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Biology of Immunoreceptor Tyrosine-based Inhibition
Motif-Bearing Molecules
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1 Introduction

The term ‘‘immunoreceptor tyrosine-based inhibition motif” (ITIM) was coined
after the term ‘‘immunoreceptor tyrosine-based activation motif” (ITAM) to
designate molecular motifs that antagonize ITAM-dependent cell activation
(DAERON et al. 1995a; D’AmMBrosio et al. 1995). The concept of ITIM lies on the
coexpression by single cells of “on” and “off ” molecules which, when kept in close
proximity, transduce intracellular signals that interfere with each other. On and off
receptors can be constitutively associated at the cell membrane, such as B Cell
receptors (BCR) and CD22 on B lymphocytes (LAw et al. 1996) or high-affinity IgE
receptors (FceRI) and mast cell-associated function antigen (MAFA) on mast cells
(GuTHMANN et al. 1995); or they can be coaggregated by extracellular ligands.
Thus, ITIM-bearing low-affinity receptors for IgG (FcyRIIB) and ITAM-bearing
receptors are coaggregated by IgG antibodies or soluble immune complexes
(AMIGORENA et al. 1992; DAERON et al. 1995b; DAERON et al. 1995a). Although the
spatial relationship established between MHC class I-specific killer cell Ig-like
receptors (KIRs) and receptors that trigger cytotoxicity (MORETTA et al. 1997) is
unclear, KIRs needed to be coligated with FceRI by the same soluble molecules in
order to inhibit the activation of mast cells in a reconstitution model (BLERY et al.

!'Laboratoire d’Immunologie Cellulaire et Clinique, INSERM U.255, Institut Curie, Paris, France
2 Centre d’Immunologie INSERM-CNRS de Marseille-Luminy, Institut Universitaire de France, Mar-
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2 M. Daéron and E. Vivier

1997). Following aggregation or coaggregation of the receptors, both ITAMs and
ITIMs are tyrosyl phosphorylated by src family protein tyrosine kinases and, once
phosphorylated, they recruit cytoplasmic molecules having SH2 domains (CAMBIER
1995; BursuTyN and LonGg 1997; Vivier and DAERON 1997). The antagonistic
effect of ITIM-bearing molecules on ITAM-bearing molecules is based on the
specificity of interactions of phosphorylated ITAMs with the SH2 domains of
cytoplasmic kinases, and of phosphorylated ITIMs with the SH2 domains of cy-
toplasmic phosphatases, respectively.

This schematic opposition between antagonistic kinase-binding ITAMs and
phosphatase-binding ITIMs was readily accepted by immunologists, and it became
more and more popular as the number of ITIM-bearing molecules with negative
regulatory properties increased. Knowledge accumulated during the last few years,
however, has unraveled sophisticated crosstalks between ITAM- and ITIM-bearing
molecules which challenge the original binary paradigm.

2 Structural and Functional Definitions of Immunoreceptor
Tyrosine-based Inhibition Motifs Revisited

Since the first ITIM was identified in the intracytoplasmic domain of FcyRIIB
(AMIGORENA et al. 1992; MurTa et al. 1994; DaEroN et al. 1995a), an increasing
number of molecules with negative regulatory properties were described which
contain one or several ITIMs in their intracytoplasmic domains (Table 1) (VIvier
and DaiEroN 1997). They include all the isoforms of murine and human FcyRIIB
(LATOUR et al. 1996), KIR-2D and KIR-3D (WAGTMANN et al. 1995; COLONNA
and SAMARIDIS 1995), the closely related products of immunoglobulin-like tran-
scripts (ILTs) (CeLLA et al. 1997; CoLonNA 1997) and leukocyte immunoglobulin-
like receptors (LIRs) (CosMAN et al. 1997), the inhibitory type of paired immu-
noglobulin-like receptors (PIR-B) (KuBaGgawa et al. 1997), the leukocyte-associ-
ated immunoglobulin-like receptors (LAIRs) (MEYAARD et al. 1997), the inhibi-
tory subgroup of signal-regulatory proteins (SIRP-o) (Fusioka et al. 1996;
KHARITONENKOV et al. 1997), CD72 (Wu et al. 1998; ApAcHi et al. 1998), CD22
(CampBELL and KrinMaN 1995), gp49B1 (KaTz et al. 1996), PD-1 (NISHIMURA
et al. 1998), Ly-49 (NAkAMURA et al. 1997), NKG2 A (LE DRrEeAN et al. 1998),
CD66 (Hmoba et al. 1988), and MAFA (GuTHMANN et al. 1995). Most ITIM-
bearing molecules are expressed by cells of hematopoietic origin with variable re-
strictions in their tissue distribution. FcyRIIB, ILTs/LIRs, PIR-B, and LAIRs have
a wide expression; whereas KIRs, Ly-49, NKG2 A, CD22, gp49B1, CD72, PD-1,
CD66, and MAFA have restricted tissue distribution. SIRP-a are remarkable in
that they are expressed by hematopoietic and nonhematopoietic cells.
ITIM-bearing molecules belong to two major molecular superfamilies: the
immunoglobulin superfamily (IgSF) and the C-type lectin superfamily. Most are
IgSF molecules. They possess one (PD-1), two (FcyRIIB, KIR-2Ds, LAIRs,
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gp49B1, ILT-3, LIR-5), three (KIR-3Ds, SIRP-a), four (ILTs/LIRs), or six (PIR-
B) immunoglobulin-like extracellular domains whose ligands are not all known.
FcyRIIB bind complexed IgG antibodies (HULETT and HoGARTH 1994); KIRs
(MoRETTA et al. 1997) and LAIRs (MEYAARD et al. 1997) bind to MHC class I
molecules, CD72 to CD5 (BikaH et al. 1998), and CD22 to sialylated glycoproteins
(ENGEL et al. 1995). Ly49, NKG2 A, CD66 and MAFA belong to the lectin
superfamily. The extracellular domain of Ly49 binds to mouse MHC class I mol-
ecules (BROwN et al. 1997); and that of NKG2 A to HLA-E (BORREGO et al. 1998;
BRAUD et al. 1998) and Qa-1 molecules (VANCE et al. 1998).

Except the FcyRIIB and the gp49B1 genes, genes encoding ITIM-bearing
molecules of the IgSF belong to the a locus located on chromosome 19 in humans
(19q13.1-19q13.4) (WAGTMANN et al. 1997) and on the syntenic locus on chromo-
some 7 in mice (Fig. 1). The FcyRIIB gene maps within the FcR locus on chro-
mosome 1 in both humans and mice (Fig 1). (Qru et al. 1990), and gp49B1 on mouse
chromosome 10 (N. Wagtmann, personal communication). Some lectin superfamily
molecules are encoded by genes which map at the NKC locus on human chromo-
some 12 and on mouse chromosome 6 (BROWN et al. 1997). Interestingly, in genes
coding for IgSF molecules, ITIMs are all encoded by a single exon that is preceded
by a type 0-intron (E. Vivier and F. Vély, unpublished). This suggests that duplicated
ITIM exons may have been readily translocated from gene to gene at specific loci
during evolution. One may also notice that ITIM-bearing molecules such as KIRs
and Ly49s, which bind specifically to highly polymorphic, classical MHC class Ia
molecules, are encoded by multiallelic genes which generate molecules with extensive
polymorphism of their extracellular domains (SELVAKUMAR et al. 1997). In contrast,
nonclassical nonpolymorphic HLA-E/Qa-1 MHC class Ib molecules are the ligands
of nonpolymorphic NKG2 A/CD9% (BorreGo et al. 1998; BRAUD et al. 1998).
Likewise, FcyRIIB, which bind to the constant domains of heavy chains of different
isotypes of IgG, are encoded by a single nonpolymorphic gene (Qru et al. 1990).

Fig. 1. Chromosome mapping of genes encoding ITIM-bearing molecules
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6 M. Daéron and E. Vivier

The comparison of ITIM sequences in the many ITIM-bearing inhibitory
receptors led to the recognition of a consensus motif based on three conserved
residues. Classically, this motif is: YxxL/V, preceded by an aliphatic (I, V, or L)
residue at position Y-2 (Vivier and DAErRoN 1997). If ITIMs are degenerate motifs,
one sequence, VIYAQL, appears to be remarkably conserved among ITIM-
bearing molecules of both the IgSF and the lectin superfamily with the following
constant features: it is always associated with a second tandem ITIM having
another sequence, from which it is separated by an average number of 30 residues;
and it is located proximal to the membrane. This suggests that some ITIMs may be
more canonical than others, possibly with distinct functional properties.

Their ability to recruit cytoplasmic SH2 domain-bearing phosphatases, when
tyrosyl phosphorylated has been proposed as a functional definition of ITIMs
(Vivier and DAErRoN 1997). The in vivo binding specificity of phosphorylated
ITIMs was first defined using synthetic phosphopeptides. Most ITIMs were found
to bind to SHP-1 and/or SHP-2, the two known SH2 domain-bearing cytoplasmic
protein tyrosine phosphatases (CAMPBELL and KLINMAN 1995; D’AMBROSIO et al.
1995; BURSHTYN et al. 1996; OLCESE et al. 1996; KHARITONENKOV et al. 1997; VELY
et al. 1997, ApacHi et al. 1998; Wu et al. 1998). FcyRIIB and gp49B1 ITIMs
bound SHP-1 and SHP-2, but also the SH2 domain-bearing inositol polyphosphate
S-phosphatase SHIP (FonG et al. 1996; ONo et al. 1996; MALBEC et al. 1998;
Kuroiwa et al. 1998). Studies of phosphopeptides bearing amino acid substitutions
permitted identification. of the aliphatic residue, at position Y-2, as determining the
binding specificity of ITIMs for SHP-1 and SHP-2 (VELY et al. 1997; BURSHTYN
et al. 1997). What determines the affinity of ITIMs for SHIP is unknown. Re-
markably, TTIM-bearing molecules appeared to recruit specific phosphatases in
vivo among those they can bind in vitro. Thus, in both mast cells and B cells,
murine FcyRIIB selectively recruit SHIP in vivo (FONnG et al. 1996; Ono et al.
1997), although, when incubated in lysates from the same cells, phosphopeptides
corresponding to the FcyRIIB.ITIM bind SHIP as well as SHP-1 and SHP-2 in
vitro. Likewise, SHP-2 was found to be selectively recruited by the N-terminal
ITIM of KIRs (Brunns et al. 1999), although corresponding phosphopeptides
bound both SHP-1 and SHP-2 in vitro. The molecular bases for the differential
selective, in vivo recruitment of phosphatases is unknown.

ITIM-bearing molecules possess variable numbers of ITIMs. FcyRIIB and
Ly-49 have a single ITIM; KIRs, LAIRs, gp49B1 and Ly-49. have two ITIMS
CD22 has three ITIMs; and SIRP-a, ILTs/LIRs, and PIR-B have four potential
ITIMs. The biological significance of the presence of several inhibitory motifs in the
majority of ITIM-bearing molecules is not fully understood. ITIMs may have
redundant additive effects or nonredundant complementary and possibly cooper-
ative effects. The N-terminal and the C-terminal ITIMs in the intracytoplasmic
domain of KIRs, for example, were recently found to have nonredundant effects
and to cooperate in order to fully inhibit éell activation. Thus, the N-terminal ITIM
was necessary and sufficed to recruit SHP-2 in vivo, but not SHP-1, the recruitment
of which required both ITIMs (BrRuuns et al. 1999).
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3 A Network of Negative and Positive Receptors

One constant feature of ITIM-bearing molecules is that several such regulatory
molecules are coexpressed on single cells. Thus, human NK cells express KIRs
(MoREeTTA et al. 1997), ILT-2 (CoLonNA et al. 1997), and CD94/NKG2 A (LAzeTIC
et al. 1996); mast cells express FcyRIIB (BENHAMOU et al. 1990), MAFA (Gur-
HMANN et al. 1995), gp49B1 (CAsTELLS et al. 1994), and PIR-B (KUuBAGAWA et al.
1997); B cells express FcyRIIB (AMIGorRENA et al. 1989), CD72 (ApAcH! et al.
1998), PIR-B (KuBaGgawa et al. 1997), ILT2 (CoLoNNA et al. 1997), and CD22
(SATo et al. 1996). The coexpression of multiple ITIM-bearing molecules provides
hematopoietic cells with multiple means of controlling cell activation at different
times, in different environments, by different ligands, and by different mechanisms.
Interestingly, KIRs and Ly-49 are expressed during the terminal differentiation of
NK cells and of memory T cells, whereas FcyRIIB and PIR-B are expressed early
on progenitors of hematopoietic cells and remain expressed on differentiated cells.
Different inhibition pathways may thus be used by individual cells, at different
stages of differentiation and with different biological consequences.

Positive and negative molecules which belong to different molecular families
and are engaged by different ligands on single cells may indeed establish different
types of crosstalk. When coaggregated with ITAM-bearing receptors, ITIM-bear-
ing molecules which recruit SHIP (such as FcyRIIB), or SHP-1 and SHP-2 in
different respective proportions (such as KIRs and SIRP-a), inhibit distinct steps of
signal transduction during cell activation. Thus, FcyRIIB need to be phosphory-
lated by PTKs provided by activating receptors such as ITAM-bearing receptors
(MALBEC et al. 1998), and they negatively regulate cell activation by interfering
with downstream signaling events via SHIP (Ono et al. 1997). SHIP dephos-
phorylates the activation product of PI3-kinase, PtdIns(3, 4, 5)P3, which is nec-
essary to recruit Btk to the membrane (GuptA et al. 1997; Ono et al. 1997). Btk is
mandatory for generating a sustained influx of extracellular Ca®>*. By contrast,
KIRs may be phosphorylated by their own kinases (Ick) (BINSTADT et al. 1996) and
they block initial signaling events by recruiting SHP-1 and SHP-2, which may
dephosphorylate ITAMs, protein tyrosine kinases, and/or LAT recruited by acti-
vating receptors (VALIANTE et al. 1996). KIRs may thus establish a potential, pre-
existing threshold inhibition that needs to be overcome by activating receptors,
whereas FcyRIIB may ensure an “a la carte” regulation which only takes place
after activation has been initiated.

Most ITIM-bearing inhibitory receptors have cell-activating counterparts
which share extracellular ligands and are encoded by separate genes (VELY and
VIviEr, 1997). Distinct genes encode FcyRIIB and FcyRIIIA (or, in humans,
FcyRITIA/C) (Quu et al. 1990), inhibitory and activating KIRs (Biassoni et al.
1996), PIR-A and PIR-B (ALLEY et al. 1998), ILT-3 and ILT-1/LIR-7 (NAKAJIMA
et al. 1999), SIRP-a and SIRP-B (KHARITONENKOV et al. 1997), Ly-49 A and Ly-
49D/H (TaAkeE! et al. 1997), and NKG2 A and NKG2 C (HoucHins et al. 1991).
FcyRIITA (WITHMUELLER et al. 1992), FcyRIIA/C (ReTH, 1989), cell-activating
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KIRs (OLcese et al. 1997; LANIER et al. 1998b), Ly49D/H (SmitH et al. 1998),
NKG2 C (Lanier et al. 1998a), and PIR-A (MAEDA et al. 1998) possess or are
associated with subunits which possess ITAMs. The molecular bases of cell-acti-
vating properties of SIRP-f are not yet known. In some cases, positive and corre-
sponding negative regulatory molecules of the same family are expressed on single
cells. Thus, FcyRIIB and FcyRIIIA are coexpressed by mouse mast cells (BEN-
HAMOU et al. 1990), FcyRIIB and FcyRIIA/C by human basophils (DAERON et al.
1995a); and biological responses to the coligation of the two receptors by IgG
antibodies, which cannot discriminate the two receptors, depend on the relative
proportion of positive and negative receptors. The negative effect of PIR-B was
found to overweigh the positive effect of PIR-A (BLERY et al. 1998) which are
coexpressed by B cells and mast cells.

