by Inhibitory Receptors

NK cell tolerance toward normal cells is derived from “negative signaling”
that originates through cell surface inhibitory receptors, which detect MHC-
I molecules on the surface of normal cells. The MHC-I-binding inhibitory
receptors expressed on NK cells include killer cell Ig-like receptors (KIR;
human), Ly49 (mouse), NKG2A/CD94 (human and mouse), and ILT2/LIR1
(CD85j; human). The engagement of NK cell inhibitory receptors with MHC-I
molecules on normal target cells causes them to coaggregate with activating
receptors that are simultaneously interacting with ligands at the target cell
interface. The magnitude of inhibition is proportional to the degree of MHC-I
engagement. If sufficiently engaged, the inhibitory receptors efficiently and
dominantly block downstream signals that are initiated by the activating
receptors. Accumulated evidence indicates that this inhibition is primarily
mediated through recruitment of two PTPs, named SH2 domain-containing
protein tyrosine phosphatase-1 (SHP-1) and SHP-2, to the cytoplasmic do-
mains of the inhibitory receptors. Numerous early activation signaling events
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are abolished upon inhibitory receptor engagement with MHC-I, most notably
intracellular calcium mobilization [28, 82].

As mentioned above, the physical contact interface between an NK cell and
a normal MHC-I-expressing cell that is resistant to attack has been termed
the inhibitory NKIS (iNKIS). The accumulation of receptors and signaling
molecules at the iNKIS is referred to as the supramolecular inhibition cluster
(SMIC). Target cell contact at the iINKIS still initiates transient LFA-1-mediated
adhesion and the rapid polarization of talin toward the target cell [167]. The
accumulation of talin and Lck quickly dissipates from the iNKIS, however,
and adhesion is disrupted within minutes, in sharp contrast with the stable
adhesion and accumulation of these molecules at the cNKIS [25, 167]. Fur-
thermore, raft polarization, actin polymerization, and MTOC reorientation
are lacking in the iNKIS, whereas these events can last more than 15 min in the
cNKIS [54, 104, 142, 167, 169]. PKC-6, PLCy, Itk, ZAP-70, SLP-76, and BLNK
do not accumulate at the iNKIS [169]. In fact, the only signaling molecules
known to be recruited to the c-SMIC within 1 min of target cell conjugation
are Lck and SHP-1 [167]. A major distinguishing feature of the iNKIS is early
SHP-1 accumulation at the c-SMIC, which is also the site at which inhibitory
KIR or Ly49 interacts with MHC-I [47, 53, 167]. One report noted that CD45,
CD43, and ezrin are lacking at the iNKIS, whereas all three are evenly dis-
tributed within the ¢NKIS [112]. Further analysis in that report revealed that
the narrow gap between human NK cell and target cell surfaces within the
iNKIS (about 15 nm) corresponds to the height of interacting KIR/HLA-C
extracellular domains, whereas CD45 and CD43 are taller, which may explain
their physical exclusion from this narrow interface at the c-SMIC [112].

NK cell inhibitory receptors function through immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) in their cytoplasmic domains. ITIMs are
(I/V)xYxx(L/V) sequences that, when phosphorylated on NK cell inhibitory
receptors, become specific binding sites for SHP-1 and SHP-2 [21, 24, 28, 101,
102, 113, 188]. SHP-1 and SHP-2 contain tandem SH2 domains that interact
with the tyrosine-phosphorylated ITIMs. Inhibitory Ly49, KIR, ILT2/LIR1,
and NKG2A have been shown to recruit SHP-1 and/or SHP-2 to varying de-
grees via phosphorylated ITIMs [48, 81, 94, 113]. KIR enrichment at the iNKIS
is delayed on truncation of the cytoplasmic domain or in the presence of high
doses of an inhibitor of actin polymerization, indicating roles for the cyto-
plasmic domain and actin in the efficiency of KIR clustering toward a resistant
target cell [149]. KIR with mutant ITIM tyrosines can still accumulate at the
iNKIS but are unable to inhibit lipid raft polarization [54], and dominant-
negative SHP-1 can block KIR-mediated inhibition of raft polarization [104].

The following discussion will focus primarily on studies with KIR, which
are the best-characterized MHC-I-binding inhibitory receptors. SHP-1 bind-
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ing to the cytoplasmic domain of KIR occurs only when both ITIMs become
tyrosine-phosphorylated. SHP-2, however, can bind when only one ITIM is
phosphorylated [21, 58, 188, 189]. Mutational analysis has shown that SHP-2
binds with higher avidity to the phosphorylated amino-terminal ITIM on
KIR, and SHP-2 binding avidity correlates well with inhibitory capacity of
various mutant receptors [21, 188, 189]. The PTP recruitment patterns from
these studies form the basis of the model shown in Fig. 4. Surprisingly, mu-
tation of both KIR ITIM tyrosines to phenylalanine has been shown to result
in a receptor that weakly associates with SHP-2 and is still slightly inhibitory
[188, 189]. Furthermore, an unphosphorylated peptide encompassing the
amino-terminal ITIM readily binds SHP-2, suggesting that SHP-2 may con-
stitutively interact with KIR in the unphosphorylated, resting state [189]. One
KIR, named KIR2DL5, uniquely possesses an altered carboxy-terminal ITIM
(TxYxxL), which results in a receptor that inhibits NK cell cytotoxicity in
a SHP-2-dependent manner [190]. In addition to direct recruitment of SHP-1
and SHP-2 to the iNKIS by inhibitory receptors, binding of these PTPs to phos-
phorylated ITIMs releases them from a self-inhibiting conformation in the cy-
tosol where the amino-terminal SH2 domain blocks the catalytic domain [70,
161]. This autoinhibition has been shown to be abrogated in vitro by binding of
the SH2 domains to tyrosine-phosphorylated KIR ITIM peptides [24, 28, 131].

PhospholTIM: N+C N C none
SHP-2 SHP-2 SHP-2 SHP-2
YP <~ YP <~ Y «—F ] Y «— 7
{ X (SH2) X | X I X
ITINIX L &j L :| i (— L —
Domains o p/
\% Y Y Y
\{ X . X X X
X X X X
L L L L
SHP-1
Inhibition: STRONG STRONG weak weak

Fig.4 A model of the patterns of recruitment of SHP-1 and SHP-2 to phosphorylated
amino (N)- and carboxy (C)-terminal ITIMs of KIR and their inhibitory consequences.
This model is based on biochemical and functional studies described in the text
that examined mutant KIR in which the cytoplasmic ITIM tyrosines were selectively
changed to phenylalanine, which cannot be phosphorylated
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SHP-1 and SHP-2 share 60% sequence identity and very high homology in
secondary and tertiary structures. Despite the high homology, they generally
play very different roles in vivo, with SHP-1 acting as a negative regulator
for many inhibitory receptors (including CD22, CD72, PIR-B, and CD5) [147,
192], whereas SHP-2 is primarily a positive regulator (PDGFR, EGFR, ICAM-
1, PAR-2, and leptin receptor) [11, 18, 56, 57, 134, 166, 187, 192]. Nonetheless,
examples of positive effects on signaling by SHP-1 [117, 182] and negative
influences mediated by SHP-2 [41, 86, 95, 110, 185] have also been reported.
It is important to note that electrostatic charge differences surrounding the
catalytic clefts influence substrate recognition by the two PTPs, with SHP-2
expected to prefer phosphotyrosines flanked by more acidic residues [184].
Accordingly, numerous examples of differential substrate specificities be-
tween SHP-1 and SHP-2 catalytic domains have been reported [116, 125, 157,
172, 183]. Therefore, it is tempting to speculate that these two PTPs may play
different functional roles at the iNKIS as a consequence of both recruitment
differences dependent on phospholITIM status of inhibitory receptors and
their distinct substrate recognition capacities.

Recruitment and activation of SHP-1 and SHP-2 by phosphorylated in-
hibitory receptors is believed to prevent NK cell activation by dephospho-
rylating numerous signaling intermediates at the iNKIS. When human NK
cells engage with MHC-I-expressing target cells, tyrosine phosphorylation
has been shown to be abrogated in a number of substrates, including Src
family PTKs, PLCy, ZAP-70, Vav, SLP-76, LAT, Grb2, PI3K, and the ITAMS of
C [17, 150, 165]. It is unclear which of these are direct substrates of SHP-1 or
SHP-2 or whether the reduced phosphorylation of some is a consequence of
upstream dephosphorylation events. The inhibitory impact, however, appears
to be at the level of and downstream from Syk family PTKs [17].

Two studies have provided evidence for direct SHP-1 substrates in hu-
man NK cells using substrate-trapping forms of SHP-1. First, Binstadt et al.
specifically isolated tyrosine-phosphorylated SLP-76 from NK cell lysates in
vitro [17]. Second, Stebbins et al. specifically isolated Vav-1 as a substrate on
engaging a chimeric KIR/SHP-1 receptor during conjugation of an NK cell
line with MHC-I-expressing target cells [150]. Although both of these studies
offer important mechanistic insight, alternative evidence suggests that other
relevant substrates exist. For instance, NK cells from SLP-76-deficient mice
exhibit normal natural cytotoxicity and ADCC [133], suggesting that SLP-76
is not the key substrate that blocks activation. Futhermore, SHP-1 was shown
previously to physically associate with Vav-1 via SH2/SH3 domain interac-
tions [87], suggesting that this interaction might have enhanced capture in
the substrate trapping experiments of Stebbins et al. Nonetheless, Vav acti-
vation is clearly an important early event in development of the cNKIS, and
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reversal of its activation by SHP-1-mediated dephosphorylation would indeed
abrogate key activation events within the iNKIS.

SH2 domain-containing inositol 5’ -phosphatase-1 (SHIP-1) is another neg-
ative effector enzyme that can be recruited to ITIMs on several inhibitory
receptors, including the B cell receptor, FcyRIIb [67]. By cleaving the 5'-
phosphate on PIP, and PIP; in the plasma membrane, SHIP-1 has the capac-
ity to deplete the substrate for PLCy and eliminate PI3K-generated binding
sites for certain proteins containing PH domains. Gupta et al. have provided
convincing evidence that SHIP-1 is not involved in inhibitory KIR function
[67]. Wang and colleagues, however, have shown that SHIP-1 can associate
with certain inhibitory Ly49 receptors, notably Ly49A and Ly49C, which have
broad capacity to bind most MHC-I ligands in mice [48, 171]. Interestingly,
a substantially greater number of the NK cells that develop in SHIP-1-deficient
mice express Ly49A and Ly49C and survive longer, presumably because of en-
hanced Akt recruitment to elevated PIP3 in their plasma membranes [171].
SHIP-1 can also transiently localize within lipid rafts at the plasma membrane
of NK cells during ADCC responses, apparently through associations with ¢
and an adaptor named Shc [61, 62]. Overexpression of SHIP-1 was also shown
to suppress ADCC responses, indicating that it can negatively impact upon
CD16 function [61]. Therefore, a growing body of evidence suggests that
SHIP-1 also plays important negative regulatory roles in NK cell functions.

8
2B4

2B4 (CD244) is a receptor with divergent functional properties that is present
on all murine NK cells as well as a subset of T cells [111, 124]. In humans,
2B4 has been detected on NK cells, T cells, basophils, and macrophages [124].
Murine 2B4 receptors are predominantly inhibitory in nature, because mouse
NK cells lacking 2B4 show enhanced cytotoxicity [96, 119]. On the other
hand, human 2B4 appears to be predominantly an activating receptor, be-
cause human NK cells are more cytotoxic toward target cells transfected with
the 2B4 ligand CD48 [89]. The murine 2B4 gene alternately expresses two
distinct cytoplasmic domains that are either longer (2B4L) or shorter (2B4S)
[151]. 2B4S enhances cytolytic activity in murine NK cells, whereas 2B4L is
inhibitory [144]. The inhibitory nature of 2B4 in mice is believed to be due to
the predominant expression of 2B4L [96, 119]. Downstream signaling events
generated from 2B4 ligation are outlined below and diagramed in Fig. 5.

The cytoplasmic domains of murine 2B4L and human 2B4 contain three
and four immunoreceptor tyrosine-based switch motifs (ITSM; TxYxxV/L/I),
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Fig.5 Downstream signaling from 2B4 and LAT. A schematized model shows protein
interactions (physically attached modules or double-headed arrows) and downstream
functional impacts (single-headed arrows; p signifies phosphorylation). The lipid raft
subdomain is designated as a speckled region of the overall plasma membrane (gray
bar). Rounded notches in effector modules represent SH2 or PH domains that inter-
act with tyrosine-phosphorylated proteins or PIP3, respectively. Ultimate biological
impacts on NK cell activation or inhibition are signified in the gray boxes. This is a sim-
plified model based on current evidence from a number of studies that are described
in the text

respectively, whereas 2B4S has only one [85]. Upon engagement, the receptor
is recruited to lipid rafts at the target cell interface in an actin-dependent
manner, and tyrosine residues in the ITSM sequences are phosphorylated
[173]. Phosphorylation of the ITSM sequences creates specific binding sites
for SH2 domain-containing proteins, most notably signaling lymphocyte ac-
tivation molecule (SLAM)-associated protein (SAP, also known as SH2D1A)
[98, 143, 154]. SAP is an SH2 domain-containing adaptor that links 2B4 to the
Src family PTK Fyn [33, 93]. One report claims that PI3K is also recruited to
2B4 on ligation and that the recruitment of SAP to 2B4 requires PI3K function
[7]. Recruitment of SAP and Fyn was shown in one report to be essential
for 2B4-mediated tyrosine phosphorylation of Vav-1, c-Cbl, and SHIP [37].
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While Vav-1 initiates activation signaling, both c-Cbl and SHIP may be part of
a negative feedback mechanism to dampen activation responses through 2B4.
c-Cbl is an ubiquitin ligase that can promote the degradation of PTKs [106]
and receptors [170]. It is important to note that another report demonstrated
that 2B4 ligation alone did not induce tyrosine phosphorylation of Vav-1, but
coligation with the integrin LFA-1 synergistically enhanced phosphorylation
and raft recruitment of Vav-1 [137].

A genetic mutation that renders the SH2 domain of SAP inoperative causes
X-linked proliferative disease (XLP) in humans [152]. NK cells from humans
with XLP have attenuated cytotoxic capability [33, 93, 130] that correlates
with a lack of activation capacity through 2B4 [12, 123, 155]. Only one report
has found 2B4 to act as an inhibitory receptor in NK cells from XLP patients
[130]. EWS/FLI1-activated transcript 2 (EAT-2) is an SH2-containing adaptor
that is related to SAP but lacks the PxxP motif necessary to bind Fyn [120].
Therefore, it could potentially competitively inhibit SAP-mediated activation
through 2B4, but little data exist on the function of EAT-2 in NK cells. Even if
EAT-2 can be recruited to 2B4, the evidence indicates that it cannot substitute
for the activating function of SAP.

SHP-2 has also been shown to be recruited to murine 2B4L and is presumed
to mediate the inhibitory function of that receptor [144]. Tangye et al. reported
that SHP-2 was recruited to phosphorylated human 2B4 and competed for SAP
recruitment when these proteins were transfected into the murine B cell line
BaF3 [155]. Others, however, have failed to demonstrate SHP-2 recruitment
to tyrosine-phosphorylated human 2B4 in NK cells [123, 130, 190], although
one of these reports alternatively found SHP-1 recruitment [130].

2B4isalsowidelybelieved to interact with the TM adaptor LAT inlipid rafts,
and this association was proposed to contribute significantly to activating
function by the receptor [20, 39, 40, 85]. It is possible that this interaction may
not be direct, but a consequence of colocalization of the two proteins in lipid
rafts on 2B4 ligation [139, 173]. LAT is a transmembrane adaptor protein that
serves as a major linker for nucleating numerous signaling molecules at the
c-SMAC during NK cell activation. LAT is localized to lipid rafts by means of
palmitoylation at a CxxC motif [194]. Ligation of 2B4 (CD244) [20], CD2 [74],
and FcyRIII (CD16) [76] in NK cells leads to phosphorylation of LAT that
recruits PLCy [195], Grb2 [193], and Gads [100]. Gads (Grb2-related adaptor
protein) further links LAT to another adaptor, SLP-76 (signaling lymphocyte
protein of 76 kDa) [100], which binds Vav [179]. Itk can also associate with
SLP-76 and subsequently phosphorylate PLCy [23, 91]. In a ¢cNKIS with target
cells expressing the 2B4 ligand, CD48, Roda-Navarro et al. reported that the c-
SMAC is enriched with 2B4, SAP, and partial colocalization of LAT, which are
surrounded by a ring of talin in the p-SMACw [139]. Although 2B4 ligation
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can stimulate both cytotoxicity and IFNy release by NK cells, studies with
pharmacological inhibitors indicate that downstream signals required for
cytotoxicity responses (PKC, Ras, Raf, ERK, and p38) differ substantially from
those required to initiate IFNy production (p38 and the AP-1 transcription
factor) [39, 40].

9
KIR2DL4

KIR2DL4 (CD158d) is an intriguing NK cell-activating receptor that is up-
regulated on IL-2-stimulated NK cells and contains both a transmembrane
arginine and a cytoplasmic ITIM [55, 84, 135]. In contrast to most other NK
cell-activating receptors, KIR2DL4 is very effective at stimulating IFNy se-
cretion but induces only weak cytotoxicity in resting NK cells [84, 135]. The
ITIM sequence in KIR2DL4 was found to be strongly inhibitory in isolation,
as assessed in a chimeric receptor construct in which the cytoplasmic do-
main selectively recruited SHP-2 [189]. The ITIM does not seem to dampen
activating function in the intact receptor, however [55, 84]. Perhaps SHP-2
recruitment may contribute to activation signaling in this context.

Mutation of the transmembrane arginine in KIR2DL4 resulted in a receptor
with weak inhibitory capacity, suggesting that the arginine links the receptor
to a TM accessory protein [55]. In stark contrast to the other activating mem-
bers of the KIR family (KIR2DS1-5 and KIR3DS1) that associate with DAP12,
KIR2DL4 was recently found to associate strongly with y and only very weakly
with C [83]. Association with y was shown to increase the surface expression
of KIR2DL4 and promote its capacity to stimulate cytotoxicity [83]. KIR2DL4
stimulates only weak activation of cytotoxicity in resting NK cells, and this
has been proposed to be the result of low stoichiometric association with y
[83]. Alternatively, selective association with y may directly contribute to the
unique functional capacity of KIR2DL4 to stimulate strong IFNy responses
in resting NK cells and the upregulation of KIR2DL4 by IL-2 stimulation. Al-
though there is no definitive evidence that KIR2DL4 can act as an inhibitory
receptor in NK cells (unless the transmembrane arginine is mutated [55]), the
receptor can reach the cell surface in the absence of associated accessory pro-
tein [83]. This suggests that KIR2DL4 might exhibit some inhibitory function
when expressed under conditions in which y expression is limiting.
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10
Considerations and Summary

It is important to note that several factors must be considered when interpret-
ing the NK cell signal transduction literature. First, although they mediate the
same general biological responses, human and mouse NK cell receptors and
signaling pathways can differ substantially because of species differences that
are sometimes highly divergent. Second, NK cells share many signal trans-
duction effector proteins that are otherwise uniquely found only in B cells
or T cells. Therefore, functionality of NK cells from mice with deficiencies in
some of these effectors is sometimes only modestly affected as compared to T-
or B cell defects. This appears to be due to greater redundancy from other re-
lated effector proteins or alternative signaling pathways that are found in NK
cells. Third, signaling mechanisms may be substantially different in resting
vs. IL-2-activated NK cells, because of different levels of or activity of certain
effector proteins and/or receptors. Fourth, studies in NK-like cell lines should
be confirmed in primary NK cells or at least multiple NK-like cell lines. Fifth,
the signaling events in NK cells that occur during target cell conjugation are
the consequence of simultaneous engagement of numerous cell surface re-
ceptors, and therefore it is difficult to ascribe particular events to just one
receptor. Furthermore, different NK cell lines or primary clones express var-
ied receptor repertoires and different targets exhibit unique arrays of ligands
(some of which have not yet been discovered), which further complicates in-
terpretations between different target cell conjugation experiments. Finally,
many NK cell signal transduction studies have used overexpression of wild-
type or dominant-negative forms of certain effector proteins with vaccinia
virus or pharmacological inhibitors. These methods have limitations and po-
tential side effects, however, and conclusions based solely upon the biological
impacts of one of these should be interpreted with caution.

Although our understanding of the signaling mechanisms that control
NK cell activation has improved substantially in recent years, there are still
enormous opportunities for future discovery. The predominant mechanism
controlling NK cell function is negative signaling that commences when in-
hibitory receptors engage with MHC-I on normal cells of the body. The
dynamic balance between negative and positive signals in NK cells makes
them an ideal and unique cellular model system for studying signaling cross
talk between activating and inhibitory receptors. Better understanding of the
molecular basis of NK cell activation should eventually lead to therapeutic
methods to manipulate the function of NK cells for facilitating bone marrow
transplantation or improving the treatment of cancer or viral infection.
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Abstract The stochastic expression of individual members of NK cell receptor gene
families on subsets of NK cells has attracted considerable interest in the transcriptional
regulation of these genes. Each receptor gene can contain up to three separate pro-
moters with distinct properties. The recent discovery that an upstream promoter can
function as a probabilistic switch element in the Ly49 gene family has revealed a novel
mechanism of variegated gene expression. An important question to be answered is
whether or not the other NK cell receptor gene families contain probabilistic switches.
The promoter elements currently identified in the Ly49, NKR-P1, CD94, NKG2A, and
KIR gene families are described.
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1
Introduction

Although the NK cell receptor families have been known for over a decade,
a detailed molecular characterization of promoter elements has only been
performed for a small number of these genes. Current information indicates
that each member of the lectin-related NK cell receptor families may contain
up to three separate promoters that are active at distinct stages of NK or T
cell development (Fig. 1). Information gained from the analysis of NK cell re-
ceptor promoters and the transcription factors required for their activity can
provide important clues regarding the differentiation of NK cells and the T cell
subsets that also express these receptors. The promoters of the Ly49 family of
murine MHC class I receptors represent the most studied NK cell promoters,
partly because of the large size of the gene family, and partly because of the
interest generated by the demonstration that individual NK cells selectively
express a subset of the available Ly49 genes in a probabilistic fashion (Raulet

Pro1 Pro2 Pro3

<4—Ets—Pp —» —»

Ly49

~4 kb ~1.5kb

NKR-PIC

7965 bp 352 bp

CD9%4

Ets —p» Ets —p —>

NKG2A | ATG

1061 bp 2010 bp

Ets —p
KIR ATG

Fig. 1 Promoters of NK cell receptors. Arrows indicate known receptor transcripts.
The genes have been aligned relative to the first coding exon, indicated by the rectangle
labeled ATG. The upstream exons derived from additional promoters are labeled with
the exon number used by the authors that have described them. Rectangles containing
a question mark indicate the possibility that additional promoters exist for these genes.
The splicing events observed in each gene are illustrated by the lines underneath each
gene, and the sizes of the introns are indicated. The promoters that contain a consensus
Ets-binding site are indicated by Ets preceding the transcript arrow
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et al. 1997). Variegated expression has also been demonstrated for several
other C-type lectin-related genes, including the NKG2A/CD94 genes and the
NKR-P1B gene (Takei et al. 2001; Carlyle et al. 1999; Kung et al. 1999; Liu et al.
2000). The major MHC class I receptor gene family in humans (KIR) is also
expressed in a variegated fashion on NK cells (Valiante et al. 1997). Variegated
expression is a common feature of sensory receptors, so that individual cells
can be tuned to detect specific stimuli or combinations of stimuli. In the case
of the MHC class I receptors found on NK cells, selective expression of in-
hibitory receptors ensures that there will be NK cells that are sensitive to the
loss of a single class I allele. It has been suggested that the selective expression
of individual members of these gene families may be due to competition of
individual promoters for transcription factors available in limiting quantities
(Ioannidis et al. 2003). The recent discovery of competing, overlapping pro-
moters in the Ly49 genes reveals a novel molecular mechanism responsible
for generating variegated expression of receptor gene families (Saleh et al.
2004). The new model proposes that direct competition between opposing
promoters generates a probabilistic switch that determines the frequency of
gene activation for a given Ly49 gene. There is a strong possibility that this
type of switch element will be found in other variegated NK cell receptor gene
families. This chapter reviews the current state of knowledge regarding NK
receptor regulation and suggests future directions of research.

2
Ly49 Promoter Studies

2.1
Overview

The Ly49a promoter region was first identified in 1993 (Kubo et al. 1993);
however, functional studies of this promoter were not reported until 1999
(Kubo et al. 1999; Held et al. 1999). The ATF-2 and TCF-1 transcription factors
were shown to play a central role in Ly49a promoter activity assayed ina T cell
line that expresses Ly49A protein (EL-4). Subsequent studies characterizing
the Ly49¢, i, and j promoters revealed a core promoter element that could
generate EL-4 cell-specific activity (Gosselin et al. 2000; McQueen et al. 2001)
However, in contrast to typical promoters, addition of sequence upstream of
the Ly49 core promoter element had a strong inhibitory effect on promoter
activity. Comparative analysis of Ly49 promoter sequences reveals that there
are three distinct classes of Ly49 promoters, the Ly49a/g-related family, the
Ly49e/c-related family, and the activating Ly49 gene family (Wilhelm et al.
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2001). From an evolutionary standpoint, this supports the theory that the
Ly49e and Ly49a genes located at either end of the Ly49 gene cluster expressed
by NK cells represent the original Ly49 genes from which the remainder of
the inhibitory genes were derived, and the activating genes are predicted to
be evolved from a single ancestral activating gene.

2.2
The Role of TCF-1

A series of reports have investigated the role of TCF-1 in the expression of
Ly49 proteins (Held et al. 1999, 2003; Kunz and Held 2001; Ioannidis et al.
2003). There are two TCF-1 sites in the Ly49a promoter, and TCF-1 binding
to these sites was shown to regulate Ly49a promoter activity in EL-4 cells.
TCF-1-null mice express Ly49A on only 1% of splenic NK cells as compared to
the 20% of NK cells that express this receptor in wild-type C57BL/6 mice (Held
et al. 1999). The effect of TCF-1 on the percentage of NK cells that express
Ly49A is dose-dependent, because approximately 10% of NK cells from TCF-
1/~ heterozygotes express Ly49A and the increased levels of TCF-1 protein
expressed by TCF-1 transgenic mice correlate with increases in the percentage
of NK cells expressing Ly49A (Ioannidis et al. 2003). This result was taken as
evidence for limiting concentrations of TCF-1 controlling the probability of
Ly49 gene activation, but the presence or absence of TCF-1 sites in the Ly49
promoters does not correlate with the effects of TCF-1 on receptor expression.
The percentage of NK cells expressing the Ly49G protein in TCF-1-null mice
are similar to wild-type levels, and the Ly49¢ gene contains TCF-1 sites that
are identical to those found in the Ly49a gene. Conversely, the Ly49d promoter
does not contain the TCF-1 sites, and the NK cell subset that expresses Ly49D
is decreased in TCF-1-null mice. These contradictory observations may be
resolved by recent observations with Ly49a transgenic mice, which indicate
the crucial role of an upstream promoter element (Tanamachi et al. 2004)
in the expression of Ly49A. The upstream promoter element is significantly
different in the Ly49a and Ly49¢ genes, suggesting that this control region may
be differentially affected by the loss of TCF-1. However, there are no consensus
TCF-1bindingsitesin the upstream element, and the possibility that the effects
of TCF-1 on Ly49a gene activation are indirect must be entertained. NK1.1*
CD3"~ cell numbers are significantly reduced in the bone marrow of TCF-null
mice (Held et al. 1999), and this may be a reflection of decreased progenitor
cell expansion in TCF-null mice (Schilham et al. 1998). If the activation of the
Ly49a gene is strictly dependent on cell proliferation in the bone marrow, the
expression of Ly49A would only be induced on cycling NK cells that have not
received sufficient inhibitory receptor signaling to prevent the acquisition of
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additional receptors. It is noteworthy that SHIP-null mice have an unusually
high percentage of splenic NK cells (>80%) that express Ly49A, and splenic
NK cell numbers are increased in these mice (Wang et al. 2002). It would be
of interest to examine whether there is increased proliferation of progenitor
cells in the bone marrow of SHIP-null mice. If the Ly49a gene requires cell
proliferation for activation and represents the last inhibitory Ly49 gene to
be activated during development, it could function as a fail-safe Ly49 that
prevents the generation of overactive NK cells. Two studies have indicated
that Ly49A is expressed later in development than the other inhibitory Ly49s
(Williams et al. 2000; Stevenaert et al. 2003). Additional studies suggest that
competence to express Ly49A is determined early in development (Dorfman
and Raulet 1998; Roth et al. 2000). Perhaps activation of the Ly49a gene
is possible at both early and late stages of NK cell development and the
decision to express Ly49A may be related to NK cell proliferation as well
as the balance of positive and negative signals present at a given point in
development.

23
Identification of Pro1, Pro2, and Pro3

Recent studies have revealed the presence of two additional Ly49 promoters,
one upstream and one downstream of the previously defined promoter. The
downstream promoter precedes the first Ly49 coding exon (exon 2), and it has
been shown to produce transcripts in the Ly49j and Ly49¢ genes (McQueen
et al. 2001; Wilhelm et al. 2001). The upstream Ly49 promoter was discovered
as aresult of the identification of a novel Ly49¢ transcript in 129] liver NK cells
(Saleh et al. 2002). The novel promoter was named Prol, and the downstream
exon 1 and exon 2 promoters previously identified were labeled as Pro2 and
Pro3, with Pro2 representing the first promoter to be defined and the most
frequently studied. The Prol element was identified in all of the inhibitory
Ly49 family members, and it was shown to be active in immature NK cells
but not mature cells. Although related elements are present in the activating
Ly49 genes, no transcripts originating from this region have been detected.
If early transcripts of the activating Ly49 genes do exist, they may only be
present transiently during NK cell maturation, and the relative scarcity of
these transcripts will require extensive screening of cDNA libraries from
various tissues in order to detect them.

A major weakness of the Ly49 promoter studies performed to date is that the
majority of in vitro analyses of Ly49 promoter activity have been performed
in the EL-4 T cell line, and therefore may not be an accurate representation of
the control of Ly49 expression in NK cells. Another weakness is revealed by the
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discovery that the majority of Ly49¢ transcripts detected in splenic NK cells
originate from the exon 2 promoter (Pro3), indicating that the studies of the
exon 1 promoter (Pro2) may only be relevant to the expression of Ly49 proteins
in T cells (Wilhelm et al. 2001). It therefore appears that to fully understand
the mechanisms controlling Ly49 expression in NK cells, additional studies
should be performed with Pro2 and Pro3 in a cell line that corresponds to
a mature murine NK cell. Unfortunately, no mature mouse NK cell lines are
currently available.

24
Pro1 Is a Bidirectional Transcriptional Element

The in vitro characterization of the upstream Prol promoter element was pos-
sible because of the existence of a murine NK cell line (LNK) that represents an
immature CD94-positive, Ly49-negative cell that produces transcripts from
the Ly49¢g Prol promoter but no transcripts originating from the Pro2 or Pro3
promoters (Tsutsui et al. 1996; Saleh et al. 2002). A detailed analysis of the
Ly49g Prol element led to the unexpected finding of bidirectional promoter
activity (Saleh et al. 2004). The Prol element is therefore capable of producing
a forward transcript containing the Ly49 coding region or a reverse transcript
that extends into the intergenic region and contains no identifiable coding se-
quences. The presence of antisense intergenic Ly49 transcripts in bone marrow
NK1.1-positive cells was demonstrated by RT-PCR. Bidirectional promoters
producing either a forward coding transcript or a reverse noncoding “ster-
ile” transcript were previously observed in the immunoglobulin heavy chain
variable genes (Nguyen et al. 1991; Sun and Kitchingman 1994), and at that
time they were suggested to function in the opening of chromatin, because
concurrent bidirectional transcription would be expected to have a dramatic
effect on accessibility and potentially play a role in making a Vi, gene available
for recombination.

In the case of the bidirectional element discovered in the Ly49 genes, the
early activity of this promoter suggested that it might represent a switch con-
trolling the variegated expression of members of this gene family. In vitro
promoter studies indicated that the relative forward and reverse transcrip-
tional activities of the Prol element varied among Ly49 genes (Saleh et al.
2004). Prol elements with a dominant reverse promoter activity were found
in Ly49 genes coding for Ly49 proteins that were not expressed on a sig-
nificant subset of splenic NK cells. Increased levels of forward Prol activity
were associated with Ly49 genes that are expressed on larger subsets of NK
cells. Significant differences in the Prol structure and function in the Ly49j
and Ly49c genes provided a possible explanation for the distinct expression
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patterns of these two highly related genes. Although the Ly49j and Ly49c
genes possess greater than 96% nucleotide homology, Ly49] is only expressed
on a small subset (<5%) of C57BL/6 adult NK cells whereas Ly49C is ex-
pressed on 50% (Kubota et al 1999). The Pro2 promoter activity of these
genes had previously been shown to be functionally equivalent (McQueen
et al, 2001); however, the Prol forward transcriptional activity of the Ly49j
gene was severely decreased relative to Ly49c activity, and this correlates with
a deletion of the transcript initiation region and disruption of the TATA box
associated with forward transcription in the Ly49j Prol element. This result
suggests that Prol is a key element controlling the activation of the inhibitory
Ly49 genes. Further evidence for the importance of the Prol element was
provided by studies of Ly49A transgenic mice in which the entire Ly49a gene,
including 8 kb 5’ of the Pro2 element was used to generate transgenic mice
(Tanamachi et al. 2004). These mice showed normal variegated expression
of the Ly49A protein in NK cells; however, the protein was also expressed by
all B cells, suggesting that there may be an additional locus control region
located elsewhere that is required for suppression of B cell expression. An
upstream DNAse hypersensitive site was detected in the Ly49a gene. The re-
gion surrounding the hypersensitive site was deleted from the Ly49a gene,
and this construct was used to generate additional transgenic mice. The hy-
persensitive site identified maps to the center of the Prol element. Ly49A
transgenic mice lacking the Prol region no longer expressed Ly49A on NK
cells or B cells, indicating an essential role of the Prol promoter in gene
activation.

2.5
The Pro1 Probabilistic Switch

To test the possibility that Prol was functioning as a gene switch, the bidirec-
tional element was cloned between two different fluorescent protein cDNAs,
so that forward transcription could be detected by the expression of yel-
low fluorescent protein (YFP) and reverse transcription would result in cyan
fluorescent protein (CFP) expression (Saleh et al. 2004). By isolating stable
transfectants containing only a single copy of this two-color reporter vector,
it was possible to monitor the transcriptional behavior of the Prol element
in real time. The remarkable result of this experiment was that the Prol el-
ement did in fact represent a switch that could choose between two stable
transcriptional states. A single-cell clone containing the two-color vector un-
der the control of the Ly49g Prol element (Ly49G is expressed on 45% of
adult splenic NK cells) produced a variegated cell population that contained
nearly equivalent levels of blue (CFP) or yellow (YFP) cells. The stability of
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this switch was demonstrated by time-lapse imaging of the variegated cell
population. In the absence of cell division, blue cells remained blue and yel-
low cells remained yellow—switching of cell color was associated with cell
division. A subpopulation of dividing cells was detected that expressed both
CFP and YFP simultaneously before cell division, and these cells gave rise
to a CFP-expressing daughter and a YFP-expressing daughter. This result
indicated that the new copy of the two-color construct produced by DNA
replication could produce a transcript in the opposite direction relative to
the transcript produced by the parental copy in the same cell. This result
provides direct evidence that the transcriptional decision is not directed by
the relative concentration of transcription factors present in the nucleus. The
model of Ly49 gene activation proposed does not require the existence of lim-
iting concentrations of transcription factors, because the factors required to
initiate forward transcription are identical to those needed for reverse tran-
scription. The “decision” to produce a forward or reverse transcript should
be based on the relative probability of transcription factor binding to the
competing forward or reverse binding sites, and this was borne out by mu-
tation studies showing that changing the relative affinity of binding sites
could change the probability of forward or reverse transcription (Saleh et al.
2004).

The probabilistic switch identified in the Ly49 genes provides a powerful
new paradigm to explain cell fate decisions. Although chance events may not
seem to be a desirable mechanism to produce defined cellular outcomes, if
a single chance event is occurring in a large number of precursor cells, the
cellular fates that are produced are based on probability, and therefore com-
pletely predictable and reproducible. Although one cannot know the eventual
Ly49 fate of an individual NK cell precursor, the total Ly49 repertoire produced
is constant, and each individual mouse of a given inbred strain produces an
identical repertoire. The Ly49 repertoire is stable in mature NK cells because
the switch promoter is only active in immature cells, and the unidirectional
adult promoter takes over transcription of the Ly49 gene in the mature NK
cell. Presumably, it is the forward transcription from the switch promoter
in the immature NK cell that prevents the adult promoter from assuming
a closed chromatin state, resulting in promoter activation when the NK cell
matures and the transcription factors required for adult promoter activity
are expressed. Ligand interaction and signaling play an important role in the
final repertoire, but the probabilistic switch provides the initial diversity of
Ly49 expression that can be modified by the selection processes operating in
NK cell development.
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3
NKR-P1 Promoters

The NKR-PI1C gene encodes the NK1.1 antigen expressed by all functional
C57BL/6 NK cells and NKT cells (Ryan et al. 1992). This gene is also expressed
early in development, because a CD117+, NK1.1+ progenitor cell in thymus
was shown to produce both NK and T cells (Carlyle et al. 1997). There is
a general conservation of exon structure among the lectin-related genes, and
the NKR-P1C gene was recently shown to possess three distinct promoter
elements in locations similar to the three promoters identified in the Ly49
genes (Ljutic et al. 2003). Furthermore, the 5'-most promoter in the NKR-
PIC gene was shown to be active only in fetus-derived NK cells, analogous
to the Ly49 Prol promoter that was shown to be active in immature NK
cells. The principal NKR-P1C promoter that is active in the adult precedes
the first coding exon of the gene, and it is located in a position similar to
the Ly49 promoter (Pro3) that precedes the first Ly49 coding exon (exon 2).
The Ly49¢ Pro3 promoter was shown to represent the major Ly49¢ promoter
used by splenic NK cells in vivo (Wilhelm et al. 2001). The question that
arises is whether the 5'-most promoter is required for the initial activation of
the NKR-PIC, as has been shown for the Ly49a gene. Because the NKR-P1C
gene is not selectively activated in a subset of NK cells, the complex system
of gene activation used by the Ly49 genes may not be required. However,
NKR-P1B is only expressed on approximately 60% of NK cells in the Sw,
SJL, and FVB mouse strains (Carlyle et al. 1999; Kung et al. 1999; Liu et al.
2000), suggesting that this inhibitory receptor could be controlled by the same
mechanism of gene activation discovered in the Ly49 inhibitory receptors.
The C57BL/6 NKR-PID gene may also be expressed in a variegated fashion,
because it is highly related to the NKR-PIB gene. There is conservation of
the region surrounding the NKR-PIC upstream promoter/enhancer in the
NKR-PID gene, suggesting that a fetus-specific promoter may also exist in
this gene. A key question to be answered is whether or not this element has
bidirectional transcriptional activity and potentially functions as a stochastic
switch controlling the selective activation of the NKR-P1B/D genes.

4
CD94 Promoter

The CD94 protein interacts with NKG2 family members to form heterodimers
that interact with the nonclassical MHC proteins Qa-1° in mouse and HLA-
E in humans. CD94/NKG2 proteins are selectively expressed on NK cells in
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a manner similar to that observed for Ly49s, however CD94 appears early in
NK development and its expression decreases as Ly49 expression increases
(Lohwasser et al. 2000; Takei et al. 2001). Another feature of CD94/NKG2
expression that is shared with Ly49 is their expression on some CD8* T cells
(McMahon and Raulet 2001). CD94 promoters have been studied extensively
in both mouse and human. Two promoters have been shown to exist in both
species. The human CD94 proximal promoter is active in freshly isolated
primary NK and CD8* af T cells, whereas the distal promoter is only induced
on culture of cells with IL-2 or IL-15 (Lieto et al. 2003). In the mouse CD94
gene, the situation is reversed; the distal promoter is used almost exclusively
in freshly isolated NK cells, and its use decreases on culture in IL-2 (Wilhelm
etal. 2003). A comparison of the putative transcription factor binding sites in
the human and mouse promoters demonstrates a high degree of conservation;
however ,there are some notable differences that might explain the differential
activation properties of the two promoters. There are multiple Ikaros sites
and a Myc site in the human proximal promoter, and none of these sites is
present in the human distal promoter. The opposite situation exists in the
mouse gene, with Ikaros and Myc sites found in the distal promoter but not
the proximal promoter, suggesting that Myc and Ikaros are associated with
constitutive expression in freshly isolated NK cells. CD94 may be expressed
in a variegated fashion in immature NK cells (Takei et al. 2001); therefore it is
possible that an additional upstream promoter with a function similar to that
of Ly49 Prol is present in the CD94 gene. Screening of bone marrow cDNA
libraries with a CD94 probe will be necessary to determine whether there are
unique CD94 transcripts present in immature NK cells.

5
NKG2A Promoter

The NKG2 gene family is located centromeric of the Ly49 gene family on
mouse chromosome 6, and this family is conserved in the human NKC on
chromosome 12 (Plougastel et al. 1997; Brostjian et al. 2000; Bull et al. 2000).
There is only a single inhibitory NKG2 family member, NKG2A, located at
the beginning of the cluster in both humans and mice. The close proximity
of NKG2A to the Ly49 gene family and the observed variegated expression of
this gene (Takei et al. 2001) suggest that the system of transcriptional control
found in the Ly49 genes might also exist in the NKG2A gene. Two promot-
ers have been reported in the human NKG2A gene (Plougastel et al. 1997),
and cDNAs isolated from rhesus monkey decidua have been identified that
indicate the existence of a third upstream promoter (Kravitz et al. 2001). An
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additional human NKG2A cDNA isolated from NK92 cells (GenBank accession
BC053840) confirms the existence of this novel promoter in the human gene.
The locations of the three promoters identified in the human NKG2A gene cor-
respond to the positions of the three Ly49 and NKR-PIC promoters, providing
evidence for a similar system of gene regulation in the lectin-related NK cell
receptor gene families (Fig. 1). The 3’-most promoter of NKG2A is adjacent
to the first coding exon of the gene in a location analogous to the location of
Ly49 Pro3. This promoter contains typical TATA and CCAAT elements, and
transcripts initiated from this promoter comprised 25% of the cDNAs isolated
from normal circulating lymphocytes. The second promoter identified gener-
ates a noncoding exon (exon 1), and it is located approximately 2 kb upstream
of exon 2 in a location similar to that of Ly49 Pro2. Transcripts originating in
this region comprised 75% of NKG2A cDNAs isolated from lymphocytes. No
characterization of the 5'-most promoter has been performed. Further studies
are required to determine whether this additional promoter is functionally
related to the Ly49 Prol element.

6
KIR Promoters

To date, there are only a few reports that provide a detailed functional analysis
of KIR promoters. The analysis of the promoter regions of the 2DL4 and 3DLI
genes revealed significant differences in promoter structure and function,
consistent with the distinct expression patterns of these genes (Stewart et al.
2003). All NK cells transcribe the 2DL4 gene, whereas 3DLI is expressed
in a variegated fashion in NK cell subsets. DNAse I footprinting was used
to identify several sites of protein interaction that correspond to predicted
transcription factor binding sites. Consistent with the distinct regulation of
the 2DL4 and 3DL1 genes, there were significant differences in the potential
transcription factor binding sites identified. A 2DL4 core promoter fragment
of 262 bp was sufficient to confer NK-specific activity in reporter gene assays,
and DNAse I footprinting revealed potential involvement of GATA-3, TCF-2,
MYC/MAX, AP-1, CREB/ATFE, RUNX/AML, and c-Ets1 transcription factors. In
contrast, the 3DLI core promoter demonstrated weaker activity, and potential
binding sites for TCF-2, STAT, c-Etsl, YY-1, CREB, RUNX/AML, and SP-1
were identified. The identification of a DNAse I footprint at the putative
AML binding site of 3DL1 supports the proposed importance of this AML site
suggested by a study that compared expressed versus nonexpressed variants of
the 2DL5 gene (Vilches et al. 2000). This AML-binding site is conserved in the
promoter region of all KIR genes (Trowsdale et al. 2001), and the nonexpressed
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2DL5 variants contain a point mutation that disrupts this AML site, suggesting
that AML binding is required for KIR gene transcription. In addition, there
is a SP-1 site in close proximity to the transcriptional start site, suggesting
that KIR transcription is SP-1 dependent. The SP-1 site is conserved in all KIR
genes, with the exception of the 3DL3 gene. The observed deletion of the SP-1
site in the nontranscribed 3DL3 gene may represent the key mutation that has
inactivated transcription of this gene. SP-1-driven promoters are generally
associated with genes that are constitutively active, such as housekeeping
genes, indicating that additional levels of control must exist to explain the
variegated expression of KIR genes.