Interestingly, some ITIM-bearing molecules, such as CD22, are also activating
molecules (SATO et al. 1996). This suggests that regulatory interactions involving
ITIMs may take place not only “in frans”, between distinct positive and negative
molecules, but also “in cis”’, between molecular motifs with positive and negative
regulatory properties respectively, and borne on the same molecule. If so, the group
of ITIM-bearing molecules might be extended to include a variety of receptors,
such as the erythropoietin receptor which bears ITIM-like sequences that were
shown to recruit SH2 domain-bearing phosphatases which negatively regulate Jak/
Stat-mediated transduction pathways (KLINGMULLER et al. 1995). Finally, ITIM-
bearing molecules can negatively regulate not only cell activation by ITAM-bearing
receptors, but also cell proliferation induced by transmembrane protein tyrosine
kinase receptors (RTKs). FcyRIIB were recently found to become tyrosyl phos-
phorylated, to recruit SHIP, and to inhibit c-kit-mediated proliferation of mouse
mast cells when coligated with c-kit by IgG anti-c-kit antibodies. Inhibition was
correlated with a blockade of the cell cycle in the G1 phase (MALBEC et al. 1999).
Likewise, the overexpression of SIRP-a was sufficient to inhibit RTK-dependent
cell proliferation via the recruitment of SHP-2 (KHARITONENKOV et al. 1997). These
observations further extend the list of biological processes that can be controlled by
ITIM-bearing receptors.

4 Concluding Remarks

A complex network involving ITIM-bearing molecules and a variety of receptors
capable of triggering cell activation and/or cell proliferation and differentiation may
thus take place at the surface of a large number of cells. These include, but are not
restricted to, cells of hematopoietic origin. Depending on the cell type, their dif-
ferentiation stage, and available extracellular ligands, different configurations of
this network can be established. Such networks may be more intricate, since mol-
ecules identified as being involved in regulation by negative receptors appear to
regulate constitutively cell-activating receptors. SHIP, for example, can be recruited
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not only by FcyRIIB, but also by FceRI, and may negatively regulate IgE-depen-
dent mast cell activation in the absence of IgG. Indeed, mast cells from SHIP-
deficient mice exhibited enhanced IgE-induced mediator release (HUBER et al. 1998).
It follows that the opposition between negative and positive receptors may turn out
to be more apparent than real and that the latter molecules could exert more subtle
regulatory effects than was anticipated from the original all-or-none paradigm.

Our aim was to invite colleagues who have made significant contributions in
the field of ITIMs to write an updated review on specific ITIM-bearing molecules
and to have all the reviews published together for the first time in a single volume.
Some ITIM-bearing molecules, such as SIRP-a, CD66, PD1 or CD72, are not
reviewed in this volume. We nevertheless believe that the present set of papers on
the best known ITIMs, viewed from different perspectives, might provide the basis
for an integrated scheme that we hope will contribute to a better understanding of
the biology of ITIM-bearing molecules.
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Mathieu Bléry for their help in the completion of this manuscript.
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1 Introduction

FcyRIIB are single-chain, low-affinity receptors for the Fc portion of IgG which
belong to the immunoglobulin superfamily (DAERON 1997a). They bind IgG anti-
bodies either complexed to multivalent soluble antigens or bound to cell membrane
antigens. The FcyRIIB gene possesses three exons that encode the intracytoplasmic
domain. By alternative splicing, it generates two (in humans) or three (in mice)
isoforms of membrane FcyRIIB that differ only in their intracytoplasmic sequences
(RAVETCH et al. 1986; HiBss et al. 1986; LEwis et al. 1986; Brooks et al. 1989;
LaTour et al. 1996). FcyRIIB are involved in the internalization of IgG immune
complexes; and FcyRIIB isoforms were shown to differentially mediate the
phagocytosis of particulate immune complexes and/or the endocytosis of soluble
immune complexes (DAERON et al. 1993). No FcyRIIB isoform is able to trigger cell
activation (DAERON et al. 1992). Instead, all isoforms were found to negatively
regulate cell activation.
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2 FcyRIIB as General Negative Regulators
of Hematopoietic Cells

Evidence that receptors for the Fc portion of IgG (FcyR) can negatively regulate
cell activation stems from early in vivo works which showed that passively ad-
ministered IgG antibodies to an immunogen specifically suppressed antibody re-
sponses to that immunogen (HENrRY and JERNE 1968). Suppression was also
induced by IgG antibodies to epitopes borne by immunoglobulins (MANNING and
JutiLA 1972; Suek and Dusiski 1975; KoHLER et al. 1978). In vivo and in vitro
analysis showed that the suppressive properties of antibodies require an intact Fc
portion (SINCLAIR and CHAN 1971; SHek and Dusiski 1975; KoHLER et al. 1977;
Heyman 1990), and identified surface immunoglobulins on B cells, which were later
shown to constitute the antigen-binding subunit of the B cell receptor (BCR), as the
targets of suppressive antibodies or antigen—antibody complexes. Based on these
findings, a model was proposed by Sinclair, according to which the coaggregation
of surface immunoglobulins and FcyR expressed by B cells delivered a negative
signal that could inhibit the positive signal delivered by the aggregation of BCR
(SincLAIR and CHAN 1971). Involvement of FcyR in negative signaling was sub-
sequently confirmed by showing that monoclonal antibodies to the binding site of
mouse FcyR prevented anti-immunoglobulin-induced inhibition of B cell activation
in vitro (PHiLLIPS and PARKER 1984) and in vivo (HEymMAN 1989). Later on, when
FcyR were cloned, mouse B cells were shown to express no FcyR other than
FcyRIIB (AMIGORENA et al. 1989; LATOUR et al. 1996). Reconstitution experiments
conducted in the ITA1.6 cell line, a FcyRIIB-deficient variant of the murine B cell
lymphoma A20/2 J, showed that the inhibitory properties of FcyRIIB reside in
sequences of the intracytoplasmic domain encoded by the third intracytoplasmic
exon that are common to all three murine FcyRIIB isoforms (AMIGORENA et al.
1992; LATOUR et al. 1996). It then became a popular paradigm that B cell activation
could be negatively regulated, through FcyRIIB, by the end-products of B cell
activation (i.e. IgG antibodies) which, in the form of immune complexes, could
coaggregate BCR via the antigen moiety and FcyRIIB via the Fc portion of an-
tibodies.

FcyRIIB, however, are expressed by hematopoietic cells other than B lym-
phocytes. Murine FcyRIIB are also expressed by activated T cells, particularly of
the TH2 and y/d subsets (SANDOR and LyncH 1992), macrophages, monocytes
(MELLMAN et al. 1988), Langerhans cells (EsposiTo-FARESE et al. 1995), and mast
cells (BEnHAMoOU et al. 1990). Human FcyRIIB are constitutively expressed by
macrophages, monocytes, and Langerhans cells (HULETT and HOGARTH 1994).
They are also expressed on some activated T cells (MANTZzIORIS et al. 1993).
FcyRIIB are expressed early in ontogeny (LyNcH and SANDOR 1990) on precursor
cells of the lymphoid, myeloid, and megakaryocytic lineages. FcyRIIB are
expressed on fetal hematopoietic cells, at a time when antibody synthesis has not
yet started, but when maternal antibodies are still present. As a consequence, IgG
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antibodies could potentially negatively regulate the activation of FcyRIIB-positive
hematopoietic cells other than B cells.

The recognition of a shared immunoreceptor tyrosine-based activation motif
(ITAM) in the intracytoplasmic domains of transduction subunits associated with
the BCR, the T cell receptor (TCR), and FcR (RetH 1989) provided the molecular
basis for an extension of the negative regulatory properties of FcyRIIB to cell
activation by receptors other than BCR. Indeed, ITAM-bearing receptors were
shown to trigger cell activation by using variations on a common signal trans-
duction scheme (CAMBIER 1995). Immunoreceptors have no intrinsic enzymatic
activity, but they are constitutively or inducibly associated with one or several
membrane-anchored protein tyrosine kinases of the src family. Upon receptor
aggregation, these kinases tyrosyl phosphorylate ITAMs. Phosphorylated ITAMs
then provide docking sites for SH2 domain-bearing cytoplasmic molecules which
initiate chains of enzymatic reactions. Recruited molecules are primarily cyto-
plasmic protein tyrosine kinases (Syk or ZAP70) that lead to the mobilization of
intracellular Ca®*, and adapter molecules, such as shc, that connect immunore-
ceptors to metabolic pathways, such as the ras pathway, leading to the expression
of inducible genes (DAERON 1997a).

Based on these grounds, we investigated whether FcyRIIB could affect cell
activation by ITAM-bearing receptors other than BCR. We found that, besides
BCR-mediated B cell activation, FcyRIIB could also negatively regulate TCR-
mediated T cell activation and FcR-mediated mast cell activation. Using single-
chain chimeric molecules, the intracytoplasmic domain of which contained a single
ITAM derived from the BCR-associated Igo subunit (MuTta et al. 1994), the TCR-
associated { subunit, or the FceRI-associated FcRy subunit (DAERON et al. 1995a),
and which were coaggregated with FcyRIIB expressed on B cells or mast cells,
FcyRIIB-mediated negative regulation was extended to all ITAM-bearing recep-
tors (DAErRON et al. 1995a). Remarkably, in order to inhibit cell activation,
FcyRIIB needed to be coaggregated with ITAM-bearing receptors by the same
bispecific extracellular ligand, whatever its fine specificity, and cell activation
needed to be triggered via those receptors that were coaggregated with FcyRIIB
(DAERON et al. 1995b).

Whether FcyRIIB-mediated negative regulation was specific for ITAM-
dependent cell activation or whether it could be further extended to cell activation
by receptors with no ITAM remained an unanswered question. From a teleological
point of view, it might seem logical that one of the major effector molecules of the
immune system, i.e., IgG antibodies, would specifically control the activation of
cells bearing receptors involved in the recognition of antigen under its different
forms. IgG autoantibodies to a variety of cell surface molecules were, however,
found in the serum of normal individuals (AVRAMEAS et al. 1981) and in the serum
of patients suffering from various diseases (KAZATCHKINE et al. 1994). We therefore
examined whether FcyRIIB might inhibit mast cell proliferation induced via c-kit, a
model of growth factor receptor tyrosine kinase (RTK) of the PDGF receptor
family which controls mast cell development and differentiation (DUBREUIL et al.
1990). By contrast with immunoreceptors, RTKs have an intrinsic enzymatic
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activity due to the presence of a protein tyrosine kinase domain in their intracy-
toplasmic portion. When dimerized by growth factors — stem cell factor (SCF) in
the case of c-kit — they autophosphorylate and recruit cytoplasmic signaling mol-
ecules which lead to the entry of cells into the cell cycle and, ultimately, to cell
division. Among the molecules recruited by RTKs, several are also recruited by
ITAM-bearing receptors (ROTTAPEL et al. 1991).

We found that, when complexed to F(ab’)2 fragments of polyclonal mouse anti-
rat immunoglobulins, F(ab’)2 fragments of a rat anti-mouse c-kit (OGawa et al.
1991) could mimic the effects of SCF and induce [°H]thymidine incorporation in
growth-factor-dependent bone-marrow-derived mouse mast cells which constitu-
tively express FcyRIIB. Under the same conditions, intact IgG anti-c-kit failed to
induce significant thymidine incorporation, unless mast cells were preincubated with
2.4G2, a rat monoclonal antibody which blocks the binding site of mouse FcyRIIB,
or were derived from FcyRIIB-deficient mice. C-kit-mediated mast cell proliferation
can therefore be negatively regulated by FcyRIIB, and inhibition was correlated
with an arrest of the cell cycle in G1 (MALBEC et al. 1999). As other RTKs utilize
similar transduction pathways as c-kit to deliver proliferation signals to cells, one
can hypothesize that FcyRIIB may control cell growth triggered by other RTKs.
These include platelet-derived growth factor (PDGF) receptors, colony-stimulating
factor (CSF) receptors, epithelial growth factor (EGF) receptors, fibroblast growth
factor (FGF) receptors, nerve growth factor (NGF) receptors, vascular endothelial
growth factor (VEGF) receptors, insulin-like growth factor (IGF) receptors, and
insulin receptors. Major effector molecules of the immune system, IgG antibodies,
may thus control the proliferation of most cells of hematopoietic lineage.

FcyRIIB can therefore be understood now as general regulators not only of
ITAM-bearing receptor-dependent activation of immune cells, but also of growth
factor receptor-dependent proliferation of hematopoietic cells.

3 FcyRIIB and the Concept of Immunoreceptor
Tyrosine-based Inhibition Motif

The mutational analysis of sequences responsible for FcyRIIB-mediated inhibition
of BCR-, TCR-, and FcR-dependent cell activation identified a 13-amino acid
sequence that was necessary (AMIGORENA et al. 1992; DAERON et al. 1995a) and
sufficient (MuTa et al. 1994) for inhibition. The point mutation of the one tyrosine
residue contained in that sequence sufficed to abrogate the inhibitory properties of
FcyRIIB (MuTa et al. 1994; DAERON et al. 1995a). Because this tyrosine is fol-
lowed, at position Y + 3, by a leucine residue, the YxxL motif was reminiscent of
the double YxxL motif of ITAMs, and the term “immunoreceptor tyrosine-based
inhibition motif >’ (ITIM) was adopted at a time when it was known to be present in
a single molecule only. The subsequent recognition of similar motifs first in killer
cell inhibitory receptors (KIRs) (OLCESE et al. 1996; BURSHTYN et al. 1997), then in
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an increasing number of molecules with negative regulatory properties (UNKELESS
and JiN 1997; DAERON 1997b), substantiated the concept of an inhibitory motif;
and sequence comparison of ITIM-bearing molecules revealed the conservation of
a third residue (I, L or V) at position Y-2 (BursHTYN et al. 1997; Vivier and
DAERON 1997).

Like ITAMs, ITIMs are not functional as such: they need to become tyrosyl
phosphorylated and, like ITAMs, when phosphorylated, they recruit cytoplasmic
molecules bearing SH2 domains. The ability of phosphorylated ITIMs to bind SH2
domain-bearing molecules in vitro was first analyzed using immobilized synthetic
peptides incubated with lysates from [**S]methionine-labeled cells by autoradiog-
raphy and Western blot analysis (D’AMBRosiO et al. 1995; FonG et al. 1996;
BURSHTYN et al. 1997; MALBEC et al. 1998). Remarkably, phospho-ITIMs were
found to have an affinity for SH2 domain-bearing phosphatases only. All phospho-
ITIMs studied so far had an affinity for one or both protein tyrosine phosphatases,
SHP-1 and SHP-2 (SCHARENBERG and KINET 1996; UNKELESS and JiN 1997; LoNG
et al. 1997). A few, including the FcyRIIB ITIM, also bound the phosphatidyli-
nositol polyphosphate 5-phosphatase SHIP (OnNo et al. 1996). The Y-2 residue was
shown to determine the ability of phospho-ITIMs to bind SHP-1 and SHP-2, and
to have no influence on the binding of SHIP (VELy et al. 1997).

The original intuition that the inhibitory sequence of FcyRIIB might contain
an inhibitory motif with a wide distribution thus proved to be amply validated
when other molecules with negative regulatory properties were identified. Ironi-
cally, however, the first recognized ITIM turned out to be a unique inhibitory
motif, and FcyRIIB were found to be unique inhibitory receptors among all ITIM-
bearing molecules. Indeed, the mechanism by which FcyRIIB negatively regulate
cell activation and proliferation is not the same as mechanisms used by other ITIM-
bearing negative receptors.

4 Mechanism of FcyRIIB-dependent Negative Regulation

The mechanism of FcyRIIB-mediated inhibition has been extensively studied in B
lymphocytes. B lymphocytes, however, present various disadvantages. The acti-
vation of B lymphocytes induced by BCR aggregation involves several coreceptors,
such as CD22 and CD19, that are constitutively associated with BCR (PLEINMAN
et al. 1994). Most studies of FcyRIIB-mediated inhibition in B lymphocytes com-
pared the consequences of aggregating BCR, using F(ab’)2 fragments of anti-BCR
antibodies, with the effects of coaggregating FcyRIIB with BCR, using intact IgG
anti-BCR. Mast cells provide a simpler model than B cells. FceRI are not known to
be associated with coreceptors in mast cells, and reconstitution experiments in
fibroblasts suggested that they need no coreceptor to transduce activation signals
(ScHARENBERG et al. 1995). FceRI aggregation leads to the release of preformed
granule mediators within minutes, followed by the release of newly formed lipid-
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derived mediators and, ultimately, by the secretion of cytokines. Release of pre-
formed mediators is a direct consequence of increased intracellular Ca®>* concen-
tration, whereas cytokine synthesis also requires the activation of the ras pathway.
To study the mechanism of FcyRIIB-mediated mast cell inhibition, we designed a
combination of ligands which enabled us to examine intracellular events following
the aggregation of FcyRIIB, the aggregation of FceRI, or the coaggregation of
FcyRIIB with FceRI. Using these ligands, we demonstrated that the simple
occupancy of FcyRIIB or the simultaneous aggregation of FcyRIIB do not prevent
IgE-induced mediator release by mast cells, whereas the coaggregation of FceRI
with FcyRIIB inhibits the release of granule mediators and the secretion of cyto-
kines (DAERON et al. 1995b). Inhibition was correlated with a decreased extracel-
lular Ca®" influx (Fong et al. 1996; MALBEC et al. 1998). Likewise, the inhibition
of c-kit-dependent mast cell proliferation required the coaggregation of c-kit with
FcyRIIB (MALBEC et al. 1999).

We found that the coaggregation of FceRI with FcyRIIB did not affect the
phosphorylation of FceRI ITAMs. As this phosphorylation was shown to be
mediated by the PTK lyn (SCHARENBERG et al. 1995), one can assume that lyn is
normally recruited and/or activated upon FcyRIIB-FceRI coaggregation. We also
found that syk was normally recruited and activated upon FcyRIIB-FceRI coag-
gregation (MALBEC et al. 1998), indicating that FcyRIIB does not affect the initials
steps of signal transduction by FceRI. When coaggregated with FceRI, FcyRIIB
was phosphorylated on the ITIM tyrosine within seconds. Since FcyRIIB are not
phosphorylated when aggregated, they are probably not constitutively associated
with a PTK. We therefore hypothesized that FcyRIIB might be phosphorylated by
FceRI-associated PTKs. By in vitro kinase assays, we showed that PTKs which
coprecipitate with FceRI and are activated upon FceRI aggregation, could indeed
phosphorylate a GST fusion protein made of the intracytoplasmic domain of
FcyRIIB. When immunoprecipitated from activated mast cells, either lyn or syk
could phosphorylate in vitro the same fusion protein. However, when coaggregated
with FceRI, FcyRIIB became tyrosyl phosphorylated in mast cells derived from
syk-deficient mice, as efficiently as in wild-type mast cells, but not in mast cells
derived from lyn-deficient mice (MALBEC et al. 1998). In mast cells, the in vivo
phosphorylation of FcyRIIB, therefore, does not depend on syk, but requires lyn;
and lyn cannot be replaced by another PTK. In contrast, FcyRIIB were normally
phosphorylated upon coaggregation with BCR in lyn-deficient B lymphocytes,
suggesting that lyn can be replaced by another PTK in B cells (WANG et al. 1996).
This kinase may not be present in mast cells or recruited by FceRI.

FcyRIIB also become tyrosyl phosphorylated when coaggregated with c-Kit in
mast cells. The phosphorylation of c-Kit was found not to be affected by coag-
gregation with FcyRIIB (MALBEC et al. 1999). Based on the role of FceRI-asso-
ciated kinases during FcyRIIB-FceRI coaggregation, one can suggest that FcyRIIB
might be phosphorylated by the kinase domain of c-Kit or by a nonreceptor PTK
recruited by c-Kit upon c-Kit activation.

That phosphorylated FcyRIIB could recruit SH2-bearing phosphatases was
first observed in B cells (D’AMBROSIO et al. 1995; Ono et al. 1996). Subsequent
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studies in mast cells showed that, when coaggregated with FceRI, phosphorylated
FcyRIIB recruit SHIP (Onoet al. 1996), but not SHP-1 or SHP-2 (Fong et al. 1996).
FcyRIIB-mediated inhibition was conserved in mast cells (FONG et al. 1996; Ono
et al. 1996), but not in B cells (ID’AMBRrosIo et al. 1995) derived from SHP-1-deficient
moth-eaten mice. Supporting a predominant role of SHIP in FcyRIIB-mediated
inhibition, including in B lymphocytes, chimeras made of the catalytic domain of
SHIP in place of the FcyRIIB intracytoplasmic domain were able to reproduce the
inhibition, when coaggregated with BCR in DT40 B cells (Ono et al. 1997). More-
over, FcyRIIB-mediated inhibition was conserved in SHP-1-deficient, but not in
SHIP-deficient DT-40 cells (Ono et al. 1997). Finally, the coaggregation of FceRI or
BCR with FcyRIIB whose Y-2 isoleucine residue, in the ITIM motif, was mutated
(this mutation was demonstrated to prevent FcyRIIB ITIM from associating with
SHP-1) inhibited mast cell and B cell activation (Bruhns et al., submitted).

SHIP is an inositol polyphosphate 5-phosphatase (DAMEN et al. 1996), whose
primary substrate is membrane-anchored phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3). During cell activation, PIP3 is produced by the phosphorylation of
PI1(4,5)P2 by PI3 kinase (PI3K). PIP3 was described to interact with PH domains,
particularly those of PTKs of the Tec family, such as Btk (SALIM et al. 1996). This
interaction enables translocation of Btk to the plasma membrane, where it can
interact with and be phosphorylated by lyn. Activated Btk then phosphorylates
phospholipase C-y (PLCy). This enhances the production of inositol (1,4,5)-tris-
phosphate (IP3), which is responsible for the release of intracellular Ca*" stores
(CLapPHAM 1995). During coaggregation of FcyRIIB with FceRI or with BCR,
SHIP recruited by phosphorylated FcyRIIB can dephosphorylate PIP3 into
PI(3,4)P2, thus preventing the membrane recruitment of Btk. Supporting this
conclusion, the expression of Btk as a membrane chimera in DT-40 cells was
sufficient to abrogate FcyRIIB-mediated inhibition, suggesting that the inhibition
of recruitment and activation of Btk accounts for SHIP-mediated inhibition
induced by FcyRIIB (BoLLAND et al. 1998). Btk activation was indeed shown to be
required for the sustained production of IP3, initiated by PLC-y, and for the
subsequent opening of membrane Ca®" channels (SCHARENBERG et al. 1998). As a
consequence, FcyRIIB-mediated inhibition prevents the influx of extracellular
calcium without affecting the initial mobilization of intracellular Ca?" stores
(CHOQUET et al. 1993; BLERY et al. 1997).

A comparable mechanism is likely to account for FcyRIIB-mediated inhibition
of c-kit-dependent mast cell proliferation. Following coaggregation with c-Kit in
mast cells, phosphorylated FcyRIIB were found to selectively recruit SHIP. The
role of SHIP in the inhibition of c-Kit-mediated proliferation remains to be dem-
onstrated. C-kit, however, activates PI3K which generates PIP3 (ROTTAPEL et al.
1991), the substrate of SHIP. Supporting the role of SHIP in FcyRIIB-mediated
inhibition, several growth factors, including SCF, were found to induce exagger-
ated proliferative responses of progenitors of hematopoietic cells in SHIP-deficient
mice (HELGASON et al. 1998).

The study of FcyRIIB-mediated inhibition mechanism disclosed a unique
mode of cooperation between FcyRIIB and ITAM-bearing receptors. It docu-
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mented the biological significance of the necessary coaggregation of inhibitory
receptors with cell-activating receptors. By providing activated kinases, ITAM-
bearing receptors indeed play an active role in their own inhibition by FcyRIIB.
This mechanism differs in that way from mechanisms that account for inhibition of
cell activation by all other ITIM-bearing receptors that recruit SHP-1 and/or
SHP-2. KIRs, for example, which inhibit NK and T cell activation, are constitu-
tively associated with the src family PTK Ick in NK cells. KIRs are tyrosyl phos-
phorylated when aggregated, and phosphorylation is further enhanced when they
are coaggregated with ITAM-bearing receptors (VELY et al. 1997). Phosphorylated
KIRs recruit SHP-1 (BursHTYN et al. 1996) and SHP-2 (BruHNs et al. 1999).
Coaggregation thus brings KIR-associated protein tyrosine phosphatases in con-
tact with their tyrosyl phosphorylated substrates. Upon coaggregation of FcyRIIIA
with KIRs in T lymphocytes, the ITAMs of FcyRIIIA, and possibly Ick, are
dephosphorylated, and ZAP-70 and PLCy are not activated (BINSTADT et al. 1996).
In KIR-mediated inhibition, the inhibited receptors are therefore passive targets of
phosphatases recruited by the inhibitory receptors, and initial steps of signal
transduction are aborted. By contrast, FcyRIIB-mediated inhibition does not
operate until signal transduction is initiated by ITAM-bearing receptors, and it acts
downstream of ITAM phosphorylation and syk recruitment (MALBEC et al. 1998).
The two mechanisms of inhibition may not have the same biological consequences
on the physiology of the cell (DAaErON 1997D).

5 Biological Significance of FcyRIIB-dependent
Negative Regulation

5.1 FcyRIIB in Development

T and B cell differentiation has been shown to depend on signals delivered by the
TCR and BCR, respectively, when binding to MHC-associated peptides or antigens
with variable affinities. The expression of a functional antigen receptor is indeed a
requirement for both immature B lymphocytes to be positively selected and further
differentiate (FANG et al. 1996), and for mature B cells to survive (RAJEWSKY 1997,
LAwM et al. 1997). Transgenic mice bearing a monoclonal BCR enabled the dem-
onstration, on the other hand, that high-affinity interactions of lymphocytes with
autoantigens can deliver apoptotic signals, thus providing a basis for negative
selection (NEMAZEE and BURKI 1989). Because FcyRIIB are expressed early during
ontogeny, one may propose that they might negatively regulate signals delivered to
preB or preT cells when binding to antigen in the presence of appropriate anti-
bodies. Whether negative signals delivered by FcyRIIB may affect either positive
and/or negative selection is not known. That no gross perturbation in lymphocyte
differentiation was noticed in FcyRIIB-deficient mice (TAKAI et al. 1996) does not
preclude this possibility.
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Our finding that FcyRIIB can negatively regulate c-kit-dependent mast cell
proliferation, and probably the growth and differentiation of other cell types,
induced by other RTKs, suggests that FcyRIIB may also contribute to the control
of ontogeny of hematopoietic cells in general. C-kit, for example, is transiently
expressed at precise times during B cell differentiation (on pre B-II cells, after the
V-D rearrangement and before the D-J rearrangement) (OsMonD et al. 1998) when
FcyRIIB have already been expressed. Whether FcyRIIB might control prolifera-
tive signals delivered by c-kit at these critical moments needs to be investigated.
C-kit is also expressed by other hematopoietic cells, as well as by cells of
melanocytic and germinal lineage. If many hematopoietic cells express FcyRIIB, it
is not known which of them, among other c-kit-positive cells, also express FcyRIIB.

5.2 FcyRIIB During an Immune Response

Evidence that FcyRIIB-dependent negative regulation contributes to the regulation
of antibody response was provided by the observation that the titer of serum
antibodies was four times higher in FcyRIIB-deficient mice than in littermate
controls, following immunization with T-dependent antigens, such as SRBC, TNP-
KLH in Freund’s complete adjuvant, or with T-independent antigens such as TNP-
LPS or TNP-Ficoll (Takar et al. 1996). Surprisingly, however, the in vivo
experimental model of passively injected, antibody-induced suppression which was
at the origin of the concept may not be accounted for by FcyRIIB-dependent
negative regulation. It was indeed recently reported that passively administered,
anti-sheep red blood cell (SRBC) antibodies still suppressed anti-SRBC antibody
responses in FcyRIIB-deficient mice (KarLsson and HEymMAN 1997). These dis-
crepant observations indicate that suppression by passive antibodies may not be a
good model for the physiological negative feedback of antibody production during
a normal immune response. They emphasize the fact that several mechanisms, other
than FcyRIIB-dependent negative regulation, are likely to concur in regulation of
such a complex process as antibody response (DaEroN and HEyMAN 1998).

That FcyRIIB might control cell-mediated immunity was suggested by the
finding that coaggregation of TCR with FcyRIIB expressed on T cells inhibits the
synthesis of IL-2 by T cells (DAERON et al. 1995a). FcyRIIB-positive T helper cells
might thus be prevented from being activated when recognizing MHC-associated
peptides on antigen-presenting cells coated with IgG antibodies against any cell
surface antigen. Likewise, FcyRIIB-positive cytotoxic T cells may be prevented
from killing IgG antibody-coated target cells.

Finally, FcyRIIB expressed by mast cells and basophils may explain why 80%
of individuals in developed countries do not suffer from allergic manifestations
when exposed to the same environmental allergens as allergic patients. Anti-aller-
gen IgG antibodies were indeed shown to be produced together with IgE antibodies
by both normal individuals and allergic patients (AALBERSE et al. 1983). The high
concentration of IgG antibodies in the extracellular medium makes it seem likely
that many allergens are complexed with specific IgG antibodies before they come
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into contact with mast cells sensitized with IgE against that allergen. By coaggre-
gating FceRI and FcyRIIB, such immune complexes can be expected to maintain
mast cell activation at a physiological level, below the threshold beyond which
pathological symptoms develop. The constitutive coexpression of ITIM-bearing
FcyRIIB and ITAM-bearing FcyRIIIA or FcyRIIA/C, by mouse mast cells
(BENHAMOU et al. 1990) and human basophils (DAERON et al. 1995a), respectively,
explains several observations made in both mice and humans. In mice, peritoneal
mast cells of the serosal type readily degranulate when exposed to IgG immune
complexes (PROUVOST-DANON et al. 1966), whereas bone marrow-derived mast cells
(BMMC) of the mucous type do not (BENHAMOU et al. 1990). We found that
peritoneal mast cells express about five times more FcyRIIIA than FcyRIIB (our
unpublished observation), whereas BMMC express primarily FcyRIIB and only
traces of FcyRIIIA (DAERON et al. 1995b). In vitro experiments using rat mast cells
transfected with cDNA encoding FcyRIIIA (LATOUR et al. 1992; DAERON et al.
1992) and in vivo experiments using FcyRIIIA-deficient mice (HAzZENBOS et al.
1996) demonstrated that FcyRIITIA account for IgG-dependent mast cell degran-
ulation and anaphylaxis. One can thus propose that, as a general rule, the bio-
logical response of cells that coexpress ITAM-bearing and ITIM-bearing receptors
which bind the same extracellular ligands depends on the relative proportion of
these receptors. Interestingly, the expression of FcyRIIIA (WEINSHANK et al. 1988)
and of FcyRIIB (ConraAD et al. 1987) is differentially regulated. Supporting this
proposal, it was found that, by contrast with wild-type BMMC, BMMC from
FcyRIIB-deficient mice do degranulate in response to IgG immune complexes and
that IgG-induced passive cutaneous anaphylactic reactions are augmented in
FcyRIIB-deficient mice, compared to wild-type mice (TAKAI et al. 1996).

A similar control is likely to apply to other ITAM-bearing FcR-dependent
effector functions performed by a variety of FcyRIIB-expressing cells. These
include antibody-dependent cell-mediated cytotoxicity (ADCC) reactions per-
formed by macrophages, monocytes or eosinophils against target cells coated with
IgG, IgE, or IgA antibodies, as well as the release of mediators (e.g., enzymes,
oxygen metabolites, lipid-derived mediators, and cytokines) by the same cells in
response to antibodies of the same classes.

5.3 FeyRIIB as Potential Therapeutic Tools for Inmunotherapy

The large array of biological functions likely to be under the control of FcyRIIB
make these receptors potential tools for immunotherapy in a variety of diseases.
Some empirical treatments may already use FcyRIIB; others may be designed for
specific purposes.

The passive administration of IgG anti-D antibodies has proven to be an
efficient prophylactic treatment of hemolytic disease in Rh-positive newborns from
Rh-negative mothers (CLARKE 1967). Such antibodies may increase physiological
negative feedback control of an ongoing anti-Rh antibody response. Whether the
mechanism by which passive antibodies inhibit this response can be accounted for
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by FcyRIIB-mediated negative regulation has been suggested but not demon-
strated.

Another therapeutic maneuver that may depend on the regulatory properties
of FcyRIIB could be the remarkably efficient, but not yet understood, effects of
immunoglobulins pooled from large numbers of normal donors when administered
intravenously (IVIg) to autoimmune patients (KAZATCHKINE et al. 1994). One may
indeed propose that natural autoantibodies to antigens borne by target cells of
autoreactive T cells, or to extracellular domains of the TCR complex, may shut off
cytotoxicity by coaggregating the TCR and FcyRIIB on these cells. If so, one might
envision autoimmunity as the consequence of a defective or inefficient physiological
humoral autoimmunity, rather than the result of exaggerated or inappropriate
pathological cell-mediated autoimmunity.