Two reports have demonstrated that DNA methylation is responsible for
maintaining the variegated expression of the KIR genes (Santourlidis et al.
2002; Chan et al. 2003). The paper by Santourlidis et al. investigated the methy-
lation status of the 2DL3, 3DL2,and 3DLI genes in the NK3.3 and NKL celllines
as well as freshly isolated NK cells. A small CpG island surrounding the tran-
scriptional start site of each KIR gene was consistently methylated in silent
KIR genes and demethylated in active KIR genes. Treatment of polyclonal
NK cells, an NK cell clone, and NK cell lines with the demethylating agent
5-aza-2'-deoxycytidine resulted in de novo expression of KIRs. Furthermore,
in vitro methylation of a 2DL3 core promoter construct suppressed transcrip-
tional activity in luciferase reporter assays, indicating that the methylation
status of the core KIR promoter determines whether or not a particular KIR
gene is transcriptionally active. The study by Chan et al. (Chan et al. 2003)
demonstrated that human NK cell clones expressing the 3DL1 protein exhibit
allele-specific demethylation of the 3DLI gene. The broadly expressed 2DL4
gene was found to be demethylated on both alleles. Demethylation of the 3DL1
and 2DL4 genes also correlated with protein expression in freshly isolated NK
cells. Furthermore, induction of hypomethylation by treatment of NK92 cells
with 5-aza-2'-deoxycytidine leads to heterogeneous expression of multiple
KIR proteins.

Together, these studies demonstrate that the promoter regions of silent
KIR genes are methylated, and active KIR genes are associated with demethy-
lation, indicating that methylation plays a key role in maintaining a stable
KIR repertoire. The unanswered question is whether or not methylation plays
a role in determining the variegated expression pattern of KIR genes. For
methylation to determine the probabilistic expression of the KIR genes, the
promoter regions of different KIR family members would have to possess in-
trinsically different susceptibilities to methylation or demethylation. To fully
address this issue, it will be necessary to perform core promoter substitution
experiments in KIR transgenic mice. Alternatively, the selective gene activa-
tion may be controlled by a distal element similar to the Prol element found
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in the Ly49 genes. Although the KIR intergenic region is considerably smaller
than the Ly49 intergenic region (2 kb versus 15 kb average intergenic dis-
tance), it is still possible that an additional upstream promoter exists in the
KIR genes. RT-PCR analyses of the 2DL4-3DLI1-2DL5 region have revealed
the presence of sense and antisense transcripts in the intergenic regions in
several NK cell lines as well as polyclonal NK cell preparations (SK Anderson,
unpublished observations). The potential role of upstream elements in KIR
variegation could also be addressed by substitution of intergenic segments
between KIR genes that are expressed in significantly different percentages of
NK cells and testing these alterations in transgenic mice.

7
Association of AP-1, SP-1, and Ets with NK Cell-Specific Promoters

Itis of interest to note that the core promoter regions of several NK cell-specific
receptor genes contain potential Ets binding sites together with SP-1 or AP-1
binding sites. AP-1 plays a major role in the NK cell-specific transcription of
the human 2B4 gene (Chuang et al. 2001), and AP-1 sites are found together
with an Ets site in the NKG2A and NKR-PIC upstream promoters as well as
the proximal CD94 promoter and Ly49¢ Pro3. The major NKR-P1C promoter
used by mature NK cells contains Ets and SP-1 sites, as does the distal CD94
promoter. A detailed study of the NK cell-specific Pmedl promoter of the
human FcyRIIIA gene has shown that SP-1 binding is required for activity,
and an Ets site is located between two SP-1 binding sites in this promoter
(Heusohn et al. 2002). In addition, the core promoter region of the perforin
gene contains SP-1 and Ets binding sites and the Ets-related MEF protein is
required for expression of the mouse perforin gene (Lacorazza et al. 2002).
MEF™~ mice displayed a severe reduction in NK1.1-positive lymphocytes,
suggesting that MEF is also important for NKR-P1C expression. A compar-
ison of the Ets-binding sites in NK-specific promoters reveals an expanded
consensus of ACAGGAA(G/A)T that may represent a MEF-specific binding
sequence. It is of interest to note that the Prol elements of the Ly49 genes
also contain this Ets-binding consensus, and specific binding of the Elf and
MEF transcription factors but not other Ets family members was observed
in EL4 nuclear lysates with this element (SK Anderson, unpublished obser-
vations). It therefore appears that the EIf/MEF subfamily of Ets transcription
factors represent an important component of NK/T-specific expression of NK
receptors.
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8
Conclusion

Although significant progress has been made toward gaining a complete un-
derstanding of the mechanisms controlling NK receptor gene transcription,
there are still many unanswered questions. The studies of NK cell receptor
gene transcription performed to date have identified several transcription
factors that play a role in the expression of the NK cell receptors. The analysis
of mutant mice that lack specific transcription factors associated with NK re-
ceptor expression can provide data supporting the role of these transcription
factors in NK-specific expression; however, results obtained from such exper-
iments should be interpreted with caution because of the pleotrophic nature
of transcription factors. The variegated expression of NK cell receptor gene
families clearly requires a sophisticated system of control, and we are just be-
ginning to understand the mechanisms underlying the selective activation of
these genes. Because two of the lectin-related genes families have been found
to contain additional promoters that are specifically active in immature NK
cells, it is not unreasonable to expect that the other lectin-related gene fam-
ilies will contain similar promoters. Screening of cDNA libraries generated
from immature NK cell populations with various NK receptor probes could
identify novel NK receptor promoters that are only active in the early stages
of NK cell development. It will also be important to examine the early-acting
promoters of genes that are selectively activated for bidirectional transcrip-
tional activity and the possibility that they behave as probabilistic switches.
The NK cell-specificity of the receptor genes may also be controlled in part by
locus control regions, and to date, no studies addressing this possibility have
been performed. A complete understanding of the mechanisms underlying
the selective expression of NK cell-specific receptors must await the identi-
fication of all genomic elements required for appropriate gene expression in
vivo.
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Abstract The functions of natural killer (NK) cells are clearly regulated by major
histocompatibility complex (MHC) class I molecules on their cellular targets. In mice,
this is due to the action of MHC-specific inhibitory receptors belonging to the Ly49
family of lectin-like molecules. The Ly49 receptors are encoded in the NK gene complex
(NKC) that contains clusters of genes for other lectin-like receptors on NK cells and
other hematopoietic cells. Interestingly, recent studies have shown that some of these
lectin-like receptors, belonging to the Nkrpl family, can recognize other lectin-like
molecules, termed Clr, also encoded in the NKC. These genetically linked loci for
receptor-ligand pairs suggest a genetic strategy to preserve this interaction and show
several other contrasts with Ly49-MHC interactions. In this review, we discuss these
issues and summarize recent developments concerning this non-MHC-dependent
regulation of NK cell function.

Abbreviations

ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibitory motif
KARAP Killer activating receptor-associated protein
DAP12 DNAX-activation protein of 12 kDa

DAP10 DNAX-activation protein of 10 kDa

Clr C-type lectin related

IFN-y Interferon-y

NKC NK gene complex
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1
Introduction

The natural killer gene complex (NKC) contains gene clusters that encode
mostly type II integral membrane proteins with extracellular domains that
have structural features of the C-type lectins (Yokoyama and Plougastel 2003).
These proteins can be classified into families (Ly49, NKRP1,NKG2, and CD94).
Members within the same family may have opposing functions. For exam-
ple, molecules belonging to the Ly49 family like Ly49D or Ly49H have been
shown to activate NK cells (Mason et al. 1996; Smith et al. 2000), whereas the
Ly49A receptor inhibits NK cell function after interaction with its major his-
tocompatibility complex (MHC) class I-specific ligand (Karlhofer et al. 1992;
Kim and Yokoyama 1998). Where functions have been described, cytoplasmic
protein sequences known as immunoreceptor tyrosine-based activation mo-
tifs (ITAMs) and immunoreceptor tyrosine-based inhibitory motifs (ITIMs)
(Vivier and Daeron 1997) are responsible for the activating or inhibitory
signals, respectively. Whereas the inhibitory receptors contain ITIMs that re-
cruit inhibitory phosphatases that influence intracellular signaling cascades,
the activating receptors lack any known signaling domains of their own.
Instead, they rely on association with adaptor proteins such as killer acti-
vating receptor-associated protein (KARAP), also known as DAP12 (DNAX-
activation protein of 12 kDa), DAP10, or FceRIy that transmit signals through
their intracellular ITAMs. Protein tyrosine kinases with Src homology 2 do-
mains or phosphatidylinositol 3-kinase can then bind the phosphorylated
tyrosine residues, leading to downstream signaling and gene modulation.
NK receptors expressed on other cell types may recruit alternative protein
kinases, or phosphatases, and therefore modulate a range of intracellular
signaling pathways.

The integration of inhibitory and activation receptor signaling ultimately
results in triggering (or not) of NK cells. In this regard, a guiding principle
in NK cell biology is the “missing-self” hypothesis whereby target cells with
defective MHC class I expression are eliminated by NK cells. The inhibitory
receptors provide a mechanism to explain this hypothesis because inhibitory
receptor engagement by target cell MHC class I tends to dominate NK cell
functions. On the other hand, it is possible to overcome MHC class I inhibition
by upregulating target cell expression of ligands for activation receptors. For
example, stress-induced expression of ligands for NKG2D can activate NK
cell function even when the targets express MHC class I molecules that are
recognized by the relevant NK cells (Bauer et al. 1999; Diefenbach et al.
2000). Thus current studies suggest that NK cell function can be triggered
by either downregulation of MHC class I ligands for inhibitory receptors or
upregulation of stress-induced ligands for activation receptors.
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In this review, we focus our discussion on two families of lectin-like
molecules, Nkrpl and Clr, that provide novel modes of regulating NK cell
functions that are related but distinct from other known mechanisms.

2
Nkrp1 and Clr Families

The NK1.1 (Nkrplc) molecule is the best known serological marker on NK
cells in C57BL/6 mice (Ryan et al. 1992). Lymphocytes that express the NK1.1
antigen and do not express the TCR receptor are generally considered to
be bona fide NK cells (Lanier et al. 1986). Interestingly, some mouse strains
such as BALB/c, SJL, AKR, CBA, C3H and A do not express the NK1.1 antigen.
[Identification of NK cells in these strains relies on use of an integrin molecule
(DXS5, a2 1) expressed selectively on NK cells (Arase et al. 2001).] In C57BL/6
mice, five Nkrp1 transcripts have been identified (Table 1) (Giorda and Trucco
1991; Plougastel et al. 2001b; Ryan et al. 1992; Yokoyama et al. 1991). The
corresponding genes are localized on distal mouse chromosome 6 in a cluster
extending an estimated 650 kb (Fig. 1). The Nkrplc moleculeisa dimer present
on the surface of NK cells. The Nkrpld molecule has been shown recently
to have a similar expression pattern (Iizuka et al. 2003). Because of the lack
of monoclonal antibodies specific for the Nkrpla and Nkrp1f molecules, no
protein expression data are yet available for these molecules.

The structurally related Ly49, Nkg2, and Cd94 molecules are encoded by
genetically linked loci within the NKC. Each family, however, spans indepen-
dent chromosomal regions (Ho et al. 1998; Lohwasser et al. 1999; Plougastel
and Trowsdale 1998; Yokoyama and Seaman 1993). Analysis of the Nkrpl
sequences available in the databases indicates that the members of the Nkrpl
family, unlike those of the Ly49 family, do not display high degrees of al-
lelic polymorphism (lizuka et al. 2003). The Nkrpld molecule presents, for
example, only one amino acid difference between the BALB/c and C57BL/6
strains, whereas there is extensive allelic polymorphism of the Ly49 molecules
that affect ligand specificities and functions (Mehta et al. 2001; Wilhelm et al.
2002).

Recently, another low-polymorphism gene family has been localized in the
same chromosomal region (Fig. 1). This new family encodes C-type lectin-
related molecules (Clr) that display homology with the CD69 molecule. In
C57BL/6 mice, seven Clr genes have been identified at the genomic level
(Table 2). Three of them are expressed in interleukin-2-activated NK cells:
Clrb, Clrf, and Clrg. RT-PCR analysis indicates that Clrb is broadly expressed,
whereas Clrg and Clrf genes are present on restricted and nonoverlapping



Table1 Nkrpl nomenclature

Species Strains Genes Other names Ligands References
Mouse C57BL/6] Nkrpla Kirbla ? Giorda 1991
Ly55a
Nkrplc Klrblc ? Giorda and Trucco 1991
Ly55¢ Ryan et al. 1992
CD161 Yokoyama et al. 1991
Nkrpld Klrb1ld Clrb Plougastel et al. 2001b
Ly55d Kung et al. 1999
Nkrple Plougastel et al. 2001b
Nkrp1f Klrb1f Clrg Plougastel et al. 2001b
SJL/j Nkrplb Klrblb ? Giorda and Trucco 1991
Kung et al. 1999
Carlyle et al. 1999
Rat BN/ SsNHsdMCW  Klrbla NKR-P1.3.2.3 Ryan et al. 1991
NKRP1A Li et al. 2003
F344 Klrblb NKRP1B Dissen 1996
Human KLRBIA CD161 Lanier et al. 1994
hNKRP1A Exley et al. 1998
NKRP1A
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A2m Centromere NKRPA1
— KLRGI/MAFA-L LLTI
Nkrpla
cnf DCALI
Kirgl
_ CD69
Nkrple = — KLRFI
Niapld 3 — AICLI
Micl | I MICL/DCAL2
Clrg Clec2 —| — CLECI
Clrd Dectinl — LOXI/OLRI
Lox1/0lrl —
Clrc — CD9%4
C NKG2D/KLRKI
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Mouse Chr.6 Human Chr.12

Fig.1 Schematic representation of the NKC in mice and humans. Shown in more detail
are the Nkrpl and Clr genes that are intertwined in the centromeric portion of the
mouse NKC. The syntenic region of the human NKC is also shown. Arrows indicate
transcriptional orientation

tissues (Plougastel et al. 2001a). The Clre sequence, a probable pseudogene,
demonstrates numerous stop codons in its expected open reading frame.
Transcripts for the Clra and Clrc genes have not been identified yet. The Clr
genes encode proteins that do not display amino acid differences between
the 129/sv, BALB/c, and C57BL/6] strains of mice. At the nucleotide level,
they present as little as one difference in their coding sequence. Analysis of
the rat genomic database indicates the existence of a rat Clr family of genes
intertwined in the Nkrpl cluster. In human, three genes, LLTI (Boles et al.
1999), AICL (Hamann et al. 1997), and DCAL-1 (Ryan et al. 2002), are localized
next to CD69 and could be related to the Clr family of genes. Thus the Clr
family appears to consist of a set of conserved, relatively nonpolymorphic
molecules.
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Table2 Clr nomenclature

Species Genes Other names References
Mouse Clra Plougastel et al. 2001a
Clrb OCIL Plougastel et al. 2001a

Zhou et al. 2001
Zhou et al. 2002
Carlyle et al. 2004

Clrc Plougastel et al. 2001a
Clrd OCILrpl Plougastel et al. 2001a
Zhou et al. 2002
Clre Plougastel et al. 2001a
Cirf Plougastel et al. 2001a
Clrg OCILrp2 Plougastel et al. 2001a
DCL1 Zhou et al. 2002
Human LLT1 Hammann et al. 1997
AICL Boles et al. 1999
DCALI Ryan et al. 2002

2.1
Nkrp1 and CIr Molecular Interactions

The interactions between the Nkrpl and Clr families of molecules have
been determined with a system that was originally developed to detect
ligand-induced T cell activation (Carlyle et al. 2004; Iizuka et al. 2003;
Sanderson and Shastri 1994). Briefly, the BWZ.36 cell line that expresses an
NFAT-inducible lacZ construct was transduced with retroviral constructs
for chimeric molecules consisting of each Nkrpl ectodomain and the CD3(
cytoplasmic domain (lizuka et al. 2003). Ligand-induced Nkrp1l-expressing
cell activation was then measured by a simple nonradioactive lacZ assay.
Cell lines expressing putative ligands for the Nkrplf molecule were thus
identified. Moreover, such cells also bound recombinant, soluble Nkrplf
tetramers that also blocked the Nkrplf reporter cell assay. Ligands were
then cloned by transducing a ligand-negative cell line with a retrovirus
cDNA library prepared from one of the cell lines that clearly expressed the
ligand for the Nkrplf molecule. The Nkrplf tetramer was used to enrich
for cDNAs for Nkrplf ligand-expressing clones by flow cytometry. PCR
extraction of cDNA sequences from tetramer-positive clones indicated that
the Clrg molecule was consistently found. Deliberate transfection of the
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Clrg cDNA into ligand-negative cells conferred reactivity with the Nkrplf
reporter cells and Nkrplf tetramers, indicating that the ligand of the Nkrp1f
molecule was Clrg. A specific interaction between the Nkrpld and Clrb
molecules was then identified in the latter manner. The Nkrplb molecule
has been shown to interact with the Clrb molecule (Carlyle et al. 2004).
A recent paper suggests that oligosaccharides linked to Nkrpl could play
a role in Clr recognition (Gange et al. 2004), but this must be mediated
in a manner distinct from authentic C-type lectins because the Nkrpl
molecules lack residues for coordinate binding of Ca®*, which is required
for Ca’*-dependent carbohydrate interactions (Weis et al. 1992). Thus
interactions between the Clr and Nkrp1 family of molecule represent the only
known cases in which the NK receptors and their ligands are both lectin-like
molecules.

2.2
Nkrp1 and Clr Functions

Consistent with the absence of an ITIM and the presence of a charged residue
in its membrane-spanning domain, the Nkrplc molecule behaves as an acti-
vation receptor on mouse NK cells. The mouse Nkrpla and Nkrp1f molecules
are also predicted from their protein sequences to be activation receptors, but
no functional data are yet available. Nkrplc cross-linking activates NK cells
that exhibit cytotoxicity and interferon-y (IFN-y) production (Arase et al.
1996; Karlhofer and Yokoyama 1991; Kim and Yokoyama 1998). Interestingly,
NKT cells that secrete both IFN-y and interleukin 4 (IL-4) on T cell receptor
cross-linking, produce IFN-y but not IL-4 on Nkrplc cross-linking, (Arase
et al. 1996). The other activation receptors encoded in the NKC that have
been functionally investigated (Ly49H, -D, Nkg2c, or Nkg2d molecules) all
associate with the KARAP/DAPI12 or DAP10 adaptor molecules. However, in
the case of the mouse Nkrplc molecules, association with the FcRy chain
has been shown with coimmunoprecipitation experiments (Arase et al. 1997).
Furthermore, NK cells from FcRy chain-deficient mice did not show cytotox-
icity or IFN-y production on Nkrplc cross-linking, but NK1.1 expression was
normal. These findings demonstrate that the FcRy chain plays an important
role in activation of NK cells via the Nkrplc molecule but not in its expression,
unlike the case for other activation receptors such as Ly49H, which requires
KARAP/DAP12 for cell surface expression as well as function.

The rat and the human Nkrpl activating molecules have also been shown
to mediate transmembrane signaling (Ryan et al. 1995; Cerny et al. 1997).
They all have conserved tyrosine and serine residues in their cytoplasmic
domains. These residues are potential phosphorylation sites.
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The mouse Nkrplb and Nkrpld molecules possess cytoplasmic tails with
an ITIM. The Nkrplb molecule has been shown to act as an inhibitory re-
ceptor in the SWR or SJL/J strain. Association of Nkrp1b with Src homology
2-containing protein tyrosine phosphatase-1 (SHP1) provides a molecular
mechanism for this inhibition (Carlyle et al. 1999,2004; Kung et al. 1999). The
Nkrpld molecule, which is likely the allelic form of the Nkrp1lb molecule in
C57BL/6 mice, has also been shown to function as an inhibitory receptor on
primary NK cells. Transduced expression of Clrb in susceptible cells reduces
killing by C57BL/6 LAK cells. The inhibition of killing can be reversed with
ablocking antibody directed against the Nkrpld molecule (Iizuka et al. 2003).
In rat, the NKRP1B molecule contains an ITIM in its cytoplasmic tail such
that it functions also as an inhibitory receptor (Li et al. 2003).

The signaling molecules responsible for inducing phosphorylation of the
ITAM and ITIM in Nkrpl molecules remain unknown. The presence of con-
served Cys-X-Cys-Pro sequence in the Nkrpl molecules suggest that Src fam-
ily tyrosine kinases may play a role. In rat, the Nkrpla molecule (Ryan et al.
1991) has been shown to bind the p56'* Src family tyrosine kinase (Camp-
bell and Giorda 1997; Giorda and Trucco 1991). In human, the NKRP1A
molecule (CD161) does not contain the cytoplasmic tail p56! binding motif,
and an association with p56'X is therefore unlikely. In contrast to results in
mouse, anti-CD161 mAb does not directly activate human T cells that express
NKRPIA. Activation with limiting quantities of anti-CD3 mAbD revealed cos-
timulatory activity after CD161 ligation (Exley et al. 1998). Finally, in mouse,
it is not clear whether p56 X is involved in inhibition by ITIM-containing
Nkrp1 receptors.

Transcripts of Clr molecules are broadly expressed, but perhaps what
is most interesting is the expression of Clr molecules in dendritic cell and
macrophage populations. This expression is apparently regulated at the tran-
scriptional level (lizuka et al. 2003). Also, transcripts for the Clrb and Clrg
genes (OCIL and OCILrp2, respectively) have been identified in osteoblasts.
It has been suggested that these molecules could inhibit osteoclast formation
in in vitro cocultures of osteoblastic stromal cells with hemopoietic cells.
This inhibition would be lymphocyte independent. The authors suggest that
OCIL/Clr might have a direct action to oppose RANKL in the control of os-
teoclastogenesis (Zhou et al. 2001, 2002), independent of IL-4 (Mirosavljevic
et al. 2003). Thus the Nkrp1-Clr interactions may be especially important in
the interactions of innate immune cells.

The human LLT1 and the mouse Clrb molecules are broadly expressed
in peripheral blood (Carlyle et al. 1999, 2004; Mathew et al. 2004; Plougas-
tel et al. 2001a). Biochemical analysis indicates that LLT1, like most of the
lectin-like molecules encoded in the NKC, is expressed on the cell surface as
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a dimer (Mathew et al. 2004). LLT1 has a short cytoplasmic tail that lacks
an ITIM or other tyrosine motif. However, it possesses a basic residue in its
transmembrane domain that could associate with a signaling adapter chain.
A monoclonal antibody specific for LLT1 does not induce activation or inhi-
bition of lysis by NK cells but does induce IFN-y production by a human NK
cell line (YT), and by resting or activated NK cells (Mathew et al. 2004). No
interaction between the human NKRP1A molecule (Lanier et al. 1994) and
LLT1 has been demonstrated so far. Nkrp1-Clr interactions may, however, be
indicative of the functions of related molecules that are just beginning to be
understood.

Inasmuch as the expression of Nkrpld is similar on NK cells from both
wild-type and MHC class I-deficient mice, and Nkrpld-dependent inhibi-
tion occurs in the absence of MHC class I on targets, these data indicate
that NK cells utilize an MHC class I-independent mechanism to regulate
their function (lizuka et al. 2003). Interestingly, this mechanism is similar in
principle to MHC class I-dependent responses conferred by Ly49 and related
receptors. Indeed, the receptors involved in both MHC class I-dependent and
-independent inhibitions are structurally similar, despite differences in struc-
tural features of the ligands. It is therefore tempting to speculate that MHC
class I-independent regulation of NK cells by Nkrp1-Clr interactions extends
the missing-self hypothesis beyond MHC class I and provides another means
to regulate NK cells via inhibitory receptors (Carlyle et al. 2004; Iizuka et al.
2003). Moreover, this regulation of NK cells appears to be independent of up-
regulated ligands for activation receptors, such as NKG2D (Bauer et al. 1999;
Diefenbach et al. 2000). Thus the Nkrpl-Clr interactions appear to reveal
novel mechanisms to regulate NK cell functions.

23
Genetics of Nkrp1 and Cir

The genes for Nkrpl and Clr molecules are intertwined in the centromeric
portion of the NKC (Iizuka et al. 2003; Plougastel et al. 2001a,b). Interestingly,
these molecules are relatively nonpolymorphic, unlike the high degree of
polymorphism of the Ly49 molecules encoded in the telomeric portion of the
NKC (Makrigiannis et al. 2002; Wilhelm et al. 2002; Yokoyama and Plougas-
tel 2003). Ly49 polymorphism likely reflects the extreme polymorphism of
MHC class I molecules, the ligands for Ly49 molecules that are encoded on
another chromosome. Because the receptors and ligand genes independently
segregate, the polymorphisms appear to have evolved to permit continued in-
teractions, despite independent mutational events. On the other hand, Nkrpl
and Clr genes cosegregate because of close genetic linkage. Furthermore,
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there is evidence for suppression of recombination, for we have not observed
arecombination event in the region in over 6,400 meioses (Brown et al. 2001),
indicating that recombination is suppressed.

These latter genetic features resemble the self-incompatibility (SI) locus in
flowering plants. The SIlocus contains the genes for two interacting molecules,
a receptor on the pistil and its ligand on pollen. Interaction between these
molecules blocks fertilization, as a means to prevent inbreeding (Ferris et al.
2002; Nasrallah 2002). Because of tight genetic linkage and recombination
suppression, recombination in this genomic region is rare, suggesting that
the Nkrp1-Clr region of the NKC also shares a genetic strategy with plants to
preserve receptor-ligand interactions.

3
Conclusions

The features of Nkrp1-Clr interactions are somewhat unique. In particular,
these molecules represent interactions between lectin-like molecules that are
independent of MHC class I and appear to regulate NK cell functions inde-
pendent of induced expression of ligands for activation receptors. Moreover,
the Nkrp1l and Clr genes are colocalized to a genomic region that is genet-
ically preserved, resembling a genetic strategy conserved in plants. Finally,
these molecules may be important in the interactions between NK cells and
dendritic cells and macrophages. Taken together, these data strongly suggest
that, like other NKC-encoded receptors, the Nkrpl and Clr molecules play
important roles in innate immunity.
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Abstract The CD2 family of receptors is evolutionarily conserved and widely expressed
on cells within the hematopoietic compartment. In recent years several new members
have been identified with important roles in the immune system. CD2 family members
regulate natural killer (NK) cell lytic activity and inflammatory cytokine production
when engaged by ligands on tumor cells. Furthermore, a subfamily of CD2 recep-
tors, the CD150-like molecules, has been implicated in the pathogenesis of X-linked
lymphoproliferative disease (XLP). Many of these receptors have now been shown to
bind homophilically or heterophilically to other molecules within the family. With
these discoveries a novel mechanism for lymphocyte regulation has emerged: CD2
family members on NK cells engage ligands on neighboring NK cells, leading to NK
cell stimulation. Moreover, heterotypic stimulatory interactions between NK cells and
other leukocytes also occur. In this manner, CD2 family members may provide in-
terlymphocyte communication that maintains organization within the hematopoietic
compartment and amplifies immune responses. This review discusses these multiple
roles for CD2 family members, focusing specifically on the regulation of NK cells.
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Abbreviations

BLAME B lymphocyte activator macrophage expressed
EBV Epstein-Barr virus

CD85-Hl1 CD84-homolog 1

CRACC CD2-like receptor activating cytotoxic cells

CS1 CD2 subset 1

DC Dendritic cell

EAT-2 Ewing sarcoma-activated transcript-2

GPI Glycosylphosphatidylinositol

IFNy Interferon-y

Ig Immunoglobulin

ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibitory motif
ITSM Immunoreceptor tyrosine-based switch motif
NK cell Natural killer cell

NTB-A NK-T-B-antigen

SAP Signaling lymphocyte activation molecule-associated molecule
SH2 domain Src homology 2 domain

SHP-1 Srchomology 2 domain-containing protein tyrosine phosphatase-1
SLAM Signaling lymphocyte activation molecule

TNFax Tumor necrosis factor-a

XLP X-linked lymphoproliferative disease

1

CD2 Family Members

The CD2 family of receptors belongs to the immunoglobulin (Ig) superfamily.
There are currently eleven members in this group: 2B4 (CD244), BLAME (B
lymphocyte activator macrophage expressed), CD2 (lymphocyte function-
associated antigen-2, LFA-2), CD48, CD58 (LFA-3), CD84, CD84-H1 (CD84-
homolog 1, CD2 family member-10, CD2F-10, SF2001), CD150 (signaling
lymphocyte activation molecule, SLAM, IPO-3), CD229 (Ly9), CS1 (CD2 sub-
set 1, CD2-like receptor activating cytotoxic cells, CRACC, novel Ly9), and
NTB-A (NK-T-B-antigen, SF2000, Ly108) (Table 1) (Durda et al. 1979; Bierer
et al. 1989; Sidorenko and Clark 1993; de la Fuente et al. 1997; Peck and Ruley
2000; Boles and Mathew 2001; Boles et al. 2001; Bottino et al. 2001; Bouchon
et al. 2001; Fennelly et al. 2001; Kingsbury et al. 2001; Zhang et al. 2001).
In general, members of this family are type I transmembrane proteins, with
a single extracellular N-terminal variable (V)-set Ig domain and a single con-
stant (C)-2-set Ig domain with conserved patterns of disulfide bonds (Killeen
et al. 1988). The exceptions are CD48 and an isoform of CD58, which are GPI
linked, and CD229, which has an additional pair of V and C2 Ig domains
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(Dustin et al. 1987; Staunton et al. 1989; Sandrin et al. 1992). Human CD2 and
CD58 are located at chromosome 1p13, and the other nine genes are located
closely together on chromosome 1q21-q24 (Boles et al. 2001). Murine CD2
family members are closely linked on chromosome 1 as well, with the ex-
ception of the CD2 gene on chromosome 3. The close homology and genetic
linkage of the genes suggests that CD2 family members are derived from gene
duplications of a founding gene (Wong et al. 1990). The parental receptor
likely engaged in homophilic interactions, as all of the CD2 family members
with known ligands bind in homophilic interactions, or heterophilic interac-
tions with other receptors within the family. Six receptors, 2B4, CD150, CD84,
CD229, NTB-A, and CS1, constitute the CD150 subfamily of the CD2 family of
receptors. These six receptors all have two or more conserved tyrosine-based
cytoplasmic motifs consisting of TxYxxV/I (in single-letter amino acid code,
where x is any amino acid), also known as immunoreceptor tyrosine-based
switch motifs (ITSMs) (Shlapatska et al. 2001) .

With the exception of CD48 and CD58, which can be expressed on some
nonhematopoietic tissues (Smith and Thomas 1990; Boles et al. 2001), re-
ceptor expression is restricted to immune cells (Fig. 1). Interestingly, each
receptor has a distinct profile of leukocyte distribution. To date, BLAME has
the most restricted pattern of expression, limited to dendritic cells (DCs)
and monocytes (Kingsbury et al. 2001); in contrast, CD48 is expressed on
all nucleated hematopoietic cells (Boles et al. 2001). Eight of the eleven CD2
family receptors are expressed by NK cells. Unlike most other NK receptors,
such as Ly49 or KIRs (killer cell immunoglobulin-like receptors) which are
expressed on subsets of NK cells (Lanier 2005), the CD2 family of receptors
have pan-NK cell expression. The exception to this is CD150, which is only
found on a subset of NK cells after murine cytomegalovirus infection (Sayos
et al. 2000).

The expression of many of these receptors is altered by cell activation,
transformation, and infection (Thorley-Lawson et al. 1982; Fletcher et al.
1998; Sayos et al. 2000; Romero et al. 2004; Pende et al. 2005). Furthermore,
isoforms for seven of the CD2 receptors have been identified that vary in
the number of cytoplasmic tyrosines present, the type of transmembrane
linkage, or whether the protein is expressed in soluble form (Dustin et al.
1987; Smith et al. 1997; Schatzle et al. 1999; Peck and Ruley 2000; de la Fuente
et al. 2001; Wang et al. 2001; Lee et al. 2004a; Wandstrat et al. 2004). Thus
there are numerous contexts for CD2 family receptor ligation, such as the cell
type expressing the receptor, the receptor isoform expressed, and the state of
activation of the receptor-bearing cell.



Table 1 CD2 family members and their functions on NK cells

¥6

Other CD150 Isoforms Ligand ~ SAP/EAT-2 Function References
names  subfamily binding on NK cells
BLAME Unknown Notknownto  Kingsbury et al. 2001
be expressed
on NK cells
CD2 LFA-2, hCD58, Activation Siliciano et al. 1985;
0X-34 mCD48* and adhesion Timonen et al. 1990; Davis et al. 1998
CD48 Soluble and 2B4, CD2 Activation, Smith et al. 1997;
GPI-linked NK cell Kubin et al. 1999;
forms homotypic Assarsson et al. 2004
stimulation
CD58 LFA-3 GPI-linked and hCD2 Unknown Dustin et al. 1987
transmembrane
forms
CD84-H1 CD2F-10, Unknown Unknown Fennelly et al. 2001;
SF2001 expression Zhang et al. 2001;
on NK cells Fraser et al. 2002
h2B4* CD244  Yes CD48 SAPand  SAP-dependent Valiante and Trinchieri 1993;
EAT-2? activation, Brown et al. 1998;
inhibition in Latchman et al. 1998;
the absence Benoit et al. 2000;
of SAP Nakajima et al. 2000;

Parolini et al. 2000;
Tangye et al. 2000b;
Sivori et al. 2002
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Table1 (continued)

Other CD150 Isoforms Ligand ~ SAP/EAT-2 Function References
names  subfamily binding on NK cells
m2B4-long Yes Four ITSMs CD48 SAPand  Inhibition in Garni-Wagner et al. 1993;
EAT-2 the presence Schatzle et al. 1999;
or absence Morra et al. 2001;
of SAP, Assarsson et al. 2004;
NK homotypic Lee et al. 2004b;
stimulation Mooney et al. 2004;
Vaidya et al. 2005
m2B4- Yes One ITSM CD48 Activation Schatzle et al. 1999;
short or null Stepp et al. 1999;
Lee et al. 2004b
CD84 Yes Self SAP and Low or absent  de la Fuente et al. 1997;
EAT-2 expression Martin et al. 2001;
on NK cells, Tangye et al. 2002;
function on NK Tangye et al. 2003;
cells unknown, Romero et al. 2004
SAP
independent
signaling
CD150 SLAM, Yes Uncharacterized Self SAPand  Induced on Sidorenko and Clark 1993;
IPO-3 mRNA isoforms EAT-2 a subset of NK  Mavaddat et al. 2000;
cells by MCMV,  Sayos et al. 2000;

function on NK
cells unknown

Morra et al. 2001;
Wang et al. 2001
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Table1 (continued)

Other CD150 Isoforms Ligand ~ SAP/EAT-2 Function References
names  subfamily binding on NK cells
CD229 Ly9 Yes Uncharacterized Self SAPand  Unknown Durda et al. 1979;
mRNA isoforms EAT-2 de la Fuente et al. 2001;
Morra et al. 2001; Sayos et al. 2001;
Romero et al. 2004;
Wandstrat et al. 2004;
Romero et al. 2005
hCS1-long CRACC, Yes Two ITSMs Self SAP NK activation, Boles and Mathew 2001;
novel NK homotypic  Bouchon et al. 2001;
Ly9, stimulation, Kumaresan et al. 2002;
19A SAP Tovar et al. 2002;
independent Lee et al. 2004a
signaling
hCS1-short Yes No ITSMs Self Null Lee et al. 2004a
NTB-A Ly108, Yes mLyl108-1 has  Self SAPand  SAP-dependent Peck and Ruley 2000;
SF2000 two ITSM and EAT-2 activation, Bottino et al. 2001;
Ly108-2 has inhibition in the Fraser et al. 2002;
three ITSM absence of SAP, TFalco et al. 2004;
NK homotypic  Flaig et al. 2004;
stimulation Valdez et al. 2004

* h, human; m, mouse. Abbreviations: BLAME, B lymphocyte activator macrophage expressed; CD2F-10, CD2 family member 10; CD84-
H1, CD84-homolog 1; CS1, CD2 subset 1; CRACC, CD2-like receptor activating cytotoxic cells; EAT-2, EWS-activated transcript-2; ITSM,
immunoreceptor tyrosine-based switch motif; LFA-2; lymphocyte function-associated antigen 2; MCMV, murine cytomegalovirus; NTB-
A,NK-T-B-antigen; SAP, signaling lymphocyte activation molecule-associated molecule; SLAM, signaling lymphocyte activation molecule

96

Tewny ‘A - ASUISNOIN ‘N



The CD2 Family of Natural Killer Cell Receptors 97

2B4 2B4* 2B4 2B4
BLAME BLAME
cbz2 ch2 {CD2) (CDZ)
CD48 CD48 CD48 CD48 CD48 CD48 CD48
CD58 CD58 CcD58 CD58 CD58 CD58
CDs4 CDs4 cDs4 CcDs4 CDs4 CD84
(CD84-H1}CD84-H1) CD84-H1 CD84-H1
CD150* CD150 CD150 CD150* cD150*
CD22% CD229 CD228 CD229
Cs1 Csi1 CSs1 cs1*
NTB-A  NTB-A  NTB-A NTB-A

Fig. 1 CD2 family member expression on immune cells. CD2 family members have
distinct distributions on hematopoietic cells. Some receptors, such as CD48 and CD58
(in humans) are widely expressed, whereas others, such as BLAME, have limited
expression patterns. *CD150 on NK cells, 2B4 on CD8* T cells, CS1 and CD150 on DCs,
and CD150 on monocytes are detected after cell activation. Receptors expressed on only
subpopulations of cells are expressed in parentheses. BLAME, B lymphocyte activator
macrophage expressed; CD84-H1, CD84-homolog 1; CSI, CD2 subset 1; DC, dendritic
cell; NTB-A, NK-T-B-antigen; SLAM, signaling lymphocyte activation molecule

2
CD2 Receptor Family Signaling and X-Linked Lymphoproliferative
Disease

Receptors in the CD2 family have diverse signaling pathways that are not com-
pletely understood. The CD150 subfamily members have cytoplasmic ITSMs,
which suggests that they have a common signaling pathway. By contrast, non-
CD150 subfamily members, CD2, CD48, CD58, CD84-H1, and BLAME, lack
tyrosine-based cytoplasmic signaling motifs. CD48 and an isoform of CD58
have GPI linkages that may signal by association with lipid raft domains and
lipid raft-associated kinases (Stefanova etal. 1991; Garnett et al. 1993; Solomon
et al. 1996; Dykstra et al. 2003). CD84-H1, BLAME, and a transmembrane-
containing form of CD58 have short cytoplasmic tails, which may indicate that
these molecules act primarily as ligands for as yet undetermined receptors
(Dustin et al. 1987; Fennelly et al. 2001; Kingsbury et al. 2001).

The ITSM-containing receptors 2B4, CD150, CD84, CD229, NTB-A, and
CS1 have several common signaling characteristics. Cytoplasmic ITSM ty-
rosines are phosphorylated on ligation, leading to recruitment of SLAM-
associated protein (SAP, SH2D1A) and (Ewing sarcoma-activated transcript-
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2 (EAT-2), with the exception of CD150 and CS1, for which SAP binding is
phosphorylation independent (Sayos et al. 1998, 2001; Tangye et al. 1999,
2002; Parolini et al. 2000; Bottino et al. 2001; Morra et al. 2001; Fraser et al.
2002; Lee et al. 2004a). CS1 binding to SAP remains controversial, and CS1
binding of EAT-2 is not detected (Bouchon et al. 2001; Tovar et al. 2002; Lee
etal. 2004a). ITSMs bind a number of signaling molecules that historically are
known to associate with immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) and immunoreceptor tyrosine-based activating motifs (ITAMs), in-
cluding activating kinases and inhibitory phosphatases. Among the tyrosine-
based motifs, ITSMs are unique for their recognition by SAP and EAT-2, and
it is this association that has drawn the most attention to the CD150 sub-
family. This is because of the finding that mutations in SAP are associated
with X-linked lymphoproliferative disease (XLP) (Coffey et al. 1998; Nichols
et al. 1998; Sayos et al. 1998) and because SAP/EAT-2 adaptors dictate unique
function-switching capabilities by ITSM-bearing receptors.

XLP patients have complicated clinical features, often triggered by Epstein-
Barr virus (EBV) infection (Purtilo et al. 1975). The disease most frequently
manifests as fulminant infectious mononucleosis, and less commonly as B
cell lymphoma and dysgammaglobulinemia (Purtilo et al. 1975). The SAP
gene is mutated in these patients, affecting the functions of T cells, NK cells,
and some B cells, which express SAP (Coffey et al. 1998; Nichols et al. 1998;
Sayos et al. 1998; Nichols et al. 2005). SAP mutations prevent the development
of NK T cells in humans and mice (Chung et al. 2005; Nichols et al. 2005;
Pasquier et al. 2005). Abnormal NK cell function in XLP patients is not global
but limited to the activity of SAP-binding NK receptors. SAP is thought to
act as an adaptor, mediating activating signals by recruiting and activating
Fyn kinase (Chan et al. 2003; Latour et al. 2003). Fyn kinase induces further
phosphorylation of the ITSM-bearing receptors, leading to recruitment of
other activating molecules to the receptors.

The absence of functional SAP leads to alternate signaling pathways de-
pending on the receptor. For SLAM and 2B4, it has been argued that, in the
absence of SAP, there is no receptor signaling (Benoit et al. 2000; Tangye et al.
2000b; Latour et al. 2001). In other cases, the absence of SAP leads to inhibitory
outcomes, for example, NTB-A and other studies on 2B4 (Nakajima et al. 2000;
Parolini et al. 2000; Bottino et al. 2001). However, SAP-independent activating
signals also exist—CS1 and CD84 are activating even in NK cells and T cells
of XLP patients, respectively (Bouchon et al. 2001; Tangye et al. 2003).

EAT-2 has an SH2 domain, and it is structurally similar to SAP (Morra
et al. 2001). At least at the transcriptional level, it is expressed in B cells,
macrophages, DCs, activated T cells, and NK cells as well as some non-
hematopoietic cells (Thompson et al. 1996; Morra et al. 2001; Tangye et al.
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2003; Lee et al. 2004b). EAT-2 protein is reported in murine primary NK
cells (Chen et al. 2004). Unlike SAP, which binds to the SH3 domain of Fyn,
EAT-2 likely does not bind Fyn (Latour et al. 2003); thus EAT-2 may function
by blocking other molecules from binding to the receptor or by recruiting
unknown signaling molecules. SAP and EAT-2 bind to the same receptors
and are both present in NK cells, but it remains unknown what the relative
importance of each of these molecules is. Although much progress has been
made, SAP-dependent and -independent ITSM signaling pathways are still
being defined.

3
The Regulation of NK Cell Function by CD2 Family Members

3.1
2B4 (CD244)

Ofthe receptors discussed in this review, 2B4 (CD244) is the best characterized
with respect to NK cell function. It is expressed on NK cells, CD8* activated
T cells, yo T cells, monocytes, basophils, eosinophils, and mast cells (Boles
et al. 2001; Kubota 2002; Munitz et al. 2005). In mice, 2B4 has two isoforms
generated by alternative splicing. 2B4-long has four ITSMs, and 2B4-short
has one ITSM; human 2B4 is only found as the long form (Boles et al. 1999;
Stepp et al. 1999). CD48, the ligand for 2B4, is expressed on all nucleated
hematopoietic cells and on human endothelium (Brown et al. 1998; Latchman
et al. 1998). CD48 is GPI linked, and is also the ligand for CD2. However, 2B4
binds CD48 with higher affinity than does CD2 (Brown et al. 1998).