Somehow less hypothetical is the role FcyRIIB might play in allergic patients
submitted to desensitization. This immunotherapy is based on the injection of
progressively increasing amounts of a specific allergen over long periods of time,
and its efficacy generally correlates with the titers of allergen-specific IgG antibodies
induced in the serum of these patients (GLEICH et al. 1978). Such a hyperimmu-
nization may thus provide IgG antibodies that, for an unknown reason, may be
lacking or inefficient in allergic patients. Desensitization, however, is, to say the
least, not always efficient; and it would be interesting, from a prognostic point of
view, to determine whether patients who respond positively to immunotherapy
differ from patients who do not, in the ability of their mast cells to be negatively
regulated by FcyRIIB.

Finally, the finding that FcyRIIB negatively regulate RTK-dependent cell
proliferation may be exploited as an immunotherapeutic approach to some cancers.
Most RTKs, indeed, exist in an oncogenic form, resulting from mutations which
make them constitutively activated in the absence of ligands. The same point
mutation was identified, for instance, in the kinase domain of c-kit expressed by
mouse (TSUIIMURA et al. 1994), rat (TsusIMURA et al. 1995), and human (FuUriTsu
et al. 1993) mastocytoma cells; and it was demonstrated that the transfection of
c-kit bearing this single amino acid substitution was sufficient to transform primary
cells and render them growth factor-independent (KiTaAyaMA et al. 1996). Since we
found that FcyRIIB inhibit c-kit-dependent cell proliferation by recruiting SHIP,
the target of which stands downstream from receptor phosphorylation, one can
propose that bispecific ligands capable of coaggregating c-kit (or another RTK)
with FcyRIIB (such as, for instance, IgG antibodies to growth factor receptors or
to their ligands) might be useful in stopping the proliferation of FcyRIIB-
expressing malignant cells.
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1 Introduction

In 1996, three groups independently cloned the hemopoietic specific src homology 2
(SH2)-containing inositol 5'-phosphatase, SHIP (DAMEN et al. 1996; LiouBIN et al.
1996; KAVANAUGH et al. 1996). Although this intracellular enzyme, which is
capable in vitro of hydrolyzing the 5'-phosphate from phosphatidylinositol-3,4,5-
trisphosphate (PIP;) and inositol-1,3,4,5-tetrakisphosphate (IP4) (DAMEN et al.
1996), was originally identified as a 145-kDa protein that became both tyrosine
phosphorylated and associated with the adaptor protein Shc in response to multiple
cytokines and to B- and T-cell receptor engagement (reviewed in Liu et al. 1997), it
is currently in the limelight because of its interaction with the negative co-receptor
FcyRIIB. Specifically, SHIP is now known to inhibit immune receptor-mediated
activation in both mast cells and B cells by binding to the tyrosine phosphorylated
immunoreceptor tyrosine-based inhibitory motif (ITIM) of the inhibitory core-
ceptor FcyRIIB (VELY et al. 1997; TRIDANDAPANI et al. 1997) and inhibiting
FceR1- and B cell receptor-induced degranulation and proliferation, respectively
(Ono et al. 1996; ONo et al. 1997). However, while activation of the B cell receptor
in the absence of FcyRIIB co-clustering does not lead to significant tyrosine
phosphorylation of SHIP (CHACKO et al. 1996), activation of the FceR1 alone does
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(HuBer et al. 1998). We therefore investigated whether SHIP plays any role in
modulating IgE-induced signaling via this immunoreceptor tyrosine based activa-
tion motif (ITAM)-containing receptor in the absence of FcyRIIB co-clustering. In
this review we discuss our findings in this area.

2 The Characterization of SHIP

SHIP possesses an amino terminal SH2 domain, two centrally located motifs highly
conserved among inositol polyphosphate 5'-phosphatases (5-ptases), two NPXY
sequences that, when phosphorylated, can bind phosphotyrosine binding (PTB)
domains, and a proline rich C-terminus theoretically capable of binding to many
SH3-containing proteins (reviewed in Liu et al. 1997) (see Fig. 1). Interestingly,
unlike most 5-ptases, SHIP selectively hydrolyzes, at least in vitro, the 5’-phosphate
from PIP; and IP; (DAMEN et al. 1996), two phosphoinositides that have been
shown to play important roles in growth factor-mediated signaling (IRVINE 1998).
The human and murine forms of SHIP possess 87.2% identity at the amino acid
level and human SHIP maps to the long arm of chromosome 2 at the border
between 2q36 and 2q37 (WARE et al. 1996). During murine development, SHIP is
first detectable, by restriction transciptase polymerase chain reaction (RT-PCR), in
7.5 day postcoitus mouse embryos (coincident with and dependent upon the onset
of hemopoiesis), and its protein expression pattern in the embryo appears restricted
to hemopoietic cells (Liu et al. 1998). In the adult mouse, SHIP protein expression
is also restricted to hemopoietic cells (and to spermatids) (Liu et al. 1998). Also
worthy of note is that SHIP protein expression appears to vary considerably during
hemopoiesis (GEIER et al. 1997; Liu et al. 1998), increasing substantially, for
example, with T cell maturation (L1u et al. 1998).

Since SHIP’s 5-ptase activity does not change significantly following cytokine
stimulation (DAMEN et al. 1996), it likely exerts its downstream effects via intra-
cellular translocation, perhaps via association with other proteins. We have
therefore sought to identify binding partners in different hemopoietic cell types.
These studies have shown that SHIP associates with Shc (via the SH2 and NPXYs

She
it Shc (PTB)
ITIMs } immuno-receptors ﬂ%
ITAMs
% mm@ ENPI@
vV Vv
SH2 5-Ptase Proline-rich

Fig. 1. The structure of SHIP and its currently known binding partners
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of SHIP with the pY*'?VNV and PTB motifs of Shc, respectively, in IL-3 stimu-
lated myeloid cell lines (Liu et al. 1997a) and via the NPXYs of SHIP with the PTB
domain of Shc in T cell receptor-activated T cells (LAMKIN et al. 1997)). SHIP also
associates with the tyrosine phosphatase, SHP-2 (via the SH2 domain of SHIP with
the pY**?XNI or pY***XNV of SHP-2 (Liu et al. 1997b)). This latter finding has
been demonstrated independently by SATTLER et al. (1997) and it is possible that
SHP-2 binding leads to the dephosphorylation of SHIP (Liu et al. 1997b). SHIP
has also been shown to bind via its SH2 domain to the ITIM of certain members of
the ITIM-bearing family of inhibitory co-receptors. Specifically, it has been shown
to bind both in vitro (VELY et al. 1997, TRIDANDAPANI et al. 1997) and in vivo
(Ono et al. 1997) to the ITIM of FcyRIIB, and in vitro to the second ITIM of
gp49B1 (Kuroiwa et al. 1998), but not to either ITIM of the killer cell inhibitory
receptor (KIR) (VELY et al. 1997)). Furthermore, SHIP’s SH2 domain, which binds
preferentially to the sequence pY(Y/D)X(L/I/V) (OsBORNE et al. 1996), has been
demonstrated to bind in vitro to the tyrosine phosphorylated ITAM within the B
(Kimura et al. 1997) and y (OsBORNE et al. 1996) subunits of the FceR1 as well as
the  chain of the T cell receptor (OsBORNE et al. 1996). However, we have been
unsuccessful in attempts to demonstrate any in vivo association, via co-precipita-
tion studies with various detergents and buffers, between SHIP and the FceR1
(Huber et al. unpublished).

Complicating matters, SHIP exists in at least four molecular weight forms; and
we have evidence that the lower 135-, 125-, and 110-kDa forms are generated from
the 145-kDa full length protein in vivo by cleavage of its proline-rich C-terminus
(DAMEN et al. 1998). While all forms become tyrosine phosphorylated in response
to cytokines, at one or both of the NPXY motifs, only the 145- and, to a lesser
extent, the 135-kDa species bind Shc; and only the 110-kDa form is associated with
the cytoskeleton (DAMEN et al. 1998). Other groups have also reported the presence
of multiple forms of SHIP (KAVANAUGH et al. 1996; OpaI et al. 1997) and shown
that the relative proportion of the different forms changes with hemopoietic
differentiation (GEIER et al. 1997) and with leukemogenesis (OpAIl et al. 1997;
SATTLER et al. 1997). Our results, however, do not rule out the possibility that
additional SHIP proteins result from alternate splicing and, in fact, minor 6-kb,
4.5-kb, and smaller SHIP mRNA species have been reported (DAMEN et al. 1996;
WARE et al. 1996; GEIER et al. 1997).

3 The Generation of a SHIP Knockout Mouse

To gain further insight into the role that SHIP plays in vivo, we recently generated
a SHIP knockout mouse by homologous recombination in embryonic stem (ES)
cells (HELGAsON et al. 1998). Based on our results, showing that the multiple forms
of SHIP were generated by C-terminal truncation of the protein product of a single
mRNA (DaMEN et al. 1998), we felt confident targeting the first exon (the
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SH2-containing region) of the SHIP gene. Hemopoietic cells from these mice lacked
all four SHIP bands while their normal littermates possessed all four, further
establishing that these proteins were derived from the same gene. Although these
mice are viable and fertile, they suffer from progressive splenomegaly, massive
macrophage infiltration of the lungs, wasting and a shortened lifespan (HELGASON
et al. 1998). Notably, granulocyte/macrophage progenitors from the bone marrow
of these mice are substantially more responsive to multiple cytokines (including
interleukin-3, granulocyte-macrophage-colony stimulating factor and Steel factor)
than their wild-type littermates (HELGASON et al. 1998), suggesting that SHIP is a
negative regulator of hemopoietic growth factor induced proliferation/survival.
Even in the absence of added growth factors, small colonies (i.e., less than 20 cells
each) are present at day 10 in 15% FCS containing methylcellulose cultures from
SHIP-/- but not +/+ bone marrow, suggesting once again that SHIP—/— pro-
genitors have a survival advantage. It is likely that the phenotype of the SHIP—/—
mouse is due in large part to the hyper-responsiveness of granulocyte/macrophage
progenitors since normal mice transplanted with bone marrow cells engineered for
retroviral-mediated overexpression of GM-CSF have a very similar phenotype (i.e.,
splenomegaly, reductions in bone marrow cellularity and patchy consolidation of
the lungs (JounsoN et al. 1989). Intriguingly, unlike granulocyte-macrophage
progenitors, late erythroid (CFU-E) and B cell progenitors are reduced in SHIP—/—
mice (HELGASON et al. 1998), and it is possible that SHIP plays an opposing role in
these lineages. Alternatively, this reduction may not be an intrinsic property of
these progenitors but rather the result of a displacement or inhibition by the
increased numbers of granulocyte-macrophage progenitors and this is currently
under investigation.

4 The Role of SHIP in FceR1-induced Signaling

The FceR1 (i.e., the high-affinity receptor for IgE) is composed of an a-, a B- and
two covalently linked y-subunits (ALBER et al. 1991). The cytoplasmic domains of
the B and 7y subunits contain ITAMs that are critical for IgE-mediated activation
(ALBER et al. 1991). Since the SH2 domain of SHIP was shown recently to be
capable of binding to these tyrosine phosphorylated ITAMs in vitro (KIMURA et al.
1997; OsBORNE et al. 1996), we investigated the role of SHIP in FceR1 activation
using primary mast cells derived from SHIP+/+ and —/— mice. BMMCs were
prepared from 4-8 week F2 littermates, and by 8weeks in culture, greater than 99%
of the cells in the two cultures were both c-kit and FceR1 positive (with similar
mean fluorescences) (HUBER et al. 1998). Since the presence of these two cell surface
proteins is a hallmark of mature mast cells, it indicated that SHIP was not essential
for the generation and differentiation of BMMC:s.

The conventional assay for measuring the IgE-induced degranulation of mast
cells involves a preliminary passive presensitization step in which the cells are
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exposed to an IgE which has been generated against a specific antigen [e.g., a
dinitrophenyl (DNP) group]. For this step the cells are either exposed to a vast
excess of IgE or incubated overnight because of the very slow association rate
constant for this interaction (i.e., 3-10 x 10*°M™"-s™!) (MACGLASHAN et al. 1998).
Once a substantial number of the 100,000 to 300,000 FceR1/cell have bound IgE,
the antigen, in a multivalent form [e.g., 20-30moles of DNP covalently attached to
human serum albumin (DNP-HSA)] is then added to induce FceR1 aggregation.
This latter, activating step is thought to initiate a biochemical cascade that results in
degranulation and the release of mediators of allergic reactions (ALBER et al. 1991).

To gain some insight into the role of SHIP in IgE-mediated degranulation, we
compared SHIP+/+ and —/— BMMC:s for their ability to degranulate using this
conventional assay and found that the SHIP—/— cells consistently released sub-
stantially more of their total granule contents than the +/+ cells (HUBER et al.
1998). Even more remarkable, however, was the finding that when IgE alone
was added (i.e., the presensitization step), there was a massive degranulation of
SHIP-/-~ BMMCs, whereas SHIP+/+ cells, as previously reported, did not
degranulate at all (HUBER et al. 1998). This suggested that SHIP plays an important
role in preventing degranulation from occurring in the absence of antigen.

Since FcyRIIB co-clustering studies in mast cells had demonstrated earlier that
SHIP inhibited FceR1 activation by inhibiting extracellular calcium entry (ONo
et al. 1996, 1997), we also investigated the relationship between the presence of
SHIP and the entry of extracellular calcium in our system. We found that when
SHIP +/+ and —/— BMMCs were loaded with fura-2/AM, and either treated with
IgE alone, or sensitized with IgE-anti-DNP and stimulated with DNP-HSA, the
peak of intracellular calcium was substantially higher in the SHIP—/— BMMCs,
consistent with their ability to degranulate. In all cases, addition of EGTA to
deplete extracellular calcium both prevented degranulation and markedly reduced
the increase in intracellular calcium to a level that was indistinguishable in +/+
and —/— mast cells. This suggested that the increase in intracellular calcium in
response to either IgE alone or IgE plus DNP-HSA was predominantly from the
extracellular medium and that SHIP was acting most likely downstream of the
initial release of intracellular calcium stores.

Although current dogma states that crosslinking of the IgE- preloaded FceR1
by a multivalent antigen is the essential first step in triggering the signaling cascades
that lead to degranulation, both the calcium influx into both SHIP+/+ and —/—
BMMCs and the massive degranulation in SHIP-/— BMMCs with IgE alone
suggested that substantial intracellular signaling is already occurring during the IgE
preloading step (i.e., in the absence of antigen). Interestingly, when we purified
monomeric IgE from the commercial preparations of IgE-anti-DNP (IgE mAb
SPE-7 from Sigma, which contained approx. 5%—-10% aggregates) using BioSep
SEC S3000 (Phenomenex) HPLC chromatography (which separates monomeric
IgE from dimers and larger aggregates on the basis of size), we still obtained
degranulation of SHIP-/— BMMCs. Moreover, rechromatography of the mono-
meric IgE anti-DNP, following its incubation at 37°C for 1h in Tyrode’s buffer (an
incubation period substantially longer than any of our assays) demonstrated that
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this monomeric IgE-stimulated degranulation was not due to aggregation during
the assay period (Fig. 2). However, although no detectable aggregates were
observed, we cannot rule out that a very low level of aggregation of IgE, either
while in solution (since our lower limit of detection of IgE aggregates following
HPLC is 0.5% of the total protein eluted) or following binding to cell surface
FceR1 is responsible for the observed IgE-induced degranulation of SHIP-/—
BMMCs. Regardless, during this passive presensitization step, our degranulation
results suggest that SHIP acts as a “‘gatekeeper”, preventing the IgE-induced de-
granulation signal from progressing unless overwhelmed by the massive signaling
initiated via crosslinking agents. To test this hypothesis, we explored tyrosine
phosphorylation events elicited by IgE alone in SHIP+/+ and —/— BMMCs and
found that both the B- and y-subunits of the FceR1 are indeed tyrosine phos-
phorylated in both cell types in response to IgE alone. Moreover, in +/+ cells,
SHIP is constitutively tyrosine phosphorylated and its phosphorylation level
increases upon addition of IgE. Intriguingly, immunoprecipitating Shc from these
cells revealed that its tyrosine phosphorylation also occurs with IgE stimulation
alone but its phosphorylation is markedly reduced in SHIP—/— BMMCs. This
suggests that Shc needs to bind to SHIP in order to become tyrosine phosphory-
lated after FceR1 activation by IgE (HuBer et al. 1998). The same result was
obtained after antigen crosslinking of IgE-preloaded cells.