Early studies on 2B4 function evaluated the effects of anti-2B4 antibodies
on the cytolytic activity of mouse NK cells (Garni-Wagner et al. 1993). In these
experiments, addition of anti-2B4 antibodies enhanced the lysis of a variety
of target cells. Along with the finding that plate-bound anti-2B4 triggered the
release of granules and IFNy, these studies suggested that 2B4 activates NK
cells. Further studies on human NK cells corroborated these findings and in
addition revealed that 2B4 does not act as a primary cytotoxicity receptor, but
as a coreceptor that depends on collaboration with other triggering receptors
for human NK activation (Valiante and Trinchieri 1993; Sivori et al. 2000).
Human 2B4 relies on SAP for activating signals—in the absence of functional
SAP, as occurs in XLP NK cells, 2B4 either fails to signal (Benoit et al. 2000;
Tangye et al. 2000b) or mediates inhibitory signaling (Nakajima et al. 2000;
Parolini et al. 2000).

The inhibitory role for mouse 2B4 first came to light through the use of
RNK-16 rat leukemia cells transfected with the two murine 2B4 isoforms. It
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was found that 2B4-short activates NK cells whereas 2B4-long inhibits NK
cells (Schatzle et al. 1999). This finding was perplexing, particularly because
human NK cells are activated by 2B4 but only express the homologous long
isoform. After this report appeared, human 2B4 was demonstrated to be in-
hibitory in XLP patients (Nakajima et al. 2000; Parolini et al. 2000) and in
immature human NK cells that have not yet acquired SAP (Sivori et al. 2002).
However, the inhibitory role of 2B4 in XLP patients could not be confirmed
by other studies (Tangye et al. 2000b). The clearest evidence for the dominant
inhibitory function of 2B4 was revealed by experiments in 2B4-deficient mice
(Lee et al. 2004b; Mooney et al. 2004; Vaidya et al. 2005). These studies have
shown that 2B4-deficient NK cells exhibit higher killing of CD48* tumor cells
both in vitro and in vivo. NK cell IFNy production is inhibited by coculture
with CD48-expressing target cells. Furthermore, 2B4-deficient NK cells have
higher killing of nontransformed CD48" allogeneic and syngeneic cells (Lee
et al. 2004b; McNerney et al. 2005). In confirmation of previous studies (Schat-
zle et al. 1999), transducing 2B4-deficient primary NK cells with the 2B4-long
isoform restored inhibition in response to CD48. By contrast, the 2B4-short
isoform did not restore inhibition or cause activation (Lee et al. 2004b). It
has recently been found that primary murine NK cells preferentially express
2B4-long transcripts as compared to 2B4-short transcripts, confirming the
dominant role of 2B4-long in murine NK cells (Mooney et al. 2004).

Studies with 2B4 in mice have indicated that NK cells can be inhibited
both by MHC-binding as well as MHC-independent receptors. 2B4-mediated
inhibition of NK cells is nonredundant with Ly49-MHC class I-directed inhi-
bition. Furthermore, in class I-deficient mice as well as Ly49 nonexpressing
mouse NK cells, self-tolerance is maintained largely by 2B4-CD48 interac-
tions (McNerney et al. 2005). Thus emerging evidence (reviewed in Kumar
and McNerney 2005) suggests two layers of NK cell self-tolerance, executed
by MHC-dependent as well as MHC-independent receptors.

It is unclear why 2B4 is activating is some circumstances and inhibitory in
others. One possible explanation is that the nature of the experiments them-
selves is different. Cross-linking with antibody may give ambiguous results
as anti-2B4 may act as an agonist or antagonist. In the initial experiments
with murine NK cells, not only whole anti-2B4 antibody but also anti-2B4 Fab
fragments were found to augment murine NK cell cytotoxicity against CD48*
target cells (Garni-Wagner et al. 1993). This indicates that 2B4 cross-linking
was not necessary for enhanced NK cell killing; instead, anti-2B4 may have
been acting as an antagonist, blocking 2B4 ligation and thereby permitting
activation. We believe that the use of 2B4-deficient mice and CD48-expressing
or -nonexpressing targets circumvents these types of variables. Most of the
studies on human 2B4 have relied on antibody cross-linking. In fact, there
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are few examples of 2B4-dependent activation of primary human NK cells
by CD48-expressing targets (Tangye et al. 2000a,b). Another difference in the
human and mouse studies is that human experiments use peripheral NK cells
in vitro, whereas in mice splenic NK cells are utilized. Additionally, studies in
mice have the advantage of studying NK cell function in vivo.

An alternative, and not mutually exclusive, explanation for how 2B4 is
activating in some cases and inhibitory in others may be the differential
influence of SAP. Unlike in humans, 2B4 inhibitory signaling in mice occurs
independently of SAP expression (Lee et al. 2004b; Mooney et al. 2004). It
is conceivable that human 2B4 and SAP interaction evolved in response to
pathogen pressure, converting 2B4 into an activating receptor in humans.
A pathogen, such as EBV, that infects the majority of humans and upregulates
CD48 (Thorley-Lawson et al. 1982) could elicit such adaptation by 2B4.

Whereas 2B4 engagement by CD48 on a target cell inhibits murine NK
cells, 2B4-CD48 engagement among murine NK cells themselves promotes
NK cell functions. The first evidence of this was from the report in which anti-
CD48 treatment of splenic cell cultures with IL-2 inhibited the generation of
NK cell activity (Chavin et al. 1994). A subsequent study demonstrated that
NK cell proliferation is compromised by anti-2B4 or anti-CD48 treatment
(Assarsson et al. 2004). To study the role of 2B4-CD48 interactions among NK
cells, we have used CD48-negative targets, thus circumventing the dominant
inhibitory signals that arise when 2B4-positive NK cells engage CD48-positive
tumor cells. In these experiments, 2B4-deficient NK cells, or wild-type NK cells
treated with anti-2B4 or anti-CD48, reveal significant proliferative, cytotoxic,
and IFNy production defects in vitro and in vivo (Lee et al. 2005).

A role for 2B4-CD48 in murine T cell-T cell stimulation has also been
elucidated. 2B4-expressing CD8" T cells have higher lysis of tumor cells (Lee
et al. 2003) and proliferation (Kambayashi et al. 2001) because of interaction
with CD48 on neighboring T cells. Furthermore, NK cells can stimulate T cells
via 2B4-CD48 interaction (Assarsson et al. 2004). Ljunggren and colleagues
have proposed that 2B4 is not the signaling receptor for activation in these
homotypicinteractions; instead, it acts as a ligand for CD48 (Kambayashi et al.
2001; Assarsson et al. 2004). This is probable, as CD48 is known to stimulate T
cells and to associate with signaling molecules (Stefanova et al. 1991; Garnett
et al. 1993; Moran and Miceli 1998).

2B4 signaling is initiated, on ligation, by phosphorylation of 2B4 cyto-
plasmic tyrosines. This initial phosphorylation can be mediated by Fyn and
Lck Src family kinases (Nakajima et al. 2000; Sayos et al. 2000). SH2 domain-
containing proteins SAP, EAT-2, SHP-1 (SH2 domain-containing protein tyro-
sine phosphatase-1), and SHP-2 have all been shown to subsequently associate
with 2B4, and it is at this stage where the activating and inhibitory pathways
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diverge (Schatzle et al. 1999; Tangye et al. 1999; Parolini et al. 2000; Morra
et al. 2001). Downstream activating signals rely in part on 2B4 association
with LAT (linker for activation of T cells), as well as SAP recruitment of
Fyn (Bottino et al. 2000; Latour et al. 2001; Klem et al. 2002). Fyn further
phosphorylates 2B4 tyrosines (Chen et al. 2004), which recruit additional
positive signaling molecules leading to Vav, phospholipase Cy (PLCy), PI3K,
and MAP kinase activation (Watzl et al. 2000; Chuang et al. 2001; Aoukaty and
Tan 2002). In the inhibitory pathway, in addition to SHP-1 and SHP-2, 2B4
has recently been shown to bind c-Src tyrosine kinase (Csk) and to mitigate
c-cbl and SH2 domain-containing inositol-5-phosphatase (SHIP) phospho-
rylation (Chen et al. 2004; Eissmann et al. 2005). The functional requirement
for each of these molecules in 2B4 inhibition remains undetermined. Despite
significant progress, a number of studies have shown conflicting results con-
cerning the inhibitory and activating pathways of murine and human 2B4,
and many questions remain. However, the following seem to be established:
in mice: (a) When NK cells engage CD48-expressing target cells, 2B4 inhibits
NK cell function; (b) when NK cells engage other NK cells during IL-2 or
polyl:C-induced activation, 2B4-CD48 interactions promote NK cytotoxicity;
(c) 2B4-CD48 interactions among CD8* T cells increase cytolytic activity in
an MHC-TCR-dependent fashion; and (d) CD48 expressed on T cells and NK
cells can enhance proliferation when ligated by 2B4 on other NK or T cells.

3.2
D2

CD2 (LFA-2) is the founding member of the CD2 family. It is primarily ex-
pressed on NK cells and T cells, and in humans it is also found on a subset of
monocyte-derived dendritic cells, thymic B cells, and some B cell neoplasms
(Bierer et al. 1989; Punnonen and de Vries 1993; Crawford et al. 1999; Kingma
et al. 2002). In mice, CD2 is found on the majority of B cells (Yagita et al.
1989). CD2 binds CD58 in humans; mice do not have a CD58 homolog (Davis
et al. 1998). In mice CD2 binds CD48; in humans the affinity of CD2 for hu-
man CD48 is considered unphysiologically low (Davis et al. 1998). The CD2
cytoplasmic domain does not have tyrosine-based motifs but is large and rich
in prolines and basic residues (Bierer et al. 1989), which are important for
signaling. CD2 ligation recruits the Src family kinases Src, Fyn, and Lck, as
well as PI3K (Bell et al. 1992; Collins et al. 1994; Shimizu et al. 1995). The
binding of CD2 with Lck has been mapped to the proline-rich regions in CD2,
which are recognized by the SH3 domain of Lck, and leads to Lck activation
(Collins et al. 1994; Bell et al. 1996). CD2 signaling also depends on CD3( and
LAT signaling (Vivier et al. 1991; Moingeon et al. 1992; Martelli et al. 2000).
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More distal signaling events involve PLCy, inositol trisphosphate production,
and Tec family kinase IL-2-inducible T-cell kinase (ITK) activity (Seaman
et al. 1987; Collins et al. 1994; King et al. 1996). In T cells, CD2 binds the
adaptor molecule CD2-associated protein (CD2AP) and other CD2AP family
members (Dustin et al. 1998; Nishizawa et al. 1998). CD2AP family members
have GYF and SH3 domains, which bind proline-rich regions of CD2 and con-
tribute to CD2-dependent T cell receptor clustering and polarization (Dustin
et al. 1998; Nishizawa et al. 1998; Dikic 2002; Tibaldi and Reinherz 2003). It
will be interesting to determine how CD2 signaling in NK cells may be guided
by these adaptor molecules.

Early studies demonstrated that CD2 cross-linking on human NK cells
activated NK lytic activity against tumor cells and nontransformed allogeneic
cells (Siliciano et al. 1985; Schmidt et al. 1987). In some studies, anti-CD2 plus
a secondary cross-linking antibody or FcR* targets were necessary for anti-
CD2-mediated activation (Bolhuis et al. 1986; van de Griend et al. 1987),
whereas other studies found that anti-CD2 (Fab’), alone caused activation
(Schmidt etal. 1988). In other reports, anti-CD2 blocked NK activation against
certain tumors (Bolhuis et al. 1986; Seaman et al. 1987; van de Griend et al.
1987). Murine NK cells are less reliant on CD2 for killing of targets, as CD2
blocking leads to a small decrease in target killing (Nakamura et al. 1990). The
most definitive demonstration for the function of CD2 on human NK cells
was the use of targets that express, or do not express, the ligand, CD58 (Lanier
et al. 1997). Transfection of CD58 into targets activates human NK cells, and
this lysis is blocked with anti-CD2 plus anti-CD58 F(ab’), fragments (Lanier
et al. 1997).

Contrary to expectations, NK and T cell function is essentially normal in
CD2-deficient mice (Killeen et al. 1992; Lanier 1998). More sensitive assays
have revealed defects in CD2-deficient T cells (Teh et al. 1997), suggesting
that there may also be a subtle NK defect in CD2-deficient mice that has yet
to be uncovered. Alternatively, in the absence of CD2, there may be com-
pensation specifically by other CD2-like receptors, such as 2B4. In contrast
to CD2-deficient mice, T and NK cells from CD48-deficient mice are more
overtly impaired (Gonzalez-Cabrero et al. 1999; Lee et al. 2005), supporting
the hypothesis that CD48-binding receptors may have partial redundancy, but
the ligand, CD48, does not.

CD2 influences not only lytic events, but other processes as well. For
instance, CD2 promotes T cell conjugation with antigen-presenting cells
(Springer et al. 1987), and T cell cytokine mRNA stability is increased by
CD2-CD48 interaction (Musgrave et al. 2003, 2004). Likewise, CD2 is impor-
tant in NK-target adhesion (Timonen et al. 1990; Voltarelli et al. 1993; Barber
and Long 2003), and because NK cells are activated by antigen-presenting
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cells (Degli-Esposti and Smyth 2005), CD2 engagement may also enhance
these interactions. The importance of DC-NK interaction is becoming better
understood; however, the molecules involved in DC-NK cell interactions are
still being characterized (Degli-Esposti and Smyth 2005). It seems likely that
CD2 family members will prove to be important in NK-DC cross talk.

3.3
(D229

CD229 (Ly9) is found on B- and T lymphocytes, and at low levels on 40% of
human NK cells (Durda et al. 1979; Hogarth et al. 1980; Mathieson et al. 1980;
de la Fuente et al. 2001; Romero et al. 2004). This molecule has two ITSMs and
an additional ITSM-like sequence (AxYxxV) and is unique in the CD2 family,
as it has four Ig domains instead of two (Sandrin et al. 1992; Tovar et al. 2000;
de la Fuente et al. 2001). CD229 has two alleles in mice; Ly-9.1 is found in
most strains, and Ly9.2 is only in C57BL/6 strains (Hogarth et al. 1980; Kozak
et al. 1984; Tovar et al. 2000). Human and mouse CD229 mRNA both have
uncharacterized splice variants (de la Fuente et al. 2001; Wandstrat et al. 2004).
On phosphorylation of one or both ITSMs, CD229 binds SHIP, SAP, and
EAT-2 (Morra et al. 2001; Sayos et al. 2001; Li et al. 2003). SAP and EAT-
2 recruitment prevent SHP-2 binding to CD229, and SAP further acts by
recruiting Fyn, thus enhancing CD229 phosphorylation (Morra et al. 2001;
Simarro et al. 2004). It has recently been determined that CD229 engages in
homophilicinteractions (Romero et al. 2005). CD229 attenuates T cell receptor
signaling (Martin et al. 2005), but its function on NXK cells is undetermined.

34
Cs1

NK cells, T cells, B cells, and mature dendritic cells express CS1 (CD2 subset
1, CD2-like receptor activating cytotoxic cells, CRACC, novel Ly9) (Boles
and Mathew 2001; Bouchon et al. 2001). Human CS1 has two splice isoforms:
CS1-longhas two ITSMs and an ITSM-like sequence (FVYxxV),and CS1-short
lacks ITSMs (Boles and Mathew 2001; Lee et al. 2004a). Human NK cells express
both transcripts, and expression levels do not change on stimulation (Lee et al.
2004a). Murine CS1 also has two isoforms: CS1-long has one consensus ITSM
sequence and an ITSM-like sequence (ADYxxI) and murine CS1-short has
only the ITSM motif (Tovar et al. 2002).

CS1 has been shown to engage in stimulatory homophilic interactions as
a self-ligand (Bouchon et al. 2001; Kumaresan et al. 2002). Activation is due to
thelongisoform of CS1, as the shortisoform does not effect NK cytotoxicity or
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calcium mobilization (Lee et al. 2004a). Because it contains ITSMs, CS1 is likely
to interact with SAP. However, human NK cell cytotoxicity is activated by CS1
even in XLP NK cells; thus CS1 signaling is SAP independent (Bouchon et al.
2001). Whether CS1 binds SAP is controversial; Colonna and colleagues found
that human CS1 does not associate with SAP or EAT-2 (Bouchon et al. 2001).
However Mathew and colleagues noted that human CS1-long binds SAP, but
this association occurs only in the absence of pervanadate, suggesting that
CS1-SAP interaction occurs in the absence of phosphorylation (Lee et al.
2004a). On the other hand, Engel and colleagues demonstrated that although
murine CS1 does not bind SAP, human CS1 does binds SAP but only in
the presence of Fyn, suggesting that SAP association is dependent on CS1
phosphorylation (Tovar et al. 2002). CS1 does not interact with LAT, so how
CS1 mediates SAP-independent activating signals remains to be determined
(Bouchon et al. 2001). CS1 also does not associate with SHP-1, SHP-2, or SHIP
(Bouchon et al. 2001; Lee et al. 2004a).

Interestingly, RNK-16 cells transfected with human CS1-long have in-
creased basal cytotoxicity in the absence of CS1 cross-linking with antibody,
whereas RNK-16 cells transfected with CS1-short do not (Lee et al. 2004a).
As CS1 is a self-ligand, this phenomenon may be the product of NK-NK
cell homophilic interaction. Possibly stimulation also occurs in heterotypic
interactions, such as those between DCs and NK cells. It will important to
determine what isoforms of CS1 other cell types express, and whether inter-
lymphocyte CS1 engagement leads to bidirectional activation.

3.5
NTB-A

NTB-A (NK-T-B-antigen, SF2000, Ly108) is an activating receptor expressed
on mouse and human T and B lymphocytes, human NK cells, and human
eosinophils (Peck and Ruley 2000; Bottino et al. 2001; Munitz et al. 2005). It
was first identified as Ly108 in mice, and in this study, Ly108 transcripts were
not detected in murine NK cells (Peck and Ruley 2000). Murine Ly108 has two
splice forms: Ly108-1 has two ITSMs and Ly108-2 has an additional ITSM-like
sequence (TxYxxP) (Peck and Ruley 2000; Wandstrat et al. 2004). C57BL/6
mice preferentially express Lyl08-2 transcripts (Wandstrat et al. 2004). In
humans, NTB-A has two ITSMs and one ITIM (Bottino et al. 2001; Fraser
et al. 2002).

The ligand for NTB-A has recently been determined to be NTB-A itself
(Falco et al. 2004; Flaig et al. 2004; Valdez et al. 2004). NTB-A-expressing
target cells are more susceptible to NK cell killing, and soluble NTB-A or anti-
NTB-A blocks this susceptibility (Falco et al. 2004; Flaig et al. 2004). Antibody
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cross-linking of NTB-A activates NK cell Iytic activity in redirected lysis assays
(Bottino et al. 2001). However, NTB-A cross-linking is not sufficient for NK
cell activation, indicating that NTB-A may act as a coreceptor, rather than
a principal activating receptor. Indeed, NK cell lysis of EBV-infected B cells
was mediated cooperatively by NTB-A, 2B4, and NKp46 (Bottino et al. 2001).
Interestingly, NTB-A expression is often downregulated on leukemic cells as
compared to nontransformed counterparts, suggesting immune selection for
NTB-A-low tumor variants (Pende et al. 2005).

NTB-A also regulates NK cell proliferation (Flaig et al. 2004). Soluble,
antagonistic NTB-A isoleucine fusion protein inhibited NK cell proliferation
in the presence and absence of IL-2, suggesting a role for NTB-A in NK-NK
cell homophilic interactions (Flaig et al. 2004). However, NTB-A-expressing
fibroblasts inhibited NK cell proliferation, suggesting that NTB-A ligation on
NK cells by NTB-A on targets may have a different outcome than when NTB-
A isligated among NK cells themselves. Thus, as with 2B4-CD48 interactions,
NTB-A signaling may be context dependent (Flaig et al. 2004).

NTB-A basally binds SHP-1 and binds SAP, EAT-2, and SAP on phospho-
rylation (Bottino et al. 2001; Fraser et al. 2002). SAP is required for activation,
as NTB-A is inhibitory in NK cells from XLP patients; NK cells from XLP pa-
tients exhibited low levels of killing against EBV-infected B cells, but killing is
restored by blocking NTB-A engagement with antibody (Bottino et al. 2001).
Unlike NK cells from healthy donors, NK cells from XLP patients do not pro-
duce IFNy or TNFa on NTB-A engagement (Falco et al. 2004). NTB-A is also
inhibitory on developing immature human NK cells, which lack SAP protein
(Sivori et al. 2002). Thus, like 2B4, early expression of NTB-A may prevent
NK cell autoreactivity until MHC-binding NK cell inhibitory receptors are
acquired.

On T cells, NTB-A has been thought to be a Thl promoting receptor. In
vitro, NTB-A cross-linking costimulates T cell Th1 IFNy production, but not
IL-4 production (Valdez et al. 2004). In vivo, NTB-A-Fc fusion protein inhibits
B cell isotype switching to IgG2a and IgG3, and delays the onset of experi-
mental autoimmune encephalomyelitis, a Th1-mediated disease (Valdez et al.
2004). Recent analysis of NTB-A/Ly108 deficient mice, however, indicates that
Ly108 is required for Th2 cytokine production and immune responses, and
not Th1 cytokine production (Howie et al. 2005).

In another autoimmune model, systemic lupus erythematosus, a locus as-
sociated with the disease in mice has been identified as the CD150 cluster
of genes (Wandstrat et al. 2004). Polymorphisms of several CD150 family
members and expression level differences have been identified, which may
potentially contribute to the lupus phenotype. The strongest single-gene can-
didate for susceptibility was identified as Lyl108/NTB-A. Lupus-prone mice
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preferentially express the Ly108-1 isoform, leading to a fivefold difference in
Ly108-1 to Ly108-2 transcript ratio as compared to wild-type mice. It will be
interesting to determine how Ly108 splice variations specifically differ in their
signaling pathways. Before the onset of lupus, CD4" T cells in lupus-prone
mice demonstrate higher Ca’* flux in response to stimulation as compared to
wild-type mice, but the specific role for Ly108 or other CD150 family members
on lymphocytes in lupus-prone mice has not been analyzed (Wandstrat et al.
2004).

3.6
CD84-H1

CD84-H1 (CD84-homolog 1) is also known as CD2F-10 (CD2 family member
10) and SF2001 (Fennelly et al. 2001; Zhang et al. 2001; Fraser et al. 2002). The
human and mouse cytoplasmic tails are short and basic, and they lack known
signaling motifs (Fennelly et al. 2001). Human CD84-H1 mRNA has been
found in monocytes, T cells, B cells, and DCs by one group (Zhang et al. 2001),
whereas another group identified human CD84-H1 mRNA in macrophages but
not other lymphocytes, including NK cells (Fennelly et al. 2001). Antibodies
to CD84-H1 will aid in identifying CD84-H1 protein expression and function,
as well as the putative ligand.

3.7
D48

CD48 is a GPI-linked member of the CD2 family (Staunton et al. 1989).
In mice, it is the low-affinity ligand for CD2 and the high-affinity ligand
for 2B4; it is expressed on all nucleated hematopoietic cells in mice and
humans and on human endothelium (Boles et al. 2001). Recent data sug-
gest that 2B4-expressing cells, including NK cells or 2B4-transfected tumors,
provide activating signals by ligating CD48 on T cells and other NK cells
(Assarsson et al. 2004). CD48 signals by associating with Fyn and Lck ki-
nases and GTP-binding proteins (Stefanova et al. 1991; Garnett et al. 1993;
Solomon et al. 1996). Indeed, CD2 on antigen-presenting cells engages CD48
on T cells, promoting T cell activation (Moran and Miceli 1998); thus it
seems likely that CD48 may similarly enhance NK cell function when lig-
ated. Furthermore, 2B4-fusion protein stimulates B cell proliferation and
DC cytokine production (Kubin et al. 1999); thus emerging data indicate
that 2B4-CD48 interaction provides bidirectional stimulatory signals among
cytotoxic cells themselves and between cytotoxic and antigen-presenting
cells.
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3.8
D58

CD58 (LFA-3) binds CD2 in humans and is found on all nucleated hematopoi-
etic cells, red blood cells, and some nonhematopoietic tissues including en-
dothelial cells and fibroblasts (Smith and Thomas 1990). Mice do not appear
to have a CD58 homolog. CD58 has a GPI-linked form as well as an isoform
with a transmembrane domain (Dustin et al. 1987). To our knowledge, CD58
is not known to directly signal on NK cells, but with a GPI linkage and raft
association (Dykstra et al. 2003) the possibility exists. Interestingly, CD58 on
T cells ligates CD2 on DCs, leading to DC maturation, which in turn increases
T cell activation (Crawford et al. 2003). A parallel interaction between NK
cells and DCs is also possible.

3.9
CD2 Receptors with Unknown Functions on NK Cells

B lymphocyte activator macrophage expressed (BLAME) has a short cyto-
plasmic tail with no known signaling motifs (Kingsbury et al. 2001). It is con-
served in humans and mice and expressed on DCs and monocytes. BLAME
expression on NK cells is unknown, and the ligand remains undetermined.

CD84 engages in homophilic interactions (Martin et al. 2001) and is ex-
pressed on B cells, T cells, DCs, monocytes, platelets, and granulocytes (Krause
et al. 2000; Zaiss et al. 2003; Romero et al. 2004). CD84 expression is either
very low or absent on resting human NK cells (Tangye et al. 2002; Romero
et al. 2004). It has two ITSMs (de la Fuente et al. 1997) and binds SAP and
EAT-2 (Tangye et al. 2002) but can signal independently of SAP (Tangye et al.
2003).

Signaling lymphocyte activation molecule (SLAM, CD150, IPO-3) is
expressed on activated T cells, activated macrophages, B cells, and DCs
(Sidorenko and Clark 1993; Cocks et al. 1995; Kruse et al. 2001; Romero
et al. 2004). SLAM engages in homophilic interactions (Mavaddat et al.
2000). As evidenced by the study of SLAM-deficient mice, SLAM appears to
promote Th2, and not Thl, immune responses (Wang et al. 2004). SLAM
is not expressed on resting human NK cells (Romero et al. 2004) or resting
murine NK cells (Sayos et al. 2000) but is induced on 15% of murine NK cells
in response to murine cytomegalovirus infection in vivo (Sayos et al. 2000).
How SLAM may regulate NK cells is unknown.
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4
CD2 Family Receptors and Infection

Why are there so many CD2-like receptors? One possible explanation is that
innate immune receptors must maintain diversity in response to changing
pathogen pressures without somatic gene rearrangement. The CD2 family of
receptors is involved in the immune response to a number of infections, giving
credence to this hypothesis. The most direct example is the CD150 receptor,
which is utilized by the measles virus for cellular entry (Tatsuo et al. 2000).
Thus the multiple receptors in the CD2 family, and their variations, may be
a product of pathogen pressure.

The molluscum contagiosum virus genome encodes a CD150 homolog
(Senkevich et al. 1997). One possible function of this protein may be to com-
pete with host CD150 for ligand binding and thereby block antiviral responses
(Sidorenko and Clark 2003). Similarly, a CD2 homolog is encoded by African
Swine Fever virus, and deletion of this gene decreases the severity of the infec-
tion (Borca et al. 1998). The mechanism of action of the protein is unknown,
but data from in vitro experiments suggest that it is immunosuppressive.

Patients with XLP are susceptible to fulminant EBV infections (Purtilo et al.
1975). Similarly, mice deficient in SAP are more susceptible to lymphocyte
choriomeningitis virus and murine gammaherpesvirus-68 infections (Czar
et al. 2001; Wu et al. 2001; Yin et al. 2003). In these cases, all of the receptors
that signal through SAP are candidates for contributing to immunodeficiency
and susceptibility to infection. 2B4 and NTB-A in particular may play an
important role in humans, as these receptors are critical in NK cell killing of
EBV-infected B cells (Bottino et al. 2001).

Cytomegalovirus has evolved numerous mechanisms to evade NK cells
(Lodoen and Lanier 2005). It has been reported that downregulation of CD58
on fibroblasts results from CMV infection and that this decreases NK cell
lysis of the infected targets (Fletcher et al. 1998). As EBV modulates CD48
expression (Thorley-Lawson et al. 1982), it is possible that influencing CD2
family immune receptors is common among herpes viruses. Because there is
a strong association between CD2-like receptors and infection, responding to
pathogens may be a principal role for these receptors.

5
Conclusions

NK cell inhibition, activation, costimulation, and adhesion are all regulated
by CD2 family members. Significant advances have been made in identify-
ing new receptors and their ligands, and how these receptor-ligand pairs
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regulate antitumor and antiviral responses of NK cells. At least one human
disease, XLP, is causally related to defective signaling via members of the
CD2 family of molecules. In addition, polymorphisms in CD2 family mem-
bers may also contribute to autoimmunity in lupus-prone mice. A feature
that seems characteristic of this family of molecules is stimulatory homotypic
interactions between NK cells: 2B4, CD48, CS1, and NTB-A are all involved
in such interactions. Furthermore, analysis of ITSM and SAP signaling has
yielded the description of a novel signaling pathway that impacts not only NK
cells but also numerous other cell types that express ITSM-bearing receptors.
Gene-deficient mouse models have been particularly informative for the CD2
family and have sometimes given surprising results, possibly due to the com-
plexity and multitude of functions these receptors have (Killeen et al. 1992;
Gonzalez-Cabrero et al. 1999; Lee et al. 2004b; Wang et al. 2004; Howie et al.
2005). Generation of mice deficient for newly identified receptors and testing
their responses to infection in vivo will yield further valuable insights.
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Abstract The NKG2D-DAP10 receptor complex activates natural killer (NK) cells and
costimulates effector T cell subsets upon engagement of ligands that can be condition-
ally expressed under physiologically harmful conditions such as microbial infections
and malignancies. These characteristics have given rise to the widely embraced con-
ceptofimmunorecognition of “induced or damaged self,” complementing the “missing
self” paradigm that is represented by MHC class I allotypes and their interactions with
inhibitory receptors on NK cells. However, this notion may only be partially sustain-
able, as various patterns of constitutive tissue distributions have become apparent
among members of one NKG2D ligand family. This review summarizes the biological
properties of NKG2D and its ligands and discusses the interactions and regulation
of these molecules with emphasis of their significance in microbial infections, tumor
immunology, and autoimmune disease.
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1
Introduction

When NK cells engage target cells, the aggregate signals from inhibitory and
activating receptors are integrated into balances that control their effector
functions. Among these natural killer receptors (NKR) are inhibitory or ac-
tivating isoforms of the killer cell Ig-like receptors (KIR) and the inhibitory
leukocyte Ig-like receptor (LIR)-1, which bind to HLA-A, -B, or -C alleles, and
the C-type lectin-like inhibitory CD94-NKG2A and activating CD94-NKG2C
heterodimers, which interact with HLA-E (Lee et al. 1998; Long 1999). In-
hibitory receptors have higher ligand affinities than their activating isoforms
and thus convey dominant-negative signals (Lanier 2001). They have cy-
toplasmic immunoreceptor tyrosine-based inhibition motifs (ITIM), which
function by recruitment of SHP-1 tyrosine phosphatases (Ravetch and Lanier
2000). Activating KIR isoforms, which lack ITIM, and the CD94-NKG2C re-
ceptor associate with an adaptor protein, DAP12, which has a cytoplasmic
immunoreceptor tyrosine-based activation motif (ITAM) and signals similar
to the CD3( and FceRly chains, by recruitment of Syk or ZAP-70 tyrosine
kinases (Lanier 2001). Additional activating receptors include members of
the LIR family and the Nkp30, Nkp44, and Nkp46 proteins, which are also
referred to as natural cytotoxicity receptors (Borges et al. 1997; Pessino et al.
1998; Cantoni et al. 1999; Pende et al. 1999). However, the significance and lig-
and interactions of these molecules are less well defined. In their interactions
with inhibitory NKR, MHC class I molecules function as passports certify-
ing the integrity of cells. Because their expression is often impaired by viral
infections and tumorigenesis, insufficient engagement of inhibitory NKR re-
sults in target cell susceptibility to lysis by NK cells. Because NK cells express
variable arrays of inhibitory NKR with different ligand specificities, they are
enabled to detect loss of individual MHC class I alleles. Additional expression
of KIR or CD94-NKG2A on T cells after persistent antigen-driven stimula-
tion results in increased T cell antigen receptor (TCR)-dependent activation
thresholds and T cell anergy, thus effecting downmodulation of effector re-
sponses in chronic infections and malignancies, which may safeguard against
autoimmune reactions (Noppen et al. 1998; Moser et al. 2002).

Whereas most NKR bind MHC class I molecules that are ubiquitously
expressed, the activating NKG2D receptor interacts with distant relatives of
MHC class I, some of which are inducibly expressed (Lanier 2001; Raulet
2003). Among these, the prototype ligands are the closely related MICA and
MICB, which are regulated by cellular stress. The tissue distribution of these
proteins is restricted to intestinal epithelium, but they can be induced by some
microbial infections and are frequently associated with epithelial tumors of
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Fig.1 Regulation of NK cell responses by inhibitory NKR interacting with MHC class I
molecules and by NKG2D on engagement by its inducible MIC ligands

diverse tissue origins. NKG2D is encoded by a gene linked to the NKG2
receptor family, although it bears no sequence resemblance. Engagement of
NKG2D by MIC potently activates NK cell functions and costimulates effector
T cell responses. Thus MIC deliver an “induced or damaged self” signal that
is coupled to cellular changes caused by microbes or malignant cell growth,
thereby alerting the immune system to harmful conditions (Fig. 1) (Raulet
2003). This system bears superficial similarity to the recognition of pathogen-
associated molecular patterns (PAMP) by the family of Toll-like receptors
(TLR). Additional NKG2D ligands are represented by a family of at least five
ULBP proteins. However, the tissue distribution, regulation, and significance
of these molecules are not well defined.

2
Structure and Regulation of MIC

MICA and MICB are encoded by genes near HLA-B, and homologous dys-
functional pseudogene sequences are located in the vicinities of HLA-A, -E,
and -G (Bahram et al. 1994; Bahram and Spies, 1996). The 43-kD MICA and
MICB core polypeptides share 84% amino acid sequence homology and are
distinctively related to mammalian MHC class I chains as compared to the
class I-like CD1 and Fc-receptor molecules encoded elsewhere in the genome.
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The MIC protein sequences are about equidistant from all mammalian MHC
class I chains, sharing about 30% identical amino acid residues throughout
the aligned extracellular a1, a2, and a3 domains. Further characteristic of
these molecules are seven or eight N-linked glycosylation sites, unique trans-
membrane and cytoplasmic tail sequences, three extra cysteine residues in
the a1l and a3 domains, and the absence of all of the amino acid residues in-
volved in binding of CD8. Sequences orthologous to MIC are conserved in the
genomes of all mammalian species examined, with the exception of rodents
(Bahram et al. 1994). MIC genes are functionally expressed in diverse nonhu-
man primates and presumably most other mammals (Steinle et al. 1998). MIC
proteins are not associated with ,-microglobulin (f,m), and their transport
is independent of the peptide processing machinery that is required for the
assembly of peptide antigen-presenting MHC class I molecules (Groh et al.
1996). Moreover, gel-filtration chromatography of acid-treated MICA isolated
from cells after labeling with tritiated amino acids provided no evidence for
bound peptides (Groh et al. 1998). These characteristics are reflected in the
crystal structure of MICA, which shows a dramatically altered class I fold with
only a shallow remnant of a peptide-binding groove and restructured ala2
platform and a3 domain interfaces that preclude binding of 3,m (Li et al.
1999).

Unlike that of the ubiquitous MHC class I molecules, the tissue distribution
of MIC is normally restricted to variable areas of the intestinal epithelium,
with limited evidence for surface expression (Groh et al. 1996). In cultured
polarized epithelial cells, the proteins are sorted to basolateral epithelial mem-
branes by an active process that is determined by two adjacent hydrophobic
amino acids, leucine and valine, at the membrane-proximal ends of their
cytoplasmic tails (Suemizu et al. 2002). The immunobiology and regulatory
mechanisms underlying the expression of MIC in intestinal epithelium are
poorly understood. Among tissue culture cell lines, expression of MIC is
mostly limited to fibroblast and epithelial cells and is not inducible by in-
terferons. Importantly, however, MIC can be heat shock-induced similar to
heat shock protein 70 (hsp70) genes, presumably because of the presence of
a highly conserved heat shock response element (HSE) in the 5-flanking
regions of the corresponding genes (Groh et al. 1996, 1998). Data from elec-
trophoretic mobility shift assays (EMSA) and in vivo genomic footprinting
(IVGF) have confirmed that these motifs specifically bind heat shock factor-1
(HSF-1), which is the dominant transcription factor controlling the expres-
sion of hsp70 genes (D. Suciu and T. Spies, unpublished data; Morimoto et al.
1992). In accord with the mode of hsp70 regulation, MIC are expressed in
significant amounts on rapidly proliferating epithelial cell lines but are scarce
on quiescent cells grown to high confluence. Under this condition, exposure
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to heat shock results in a maximal 10-fold amplification of MIC mRNAs and
surface proteins (Groh et al. 1998). Hence, MIC can be regarded as cell stress
response genes.

3
Tumor-Associated and Pathogen-Induced Expression of MIC

MIC are frequently expressed in many, but not all, lung, breast, kidney, ovar-
ian, prostate, gastric, and colon carcinomas and melanomas (Groh et al. 1999;
Vetter et al. 2002). There are high degrees of variability in the proportions of
tumor cells that are positive for MIC. The physiological reasons are unknown,
but they could be related to local stress-inducing conditions such as tumor cell
proliferation, hypoxia, and hyperglycemia. Oxidative stress has been shown to
increase MIC gene expression in a colon carcinoma cell line (Yamamoto et al.
2001). Modest MIC expression has also been reported in some hematopoietic
malignancies (AML, ALL, and CML), perhaps most significantly in multiple
myeloma (Salih et al. 2003).

MIC are strongly induced in fibroblast and endothelial cells by cy-
tomegalovirus (CMV) and by Mycobacterium tuberculosis infection in
dendritic and epithelial cells (Das et al. 2001; Groh et al. 2001). MICB is
induced by Sendai and influenza A virus infection in macrophages (Siren
et al. 2004). Skin lesions of lepromatous lepra patients are marked by
large amounts of MIC (V. Groh and T. Spies, unpublished data). Intestinal
epithelial expression of MIC may be inducible by bacteria, because adhesion
of diarrheagenic Escherichia coli strains to the intestinal epithelial Caco-2 cell
line induces a rapid increase of MICA (Tieng et al. 2002). This effect has been
related to an interaction of the bacterial AfaE-III adhesin with the cellular
CD55 receptor, a glycosylphosphatidylinositol (GPI)-anchored protein that
is expressed on most human cells and inhibits complement C3b deposition.
However, how this interaction might result in MIC induction has remained
unclear. So far, these are the only examples establishing a connection
between infectious agents and MIC expression, suggesting that the scope
of a more universal function of MIC in infectious diseases remains to be
fully explored. This is of particular significance because immune response
systems have primarily evolved by pathogen-driven selection. In the mouse,
members of the retinoic acid early inducible-1 (RAE-1) family of NKG2D
ligands are induced in macrophages on stimulation of TLR by microbial
products (Hamerman et al. 2004). However, similar observations have not
been reported for the human MIC or ULBP ligands so far.
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4
The ULBP Family of NKG2D Ligands

Binding studies utilizing recombinant IgG Fc region fusion proteins led to
the discovery that the CMV UL16 transmembrane glycoprotein, which was of
unknown function, specifically interacts with cell surface proteins that were
termed ULBP1 and ULBP2 (Cosman et al. 2001). Three additional ULBP se-
quences were identified by sequence homology (Fig. 2) (Chalupny et al. 2003;
Bacon et al. 2004). ULBP3 and -4 and MICA do not interact with UL16, but
MICB does. ULBP share no direct sequence relationship with MIC and are en-
coded outside the MHC on chromosome 6q25. As with MIC, ULBP are distant
members of the MHC class I family. All ULBP lack the membrane proximal
a3 domain. ULBP1-3, and ULBP4 and -5 have GPI membrane anchors and
transmembrane regions, respectively. None of these molecules is associated
with B,m or peptide ligands. The ala2 domains of ULBP share about 50%-
60% identical amino acids and are equidistant from those of MHC class I
and MIC, with about 25% sequence homology. ULBP1-3 are moderately in-
duced by CMV infection (Welte et al. 2003). Although ULBP mRNAs are quite
ubiquitously expressed, little is known regarding the tissue distribution and
regulation of the encoded proteins. Preliminary data indicate diverse con-
stitutive expression patterns in epithelia, endothelia, and antigen-presenting
cells (V. Groh and T. Spies, unpublished data). This may oppose the “induced
or damaged self” hypothesis and warrants further investigation (Fig. 1). In
outer cell membranes, the GPI-anchored ULBP are clustered in lipid raft
microdomains, which may serve to create enhanced avidity because at least
mouse GPI-anchored NKG2D ligands have lower receptor affinities than those
with transmembrane domains (Eleme et al. 2004). Indeed, these ULBP and
MICA, which is S-acylated, accumulate at NK cell immune synapses. With
polarized epithelial cells, lipid rafts form preferentially at apical membrane
surfaces. Disruption of epithelial tight junctions, for example, by processes
of infection or tumorigenesis, could allow GPI-anchored ULBP to diffuse
toward basolateral surfaces where they would become exposed to NKG2D-
bearinglymphocytes. Currently, there are no experimentally validated models
explaining the significance of the conservation of the two families of highly
diversified NKG2D ligands. However, it seems probable that these have been
selected to serve as indicators of diverse pathological conditions in differ-
ent tissue environments by adoption of distinct strategies, namely, cell stress
response-coupled transcriptional induction of MIC and, perhaps, induction
of immunological visibility of GPI-anchored ULBP by alterations of cellular
and tissue integrities.
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Fig. 2 Schematic depiction of the genetic organization of the ULBP gene family of
NKG2D ligands. Arrows indicate transcriptional orientation of genes on 6q24.2-q25.3.
RAETI1L encodes a potentially functional gene but has not been further characterized

5
NKG2D and Its Physical Interactions with MIC and ULBP

Formerly an orphan receptor with unknown function (Houchins et al. 1991),
NKG2D was first identified as a receptor for MICA and MICB and subse-
quently for the ULBP ligands (Bauer et al. 1999; Cosman et al. 2001; Chalupny
et al. 2003; Bacon et al. 2004). Recombinant NKG2D binds firmly to trans-
fectants expressing its ligands, as do recombinant ligands to lymphocyte
subsets expressing NKG2D (Steinle et al. 2001). Analysis by size-exclusion
chromatography showed that NKG2D homodimers form stable complexes
with monomeric MICA in solution, thus demonstrating that no other com-
ponents are required to facilitate this interaction. Glycosylation of NKG2D or
MICA is not essential but enhances complex formation (Steinle et al. 2001).
NKG2D is a type Il membrane glycoprotein of 42 kD with a core polypeptide
of 28 kD that is expressed on most NK cells, y T cells, CD8 af T cells, and
a subset of NK T cells and thus is the most broadly distributed NKR known
(Bauer et al. 1999). It shares no direct relationship with other NKG2 pro-
teins and is not associated with CD94. Instead, NKG2D pairs via interactions
between oppositely charged transmembrane amino acids with the DAP10
adaptor protein, which signals similar to CD28 by activation of the p85 sub-
unit of phosphatidylinositol 3-kinase (PI3-K) on tyrosine phosphorylation of
a YXXM motif in its cytoplasmic domain (Fig. 3) (Wu et al. 1999). In mouse
NK cells, an alternatively spliced, shortened form of NKG2D can associate
with DAP12 (Diefenbach et al. 2002); however, there is no corresponding vari-



128 S. Gonzélez et al.

Fig.3 Composition of the NKG2D-DAP10 receptor complex and signaling via PI3-K-
dependent and -independent pathways

ant of NKG2D and alternative association with DAP12 in humans (Rosen et al.
2004).