The mitogen-activated protein kinases (MAPKs) ERK 1 and 2 are also tyro-
sine phosphorylated by IgE alone in SHIP+/+ and —/— BMMC s, but in SHIP —/—
cells this phosphorylation is greater and dramatically prolonged. This is interesting
because this prolonged activation of ERK in SHIP—/— cells occurs under condi-
tions where the tyrosine phosphorylation of Shc is markedly reduced, suggesting
that Shc-dependent activation of the Ras pathway may not play a significant role in
the IgE-mediated activation of MAPK, at least in SHIP—/— BMMC:s. Interestingly,
EGTA significantly reduced IgE-induced Erk 1 and 2 phosphorylation, especially
in SHIP-/— cells, suggesting that the entry of extracellular calcium is upstream of
MAPK activation in these cells (HUBER et al. 1998).

Since the 5-ptase activity of SHIP appears to be critical for reducing calcium
entry during FcyRIIB mediated inhibition (Ono et al. 1997), we investigated
whether it was SHIP’s ability to hydrolyze PIP; or IP; This was important in
restricting IgE-mediated extracellular calcium entry by testing the effects of PI-
3-kinase inhibitors. In preliminary experiments we established that both wort-
mannin and L1Y294002 completely inhibited degranulation in SHIP—/— cells
induced by IgE alone. This is consistent with previous results obtained with IgE-
crosslinked RBL-2H3 cells (Yano et al. 1993). We then explored the effects of these
inhibitors on the IgE-mediated influx of extracellular calcium. Dose-response
studies revealed that as little as 10uM LY294002 reduced extracellular calcium
influx into SHIP—/— cells to levels observed in IgE-stimulated SHIP +/+ BMMCs.
On the other hand, LY294002 had far less effect on IgE-stimulated calcium influx in
SHIP +/+ cells, even at 100uM concentrations. Similar results were obtained with
wortmannin. These results suggest that during incubation of SHIP+/+ BMMCs
with IgE, activation of PI-3 kinase and generation of PIP; plays a less significant
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PIP;3 PI1(3,4)P, Fig. 3. PIP; and PI-34-P, levels in
SHIP-/- and +/+ BMMCs following

7 5 2 2min of stimulation with IgE. The cells
were labeled for 90min with 3?P-ortho-
phosphate, treated for 2min + /— 10pg/ml
IgE, and the labeled phosphoinositides
1.75 - extracted, deacylated, subjected to ion
T exchange chromatography using a Partisil
10 SAX column, the peaks corresponding
to the deacylated PIP; and PI-3,4-P,
counted in a liquid scintillation counter as
described by Scheid and Duronio (1996).
The solid back bars depict the values
obtained from the SHIP+/+ and the
hatched bars from the —/— BMMCs
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role in mediating extracellular calcium entry because SHIP effectively hydrolyses
this phospholipid to PI-3,4-P,. Thus, degranulation in the absence of antigen is
prevented. However, in the absence of SHIP, IgE alone can increase PIP; to levels
that augment extracellular calcium entry sufficiently for degranulation.

To confirm this, we measured PIP; and PI-3,4-P; levels in SHIP+/+ and —/—
cells in response to IgE alone. As predicted, PIP; levels increased far higher, and PI-
3,4-P, levels far lower, following 2min of IgE-stimulation of SHIP—/— BMMCs
(Fig 3). This demonstrates that SHIP is the primary enzyme responsible for
breaking down PIP; in vivo in response to IgE-induced activation of PI-3-kinase.
Of note, PI-3-kinase activity in anti-phosphotyrosine immunoprecipitates from
IgE-stimulated SHIP+/+ and —/— BMMCs was identical, demonstrating that the
elevation of PIP; levels in the —/— cells was not due to a difference in PI-3-kinase
activity in the two cell types.

Taken together, our results suggest a model (Fig 4) in which binding of IgE
alone to the FceR1 on normal primary mast cells activates an associated Src family
member (predominantly Lyn (NisHizumi and YamamoTo 1997)), most likely via
CD45 (BERGER et al. 1994), to tyrosine phosphorylate the B- and y-ITAMs. SHIP is
then attracted via its SH2 domain (DAMEN et al. 1996) to the C-terminal ITAM of
the B- (KiMURA et al. 1997) and/or the y (OsBORNE et al. 1996)-chain, becomes
phosphorylated at one or both of its NPXY motifs (DAMEN et al. 1996) and then
attracts Shc, via the latters PTB domain, to be phosphorylated. Inhibition of
extracellular calcium entry by wortmannin or LY294002 suggests PI-3-kinase is

Fig. 4. Model of IgE-induced degranulation in SHIP+/+ and —/— BMMCs. Although SHIP is shown
associating with the ITAM of the B-subunit of the IgE receptor, it remains to be determined how SHIP is

attracted to the plasma membrane following IgE stimulation. The ITAM’s are depicted as light gray bars
in the B- and y-subunits. The SH2 domains of SHIP, She, Lyn, and Syk are shown in black
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also translocated to the plasma membrane and activated early in this process but
exactly how remains to be determined. Syk is attracted to the y-ITAM (HirRASAWA
et al. 1995), becomes phosphorylated by Lyn and stimulates the tyrosine phos-
phorylation of PLC-y1 and y2 (ZHANG et al. 1996), which in turn leads to the initial
release of intracellular calcium via IP;. This emptying of intracellular calcium
triggers the entry of extracellular calcium and this entry is substantially augmented
by PI-3-kinase mediated generation of PIP;. As to how an elevation in PIP; can
impact on extracellular calcium entry, two recent reports involving overexpression
of various cDNAs in B cell lines suggest that activating the B cell receptor on B cells
attracts the Btk/Tec family tyrosine kinase, Btk, (which has been shown to be
activated in response to FceR1 crosslinking in BMMCs (KawakAMI et al. 1994)) to
PIP; at the plasma membrane. This then leads to the activation of Btk, its phos-
phorylation/activation of PLC-y2 to generate IP; and the sustained emptying of
intracellular calcium stores that are critical for activating the store operated calcium
(SOC) entry from the extracellular medium (SCHARENBERG et al. 1998; FLUCKIGER
et al. 1998). However, since we observe no detectable difference in the release of
intracellular calcium in IgE-stimulated SHIP+/+ and —/— BMMCs (e, in the
presence of EGTA), we hypothesize that the elevated PIP; present in SHIP—/— cells
attracts and activates Btk or another PH-containing intermediate at a step between
the draining of intracellular calcium stores and extracellular calicum entry. This is
in agreement ‘with BoLLAND et al. (1998) who very recently concluded, from
studying SHIP’s role in mediating FcyRIIB inhibition of B cell receptor activation
in the chicken DT40 B cell line, that SHIP regulates extracellular calcium entry
after draining of intracellular calcium stores via its ability to control Btk associa-
tion with the plasma membrane.

5 Concluding Remarks

Our results suggest that one of SHIP’s roles is to both prevent inappropriate and
limit appropriate IgE-mediated degranulation of mast cells by hydrolyzing PIP;
and thus restricting the entry of extracellular calcium. This raises the intriguing
possibility that naturally occurring mutations in SHIP could contribute to specific
hyper-allergic conditions in man. During these studies we found with both
SHIP +/+ and —/- mast cells, that IgE alone (ie, in the absence of cross-linkers)
triggered both the entry of extracellular calcium and protein tyrosine phosphory-
lations. Although this may be due to low levels of IgE aggregates it suggests that
the current paradigm of passive sensitization with IgE should be re-examined. It is
conceivable, for example, that monomeric IgE triggers signaling by causing a
conformational change in the multi-spanning B-subunit (in a fashion analogous to
that proposed for seven spanner receptors). Intriguingly, this signaling by IgE alone
may also occur in vivo, especially under conditions where serum IgE levels are
markedly elevated, such as during allergic attacks or following specific infections,
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and serve to prime the cells for subsequent activation by multivalent antigens.
Related to this, several reports have shown recently that IgE alone, both in vivo
and in vitro, dramatically increases FceR1 expression on the surface of mast cells
and basophils (Hsu et al. 1996; YaMAGUcHI et al. 1997; MAcGLASHAN Jr. et al.
1998). Moreover, FceR1 expression on peritoneal mast cells from IgE—/— mice was
dramatically reduced (greater than 80%) compared with that on cells from the
corresponding normal mice (YAMAGUCHI et al. 1997). These results suggest that
endogenous circulating IgE (whether it contains low levels of aggregates or not) is
capable of initiating signaling. Thus, we would like to propose that IgE levels (up to
30pg/ml) that are reached in vivo following infections or allergic attacks may
trigger signaling events in normal mast cells in the absence of multivalent antigens
that actively prime the cells for subsequent degranulation by the antigen. Impor-
tantly, the presence of SHIP in these normal mast cells ensures that this priming
step does not lead to degranulation.
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1 Inhibitory Receptors: Concept, Function, and Distribution

Recent studies have defined a family of modulatory receptors and coreceptors
that function to inhibit the transduction of certain activating signals. These re-
ceptors, which now number more than 75, are structurallysimilar and employ
similar signaling effectors, but are found in diverse cellular systems (for review
see CAMBIER 1997; VELY and VIvier 1997; LANIER 1998; YokoyaMA 1998). The
longest-recognized and most extensively studied member is FcyRIIB, a low-
affinity receptor for immunoglobulin G (IgG) constant regions that occurs in
three alternatively spliced isoforms which differ only in their cytoplasmic tail
sequence (see Fig. 1) (FRIDMAN, BONNEROT et al. 1992; LATOUR, FRIDMAN et al.
1996). All isoforms mediate transduction of inhibitory signals. The FcyRIIB1
isoform is expressed by B lymphocytes throughout the lineage, as well as by
certain mast cells, other granulocytes, and activated T cells. When coaggregated
with antigen receptors, e.g. BCR and FceRI, by immune complexes containing
IgG antibodies, FcyRIIB1 mediate inhibition of antigen receptor-mediated B cell
blastogenesis and proliferation, and divert the response to apoptosis (CHAN and
SINCLAIR 1971; PHiLLIPS and PARKER 1983; PHiLLiPS and PARKER 1984; ASHMAN,
PeckHAM et al. 1996; ONo, OKADA et al. 1997). Other prominent members of the
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inhibitory receptor family are the killer inhibitory receptors (KIR) that function
to block target cell killing by natural killer (NK) cells, certain T cells (LANIER
1998; YokoyaMa 1998), and CTLA4, that functions late in the T cell response to
attenuate clonal outgrowth (THompsoN and AvrLisoN 1997). Signal inhibitory
regulator proteins (SIRPs), function outside the immune system, inhibiting
signals transduced by PDGF, EGF, and insulin receptors (KHARITONENKOV,
CHEN et al. 1997).

As noted above, members of this inhibitory receptor family are structurally
similar. All are single membrane spanners, with C-type lectin or immunoglobulin-
like extracellular domains. Their cytoplasmic domains contain one or more copies
of the immunoreceptor tyrosine-based inhibition motif (ITIM), the consensus of
which is I/VxYxxL. This motif mediates receptor associations with the protein
tyrosine phosphatases SHP-1 and/or SHP-2 in all members of the family (CAMBIER
1997). However, for a small subset that includes FcyRIIB isoforms, p91PIR-B, and
gp49B1, the ITIM also mediates receptor association with the SH2 domain-
containing inositol 5'-phosphatase SHIP (D’AMBRosIO, FONG et al. 1996; DAMEN,
Liu et al. 1996; KuroiwA, YAMASHITA et al. 1998; YAMAsHITA, FukuTA et al.
1998). ITIMs are also found in the cytoplasmic tails of certain cytokine receptors
where they may function in feedback regulation.

The physiology function of FcyRIIB remains only partially defined. A number
of laboratories showed in the late 1960s that under certain circumstances immune
complexes containing IgG antibodies are not immunogenic in animals and that this
lack of immunogenicity is not due to antibody blocking of immunogenic epitopes
(CuaN and SINCLAIR 1971; FRIDMAN, BONNEROT et al. 1992). It was shown in the
1970s that antigens containing immunoglobulin G Fc regions were very potent B
cell tolerogens (WALDSCHMIDT and VITETTA 1985). Coaggregation of FcyRIIB with
BCR leads to inhibition of BCR-mediated blastogenesis and proliferation (PHILLIPS
and PARKER 1983), and to apoptosis (AsHMAN, PEckHAM et al. 1996). Finally,
FcyRIIB1 coaggregation with BCR inhibits B cell CD69 and CD86 expression
(Benschop and Cambier, unpublished observations). This inhibitory Fc receptor
function was shown to be defective in autoimmunity-prone NZB mice, raising the
possibility that it plays a role in preventing expansion and/or differentiation of
autoreactive B cells (UHER and DickLER 1986). In 1996, an FcyRIIB knockout
mouse was reported by Takai and colleagues (Takal, ONo et al. 1996). It exhibits
five- to tenfold enhanced antibody production, suggestive of impaired regulation of
the immune response; and enhanced sensitivity to IgG-mediated cutaneous ana-
phylaxis, consistent with absence of inhibitory Fcy receptor function in mast cells.
Taken together, these findings suggest that inhibitory Fc receptors play an im-
portant role in dampening the antibody response once IgG antibodies are pro-
duced, lessening the likelihood of autoantibody production. They also raise the
possibility that agonists of intermediaries in inhibitory signaling pathways might be
of therapeutic value in autoimmunity and transplantation while antagonists might
be useful adjuvants.
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2 Molecular Mechanisms of FcyRIIB Signaling

Initial insight regarding the molecular bases of inhibitory Fc receptor function
came with observations that FcyRIIBI1 can exert inhibitory effects at least in part at
the level of early events in BCR signaling. Wilson et al. (WILSON, GREENBLATT
et al. 1987) showed in 1987 that FcyRIIB coaggregation leads to inhibition of
BCR-mediated extracellular calcium influx. Bijsterbosch and Klaus (BIISTERBOSCH
and KrAus 1985) showed that coaggregation of these receptors leads to inhibition
of BCR-mediated inositol trisphosphate (Ins1,4,5P3;) production. These findings
indicated that one site of FcyRIIB1 effector action is at or proximal to BCR
activation of phospholipase C gamma (PLCy). In addition, it has been shown that
coaggregation of these receptors leads to inhibition of BCR-mediated p21"®* acti-
vation (TRIDANDAPANI, CHACKO et al. 1997) and increased tyrosyl phosphorylation
of SHIP (CHAckoO, TRIDANDAPANI et al. 1996; TRIDANDAPANI, KELLEY et al. 1997).
The role of these early molecular events in later FcyRIIB-mediated inhibition of
blastogenesis and proliferation, and activation of apoptosis is unknown.

Impetus for our initial approach to elucidation of the molecular basis of
FcyRIIB action came from observations by Amigorena et al. (AMIGORENA, BON-
NEROT et al. 1992) that a specific FcyRIIB1 cytoplasmic tail sequence is necessary
for its signaling function, and from findings by Muta and Ravetch (MuTta, KuUr-
0sAKI et al. 1994) that this sequence alone could mediate inhibitory signaling when
placed in an inert receptor context. Pursuant to earlier success in defining Iga and
Igp effectors based on their binding to phosphopeptides derived from the B cell
antigen receptor (CLARK, CAMPBELL et al. 1992), we assessed the binding of cellular
proteins to tyrosyl-phosphorylated FyRIIB1 peptides synthesized based on findings
of Amigorena (AMIGORENA, BONNEROT et al. 1992) and Muta (MuTtA, KUROSAKI
et al. 1994). Surprisingly, significant binding of only three proteins, SHP-1, SHP-2,
and SHIP, was detected based on S**-methionine labeling (D’AMBROSIO, HIPPEN
et al. 1995; D’AMBRosio, FONG et al. 1996). Measurement of their in vivo associ-
ation with FcyRIIB1 by coimmunoprecipitation suggested that the predominant
associating protein is SHIP (Ono, BoLLAND et al. 1996; Nakamura and Cambier,
unpublished observations). Nonetheless, analysis of FcyRIIB function in moth-
eaten mice lacking functional SHP-1 revealed that this tyrosine phosphatase is
necessary for FcyRIIB inhibition of BCR-mediated B cell proliferation (D’AM-
BROSIO, HiPPEN et al. 1995). However, SHP-1 was not necessary for receptor-me-
diated inhibition of Ca?" mobilization (NADLER, CHEN et al. 1997).

Relying on findings implicating protein phosphatases in FcyRIIBI1 function,
we embarked on analysis of receptor modulation of the early tyrosine phosphor-
ylation events that follow BCR aggregation and effect PLCy activation (Fig. 2). To
our surprise, phosphorylation of the known intermediaries Lyn, Iga, IgB, and Syk
was not affected, at least at time points corresponding to the calcium mobilization
response (BUHL, PLEIMAN et al. 1997; HippEN, BUHL et al. 1997). In most experi-
ments, we saw no effect of FcyRIIB coaggregation on BCR-mediated PLCy
phosphorylation. However, effects have been reported by SARKAR, SCHLOTTMANN
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Fig. 2. Schematic of BCR signal transduction and inhibition by FcyRIIB

et al. (1996). These data suggest that FcyRIIB affects some process that is needed,
perhaps in addition to PLCy phosphorylation, for PLCy-mediated hydrolysis of
inositol phospholipids.

When the tyrosyl phosphorylation of total cellular proteins was analyzed by
immunoblotting of whole cell lysates, we noted an 80% reduction in phosphory-
lation of one of the major substrates in 15s, with complete loss of phosphorylation
within 45s following FcyRIIB-BCR coaggregation, as compared to BCR aggre-
gation alone (HippEN, BUHL et al. 1997). We identified this protein as CD19, a B
cell-restricted cell surface glycoprotein that is expressed throughout the lineage
(TEDDER, ZHOU et al. 1994; FEaARON and CARTER 1995). Similar observations were
made by Kiener et al. (KIENER, L1oUBIN et al. 1997). CD19 is expressed on the cell
surface in two forms; while most is expressed in association with CD81, a minority
of about 20% is expressed in association with both CD81 and CD21, constituting
the type 2 complement receptor complex CR2. CD21 mediates C3dg binding, while
CD8l, a tetraspan molecule, and CD19 have no known ligands. CD19 reportedly
associates with the BCR and is a single membrane-spanning molecule with two full
and one partial Ig-like domains in its extracellular aspect (PESANDO, BOUCHARD
et al. 1989; CARTER, Doobpy et al. 1997). Its cytoplasmic tail contains nine tyrosines
that are potential phosphorylation sites, which may act to recruit Lyn, Vav, and
phosphatidylinositol 3 kinase (PI3-k) following BCR-CD19 coligation (TUVESON,
CARTER et al. 1993; van NOESEL, LANKESTER et al. 1993; WENG, JARvis et al. 1994;
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O’ROURKE, ToozE et al. 1998). Our studies indicate that only two CD19 tyrosines,
Y484 and Y515, are phosphorylated upon aggregation of BCR alone (Buhl and
Cambier, submitted for publication). These tyrosines have been shown to mediate
CD19 association with phosphatidylinositol 3-kinase (TuvesoN, CARTER et al.
1993). Consistent with the ability of FcyRIIB coaggregation with BCR to prevent
or reverse the phosphorylation of these tyrosines, we showed that this coaggrega-
tion leads to failed recruitment of PI3-k and failed BCR-mediated PI3-k activation
(HrppEN, BUHL et al. 1997). Together with findings of Bijsterbosch and Klaus
(BusTERBOSCH, KrAUS 1985) and Wilson et al. (WiLsON, GREENBLATT et al. 1987),
results suggested that phosphatidylinositol 3,4,5 triphosphate (PtdIns3,4,5P3), the
product of PtdIns4,5P, phosphorylation by PI3-k, is required for BCR-mediated
phosphoinositide hydrolysis by PLCy. This was confirmed by studies demon-
strating that BCR-mediated Insl,4,5P3; production and calcium mobilization are
both inhibited by the PI3-k inhibitors wortmannin and LY294002, and are
dependent on cellular expression of CD19 (BuHL, PLEIMAN et al. 1997; HippEN,
BuHL et al. 1997). Furthermore, CD19 support of BCR- mediated PI3-k activation,
Ins1,4,5P; production, and calcium mobilization responses required that CD19
contain Y484 and Y515, the PI3-k ““integrators” (BuHL, PLEIMAN et al. 1997 and
Buhl and Cambier, submitted for publication).

In recent months it has been reported that hydrolysis of PtdIns4,5P, requires
that PLCy be translocated to the plasma membrane via binding of its pleckstrin
homology (PH) domain to PtdIns3,4,5P; (FAaLAsca, LoGaN et al. 1998). Recogni-
tion of this requirement appeared to complete circuitry between FcyRIIB1-medi-
ated CD19 dephosphorylation and FcyRIIB1 inhibition of phosphoinositide
hydrolysis. However, it appears that at least one additional intermediary exists. It
has been known for some time that the pleckstrin homology domain of Bruton’s
tyrosine kinase (Btk) binds avidly to PtdIns3,4,5P; (SALiM, BOTTOMLEY et al. 1996)
and that Btk is required for BCR activation of Insl1,4,5P; production and calcium
mobilization (RIGLEY, HARNETT et al. 1989; TAkATA, KUrOsAKI 1996). These
findings suggested that Btk may somehow cooperate with PLCy during BCR signal
transduction, and that this cooperativity is dependent on PtdIns3,4,5P; production
and, thus, CD19 phosphorylation. In recent studies we have found that BCR-
mediated Btk activation is dependent on CD19 expression and inhibited by wort-
mannin (Buhl and Cambier, submitted for publication). Importantly, Bolland et al.
(BoLLAND, PEARSE et al. 1998) have shown that expression of membrane-targeted
Btk can, at least partially, rescue FcyRIIBI1 inhibition of BCR-mediated calcium
mobilization.

Taken together, these data support the model shown in Fig. 2, which posits
that BCR-mediated signaling proceeds via the aggregation-driven activation of
Iga/IgB-associated Src-family kinases, predominantly Lyn. These kinases phospho-
rylate the receptor’s immunoreceptor tyrosine-based activation motifs (ITAMs),
leading to recruitment of Syk, additional Src family kinases, Shc (D’AMBROSIO,
HippeN et al. 1996), and presumably other SH2-containing effectors (CAMBIER
1995). Apposition of these molecules promotes transphosphorylation, leading to
further recruitment of effectors such as: PI3-k, that binds via its proline-rich regions
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(PLEIMAN, HERrTZ et al. 1994) to the Lyn SH3 domain; Grb2-SOS, that associates
via Grb2 SH2 domains with Shc phosphotyrosyl residues; and PLCy, that associ-
ates via its SH2 domains with phospho-tyrosyl residues on Syk (SIDORENKO, LAW
et al. 1995; SiLLMAN and MoNROE 1995). These interactions facilitate activation of
Src- and Syk-family kinases and the p21™° (ras) pathway, and limited (~10% of
normal) activation of PI3-k. CD19 associated with the BCR (PESANDO, BOUCHARD
et al. 1989) is phosphorylated by BCR-activated tyrosine kinases. The tyrosyl
phosphorylated CD19 binds to the p85 subunit of PI3-k via the latter’s SH2 do-
mains (possibly those within PI3-k already associated with Lyn), activating PI3-k
by a steric effect on pl110 catalytic subunit (TuVESON, CARTER et al. 1993). The
consequent generation of PtdIns3,4,5P; leads to recruitment of PLCy and Btk to
the plasma membrane. Subsequent Btk activation by Lyn-mediated phosphoryla-
tion and autophosphorylation leads to PLCy phosphorylation, further promoting
its hydrolysis of phosphoinositides (L1, RAWLINGS et al. 1997; L1, WAHL et al. 1997;
SATTERTHWAITE, CHEROUTRE et al. 1997; WAHL, FLUCKIGER et al. 1997; FLuck-
IGER, L1 et al. 1998; SCHARENBERG, EL-HILLAL et al. 1998).

As also shown in Fig. 2, coaggregation of FcyRIIB with BCR leads to ITIM
tyrosine phosphorylation and activation of multiple effectors, including those that
mediate dephosphorylation or prevent phosphorylation of CD19. This inhibits
PI3-k activation, blocking PtdIns3,4,5P;-dependent downstream processes such as
Btk and PLCy activation. Considerable evidence indicates that recruitment of
SHIP to phosphorylated FcyRIIB also functions to inhibit Btk and PLCy activa-
tion, in this case by promoting PtdIns3,4,5P; hydrolysis (BoLLAND, PEARSE et al.
1998; SCHARENBERG, EL-HILLAL et al. 1998). Recent studies indicate that during
BCR signaling, SHP-1 becomes associated with unidentified tyrosyl-phosphory-
lated 70-kDa and 41-kDa proteins, while SHP-2 becomes associated with an un-
identified 120kDa phosphoprotein (NAKAMURA and CAMBIER 1998; Nakamura and
Cambier, unpublished observations). Under conditions of FcyRIIB-BCR coag-
gregation, either these interactions are inhibited or the associated molecules are
dephosphorylated (NAkKAMURA and CAMBIER 1998).

3 Linker Function of SHIP During FcyRIIB Signaling

The function of SHIP in inhibitory signal transduction may depend not only on its
enzymatic activity but also on its function as a linker molecule. SHIP becomes
tyrosyl-phosphorylated upon binding to FcyRIIB. Subsequent dissociation is
related to its binding to Shc (PRADHAN and COGGESHALL 1997; TRIDANDAPANI,
KELLEY et al. 1997) and p62Dok (Dok), and phosphorylation of these molecules
(Tamir, Nakamura, and Cambier, submitted for publication). Phosphorylation of
Dok following FcyRIIB-BCR coaggregation is correlated with enhanced binding
rasGAP. It has been suggested by Coggeshall and colleagues that Shc binding to
the SHIP may inhibit ras activation by sequestering Shc needed by the BCR for ras
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activation. However, we believe it more likely that rasGAP recruitment to the
coaggregated receptor complex inactivates ras by activation of its GTPase.

4 Mutational Analysis of FcyRIIB Signaling Function

Although the effect of FcyRIIB in reducing tyrosyl phosphorylation of CD19
suggests the involvement of a protein tyrosine phosphatase, no direct evidence
exists that the observed effect is phosphatase-mediated. Alternatively, this effect
could reflect cessation of CD19 phosphorylation due to inhibition of a kinase or
disruption of BCR-CDI19 association, following which constitutively active
“housekeeping” phosphatases may dephosphorylate CD19.

We initiated two types of mutational analysis to define the molecular basis of
the effect of FcyRIIB1 on CD19 phosphorylation and its functional consequence
relative to other FcyRIIB effectors such as SHIP. The goal was to create FcyRIIBI
receptors that would engage different subsets of effectors and use these to study
downstream functions of the respective effectors. Firstly, in collaboration with
Vivier and colleagues (VELY, OLIVERO et al. 1997), we explored ITIM sequence
requirements for interaction with SHP-1, SHP-2, and SHIP. As also shown by
Burshtyn et al. (BURSHTYN, YANG et al. 1997), these studies revealed that the hy-
drophobic residue at Y-2 position (I1277) (Fig. 1) is critical for SHP-1 and SHP-2
binding but not for that of SHIP. This provided a potential approach for gener-
ating receptors that can engage SHIP but not SHP-1 or SHP-2.

We then initiated formal mutational analysis of FcyRIIB tail function (Fong,
Minskoff et al. submitted for publication). FcyRIIBI, B1’ and B2 splice variants,
and various mutants were expressed in IIA1.6, an FcyR-negative variant of the A20
B lymphoma (JonEs, TiTE et al. 1986). Analysis of mutants revealed the surprising
result that the ability of FcyRIIBI to mediate dephosphorylation of CD19 is
completely independent of the ITIM. Based on the ability of BI truncation mutants
(CT259, a cytoplasmic domain truncation to residue 259) as well as B1’ and B2
isoforms to mediate this effect (see Fig. 1), requisite information must be contained
in the extracellular and/or transmembrane domains (which are identical in B1, Bl
and B2), or the six juxtamembrane residues in the cytoplasmic tail. Consistent with
the above-described CD19-PLCy circuitry, these regions of the molecule contain
information needed to inhibit PtdIns3,4,5P; production by 40% and calcium mo-
bilization responses by approximately 50%. Using the 1277 A ITIM mutant, loss of
the SHP-1 binding function was found to have no significant effect on the ability of
FcyRIIB to inhibit calcium mobilization. These results are consistent with findings
of Nadler et al. (NADLER, CHEN et al. 1997) that FcyRIIBI inhibition of Ca®*
mobilization and CD19 dephosphorylation is seen in B cell lines derived from SHP-
1 negative motheaten mice and findings of Gupta et al. and Ono et al. that SHP-1 is
required for KIR but not FcyRIIB inhibition of Ca®* mobilization (GupTa,
SCHARENBERG et al. 1997; Ono, OkADA et al. 1997). It is noteworthy that FcyRIIB
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chimeras, in which the receptor tail is replaced with either the SHP-1 or SHIP
catalytic domains, can inhibit Ca?>" mobilization, implicating both SHP-1 and
SHIP as mediators of ITIM effects on the calcium response (ONo, OKADA et al.
1997). Thus three distinct FcyRIIB-activated pathways can modulate calcium
mobilization.

Analysis of the ITIM mutants Y279 A and LL281/282AA that cannot engage
SHIP, SHP-1, or SHP-2 revealed, by comparison with 1277 A, that SHIP plays a
significant role in reduction of PtdIns3,4,5P; to unstimulated cell levels and is
required for complete inhibition of the calcium response seen when wild type is
coaggregated with the BCR FcyRIIBI. This result is consistent with observations
that most FcyRIIBI inhibition of Ca?* mobilization is lost in SHIP gene-ablated
DT40 (chicken B lymphoma) cells (Ono, OkADA et al. 1997).

Our mutational analyses revealed two additional, unexpected findings. The
first is that a site distal from the ITIM in the FcyRIIB tail is necessary for “‘stable”
association of SHIP with FcyRIIB, detectable by coprecipitation. The second is
that non-ITIM tyrosines 260 and 296 are also phosphorylated upon FcyRIIBI-
BCR coaggregation.

5 Integration of SHP-1, SHP-2, SHIP
and CD19-Dephosphorylation Effects

It is obvious that FcyRIIB signaling is much more complex than was first thought
(Fig. 2). Inhibitory functions are encoded in multiple regions of the molecule, and
at least three distinct effector mechanisms can target the BCR-mediated calcium
response. It appears that both CD19-dephosphorylation and SHIP-involving
mechanisms target PtdIns3,4,5P;. CD19 dephosphorylation prevents PtdIns3,4,5P;
generation while SHIP cleaves it, yielding PtdIn3,4P,.

The mechanism by which SHP-1 mediates inhibition of Ca*" mobilization is
less clear. It seems likely, as previously suggested (BINSTADT, BRUMBAUGH et al.
1996; LeBsoN 1997), that SHP-1 affects phosphorylation of early intermediaries in
antigen receptor signaling pathways. Dephosphorylation of receptor ITAM tyro-
sines and/or Syk-family tyrosine kinases, as was shown to occur upon KIR inhi-
bition of NK activation, could obviously prevent receptor-mediated activation of
multiple (all) downstream pathways. In view of this, it is somewhat surprising that
FcyRIIB1 does not significantly affect BCR-mediated Iga, IgP, and Syk phos-
phorylation. Interestingly, surface plasmon resonance analysis indicates that while
SHIP binds the phosphorylated FcyRIIB1 phosphopeptides with fast-on, fast-off
kinetics, SHP-1 binds with slow-on, slow-off kinetics (Famiglietti and Cambier,
unpublished observations). These findings suggest that SHP-1 may gradually dis-
place SHIP following FcyRIIB phosphorylation and thus may function later in the
response to dephosphorylate an intermediary, e.g. Syk and BCR, whose phos-

2+
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phorylation is required for the proliferative response. SHP-1 association with Syk
could be involved in this inhibitory function.