In a complex crystal structure, the saddle-shaped NKG2D homodimer sits
astride the ala2 platform domain of MICA, with each NKG2D monomer
contacting either the a1 or the a2 subdomain (Li et al. 2001). The footprint
of NKG2D on MICA largely overlaps that of o TCR on MHC class I-peptide
ligands, despite the lack of structural similarity between the Ig-like domains
of TCR and the C-type lectin-like domains of NKG2D. The rigidity of the
interaction of NKG2D with MICA and diverse other ligands involves an in-
vestment of the majority of the interaction energy in two binding site core
tyrosines (at positions 152 and 199) that are able to make distinct, domi-
nant interactions at each interface in the absence of conformational plasticity.
This is distinct from “induced-fit” or “preexisting equilibrium” mechanisms
that can be involved in afy TCR- and antibody-mediated recognition (Mc-
Farland and Strong 2003). With the additional information obtained from
a NKG2D-ULBP3 complex structure (Radaev et al. 2001), the perplexing abil-
ity of NKG2D to interact with highly diverse ligands has been suggested to
involve common interfaces and distinct but overlapping sets of hydrogen
bonds, hydrophobic interactions, and salt bridges, thus permitting conserva-
tion of general shape complementarities and binding energies (Radaev et al.
2002).
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6
Activating and Costimulatory Functions of NKG2D

Engagement of NKG2D by any of its ligands on transfectants or by MIC on
diverse epithelial tumor cells activates NK cells in the presence of inhibitory
NKR and their respective MHC class I ligands (Bauer et al. 1999). Moreover,
ectopic expression by transfection of murine RAE-1 ligands causes NKG2D-
dependent rejection of tumor cells by NK cells and primed cytotoxic T cells
in syngeneic mice, thus reinforcing the potential significance of human MIC-
NKG2D in innate and adaptive immune responses against tumors (Cerwenka
et al. 2001; Diefenbach et al. 2001). Whereas NKG2D has the capacity to
trigger NK cells, it costimulates CD8 aff T cells and y6 T cells (Das et al.
2001; Groh et al. 2001; Roberts et al. 2001). Cytotoxicity assays with CMV
or melanoma antigen-specific CD8 «f T cells have shown that engagement
of NKG2D by MIC strongly augments T cell responses under conditions of
suboptimal MHC-peptide antigen stimulation of TCR (Groh et al. 2001, 2002;
Vetter et al. 2002). Induced expression of MIC can thus overcome interfer-
ence of viral gene products with antigen processing and presentation and the
downmodulation of MHC class I that is frequently associated with tumors.
However, even at optimal stimulation of TCR, NKG2D potently costimulates
the production of cytokines, including interferon-y (IFN-y), tumor necrosis
factor-a (TNF-at), and interleukin-2 (IL-2) and IL-4, and T cell proliferation
(Groh et al. 2001). Similarly, NKG2D costimulates Vy,/V§, T cells, which rec-
ognize bacterial and mycobacterial soluble organic phosphate and alkamine
antigens in a non-MHC-restricted manner. Infection by Mycobacterium tuber-
culosis induces expression of MIC on dendritic and epithelial cells, resulting in
NKG2D-mediated costimulation of Vy,/V§, T cell cytotoxicity, proliferation,
and release of IFN-y and IL-2 (Das et al. 2001). The induction of MIC and
function of NKG2D thus offer an explanation for why these T cells expand
dramatically only during microbial infections although they are capable of
recognizing antigen-related moieties that are abundant in uninfected indi-
viduals.

NKG2D can also trigger T cells in a TCR-independent manner. Normal
freshly isolated intestinal intraepithelial lymphocytes (IEL) exhibit markedly
diminished expression of NKG2D, which may be downmodulated to prevent
chronic T cell stimulation and autoreactive bystander T cell activation. High
levels of NKG2D can be induced by IL-15 (Roberts et al. 2001), which is
produced by intestinal epithelial cells on external stimuli and infection. In
patients with active celiac disease, however, NKG2D is strongly expressed
because of high local levels of IL-15 and MIC is upregulated in intestinal
epithelial cells (Hue et al. 2004; Meresse et al. 2004). Under these conditions,
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freshlyisolated intraepithelial CD8 af T cells lyse intestinal epithelial cell lines
independent of TCR engagement. NKG2D-DAP10 signaling involves both PI3-
K-dependent and -independent (Vav/JNK) pathways (Fig. 3). This activation
mode was also observed with normal peripheral blood effector stage CD8 T
cells cultured as lymphokine-activated killer (LAK) cells in the presence of
high doses of IL-15 (Meresse et al. 2004).

7
Viral and Tumor Immune Evasion

The existence of numerous specific interactions between viral proteins and
molecules of the immune system reflects the intense evolutionary pressure
imposed on host-pathogen relationships. Usually, these constitute a balance
between viral escape from immune control and the host defense limiting virus
spread and resultant disease. Human CMV persists lifelong in a latent state
with asymptomatic episodes of virus shedding. Only inimmunocompromised
individuals does virus reactivation result in severe disease manifestations. To
maintain long-term persistence in infected hosts, CMV interferes with several
stages of antigen processing and presentation by MHC class I molecules, thus
compromising the ability of CD8 aff T cells to eliminate infected cells. The
CMV US6 membrane protein impairs the function of TAP, which delivers
peptides into the endoplasmic reticulum (ER) for binding to MHC class I
molecules. The US3 protein retains class I molecules in the ER, and US2 and
US11 redirect nascent class I chains back into the cytosol, where they are
degraded (Ploegh 1998). Perhaps not surprisingly, CMV also has the capacity
to obstruct the function of NKG2D ligands: UL16 retains ULBP1, ULBP2,
and MICB intracellularly via localization to or retrieval from the trans-Golgi
network, thus abrogating surface expression (Dunn et al. 2003; Welte et al.
2003; Wu et al. 2003). This retention is mediated by a tyrosine-based motif in
the cytoplasmic tail sequence of UL16. Deletion of this motif restores surface
expression of the NKG2D ligands, whereas UL16 is redirected to endosomal
compartments (Wu et al. 2003). However, this mechanism of CMV immune
evasion is bypassed by ULBP3 and MICA, which are not bound by UL16.

In patients with epithelial tumors that are positive for MIC, large propor-
tions of tumor-infiltrating lymphocytes (TIL) have low levels of NKG2D as
a result of ligand-induced endocytosis and at least partial lysosomal degra-
dation (Groh et al. 2002). In addition, NKG2D is systemically diminished on
matched peripheral blood T cells and NK cells. This deficiency is associated
with circulating tumor-derived soluble MICA and presumably MICB, which
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cause the downregulation of NKG2D. As a result, the responsiveness of tumor
antigen-specific effector T cells and NK cells is severely impaired (Groh et al.
2002; Doubrovina et al. 2003). Thus tumor shedding of MIC, which is proba-
bly due to the activity of metalloproteinases (Salih et al. 2002), may promote
tumor immune evasion. Moreover, NKG2D is also downmodulated, albeit less
substantially, by transforming growth factor f1 (TGF-p1) (Castriconi et al.
2003; Lee et al. 2004).

8
Role of MIC-NKG2D in Autoimmune Diseases

Because ligand binding unconditionally triggers NKG2D without counter-
balance by a known antagonist, its dysregulation together with anomalous
expression of MIC in local tissue sites may promote autoreactive T cell
stimulation. Indeed, recent evidence indicates that MIC-NKG2D may play
important roles in the pathogenesis of several autoimmune diseases. In
rheumatoid arthritis (RA), the severity of autoimmune and inflammatory
joint disease correlates with large numbers of CD4*CD28 T cells, which
are scarce in healthy individuals. Large proportions of these T cells aber-
rantly express NKG2D, which is absent from almost all normal CD4 T cells.
NKG2D is induced by TNF-a and IL-15, which are present in RA synovia
and RA patient sera. RA synoviocytes aberrantly express MIC, presum-
ably because of pannus invasion, and thus stimulate autologous CD4*CD28"
T cell cytokine production and proliferation (Groh et al. 2003). As with
cancer patients, RA serum contains substantial amounts of soluble MIC,
which fails to downmodulate NKG2D because of the opposing activity of
TNF-a and IL-15. Thus, by causing autoreactive T cell stimulation, MIC-
NKG2D may promote the self-perpetuating pathology in RA (Groh et al.
2003). CD47CD28 T cells are also expanded in other autoimmune dis-
eases and chronic inflammatory conditions, including multiple sclerosis,
Wegener granulomatosis, ankylosing spondylitis, atherosclerotic coronary
artery disease, and inflammatory bowel disease, suggesting the possibility
of an involvement of MIC-NKG2D. In active celiac disease, upregulation
of MIC on enterocytes by gliadin or its p31-49 peptide triggers NKG2D-
dependent activation of IEL, resulting in cytotoxicity against epithelial tar-
gets and enhanced TCR-dependent CD8 T cell responses (Hue et al. 2004;
Meresse et al. 2004). IL-15-mediated induction of NKG2D and resultant TCR-
independent T cell activation may also contribute to villous atrophy (Meresse
et al. 2004).
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9
Recognition of MIC by Intraepithelial y5 T Cells

Although Vy,/V§, T cells predominate in the circulation, a small subset of y§ T
cells defined by the expression of V1 is enriched in intestinal epithelium and
other epithelial sites. Some of these T cells recognize CD1c, a member of the
CD1 family of lipid antigen-presenting molecules. In addition, numerous V1
y6 T cell lines and clones with substantial sequence diversity in the rearranged
y (V-N-]) and 8§ (V-NDN-]) chains, including variability in nontemplated
(N) sequences and numbers of D segments, respond against diverse target
cells expressing MICA or MICB (Groh et al. 1998, 1999). These responses
are dependent on triggering of TCR and NKG2D, posing the conundrum
of whether the y§ TCR recognize MIC or an unidentified surface moiety.
This was resolved by demonstration of MICA tetramer binding to various
Vsl y6 TCR expressed on transfectants of a T cell line selected for lack of
NKG2D (Wu et al. 2002). Tetramer binding was restricted to TCR derived
from responder T cell clones classified as reactive against a broad range
of MIC-expressing epithelial tumor and transfectant target cells and was
abrogated when TCR were composed of mismatched y and 6 chains. These
observations, and the inability of V1 y0 T cells to respond against target cells
expressing ULBP ligands of NKG2D, support the model that MIC delivers
both the TCR-dependent signal 1 and the NKG2D-dependent costimulatory
signal 2 for activation of a subset of V51 y8 T cells (Wu et al. 2002). This
dual function has precedent in the manifold interactions of MHC class I
molecules with af TCR, the CD8 coreceptor, KIR, and LIR. The yé TCR-
mediated recognition of MIC validates an earlier hypothesis derived from
studies of mouse dendritic epidermal T cells, that intraepithelial y6 T cells
may recognize stress-inducible self antigens (Havran et al. 1991). At least in
humans, this is corroborated by the colocalization of intraepithelial V51 yé
T cells and MIC in tissue environments that include the intestinal mucosa,
sites of viral infection, and epithelial tumors. A potentially important role of
V51 y8 T cells in antitumor immune responses is supported by experiments
showing that mice lacking y6 T cells are highly susceptible to carcinogen-
induced skin malignancies. Exposure to carcinogens induces skin expression
of RAE-1 ligands, which stimulate NKG2D-dependent y8 T cell cytotoxicity
(Girardi et al. 2001). The requirement of NKG2D for activation of the human
V51 y6 T cells may be due to suboptimal TCR stimulation by MIC. This may
not be the case with V51 y8 T cells specific for CD1c, which respond against
target cells lacking demonstrated expression of NKG2D ligands (Spada et al.
2000).
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10
Polymorphism of MIC and Disease Associations

MICA and to alesser extent MICB are polymorphic, comprising more than 50
and about 15 amino acid substitutions in their extracellular a1a2a3 domains,
respectively (Stephens 2001). Unlike MHC class I alleles, all these substitutions
are only biallelic and appear randomly distributed. Little is known regarding
the functional significance of this allelic variation; however, many substitu-
tions are not conservative, suggesting evolutionary selection instead of ran-
dom fixation. Mapping onto the MICA crystal structure suggests that some
variant amino acid positions may affect interactions with NKG2D whereas
most are distant from the NKG2D binding platform or buried inside the
folded polypeptide. Analysis of the binding strength of soluble recombinant
NKG2D to transfectants expressing five of the most frequent MICA alleles has
revealed substantial variations in binding affinities in the range of 10- to 50-
fold. These differences are associated with a single amino acid substitution
at position 129, methionine or valine, which determines strong (MICA*01
and *07) and weak binding (MICA*04, *08 and *016) alleles, respectively
(Steinle et al. 2001). This polymorphism may affect thresholds of NK and T
cell activation. In the crystal structure of MICA*01, position 129 is located
in the 4 strand of the -pleated sheet in the a2 domain. Because the side
chain of methionine is partially buried and forms hydrophobic interactions
with glutamine 136, alanine 139, and methionine 140 in the first «2 helical
stretch, its substitution by valine likely affects NKG2D binding indirectly by
a conformational change.

Extensive sequence diversity occurs within the MICA transmembrane re-
gion, mainly in the number of polyalanine repeats associated with different
alleles (Stephens 2001). The MICA*08 allele, which has the highest frequency
in Caucasians and Oriental populations, has a premature stop codon resulting
in loss of part of the transmembrane region and the cytoplasmic tail. This
protein is membrane anchored but fails to be properly sorted in polarized
epithelial cells (Suemizu et al. 2002). Another defective allele is MICA*010,
which has a single proline for arginine substitution at position 6 in the first
B-strand of the a1l domain. This change blocks a f-sheet hydrogen bond with
the histidine carbonyl at position 27 on the 2-strand and is incompatible
with B-sheet secondary structure, thus interfering with a stable protein fold
(Li et al. 2000). Of particular interest is a MIC-null haplotype associated with
HLA-B*4801 that is relatively common among the Japanese and very frequent
(56.5%) within an Amerindian community in Paraguay (Ota et al. 2000; Rus-
somando et al. 2002). In this haplotype, the entire MICA gene is within a
100-(kb deletion and MICB has a stop codon in exon 3 encoding the «2 do-
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main. Because individuals homozygous for this haplotype have no discernible
immunological deficiency, and significant common disease histories are not
apparent, these observations have led to the conclusion that MIC function may
not be essential or part of a redundant system. However, a more compelling
explanation may eventually emerge, perhaps that loss of MIC expression may
confer a selective advantage under certain environmental conditions.

Numerous studies have investigated relationships between MICA alleles
and susceptibility to diseases that are associated with the closely linked HLA-B
and -C genes, including ankylosing spondylitis, psoriasis vulgaris, psoriatic
arthritis, and Behget disease (Stephens 2001). However, positive associations
are likely secondary because of strong linkage disequilibrium between MICA
and the two MHC class I genes nearby and have not been confirmed by
analyses of different HLA haplotypes in diverse ethnic groups. MICA has also
been associated with MHC class II-linked diseases such as insulin-dependent
diabetes mellitus (IDDM), Addision disease, sclerosing cholangitis, and celiac
disease. However, as yet there is no evidence of a primary genetic association
of MICA or MICB with any disease, and the functional significance of most of
the allelic variation of these genes has remained unclear.

As with MHC class I molecules, a direct consequence of MICA polymor-
phism is the occurrence of autoantibodies in patients with irreversible re-
jection of allogeneic kidney and pancreas transplants. These show epithelial
expression of MIC, which is not seen with normal organs or nonrejected
transplants (Hankey et al. 2002; Sumitran-Holgersson et al. 2002). Thus MIC
may contribute to allograft rejection, suggesting that matching of donor and
recipients may improve clinical outcomes.
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1
Introduction

In human, tissue effector cytolytic T lymphocytes (CTLs) are typically
CD28~CTLA-4" but express NKG2D and frequently CD94/NKG2 NK lineage
receptors (Dulphy et al. 2002; Groh et al. 2003, 2002; Jabri et al. 2000, 2002;
Norris et al. 2003; Perrin et al. 2002; Roberts et al. 2001; Saruhan-Direskeneli
et al. 2004; Speiser et al. 1999), indicating that they may follow different
activation rules than naive and memory T cells. By recognizing conserved
MHC-like ligands induced on tissue cells by stress, inflammation, and
transformation, these natural killer receptors (NKRs) up- or downmodu-
late T cell receptor (TCR) stimulation, thus linking innate with adaptive
immunity (reviewed in Lanier 2004; McMahon and Raulet 2001; Vivier and
Anfossi 2004). This new layer of T cell regulation at the effector stage serves
to focus adaptive effector functions on infected or transformed tissues
and may also prevent chronic inflammation and unwanted responses to
peripheral tissue-specific antigens, particularly those that are not efficiently
cross-presented for tolerance in the draining lymph nodes.

In this review, we focus on the role of NKG2D and CD94/NKG2 receptors
in the regulation of human effector CTLs in the tissue microenvironment. We
also examine differences in NK receptor expression and function in the NK
cell vs. the CTL. Finally, we emphasize unexpected differences between the
mouse and human systems.

2
TCR and Activating NKRs: The TCR Primacy Rule

Effector CTLs, although they can express a broad panoply of NKRs, usually
lack NKRs that signal through a immunomodulatory tyrosine-based acti-
vating motif (ITAM) (Table 1). These ITAMs can recruit kinases from the
ZAP70/Syk family and induce alone full cellular activation. Instead, the NKRs
expressed by CTLs are characterized by their capacity to modulate, positively
or negatively, TCR activation. This ensures that T cell activation remains
under the control of the TCR (the TCR primacy rule). For example, NKp46
protein (Moretta and Moretta 2004; Pessino et al. 1998), which associates
with CD3( and therefore could be potentially expressed on the cell surface
of CTL, is not present in CTLs, including in intracellular compartments (un-
published data). Similarly, NKG2C protein is absent in normal conditions,
even though transcripts are detected (Jabri et al. 2002 and unpublished data).
In addition, CTLs do not express transcripts of the ITAM-bearing adaptor



Table1 NKRs and their adaptor molecules in human CTL: the TCR primacy rule

Gene Receptor Adaptor Function Ligand CTL expression
KLRC2 NKG2C DAP12 Activator HLA-E No
KLRC3 NKG2E ? ? HLA-E ?
KLRC3 NKG2H DAP12? ? HLA-E? ?
KLRC4 NKG2F DAP12? ? ? ?
KLRK1 NKG2D DAP10 Costimulation/cytotoxicity MICA/B,ULBP1,2,3,4 Yes
KLRC1 NKG2A/B None Inhibitor HLA-E Yes
KIR2DS (1-5)  CD158 (g,h,1,j),nkat7 DAP12 Activator HLA-C? No
KIR3DS1 CD158e2 DAP12? Activator ? No
KIR2DL (1-5) CD158 (a,b1,b2,d,f)  None Inhibitor HLA-C Yes
KIR3DL (1-3) CD158 (k,z,el) None Inhibitor HLA-A? Yes
NCR3 NKp30 CD3(/FceR1ly  Activator ? No
NCR2 NKp44 DAP12 Activator ? No
NCR1 NKp46 CD3(/FceRly  Activator ? No
NKR-P1A CD161 ? Costimulation? ? Yes
CD244 2B4 SAP Costimulation? CD48 Yes
CD226 DNAM-1 ? Costimulation CD112,CD155 Yes
CD96 TACTILE ? Costimulation CD155 Yes
LILRB1 ILT2/LIR-1 None Inhibitor HLA A,B,C,E,EG, CMV UL18 Yes

uorye[n3ay pareIpay-103daday 7OMN

71
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molecule DAP12 (also called KARAP; Olcese et al. 1997), which is required
for the expression of NKG2C (Lanier et al. 1998) and NKp44 (Moretta and
Moretta 2004; Vitale et al. 1998). Furthermore, even when DAP12 transcripts
are induced in T cells in pathological conditions, their presence does not sig-
nify that DAP12 protein is expressed, suggesting that DAP12 is also regulated
at the translational level. Altogether, these observations suggest that there
is a transcriptional and translational regulatory network, involving probably
also epigenetic modifications (Uhrberg 2005), that prevents the expression of
NKRs associated with ITAM-bearing adaptor molecules in T cells.

Some important exceptions to the TCR primacy rule, however, have
emerged. For example during CMV infection CTLs were reported to express
surface NKG2C, and similar observations were obtained in conditions of
chronic T cell activation in vitro (Ortega et al. 2004) or inflammation in
vivo (Guma et al. 2004 and unpublished data). These changes, which may
effectively convert the CTL into an NK cell, have major physiopathological
implications that are discussed later. Although they could transiently benefit
the host in case of infection, they are detrimental in the case of chronic
inflammation and may lead to severe immunopathology, as suggested in
celiac disease.

3
Assembly and Signaling Properties of NKG2D and CD94/NKG2 Receptors
Expressed by CTLs

CD94,NKG2D, and the NKG2 family comprised of A, C, E, and F are genetically
and structurally related type II transmembrane proteins with a C-type lectin
domain. They are encoded within the NK complex (NKC) on human chro-
mosome 12p12.3-p13.1 (Houchins et al. 1991; Plougastel and Trowsdale 1997;
Renedo etal. 1997) and overall display very low levels of polymorphism, CD94
and NKG2A being the most conserved (Shum et al. 2002). NKG2A and NKG2E
have splice variants, NKG2B and NKG2E, respectively. The signaling receptors
expressed on the cell surface include CD94/NKG2A (Brooks et al. 1997; Car-
retero et al. 1997; Lazetic et al. 1996) and CD94/NKG2C (Lazetic et al. 1996)
disulfide-linked heterodimers, and NKG2D homodimers (Bauer et al. 1999),
as well as a yet-undefined CD94/NKG2x/adaptor immunoreceptor complex
with coactivating properties (unpublished data) (Fig. 1). CD94 homodimers
exist (Lazetic et al. 1996) but probably have no signaling properties. Although
transcripts for NKG2E, NKG2H, and NKG2F have been detected in primary
human CTLs (Jabri et al. 2002 and unpublished data), their expression pattern
remains to be clarified by specific antibodies. In mouse, NKG2E was found to
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Coactivation Activation Inhibition
NKG2D NKG2? NKG2C NKG2A
CD94 CcD94 CD94
DAP10 Unknown papqp M
SHP-1
PI3K ZAP70
Expression in normal CTL yes yes no yes

Direct effector functions

Cytotoxicity yes no yes N/A
Proliferation no no yes N/A
Cytokine secretion no no yes N/A
TCR modulation yes (+) yes (+) no yes (=)

Fig.1 Expression of CD94/NKG2x and NKG2D receptors in tissue CTL. Under normal
conditions, effector CTLs in tissue express NKG2D and may express an inhibitory
CD94/NKG2A receptor or a yet-undefined coactivating CD94/NKG2x receptor. How-
ever, under pathological conditions, CD94/NKG2C/DAP12 receptors can be induced
on CTLs

be expressed on the cell surface in association with DAP12 (Vance et al. 1999).
In humans the situation is more complex. In theory, NKG2E and NKG2H could
be expressed on the surface, because NKG2E and H transcripts are present
and their transmembrane region is identical to the one found in NKG2C,
that is, it also contains a lysine residue. However, transfection of NKG2E with
CD9%4 and any of the classic adaptor molecules with a negative charge in the
transmembrane, namely, DAP12, CD3( , and FceRly, did not result in NKG2E
surface expression in various cell types (unpublished data). There is one re-
port suggesting that NKG2H could be expressed on the surface with DAP12
in RBL cells (Bellon et al. 1999). NKG2F, which lacks a extracellular region, is
expressed in human NK cells and can associate with DAP12 (Kim et al. 2004;
Plougastel and Trowsdale 1997). However, its expression seems confined to
the intracellular compartment (Kim et al. 2004) and its role in human T cells
remains to be determined.
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NKG2A has an immunoreceptor tyrosine-based inhibitory motif (ITIM)
that recruits the phosphatase SHP-1 and SHP-2 (SH2 domain-containing
protein tyrosine phosphatase) and confers inhibitory properties to the
CD94/NKG2A receptor (Carretero et al. 1997; Halary et al. 1997; Houchins
et al. 1997; Le Drean et al. 1998). In contrast, CD94/NKG2C and NKG2D
require association to the signaling adaptor molecules DAP12 and DAP10
(Lanier et al. 1998; Wu et al. 1999) in order (a) to be expressed on the surface
and (a) to signal. DAP12 contains an ITAM, whereas DAP10 contains a PI3-K
binding motif, YXXM. Thus both receptors transduce activating signals, but
they differ fundamentally in that CD94/NKG2C can fully activate the cell to
divide and produce cytokines, whereas NKG2D costimulates in a manner
similar to CD28 (Groh et al. 2001; Roberts et al. 2001). Consistent with the
TCR primacy rule, CD94/NKG2C is usually not expressed by CTLs, although
exceptions were reported in CMV infections (Guma et al. 2004) and on
chronic CD4 T cell activation in vitro (Ortega et al. 2004).

Most NKR expression and function is usually restricted to effector CTLs.
An apparent exception is NKG2D, which in humans is expressed by virtually
all CD8 T cells (Bauer et al. 1999), whereas in mouse it is induced after TCR
stimulation (Jamieson et al. 2002). However, NKG2D seems not to be fully
functional in human primary naive CD8 T cells (Ehrlich et al. 2005). Another
potentially important difference between mouse and human is the induction,
on activation of mouse NK cells and T cells, of a short NKG2D splice variant
capable of associating with DAP12 (Diefenbach et al. 2002). Consequently,
NKG2D stimulation can sometimes result in the recruitment of ZAP70 and
the acquisition of new functions, namely, the capacity to mediate cytokine
secretion and proliferation. Such transcripts have not been identified in hu-
mans yet, and even if they existed, the transmembrane region of NKG2D is
predicted to preclude pairing with DAP12 (Rosen et al. 2004). An apparent
exception to the TCR primacy rule is the ability of NKG2D to mediate direct
cytolysis (although proliferation and cytokine secretion are never observed)
(Meresse et al. 2004; Verneris et al. 2003). The NKG2D cytolytic pathway in-
volves PLC-y, Vav, PI3-kinase, and the MAP kinases JNK and ERK (Billadeau
et al. 2003; Meresse et al. 2004). This cytolytic property, however, is restricted
to effector CTLs pre-exposed to IL-15 or high doses of IL-2, suggesting tem-
poral control at a defined, transient stage of the CD8 T cell history (Meresse
et al. 2004).
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4
Tissue Ligands of NKG2D and CD94/NKG2 Receptors

The ligands of NKG2D and CD94/NKG2 belong to families of MHC-like
molecules that share the important property of being inducible on solid tissue
cells upon stress, transformation, and inflammation (reviewed in Lanier 2004;
Raulet 2003). This is highly consistent with a role of these NKRs in focusing
the activation of effector CTLs on the appropriate tissue target, namely, a cell
that not only is expressing antigen but also exhibits signs of distress.

Thus human NKG2D ligands comprise MICA, MICB (Groh et al. 1996)
and ULBPI, -2, -3, and -4 (Cosman et al. 2001; Jan Chalupny et al. 2003),
which are distantly related to MHC class I, do not bind peptides, and do not
require f2-microglobulin for expression. MIC molecules are highly expressed
in embryonic tissue but are poorly expressed in adult tissue, with the exception
of the colon, which is constitutively colonized by bacteria. MIC molecules can
be induced on transformation, infection, or stress in adult tissue (Groh et al.
1996). MICA and MICB are MHC encoded (Bahram et al. 1994) and do not
have a homolog in mouse, whereas ULBP genes are non-MHC encoded and
are the orthologs of the mouse RAE-1 genes (Radosavljevic et al. 2002). The
other mouse NKG2D ligands comprise H60 and MULT-1, which demonstrate
relative low homology to RAE-1 (reviewed in Raulet 2003).

The ligand of CD94/NKG2A and CD94/NKG2C receptors is the nonclassic
MHC class I molecule HLA-E (Braud et al. 1998; Llano et al. 1998) and its Qa-1
homolog in mouse (Vance et al. 1999) combined with conserved leader pep-
tides of MHC class I molecules. In human, CD94/NKG2A and CD94/NKG2C
also recognize HLA-E with the HLA-G leader peptide (Llano et al. 1998; Vales-
Gomez et al. 1999). Because CD94/NKG2C is poorly expressed by CTLs, ligand
induction should generally translate into an inhibitory signal when target
cells express normal levels of MHC class I. In disease conditions such as CMV
(Guma et al. 2004) and severe celiac disease (manuscript in preparation) CTLs
can express CD94/NKG2C, but they do not express CD94/NKG2A, thus avoid-
ing a conflict between these opposite forms of signaling. Intriguingly, human
NKG2E and its splice variant H differ significantly from the other mouse
and human NKG2 molecules in the putative ligand binding site, suggesting
that they may display specificities in addition to their ability to bind HLA-E
with the classic MHC class I leader peptides (Kaiser et al. 2005). The hsp60
leader peptide, which binds HLA-E but is not recognized by CD94/NKG2A
or CD94/NKG2C (Michaelsson et al. 2002), or other viral and stress induced
peptides might be interesting candidates because they would allow targeting
of CTL responses against damaged or infected tissue cells. Interestingly, as
reported for MIC (Wu et al. 2002), HLA-E recognition can also be TCR me-
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diated (Garcia et al. 2002; Pietra et al. 2001), in particular, HLA-E-restricted
CTLs with TCR specificity for hsp60 leader peptide (Davies et al. 2003) and
CMYV peptides (Romagnani et al. 2004) have been identified in mouse and
human, respectively.

5
Regulation of NKG2D and CD94/NKG2 Expression and Function in CTLs

Because NKRs are expressed or become functional only at the effector CTL
stage, they have the potential to considerably alter the tolerance thresholds es-
tablished for naive CTL precursors in the thymus and in the periphery. Hence,
local and transient induction of their ligands is essential to prevent damaging,
chronic autoreactivity in the case of coactivating NKRs. Conversely, expres-
sion of inhibitory NKRs (CD94/NKG2A) could play an important role in the
prevention of protracted inflammatory processes. There is surprisingly little
understanding of the mechanisms that determine the type (coactivating or
inhibitory) and specificity of NKRs expressed by a CTL. It is also unclear
whether the pattern of NKRs expressed is stable or variable.

5.1
Role of Tissue Environment

There are only limited studies determining the expression pattern of NK
receptors in resident tissue effector T cells, because most tissues in humans,
with the exception of the intestine and the liver, are difficult to access. In
general, CD8 T cells from tissues (e.g., intestine and liver) express more NKRs
than CD8 T cells in the blood. For instance, CD94 and NKR-P1A are expressed
on more than 30% and 60% of intestinal intraepithelial CTL, respectively,
whereas they are expressed by less than 10% of peripheral blood CTL (Jabri
et al. 2000). This may be due in part to their effector status as well as to
local, tissue-specific influences that increase NKR expression. Conversely,
NKRs might in some cases be expressed at lower levels in a tissue than in
the peripheral blood. For example, NKG2D expression by CTL in tumor and
intestine is lower than in the blood (Lee et al. 2004; Roberts et al. 2001) and
might reflect the high level of TGFP expression in these tissues (Castriconi
et al. 2003; Lee et al. 2004).

Further attesting to the impact of the tissue environment on NKR ex-
pression is the evidence that NKR expression varies between different tissues.
Strikingly, CD56 is expressed by more than 50% of liver CTL and less than 25%
of intestinal intraepithelial CTL. Moreover, KIR receptors are significantly ex-
pressed in the liver (where more than 12% of liver T cells are CD158b* and
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more than 7% are CD158a%"), whereas they are present on less than 3% of
intraepithelial CTL (Jabri et al. 2000; Norris et al. 2003). Altogether these
observations suggest that tissue-specific signals regulate NKR expression in
CTL and thus contribute to adapt the effector CTL response to a given tissue
environment.

5.2
Role of TCR Specificity

Because NKG2A, unlike KIRs, could be induced in vitro on TCR stimulation
in combination with various cytokines (Bertone et al. 1999; Derre et al. 2002;
Mingari et al. 1998), it was suggested that NKG2A might be an activation-
induced event with no link to TCR specificity. However, if NKRs do modulate
TCR signaling during the course of natural immune responses, it is logical to
expect some signature distribution of these NKRs based on antigen specificity.
Indeed, analysis of naturally expanded CTL clones in the human intestinal
epithelium and in peripheral blood not only showed clonal homogeneity with
respect to expression of NKG2A but also demonstrated that CTLs expressing
TCRs with different but related sequences, that is, sharing the same antigenic
specificity, also shared the same NKG2A pattern (Jabri et al. 2002). Conversely,
NKG2A was conspicuously absent on activated peripheral T lymphocytes dur-
ing acute EBV infection (Mingari et al. 1997) and on CMV- and EBV-specific
CTLs during chronic infection (Ince et al. 2004) in humans, whereas it was
found to be induced on mouse CTLs in all viral infections studied, for ex-
ample, polyoma virus and LCMV (McMahon et al. 2002; Moser et al. 2002).
However, the link between NKR and TCR specificity has not yet been studied
in detail in mice. Finally, CD94/NKG2A is not coexpressed with activating
CD94/NKG2 receptors in human CTLs (Arlettaz et al. 2004; Guma et al. 2004;
Jabri et al. 2002), suggesting that they may not be stochastically expressed.
Altogether, these observations indicate that in human CD94/NKG2A expres-
sion is tightly regulated. Studies of the KIR system have shown that members
of the same in vitro derived human CTL clones could express different KIR
patterns (Uhrberg et al. 2001; Vely et al. 2001), revealing a stochastic compo-
nent in the expression of these receptors. However, it is difficult to draw final
conclusions because of the great complexity of the KIR system (due in part
to common expression of KIRs in absence of the relevant MHC ligand) and
the lack of a complete panel of anti-KIR antibodies, rendering in vivo studies
difficult. Further studies examining natural CTL expansions in human natural
and disease conditions, as well as experimental systems in mice, are critically
needed to better understand this complex but fundamental issue. A key ques-
tion to be answered is whether expression of various NKRs is instructed by
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Fig. 2 NKG2A commitment in CTLs. NKG2A expression is determined by the con-
text in which antigen-specific CD8 cells are primed or expanded during the differ-
entiation process into effector/memory CTLs. In the stochastic model 1, NKG2A is
induced randomly among naive CTLs stimulated by TCR and plays an important role
in their expansion or survival. In the instructive model 2, TCR affinity for the pep-
tide/MHC complex, antigen concentration, cytokine milieu and coreceptors expressed
by antigen-presenting cells are among the potential signals that might play a role in
NKG2A commitment in naive T cells

the antigenic environment (e.g., antigen concentration, chronicity, cytokines,
coreceptors expressed by antigen presenting cells) or stochastic and then se-
lected consequently to the impact of NKRs on CTL expansion or survival as
suggested in mice (Gunturi et al. 2003; Ugolini et al. 2001) (Fig. 2).

53
Role of TCR Engagement

There is strong evidence suggesting that human effector CTLs expressing
a given NKG2A or C isotype are stably committed to that isotype. The stabil-
ity of NKG2A expression seems to vary (Arlettaz et al. 2004; Jabri et al. 2002).
However, individual CTLs lacking NKG2A expression, despite a TCR speci-
ficity known to be associated with NKG2A in vivo, can be reinduced to express
NKG2A within 48 h of TCR engagement in vitro, indicating stable commitment
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(Jabrietal.2002). Like CTLA-4, NKG2A may therefore participate in a negative
feedback loop in which TCR stimulation upregulates NKG2A expression and,
in turn, NKG2A downmodulates TCR activation. This property may explain
why some NKG2A induction could be induced in vitro on TCR stimulation
on a limited subset of peripheral blood T lymphocytes, representing less than
25% of total T cells (Bertone et al. 1999; Derre et al. 2002; Mingari et al. 1998).
Importantly, IL-15, TGF-f, and IL-12 could induce CD94, but not NKG2A, in
the absence of concomitant TCR stimulation (Bertone et al. 1999; Derre et al.
2002; Jabri et al. 2000; Jabri et al. 2002; Mingari et al. 1998), further suggesting
control of TCR over NKG2A expression. The regulation of NKG2C, NKG2E,
and His still poorly understood. Although transcripts of these genes are found
in most memory T cells (Jabri et al. 2002), NKG2C proteins do not seem to be
expressed under physiological conditions by human CTLs, as determined by
staining with specific antibodies (unpublished data). In vitro studies suggest
that NKG2C expression may require chronic T cell activation (Ortega et al.
2004).

54
Role of IL-15

IL-15is an essential cytokine controlling several steps of NKR expression and
function. Rather than being released, it is expressed on the cell surface (e.g.,
APCs, keratinocytes, synovial cells, and intestinal epithelial cells; Jabri et al.
2000; Kurowska et al. 2002; Mention et al. 2003; Neely et al. 2001; Ruckert
et al. 2000) bound to the IL-15Ra chain (Dubois et al. 2002). IL-15 protein
expression is induced on stress and infection and, in addition to its role in CTL
proliferation and homeostasis, has the unique property of upregulating the
expression of activating NKR expression and enhancing the effector functions
of CTL (Fig. 3). IL-15 increases the level of surface expression of NKG2D and
CD94 in otherwise unstimulated CTLs (Jabri et al. 2000; Meresse et al. 2004;
Mingari et al. 1998; Roberts et al. 2001). This effect is mediated in part by
its capacity to activate CD94, NKG2D, and DAPI10 transcription (Groh et al.
2003; Lieto et al. 2003; Meresse et al. 2004). The mechanisms by which IL-15
impacts on the transcription of these molecules is still poorly understood and
may involve several mechanisms. For instance, GAS/EBS elements, which are
potentially responsive to IL-15 stimulation, have been identified in the CD94
promoter (Lieto et al. 2003). In contrast, IL-15 cannot induce the transcription
of NKG2A in the absence of TCR engagement but was found to synergize with
TCR for NKG2A expression (Mingari et al. 1998). Its contribution to the
expression of the other NKG2 molecules remains to be determined. IL-15
also increases NKG2D expression at the cell surface by preventing NKG2D
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Fig. 3 IL-15 upregulates CTL effector functions by upregulating activating NKRs.
IL-15 acts at multiple levels, increasing the expression of NKRs such as CD94 and
NKG2D/Dap10 and preventing NKG2D downregulation on receptor engagement. IL-
15 also directly activates Vav, PI3-K, and ERK involved in cytolytic signaling pathways.
Ultimately, TCR- and IL-15-stimulated CTLs can kill targets expressing NKG2D ligands
independently of TCR specificity (LAK conversion)

downregulation by its ligands (Groh et al. 2003). This conspicuous effect
might be essential for tumor rejection because many tumors abundantly
express and shed NKG2D ligands (Groh et al. 2002). Conversely, preventing
NKG2D downregulation may be quite detrimental in chronic conditions and
could favor protracted activation of CTLs and autoimmunity.

The physiological importance of IL-15 is exemplified by its remarkably
coordinated effects in inducing or activating several components of the
NKG2D cytolytic signaling pathway in CTL. Thus, in addition to its effect
on NKG2D/DAP10 expression, IL-15 rapidly induces Vav and PI3-kinase de-
pendent ERK phosphorylation in effector CTLs (Meresse et al. 2004 and
unpublished data). In fact, exposure to IL-15 alone (or high doses of IL-
2) is sufficient to convert CTLs into lymphokine-activated killer (LAK)-like
cells that efficiently kill MIC+ targets through NKG2D (Meresse et al. 2004;
Verneris et al. 2003). This property not only explains previous reports of
CTL conversion into LAK cells in vitro (Brooks 1983; Gamero et al. 1995)
but also underlies the aberrant cytolytic properties of intestinal CTLs chron-
ically exposed to IL-15 in the intestinal epithelium of celiac disease patients
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in vivo. It is highly likely therefore that IL-15 and LAK activity might play
an important role in the pathogenesis of celiac diseases and other complex
immunopathological disorders.

6
Role of NKG2D and CD94/NKG2 Receptors in Organ-Specific
Autoimmunity

Whereas the role of KIR expression by CTLs is suggested mostly by genetic
reports and studies performed on peripheral blood lymphocytes (Martin
et al. 2002; Momot et al. 2004; Namekawa et al. 2000; Snyder et al. 2003;
Yen et al. 2001), there is now strong, converging evidence indicating that
NKG2D and CD94/NKG2 receptors play essential roles in the control of ef-
fector CTLs in tissues, controlling important disease processes. The presence
of abundant melanoma-specific CTLs in patients with progressive tumor has
been correlated with expression of inhibitory NKG2A, suggesting that tumors
can escape rejection by inducing and engaging inhibitory NKRs (Speiser
et al. 1999). Conversely, several studies provide evidence for a role of acti-
vating CD94/NKG2 and NKG2D receptors in organ-specific autoimmunity.
In rheumatoid arthritis patients, NKG2D was found to be induced on au-
toreactive CD4 T cells in joint fluid whereas MIC was expressed on synovial
cells. High IL-15 expression by synovial cells prevented the downregulation
of NKG2D on engagement with molecules, hence sustaining chronic NKG2D
activation (Groh et al. 2003). In NOD mice with type I diabetes, islet cells ex-
pressed NKG2D ligands and NKG2D function was critical for their destruction
by autoreactive CTLs (Ogasawara et al. 2004). In celiac disease patients, ac-
tivating CD94 receptors are highly upregulated in intraepithelial CTLs (Jabri
et al. 2000 and manuscript in preparation) and high expression of IL-15 and
MIC by intestinal epithelial cells appeared to prime their killing by intraep-
ithelial CTLs through a TCR-independent, NKG2D-mediated pathway (Hue
et al. 2004; Meresse et al. 2004). Altogether, these studies suggest the following
model (Fig. 4). Exogenous stress (gluten in celiac disease or viral infection) or
endogenous stress (type I diabetes) induces expression of IL-15 and nonclas-
sic MHC class I molecules by tissue cells, initiating a feedback loop resulting
in the arming of activating NKRs on CTLs and aberrant tissue destruction.
The role of activating NKRs could be to lower the TCR activation threshold
for cross-reactive self-antigen or to confer LAK properties against target cells
expressing stress markers.

Importantly, the arming of NKG2D is restricted to cytolytic function.
NKG2D cannot induce CTLs to secrete cytokines or proliferate, even on IL-15
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Fig.4 Tissue control of CTL effector functions by NKG2D and IL-15. NKG2D ligands
and IL-15 are expressed by tissue cells in stress and infectious conditions. IL-15 arms
the NKG2D cytolytic signaling pathway in effector CTLs, focusing cytolytic activity
on tissue targets undergoing stress and infection. This regulation is beneficial for host
defense but may also lead to chronic autoimmune and inflammatory disorders

stimulation (Groh et al. 2001; Roberts et al. 2001). Thus NKG2D alone does
not explain how CTLs can undergo expansion and secrete IFN-y in celiac dis-
ease. The recent discovery that CTLs could also express CD94/NKG2C/DAP12
immunoreceptor complexes under pathological conditions suggests that an-
other, more severe level of dysregulation occurs in some situations (Guma et al.
2004; Ortega et al. 2004). Ultimately, the loss of TCR control over proliferation
might be involved in the malignant transformation of CTLs, as observed in
celiac disease (reviewed in Green and Jabri 2003) or in IL-15-overexpressing
mice (Fehniger et al. 2001).

7
Conclusion

There is growing evidence that NKRs expressed by CTLs play a fundamen-
tal role in tissue immunity, modulating their activation properties based
on recognition of stress- and transformation-induced ligands. This dialog
between the killers and their victims ensures optimal focusing of adaptive
immunity on appropriate targets that express not only infectious antigens but
also signs of distress. This new level of regulation of adaptive immunity by
innate immunity has obvious benefits for host defense and for self-tolerance.
However, increasing evidence points to dysregulation of these mechanisms
in the pathology of tumor and autoimmune and inflammatory disorders. De-
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tailed understanding of the regulation of IL-15 and nonclassic MHC class
I molecules and their effect on CTL signaling in tissues might illuminate
longstanding enigmas in tissue specific immunopathology and suggest new
avenues for therapeutic intervention in these widespread diseases.
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Abstract Dendritic cells (DC) are key players at the interface between innate resistance
and cognate immunity. Recent evidence highlighted that innate effector cells can
induce DC maturation, a checkpoint for the triggering of primary T cell responses
in vivo. Moreover, mature DC also promote NK cell effector functions, necessary and
sufficient, in some cases, for Thl polarization. The site of the DC-NK cell interplay
likely determines its relevance in physiopathology and the outcome on the ongoing
immune response. This review focuses on the current knowledge of the regulation of
NK cell priming by DC and, reciprocally, on the consequences of NK cell activation
on DC functions. The relevance of DC-NK cell cross-talk in the control of infectious
diseases and tumor growth is discussed, highlighting the impact of this dialogue on
the design of immunotherapy protocols.
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1
Introduction on Dendritic Cells

This chapter discusses the interaction of NK cells with the professional
antigen-presenting cells of the immune system, the dendritic cells (DC), in
regulating both innate resistance and adaptive immunity. DC are antigen-
presenting cells, cornerstones between pathogen entry and lymph nodes that
quickly respond to foreign antigens. Located in peripheral organs, skin, and
mucosal surfaces, DC sample the environment for self and foreign material [1].
However, after antigen uptake DC, in order to process and present the antigen
within MHC class I and II molecules, must undergo a complex maturation
program that is triggered by exposure to stress signals. Such stress signals
can be ligands for Toll-like receptors (TLR) (such as conserved molecules
expressed by pathogens, double- or single-stranded RNA, CpG DNA [2-4]),
proinflammatory cytokines, and/or T cell-derived-stimuli (such as CD40L).
After DC maturation, DC migrate, upregulate the expression of MHC class
I and II and costimulatory molecules, and become very efficient at priming
naive T cells.