The role of SHP-2 in inhibitory signaling is even more obscure. SHP—2 has been
implicated in inhibitory signaling by CTLA4 (MARENGERE, WATERHOUSE et al.
1996; THoMPsON and ALLISON 1997), but recent studies by Frearson et al. using
loss-of-function SHP-2 mutants indicate that it plays a positive role in T-cell
antigen receptor signaling (D. Alexander, personal communication). As noted
above, we observed that BCR aggregation stimulates SHP-2 association with
an unidentified cytosolic phosphoprotein of about 120kDa (ppl20), and this
association/phosphorylation is inhibited by FcyRIIBI coaggregation with BCR
(NakamMura and CAMBIER 1998). Interestingly, TCR ligation leads to SHP-1 as-
sociation with what may be the same 120 kDa phosphoprotein (FREARSON, Y1
et al. 1996). This interaction may play a positive role in antigen receptor signaling
which is inhibited upon its disruption.
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1 Introduction

In a resting cell, the B cell antigen receptor (BCR) is in an equilibrium of phos-
phorylated and unphosphorylated states that is tuned by counteracting kinases and
phosphatases. Contributing to this tuning are transmembrane molecules (e.g.,
CD19/CD21, CD22, FcyRIIB1) whose cytoplasmic domains act as necessary docks
for the activated kinases and phosphatases. When antigens cluster and increase the
local density of BCRs, the equilibrium state is lost, tyrosine phosphorylation of
BCR-associated molecules CD79 a/B, Syk kinase, CD22, and CD19 is markedly
increased and there is recruitment and activation of further signaling enzymes
leading to multiple downstream changes in the cell. The magnitude and duration of
the activating signal continues to be influenced, however, by the balance of kinase

'Nuffield Department of Medicine, Oxford University, John Radcliffe Hospital, Headington, Oxford
0X3 9DU, UK

2 Australian Cancer Research Foundation Genetics Laboratory, Medical Genome Centre, John Curtin
School of Medical Research, The Australian National University, Mills Rd, PO Box 334, Canberra, ACT
2601, Australia

3Department of Microbiology and Immunology, University of California, San Francisco, CA 94143-
0414, USA



58 R.J. Cornall et al.

and phosphatase activity and the availability of transmembrane docking molecules.
In this review, recent experiments will be discussed that have shown how BCR-
induced activation of the src family kinase Lyn initiates the constitutive and anti-
gen-induced feedback inhibition of the BCR through the phosphorylation of CD22
and recruitment of the phosphatase SHP1 to the CD22/BCR complex.

2 The Functional Importance of Antigen Receptor Signaling

The quality, quantity and timing of BCR signaling determines the response and
selection of B cells (GoopNow et al. 1995). In immature B cells in the bone marrow,
continuous signaling by the BCR in response to self-antigen triggers a spectrum of
tolerance responses, depending on the self-antigen. Self-antigens that avidly
crosslink BCRs cause an arrest in development followed by apoptosis or editing of
the BCR genes, thus eliminating strongly self-reactive cells from the repertoire
exported to the spleen (GoopNow et al. 1995; Hertz and NEMAZzEE 1998).
Repeated binding of lower valency self-antigen induces a less stringent process of
functional tolerance called anergy, in which the B cells mature and leave the bone
marrow but their migration is altered, their lifespan is shortened, and the cells are
actively desensitized by feedback mechanisms that decrease cell surface expression
of IgM receptors and diminish proximal BCR signaling (HEALy and GoopNow
1998). It is possible that anergic B cells could be recruited into an immune response
by foreign antigens having higher epitope valency than the anergizing self-antigen,
as has been established in model systems (Cookk et al. 1994; BAcumMaNN and
ZINKERNAGEL 1997), and that this is why the cells are not eliminated more vigor-
ously. This is a functional expression of the need to tune the BCR signaling
response in such a way that the ability to mount an effective immune response
against pathogens is balanced against the risk of autoimmune disease. Self-reactive
B cells that bind self-antigens at too low a concentration or avidity to trigger B cell
deletion or anergy can persist in the spleen and lymph nodes in a naive and fully
activatable state (GoobNow et al. 1995). Presumably, many weakly self-reactive B
cells fall into this category, in which the danger of autoimmunity is strongly out-
weighed by the potential to fight infections.

In mature B cells, acute BCR signaling to foreign antigens triggers activation
and, in conjunction with signals from T cells or innate immune mediators, clonal
expansion and differentiation into antibody-secreting plasma cells. At this stage,
activation by antigens is enhanced by greater BCR cross-linking (Dintzis et al.
1989) and is modulated by coreceptors such as CD21 (the C3d receptor) and
FcyRIIB1 (the receptor for IgG immune complexes), that alter the quality and
quantity of BCR signaling (reviewed by Cyster and Goopnow 1997; DAERON
1997; O’ROURKE et al. 1997).

Deciphering how the BCR is tuned so that an immature or mature B cell
responds only to a certain amount of antigen receptor engagement is a difficult
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problem to study in the normal B cell repertoire due to the unknown specificity and
antigen-exposure history of the majority of B cells. This problem is largely over-
come when mice carrying immunoglobulin transgenes are used; and the introduc-
tion of mutations in key signaling components onto the controlled genetic
background of Ig transgenic mice has proved a fruitful way of analyzing the
mechanism by which BCR signaling is tuned.

3 The Phosphatase SHP1 Establishes the Threshold
for BCR Activation

The role of the cytosolic tyrosine phosphatase SHP1 as an inhibitor of the BCR was
first identified in studies of SHP1-deficient Ig-transgenic B cells. The motheaten
viable mutation (me"), which encodes a deficiency in SHP1, was bred into mice
expressing the well-characterized immunoglobulin transgene against hen egg lyso-
zyme (Ig"EL) (CysTErR and Goopnow 1995). Homozygous SHP-deficient (me"/me")
Ig"EL B cells had a higher basal signaling, which caused them to modulate IgM
spontaneously and hypersecrete the anti-HEL IgM antibody, despite the absence of
antigens. The me"/me* Ig"E" B cells initiated greater and more rapid elevation of
intracellular calcium in response to the hen egg lysozyme (HEL) antigen than wild-
type IgMEL B cells and were eliminated rather than anergized by exposure to low
valency soluble HEL (sHEL) expressed as a neo-self-antigen. Like anergic B cells,
naive SHP1-deficient B cells with their spontaneously exaggerated signaling were
excluded from B cell follicles by competition from wild-type naive B cells (SCHMIDT
et al. 1998).

4 Lyn-deficient and SHP1-deficient B Cells Have
a Similar Phenotype

The src family protein tyrosine kinase Lyn is expressed abundantly in B cells
(BoLEN and BRUGGE 1997). A small amount of cellular Lyn is physically associated
with the BCR and activated upon BCR stimulation (BURKHARDT et al. 1991;
CampBELL and SEFTON 1992; YAMANASHI et al. 1991). Chicken B lymphoma cells
lacking Lyn have delayed and diminished BCR-induced intracellular calcium
release, indicating that Lyn has a role in this process (Kurosaki et al. 1994;
TAKATA et al. 1994). Mice homozygous for disruption of the Lyn locus (lyn—/-),
however, display normal immature B cell development, but have decreased num-
bers of mature peripheral B cells, greatly elevated serum IgM and IgA, and produce
autoantibodies that cause autoimmune glomerulonephritis reminiscent of systemic
lupus erythematosus (CHAN et al. 1997; Hisss et al. 1995; NisHizumi et al. 1995).
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Antibody responses to antigenic challenge are relatively normal in lyn—/— mice, and
Lyn-deficient splenic B cells make exaggerated proliferative and ERK responses
after BCR clustering and relatively normal but delayed patterns of anti-immuno-
globulin-induced protein phosphorylation (CHAN et al. 1997; WANG et al. 1996).

Analysis of lyn—/— IgHEL B cells revealed a phenotype very similar to that of
SHP1-deficient Ig"EL B cells (CorRNALL et al. 1998). In the absence of HEL auto-
antigen, lyn—/— Ig"EL B cells spontaneously upregulated MHC class II expression,
downregulated surface, IgM, and differentiated into 20 times more plasma cells that
spontaneously secreted 20 times more anti-HEL IgM antibody into the serum. By
contrast, in the continuous presence of circulating sHEL-antigen, plasma cell for-
mation and anti-HEL antibody secretion were completely suppressed, regardless of
the lyn genotype. Indeed, negative selection to self-antigen was exaggerated by Lyn
deficiency since, as in SHP1-deficient cells, maturational arrest and deletion were
induced by sHEL and mirrored the normal tolerance response to forms of the
antigen that clustered BCRs more avidly, such as membrane HEL.

As in SHP1-deficient B cells, the antigen-induced calcium flux in lyn—/— B cells
was exaggerated (CORNALL et al. 1998). However, unlike SHP1 deficient cells, lyn—/—
cells did show a consistent delay in the initial phase of the response, implying that
Lyn plays a role in the initiation of calcium mobilization as well as its inhibition.

The similarity between SHP1 and Lyn deficiency raised the interesting question
of whether the two proteins could be operating in a single pathway. To address this
possibility, we employed an approach that has been very useful for analyzing
signaling networks in lower eukaryotes by looking for genetic interaction between
heterozygous mutants of Lyn and SHP1 when the dosage of functional genes was
halved. We observed that B cells in heterozygous mice with a single functional lyn
or SHP1 allele (lyn+/— or me'/+) exhibited a degree of spontaneous IgM
downregulation that lay between that of wild-type and lyn—/— or me'/me"-cells.
This implied that a partial reduction in the function of either protein was detected
within the B cells and resulted in a compensatory adjustment of surface IgM
density. By intercrossing heterozygotes for the me" mutation and the lyn— allele,
double heterozygous Ig"F" mice with partial deficiency in both proteins were
produced. Simultaneous heterozygosity at both lyn and me" loci caused B cells to
adjust their surface IgM density to a lower level than heterozygosity at either locus
alone, indicating a genetic interaction (ANOVA, p = 0.0002) (CorRNALL et al. 1998).

5 Regulation of BCR Signaling by Lyn and SHP1 Occurs
Via CD22

It has now been shown that Lyn is required for the phosphorylation of CD22 and
the recruitment of SHP1 to the BCR (CorNALL et al. 1998; NisHizumi et al. 1998;
SMiTH et al. 1998). This observation extends earlier demonstrations that SHPI is
recruited to phosphorylated tyrosine-based inhibition motifs (ITIMs) on CD22
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after BCR clustering (CamMPBELL and KrLinMAN 1995; Doobpy et al. 1995; Law et al.
1996) and that CD22 and Lyn can be coimmunoprecipitated (Tuscano et al. 1996).
Like lyn—/— and SHPI1-deficient B cells, CD22-deficient (cd22—/-) B cells show
spontaneous downregulation of IgM and exaggerated calcium responses to BCR
clustering (NiTsCHKE et al. 1997; O’KEErE et al. 1996; OT1ipoBY et al. 1996; SATO
et al. 1996). Significantly, Lyn determines not only the antigen-induced phos-
phorylation of CD22, but also the basal level of CD22 phosphorylation and SHP1
recruitment in naive B cells (CORNALL et al. 1998). Together with evidence that Lyn
can associate with the resting BCR (PLEIMAN et al. 1993), this provides a basis for
constitutive regulation of the BCR, since 0.2-2% of the surface IgM receptor on
resting B cells is associated with CD22 (LeprINCE et al. 1993; PEAkER and
NEUBERGER 1993).

Lyn kinase is not essential for basal or antigen-induced phosphorylation of
CD79q/p or Syk, although it appears to assist in the initial antigen-induced signaling
because phosphorylation of CD79 o/f and Syk is diminished (CHAN et al. 1997;
CoRNALL et al. 1998) and the elevation of calcium occurs more slowly in HEL-
stimulated lyn—/— Ig"EL cells (CorNALL et al. 1998). It is likely that the other src
kinases expressed in primary B cells, such as Fyn and Blk, compensate for Lyn in
promoting these signaling steps because HEL-induced calcium, ERK signaling, and
negative selection responses are diminished in Ig""" B cells lacking the src family
activator CD45 (CysTER et al. 1996). In CD45-deficient B cells, decreased activity of
all the src kinase members would be expected to preclude compensation amongst
them. The conclusion that other src kinases compensate for Lyn in promoting certain
BCR signaling pathways is consistent with analyses of lyn—/— DT40 chicken B
lymphoma cells. Lyn is the sole src kinase expressed in DT40 cells, and BCR signaling
is delayed and diminished when these cells lack a functional lyn gene, much as in
CD45—/- B cells (Kurosaki et al. 1994; TAkATA et al. 1994). Transfection of lyn—/—
DT40 cells with Lck or Fyn kinase restores BCR signaling and results in a delayed but
exaggerated calcium response comparable to that of lyn—/— primary B cells.

To further examine the functional significance of the biochemical pathway
involving Lyn, CD22, and SHP1 in the regulation of the BCR, we asked whether
partial deficiency in CD22 could exaggerate the effects of partial Lyn and SHP1
deficiencies. Mice heterozygous for a targeted deletion of CD22 (cd22+/-) were
mated with me*/+ and lyn+ /— Ig"E" transgenic mice to generate sibships with
fully wild-type or heterozygous mutant alleles at each of the three loci. This work
showed that all three known elements of the regulatory pathway are limiting, since
the presence of a single functional copy of any gene caused compensatory adjust-
ment of surface IgM receptor density, in the order me">1yn>CD22 (CORNALL
et al. 1998). Combinations of these partial deficiencies had cumulative effects on
IgM receptor density and threshold effects on other responses to BCR signaling
such as MHC class II upregulation, spontaneous antibody hypersecretion, and
negative selection. The sensitivity to gene dosage and genetic interaction among the
members of the pathway provide an example of polygenic control of both con-
tinuous (qualitative) and threshold (quantitative) traits.

The key features of the Lyn/SHP1/CD22 pathway are summarized in Fig. 1.
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Calcium Flux
ERK Activation
MHC Class Il Upregulation
Developmental Arrest & Deletion (Immature Cells)
Proliferation and Plasma Cell Differentiation (Mature Cells)

Fig. 1. Model illustrating the roles of Lyn, SHP-1, and CD?22 in regulating BCR signaling and selection.
1, Multiple tyrosine kinases promote phosphorylation of the CD79 o/ (Ig o/B) subunits of the BCR and
signaling to second messengers such-as calcium and ERK. This occurs at a low level in the absence of
antigen and at a higher level when antigen-induced clustering increases the local concentration of BCRs,
or when opposing tyrosine phosphatases are inhibited with pervanadate. 2, Lyn kinase is essential for
basal and antigen-induced phosphorylation of CD22 on ITIM tyrosine residues. 3, SHP-1 binds via its
SH2 domains to the phosphorylated ITIMs on CD22 and thus is recruited and activated near the BCR,
where it inhibits signaling by dephosphorylating as yet undefined substrates, which may include CD22.
4, Interaction between CD22 and external ligands may adjust the proximity of CD22 to the BCR and
modify the extent of SHP-1-mediated regulation. 5, IgM modulation in response to increased signaling
reduces receptor density and provides a separate feedback inhibition of BCR signaling. 6, Signaling to
calcium, ERK, and other second messengers is quantitatively and qualitatively altered by different
combinations of lyn, CD22, and SHP-1 alleles, resulting in B cell hyperactivity

6 The Implications of a Pathway Comprising Several
Limiting Components

Three implications arise from the demonstration that each component in the BCR
regulatory pathway is limiting. Firstly, it is clear that the genetic enhancer/sup-
pressor approaches used to understand signaling networks in Drosophila or
C. elegans (KARIM et al. 1996; SOMMER and STERNBERG 1996; VERHEYEN et al.
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1996; WassARMAN et al. 1995) should also be possible in mice, and that existing
assays, such as IgM modulation, can be used to further extend the analysis of BCR
signaling. Secondly, the cumulative effects of multiple weak alleles in the manner
described for the Lyn/SHP1/CD22 pathway characterize genetic predisposition to
many complex diseases such as autoimmune diabetes and systemic lupus
erythematosus (Vysg and Topp 1996). In these diseases, multiple loci contribute to
the relative risk of disease, and locus heterogeneity exists such that different
combination of alleles can have equivalent effects on the risk of disease. Elements
that tune the immune response and are limiting at the level of single alleles are
highly likely to be subject to natural selection and become the site of inherited
autoimmune susceptibility genes. Thirdly, the physiological significance of dosage
sensitivity at each step in this signaling pathway may be that processes activating,
inhibiting, or sequestering these molecules can tightly regulate the supply of each
protein.