The best-characterized human blood DC subsets are the myeloid DC
(mDC) and the plasmacytoid precursor DC (pDC). CD11c*/CD1la*/CD14
mDC can be purified from blood or lymphoid organs. DC with similar char-
acteristics can be differentiated in culture from bone marrow or cord blood
CD34* cells in the presence of GM-CSF and TNF« or IL-4 [5] or from mono-
cytes in the presence of GM-CSF and IL-4 [6]. pDC are isolated from blood or
lymphoid organs, exhibit a CD11¢’/CD123*/BDCA2*/CD45RA™ phenotype,
and produce large amounts of type I interferon (IFN) on exposure to viruses
or CpG oligonucleotides [7]. mDC and pDC differentially express TLR: TLR3,
-4, and -8 are found in mDC but not in pDC, and TLR7 and -9 are found in
pDC but not in mDC [8-10]. Both DC subsets can elicit Th1/Th2 polariza-
tion [11-13]. The current prevailing view is that a functional DC specificity
is not imparted during DC ontogeny but that plasticity enables appropriate
responses to various pathogens [14].

Three major mouse DC subsets have been identified in secondary
lymphoid organs [15]. Two of these subsets express high levels of CD11c.
The CD11c*8h/CD11b*/CD8a™ DC subset localizes in the spleen marginal
zone bridging channels, whereas the CD11c""8"/CD11b~/CD8a* DC subset
bearing DEC205 (interdigitating DC) is mostly localized in T cell areas
of the spleen, where it efficiently primes naive T cells. The CD11cbrish/
CD11b7/CD8a* DC subset is electively endowed with the ability to cross-
present exogenous antigen [16]. Plasmacytoid precursor DC (pDC), the
third subset, are CD11c%™/B220*/Ly6C*/CD45RA*/120G8"/PDCA-1* cells



Dendritic Cell-NK Cell Cross-Talk: Regulation and Physiopathology 159

that are broadly distributed in lymphoid and nonlymphoid organs. In
the spleen, pDC are dispersed in the T cell zone and the red pulp [15].
CD11cM#M/CD11b* DC and pDC can be propagated from bone marrow
precursors in GM-CSF (with or without TNFa or IL-4) [17, 18] and Flt3-L
[19], respectively. Likewise, DC can be propagated from mouse splenocytes
in Flt3-L, GM-CSE, and IL-6 [20]. Mouse pDC express higher levels of TLR7
and -9 than CD11c™8" DC, which express more abundant levels of TLR4 [8].
Whereas pDC produce large amounts of type I IFN when exposed to viruses
[21], CD11cbright DC infected by viruses can also produce type I IFN [22]. All
mouse DC subsets can produce IL-12 and induce Th1 polarization [14, 23].

2
Why Is the Interaction of Antigen-Presenting Cells with NK Cells
of High Interest?

IFN-y is produced during incubation of blood mononuclear cells (PBMC) with
some TLR ligands (such as polyl:C for TLR3 or R848 for TLR7-8). The main
source of IFN-y is the NK cell pool together with NKT cells and unconven-
tional T cells. However, in the absence of HLA-DR* antigen-presenting cells,
IFN-y is no longer produced by NK cells. Except for TLR2 ligands (KpOmpA)
or TLR3 ligands that have been described to directly trigger NK cell pro-
duction of defensins or chemokines, antigen-presenting cells are needed to
promote NK cell reactivity in vitro [24, 25]. These HLA-DR* cells required
for induction of IFN-y production by NK cells in response to stimulation
via TLR3 or TLR7-8 are mDC, whereas pDC or CD14*/CD16"/~ monocytes
are mostly inactive. However, as few as 0.2% of pDC preexposed to influenza
virus or CpG ODN (TLR9 ligands) can trigger NK cell lytic activity against the
NK cell-resistant Daudi target cells [26]. The regulation of NK cell activation
by DC is being slowly unraveled in the mouse and human settings, for both
cytolytic and secretory activities as a function of the stimuli received by DC.
Indeed, in the absence of stimulation, immature DC cannot promote NK cell
effector functions. In Sect. 8.8, we will, however, describe pathophysiolog-
ical stimuli leading to NK cell triggering in the absence of DC maturation
(i.e., DC inhibition of c-kit tyrosine kinase and expression of the BCR/ABL
protooncogene).
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3
Regulation of NK Cell Activation by DC

Pioneering studies by Fernandez et al. showed that the DC growth factor
Flt3-L, which promotes both DC and NK cell expansion, was also capable of
promoting in nude mice a NK cell-dependent antitumor effect that could be
significantly abrogated by treatment with an anti-CD8x mAb [27]. These ex-
periments suggested a direct role for CD8a™ DC in NK cell triggering in vivo.
This role was directly demonstrated by the adoptive transfer of the mouse
DC cell line D1 into AK7 mesothelioma tumors, leading to tumor eradication
except in nude mice in which NK cells were depleted by concomitant adminis-
tration of neutralizing anti-NK1.1 Ab. Furthermore, it was demonstrated that
in vitro bone marrow-derived DC (BM-DC) or D1 cells stimulated by TNF«
could stimulate NK cell effector functions. Neither macrophages nor NK cell
targets could promote NK cell lytic activity in vitro to the levels induced by
mature DC. However, the molecular mechanisms by which TNFa-stimulated
DC mediate NK cell activation remain unknown [27]. Afterwards, most of
the murine studies used BM-DC stimulated with TLR4 ligands such as LPS or
Escherichia colibacteria. After TLR4 triggering, BM-DC propagated in the ab-
sence of IL-4, transiently produced IL-2 [28, 29], and induced IL-2-dependent
IFNy secretion by mouse NK cells in vitro [30] (Fig. 1a). In this setting, low-
level type I IFN produced by BM-DC stimulated by E. coli promoted NK cell
cytotoxicity [30]. In this setting, NK cell activation was dependent on cell-
to-cell contact but independent of IL-12 and IL-18. In vivo, inoculation of E.
coli promoted NK cell IFNy production and DC represented a source of IL-2
contributing to NK cell activation [30].

However, IL-2 was not produced by BM-DC propagated in the presence of
IL-4and stimulated with LPS [31]. Rather, IL-15 and IL-15Ra were upregulated
and play a critical role to promote NK cell cytotoxicity and IFN-y secretion
in vitro [32] (Fig. 1b). Borg et al. [33] by using cells from IL-12 genetically
deficient mice, revealed a critical role for IL-12 in NK cell IFN-y secretion
promoted by mature mouse DC. In the absence of LPS stimulation, BM-DC
generated in the presence of IL-4 were able to activate NK cells, unlike BM-
DC generated in the absence of IL-4. The triggering receptor expressed on
myeloid cells-2 (TREM2) associated with KARAP/DAP12 adaptor molecule
was upregulated on BM-DC by IL-4 and was involved in DC-mediated NK cell
activation [34] (Fig. Lc).

The molecular mechanisms involved in NK cell triggering by human DC
start to be unraveled. Mature DC or immature DC in the presence of matu-
ration stimuli, such as LPS or Mycobacterium tuberculosis or IFNa, are able
to activate NK cells [35-38]. The crucial role of IL-12 in IFN-y secretion by
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Fig. Ta-d Regulation of the DC-mediated NK cell activation in mouse models. TLR
ligands, protooncogenes BCR/ABL and c-kit, and Treg can modulate the DC-NK cell
dialogue. TLR4 ligands promote IL-2 and IFNa production when triggering a DC
differentiated in the absence of IL-4 (a). In the presence of IL-4, TLR4 ligands promote
IL-15Ra and IL-15 expression required for NK cell activation (b). In DC propagated in
GM-CSF and IL-4, but not stimulated with TLR4 ligands, the TREM2/KARAPDAP12
signaling pathway is critical for the bidirectional activation (c). The BCR/ABL tyrosine
kinase endows DC with NK cell stimulatory capacities in a NKG2D-dependent manner
by upregulating Rae-1 expression (d). The c-kit receptor and CD4*CD25* T reg inhibit
the bidirectional DC-NK cell interaction (c)

human NK cells stimulated by monocyte- or CD34"-derived DC and LPS or
by peripheral blood mDC in response to TLR3 or TLR8 ligands has been for-
mally demonstrated. Other cytokines, such as IL-18, and/or cellular contacts
are also involved [26, 33, 36] (S. Burg, F. Briere, G. Trinchieri, C. Caux, P. Gar-
rone, unpublished results). However, NK cell activation by DC also requires
direct cell-to-cell contacts and depends on the adhesion molecule LFA-1 [39].
The formation of DC/NK cell conjugates was found to depend on cytoskeleton
remodeling and lipid raft mobilization in DC. BM-DC derived from mice with
loss of function of the Wiskott Aldrich syndrome protein, a major cytoskeletal
regulator expressed in hematopoietic cells, fail to promote NK cell lytic ac-
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tivity and IFN-y secretion [33]. Moreover, disruption of the DC cytoskeleton
with pharmacological agents abolished the DC-mediated NK cell activation.
Synapse formation promoted the polarized secretion of preassembled stores
of IL-12 by DC toward the NK cell. Synaptic delivery of IL-12 by DC was found
to be required for IFN-y secretion by NK cells, as assessed with inhibitors
of cytoskeleton rearrangements and Transwell experiments. Therefore, the
cross-talk between LPS-activated DC and NK cells is dictated by functional
synapses [33].

Upon IFNa stimulation, MHC-class I-related chain-A and -B (MICA/B),
ligands for NKG2D receptor are induced on monocyte-derived DC and are re-
sponsible for NK cell activation [40]. MICA/B expression on DC is modulated
not only by type I IFN but also by DC derived IL-15 [41].

Myeloid DC stimulated by TLR3 ligands and plasmacytoid DC after ex-
posure to viruses or TLR9 ligands promote NK cell lytic activity in a type I
IFN-dependent fashion [26].

Mature monocyte-derived DC and, to a much lesser extent, CD34"-derived
interstitial dermal-like DC induce human NK activation and proliferation by
a mechanism requiring IL-15 and IL-12. Langerhans cells (LC), in contrast,
fail to induce NK cell activation, probably because of their impaired ability to
produce IL-12 and IL-15Ra. They require exogenous IL-2 or IL-12 to activate
NK cells in vitro [42]. However, LC can maintain NK cell survival in vitro after
a proliferation phase induced by interstitial dermal DC [42].

4
NK Cell Priming by DCin Lymph Nodes

Unlike in peripheral blood and spleen, the presence of NK cells in lymph
nodes (LN) has been controversial. However, recent data have shown that
numerous NK cells are located in LN around B cell follicles in the T cell
area in close vicinity with DEC205" DC [43]. Most of NK cells in LN are
CD56"8"/CD94/NKG2A*/NKG2D™ [44, 45], but unlike circulating NK cells
they are noncytotoxic and perforin negative and do not express KIRs, CD16,
and other NCRs (NKp30 and NKp46) [43]. The total number of LN NK
cells in humans is, in the absence of infection or inflammation, ten times
higher than circulating NK cells. LN NK cells have the potential to react to
incoming DC to secrete cytokines regulating Th differentiation or to develop
into cytotoxic NK cells [43, 44]. Indeed, recent studies have shown that in
culture DC derived from secondary lymphoid organs and activated with LPS
induced IFN-y production from CD56"8" NK cells within 6 h [43]. In this
scenario, DC could activate resident LN NK cells and would contribute to
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the regulation of LN resident CD56"8" NK cell cytokine secretion (IFN-y
but also TNF, GM-CSF, IL-10, and IL-13). However, an alternative scenario
could be that on migration and arrival in LN, DC recruit NK cells from
blood through high endothelial venules (HEV). In the periphery CD56i8h
NK cells, which are preferentially activated by interaction with DC in vitro,
express CCR7 and CD62L, and thus could be selectively recruited into the
LN [46, 47], but CD56%™ NK cells could be also recruited to LN by other
chemokines secreted by DC. Adoptive transfer studies of labeled NK cells in
mouse demonstrated that circulating NK cells can be found in draining LN
after inoculation of mature DC or Leishmania major promastigotes [48, 49].
Using two-photon intravital microscopy with a fluorescent tracker specific for
NK cell monitoring (anti-CD49b), Bajenoff et al. [49] characterized NK cell
behavior in mouse LN in the steady state and on infection with L. major. In
the steady state, NK cells resided in the LN outer paracortex in close vicinity
with DC near the HEV. Unlike T cells, which moved rapidly, NK cells were slow
motile-cells. After infection with the parasite, NK cells rapidly accumulated in
the LN outer paracortex in close interaction with DC and T cells and secreted
IFN-y but did not acquire higher motility [49].

Terme et al. [34] were the first to show that adoptively transferred DC
(footpad inoculation) can prime NK cells in the LN in vivo. Only BM-DC
differentiated in the presence of IL-4 or matured with LPS could promote NK
cell activation in LN. In experiments in which BM-DC differentiated in the
presence of IL-4 were injected in nude mice, the number of DX5* or NK1.1*
NK cells expressing CD69 was increased twofold by 24 h, whereas in immuno-
competent C57Bl/6 mice, the number of CD69" NK cells was increased three-
to fourfold, suggesting a potential role for IL-2 produced by CD4* T cells in
this NK cell activation [34]. However, an 11-fold increase of CD69" NK cells
was observed in draining lymph nodes when mice were pretreated at metro-
nomic dosing with cyclophosphamide (CTX) that suppresses CD4*CD25" T
regulatory functions (Ghiringhelli et al., ] Exp Med in press). We confirmed
that CD4*CD25" T cells (Treg) regulate DC-NK cell cross-talk in vitro by
inhibiting both the DC-mediated induction of NK cell IFNy secretion and the
NK cell-mediated DC activation (Terme et al,, in preparation) (Fig. 1c). In
the CTX-treated mice, IL-4-propagated BM-DC producing high amounts of
fractalkine promoted NK cell recruitment in LN in a CX3CR1- and CCR5-
dependent manner (Terme et al., in preparation).

After the pioneering studies by Scharton and Scott [50] that demonstrated
that IFN-y production by NK cells in draining LN was necessary for the pro-
tective Thl response to L. major infection, more recent data have highlighted
the role of NK cell recruitment in LN in the induction of Thl polarization
[48]. LN NK cell recruitment was shown to be triggered by footpad injection
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of LPS-activated DC or adjuvants such as R848 or Ribi (but not by CpG1826
or CFA) and was dependent on CXCR3 rather than on CCR7 [48]. NK cell
depletion leads to defective Th1 polarization after LPS-matured OVA-pulsed
DC injection. IFN-y produced by migrating NK cells was necessary for Th1l
polarization. However, it remains to be determined whether IFN-y produced
by NK cells is necessary at the level of naive T cells or at the level of DC
presenting the MHC class II/OVA complexes [48].

5
The DC-NK Cell Interplay in the Periphery

Other sites of DC-NK cell interactions could be inflamed tissues. The
chemokine receptor repertoire of CD564™CD16* blood NK cells (expressing
CXCR1 and CX3CR1) suggests that they could migrate in response to IL-8 and
soluble fractalkine [51]. A direct contact between DC and NK cells was first
shown in Malassezia-induced atopic skin lesions [52] and later highlighted
in imatinib mesylate (Gleevec/STI571)-induced lichenoid dermatitis [53].
We recently observed aberrant PEN5* NK cell infiltrates in tissues infiltrated
with malignant Langerhans cell histiocytosis (C. Borg, unpublished data),
suggesting that a dysregulation of the LC-NK cell cross-talk could participate
in chronic inflammation.

6
Reciprocal Activation of DC by NK Cells

Communication between DC and NK cells is not unidirectional but bidirec-
tional [36, 54-56]. Indeed, activated NK cells can induce or augment not only
maturation of DC but also their lysis. Pioneering reports highlighted that in
low NK-to-DC cell ratios, activated NK cells would favor DC maturation in
in vitro human studies [36, 54]. Soluble factors such as TNF and IFN-y, as
well as cell-to-cell contacts, are required for NK cell-mediated DC activation
[36, 54]. DC activation in response to activated NK cells results in DC matu-
ration, upregulation of costimulatory and MHC class II molecules, enhanced
antigen-presenting ability, and production of IL-12 [36, 54]. Strikingly, ac-
tivated NK cells induce type I IFN and TNF production from plasmacytoid
DC in the presence of suboptimal stimuli, for example, CpG [26]. We have
reported in a mouse model that BM-DC generated in the presence of IL-4 are
able to activate NK cells and in turn activated NK cells promote maturation
of DC characterized by upregulation of CD80 and CD86. This maturation is
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in part due to the TREM2/KARAP/DAPI12 pathway, at least for upregulation
of CD86 [34].

NK cell activation could be a critical checkpoint for T cell responses consid-
ering that, in some circumstances, NK cell triggering promotes DC activation.
Maillard et al. have shown that activated human NK cells (stimulated by tu-
mor targets and type I IFN) induce DC maturation and that mature DC could
promote Thl response by producing large amounts of IL-12 [57]. DC acti-
vation by NK cells that had encountered target cells in the presence of type
I IFN was dependent on soluble factors. In a mouse tumor model, Mocikat
et al. highlighted the role of an appropriate threshold for NK cell triggering
by tumor cells to induce DC activation, IL-12 production, and T cell priming
in vivo [58].

A more intriguing aspect of the NK-DC interaction pertains to the capacity
of activated NK cells to kill immature DC. Unlike most healthy cells, immature
DC are uniquely susceptible to NK cell-mediated cytolysis [55, 59, 60]. The
NK-to-DC ratio determines the outcome of DC: As previously discussed a low
ratio (1 NK/5 DC) favors DC maturation, whereas a high ratio (5 NK/1 DC)
results in DC lysis [54]. Signals delivered by NKp30 are critical to account for
lysis of immature monocyte-derived DC [55]. A recent observation described
that NK cell TRAIL can eliminate immature DC in vivo, limiting the efficacy of
vaccination [61]. Indeed, elimination of NK cells or neutralization of TRAIL
function during immunization with immature DC loaded with tumor anti-
gens significantly enhanced cognate T cell responses [61]. Only immature DC
are susceptible to NK cell lysis [59, 60, 62]. The resistance to NK cells is at
least in part related to the upregulation of MHC class I molecules observed
on DC during maturation [63]. The capacity of NK cells to lyse DC is confined
to a small NK cell subset expressing the inhibitory receptor CD94/NKG2A
and is inversely proportional to the density of this receptor [64]. However,
a small CD94/NKG2A"*" NK cell subset is capable of killing mature DC [64].
The physiological relevance of the phenomenon, however, remains unclear.
In particular, unlike monocyte-derived immature DC, freshly isolated hu-
man peripheral blood myeloid and plasmacytoid DC have been shown to be
resistant to NK cell killing [26].

7
DC-NK Cell Cross-Talk During Infectious Diseases

NK cells have been widely proposed to play a role in the resistance to viral
infection in both patients and experimental animals, in particular those in-
duced by herpesviruses, hepatitis viruses, and HIV [65, 66]. A critical role
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for NK cells in mice in the defense against MCMV infection has been clearly
demonstrated [67]. The NK cell-mediated cytolytic functions against infected
cells are essential in the spleen, and a critical role for cytokine and chemokine
released by NK cells has been demonstrated in the liver [68]. Viral replication
in the spleen is controlled genetically by the Cmv1I locus [69, 70] encoding
the Ly49H NK cell-activating receptor [71] that is present on a subset of NK
cells and recognizes the MCMV m157 glycoprotein [72, 73]. The protective
Ly49H* NK cell subset is expanded late in infection [74]. Andrews et al. [75]
have demonstrated a functional interaction between Ly49H* NK cells and
CD8a* DC whereby the expansion of Ly49H* NK cells favors the survival of
spleen CD8a* DC during acute infection by MCMYV, which, per se, impairs
DC functions [76]. Reciprocally, CD8a* DC are essential for the expansion of
Ly49H* NK cells via IL-12 and IL-18 [75]. The importance for NK cell expan-
sion of additional signals such as those involving recognition by the NK cell
Ly49H receptor of m157 on infected cells is unclear. Whether the DC-NK cell
interaction during MCMYV infection is determinant for the generation of an
adaptive memory T cell response is still questionable.

The role of pDC and of the TLR9/MyD88 signaling pathways in MCMV
viral clearance has been studied [77-79]. CpG motifs are abundant in the
genomes of alpha and beta herpesviruses such as HSV and MCMYV. Because
these genomes are not highly methylated, the immunostimulatory capacities
of CpG motifs are preserved. Both pDC and DC recognize MCMV through
TLR9 [79]. TLR9-mediated type I IFN and IL-12 cytokine secretion promotes
viral clearance by NK cells expressing Ly49H [79]. The depletion of pDC
by mAb led to drastic reduction of type I IFN secretion but allowed other
cell types to compensate and secrete high levels of IL-12, ensuring enhanced
levels of IFN-y and normal NK cell responses to MCMV [77-79]. Therefore,
the TLR9/MyD88 pathway mediated a coordinated antiviral cytokine response
promoted by pDC, DC, and macrophages allowing effective NK cell function
and MCMYV clearance [78, 79].

The functional relevance of DC-derived IL-2 in activation of NK cell bacte-
ricidal activity was recently reported [30]. The authors investigated whether
the clearance of i.v. injected bacteria was different in RAG2™/~ mice recon-
stituted with WT BM-DC that strongly induced NK cell IFNy production or
IL-27/~ BM-DC that were inefficient in promoting NK cell functions. At early
time points after bacterial inoculation, the predominant source in vivo of
IFN-y was represented by NK cells. The number of bacteria in the spleen of
mice reconstituted with IL-27/~ BM-DC was significantly higher than in the
spleen of mice treated with WT DC [30].
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8
DC-NK Cell Cross-Talk in Cancer

It is assumed that tumor cells are poorly immunogenic and not recognized by
the immune system because proinflammatory signals required for DC acti-
vation are missing in vivo. However, NK cell activation, either spontaneously
induced by the characteristics of the tumor cell transplanted (e.g., MHC class
Ilow, TAP deficient) [80-82] or forced by overexpression on the tumor cells of
NKG2D ligands [83, 84], CD27 [85], or gp96 [86], has been shown to promote
the elicitation of cognate and protective immune responses to the tumor [57,
58, 85, 86]. IFN-y secreted during NK cell-mediated tumor rejection is critical
for CTL generation, particularly when tumors express CD70 or CD80 and
CD86. However, tumor rejection following recognition of NKG2D ligands by
NK cells led to CTL development in the absence of IFN-y but required CD4*
T cell help [87].

Following the studies of Fernandez et al. [27] demonstrating the relevance
of DC-mediated NK cell activation in tumor rejection in a model of MHC
class I low mesothelioma, we [53] showed that modulation of the c-kit tyro-
sine kinase signaling pathway in DC by imatinib mesylate (STI571/Gleevec)
led to marked NK cell activation in various strains of mice. Indeed, 10- to
21-day oral therapy with STI571 promoted the selective expansion of CD69*
NK cells and NK cell-dependent antitumor effects in tumor transplantation
models using cells that were resistant to STI571 in vitro. This antitumor effect
was augmented by pretreatment of mice with the DC growth factor Flt3-L.
In vitro studies in which BM-DC propagated in the presence of GM-CSF
and IL-4 were incubated in the presence of increasing doses of STI571 high-
lighted that nanomolar concentrations of STI571 were sufficient to endow
DC with the ability to stimulate NK cells in vitro but did not promote DC
maturation (Fig. 1c). The activation of NK cell IFNy secretion by STI571-
stimulated DC was not dependent on IL-12 but required cell-to-cell contacts.
STI571 likely acted by inhibiting the c-kit pathway in DC because identical
results were obtained by utilizing the pharmacological agent or DC from
c-kit loss-of-function mutant W/W" mice. The ability of STI571 to endow
DC with NK cell stimulatory capacities was also achieved in a human set-
ting using CD34" progenitors propagated in GM-CSF and TNE Importantly,
we could show that up to 50% of patients bearing a gastrointestinal sarcoma
(GIST) and treated with STI571 acquired enhanced NK cell effector functions.
Specifically, the levels of NK cell IFN-y secretion promoted by ex vivo stim-
ulation with mature DC were significantly enhanced 3- to 50-fold in patients
treated for 2 months with STI571. The relevance of NK cell activation was
suggested by a significant positive correlation between early NK cell trigger-
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ing at 2 months and the objective clinical response at 1 year in a cohort of
42 patients, and importantly, the time to progression is significantly longer
in patients exhibiting NK cell activation during the first 2 months of ther-
apy. GIST cells display many of the typical features of NK cell sensitivity
(TAP1 deficiency, overexpression of MIC and ULBP at mRNA and protein
levels, loss of MHC class I molecules) and are lysed by NK cells derived
from normal volunteers as efficiently as the prototypic highly NK susceptible
K562 cells [53]. NK cells from 50% of GIST patients at diagnosis displayed
downregulation of NKG2D expression that was not restored by STI571 de-
spite clinical responses. The study of circulating DC in these patients may
highlight some interesting findings pertaining to the DC/NK cell dialogue in
vivo.

With groundbreaking data from clinical trials, Ruggeri et al. highlighted
that mismatch of NK cell receptors and ligands during haploidentical bone
marrow transplantation may be used to enhance engraftment and to pre-
vent leukemia relapse by boosting graft-versus-leukemia effects without aug-
menting the risk of developing graft-versus-host disease [88]. However, HLA-
C/KIR mismatches between residual recipient leukemic cells and donor NK
cells might not fully account for NK cell activation in vivo, and host DC
might play a critical role for NK cell triggering in this setting [88, 89]. In-
deed, the cytokine storm associated with graft conditioning and/or con-
comitant infectious agents could promote DC maturation and NK cell acti-
vation. Nevertheless, the success of donor lymphocyte infusion in control-
ling residual disease in chronic myeloid leukemia (CML) patients with the
BCR/ABL translocation remains poorly understood. We hypothesized [90]
that the BCR/ABL translocation in myeloid DC might confer to DC selec-
tive NK cell stimulatory capacities in the absence of danger signals. We [90]
have shown that monocyte-derived DC from CML patients were selectively
endowed with NK cell stimulatory capacity. Using a gene transfer approach
in mouse bone marrow progenitors, we demonstrated that BCR/ABL pro-
moted DC-mediated NK cell activation. The DC-NK cell cross-talk promoted
by the BCR/ABL translocation appears unique because JunB or interferon
consensus sequence binding protein (ICSBP) loss of functions, which are
also associated with other myeloproliferative disorders, did not promote
DC-mediated NK cell activation. NK cell activation by BCR/ABL-expressing
DC involved enhancement of expression of NKG2D activating receptors, and
both NK cell activation and NKG2D enhancement were blocked by STI571
(Fig. 1d). Moreover, although NK cells from CML-developing mice did not
secret IFNy in response to IL-2, they responded to autologous BCR/ABL
DC. We confirmed in CML patients that CML DC overexpressed NKG2D lig-
ands and that CML DC-induced NK cell killing activity is partially inhibited
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by either STI571 or anti-NKG2D neutralizing antibody (Fig. 1d). However,
CML DC were not mature and displayed only poor allostimulatory activities
[90].

Therefore, the clonal BCR/ABL DC displayed the unique and selective
ability to activate NK cells, suggesting that they may participate in the NK cell
control of CML. Thus the treatment of CML patients with STI571, although
critical at the early stage for its direct antileukemic effects reducing the tumor
burden, might have at later stages a deleterious effect on the host DC-NK cell
interaction.

9
Concluding Remarks

The emerging data on the regulation and mechanisms of DC-NK cell interac-
tion are not yet shedding full light on the precise relevance of this interaction
to the course of infectious diseases, tumor progression, and autoimmune
disorders. However, the role of NK cells in these pathophysiological settings
clearly needs to be readdressed in light of the new data. DC-mediated NK
cell activation might be critical for the outcome of T cell responses, but it
remains to be defined whether the surrounding antigen-presenting cells or
the T cell themselves are the target of NK cell-derived cytokines. To fully
appreciate the physiological role of NK cells in the immune response, it is es-
sential to gain a deeper understanding of the differential regulation of various
NK cell subsets by DC subsets and of the coordinated interaction between
pDC, mDC, and NK cells. NK-DC interaction can lead to DC activation and
may represent a critical link between innate resistance and cognate immunity,
but the significance of a potential amplification loop of NK-DC cross-talk to
NK or T cell activation is still questionable. Also, the biological relevance of
the NK cell-mediated DC killing is unclear, and our recent results showing
that Treg interfere in DC-NK cell cross-talk might contribute to the inter-
pretation of this phenomenon. Some clues of the NK-DC interplay could be
provided by dynamic studies in two-photon microscopy. Nevertheless, from
our present understanding of DC-NK cross-talk realistic therapeutic possi-
bilities are emerging, such as adoptive cell therapy and/or manipulation of
bone marrow grafts to enhance NK cell activity with DC and the use of small
molecules such as tyrosine kinase inhibitors to modulate NK cell functions in
vivo.
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Abstract Natural killer (NK) cells have been known for many years as the lympho-
cyte subset characterized by the highest cytolytic potential against virus-infected and
tumor-transformed cells. A surprisingly high number of surface molecules have been
recognized that regulate human NK cell function. These include MHC-specific in-
hibitory receptors, which impair NK cells’ ability to attack normal self-tissues, and
activating receptors and coreceptors that allow them to recognize and kill transformed
cells. The recent identification of some of the cellular ligands specifically recognized
by these receptors/coreceptors contributes to elucidation of the mystery of the role
played by NK cells in immune responses.

1
The NK Receptor Complex

Natural killer (NK) lymphocytes are potent effector cells that, unlike T lym-
phocytes, are able to lyse targets in the absence of a priori stimulation. Notably,
NK cells do not represent indistinct killers because they are equipped with
a large array of surface molecules that allow them to discriminate between
normal cells and potentially dangerous targets. NK cells express MHC class I
(MHC I)-specific receptors that after recognition of ligands on surrounding
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normal cells inhibit the NK-mediated cytolytic activity [1-4]. In the case of
virus infection or tumor transformation, cells can downregulate MHC I ex-
pression [5, 6] while upregulating ligands for NK activating molecules. Thus,
in the absence of an efficient inhibition, engagement of activating molecules
results in the enchainment of the NK-mediated cytotoxicity and target cell ly-
sis [7-9]. Various activating molecules have been identified whose expression
is either restricted to NK cells or shared by other cell types. Moreover, some
of these molecules appear to function as main receptors, whereas others play
a coactivator role. Thus a modern concept could be that, similar to T lym-
phocytes, NK cells recognize targets via a “NK receptor complex” formed by
private receptors whose activity is sustained by public coreceptor molecules

(Fig. 1).

o

Target cell
C-type
Ig domain

O

V-type
Ig domain

®

Lectin-like
domain

NK cell

Tyrosine-based
motif

Fig. 1 NK receptor complex-ligand interactions. Natural killer (NK) cells express
surface molecules that exert either inhibitory or activating function. Tumor targets
downregulate HLA class I expression while expressing different ligands for activating
NK molecules. In the absence of engagement of MHC class I-specific receptors (KIR
and CD94/NKG2A), the interaction of receptors (NCR) and coreceptors (2B4 and NTB-
A) with the specific ligands (NCR-L, CD48, and NTB-A) results in strong activation
of NK-mediated cytolytic activity. Note that also the LFA-1-ICAM interactions are
a common requirement for efficient target cell lysis being involved in the organization
of immune synapses [38]
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2
Receptors

The Natural cytotoxicity receptors (NCR) family includes three Ig-like
molecules termed NKp46 (CD335), NKp44 (CD336), and NKp30 (CD337)
[10] selectively expressed by all NK cells. In particular, NKp46 and NKp30 are
present on both resting and activated NK cells, whereas NKp44 is acquired
only on activation, its expression at the cell surface correlating with the
acquisition of optimal cytolytic activity by activated NK cells. NCR associate
with ITAM-containing polypeptides such as CD3C and Fcy (NKp46 and
NKp30) or DAP12 (NKp44) [9], which after receptor engagement become
tyrosine phosphorylated via Src family kinases, recruit Syk family kinases
[11], and transduce signals leading to activation of NK cell functions.
Interestingly, NCR, instead of representing individual receptors, appear to
form a molecular complex because both their expression and functions
are coordinated. Indeed, NCR are present either at high or at low surface
densities on NK cells (referred as NCR® 8" or NCR%!, respectively) and
appear to functionally cooperate because the engagement of a particular
NCR results in activation of downstream signaling events from the other
NCR [9, 11]. Although the cellular ligands (NCR-L) recognized by NCR
are still unknown, functional data suggest that NCR recognize surface
molecules that are expressed on tumor- or virus-infected cells but not on
the majority of normal nonactivated cells. Indeed, NCR involvement has
been demonstrated in NK-mediated killing of PHA T cell blasts, melanomas,
carcinomas, Epstein-Barr virus (EBV)-transformed B cell lines, as well as
ex vivo-derived neuroblastomas and myeloid or lymphoblastic leukemias
[12-15]. This would suggest that, similar to NKG2D-specific ligands, NCR-L
might be represented by stress-induced molecules, that is, molecules that
are either expressed de novo or upregulated by events such as cellular
activation, tumor transformation, or viral infection. It should be noted that
dendritic cells (DC) represent a remarkable case among normal cells. Indeed,
both immature and mature DC appear to express the NKp30-L, because
susceptibility to NK-mediated lysis is highly dependent on the engagement
of NKp30 [16].

3
Coreceptors

The function of NCR is supported and enhanced by the simultaneous en-
gagement of different coreceptors, that is, molecules whose ability to induce
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NK cell activation depends on the engagement of main triggering receptors
such as NCR (Fig. 1). These include non-NK-restricted surface molecules
such as 2B4 (CD144) [17], NTB-A [18], NKp80 [19], and CD59 [20]. 2B4
and NTB-A are members of the CD2 subfamily of the immunoglobulin su-
perfamily (Ig-SF), which are also expressed by subsets of all T cells as well
as, in the case of NTB-A, by B cells. 2B4 specifically recognizes CD48 [21],
a broadly distributed surface molecule, whereas NTB-A mediates homophilic
recognition [22]. Interestingly, their cytoplasmic tails contain ITSMs (im-
munoreceptor tyrosine-based switch motifs) that undergo phosphorylation
and recruit several signaling molecules such as SAP (also termed SH2D1A)
and SH2-containing phosphatases (SHP) [18, 23, 24]. Whereas in normal NK
cells engagement of both coreceptors results in triggering of cytotoxicity, they
transduce inhibitory signals in NK cells derived from patients affected by X-
linked lymphoproliferative disease (XLP). XLP is a severe inherited primary
immune deficiency (PID) that, at variance with most forms of PID, in which
there is a broad susceptibility to various infectious agents, is characterized
by a unique proclivity to severe complications after infection by EBV. XLP
are characterized by the absence or lack of function of SAP molecules due
to critical mutations in the encoding gene located on human chromosome X
at g25. As a consequence, in XLP-NK cells 2B4 and NTB-A fail to associate
with SAP but associate with SHP and mediate inhibitory signals capable of
blocking the NCR-mediated activation [18, 23]. Thus the engagement of 2B4
and NTB-A by the specific ligands expressed on EBV-infected cells results
in a sharp inhibition of the NK [18, 23]- and T [25]-mediated cytotoxicity
that likely explains the inability of XLP patients to control EBV infection that
results in fulminant mononucleosis or B cell lymphomas.

Interestingly, the inhibitory function of these molecules appears to have
arolein physiological conditions. Indeed, it has been shown that in early steps
of NK maturation the expression of triggering receptors such as NKp46 and
NKp30 precedes the expression of HLA-class I-specific inhibitory receptors.
This might allow NK cells to attack the surrounding hematopoietic precursors
at the site of NK cell maturation. Notably, at this stage SAP is absent and 2B4
and NTB-A have inhibitory function [26]. The inhibitory function of the
coreceptors might be a fail-safe device that inhibits the cytolytic activity
during the earliest stages of NK cell maturation.

Regarding the molecular bases of the 2B4 and NTB-A dual functions (i.e.,
activation vs. inhibition), it has been shown recently that different ITSM may
have different functions. Whereas all four ITSM in the 2B4 cytoplasmic tail
bind SAP, the third can additionally recruit SHP [24]. Thus in normal cells SAP
could contribute to 2B4 (and NTB-A)-mediated NK cell activation by blocking
the interaction of the coreceptors with SHP negative-regulatory molecules.
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Notably, 2B4 (but not NTB-A) is constitutively associated with the linker for
activation of T cells (LAT) [27], a transmembrane molecule characterized
by a long cytoplasmic tail containing tyrosine-based motifs that is known
to play a crucial role in the molecular events leading to TCR-mediated T cell
activation. Thus 2B4 engagement not only results in tyrosine phosphorylation
of the 2B4 itself but also in that of LAT, which is followed by recruitment of
intracytoplasmic signaling molecules including PLCy and Grb2 [27].

4
Receptors or Coreceptors?

In vitro and in vivo experimental evidence underscores the central role of
NK receptor complex-ligands interactions described above in NK-mediated
recognition and lysis of most tumors. However, other molecules participate
in the process for which the question of whether they can fully activate or
cooperate in the activation of NK cell function is still open. These are repre-
sented by NKG2D and DNAM-1, two activating molecules whose expression
is not restricted to NK cells.

NKG2D (CD314) is a lectinlike homodimeric molecule that in humans
recognizes MICA, MICB, and ULBPs [28-30], stress-induced molecules char-
acterized by o domains with MHC class I folds. Whereas in mice, two NKG2D
forms (mNKG2D-S and mNKG2D-S) have been characterized that associate
with DAP10 and/or DAP12 [31, 32], in humans a single NKG2D exists that
associates with DAP10 [33], a transmembrane signaling adaptor character-
ized by a cytoplasmic tyrosine-based YxxM motif coupling it to the PI-3K-
dependent pathway. NKG2D is involved in NK-mediated killing of different
tumors such as carcinoma and melanoma and T cell leukemia cell lines.
On the contrary, NK-mediated killing of AML or freshly isolated neuroblas-
tomas is NKG2D independent because these tumors are characterized by the
MICA" ULBP" phenotype [13-15].

DNAM-1 (CD226) is an activating molecule that recognizes poliovirus re-
ceptor (PVR, CD155) and Nectin-2 (CD112) [34], two closely related molecules
belonging to the Nectin family, which are highly expressed by tumors of dif-
ferent histotype. Accordingly, DNAM-1-ligand interactions play a relevant
role in NK-mediated cytotoxicity against carcinoma and melanoma cell lines,
as well as ex vivo-derived neuroblastomas and myeloid (but not lymphoid)
leukemic cells [13, 14]. Importantly, the susceptibility to lysis of tumor cells
strictly correlates with the expression and surface densities of the two lig-
ands. Note that in humans, DNAM-1 is present not only on NK cells but also
on T cells, monocytes, platelets, and a B cell subset. Moreover, nectins are
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widely expressed on normal cells including neuronal, epithelial, endothelial,
and fibroblastic cells. On the basis of these observations, a DNAM-1 function
has been proposed during platelet aggregation [35] and, through interactions
with PVR on endothelium, in the diapedesis phase of leukocyte transmigra-
tion [36]. Finally, beside the role in DNAM-1-mediated tumor cell recognition,
nectins mediate homophilic and heterophilic trans-interactions that partici-
pate in the regulation of intercellular junctions [36] and cell-matrix adhesion.
In the latter case, it has been demonstrated that stimulation of PVR inhibits
cell adhesion and enhances cell motility, suggesting a role for this molecule
in tumor cell biology [37].

5
Concluding Remarks

The mechanisms that regulate NK cell activation are complex because they
depend on the expression of inhibitory and triggering receptors as well as
on the distribution and surface density of the receptor’s cellular ligands.
Coreceptor molecules in most instances recognize ligands that are expressed
on normal tissues. Thus this type of interaction may require a continuous
regulation by inhibitory receptors in order to avoid autoimmune reactions.
As coreceptors are also expressed by cytolytic T cells it is possible that a similar
mechanism of control may also apply to CTL. On the other hand, the ligands
recognized by primary receptors such as NCR and NKG2D are likely expressed
only by tissues undergoing different kinds of cellular stress. In contrast to
coreceptors the engagement of NCR or NKG2D by their cellular ligands results
in potent NK cell activation that in some instances might even overrule the
inhibition induced by inhibitory MHC-specific receptors. This, however, may
require either overexpression of the specific cellular ligands or simultaneous
signaling by coreceptors. Finally, coreceptors may acquire the ability to act
as primary receptors if their ligands are overexpressed and MHC class I is
downregulated.
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Abstract Natural killer (NK) cells and cytomegalovirus have been locked in an evo-
lutionary arms race for millions of years in an attempt to overwhelm each other.
Cytomegaloviruses deploy cunning disguises to avoid detection by NK cells. Studies of
the mouse model of infection have shown that NK cells deploy multiple mechanisms to
deal with mouse cytomegalovirus (MCMV) infection, which involve receptors of the
C-lectin type superfamily. Remarkably, these receptors have two additional common
features: They map to the same genetic region, known as the NK cell gene complex;
and they recognize MHC class I-related structures. While reviewing these attack-
counterattack measures, this chapter points to the central role that recognition of the
MCM V-infected cells by NK cells plays in host resistance to infection.
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1
Introduction

The special relationship between NK cells and cytomegaloviruses (CMV) has
been appreciated ever since it was reported that both humans and micelacking
functional NK cells are particularly susceptible to infection with CMV [7, 12,
18, 19, 94, 105]. Early studies of innate immunity to mouse CMV (MCMV)
showed that resistance or susceptibility to viral infection is controlled by host
genetic factors [7]. By using classic genetic methods, Scalzo and colleagues
reported that MCMV resistance in C57BL/6 mice demonstrated a simple
dominant Mendelian mode of inheritance, a trait attributed to the CmvI locus
[91]. Subsequently, these investigators reported that NK cells were required to
mediate early protection against MCMYV, and the CmvI locus was mapped to
a region on mouse chromosome 6 that contained a cluster of genes encoding
NK cell receptors (referred to as the NK cell complex or NKC) [92, 93]. In
response to a vigorous host defense, MCMV has evolved mechanisms to
counter NK cell recognition and responses. In this chapter, we first provide
the background on MCMV and some of its evasion mechanisms, including
major histocompatibility (MHC) class I downregulation and mimicry, then
discuss the role of NK cells in MCMYV infection, and finally review the current
understanding of this intriguing host-pathogen interaction.

2
The Virus—an Evolutionary Perspective

With its 230-kb double-stranded DNA genome, wide tissue tropism, strict
species specificity, and ability to establish latency, MCMYV is a typical member
of the betaherpes subfamily of the Herpesviridae [85] (Fig. 1a). Herpesviruses
are considered an evolutionary success in terms of their occurrence in the an-
imal kingdom because of their modest pathogenicity in the natural settings
and their ability to establish latency. Part of this success can be attributed
to the ability of herpesviruses to escape or modulate host immune responses
through a complex array of virus-encoded mechanisms thought to result from
an exquisite adaptation to their hosts. Many of these mechanisms are medi-
ated by proteins encoded by families of related genes, which arose via gene
duplication, and are localized in the extremities of the CMV genome [28,
85] (Fig. la). It appears that several of these viral genes have been captured
from their host’s genome during their evolution [73]. Betaherpesviruses are
characterized by numerous and virus-specific mechanisms of immune eva-
sion strategy [84], likely caused by their strict host tropism [73]. Although
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there is a substantial evolutionary divergence in the genomes of mouse and
human CMYV, infection of mice with MCMV has proven exceptionally useful
for studying the complex host-pathogen interactions that occur during hu-
man CMV (HCMV) infection. This is in part because human and mouse CMV
share 68 predicted proteins with significant amino acid identity [85] (Fig. 1a),
as well as many similarities in their biological properties and clinical man-

&
=
=
] C I om0 T O emo)oooc 1]
1 10 20 30_ 40 50
i S o
of b @ S
ga_ z O [
I == =T
I:-DDDID |M48T99]|_|1_I|_||_||:||:||:[ [ | | |
51 &0 7i 80 30 o 100
¥ e zf Sg
= E¥2Z =&
I B [ | | N
101 10 120 130 140 150
8 _
=2
] | IDDDDIID-II DDIIIIII DIIII CIIOIOT
151 & 170 180 190 200
v +l~9w+~b ¥
EE EEEEEE E E
IEEEEEEEEEEEEEEIIIIII HNENE N
2w mi145gene family 220 230 kb
3 »
gpm144

Fig.1 aSchematicrepresentation of MCMV genome. Rawlinson et al. (1996) predicted
170 open reading frames (ORF) in the MCMV genome represented by rectangles. White
rectangles correspond to the predicted localization of 78 ORF with significant amino
acid sequence similarity with ORF encoded in human CMV. We have indicated the
localization of essential genes for origin-dependent replication, including DPAP (DNA
polymerase accessory protein), DNApol (DNA polymerase), MDBP (single-stranded
DNA binding protein), and the three components of the helicase complex (HP1, HP2,
and Hel). Predicted ORF specific to MCMYV are depicted in gray. The localization of
the m02 and m145 gene at each of the extremities of the genomes is indicated. Vertical
arrows point to the localization of ORF with predicted structural homology to mouse
MHC class I. b Evasion molecules. Predicted structure of virus-encoded MHC class
I-like molecules is characterized by the presence of three immunoglobin domains
(otj—a3). m144 has been shown to bind host encoded B,-immunoglobulin (f,m) but
not peptide
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ifestations [56]. Moreover, a common set of host responses are targeted by
all CMVs, albeit through diverse mechanisms. As a result, it is frequently ob-
served that evolutionarily distinct viral gene products have evolved to encode
proteins with analogous activities and target similar pathways in a manner
that suggests convergent evolution. Of note, nomenclature of animal CMV
genes follows that set in place for HCMV, with uppercase letters (e.g., M44)
for mouse MCMV genes that retain sequence similarity to HCMV and lower-
case letters (m144) for those not conserved.

2.1
The Virus—Immune Evasion genes and Strategies

A characteristic feature of CMV infection in the normal host is the persistence
of productive infection, viremia, and virus excretion for months or even years
in the presence of the host immune response. This ability of the virus to avoid
elimination or termination of active infection by the host’s immune system
is mediated by CMV gene products that have the potential to interfere with
the immune response [46], as recently reviewed [1, 73, 74, 100]. Below we
discuss the mechanisms of CMV-mediated MHC class I and MHC class I-like
downregulation, as well as MHC class I mimicry, critical to the encounter
between the CMV-infected cell and the NK cell.

2.1.1
Downregulation of MHC Class |

Several HCMV and MCMV gene products prevent the translocation of MHC
class I proteins to the cell surface [8]. Four HCMV-encoded glycoproteins are
involved in this process: US2, US3, US6, and US11 [46]. They are all single
transmembrane (TM)-spanning (type I), immunoglobulin domain-bearing
proteins of the US6 family, which probably arose by duplication of an ancestral
gene. Binding of the US3 protein to MHC class I molecules causes their arrest
in the endoplasmic reticulum (ER) [51]. On the other hand, binding of US6 to
the transporter-associated peptide (TAP) proteins prevents peptide loading
of MHC class I molecules [65]. Finally, US2 and US11 cause proteosomal
degradation of MHC class I by redirecting them from the ER to the cytosol
[108, 109].

In mice, three MCMV products expressed by the m04, m06, and m152
genes in the early phase of viral gene expression also interfere with MHC
class I presentation [45, 57, 112] (Fig. 1a). Remarkably, they are structurally
and functionally unrelated to HCMV US2, US3, US6, or US11, a feature that
might be explained by the fact that human and mouse MHC class I have
evolved independently since their speciation [5]. The m04 and m06 products
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attach tightly to mature p2-microglobulin-associated MHC class I molecules
in the ER [55, 86]. Protein m04 does not downregulate MHC class I at the
plasma membrane; however, it forms complexes with ternary MHC class I
molecules in the ER, which are then expressed on the cell surface [55]. The
mO06 protein binds to MHC class I complexes and redirects their transport into
the endocytic pathway for rapid proteolytic destruction [86]. The gp40 pro-
tein encoded by m152 accounts for the arrest and accumulation of MHC class
I molecules in the ER-Golgi intermediate compartment [29, 114]. Consistent
with the high level of variation of MHC class I proteins, MCMV proteins down-
regulating class I interact differentially with various MHC class I molecules
[54, 59, 104]; thus their potency varies in a host-dependent manner.

These immune evasion genes belong to two gene families unique to MCMV:
m02 and m145. The m04 and m06 genes are among the 16 members of the
m02 family, whereas m152 is one of the 11 members of the m145 family [85]
(Fig. 1a). Recent studies indicate additional immunoregulatory functions for
m152 and other m145 family members. In particular, as discussed later, the
m152, m155, and m145 gene products retain intracellularly the MHC class I-
like ligands of the activating NK cell receptor NKG2D [58, 66, 67]. Analogous
mechanisms operate in HCMV infection; the human NKG2D ligands are
targeted by the UL16 gene product [25], providing another example of the
commonality of function through diverse immune evasion mechanisms used
by mouse and human CMVs. Although studies of MCMV and HCMV clearly
demonstrate their ability to downregulate expression of MHC class I on the
surface of infected cells, it has been shown that NK cells in f2-microglobulin-
deficient C57BL/6 mice are able to eliminate MCMV with the same efficiency
as wild-type mice [98].

2.1.2
MHC Class | Mimicry

A number of CMV genes encoding homologs of cellular gene products are
thought to play a role in subverting the host immune response. A comparison
of the complete MCMV genome sequence with published host sequences
demonstrated the presence of gene products similar to cellular proteins, such
as MHC class I proteins, T cell receptor delta chain, and G protein-coupled
chemokine receptors|[1,73,85]. Viralhomologs of MHC class I molecules have
been found in mouse, rat, and human and other primate CMV's [38, 73]. The
MHC class I homologs present in human and mouse CMVs, UL18 and m144,
respectively, are evolutionarily distinct and are more similar to host MHC
class I than they are to each other, suggesting a coevolutionary relationship
with the host species [85]. UL18 and m144 are 348- and 383-residue type I
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transmembrane glycoproteins whose extracellular regions share about 25%
amino acid sequence identity with the extracellular regions of their respective
host’s MHC class I molecules [10, 37, 85] (Fig. 1b).

As NK cells have the ability to spontaneously kill target cells with impaired
MHC class I expression, viral MHC class I homologs have been proposed
to function as a decoy interfering with NK cell-mediated killing of virus-
infected cells [87]. However, this hypothesis remains controversial [24, 38].
Moreover, structural differences indicate distinct physiological functions of
the mouse and human CMV MHC class I homologs. For instance, HCMV-
encoded UL18 complexes with host f2-microglobulin and presents a peptide
[36]. This molecule is recognized by the human LIR-1 (also named LILRBI
or ILT2) receptor expressed on myelomonocytic cells, some T cells, and a few
NK cells [24], which does not seem to favor a unique role of UL18 on NK
cell activity. LIR-1, however, is a member of a gene family genetically linked
and structurally related to the killer-immunoglobulin-like receptors (KIR),
which are preferentially expressed on NK cells [24]. The MCMV MHC class
I homolog, 144, binds B2-microglobulin but does not present a peptide [37].
Although a receptor of m144 remains to be identified, infection of mice with
avirus carrying a deletion at m144 results in a reduced viral titer in susceptible
mice [37]. On the basis of this finding, Farrell and colleagues have proposed
that this MHC class I homolog interferes with NK cell cytotoxic activity in
mice. In addition, in vivo NK cell-mediated rejection of the m144-transfected
RMA-S cell line lacking MHC class I expression is reduced compared to
rejection of nontransfected RMA-S cells, further supporting a role of m144 in
the control NK cell-mediated responses [26].

More recently, a bioinformatics approach based on the use of a position-
sensitive substitution matrices program (3D-PSSM; http://www.sbg.bio.ic.
ac.uk/~3dpssm/) has identified 11 additional MCMV genes encoding
molecules with putative MHC class I folds [96] (m17, m37, m90, m144,
ml45, m150, m151, m152, m153, m155, m157, m159), as determined by
predicted structural homology, despite the lack of significant similarity at
the sequence level. With the exception of m37 and m90, the MHC class I
structural homologs belong to the m145 gene family. Among them, m157 was
identified as a ligand for Ly49 molecules[6, 96], which are the classic MHC
class I receptors present on mouse NK cells. Similarly, m145, m152, and m157
have been implicated in disruption of the function of another NK receptor,
NKG2D (see below). The functions of other viral MHC class I-like proteins in
MCMYV infection remain to be identified, but a role in immunomodulation is
also suspected.
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3
Host NK Cells Play a Central Role in Host Defense
Against Cytomegalovirus

A complex network of cells, soluble factors, cellular receptors, and intracellular
signaling pathways organize the innate response against MCMYV infection [15,
62, 76, 81, 95]. NK cells have a unique and nonredundant role in combating
viral disease, particularly during the very early stages of infection [11]. In
certain mouse strains relatively resistant to MCMV infection, depletion of
NK cells results in an increase of viral titers by approximately one thousand-
fold in certain tissues [92, 105]. Moreover, the identification of spontaneous
mutations, as well as the characterization of models of targeted mutagenesis,
helped to define NK cells as a major participant in host defense against
herpesviruses. For example, a link between resistance to MCMV infection
and NK cell function was established by studies showing that beige mice
(whose NK cells have defective cytolytic granule formation) have increased
susceptibility to MCMV [94]. Similarly, mice carrying targeted mutations
within genes involved in the cytolytic function of NK cells, for example,
perforin [39, 88] and granzyme A/B [88], are highly susceptibility to the early
stages of MCMYV infection. Correspondingly, herpesvirus infections have been
reported to be more severe in humans lacking NK cells [12].

3.1
The Host NK Cell Receptors of MHC Class |

The primary effector mechanisms [11, 44, 60, 78] of NK cells are cell-mediated
cytotoxicity and cytokine (in particular IFNy) secretion [11, 44, 68, 78]. For
target recognition, NK cells express multiple germ line-encoded cell surface
activating or inhibitory receptors, which provide a fine balance of signals gov-
erning NK cell function and serve as detectors of abnormal cells [60]. NK cell
inhibitory receptors survey tissues for expression of MHC class I molecules,
which under normal conditions are ubiquitously expressed. When MHC class
I molecules are downregulated, as a consequence of transformation or viral
infection, this inhibitory signal is absent, potentially resulting in destruction
of infected target cells [53]. It has been proposed that this is a result of target
cells expressing ligands that can engage one or more of the NK activating
receptors [60], as seems to be the case during MCMV infection. MHC class
I-like molecules can also regulate the NK cell response. In mice there are at
least three receptor systems, namely, CD94/NKG2, NKG2D, and Ly49 [113],
that recognize MHC class I or MHC class I-like molecules, which may partic-
ipate in the recognition of the MCMV-infected cell and determine the host’s
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response to infection (Fig. 2a). These receptors are all type II transmembrane-
spanning C-typelectin-like glycoproteins, encoded by a family of related genes
in a region known as the NK cell receptor gene complex (NKC), including the
Cd94/Nkg2a, c-e, Nkg2d, and Ly49 genes (Fig. 2b). The NKC is located on the
distal region of mouse chromosome 6, which is syntenic with regions on rat
chromosome 4 and human chromosome 12p13 [60, 113] (Fig. 2a). In contrast
to the rodent species, the Ly49 gene cluster is absent in humans (a single copy
of the Ly49L pseudogene has been identified in the human genome) [107].
Ly49 receptors are the functional analogs of human KIRs, which are encoded
by genes located on human chromosome 19926 [79]. Ly49 and KIR provide
the largest genetic and functional diversity to the mouse and human NK cell
receptor repertoires.
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Fig.2 Mouse C-type lectin-like MHC class I NK cell receptors map to distal chromo-
some 6. a Chromosomal and physical map of the distal portion of the NKC encoding
showing the clustering of Cd94, Nkg2, and Ly49 genes. b Schematic representation
of C-type lectin-like MHC class I receptors. As discussed in the text, receptors are
heterodimers (CD94/NKG2A) or homodimers (NKG2D or Ly49). Inhibitory receptors
have immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytoplasmic
tail, which are capable of recruiting SHP-1 phosphatase to initiate the attenuation
of intracellular signals. Activating receptors lack cytoplasmic ITIMs but contain an
arginine residue in their transmembrane domain, which mediates their association
with DAP12, a signaling protein containing a single immunoreceptor tyrosine-based
activation motif (ITAM). In mice, NKG2D can associate either with DAP12 or DAP10
(an adapter protein capable of recruiting the p85 subunit of PI3 kinase)
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3.1.41
CD94 and the NKG2 Receptor Family

Whereas a single gene encodes CD94 [23, 103], NKG2 is comprised of a multi-
gene family, including the Nkg2A, C, E genes in human [48], and Nkg2a, c,
e in mice [47, 69]. The CD94 protein has a short cytoplasmic domain with
no apparent functional motifs. Mouse NKG2A has a single immunoreceptor
tyrosine-based inhibition motif (ITIM) in its intracellular region [47, 69],
which recruits tyrosine phosphatases such as SHP-1, providing inhibitory
function to the heterodimer. By contrast, when NKG2C is disulfide-linked to
CD94, the heterodimer can function as an activating receptor by associating
with the immunoreceptor tyrosine-based activation motif (ITAM)-bearing
DAP12 adapter protein through its charged transmembrane residue [61, 79,
101] (Fig. 2b).

The human CD94/NKG2A and CD94/NKG2C heterodimers recognize the
nonpolymorphic MHC class I molecule HLA-E [14]. In mice, heterodimers
between CD94 and NKG2A, NKG2C, or NKG2E recognize Qa-1° [101, 102].
The HLA-E and Qa-1® molecules predominantly display peptides that are
derived from the signal peptides of other classic MHC class I molecules (i.e.,
human HLA-A, -B, -C and mouse H-2K and H-2D, respectively) [14, 102].
Therefore, interactions between CD94/NKG2 and these nonclassic MHC class
I molecules allow NK cells to monitor indirectly the expression of the classic
MHC class I molecules [14]. Although having a common ligand, the inhibitory
CD94/NKG2A heterodimers have stronger affinity for Qa-1® or HLA-E than
the activating CD94/NKG2C heterodimers [52, 101]. A reasonable expecta-
tion from these observations is that the inhibitory signals emanating from
CD94/NKG2A should be prevented during CMV infection as a result of MHC
classIlossin the target. This, however, might not be the case because the leader
segment of the UL40 HCMV gene product contains a peptide that is identical
to the peptide present in HLA class I leader segments [99]. The UL40 leader
peptide can bind HLA-E and be presented to CD94NKG2A, thereby inhibiting
NK cell-mediated responses [99]. Although this has been demonstrated in
vitro, it is uncertain whether it contributes to HCMV virulence. Leader pep-
tides of MCMV proteins do not contain sequences that are predicted to bind
to Qa-l".

3.1.2
The NKG2D Receptor and its Ligands

NKG2D is another receptor of the C-type lectin-like superfamily encoded by
a single, nonpolymorphic gene in the NKC of both humans and mice [47,
48]. Nkg2d is the most divergent member of the NKG2 family and encodes
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a protein that does not associate with CD94 but instead forms a disulfide-
bonded homodimer (Fig. 2b). This receptor is expressed on essentially all NK
cells, y8-TcR+ T cells, and CD8* T cells [9, 49]. In mice, NKG2D associates
noncovalently with the transmembrane-anchored DAP10 and DAP12 signal-
ing adapter proteins [33, 42], whereas human NKG2D pairs exclusively with
DAP10 [90, 110]. Engagement of this receptor on NK cells triggers potent
cell-mediated cytotoxicity and the production of cytokines. Mouse NKG2D
binds at least seven different ligands, which are cell surface glycoproteins with
homology to the MHC class I proteins and are encoded by genes clustered on
mouse chromosome 10. The mouse NKG2D ligands comprise five members
of the RAE-1 family designated RAE-1a, f, y, 6, €, the H60 glycoprotein, and
the MULT1 glycoprotein [20, 21, 32]. Although RAE-1 is expressed on embry-
onic tissues [77], generally the NKG2D ligands are expressed at low levels on
healthy tissues of adult mice. The human orthologs of the RAE-1/H60/MULT1
molecules are referred to as the ULBP1,2,3,and 4 (or RAET-1) proteins [25, 50,
83]. In addition, humans possess two genes within the MHC on chromosome
12, Mica and Micb, which also encode ligands for NKG2D [9].

A connection between NKG2D and CMV was first revealed by the findings
of Cosman and colleagues, who demonstrated that the HCMV UL16 protein
specifically binds with high affinity to the ULBP-1 molecule (hence the name
UL16-binding protein-1) [25]. The HCMV UL16 protein also binds to ULBP-2
and MICB but, curiously, not to MICA, ULBP-3, or ULBP-4 [25, 50] (therefore,
the designation ULBP is a misnomer in the case of ULBP-3 and ULBP-4). In
HCMV-infected cells, UL16 binds to MICB, ULBP-1, and ULBP-2 intracel-
lularly and prevents transport of these NKG2D ligands to the cell surface,
thereby preventing the infected cell from NKG2D-dependent recognition by
NK cells [35, 89, 106, 110]. UL16 does not affect classic MHC class I proteins
but appears to have evolved specifically to interfere with selected NKG2D
ligands.

Although MCMYV does not express a structural homolog of UL16, MCMV
has devised its own mechanisms to deal with NKG2D-mediated immune
surveillance. This is probably because the human ULBP and MIC proteins
have very little homology to the mouse RAE-1, H60, and MULT1 proteins,
as they share less than 20% identity in primary sequence [22]. Infection of
cells with MCMV induces the transcription of mouse NKG2D ligand genes;
however, mouse NKG2D ligand proteins are unable to reach the cell surface
for display to the mouse immune system [57, 58, 66, 67].

Remarkably, MCMV has evolved three viral genes to prevent expression of
NKG2D ligands on the surface of infected cells (Fig. 3). The m152 gene encodes
the gp40 MCMYV protein, which efficiently disrupts expression of all five RAE-
1 proteins [66]; the m155 gene product prevents expression of H60 [67]; and
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Fig.3 NKG2D and itsligands in the recognition of MCMV-infected cell. Mouse NKG2D
recognizes at least 7 ligands, which are upregulated in cells under stress (top rectangle,
right panel), such as in tumor cells or virus-infected cells. NKG2D ligands RAE-1a-
€, H60, and MULT1 have a predicted MHC class I structure characterized by the
presence of two extracellular domains with MHC class I folds. Engagement of NKG2D
ligands activates NK cells (bottom rectangles), promoting release of perforin granules
(gray circles) and IFN y secretion. During infection (left panel), at least three MCMV
proteins—m152, m155 and m145—prevent expression of NKG2D ligands on the cell
surface as a means to evade NK cell-mediated destruction

the m145 gene product blocks surface transport of MULT1 [58]. Although the
mechanism used by gp40 to prevent RAE-1 expression has not been defined,
m155 causes the proteosome-dependent degradation of H60 [67] and m145
prevents transport of MULT to the cell surface at a post-Golgi stage of protein
maturation [58]. In addition to affecting RAE-1 expression, as previously
mentioned, the mI52-encoded gp40 protein can also inhibit expression of
certain classic MHC class I proteins, which is unexpected given the very low
degree of homology between RAE-1 and MHC class I. However, this suggests
that gp40 has a dual role inimmune evasion, by potentially preventing immune
recognition of both RAE-1 and MHC class I. It is therefore surprising that
mutant MCMV lacking m152 shows only about a one log decrease in viral
titer in the liver and spleen of infected mice, compared with mice infected
with the wild-type Smith stain [66]. In addition, the T cell response against
MCMYV lacking m152 is essentially identical to the response against wild-type
virus [43]. By contrast, loss of the m145 viral protein (targeting MULT1) or
m155 (targeting H60) has a more dramatic impact on viral replication early
after infection. Nonetheless, m145, m152, and m155 all function as virulence
factors in vivo, and together they serve to block cell surface expression of
all the NKG2D ligand proteins in MCMV-infected cells. The fact that these
viral proteins are primarily involved in evading an NK cell-mediated immune
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response has been established by showing that depletion of NK cells totally
reverses the impaired replication of the m152-deficient, m145-deficient, and
ml55-deficient MCMYV strain in vivo.

3.1.3
The Ly49 Receptor Family

The Ly49 gene family encodes both activating and inhibitory receptors, which
are expressed as disulfide-bonded homodimers on subsets of NK cells in an
overlapping pattern. The inhibitory receptors contain ITIMs in their cyto-
plasmic domains, whereas the activating receptors lack ITIMs and associate
with the ITAM-containing DAP12 adapter protein [97] (Fig. 2b).

To date, three distinct strain-specific Ly49 haplotypes have been identified
from the C57BL/6, 129Sv, and BALB/c mouse strains [63, 72, 82] (Fig. 4a).
Ly49 haplotypes are reminiscent of the genetic arrangement of human KIR
genes, where framework genes encoding inhibitory receptors flank regions
containing a variable number of genes encoding activating receptors [111].
Although there are distinct binding specificities for each Ly49 molecule, the
specificities seem to be overlapping and promiscuous (Table 1). For example,
the inhibitory Ly49A receptor from the B6 strain binds to H-2DP, H-2D4,
H-2DX, and H-2DP, whereas Ly49I from the 129/] strain binds to H-2D, H-
2K, H-2K¢, and H-2KX [71]. Inhibitory and activating isoforms of the Ly49
receptors share high similarity in their extracellular domains. In cases where
related activating and inhibitory receptors have been shown to recognize
the same MHC class I ligand, the activating receptors appear to bind with
much lower affinity [75], which suggests a different physiological function for
activating Ly49 receptors.

Table 1 Binding repertoire of inhibitory Ly49 receptors

Strain Receptor Ligand

C57BL/6 Ly49A H2-DPdk
Ly49C H2-KPd H2-Dbdk
Ly49G H2-D4
Ly491 H2-D™4, H2-K4

129/] Ly49G H2-D4, H2-K4
Ly491 H2-DX, H2-KP4K  m157
Ly490 H2-D4, H2-L4

Ly49V H2-DP>dk, H2-KP, H2-1.4




NK Cell Recognition of Mouse Cytomegalovirus-Infected Cells 195

a Lyd8 haplotypes
q e X i s} | [ ]
BALBIc _l:.ﬂ_l_l_ﬂ_l 1 ———
i m\'kc B
CSTBLrs_D_—I_l_D_l_LLl |_| —| LDJ 7 []
q ré v ogyele, Fros ten o ouuioigpd p 'z b

we L 1OBRL R O0RBREOCEROD. .1

o | g
Ly491 Ly49P
Doyo 3 UDY@ 5
o g oo

BALB/c NK CELL C57BL!6 NK CELL 129/J NK CELL MA/My NK CELL

Fig.4 aThe Ly49haplotypes from strains 129/], C57BL/6, and BALB/c. Genes encoding
activating Ly49 receptors are shown in black, inhibitory in white, and pseudogenes in
gray. Framework genes in different strains are joined by a dotted line. b Recognition
of the MCM V-infected cell by Ly49 receptors. MCMV-infected cells (top rectangles)
express viral MHC class I-like molecules at the cell surface, such as m157. Host MHC
class I molecules are retained intracellularly to varying degrees depending on the
H2 haplotype of the host. For example, H2-DX is expressed in MCMV-infected cells
of MA/My origin. NK cells from different inbred strains (bottom rectangles) express
avaried repertoire of activating (in black) and inhibitory (in white) Ly49 receptors. Ap-
propriate engagement of activating Ly49 receptors induces release of perforin granules
(gray circles) and secretion of cytokines, leading to the destruction of the MCMV-
infected cells. As shown, the mechanisms of MCMV recognition vary in different
inbred mouse strains and depend on the Ly49 and H2 haplotypes (see text for details)

A central role of activating Ly49 receptor genes in host response to infec-
tion, as well as in the specific recognition of the MCMV-infected cell, was
appreciated after seminal studies by Grundy and Shellam of the natural vari-
ation in the host response against MCMV [91]. With the exception of a few
inbred mouse strains, namely, C57BL/6 and MA/My, most strains of inbred
mice studied to date are quite susceptible to MCMYV infection as measured
by organ-specific viral replication in the first days after infection, disease
severity, and survival, indicating that host genetic factors control the suscep-
tibility [2-4]. Through genetic analysis of progeny from MCMV-resistant and
MCMYV-susceptible parents, Scalzo et al. identified a single locus, Cmv1, as the
major determinant of MCMYV resistance in the C57BL/6 mouse strain [91-93].
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Cmvl is an autosomal dominant trait that restricts viral replication at the
level of spleen viral titers, but less so in the liver, which are two major target
organs during acute MCMYV infection. Cmv1 function is mediated by NK cells,
which use both perforin and IFNy secretion to control infection in the target
organs [68]. This locus was found identical to the gene encoding an activating
NK cell receptor Ly49H [15, 27, 62]. Ly4%h is present in the MCMV-resistant
strain C57BL/6 but is absent in susceptible strains such as BALB/c, DBA/2, and
129Sv [62]. In fact, a “clonal expansion” of Ly49H* NK cells is observed after
MCMY infection in this mouse strain [34]. The crucial role of Ly49H-bearing
NK cells in host defense against viral infection was validated by restoring
MCMV resistance in genetically susceptible mice through transgenic expres-
sion of Ly49h [64]. The importance of the Ly49H/DAP12 receptor complex in
MCMYV resistance has also been supported by the generation of DAP12 (also
named KARAP)-mutant mice bearing a nonfunctional ITAM. In these mice,
a considerable increase in MCMYV titers was observed in the spleen (30- to
40-fold) and in the liver (2- to 5-fold), showing a crucial role for DAP12 in the
NK cell-mediated resistance to infection [95].

Ly49H specifically recognizes MCMV-infected cells via direct interaction
with the m157 MCMYV gene product, which has structural homology to MHC
classI molecules [6, 96] (Fig. 4b). Loss of the m157 gene is associated with gain
of virulence in Ly49H™, but not in Ly49H" mouse strains, indicating that m157
is the only MCMV-encoded protein that activates LyA9H* NK cells [16]. Arase
et al. demonstrated that m157 also binds to an inhibitory receptor, Ly49],
expressed on NK cells in 129 mice, suggesting that m157 may have evolved
as a mechanism to escape NK cell killing by targeting inhibitory receptors in
certain susceptible mice [6] (Fig. 4b). As mentioned before, m157 is part of
the MCMV m145 gene family.

These observations predicted a dynamic interaction between Ly49 recep-
tors and MCMV evasion genes, which has been recently confirmed. In fact,
several MCMV strains isolated from wild mice had variants of the m157 gene,
many of which disrupted the open reading frame and inactivated the gene
[17]. In addition, sequential passage of the commonly used Smith strain of
MCMV in Ly49H* C57BL/6 mice resulted in loss-of-function mutations in
the m157 gene [41]. The phenomenon of m157 mutation was not observed in
mice lacking Ly49H, indicating the strong selective pressure exerted by this
NK cell-activating receptor on the virus. The emergence of MCMV variants
that escaped innate immune control was also observed during infection of
SCID mice, which have intact NK cell defenses but lack T and B cells [41].

Remarkably, the MCMV-resistant mouse strain MA/My lacks Ly49H and
possesses a Ly49 repertoire similar to that of the susceptible strain 129/] [31]
(Fig. 4a). Nevertheless, genetic resistance in this strain is mediated by NK cells
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and depends on a specific allelic combination of Ly49 and MHC class I genes
[31]. Of the three activating Ly49 receptors cloned from MA/My NK cells, only
Ly49P recognized MCMV-infected cells. The specificity of the Ly49P receptor
for MCMYV is supported by findings that Ly49P-bearing cells were unable to
recognize H2"-bearing cells not infected with MCMV or infected with another
herpesvirus, HVy68 [31]. Recognition of the MCM V-infected cells, however, is
strictly dependent on the presence of the H2* haplotype in the MCMV-infected
target cells (Fig. 4b). The interaction between Ly49P and the MCM V-infected
cell was blocked completely by using anti-H2-D* monoclonal antibodies [31].
These results support the existence of a novel NK cell mechanism implicated in
MCMV resistance, which requires functional interactions between the Ly49P
receptor and MHC class I molecule, H2-Dk, expressed on MCMV-infected
cells. Although the exact nature of the interaction between Ly49P and H2-D*
in MCMV-infected cells remains to be defined, it is plausible that ligation of
the H2-D* molecule depends on the presence of a MCMV-specific peptide.
Therefore, although the precise molecular machinery of target recognition is
not yet known, an attractive explanation would be peptide-specific recogni-
tion of MCMV by the Ly49P receptor. A requirement for peptide selectivity
was previously described for target-specific recognition by inhibitory MHC
class I receptors [40, 80]. The observation that the activating Ly49P receptor
may be necessary for peptide-dependent recognition of MCMV-infected cells
suggests the existence of a highly specific mechanism of innate immunity
mediated by NK cells, previously thought to be to the exclusive domain of
cytotoxic T cells. These results also indicate that in addition to Ly49H there
are mechanisms of defense against MCMV infection mediated by other Ly49
receptors. It is, however, remarkable that out of the few Ly49 activating recep-
tors characterized to date two seem dedicated to protection against a single
pathogen, MCMV. It is possible that activating Ly49 receptors might have
additional undiscovered ligands that are encoded by other viruses.

A number of phenotypic traits associated with immune function or sus-
ceptibility to disease have been mapped to the NKC, including susceptibility
to ectromelia virus [30], herpes simplex-1 [70], and cutaneous leishmania-
sis [13]. The realization that Ly49H and Ly49P detect MCMV-infected cells
by recognition of a virus-encoded class I homolog or an altered host MHC
class I molecule, respectively, adds a new wrinkle to this evolutionary scheme
and suggests that evolutionary pressures on these NK receptors for MHC
class I extend beyond the ability to recognize “missing self.” Consequently,
the evidence resulting from the study of the interaction between NK cells and
MCMV-infected cells is the revelation of remarkable specificity of these innate
immune system receptors for viral determinants.
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4
Conclusions—The Battle Continues

Host-pathogen interactions have been viewed as the battle of two genomes en-
coding gene products that display attack-counterattack strategies for survival.
The model of MCMYV illustrates how this depends on complex interactions
between the NKC, MHC-related genes, and the MCMV genome. This may well
anticipate the level of complexity of interactions between human NK cells and
HCMV. The model of MCMYV infection has advanced our fundamental under-
standing of the mechanisms of NK cell recognition of infection. In particular,
the molecular interactions between the activating NKG2D and Ly49 recep-
tors and MCMV-infected cells provide intriguing insights about the cat and
mouse game under way between the pathogen and innate immunity. However,
there are questions remaining to be answered: Are there other mechanisms of
MCMV recognition? Are they shared by other pathogens? Are there definable
motifs of recognition? What is the individual contribution of NK receptors
to resistance? Undoubtedly, unanticipated findings will be discovered during
the quest to uncover the nature of this special relationship between NK cells
and CMV.
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Abstract Human cytomegalovirus (HCMV) infection is a paradigm of the complexity
reached by host-pathogen interactions. To avoid recognition by cytotoxic T lympho-
cytes (CTL) HCMYV inhibits the expression of HLA class I molecules. As a consequence,
engagement of inhibitory killer immunoglobulin-like receptors (KIR), CD94/NKG2A,
and CD85j (ILT2 or LIR-1) natural killer cell receptors (NKR) specific for HLA class
I molecules is impaired, and infected cells become vulnerable to an NK cell response
driven by activating receptors. In addition to the well-defined role of the NKG2D
lectin-like molecule, the involvement of other triggering receptors (i.e., activating
KIR, CD94/NKG2C, NKp46, NKp44, and NKp30) in the response to HCMV is being
explored. To escape from NK cell-mediated surveillance, HCMV interferes with the
expression of NKG2D ligands in infected cells. In addition, the virus may keep NK
inhibitory receptors engaged preserving HLA class I molecules with a limited role in
antigen presentation (i.e., HLA-E) or, alternatively, displaying class I surrogates. De-
spite considerable progress in the field, a number of issues regarding the involvement
of NKR in the innate immune response to HCMV remain uncertain.
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1
Introduction

Human cytomegalovirus (HCMV) is a prototypic betaherpesvirus that infects
with a high prevalence all human populations (Pass 2001). Primary infection
in healthy immunocompetent individuals is usually mild or asymptomatic.
Replicating HCMYV is eventually cleared by the host immune response, but
the virus remains in a lifelong latent state. Reactivation of HCMYV, associated
with unapparent shedding, can sporadically occur in seropositive carriers
facilitating the spread of the virus to additional hosts. The long-term persis-
tence after primary infection of circulating T cells specific for viral antigens
presumably reflects the impact of this recurrent process on the immune sys-
tem. In contrast, primary infection, reinfection, or reactivation of HCMV
may cause a significant morbidity in individuals with immature or compro-
mised immune systems. In transplant recipients, HCMV infection can lead
to severe complications such as pneumonia, hepatitis, or graft failure. Re-
tinitis is a common HCMV-induced pathology in human immunodeficiency
virus (HIV)-infected patients. In addition, HCMV is the leading viral cause
of congenital disorders such as hearing loss, chorioretinitis, or mental retar-
dation. Several studies have also implicated HCMV infection as a cofactor
contributing to atherosclerosis and coronary restenosis after angioplasty.

HCMV is alarge enveloped double-stranded DNA virus; its 230-kb genome
encodes for around 200 open reading frames, a vast number of which have
not yet been related to any specific functional role during infection (Mocarski
and Courcelle 2001). HCMV exhibits strict species specificity, a relatively
slow replication cycle, and a narrow cell tropism in tissue culture. Despite
the fact that HCMV infects different cell types in the host (i.e., fibroblasts,
hepatocytes, and epithelial, endothelial, smooth muscle, stromal, neuronal,
and hematopoietic cells), complete productive infection in vitro is mainly
sustained in fibroblasts and, less efficiently, in endothelial and differentiated
myelomonocytic cells. Expression of HCMV genes in fully permissive cells
follows a temporally ordered cascade in which three phases, designated as
immediate-early, early, and late, can be distinguished. Viral gene expression
is limited in some cell types, where only a restricted/abortive HCMV infection
takes place, thus representing potential sites of viral persistence in vivo. In
particular, myelomonocytic cells harboring HCMV genomes are thought to
serve as reservoirs of latent virus. Under specific stimuli, such as proinflam-
matory cytokines, monocytes may differentiate into mature macrophages,
allowing productive HCMV replication and dissemination.

The majority of in vitro studies on HCMV have been performed with lab-
oratory strains (i.e., AD169, Towne) that have been subjected to extensive
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passages on human fibroblast cell lines. This manipulation results in genetic
deletions, and, in fact, at least an extra 15-kb region containing more than
19 OREFs is only present in freshly isolated clinical strains of HCMV (Cha
et al. 1996). Genetic polymorphisms have also been reported in HCMV clin-
ical isolates (Pignatelli et al. 2004); however, the relevance of HCMV genetic
variability in the context of viral immunopathogenesis and disease outcome
is still poorly understood (Cerboni et al. 2000). A powerful approach to study
the function of individual CMV genes is the generation and analysis of viral
mutants carrying specific genome deletions. The introduction of full-length
CMV genomes into Escherichia coli as an artificial chromosome (BAC) clone
(Adler et al. 2003) has facilitated efficient and reliable targeted mutagenesis.

Experimental animal models, mainly using murine CMV (MCMV), have
been extensively employed to provide insights into HCMV biology and patho-
genesis. Despite a significant divergence, MCMV shares many features with
its human counterpart in terms of replication during acute infection, tissue
tropism, establishment of latency, and reactivation (Ho 1991). In addition,
human and murine viruses exhibit a similar genetic organization and encode
homologous gene products (Chee et al. 1990; Rawlinson et al. 1996).

Early studies in animal models revealed that an effective defense against
CMV requires the coordinated participation of the innate and adaptive im-
mune responses, mainly involving NK cells and specific CTL (Biron and
Brossay 2001; French and Yokoyama 2003; Scalzo 2002); reciprocally, CMV
have adopted a variety of immune evasion strategies. Human CTL recognize
peptide epitopes derived from different HCMV antigens such as the UL83
(pp65) and UL32 (pp150) structural proteins, as well as the immediate-early
transactivator UL123 (IE-1; pp72) (Mocarski and Courcelle 2001). To inter-
fere with antigen presentation, HCMV impairs the expression of HLA class I
molecules, employing several proteins encoded by a gene cluster located in the
unique short (US) region of the HCMV genome (Hengel et al. 1999; Tortorella
et al. 2000). Among them, US2 and US11 are expressed at early-late stages of
the viral replication cycle and translocate class I heavy chains from the ER to
the cytosol, where they are degraded. US3 is an immediate-early protein that
retains class I molecules at the endoplasmic reticulum (ER), whereas the late
US6 protein impairs TAP-mediated peptide transport. Two additional genes
in the US region, US8 and US10, encode glycoproteins that bind MHC class
I heavy chains, although they do not appear to drastically alter processing
and cell surface expression of the MHC class I molecules (Furman et al. 2002;
Tirabassi and Ploegh 2002). Remarkably, US2 and US3 may also interfere with
MHC class II antigen presentation (Hegde et al. 2003).

The redundant mechanisms for inhibition of HLA class I expression likely
reflect the importance of this immune evasion strategy. As a consequence,
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NK cells are released from the control exerted by inhibitory receptors specific
for class I molecules and can mediate cytotoxicity and cytokine production
against infected cells. To escape from NK cell-mediated surveillance, HCMV
impairs the expression of ligands for activating receptors. Alternatively, the
virus may keep NK inhibitory receptors engaged, either preserving ligands
with a limited role in antigen presentation (i.e., HLA-E and HLA-C) or dis-
playing class I surrogates in infected cells (Lopez-Botet et al. 2004).

2
Involvement of Inhibitory NKR in the Response to HCMV

NK cells express several inhibitory receptors such as KIR, the CD94/NKG2A
killer lectin-like receptor (KLR) and CD85j (ILT2 or LIR-1) (Colonna et al.
1999; Lopez-Botet and Bellon 1999; Moretta and Moretta 2004), that are also
expressed by some T lymphocytes (Vivier and Anfossi 2004). The spec-
tra of class I HLA molecules covered by inhibitory KIR and, indirectly, by
CD94/NKG2A are partially overlapping. Both receptor systems complement
each other to monitor the surface expression of most class I molecules, which
are also broadly recognized by CD85j. The heterogeneous distribution of NKR
in distinct NK cell subsets enables the system to react against variable alter-
ations of HLA class I expression, provided that activating signals overcome
the inhibitory threshold.

2.1
CD94/NKG2A

CD94 and NKG2 are lectin-like membrane glycoproteins encoded at the NK
gene complex (NKC) in human chromosome 12 (Chang et al. 1995; Houchins
et al. 1991). The CD94/NKG2A heterodimer constitutes an inhibitory recep-
tor that recruits the SHP-1 tyrosine phosphatase through the immunore-
ceptor tyrosine-based inhibition motif (ITIM)-bearing NKG2A subunit. By
contrast, CD94/NKG2C forms a triggering receptor linked to KARAP/DAP12,
an immunoreceptor tyrosine-based activation motif (ITAM)-bearing adapter
molecule that connects these receptors to a protein tyrosine kinase (PTK)
activation pathway (Lanier 2003; Lopez-Botet and Bellon 1999). The function
of other putative activating molecules encoded by the NKG2E gene (Yabe et al.
1993) remains unknown. HLA-E was shown to be a specific ligand for both
CD94/NKG2A and CD94/NKG2C receptors, presenting peptides derived from
the signal sequences of other HLA class I molecules (Borrego et al. 1998; Braud
et al. 1998; Lee et al. 1998). HLA-E is dimorphic at position 107, where the few
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allotypes identified display either an Arg (HLA-ER) or a Gly (HLA-EC) (Strong
et al. 2003). Resolution of the crystal structure of HLA-E revealed the basis
of its affinity for hydrophobic leader sequence-derived peptides (O’Callaghan
et al. 1998).

Detection of HLA-E by CD94/NKG2A is currently viewed as a sensor mech-
anism that probes the status of HLA class I biosynthesis. Yet there is evidence
supporting the idea that HLA-E may bind to hydrophobic peptides from
other proteins; some of these sequences are very similar to those derived
from HLA class I molecules, whereas others appear completely unrelated.
Among the first group, a peptide from the HSP60 was shown to potentially
compete with endogenous class I-derived nonamers for binding to HLA-E
(Michaelsson et al. 2002); the complex was not recognized by CD94/NKG2A,
rendering stressed cells vulnerable to an NK-mediated attack. The biological
relevance of this observation in the context of the immune response against
virus-infected targets is still uncertain.

On the other hand, a nonamer derived from the leader sequence of the
UL40 HCMYV protein was also reported to interact with HLA-E (Tomasec
et al. 2000; Ulbrecht et al. 2000). Expression of the class Ib molecule was
preserved in infected cells, conferring protection against a CD94/NKG2A+
NK cell line. Moreover, fibroblasts infected by a UL40-deletion mutant of the
AD169 HCMV strain were killed by CD94/NKG2A+ primary NK cell lines
more efficiently than cells infected by the wild-type virus (Wang et al. 2002).
The possibility that HLA-E may be maintained during HCMV infection to
effectively evade the NK response has been questioned by another study (Falk
et al. 2002); some differences between experimental approaches may explain
the discrepancy.

To be preserved in HCMV-infected cells, HLA-E should be refractory to
the action of viral proteins that target class I molecules (i.e., US2, US3, US6,
and US11). Indeed, HLA-E presentation of the UL40-derived nonamer was
confirmed to be TAP independent and resistant to US6 (Tomasec et al. 2000).
We compared the effect of US2, US6, or US11 on endogenous HLA-E and HLA
class Ia expression in a human B cell lymphoma line, assessing in parallel
their influence on target susceptibility to NK cell clones (Llano et al. 2003).
In this system, US6 downregulated all class I molecules, whereas US11 se-
lectively preserved HLA-E. This rendered US11+ cells sensitive to NK clones
under the control of KIR2DL2 and/or CD85j receptors, maintaining resis-
tance to CD94/NKG2A+ KIR2DL2- cells. US2 also spared HLA-E, although
it selectively targeted class Ia molecules, inhibiting HLA-A and HLA-C but
not HLA-B expression. Altogether these observations support the hypothesis
that US6-resistant presentation of the UL40-derived peptide together with the
restricted action of US2 and US11 may contribute to maintain HLA-E expres-
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sion during the infection. In that way, the virus should be able to interfere
with HLA class Ia antigen presentation to CD8+ lymphocytes, concomitantly
protecting infected cells against CD94/NKG2A+ effectors.

Recent observations suggest that the immune system may counteract this
evasion strategy. In this regard, it has been shown that some CTL may specifi-
callyrecognize HLA-E (Garcia et al. 2002; Moretta et al. 2003; Pietra et al. 2001).
We originally demonstrated binding of HLA-E tetramers to the TCR ofa T cell
clone, which specifically killed cells expressing the class Ib molecule associ-
ated to some HLA class I and virus-derived peptides (i.e., BZLF1 from EBV)
(Garcia et al. 2002). Mingari et al. have extended these studies, proposing that
CTL recognizing HLA-E bound to the UL40 nonamer might have a relevant
role in the response against HCMV-infected cells (Pietra et al. 2003).

2.2
KIR

The KIR gene family is located in human chromosome 19q13.4; different KIR
haplotypes thatinclude partially overlapping sets of genes have been identified
(Moretta and Moretta 2004; Vilches and Parham 2002). A group of KIRs (i.e.,
KIR2DL and KIR3DL) display cytoplasmic ITIM, which once phosphorylated
become docking sites for the SHP-1 protein tyrosine phosphatase involved
in inhibitory signaling. Other KIR bear shorter intracytoplasmic domains
lacking ITIM (i.e., KIR2DS/3DS) and, similarly to NKG2C, contain a charged
transmembrane residue (Lys) interacting with KARAP/DAP12. Some KIR
specifically interact with sets of HLA class Ia allotypes that share structural
features at the al domain, whereas the ligands for other KIR still remain
unknown.

The possibility that HCM V-infected cells might preserve HLA-C to escape
from KIR-mediated surveillance, as originally proposed for HIV (Cohen et al.
1999), remains unclear. On one hand, US2 was shown to bind HLA-A but not
HLA-E, -B7, -B27, or HLA-Cw4 molecules (Gewurz et al. 2001); moreover,
HLA-C appeared resistant to US2 and US11 when expressed in a trophoblast
cell line (Schust et al. 1998). In contrast, endogenous HLA-Cw7 was down-
regulated in US2+ and US11+ transfected cells (Llano et al. 2003), and Huard
and Fruh reported that US11+ targets were sensitive to KIR2DL+ NK cells,
indirectly supporting the idea that HLA-C expression was inhibited (Huard
and Fruh 2000). In the same line, Falk et al. reported that downregulation of
HLA class I molecules, including HLA-C, did not occur in fibroblasts infected
with a deletion mutant lacking the US2-US11 region (Falk et al. 2002).
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23
CD85j (ILT2, LIR-1)

The Ig-like transcript (ILT) or leukocyte Ig-like receptor (LIR) gene family
flanks the KIR locus at chromosome 19p13.4, encoding for molecules prefer-
entially expressed by the myeloid lineage (Colonna et al. 1999). Some ILT (LIR,
CD85) molecules contain cytoplasmic ITIM that recruit SHP phosphatases,
whereas others display a charged transmembrane residue (Arg) and associate
to the FceR y chain. Among the first group, ILT2 (LIR-1, CD85j) and ILT4
(LIR-2) broadly interact with HLA class I molecules (Colonna et al. 1997;
Cosman et al. 1997). ILT2 is detected on NK and T cell subsets, as well as on
B cells and monocytes/macrophages, whereas ILT4 expression is restricted to
the latter.

Engagement of inhibitory receptors by HLA class I surrogates expressed in
CMV-infected cells constitutes a potential way to subvert the NK cell response.
In this regard, the ILT2 receptor was reported to bind the UL18 HCMV HLA
class I-like molecule with an affinity higher than that for class I molecules
(Chapman et al. 2000; Cosman et al. 1997). However, the hypothesis that UL18
may interfere with NK cell activity during HCMV infection has not received
consistent experimental support. Moreover, a reduced susceptibility to NK
cell-mediated lysis of HCMV-infected cells was shown to be independent of
UL18 expression (Odeberg et al. 2002). The possibility that UL18 may act on
other CD85j+ cell types (i.e., monocytes/macrophages) should be envisaged.

Remarkably, Leong et al. observed that, rather than conferring protection,
UL18 increased susceptibility to NK-mediated lysis; however, ILT2 was
not analyzed in that study (Leong et al. 1998). More recently, Ciccone and
colleagues (Saverino et al. 2004) reported that CD8+ T lymphocytes killed
UL18+ cells in an MHC-unrestricted and TCR-independent manner ; more-
over, fibroblasts infected by an HCMV deletion mutant lacking UL18 were
resistant to lysis. Strikingly, T cell-mediated cytotoxicity of HCMV+ fibrob-
lasts was inhibited by UL18- and CD85j-specific mAbs, although only at very
late stages of infection (i.e., 6 days). These functional data were interpreted as
an indirect indication that a cognate UL18-CD85j interaction might trigger T
cell effector functions. This hypothesis requires further experimental support
to confirm the ability of CD85j to activate T lymphocytes and, eventually,
to define the signaling pathway(s) involved. The identification of other
triggering receptor(s) specific for UL18 might also contribute to explain the
observations. It is of note that CD85]j expression was shown to be increased
in PBL from patients undergoing HCMYV infection after lung transplantation
(Berg et al. 2003); in the same line, we observed that the proportions of
CD85j+ T lymphocytes were increased in HCMV+ individuals (Gumd et al.
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2004). The mechanisms underlying the impact of HCMYV infection on CD85j
expression should be explored. UL18 polymorphisms have been reported to
influence its interaction with ILT12 (Valés-Gémez et al. 2005).

Preliminary reports point out that HCMV may synthesize additional class
I-like molecules to interfere with the NK-mediated response (Sissons et al. and
Wang et al. reported at the 29th Annual International Herpesvirus Workshop,
Reno, Nevada, July 2004); whether these proteins engage inhibitory NKR is
as yet unknown. It is of note that the corresponding genes (i.e., UL141 and
UL142) can be found in HCMYV clinical isolates but are deleted in commonly
used laboratory strains (i.e., AD169 and Towne). Recently, UL141 has been
described to exert a blocking effect on the expression of CD155, a ligand for
the DNAM-1 activating receptor (Tomasec et al. 2005).

3
Activating NK Cell Receptors in the Response to HCMV

The nature of the cellular ligands for triggering human NK cell receptors
has been only partially unraveled. Some of them appear to be constitutively
expressed by target cells (i.e., HLA class I molecules), others are inducible
under stress conditions and can be detected in virus-infected and tumor
cells (i.e., MICA/B), whereas a third category remains unknown. Although
the possibility that MHC class I molecules bound to foreign peptides may be
efficiently recognized by triggering NKR remains theoretical, studies in mice
point out that some NK-activating receptors may recognize pathogen-derived
molecules.

3.1
NKG2D

Human NKG2D (hNKG2D) is a lectin-like molecule expressed by NK and T
cells that is coupled to a PI3K signaling pathway through the DAP10 adapter
(Vivier etal. 2002; Wu et al. 1999). NKG2D has been reported to function either
as a triggering receptor (Billadeau et al. 2003) or a costimulatory molecule in
conjunction with other PTK-linked receptors (Groh et al. 2001; Wu et al. 2002).
Like its murine homolog, hNKG2D interacts with stress-inducible molecules,
which are also detected in some transformed and virus-infected cells. Several
class I-related ligands have been defined for human NKG2D, including the
polymorphic MICA/B molecules and a family of proteins termed “UL16-
binding proteins” (ULBP) or retinoic acid early inducible-1 (RAE-1)-like
(Bacon et al. 2004; Bauer et al. 1999; Chalupny et al. 2003; Cosman et al.
2001; Raulet 2003).
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NKG2D ligands are expressed in CMV-infected cells and costimulate virus-
specific CTL (Groh et al. 2001; Raulet 2003). The existence of viral escape
mechanisms that target NKG2D function indirectly illustrates the importance
of this mechanism of response to HCMV. In this regard, the UL16 glycoprotein
inhibits surface expression of MICB, ULBP1, and ULBP2 (Valés-G6mez et al.
2003; Welte et al. 2003) and also interacts with RAET1G (Bacon et al. 2004),
thus potentially interfering with the NKG2D-mediated response. On infection
with a UL16 deletion mutant, all ULBP molecules were expressed at the cell
surface, leading to an increase in NKG2D-mediated lysis (Rolle et al. 2003).
On the other hand, Oderberg et al. have proposed that UL16 may also exert
a direct protective effect against cytolytic mediators released by NK cells
(Odeberg et al. 2003).

3.2
Natural Cytotoxicity Receptors

Several Ig-like natural cytotoxicity receptors (NCR) connected to PTK sig-
naling pathways have been shown to trigger NK cell functions (Moretta et al.
2001). NKp46 is coupled to the C or y adapters, activating cytotoxicity and
cytokine production on recognition of still undefined cellular ligand(s). The
nature of the molecules recognized by the DAP12-associated NKp44 and the
C-linked NKp30 NCR also remain unknown. Although the role of NCR in the
defense against HCMV remains uncertain, the putative expression of NCR
ligands by different cell types suggests that these receptors might contribute
to the response against virus-infected cells that have downregulated HLA class
I molecules. On the other hand, the possibility that quantitative/qualitative
changes in expression of NCR ligands may take place during HCMV infec-
tion cannot be excluded. The involvement of additional activating receptors
(Moretta et al. 2004) in the response to HCMV should be also explored.
Recently, pp65 has been shown to interact with NKp30, inhibiting NK cell
function (Amon et al. 2005).

33
CD94/NKG2C

Most inhibitory receptor families include activating molecules whose physio-
logical role remains unclear. It has been hypothesized that KIR2DS/3DS and
CD94/NKG2C receptors may contribute to trigger cytotoxicity and cytokine
production when the dominant control by inhibitory receptors falls beneath
a critical threshold (Lopez-Botet et al. 2000). As the affinity of stimulatory
NKR for class I molecules appears lower than that of the inhibitory counter-
parts, either a selective downmodulation of the inhibitory ligand and/or an
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increase of the activating NKR avidity for their ligands would be required. The
first situation may take place in HCMV-infected cells, where HLA-E molecules
appear to be selectively spared from the action of US proteins. With regard to
the second possibility, there is no evidence for the existence of class I-peptide
complexes or other ligands recognized with high affinity by the activating
NKR. Nevertheless, the hypothesis that some activating NKR may directly
interact with microbial products has gained experimental support. Ly49H
associates to DAP12 and plays a pivotal role in the defense against MCMV-
infected cells, triggering NK cell functions on its interaction with the m157
viral protein (Arase et al. 2002; Smith et al. 2002).

As observed for Ly49H expression during MCMYV infection (Dokun et al.
2001), it is conceivable that HCMV might shape the NKR repertoire and
the distribution of NK cell subsets. In this regard, increased proportions of
CD94/NKG2C+ NK and T cells were detected in HCMV + individuals (Gumd
et al. 2004), presumably reflecting the challenge exerted by the virus on the
innate immune system and suggesting that they might participate in the
response to the pathogen. In contrast to the CD94/NKG2A+ subset, most
CD94/NKG2C+ cells coexpressed KIR and CD85j, displaying lower levels of
NCR. Detection of CD85j+ CD94/NKG2C~ cells suggests that both phenotypic
features are independently associated to HCMV infection.

CD94/NKG2C+ T lymphocytes populations generally displayed a TCRaf3+
CD8+ CD56+ CD28— phenotype and appear to be oligoclonal; however,
NKG2C+ TCRy®d and rare NKG2C+ CD4+ cells were also detectable in some
donors (Gumd M and Lépez-Botet M, submitted). The antigen specificity
of NKG2C+ cells is uncertain. It is of note that most HCMV-specific CTL
identified with HLA-A*0201/pp65 tetramers did not express NKG2C (Gumad
et al. 2004). Moreover, despite the fact that some CD94/NKG2C+ cells may
correspond to HLA-E-specific CTL (Garcia et al. 2002), this association is not
ageneral finding as NKG2C was reported to be undetectable in HLA-E-specific
CTL (Pietra et al. 2003).

Comparably to the response induced in NK cells, specific engagement of
the CD94/NKG2C lectin-like receptor was observed to trigger the proliferation
and effector functions of a subset of CD94/NKG2C+ CD8+ T cells; moreover,
the KARAP/DAP12 adapter protein was detected in CD94/NKG2C+ T cell
clones (Gumad et al. 2005). Altogether these results support the idea that
the KLR may potentially constitute an autonomous activation pathway
alternative to the TCR, stimulating the response of NKG2C+ T lymphocytes
against HCMV-infected cells.

Several mechanisms may account for the variable increase of CD94/
NKG2C+ cells in HCMV+ individuals. First, changes in the NKR repertoire
might result from alterations in the cytokine network secondary to the
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viral infection. IL-21 has been shown to promote the expression of NCR
and NKR during the NK cell differentiation from CD34+ precursors (Sivori
et al. 2003); moreover, TGFp and IL-15 induce CD94/NKG2A expression in
T cells (Mingari et al. 1998). On the other hand, as observed for Ly49H+
cells, CD94/NKG2C-mediated recognition of HCMV-infected cells could
promote the expansion/survival of the corresponding NK and T cell subsets.
As stressed above, this would require an increased avidity of the KLR-ligand
interaction and/or a selective loss of ligands for inhibitory receptors
coexpressed by CD94/NKG2C+ cells (i.e., KIR, ILT2). The preservation of
HLA-E bound to the UL40-derived peptide in HCMV-infected cells could
favor a response of CD94/NKG2C+ lymphocytes; studies are in progress to
address these key questions.

Although HCMV and MCMYV are quite disparate, CD94/NKG2 receptors
are conserved in mice and specifically recognize Qal®, a functional homolog
of HLA-E (Vance et al. 1999). Studies are required to evaluate whether
MCMYV infection may target the expression of Qal or have any impact on the
expression of NKG2C.

4
Concluding Remarks

A number of questions regarding the involvement of NKR in the innate im-
mune response to HCMV remain open. Among these, the existence of human
triggering receptors capable of driving the NK cell response to HCMV on
recognition of virus-encoded proteins or peptides is uncertain. The identifi-
cation of NCR ligands becomes essential to define their putative participation
in the response against HCMV. The analysis of CD94/NKG2C expression may
become an additional useful parameter to explore the host-pathogen relation-
ship, and studies of the NKR repertoire in clinical settings involving HCMV
are warranted. On the other hand, further studies are required to understand
the implications of the UL18-CD85j interaction in the response to HCMV, and
the role in immune evasion of the other class I-like genes deserves attention.
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Abstract Leukocyte behavior is controlled by a balance of inhibitory and stimulatory
signals generated on ligand binding to a complex set of receptors located on the
cell surface. The killer cell immunoglobulin-like receptor (KIR) genes encode one such
family of receptors expressed by natural killer (NK) cells, key components of the innate
immune system that participate in early responses against infected or transformed cells
through production of cytokines and direct cytotoxicity. KIRs are also expressed on
asubset of T cells, where they contribute to the intensity of acquired immune responses.
Recognition of self HLA class I ligands by inhibitory KIR allows NK cells to identify
normal cells, preventing an NK cell-mediated response against healthy autologous
cells. Activation of NK cells through stimulatory receptors is directed toward cells
with altered expression of class I, a situation characteristic of some virally infected
cells and tumor cells. The “missing self” model for NK cell activation was proposed
to explain killing of cells that express little or no class I, while cells expressing normal
levels of class I are spared. Studies performed over the last several years have revealed
extensive diversity at the KIR gene locus, which stems from both its polygenic (variable
numbers of genes depending on KIR haplotype) and multiallelic polymorphism. Given
the role of KIR in both arms of the immune response, their specificity for HLA
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class I allotypes, and their extensive genomic diversity, it is reasonable to imagine
that KIR gene variation affects resistance and susceptibility to the pathogenesis of
numerous diseases. Consequently, the evolution of KIR locus diversity within and
across populations may be a function of disease morbidity and mortality. Here we
review a growing body of evidence purporting the influence of KIR polymorphism in
human disease.

1
Introduction

The killer cell immunoglobulin-like receptor (KIR) locus encompasses a seg-
ment of about 150 kb situated among a group of genetically and functionally
related genes within the leukocyte receptor complex (LRC) on chromosome
19q13.4 (Fig. 1). KIR genes are tandemly arrayed, and their haplotypes dis-
play extensive diversity, both in terms of gene content and allelic diversity
(Uhrberg et al. 1997; Witt et al. 1999; Wilson et al. 2000; Trowsdale et al. 2001;
Hsu et al. 2002a,b; Vilches and Parham 2002), resulting in minimal prob-
ability that two randomly selected individuals will have precisely the same
KIR genotype (Shilling et al. 2002). Over 37 KIR haplotypes differing in gene
content have been identified by segregation analysis to date (Fig. 2), a number
that is clearly underrepresentative of the total given the extensive number
of KIR gene profiles (i.e., the set of KIR genes present in a given individual
without knowing whether each gene is present on one or both haplotypes)
observed in a limited set of distinct populations. Because the genes share high
sequence similarity overall (85%-99%), nonallelic homologous recombina-
tion (NAHR) may occur frequently at this locus, as it does at other tandemly
arrayed homologous sequences (Stankiewicz and Lupski 2002; Carrington
and Cullen 2004) Indeed, inspection of KIR gene sequences (Shilling et al.
1998; Martin et al. 2003) and haplotype structure (Martin et al. 2003) strongly
indicates that NAHR is a primary mechanism responsible for the expansion
and contraction of the KIR locus.

A general overview of the KIR genes and their products can be found at
http://web.ncbi.nlm.nih.gov:2441/books/bookres.fcgi/mono_003/ch1d1.pdf.
Sequences of KIR alleles are provided at http://www.ebi.ac.uk/ipd/kir/.

2
Superiority Complex of Inhibitory and Activating KIR

The polygenic nature of the KIR locus is particularly consequential in a func-
tional sense because KIR genes encode receptors that can either inhibit or
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Fig. 1 Map of the leukocyte receptor complex (LRC). The LRC includes the ILT,
LAIR and KIR genes, as well as genes encoding FcaR, NKp46 and GPVI. (From
http://web.ncbi.nlm.nih.gov:2441/books/bookres.fcgi/mono_003/ch1d1.pdf)

activate NK cells, subpopulations of memory/effector aff T cells (Ferrini et al.
1994; Mingari et al. 1995), y6 T cells (Nakajima et al. 1995; Battistini et al.
1997), and T cells in the liver (Norris et al. 1999). Much of the variability
among KIR haplotypes in terms of gene content stems from the presence or
absence of activating KIR, because most of the inhibitory KIR are present on
all or nearly all haplotypes (Uhrberg et al. 1997). Activating KIR molecules
that stimulate NK/CTL cytokine secretion and target cell cytolysis may be
generally beneficial in response to microorganisms and tumor cells. How-
ever, both types of disorders (infectious and cancer) consist of diseases with
very distinct etiologies, and immune activation is not necessarily beneficial
at all stages of the disease process. In this regard, it is imaginable that KIR
genotypes conferring strong activation could conceivably enhance the risk of
developing tumors known to associate with localized inflammation, such as
gastric cancer or colorectal cancer (Schottenfeld and Beebe-Dimmer 2004).
Activating profiles may also be detrimental in autoimmune pathogenesis, po-
tentially aggravating the disease process, although, again, this may be true for
only certain autoimmune diseases and quite the opposite for others (Baxter
and Smyth 2002; Flodstrom et al. 2002). Thus the diversity of KIR haplotypes,
which likely imparts a continuum from relatively strong inhibition to strong
activation, suggests the pleiotropic nature of KIR on different diseases in that
a given KIR genotype affording protection against one disease may actually
predispose to another unrelated disorder.

KIR haplotypes can be split into two basic types based on the presence
of a single or multiple activating KIR genes (termed A or B haplotypes,
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Fig. 2 KIR haplotypes identified by segregation analysis. Segregation analysis was
used to determine these haplotypes, but many are not yet definitive, because it is not
always possible to determine gene copy number precisely, even when using family
material (Gomez-Lozano et al. 2002; Hsu et al. 2002b; Shilling et al. 2002; Uhrberg
et al. 2002; unpublished observations, M.C.). Representatives of A vs. B haplotypes
are coded as such on the left of the figure. KIR2DS4 alleles with the 21-bp dele-
tion are depicted by A, and those that were not subtyped are marked NS. (From
http://web.ncbi.nlm.nih.gov:2441/books/bookres.fcgi/mono_003/ch1d1.pdf)
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respectively) (Uhrberg et al. 1997). KIR2DS4, which is the only activating
KIR gene present on A haplotypes (Fig. 2), contains a null allele, due to a
21-base pair deletion in the transmembrane domain (Maxwell et al. 2002).
The null allele has a frequency of about 80% in European Americans (Hsu
et al. 2002b), so most A haplotypes do not encode any activating receptors
present on the cell surface. The frequency of A haplotypes (which do not
differ from one another in gene content but rather only in terms of allelic
polymorphism) is roughly equivalent to that of B haplotypes (which differ
from one another in terms of both gene content and allelic variability) among
individuals of European descent (Hsu et al. 2002b), but this distribution varies
radically across distinct populations (Toneva et al. 2001; Yawata et al. 2002).
It is tempting to consider the A haplotype, with its paucity of activating
KIR genes, as the inhibitory prototype. However, the level of KIR-mediated
regulation of effector cells can be considered only in the context of whether
the appropriate ligand is present on the target cell.

There are numerous activating and inhibitory receptors on NK cells (Lanier
2001a). Most inhibition of NK cells can be attributed to either inhibitory KIR
or the relatively conserved C-type lectin inhibitory receptors, CD94/NKG2A
(Long 1999). Furthermore, some inhibitory KIR have stronger affinity for
their ligand than do others (Winter et al. 1998), fluctuating the strength of the
inhibitory response. On the other hand, activation of NK cells is mediated by
a number of different types of activating receptors and coreceptors (NKp46,
NKp30, NKp44, NKG2D, 2B4, NTBA, DNAM-1, NKp80, CD59) (Moretta et al.
2001, 2004; Moretta and Moretta 2004), some of which are likely to play
a central role in NK cell activation over and above that of the activating KIR.
The relatively high frequency of healthy individuals expressing no activating
KIR on their cell surface (i.e., those homozygous for the A haplotype carrying
the null KIR2DS4 allele; £=0.20 among unrelated individuals in 59 CEPH
pedigrees; M.M., unpublished data) supports this assertion. Theoretically,
KIR may participate in activation of effector cells directly through activating
KIR or indirectly through weak inhibitory KIR signals that can be overcome
by one or more of the various activating receptors expressed on the cells.

3
KIR Ligands and Their Need to Be Considered

Ligands for several of the inhibitory KIR have been conclusively identified
(Table 1). KIR3DL1, KIR2DL1, KIR2DL2/2DL3, and KIR3DL2 each recognize
a subset of allotypes encoded by the highly polymorphic classic HLA class
I loci (Long and Rajagopalan 2000). KIR2DL2 and 2DL3 segregate as alleles
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of a single locus, and they recognize the same set of HLA class I allotypes,
although with different affinity (Winter et al. 1998). KIR3DL1 binds HLA-
B allotypes that have the Bw4 motif (Gumperz et al. 1995) (determined by
the sequence at position 77-83; Muller et al. 1989), whereas KIR2DL1 and
KIR2DL2/2DL3 bind HLA-C allotypes with either asparagine (group 1 HLA-
C allotypes specific for KIR2DL1) or lysine (group 2 HLA-C allotypes specific
for KIR2DL2/2DL3) at position 80 (N80 and K80, respectively) (Colonna et al.
1992; Biassoni et al. 1995; Winter and Long 1997). However, these receptor-
ligand relationships are generalities and are not always strictly observed
(Winter et al. 1998). Furthermore, in some instances, peptides can affect
KIR recognition of class I ligands (Peruzzi et al. 1996a,b; Mandelboim et al.
1997; Rajagopalan and Long 1997; Zappacosta et al. 1997; Hansasuta et al.
2004), although in general KIR recognition of HLA class I ligands appears to
be rather impervious to the peptide residing in the binding groove (Lanier
1998). KIR3DL2 may represent an exception to this notion, however, because
it was shown to bind HLA-A3 and -A11 tetramers only when they are refolded
with one of several viral peptides tested (all of which were previously defined
A3/A11 epitopes) (Hansasuta et al. 2004). The activating KIR genes, KIR3DS1,
KIR2DS1, and KIR2DS2, share high sequence similarity in their extracellular
domains with the inhibitory KIR3DL1, KIR2DL1, and KIR2DL2/2DL3 genes,
respectively (Trowsdale etal. 2001). Substantial data suggest that KIR2DS1 and
KIR2DS2 bind the same or an overlapping set of HLA class I ligands as their
inhibitory counterparts, but with much lower affinity (Moretta et al. 1995;
Vales-Gomez et al. 1998). It is possible that the activating KIR may display

Table 1 KIR specificities for HLA class I

2DLI1 and 2DS1 2D12/3 & 2DS2 3DL1/S1 3DL2 2DL4
HLA-Cw grp 2 HLA-Cwgrp1 HLA-Bw4 HLA-A HLA-G
Cw*02 Cw*01 B*08 A*3
Cw*04 Cw*03 B*13 A*11
Cw*05 Cw*07 B*27
Cw*06 Cw*08 B*44

B*51

B*52

B*53

B*57

B*58

Ligands for 2DL5, 2DS3, 2DS4, 2DS5, and 3DL3 remain undefined
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high-affinity recognition of altered forms of class I, or other molecules such
as stress proteins that resemble class I in structure and/or sequence, but none
has yet been ascertained. Alternatively, high-affinity ligands for activating
KIR may not exist because of possible adverse hyperimmune responses that
may result from such an interaction.

Genetic diversity at unlinked loci encoding cell receptors and their ligands
results in a situation in which the presence of one without the other should be
the functional equivalent of having neither. KIR2DLI, KIR2DL2/3, KIR3DL2,
and KIR3DL1 are present in all or nearly all individuals of European descent,
so analyses of HLA class I alleles grouped according to KIR recognition sta-
tus (as defined to date) do provide preliminary data regarding the possible
influence of HLA on disease outcome as a function of their role as ligands for
KIR (Flores-Villanueva et al. 2001; Sharma et al. 2003). Nevertheless, strong
linkage disequilibrium (LD) exists between the HLA class I genes (partic-
ularly between HLA-B and -C, the primary loci encoding ligands for KIR)
and also between pairs of KIR genes, necessitating close scrutiny of all ligand
and receptor genes to identify the most plausible “disease gene” in a given
study. Studies have also begun to implicate functional differentiation of KIR
on the basis of allelic variability in certain KIR genes (Gardiner et al. 2001;
Pando et al. 2003), adding further complexity to the identification of variants
directly influencing disease outcome. The extent of diversity at the KIR locus,
particularly across populations, has not approached exhaustion. This, along
with our rather restricted knowledge of the KIR ligands, limits our ability to
conclusively pinpoint the KIR gene along with its ligand that confers resis-
tance/susceptibility to disease. Still, a body of research has strongly implicated
the KIR locus in several diseases, including those of tumorigenic, maternal-
fetal, autoimmune, and infectious etiologies, suggesting ubiquitous effects
of these genes on an abundance of human diseases and justifying further
investigation.

4
Small Effects on Many Diseases

Rapid evolution of the KIR locus is supported by a number of observations
(Vilches and Parham 2002). Comparisons of KIR sequences and haplotypes
both within and across species have illustrated the substantial diversity of the
KIR gene family, a salient characteristic that may be a function of species-
/population-specific pathogenic organisms (Khakoo et al. 2000; Sambrook
et al. 2004). Functional KIR genes are present in primate species (Khakoo
et al. 2000; Hershberger et al. 2001; Mager et al. 2001; Guethlein et al. 2002;
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Rajalingam et al. 2004), but only distantly related KIR homologs have been
identified in other mammalian species (McQueen et al. 2002; Hoelsbrekken
et al. 2003; Welch et al. 2003). The differences between the KIR loci among
the common chimpanzee (our closest living relative) compared to humans
are striking (only 3 of 14 chimp KIR genes and 1 of about 30 rhesus monkey
gene sequences identified so far appear to be direct orthologs of human KIR;
Khakoo et al. 2000; Sambrook et al. 2004) given the very similar genomes
of these two species overall. KIR diversity within a single human population
can be extensive, but perhaps more telling of the rapid evolution of KIR are
the remarkable differences in KIR haplotype (and profile) frequencies across
human populations (Toneva et al. 2001; Yawata et al. 2002). Such differences
may not be so surprising when one considers the fact that frequencies of
KIR ligands, the rapidly evolving HLA class I alleles, also vary significantly
across populations; certainly the KIR and HLA loci must coevolve in order to
maintain beneficial relationships (Khakoo et al. 2000).

The ability of immune response genes to evolve rapidly makes good sense
from the standpoint of dealing with new or emerging pathogens. Rapid evo-
lution of the KIR locus may represent a means for the innate immune system
to maintain some level of fluidity, a characteristic that is essential for the
acquired immune system. Like other gene families involved in innate immu-
nity (e.g., chemokines and their receptors), the KIR genes encode molecules
that are functionally redundant, an important feature for genes attempting
to handle both new and old foes. The only KIR genes present on every KIR
haplotype are KIR3DL2 and KIR3DL3, which are located at the extreme ends
of the KIR locus and are therefore less likely to be eliminated in a NAHR event.
KIR2DL4 is virtually always present as well, although healthy, reproductive
individuals who are missing KIR2DL4 have been reported (Gomez-Lozano
et al. 2003). Thus it is conceivable that no individual KIR gene is required for
a healthy existence. Nevertheless, specific KIR genes or combinations of genes
may provide some protection against diseases afflicting a population, poten-
tially explaining the remarkable differences in KIR haplotype (and profile)
frequencies across distinct populations.

4.1
KIR Effects in Autoimmune and Inflammatory Diseases

Historically, the most robust disease associations with the highly polymorphic
HLA class I/class II loci have been autoimmune in nature, and only very few
infectious diseases have shown strong, consistent HLA associations (Cooke
and Hill 2001; Gao et al. 2001). It would not be surprising if the strongest
effects of KIR variation were also observed in autoimmune diseases. Some
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previously determined HLA associations with autoimmune diseases might
actually be explained by synergistic interactions between KIR and alleles en-
coding their HLA class I ligands. An obvious hypothesis in this regard is that
KIR genotypes expected to confer relatively strong activation to effector cells
increase the risk of autoimmune disease. On the other hand, NK cell activa-
tion may be protective against some autoimmune disorders by suppressing or
eliminating dendritic cells and monocytes (Shah et al. 1985; Gilbertson et al.
1986; Djeu and Blanchard 1988; Chambers et al. 1996; Geldhof et al. 1998;
Carbone et al. 1999), cells known to stimulate the generation of cytotoxic T
lymphocytes. NK cell activation may also confer protection by participating
in clearance of the microorganisms that are instrumental in initiating autoim-
munity. A rather substantial body of evidence has indicated deficiencies in NK
cells (i.e., decreased numbers and activity) in several autoimmune diseases,
including systemic lupus erythematosus (SLE), multiple sclerosis, and type 1
diabetes (reviewed in Baxter and Smyth 2002). It is not so clear whether the
depressed NK cell activity observed among individuals with these autoim-
mune diseases is a cause or an effect of the disease, but given this phenotypic
association, it will be of interest to test for potentially beneficial effects of
activating KIR on these diseases.

A number of studies have investigated KIR expression in rheumatoid
arthritis (RA). The frequency of CD8+ cells expressing CD158a (this speci-
ficity includes both KIR2DLI1 and its activating counterpart, KIR2DS1) was
decreased among patients with RA relative to healthy controls, and there was
significantly less IL-2-induced upregulation of CD158a+ CD16+ cells from
RA patients relative to healthy controls (Kogure et al. 2001). In another study
of RA patients, KIR2DS2 expression in the absence of inhibitory KIR was
observed on CD4*CD28™ ! T cells, expansion of which is characteristic in this
disease (Namekawa et al. 2000). Antibodies to both KIR2DL1 and KIR2DL3
(which should also recognize KIR2DS1 and KIR2DS2) were identified in sera
of some RA patients, as well as patients with SLE and Behget disease (Mat-
sui et al. 2001) but not in healthy donors, a situation that could disrupt an
appropriate balance between effector cell inhibition and activation. Collec-
tively, these studies raised the possibility that abnormal KIR expression may
be involved in development of RA.

RA was also the first disease in which an effect of KIR genotype was ob-
served. In a subset of RA patients with vascular complications, KIR2DS2
molecules were frequently observed on CD4*CD28™! T cells, a cell type
thought to be involved in endothelial damage (Yen et al. 2001) and expan-
sion of which is particularly high in RA vasculitis patients (Martens et al.
1997). These investigators went on to show a significant increase in the ge-
nomic presence of KIR2DS2 among patients with RA vasculitis relative to
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either healthy controls or patients with RA in the absence of vasculitis. Be-
cause KIR2DS2 binds group 1 HLA-C alleles (those with N80), the association
between KIR2DS2 and RA vasculitis should theoretically increase with the ad-
ditional presence of HLA-C group 1. Although the HLA-C group 1 allele HLA-
Cw*03 frequency was increased among RA vasculitis patients, this was not
a general pattern for all group 1 alleles (indeed, HLA-Cw*07, another group
1 allele, showed borderline protection against vasculitis, and HLA-Cw*05,
a group 2 allele that does not bind KIR2DS2, showed significant susceptibility
to vasculitis) (Yen et al. 2001). Sample size limited the power of these analyses
(n=30 for RA vasculitis), so an association between RA vasculitis and group
1 alleles as a whole cannot be ruled out, but the investigators alluded to the
interesting possibility that KIR2DS2 may recognize HLA-Cw*03 in the context
of a specific epitope generated in the disease process, rather than nonspecif-
ically binding the entire set of group 1 allotypes. This is conceivable, given
previous observations of peptide specificity in KIR binding to HLA class I
ligand (Peruzzi et al. 1996a,b; Mandelboim et al. 1997; Rajagopalan and Long
1997; Zappacosta et al. 1997; Hansasuta et al. 2004).

The presence of CD4*CD28™!! T cells in the inflammatory infiltrate of
atherosclerotic plaques has implicated these cells in acute coronary syndromes
(ACS) as well (Nakajima et al. 2003). As in RA vasculitis, CD4*CD28™!! T cells
from ACS patients express KIR2DS2, conveying the ability of these cells to kill
in the absence of T cell receptor triggering. These studies, along with others,
highlight the influence of KIR molecules expressed on T cell subsets in disease
pathogenesis.

KIR2DS2 is in strong LD with KIR2DL2 (and therefore negative LD with
KIR2DL3) and is rarely found on a KIR haplotype in the absence of KIR2DL2
(see Fig. 2) among individuals of European descent. Nevertheless, the unusual
KIR profile, KIR2DS2+/KIR2DL2—, was observed at a frequency of nearly 12%
among a group of German scleroderma patients (relative to 2% in controls)
(Momot etal. 2004). All other activating KIR tested were also found at a higher
frequency in the patient group compared to controls (although generally not
significantly), except for KIR2DS4, which is always present on A haplotypes.
KIR2DS2 in combination with HLA-C group 1 alleles also appears to be more
frequent among individuals with type 1 diabetes (van der Slik et al. 2003),
putting this gene in contention for the autoimmune KIR variant, as has been
described for the HLA haplotype HLA-A1-B8-DR3.

We previously reported increased susceptibility to developing psoriatic
arthritis (PsA) in the presence of the activating KIR2DS1 and/or KIR2DS2,
most notably when ligands for the corresponding homologous inhibitory KIR
were missing (Martin et al. 2002b). For example, individuals with KIR2DS1
were most strongly associated with PsA when KIR2DL1 ligands, HLA-C group
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2, were absent. The same situation was true for KIR2DS2 in the absence of
HLA-C group 1. This suggested that the absence of ligands for inhibitory KIR
might lower the threshold for effector cell activation, increasing the risk of
a potentially harmful activating signal (Fig. 3a). Any inhibitory KIR-HLA in-
teraction, however, could potentially provide counteracting inhibition to an
activating signal, including one that occurs through a heterologous inhibitory
KIR relative to the activating KIR in question. Thus an activating KIR, such
as KIR2DS1, might be detrimental in terms of developing PsA if the ligand
for either KIR2DL1 or KIR2DL2/3 is missing (i.e., in homozygotes for either
group of HLA-Cw ligands). NK cells are kept in check through constitutive
dominant inhibitory receptors for class I ligands (Ljunggren and Karre 1990;
Valiante et al. 1997), and effector functions occur only when activating sig-
nals outdo inhibitory signals (Cerwenka and Lanier 2001; Diefenbach and
Raulet 2001; Lanier 2001a,b). This can be achieved either by enhanced acti-
vating receptor-ligand interactions, which are expected when activating KIR
are present, or by weak inhibitory receptor-ligand interactions that impart
a low threshold for activation, which are expected when ligand for inhibitory
KIR are missing (unlike KIR2DS1 and KIR2DS2, inhibitory KIR2DL1 and
KIR2DL2/3 are virtually always present) (Lanier 2001a). Based on this line of
thought, we proposed a second model in which susceptibility to PsA increases
progressively with increasing levels of KIR-mediated activation of NK cells as
defined by the presence of KIR2DS1 and/or KIR2DS2 and homozygosity for
HLA-C group 1 or 2 (Fig. 3b) (Nelson et al. 2004). The data showed a highly
significant trend where compound activating KIR/HLA genotypes conferred
the greatest level of susceptibility to PsA and, alternatively, genotypes associ-
ated with most inhibition were most protective. The PsA studies underscore
the need to continually pursue credible models for the effects of KIR/HLA on
disease, a process that will remain dynamic as long as KIR biology continues
to unfold.

The involvement of KIR genotype in PsA, an inflammatory arthritis oc-
curring in a subset of patients with psoriasis vulgaris (PV) (Gladman and
Rahman 2001), raises the question as to whether KIR genotype specifically
affects the development of arthritis in psoriasis patients or of psoriasis itself.
Typing for the presence/absence of 14 KIR genes in a group of 96 Japanese
PV patients revealed an increased frequency of KIR2DSI, a gene that was
also associated with PsA (Suzuki et al. 2004). Other genes commonly found
on B haplotypes were also found with increased frequency in these patients,
a finding that is meaningful despite the small control sample studied (n=50)
because the A haplotype frequency is exceptionally high in the Japanese pop-
ulation (Yawata et al. 2002). A strong association of KIR2DS1 with PV was
also reported in a Polish cohort (Luszczek et al. 2004). These data suggest that
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Fig. 3 Influence of KIR2DS and HLA-Cw group on PsA. a Old model: Frequency of
individuals i with 2DS1 and/or 2DS2 who do not have ligand for the corresponding
inhibitory KIR (upper bars), iiwith 2DS1 and/or 2DS2 and ligand for the corresponding
inhibitory KIR (middle bars), and iii missing both 2DS1 and 2DS2 (lower bars). (P for
trend=2x10"). b New model: There is a trend toward decreasing susceptibility to PsA
with genotypes conferring decreasing KIR-mediated NK cell activation (going from
upper bars to lower bars). C group hom refers to individuals who have two copies of
group 1 alleles or two copies of group 2 alleles. C group het refers to individuals who
are heterozygous for a group 1 and a group 2 allele. (P for trend=2x107)

the KIR associations observed in PsA may be attributable to psoriasis overall,
a possibility that should be pursued further by testing the KIR-PsA model
described above (Nelson et al. 2004) in the Japanese and Polish data sets.
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4.2
KIR on Cancer

Loss of HLA class I molecules on tumor cells may evolve during tumorigenesis
as a mechanism of tumor cell escape from T cell-mediated elimination (Smith
et al. 1989; Kaklamanis and Hill 1992). Under such circumstances, inhibitory
receptors for HLA class I on NK cells will be disengaged and activating
receptors will dictate, leading to NK cell killing of the tumor cell target.
Involvement of activating KIR in this defense mechanism is suggested by
arecent study in which KIR2DS4 was shown to interact with a non-MHC class
I protein expressed on some melanoma cell lines and primary melanomas
lacking MHC class I expression, resulting in killing of the tumor cells (Katz
et al. 2004). These data suggest that novel, non-MHC class I ligands may
be expressed on some tumor cells that are recognized by activating KIR,
mediating effector cell killing of the tumor cell targets. However, that tumor
cells displaying partial or total loss of class I molecules are observed in cancer
patients implies that surveillance by NK cells for these targets is not flawless.

Tumor cell escape from effector cell killing through a mechanism that
actually involves expression of HLA class I may occur in some instances.
KIR2DL2/2DL3 in combination with their group 1 HLA-C ligands were ob-
served more frequently in a group of malignant melanoma (MM) patients
compared to controls(Naumova et al. 2004), suggesting that tumor escape
from immunosurveillance might be due to the prevalence of inhibitory over
activating signals in MM patients. Such escape mechanisms may also involve
expression of nonclassic class I molecules on tumor cells, such as HLA-E,
which serves as a ligand for the inhibitory CD94/NKG2A molecule (Brooks
et al. 1999), or HLA-G, a molecule that has been identified on some tumors
(Fukushima et al. 1998; Paul et al. 1999; Lefebvre et al. 2002)and that binds the
inhibitory receptor ILT-2 (Allan et al. 1999; Navarro et al. 1999) and KIR2DL4
(Rajagopalan and Long 1999; Faure and Long 2002). The generation of soluble
MICA ligands for the activating receptor NKG2D by certain tumor cell types
has been shown to block and downregulate NKG2D on CTL, resulting in de-
fective CTL killing of tumor cell targets (Groh et al. 2002) (see chapter by Vidal
and Lanier, this volume). A similar mechanism is conceivable for NK cells; an
interaction between activating KIR expressed on NK cells and soluble HLA
class I secreted by tumor cells devoid of HLA class I on their cell surface may
lead to NK cell apoptosis (Spaggiari et al. 2002), a tumor escape mechanism
that could be successful (for the tumor) if activating KIR are upregulated on
effector cells in a given type of cancer (Melioli et al. 2003).

Diminished NK cell activity is well documented in chronic myelogenous
leukemia (Fujimiya et al. 1986; Pierson and Miller 1996), and inhibitory KIR
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may contribute to the lack of NK or CTL antitumor responses in some cases
(Bakker et al. 1998; Guerra et al. 2000; Gati et al. 2004). Distinct expression
characteristics of KIR have also been observed in patients with some types of
tumors as well as lymphoproliferative disease of granular lymphocytes (Bagot
et al. 2001; Dorothee et al. 2003; Wechsler et al. 2003; Zambello et al. 2003;
Poszepczynska-Guigne et al. 2004), and it will be important to determine
whether such alterations in KIR expression contribute to disease progression.
Genetic variability at the KIR locus could affect risk of developing certain
types of cancer by any number of mechanisms, and not necessarily in a con-
sistent pattern across cancer types. Only a few genetic association studies
of KIR variation effects on malignancy have been reported to date. In one
study, KIR2DL2 and KIR2DS2, genes characteristic of the B haplotype that
are in nearly complete LD, were observed at a significantly higher frequency
among patients with various types of leukemia (Verheyden et al. 2004). Cor-
respondingly, the frequency of AB genotypes, which would include KIR2DL]1,
KIR2DL2, and KIR2DL3 along with the activating KIR2DS2, was also greater
in this patient group. The authors concluded that the presence of the three
inhibitory KIR results in major inhibitory capacity, favoring tumor cell escape
from NK cell elimination. However, the data also support the possibility that
KIR2DS2 increases the risk of malignancy somehow, highlighting the com-
plexity of drawing conclusions regarding the effects of functionally related
genes that are in strong LD with one another.

43
KIR Defense Against Microorganisms

CD8+ T cells serve a critical role in eliminating intracellular pathogens by
detecting viral peptides in the context of MHC class I molecules on the surface
of infected cells. Some viruses retaliate by disrupting cell surface expression
of class I (Tortorella et al. 2000). But the competition ensues with the ability
of NK cells to detect “missing self” (Karre et al. 1986) and kill cells that
express little or no class I ligands for inhibitory receptors on the NK cell.
Indeed, NK cell inhibition appears to correlate positively with level of MHC
class I on target cells (Storkus et al. 1989). The skirmish continues with viral
downregulation of some, but not all, ligands for inhibitory receptors on NK
cells, but in general the species as a whole continues to thrive for now, in part
because of the efforts of NK cells and their entourage of regulating receptors.
The NK cell control of viral infections (especially herpesviruses, which seem
to be the favorite adversaries of NK cells) has been the subject of excellent
reviews (Biron et al. 1999), two of which are included in this volume (see
chapters by MacFarlane and Campbell and Anderson, this volume).
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Human NK cells express a number of activating receptors that have been
implicated in resistance to viral disease (Parolini et al. 2000; Sivori et al.
2000; Mandelboim et al. 2001; Martin et al. 2002a), most of which are en-
coded by conserved genes. Specific KIR genes may be particularly aggressive
in clearance of some microorganisms, and their presence in only a frac-
tion of individuals (as well as their allelic polymorphism) could explain
differences observed among individuals in their ability to control a given
pathogen. Recent data from our lab suggest that an activating KIR/HLA geno-
type may result in protection from progression to AIDS in HIV-1-infected
patients (Martin et al. 2002a). Individuals who carried at least one copy
of both KIR3DSI and a subset of HLA-B Bw4 alleles encoding isoleucine
at position 80 (Bw4-80I) progressed to AIDS at a significantly slower rate
than those without this combination (Martin et al. 2002a). Although the
ligand for KIR3DS1 is not known, this gene shows 97% sequence similar-
ity in the extracellular domain to KIR3DL1, the inhibitory counterpart of
KIR3DSI that binds HLA-B allotypes that have the Bw4 motif (an epitope
determined by the sequence at positions 77-83 of the molecule) (Muller et al.
1989). Previous data had suggested the preference of KIR3DL1 for HLA-B
Bw4-80I allotypes relative to HLA-B Bw4 allotypes with threonine at this
position (Cella et al. 1994; Rojo et al. 1997), a finding that may explain the
restriction of resistance to the combination of KIR3DS1 and HLA-B Bw4-
801, specifically. Interestingly, KIR3DS1 in the absence of Bw4-80I showed
a significant recessive susceptibility effect on AIDS progression, negating the
possibility of an additive protective effect of KIR3DS1 and HLA-B Bw4-801.
This study suggests that KIR3DS1 may be expressed and may bind certain
HLA-B Bw4 allotypes in defense against HIV-1, but no functional data to
support this contention have been forthcoming. KIR3DS1 in the presence
of HLA-B Bw4 allotypes as a whole also showed significant protection in
clearance of hepatitis C virus (HCV) infection, an effect that persisted even
after multiple variable analysis of another protective KIR/HLA compound
genotype that was observed in the same study (Khakoo et al. 2004) (see
below).

Inhibitory KIR may promote the maintenance and accumulation of mem-
ory CD8+ T cells, as suggested by phenotypes observed in KIR2DL3/HLA-Cw3
transgenic mice (Ugolini et al. 2001). These data support the hypothesis that
expression of inhibitory KIR (and perhaps other inhibitory NK cell receptors)
protects CD8+ T cells from apoptosis in the face of excessive TCR stimulation.
A potentially adverse element of inhibitory KIR expression on CD8+ T cells is
suggested by the observation that inhibitory KIR expressed by Epstein-Barr
virus (EBV)-specific or HIV-specific CD8+ T cells expanded in vitro hinder
viral specific cytotoxicity of infected cells (De Maria et al. 1997; De Maria
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and Moretta 2000; Vely et al. 2001). A similar situation may apply to NK cells;
while inhibitory KIR protect from self reactivity, these same molecules could
dampen NK response in times of need. In this regard, the entire NK cell pop-
ulation of a child suffering from recurrent infections, particularly CMV, was
shown to express KIR2DL1 on a genetic background of two HLA-C group 2
alleles, ligands for KIR2DL1 (Gazit et al. 2004). Symptoms observed in this
child were virtually identical to those described in other patients who have
NK cell deficiency (Biron et al. 1989). This case emphasizes the importance
of considering KIR expression levels in disease association studies and un-
derstanding the mechanisms regulating KIR expression in general, a topic
covered in the chapter by Gumad et al. in this volume.

Inhibition mediated by specific KIR/HLA combinations has also been im-
plicated in the outcome of HCV infection (Khakoo et al. 2004) based on
a genetic study of these loci among individuals who either cleared the virus
or had persistent infection. The presence of alleles encoding the inhibitory
KIR2DL3 and its HLA-C group 1 ligands was shown to associate with HCV
clearance, and this effect appeared to be codominant; two complete pairs of
KIR2DL3 and HLA-C group 1 (i.e., homozygosity of KIR2DL3 and HLA-C
group 1; KIR2DL3/KIR2DL3:C1/CI) was strongly associated with viral clear-
ance, whereas one complete pair was relatively neutral, and no complete
pairs of KIR2DL3/C1 associated with viral persistence. The binding affinity
of KIR2DL3 for HLA-C group 1 allotypes is measurably lower than that of
KIR2DL2 and KIR2DL1 for their cognate ligands (group 1 and group 2 allo-
types, respectively) (Winter et al. 1998), resulting in transmission of weaker
inhibitory signals to the effector cell. In HCV infection, we proposed that
two copies of KIR2DL3 and HLA-C group 1 preclude the stronger inhibitory
signals mediated by KIR2DL1 and KIR2DL2, lowering the threshold for ef-
fector cell activation through stimulatory receptors (Fig. 4). The protective
effect of KIR2DL3/KIR2DL3:C1/C1 was quite significant among intravenous
drug users and needle-stick cases, individuals who would be expected to have
received a low-dose viral inoculum. However, this genotype was not signif-
icantly protective among patients receiving transfusions, where an expected
high-dose inoculum may very well overwhelm any contribution of KIR to the
innate immune response. Protection was observed across two ethnic groups,
Caucasian and African American nontransfused patients, supporting a direct
effect of this compound genotype on HCV clearance rather than simply mark-
ing a neighboring disease locus through linkage disequilibrium. This was the
first genetic epidemiological study to suggest the importance of inhibitory
receptor affinity for cognate ligand in human disease.

Several studies have indicated the importance of NK cells in Plasmod-
ium falciparum infection (Theander et al. 1987; Orago and Facer 1991;
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Fig. 4 Model illustrating protective and susceptible genotypes in resolution of HCV
infection. In the presence of two copies of KIR2DL3, KIR2DL1 (which is present in
virtually all individuals), and HLA-C group 1 homozygosity (upper panel) there is
a weak inhibitory signal relative to the stronger inhibitory signal conferred by the
presence of KIR2DL2, KIR2DLI and HLA-Cw group heterozygosity (lower panel). The
weaker inhibitory signal results in a lower threshold for effector cell activation through
stimulatory receptors

Artavanis-Tsakonas and Riley 2002), and a significant association between
KIR genotype and NK responsiveness to infected red blood cells has been
reported(Artavanis-Tsakonas et al. 2003). This study implicated an allele of
KIR3DL2, KIR3DL2*002, in protection against P. falciparum because at least
one copy of this allele was observed in 5 of 7 high responders compared to 3
of 16 low/nonresponders, representing the first assignment of a specific KIR
allele association with response to an infected target cell.

4.4
KIR Contribution to Maternal-Fetal Bonding

The most prominentleukocyte in the uterine mucosallining during pregnancy
(the decidua) is a distinct population of NK cells that make close contact
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with invading fetal extravillous trophoblast (EVT) cells (for reviews of NK
cell biology during pregnancy, see Moffett-King 2002; Trundley and Moffett
2004). Entry of fetal EVT into the decidua and walls of the maternal spiral
arteries ensures the essential exchange of nutrients and gases between the
maternal and fetal circulations. Activation of uterine NK (uNK) cells elicited
by interactions between uNK cell receptors and their ligands expressed on
the surface of the EVT promotes development of a healthy maternal-fetal
interface supportive of fetal growth (Moffett-King 2002). Inadequate blood
exchange due to insufficient EVT invasion into the maternal spiral arteries
results in poor placental perfusion, a disorder known as preeclampsia, and
associates with significant morbidity and mortality in both mother and fetus
(Roberts 2003).

EVT express an unusual combination of HLA class I molecules, HLA-G,
HLA-E and HLA-C (Hiby et al. 1999; King et al. 2000a,b), and they do not
express the polymorphic HLA-A and HLA-B that are found on most other
nucleated cells of the body (Goodfellow et al. 1976). Uterine NK cells are
distinct from blood-derived NK cells in that a greater proportion of uNK
express KIR molecules that bind HLA-C allotypes relative to NK cells cir-
culating in the periphery (Hiby et al. 1997; Verma et al. 1997). Alterations
in KIR expression among women with diseases of the reproductive tract,
including endometriosis, adenomyosis, and anembryonic pregnancy, have
been described (Chao et al. 1999; Wu et al. 2000; Maeda et al. 2002, 2004;
Yang et al. 2004), generating further speculation of a potential role for these
molecules in disease pathogenesis of the uterus. Understanding the interac-
tions between these receptor-ligand pairs during pregnancy and their role
in securing harmonious interactions between the mother and her hemiallo-
geneic fetus has obvious implications in diagnosis, prevention, and treatment
of diseases associated with pregnancy.

Cellular HLA-G expression is almost exclusively limited to EVT in preg-
nancy (McMaster etal. 1995). HLA-G has been shown to bind soluble KIR2DL4
(Cantoni et al. 1998; Rajagopalan and Long 1999), a receptor displaying prop-
erties of both activating and inhibitory receptors, provoking suspicions that
this receptor-ligand interaction may confer some protection against maternal
NK or T cell-mediated rejection of the fetus. The ubiquitous expression of
KIR2DL14 in virtually all NK cells (Rajagopalan and Long 1999) (all other KIR
genes are expressed in some, but not all, NK clones within a given individual)
further suggests that KIR2DL4 may have a unique biological function that is
of particular importance relative to other KIR. Nevertheless, a woman has
been described who is missing the KIR2DL4 gene completely and who has
had several children (Gomez-Lozano et al. 2003), indicating that the gene is
not absolutely essential for normal pregnancy.
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Several alleles of KIR2DL4 have been identified, some of which are charac-
terized by a single nucleotide deletion that results in the elimination of exon 6
during mRNA production (Witt et al. 2000). To test the possibility that risk of
developing preeclampsia may in part be a function of KIR2DL4 variability, 45
women who experienced preeclampsia and 48 normotensive control subjects
were subtyped for KIR2DL4 alleles (Witt et al. 2002). No significant differ-
ences in KIR2DL4 allele frequencies (or KIR gene frequencies) were observed.
These data do not rule out the possibility of an important role for KIR2DL4
in maintenance of a healthy pregnancy, a function that may be provided by
all known KIR2DL4 alleles.

HLA-C is the only polymorphic class I molecule expressed by EVT, and
it is also the only known NK cell receptor ligand on EVT that is recognized
differentially by maternal uNK cells, an interaction that depends on the ma-
ternal KIR and the fetal HLA-C genotypes. Combinations of maternal KIR and
fetal HLA-C genotypes are likely to confer a range of uNK cell effects, from
relatively strong activation to strong inhibition, just as would be predicted
in the periphery mediated by KIR and self MHC class I. The possibility that
combinations of maternal KIR and fetal HLA-C ligands may differentially
affect risk of preeclampsia was tested in 401 mother-infant pairs, including
200 women with preeclampsia and 201 women with normal pregnancies. The
frequency of the AA genotype (i.e., those encoding either 0 or 1 expressed ac-
tivating KIR) was significantly higher among preeclamptic mothers relative to
mothers with healthy pregnancies, specifically when the baby carried at least
one HLA-C group 2 allele (Hiby et al. 2004). This receptor-ligand combination
is likely to convey strong inhibitory signals to the uNK cell for two reasons:
(a) AA genotypes encode either 0 or 1 activating KIR expressed on the NK
cell surface, and (b) the inhibitory KIR2DL1, which is present on all A haplo-
types, binds HLA-C group 2 allotypes with very high affinity, sending strong
inhibitory signals to the NK cell relative to that observed with KIR2DL3 (also
encoded on the A haplotype) and its HLA-C group 1 ligands (Winter et al.
1998; Maenaka et al. 1999; Vales-Gomez et al. 2000; Fan et al. 2001). This situ-
ation is reminiscent of the protection conferred by relatively weak inhibitory
signals proposed in HCV clearance (Khakoo et al. 2004). Furthermore, the
frequency of preeclampsia in mothers with babies who carried at least one
HLA-C group 2 allele was inversely correlated with the number of distinct
activating receptor genes present in the mother’s genome. These data cast the
role of uNK cells in a new light, one in which stimulation of maternal NK cell
activity mediated by appropriate KIR interactions with ligands on the fetal
EVT results in proper maturation of the placenta and the healthy coexistence
of mother and fetus (Parham 2004).



244 M. Carrington - M. P. Martin

5
Summary

The KIR locus lies at the extreme end of the gene conservation spectrum
(the end with least conservation, that is) where genes, especially functionally
redundant sets of genes, are allowed to transform at their own free will, rela-
tively speaking. The very fact that they have this privilege suggests that most
of the variability observed is not absolutely essential, nor will any new variant
have high probability of being outright deadly (though there is a selection
bias in this latter measurement); rather the variability represents a means for
the innate immune system to remain fluid, delicately contributing to disease
outcome as positively as possible. These considerations imply that, for the
most part, disease associations with KIR variants are expected to be some-
what weak, as is rather common for most variable genes involved in immune
responsiveness. Indeed, the strength of the genetic associations described
herein for KIR and their ligand groups is similar to that previously reported
for HLA class I alleles and the majority of diseases with which they have
been associated, particularly infectious diseases. Given the extent of KIR lo-
cus variability and the function of their protein products in both innate and
acquired immunity, one might reasonably predict that they may influence the
outcomes to most multigenic diseases that directly or indirectly involve the
immune response. [Although no involvement of KIR in terms of presence or
absence of several KIR genes was observed in celiac disease (Moodie et al.
2002) despite genome-wide linkage studies pointing to 19q13.4 (Zhong et al.
1996), the region in which the KIR gene cluster maps. This study did not rule
out the possibility of allelic effects of KIR loci on disease, a possibility that
has not been thoroughly explored for any disease to date.] So, in general, the
good news for disease gene hunters is that the KIR locus is almost always
a strong candidate in the quest for associated genetic variation; the fly in
the ointment is the likelihood of small effects conferred by a very complex
polymorphic locus, a problem that is only overcome by securing sizeable,
clinically well-defined disease cohorts.

Only a handful of diseases have been studied for genetic associations with
KIR variability to date (summarized in Table 2), impeding our ability to iden-
tify common threads of KIR involvement across diseases that share some
etiological characteristics. Nevertheless, parallels may be emerging, such as
the consistent observation of activating KIR genotypes with risk of developing
autoimmune disease (Yen et al. 2001; van der Slik et al. 2003; Luszczek et al.
2004; Momot et al. 2004; Nelson et al. 2004; Suzuki et al. 2004) and their protec-
tion against two infectious diseases (Martin et al. 2002a; Khakoo et al. 2004).
Although KIR2DL3 and HLA-C group 1 had the strongest protective effect



Table2 Summary of KIR/HLA genotype and disease associations

Disease KIR/HLA ligand association Effect Population Comments Reference
Autoimmune
1) Psoriatic Arthritis ~ KIR2DS1/KIR2DS2; Susceptibility ~Caucasian: - Martin et al. 2002b;
HLA-Cw group 366 cases; Nelson et al. 2004
homozygosity 299 controls
2) Psoriasis KIR2DS1/HLA-Cw*06 Susceptibility  Polish: Small numbers Luszczek et al. 2004
116 cases;
123 controls
KIR2DS1; KIR2DL5; Susceptibility Japanese: Small numbers Suzuki et al. 2004
KIR haplotype B 96 cases;
50 controls
3) Rheumatoid KIR2DS2/HLA-Cw*03 Susceptibility ~Caucasian: Small numbers but  Yen et al. 2001
vasculitis 30 cases; corroborated by KIR
76 controls expression analysis
4) Scleroderma KIR2DS2+/KIR2DL2- Susceptibility German: Small numbers Momot et al. 2004
102 cases;
100 controls
5) IDDM KIR2DS2/HLA-Cw group 1 Susceptibility Dutch: - van der Slik et al. 2003
149 cases;

6) Celiac disease

None

207 controls
UK Caucasian:
101 cases;

133 controls

19q13.4 previously

identified as

a candidate region

Moodie et al. 2002
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Table2 (continued)

Disease KIR/HLA ligand association Effect Population Comments Reference
Infectious
1) HIV-1 KIR3DS1/HLA-B-Bw4801 Slows Caucasian: - Martin et al. 2002a
progression N>1000
2) HCV 1)KIR2DL3/HLA-Cw Resolution Caucasian and KIR3DS1/Bw4 Khakoo et al. 2004
group 1 homozygosity of infection  African American: effect was weak
N =1023
ii) KIR3DS1/HLA-Bw4 Resolution
of infection
3) P. falciparum KIR3DL2*002 High response European, Asian,  In vitro study. Artavanis-Tsakonas
to iRBC African: Response of NK etal. 2003
N =27 cells from normal
blood donors
to iRBC
Cancer
1) Malignant KIR2DL2/2DL3; Susceptibility ~Bulgarian: Small numbers Naumova et al. 2004
melanoma HLA-Cw group 1 50 cases;
54 controls
2) Leukemia i) KIR2DL2 Susceptibility ~Belgian: The ABl1and AB9  Verheyden et al. 2004
96 cases; phenotypes contain

ii) AB1 and AB9 KIR
phenotypes

148 controls

all inhibitory
KIR genes

iid4
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Table2 (continued)

Disease KIR/HLA ligand association Effect Population Comments Reference
Pregnancy
Preeclampsia Mothers with AA Susceptibility UK: - Hiby et al. 2004
KIR genotype; 200 cases;
fetus with HLA-Cw group 2 201 controls
KIR2DL4 polymorphism None Australian: Small numbers Witt et al. 2002
45 cases;

48 controls
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on resolution of HCV, KIR3DSI/HLA-B Bw4 was also protective against HCV
just as KIR3DS1/HLA-B Bw4-80I was protective against AIDS progression.
These studies pique interest in haplotypes encompassing KIR3DS1, because
the expression of KIR3DS1 has been questioned, raising the possibility that
another KIR gene or combination of genes on KIR3DSI positive haplotypes
may be responsible for the protection observed in these diseases. (This would
also have to involve Bw4 or alleles in LD with Bw4, because the KIR3DS1
protection noted in both HIV and HCV disease was contingent on the pres-
ence of HLA-B Bw4 or a subset of these alleles.) Two genetic epidemiological
studies (Hiby et al. 2004; Khakoo et al. 2004) have confirmed the notion that
not all inhibitory signals mediated by the various KIR are of equal weight,
a property that was recognized through functional studies previously (Winter
and Long 1997). Perhaps more intriguing than the similarities in KIR associ-
ations among this limited sample of diseases are the differences in KIR/HLA
genetic profiles putatively used to attain one of only two outcomes, activation
or inhibition of effector cells, a characteristic that is entirely predictable of
amultigenic, functionally closely related, highly polymorphic family of genes.
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Abstract The role of NK cells in autoimmunity has not been extensively studied.
Speaking for a disease-promoting role for NK cells in autoimmune diseases are recent
results suggesting that IFN-y production by NK cells may help adaptive immune
responses diverge in the direction of a Thl response. NK cells may also be involved
in direct killing of tissue cells, which could lead to acceleration of autoimmunity.
However, NK cells have also been shown to protect from some autoimmune diseases.
A possible reason for this discrepancy may lie in the capacity of NK cells also to
produce Th2 cytokines, which could downregulate the Th1 responses that are common
in autoimmune disorders. Thus there is at present no coherent view on the role of NK
cells in autoimmunity, and more work is needed to clarify why NK cells in some cases
aggravate disease and in some cases protect from disease.
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1
Introduction

Autoimmune diseases are controlled by multiple geneticloci and usually mod-
ified by a multitude of unknown environmental factors. Insulin-dependent
diabetes mellitus (IDDM), also called type 1 diabetes, is one example, others
being multiple sclerosis (MS), myasthenia gravis (MG), rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), and Sjégren syndrome (SS). In sys-
temic autoimmunity such as SLE and MG, antibodies normally cause the main
damage, with a role for T cells being less clear. In contrast, in organ-specific
autoimmune diseases such as IDDM, MS, SS, and RA, organ-infiltrating T
cells are believed to be of central importance.

Autoimmunity results from breakdown of immunological tolerance. Both
faulty central and peripheral tolerance mechanisms have been implicated, in
both cases resulting in escape of autoreactive T cells from normal control.
The relative roles of insufficient central versus peripheral tolerance mecha-
nisms in autoimmunity are unclear. Defects in central tolerance, for example,
as demonstrated by mutations in the AIRE gene, lead to organ infiltration
and functional impairments of organ function (Anderson et al. 2002; Ram-
sey et al. 2002). Conversely, exaggerated thymic deletion may also result in
autoimmunity due to a disrupted balance between thymus-derived regula-
tory (CD4*CD25%) and nonregulatory T cells (Hori et al. 2003). Examples
of other T cells with regulatory properties are NKT cells (Mars et al. 2004)
and CD8"CD122" T cells that may also play protective roles in autoimmune
conditions (Rifa’i et al. 2004).

Additional players are also important in the induction and subsequent con-
trol of immune responses in the periphery. For example, naive T cells must
encounter antigen presented as peptides by MHC molecules on specialized
antigen-presenting cells (APC) in order to become activated. This occurs in
secondary lymphoid organs such as the spleen and lymph nodes. Dendritic
cells (DC) are critical players in this game. After activation, both MHC and
costimulatory molecules are upregulated on DC and their stimulatory capac-
ity thereby increases. Soluble factors present at the site of T cell activation also
dictate the nature of the immune response and determines whether it should
be of a Th1 or Th2 type (Dong and Flavell 2001). Many organ-specific autoim-
mune diseases are dominated by IFN-y, classifying them as Th1-dominated
diseases (Trembleau et al. 1995).
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2
NK Cell Biology

NK cells mediate early protection against viruses (Yokoyama et al. 2004). They
are also well known for their efficient cytotoxic responses against cancer cells
(Smyth et al. 2002) and for their capacity to kill cells coated with antibodies
via their expression of the CD16 receptor. However, more focus is currently
directed to the immunoregulatory role of NK cells (Raulet 2004). In experi-
mental settings, NK cells are usually derived from human peripheral blood
or rodent spleen. In the spleen, they are seen all over the red pulp but rarely
in the white pulp (Basse et al. 1992; Rolstad et al. 1986). However, NK cells
are also found in other tissues such as lungs (Basse et al. 1992; Stein-Streilein
et al. 1983), liver (Basse et al. 1992; Salazar-Mather et al. 1998; Wiltrout et al.
1984), the gastrointestinal tract (Tagliabue et al. 1982) and in the decidua
(Moffett et al. 2004). Under inflammatory conditions, NK cells are recruited
to sites of inflammation and accumulate at sites of viral replication (Natuk
and Welsh 1987) and in growing tumors (Albertsson et al. 2003). Under nor-
mal circumstances, rodent NK cells are rare in lymph nodes and resting NK
cells recirculate poorly through the lymphatic system (Rolstad et al. 1986). In
humans, NK cells appear to be more frequent in peripheral lymphoid tissue
(Fehniger et al. 2003; Ferlazzo et al. 2004b).

Human NK cells can be divided into two functionally and phenotypically
different subtypes, with CD56%™ NK cells making up 90% of blood NK cells.
The NK cells found in lymphoid tissue belong to the CD56*"'8" type, which
has been described as mainly cytokine producing. Human CD56"8" NK
cells constitutively express the chemokine receptor CXCR3 that is involved in
lymphocyte migration to inflamed lymph nodes as well as to inflamed tissues
(Rot and von Andrian 2004). Recent data show that murine NK cells may
be recruited from blood into antigen-stimulated lymph nodes in a CXCR3-
dependent fashion (Martin-Fontecha et al. 2004). In humans, CD56right NK
cells are found in the T cell region of lymph nodes, where they may interact
with DC (Fehniger et al. 2003; Ferlazzo et al. 2004a). Cross talk between
purified DC and NK cells is well documented in vitro with purified cells
(Ferlazzo et al. 2002, 2004b; Gerosa et al. 2002; Hori et al. 2003), which may
resultin IFN-y secretion by NK cellsand involve IL-12 and IL-15 (Ferlazzo et al.
2004a). Interestingly, Martin-Fontecha et al. showed that NK cells provide an
early source of IFN-y in the lymph nodes that is necessary for Th1 polarization
(Martin-Fontecha et al. 2004). Together, these data propose that NK cells may
act as messengers between innate and adaptive immunity in regional lymph
nodes.
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NK cells can also be recruited across endothelium to nonlymphoid in-
flamed tissue, where they could participate in inflammatory reactions (Camp-
bell et al. 2001; Fogler et al. 1996). In humans, the minor population of
CD56"8" NK cells and the major population of CD564™ NK cells express
overlapping as well as specific chemokine receptors (Campbell et al. 2001),
implying heterogeneity in migratory properties. Whereas only CD56""8" NK
cells express lymph node-homing receptors, both CD56%™ and CD56"8h NK
cells express chemokine receptors enabling them to migrate into peripheral
tissue. Fractalkine, the ligand for CX3CR1, is presented in both membrane-
bound and soluble forms (Bazan et al. 1997) and displays adhesive properties,
promoting migration and enhancing the cytotoxicity of NK cells (Yoneda et al.
2000). Interestingly, fractalkine is upregulated in both rat and human f cells
on IL-1p + IFN-y treatment (Cardozo et al. 2003), indicating a mechanism for
NK cell recruitment into inflamed islets of Langerhans and a possible role in
IDDM.

3
NK Cells in Autoimmune Disease

NK cells are not only found at sites of normal immune responses but have also
been shown to accumulate in target organs of autoimmunity, for example, in
the inflamed joints of RA (Dalbeth and Callan 2002; Tak et al. 1994), in brain
lesions of MS (Traugott 1985), in psoriasis lesions (Cameron et al. 2002), and
in the inflamed islets of Langerhans in IDDM (Miyazaki et al. 1985; Poirot
et al. 2004; and our unpublished data). The presence of NK cells in target
organs of autoimmunity, implying a role in disease at this site, is interesting
in relation to findings reporting decreased NK cell numbers and impairment
of NK cell function in peripheral blood in patients (Cameron et al. 2003;
Yabuhara et al. 1996; and reviewed in Baxter and Smyth 2002; Flodstrom et al.
2002b; Grunebaum et al. 1989). Data from us and others show that rodents
with diabetes also have compromised peripheral NK cells (Johansson et al.
2004; Poulton et al. 2001). It is not clear whether the reported alterations in
blood NK cells reflect a secondary effect of disease or its treatment or are
primary defects involved in the disease pathogenesis. Systemic induction of
type 1 IFNs in mice rapidly depletes the spleen from NK cells and induces their
migration into the liver (Salazar-Mather et al. 2002 and our observation). One
possibility is that inflammatory cues alter the migratory pattern of NK cells
and thus redistribute them from the circulation to target organs. This notion
would suggest that low NK cell numbers in the blood may still be consistent
with a role for NK cells elsewhere in the body.
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The availability of mouse models for many human autoimmune diseases
would appear to set a stage for analyzing the role for NK cells in these models.
However, a general problem with studying NK cell function in vivo is that few
markers or genes are expressed solely by NK cells. Many markers overlap with
subsets of T cells or NKT cells (Raulet 2004), which makes NK cells difficult to
target by knockout technology or by specific antibody depletion. Until now,
only a few studies have been done in rodent models of autoimmune diseases
in which the authors can confidently state that NK cells are the causative agent
of the studied effect. Even so, the studies point toward both protective and
disease-promoting effects of NK cells, depending on the disease model.

3.1
NK Cells Promoting Disease

In an experimental model of MG (EAMG), depletion of NK1.1* cells protected
against disease (Shi et al. 2000). Depletion of NK1.1* cells reduced CD4* T cell
IFN-y production, whereas the number of CD4" cells producing TGF-§ was
increased. Mice depleted of NK1.1* cells also had reduced levels of pathogenic
antibodies against the acetylcholine receptor. By ruling out a role of NK1.1*
CD1-restricted NKT cells with Ja281 or CD1 knockout strains, and by repop-
ulating NK cell-deficient IL-18-knockout mice with NK1.1-expressing cells
derived from RAG mice, the authors could demonstrate a central role for NK
cells in the pathology of the disease. The effect took place during the priming
phase, because depletion of NK cells during later stages of the disease had
no effect. To promote disease, NK cells had to produce IFN-y, as shown by
transfer of IFN-y™'~ or control NK cells to NK-deficient mice. Hence, in this
study NK cells exacerbated autoimmunity by promoting the development of
a Th1 response.

A function of NK cells during later stages of autoimmunity was proposed
in a model of virally induced autoimmune diabetes (Flodstrom et al. 2002a).
It was shown that the {3 cells of the pancreas critically depended on an intact
type I interferon response to protect themselves from viral infection. Further-
more, it was proposed that in absence of interferon signaling, 8 cells became
susceptible to NK cell-dependent killing. The study did not address the ques-
tion of how type I interferons protected from NK cell killing. Speculatively it
could be due to upregulation of MHC class I molecules or to upregulation of
stress-induced ligands for activating NK cell receptors.

Poirot et al. took a different approach to determine an association be-
tween aggressive infiltration in the pancreatic islets and NK cells (Poirot
et al. 2004). They compared two mouse strains, BDC2.5/NOD, which develop
a mild insulitis but no diabetes, and BDC2.5/B6¢’, which rapidly develop both
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an aggressive form of insulitis and diabetes (Gonzalez et al. 1997). Using a mi-
croarray analysis, Poirot et al. found a correlation between expression of NK
genes in the infiltrating cells and aggressive insulitis. In addition, a higher
frequency of NK cells was demonstrated in aggressive infiltrates compared
to mild infiltrates. When NK cells were depleted in two induced models of
diabetes, diabetes incidence was decreased, suggesting a role for NK cells in
the effector phase also in these models of diabetes. However, both antibodies
used to deplete NK cells also recognize other immune cells, which must be
taken into consideration when interpreting the data.

3.2
NK Cells Protecting from Disease

The regulatory role for NK cells in immune activation can be achieved either
by skewing the immune response toward a Th1 or a Th2 response or by direct
inhibition of the immune response. NK cells are capable of producing IL-
10 along with IFN-y, and also immunoregulatory cytokines such as TGF-f,
although these properties of NK cells are much less well studied than the
prototypic role of NK cells as IFN-y producers (Gray et al. 1994; Peritt et al.
1998). Furthermore, it has been suggested that NK cells can regulate B cell
antibody production via induction of regulatory T cells in a TGF-$-dependent
manner (Gray et al. 1994; Horwitz et al. 1999). NK cells can also regulate T cell
responses by acting on DG, either by inducing their maturation or by killing
them (Ferlazzo et al. 2002, 2004b; Gerosa et al. 2002; Hayakawa et al. 2004;
Hori et al. 2003; Piccioli et al. 2002).

MS has been shown to be associated with low NK cell activity (Erkeller-
Yusel et al. 1993; Loza et al. 2002; Yabuhara et al. 1996). In a recent paper,
Takahashi et al. suggest a protective role for NK cells in humans with MS
(Takahashi et al. 2004). NK cells from patients in disease remission expressed
high levels of CD95 and were proposed to be NK2 cells, distinguished by
secretion of Th2 cytokines such as IL-5 and IL-13 (Takahashi et al. 2001, 2004).
Takahashi et al. suggest that those NK cells may control IFN-y secretion in
memory T cells, because depletion of NK cells in ex vivo PBMC increased IFN-
y responses in T cells after stimulation with myelin basic protein (Takahashi
et al. 2004). Before disease relapse, NK cells lost their CD95 expression and
NK2 phenotype, and thus presumably their regulatory role.

Experimental autoimmune encephalomyelitis (EAE) is a murine model of
MS that can be induced in susceptible strains of rats and mice. Matsumoto
et al. showed that NK cells were present in the central nervous system of
rats at the early stages of EAE. When NK cells were depleted, the disease was
aggravated (Matsumoto et al. 1998). Zhang et al. found a similar protective
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role of NK cells in EAE in mice (Zhang et al. 1997). The regulatory role was
independent of CD8* T cells and NKT cells because the aggravating effect of
depleting NK cells was present also in 3,m-deficient mice. Interestingly, NK
depletion led to an in vivo increase in production of Th1 cytokines by CD4 T
cells and an increased T cell proliferation in vitro when NK-depleted spleen
cells were used as antigen-presenting cells. The regulatory role of NK cells
in rodent models of EAE is further strengthened by a study of Smeltz et al.
showing that NK cells inhibit proliferation of autoreactive T cells from DA
rats in vitro (Smeltz et al. 1999).

In SLE, which is another relapsing-remitting disease, low NK cell numbers
in the blood are associated with relapses, whereas the NK cell number is
restored during remission. However, a low NK activity on a per cell basis
is sustained throughout the disease cycle in these patients (Erkeller-Yusel
et al. 1993; Yabuhara et al. 1996). Two different mechanistic abnormalities
have been associated with the low NK cell activity in SLE patients. The first
is a higher frequency of a genetic polymorphism in the FcyIIIR (CD16),
resulting in a low-avidity binding of IgG antibodies (Wu et al. 1997). The
other mechanistic abnormality affects the expression of the signaling adapter
molecule DAP12 (Toyabe et al. 2004). DAP12 is an adapter protein used by
several activating NK receptors (but not by CD16) and also by activating
receptors on myeloid cells including DC (Colonna 2003; Djeu et al. 2002).
Low DAP12 activity was associated with a dysfunctional posttranscriptional
editing of mRNA rather than a mutation in the DAP12 gene.

Lpr mice, harboring a mutation affecting Fas expression, display an SLE-
like phenotype (Watanabe-Fukunaga et al. 1992). Similar to SLE patients, [pr
mice have low NK activity, especially in aging mice (Scribner and Steinberg
1988), and Takeda et al. showed an association in time between disease de-
velopment and cessation of NK activity (Takeda and Dennert 1993). In this
model, the disease process could also be accelerated or decelerated by de-
pleting or transferring NK1.1% cells, respectively. A regulatory role of NK1.1*
cells was seen in vitro, and NK cells from nude mice were also efficient in this
respect, making an effect of contaminating NKT cells less likely.

A protective role of NK cells in murine diabetes was recently reported
by Lee et al. (Lee et al. 2004). Diabetes in NOD mice can be prevented by
administration of complete Freund’s adjuvant (CFA). In parallel, CFA induced
NK cell trafficking to the blood and spleen, induced IEN-y production by NK
cells, and decreased activation of B cell-specific T cells. Depletion of NK cells
abrogated the protective effect of CFA, and addition of sorted NK cells to the
depleted mice restored the protective effect. It is somewhat surprising that an
increased IFN-y response in NK cells would be associated with decreased T
cell activation, arguing against the T cell-enhancing role of NK cells suggested
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previously. CFA might induce a unique regulatory cytokine profile in NK
cells that are capable, despite the IFN-y secretion, of downregulating T cell
responses.

Todd et al. showed a decrease in intraepithelial NK cell numbers in the
gut preceding diabetes onset in the BB rat. These cells normally produce both
IFN-y and IL-4, and the production of these cytokines in the intraepithelial
lymphocyte compartment was consequentially reduced (Todd et al. 2004).
Intraepithelial NK cells might therefore confer regulatory functions in this
model.

4
Potential Mechanisms Controlling the Function of NK Cells
in Autoimmune Conditions

4.1
KIR Polymorphisms in Autoimmune Disorders

A potent mechanism to secure NK cell tolerance is their expression of MHC
class I-specific inhibitory receptors. On ligation of these receptors, NK func-
tions are downregulated. Consequently, when MHC class I molecules are lost,
target cells are killed. This recognition strategy has been termed “missing
self” because the lack of the body’s self markers leads to NK cell susceptibility
(Bix et al. 1991; Hoglund et al. 1988; Karre et al. 1986; Moretta et al. 2002). In
humans, inhibitory signals in response to MHC class I encounter are delivered
primarily by killer immunoglobulin like (KIR) receptors on NK cells. Given
that NK cells can lose tolerance against self cells in case of low MHC class
I expression, it has been postulated that genetic polymorphisms in the KIR
haplotypes could contribute to risk for autoimmunity.

Humans contain several genes encoding activating and inhibitory forms of
KIR. Activating KIRs that contain two extracellular immunoglobulin domains
and a short cytoplasmatic tail are designated KIR2DS. The corresponding in-
hibitory KIRs are called KIR2DL. Ligands for inhibitory KIR2DL receptors are
HLA-C molecules that fall into two functional groups: KIR2DL1 binds to HLA-
C with a Lys* residue (HLA-Cw4 group), whereas KIR2DL2 and KIR2DL3
recognize HLA-C with an Asn® residue (HLA-Cw3 and related alleles). In-
hibitory KIRs can also contain three extracellular domains and are then called
KIR3DL. The relative activity of activating and inhibitory KIRs on each NK
cell is one parameter, albeit not the only one, that controls the activation of
human NK cells (Moretta et al. 2002).

KIR genes are very polymorphic and are also clonally expressed in
a stochastic manner on human NK cells. Furthermore, although there are
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at least 14 described KIR genes, not all genes are present in all individuals.
It is thus likely that different NK cells, in the same individual or between
individuals, are differentially capable of forming inhibitory KIR-HLA
interactions, which may lead to differences in the amount of activating
signal needed to trigger effector functions, for example, in autoimmunity.
Consistent with this view, Martin et al. showed that the risk for developing
psoriatic arthritis was highest among subjects that carried activating KIRs
and at the same time lacked HLA-Cw ligands for some of their inhibitory
KIRs (Martin et al. 2002; Nelson et al. 2004). Similarly, KIR2DS2 in absence
of KIR2DL2 was more common in patients with scleroderma compared
to healthy controls (Momot et al. 2004). KIR2DS2 has also been shown to
associate with vasculitis in patients with RA (Yen et al. 2001) and with
susceptibility to psoriasis vulgaris (Suzuki et al. 2004). In addition, psoriasis
vulgaris was found to be associated with KIR2DS1 (Luszczek et al. 2004).
These studies point toward activating KIRs conferring a more activated
phenotype of immune responses, presumably by decreasing the activation
threshold for KIR-expressing lymphocytes. These activating haplotypes
thus confer an increased risk of developing autoimmunity. Also in IDDM,
increased numbers of activating KIR genes compared to healthy controls
have been demonstrated and the association with disease was clearest when
combined with presence of HLA-Cligand and in DQ2 and/or DQ8 individuals
(van der Slik et al. 2003).

Genetic associations between alleles of NK receptors and risk of developing
autoimmune diseases bear a scientific weight, but the functional consequence
of these associations is not easily studied. One drawback is that genetic studies
do not take into account which cells potentially express the receptors under
study. In the case of KIR receptors, they are expressed both by NK and T cells.
It is also unknown at which level the KIR/MHC matching may operate. One
possibility is in the target organ. Target cells could potentially downmodulate
MHC class I molecules because of viral targeting, which could break NK cell
tolerance in some NK cells and trigger NK cell-mediated target cell destruc-
tion. Alternatively, MHC class I downregulation on other cells in the body
could trigger a helper function of NK cells, as has been described in cancer
models (Kelly et al. 2002). Future studies will have to be set up to study this
question specifically.
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4.2
Tampering with the Activating Pathways

NK cell activity is not only regulated by activating signals delivered to KIR
receptors but also by target cell expression of ligands for other activating
receptors. Tolerance can be broken in cases of induction of those ligands. For
example, the NKG2D receptor has several ligands that may be upregulated
after cellular stress (Snyder et al. 2004). One such ligand is MIC, alleles of
which have been associated with psoriasis vulgaris (Romphruk et al. 2004).
In addition, MIC-A and MIC-B alleles have been associated with autoim-
mune Addison disease (Gambelunghe et al. 1999). It is interesting that HLA
and MIC-A polymorphisms may together make up additive risk factors, such
as certain HLA-DRB1 and MIC-A haplotypes in Basque families with celiac
disease (Bilbao et al. 2002) and DR3-DQ2, MICA5, and MICA5.1 in SLE (Gam-
belunghe et al. 2004). However, independent associations are also reported,
such as that of MIC-A5, DR3-DQ2, or DR4-DQ8 with IDDM where the MIC-
A5 association was clearest in patients with young disease onset. No linkage
disequilibrium was seen between MIC and class II alleles, that is, a distinct
genetic background characterizes the more acute form of early-onset type 1
diabetes (Gambelunghe et al. 2000).

There are also several recent nongenetic studies that support a role for
the NKG2D receptor in autoimmunity that could potentially link NK cells to
disease pathogenesis. Thus blocking the activating NKG2D receptor in NOD
mice prevents disease development, presumably by blocking NK cell or T cell
activation induced by the NKG2D ligand RAE-1 expressed by f cells of the
pancreas (Ogasawara et al. 2004). In celiac disease, where T cell responses
against tissue transglutaminase are effective in the pathogenesis (Dieterich
etal. 1997), a role for immune activation through NKG2D has been suggested
(Hue et al. 2004; Meresse et al. 2004). Here, as well as in RA (Groh et al.
2003), T cells expressing NKG2D, rather than NK cells, seem to be of primary
importance, although the studies have not ruled out a role also for NK cells
activated by ligands for NKG2D induced by stress at sites of inflammation.

5
Concluding Remarks

Although adaptive arms of immunity are well-known culprits in autoimmu-
nity, there is likely a similarly important role for innate cells, including NK
cells, in those responses (Fig. 1). As far as NK cells are concerned, the current
picture shows evidence for both disease-promoting and disease-preventing
roles. A closer, comparative dissection of diseases models in which NK cells
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a Immunoregulation by NK cells

IL- 5 / IFN -y
IL 13
* Cyioklnes
TGF-B
/Kllllng Initiation of
|mmunity
Suppression
of immunity

b Target destruction by NK cells

1
/ Toxic compunds
/ PNy

Killing

Fig.1 aSome proposed roles of NK cells as modulators of adaptive immune responses.
Immunoregulation such as this could occur anywhere in the body, e.g., blood, sec-
ondary lymphoid organs, and target tissues. Key to this complex pattern may be the
regulation of cytokine responses in NK cells. The right part of the picture reflects
disease-promoting roles. For example, IFN-y may directly stimulate Th1 development
in T cells (upper right) and this cytokine may also prime DC to become better stim-
ulators (lower right). DC may also be killed by NK cells (lower left), which would
downregulate T cell responses. TGF-p secreted by NK cells has been reported to
downregulate Ab production via CD8* T cells (middle left), and NK cells showing
a Th2-like cytokine pattern may counteract IFN-y and downregulate Th1 responses
(upper left). b In tissues, NK cells could potentially contribute to tissue destruction
by direct cytotoxicity, perhaps triggered via activating KIR or by NKG2D. In addition,
IFN-y production by NK cells can activate macrophages to produce toxic compounds,
for example, NO and free radicals, and is also by itself, especially in conjunction with
monokines such as IL-1 and TNF-a, directly toxic for certain cells, such as the f cells
of the pancreas
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perform different functions will be important to identify potential differences
in NK cell biology that may be responsible for these opposing roles. In hu-
mans, low NK cell numbers in the blood are frequently observed, but this is
also difficult to interpret because many autoimmune diseases are associated
with systemic inflammation that may deplete or affect NK cells. As more and
more genetic markers for NK cells become available, genetic studies may
be important to study this question further. Prospective studies of NK cell
markers, for example, in patients at risk of developing autoimmunity, may
be informative. Difficulties in understanding discrepancies in the role of NK
cells in autoimmunity may lie in our incomplete understanding of the in vivo
biology of NK cells as well as the role of different functional subsets.

To dissect the role of NK cells in autoimmune diseases, we believe that the
following aspects of NK cell biology must be studied in greater detail:

1. The function of NK cells in tissues. A role for NK cells in tissues and target
organs during different phases of autoimmune diseases must be under-
taken. In the target organ, NK cells may change their behavior compared
to when in the blood. The balance between NK cell functions at different
anatomic sites may thus be different in different autoimmune conditions
and may explain why NK cells play different roles depending on which
disease is studied. This problem includes the question of how NK cells cir-
culate and whether organ-residing NK cells and NK cells in the circulation
are the same cell type or distinct subsets.

2. Intensify the search for functional NK cell subsets. Just as for T cells, there
certainly exists a multitude of NK cell subsets that mediate different effec-
tor functions depending on how, where, and when they may be stimulated.
Just as for Th1 and Th2 T cells, such subset compositions are likely to be
partly genetically determined but may also be a consequence of the local
microenvironment to which they home and become activated. An impor-
tant question will be how functionally distinct NK cell subsets overlap
with subsets distinguished by their expression of activating and inhibitory
MHC class I-specific receptors, the balance of which is important in au-
toimmunity.

3. Explore the genetic paths further. The emerging genetic analyses of KIR
polymorphisms, in particular in relation to polymorphisms of ligands for
activating NK cell receptors, should give novel insights into a possible role
for a balance between activating and inhibitory signals in autoimmunity.
When genetic profiles for different functional subsets are generated, new
markers suitable for genetic mapping of NK cells could potentially be
developed.
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4. Explore the “NK kinetics” of different diseases. It is becoming increasingly
clear that cells and molecules of the immune system may play different
and sometime opposing roles at different ages and different stages of
disease. For example, several cytokines have been shown to play completely
opposite roles at early and late stages of autoimmunity. Thus differences in
time kinetics of critical NK-related events in induction, progression, and
final stages of different autoimmune diseases may also hold clues as to why
NK cells could play different roles in different diseases.
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