Cross-linking CD22 independently of the BCR complex can enhance signaling
from the receptor (PEzzutto et al. 1987; Pezzutro et al. 1988; TuscanNo et al.
1996), and it has been suggested that this may be due to the sequestration of SHPI.
One function of the ectodomain of CD22 could be to regulate the extent to which
the cytoplasmic tail is associated with the BCR (reviewed, CysTeErR and GoobDNOW
1997). CD22 contains a sialic acid o2-6 Gal binding lectin on its two amino-
terminal domains and is theoretically capable of binding to a range of serum factors
and immune receptors, as well as to sialyted molecules within the lymphoid
microenvironment. In similar fashion, sequestration of Lyn and SHP1 may also
modify the regulation of the BCR. It has recently been proposed that sequestration
of a limiting supply of Lyn in mast cells might be at the basis of FceRI receptor
antagonism (TORIGOE et al. 1998). Similar effects could occur in B cells where Lyn
associates with several receptors in addition to the BCR and CD?22, including
CD19, CD20, and CDA40.

7 Multiple Inhibitory Pathways May Exist in B Cells

The longstanding hypothesis that CD22 has positive regulatory functions which
extend beyond the sequestration of SHP1 is supported by observation of the
coprecipitation of Syk, Phosphatidylinositol-3-kinase (PI-3-kinase), and phospho-
lipase Cy(PLCy) with CD22 (Law et al. 1996; Tuscano et al. 1996), and the
presence of ITAMs as well as ITIMs on the coreceptor. Positive effects of CD22
might explain why lyn—/— and me"/me" B cells have a more severe phenotype than
the CD22—/— B cells, which are not eliminated by low valency self-antigen (RJC,
unpublished data). Alternatively, Lyn and SHP1 may have more marked pheno-
types because they are involved in other regulatory pathways operating parallel to
CD22. For example, Lyn phosphorylates the Sos inhibitor Cbl in DT40 cells (TE&-
ZUKA et al. 1996) and is also required to phosphorylate FcyRIIBI in negative
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regulation of B cells during an immune response (NisHizumi et al. 1998); and SHP1
associates with Vav, Sos and Grb2 (KoN-KozLowsk1 et al. 1996).

Several new Ig-superfamily receptors have recently been described that bind
SHP1 and inhibit the function of immune receptors (BORGEs et al. 1997,
WAGTMANN et al. 1997; reviewed CaMBIER 1997; Yokoyama 1988). Of these
receptors, the murine paired Ig-like receptor-B (PIR-B) is expressed by B lym-
phocytes and in cross-linking experiments was able to inhibit the antigen-induced
calcium response (BLERY et al. 1998; MAEDA et al. 1998). Like CD22, PIR-B is a
member of the killer inhibitory receptor (KIR) family encoded on a single region of
proximal mouse chromosome 7 (ALLEY et al. 1998). Human ILT2/LIR-1, the
human homologue of PIR-B, binds MHC class I molecules (COLONNA et al. 1997;
CosMAN et al. 1997). Similarly, the ligand of murine PIB-B may be a class I mol-
ecule, but this has yet to be confirmed.

The B cell molecule CD72, which carries a C-type lectin domain similar to that
of NK receptors CD94/NKG2 and Ly-49, was also recently found to act as a target
for Lyn in vitro and to recruit SHP1 to its ITIM domain after BCR engagement
(ApAcHI et al. 1998). This result is reminiscent of the findings with CD22 because
previous experiments had shown that treatment with anti-CD72 augmented BCR
signaling. So it is tempting to speculate that CD72 might tune the BCR to its
environment in a manner similar to CD22. The only ligand so far described for
CD?72 is another SHP1 docking protein, CDS5. The significance of a CD5-CD72
interaction is controversial, but since CD5 is present on all T cells, it is possible that
CD72-mediated regulation of BCR signaling could be influenced by proximity to
T cells. In vivo, BCR engagement causes B cells to move from follicles to T cell-rich
areas of lymphoid tissues where extensive engagement of CD72 could occur with
consequent adjustments in the strength of BCR signaling. Other ligands within the
lymphoid microenvironment could have similar effects.

CDs5 is also expressed on the B-1 subset of B cells, where it also can act as a
negative regulator, presumably through recruitment of SHPI. Studies in CD5-
deficient mice have established that CDS5 negatively regulates the antigen-induced
calcium response, nuclear translocation of NF-kB, and proliferative response of
B1-B cells (BikaH et al. 1996). SHP1 deficiency on the Ig"E" background results in
increased numbers of B-1 B cells (Cyster and Goopnow 1995), but this is not
mirrored in lyn—/— Ig"EL cells (CorNALL et al. 1998) and suggests that any
SHPI1-mediated inhibition of B-1 cell development does not require Lyn. Whether
the negative regulatory function of CD5 in BI-B cells requires Lyn has not been
determined.

8 What Are the Targets of the CD22- SHP1 Complex?

The downstream substrates of dephosphorylation by CD22-SHP1 are unknown.
KIR engagement results in dephosphorylation of a subset of proteins involved
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in the early stages of signaling, including ZAP-70, PLCy, and its adapter pp36
(BINSTADT et al. 1996); and similar proteins might be targets in B cells. The absence
of detectably enhanced phosphorylation of CD79 o/f and Syk in unstimulated
lyn—/—lyn Ig"EY B cells suggests that these are not the targets (CORNALL et al.
1998), although any effects may well be outside the sensitivity of the assays we have
performed so far.

Some indication of the possible targets of CD22-SHP1 is given by an analysis
of the CD22 versus CD19 counter-regulation of BCR-induced MAP kinase activity
(Toozk et al. 1997). Coligation of CD22 alone enhances activation of ERK2, INK,
and p38, presumably by sequestering SHP1. In contrast, ligation of CD22 to the
BCR inhibits activation of the same kinases induced by stimulation of both BCR
and CD19. CD19 can have a constitutive as well as antigen-induced effect on BCR
signaling, because overexpression of CD19 from a transgene augments BCR sig-
naling and induces a B cell phenotype similar to that of SHP1 deficiency (INAOKI
et al. 1997). These observations suggest that constitutive counter-regulation of
CD19 and CD22 may be a physiological phenomenon in unstimulated B cells, as
well as during coligation of the BCR and CD19-CD21 through C3d decorated
antigen. The targets of CD19 activation may also be the targets of CD22 inhibition.
Elegant studies of the relationships between CDI19, Vav, PI-3-kinase, Btk,
FcyRIIBI, and the phosphatase SHIP provide a theoretical basis for further
research in this area (ONo et al. 1997; O’ROURKE et al. 1998; BoLLARD et al. 1998;
and reviews by SCHARENBERG and KINET 1998; CANTRELL 1998). Identifying the
targets of CD22-SHP1, perhaps by using substrate-trapping mutants of SHP1
(Tonks and NEeL 1996), remains an important area for future investigation.

9 Concluding Remarks

It is hardly surprising that the flexibility required for BCR signaling is achieved by a
complex network of biochemical pathways, and that within this network the dis-
tinction between activation and inhibition at times seems somewhat arbitrary.
Nevertheless, the notion that a balance of ITAM-bound kinases and ITIM-bound
phosphatases establishes the threshold for BCR signaling has proved an extremely
useful paradigm. We and others have demonstrated in B cells.that these two events
may be linked by the activity of the src-kinase Lyn through the phosphorylation of
CD22 and recruitment of SHP1. These studies have given some insight into the.
genetic basis of autoimmune susceptibility and the nature and implications of rate
limiting steps. For the immediate future, they have demonstrated that complex
pathways may be reduced for functional and genetic analysis by models in which
immune repertoire, and genetic and environmental effects are carefully controlled.
The rapid pace of this integrated field gives hope that we may soon be in a position
to develop new therapeutic reagents targeted at BCR modulation.
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1 Introduction

Unlike cytolytic T cells, which recognize and kill target cells expressing MHC
molecules, NK lymphocytes can efficiently lyse target cells that lack the expression
of one or more MHC class I molecules. Presumably, this allows the immune system
to detect and kill certain types of tumor or virus-infected cells trying to evade T cell
recognition by downregulating one or more class I molecules (GARRIDO et al. 1995;
IKEDA et al. 1997). Based on the above observation, the cytolytic activity mediated
by NK cells was originally viewed as non-MHC-restricted (KIESSLING et al. 1975;
HEerBERMAN et al. 1975; TriNcHiErT 1989). Although it is likely that triggering
receptor(s) involved in the induction of NK-cell-mediated cytotoxicity are indeed
represented by structures that recognize non-MHC ligands, the importance of
MHC molecules in controlling NK functions is now well-established. Thus, it was
shown that NK cells have the ability to kill “normal nonself”” cells while sparing
“normal self”” cells expressing normal levels of MHC class I molecules and at least
some allogeneic target cells expressing MHC class I molecules that are identical or
related to the self ones (KARRE 1992; MoORETTA et al. 1994; MoReTTA 1992). In
humans, this is possible thanks to the expression, on NK cells, of a series of

! Dipartimento di Medicina Sperimentale, University of Genoa, Italy
2Istituto Scientifico Tumori, Centro di Biotecnologie Avanzate, Genoa, Italy
3Istituto Scientifico Tumori, Centro di Biotecnologie Avanzate, Genoa, Italy



70 A. Moretta et al.

receptors that recognize HLA class I molecules (MORETTA et al. 1996; VALIANTE
et al. 1997). Some of these, by delivering inhibitory signals to the NK cells, avoid
eliminating normal self cells. Other HLA class-I-specific receptors exist that induce
NK cell triggering and might be involved in the elimination of allogeneic cells or
autologous cells expressing “abnormal” HLA molecules. Moreover, since NK cells
are also able to kill HLA-negative target cells, it is evident that activating receptors
also exist that trigger NK cells upon recognition of non-HLA ligands. The complex
and variable interaction of all the different types of NK receptors with their HLA
or non-HLA ligands is responsible for the fine tuning and regulation of NK-cell-
mediated cytotoxicity against normal vs transformed cells.

The present review will be focused on the NK receptors that are expressed on
human NK cells.

2 Inhibitory NK Receptors Belonging to the Ig Superfamily

The first family of inhibitory NK receptors that has been identified was specific for
HLA-C molecules (MORETTA et al. 1993). These receptors, termed p58 (58kDa;
MORETTA et al. 1996), were expressed only by subsets of NK cells, thus suggesting
that only a fraction of NK cells may recognize HLA-C. The p58 receptors could be
divided into two different subgroups termed p58.1 and p58.2 on the basis of the
reactivity with different monoclonal antibodies and the basis of their specificity for
distinct groups of HLA-C alleles. The p58.1 receptor (now termed CD158a;
MoRrerTA et al. 1997¢) recognized by the EB6 mAb (MORETTA et al. 1990a) and the
p58.2 receptor (CD158b) recognized by the GL183 mAb (MoRETTA et al. 1990b)
were found to be specific for a dimorphism in residues 77-80 in the pocket F of the
ol domain of HLA-C molecules. In particular, the HLA-C alleles recognized by the
p58.1 receptor share the Asn 77 and Lys 80, whereas those recognized by the p58.2
receptors are characterized by Ser 77 and Asn 80 (CoLoNNA et al. 1993; BiassonI
et al. 1995; CicconE et al. 1992a).

The interaction between p58 receptors and their HLA-C ligands leads to the
inhibition of NK cell-mediated cytotoxicity that results in the protection of target
cells expressing the correct HLA-C alleles (MORETTA et al. 1993). NK clones can
coexpress both p58.1 and p58.2 receptors and, as a result, only target cells lacking
the expression of HLA-C molecules are susceptible to lysis (VITALE et al. 1995). The
specificity of the p58 receptors for HLA-C molecules was originally demonstrated
by experiments in which the cytolytic activity of NK cell clones against HLA
negative target cells transfected with HLA-C alleles could be restored in the pres-
ence of anti-p58 mAb (MoORETTA et al. 1993). In these experimental conditions, the
masking of the inhibitory receptor prevented the HLA-C/P58 receptor interaction
and subsequent delivery of the inhibitory signals. The subsequent molecular cloning
of the p58 molecules (WAGTMANN et al. 1995; CoLoNNA and SAMARIDIS 1995)
indicated that these receptors are type I transmembrane proteins belonging to the
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Ig superfamily, characterized by an extracellular region of 224 amino acid with two
C2 type Ig-like domains, a transmembrane portion of 20 nonpolar amino acid, and
a cytoplasmic region variable in length (76 or 84 amino acid) (Fig. 1). The ecto-
domains contain 2—4 N-linked glycosilation sites. Analysis by Southern blot indi-
cated that the genes encoding for p58 receptors do not undergo somatic gene
rearrangement and that the different p58 transcripts are encoded by a multigene
family localized on human chromosome 19. The cytoplasmic tail of the p58 re-
ceptors is characterized by the presence of two V/IxYxxL/V sequences, termed
immunoreceptor tyrosine-based inhibiting motif (ITIM), that are directly involved
in negative signaling. Indeed, upon receptor cross-linking, these motifs are tyrosine
phosphorylated by the associated p56'** (BoTTiNo et al. 1994; BINSTADT et al. 1996)
and bind to the SH2-containing tyrosine phosphatases SHP-1 and SHP-2
(BursHTYN et al. 1996; OLCESE et al. 1996; CaMpBELL et al. 1996). These phos-
phatases mediate dephosphorylation of adaptor/effector molecules that are part of
the NK cell-activating signaling pathway (VALIANTE et al. 1996; WEBER et al.
1998). Similar results were reported with another member of the ITIM-bearing
receptor family termed FcyRIIB; however, the p58 receptors, unlike FcyRIIB, do
not bind to SHIP (polyphosphate inositol 5-phosphatase; VELY et al. 1997). These
data indicate that the differential recruitment of phosphatases by distinct ITIM-
bearing receptors may reflect diverse strategies of inhibition necessary to suppress
different ITAM-bearing triggering molecules.

Although only a fraction of the total NK cell pool express one or another
member of the p58 family of receptors, the p58-negative subset also recognize HLA
class I molecules (CiccoNk et al. 1992b). This was demonstrated in a series of
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Fig. 1. HLA-specific inhibitory NK receptors
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experiments in which virtually all p58-negative NK cell clones were inhibited by the
expression of HLA-class I molecules on target cells and their cytolytic activity
could be reversed by masking the protective HLA alleles (CicconE et al. 1994).
Thus, p58-negative NK clones were used for mice immunization to obtain new
mAbs specific for other, still unknown, receptors for HLA class I molecules. The
receptors for HLA-B and for HLA-A alleles were identified. In particular, two
mAbs termed DX9 (LitwiN et al. 1994; GumpERrz et al. 1995) and Z27 (VITALE
et al. 1996) could be isolated that recognized a 70-kDa (p70) molecule expressed by
human NK clones specific for HLA-B alleles displaying Bw4 supertypic specificity.
These mAbs could reverse the cytolytic activity of the NK clones expressing the p70
receptor but not that of p58 + clones specific for HLA-C. The genes encoding the
p70 NK receptor are also located on chromosome 19 (CoLONNA and SAMARIDIS
1995; D’ANDREA et al. 1995; CanToNI et al. 1996) and encode type I transmem-
brane proteins belonging to the Ig superfamily and display a high degree of
sequence homology with the p58 receptors. The most remarkable difference is that
the p70 receptors contain three Ig-like extracellular domains instead of two. The (84
amino acid) cytoplasmic region of the p70 receptor contains two ITIMs involved in
the suppression of NK-mediated cytotoxicity (Fry et al. 1996; Fig. 1).

Analysis of the role of HLA-bound peptides in recognizing HLA-B by p70+
NK clones originally indicated that only some of the peptides bound to the HLA-
B*2705 molecule are able to have a protective effect (MALNATI et al. 1995).
Moreover, the analysis of a panel of peptides corresponding to known endogenous
ligands for HLA-B*2705 indicated that peptides unrelated by length and sequence
(except for the anchor residue at position 2) were efficiently recognized by the p70
receptor. Importantly, substitution experiments demonstrated that side chains at
positions 7 and 8 were crucial for recognition (PErRuUZzzI et al. 1996). The side chain
at position 8 of a nine-amino acid peptide bound to B*2705 was demonstrated to
contact residues 76, 77, and 80 of the HLA class I heavy chain (MADDEN et al.
1992). These residues (see above) are part of the region that controls NK recog-
nition both by p70+ and p58+ NK clones.

Peptide selectivity also exists in the recognition of HLA-Cw4 by p58.1 recep-
tors, and positions 7 and 8 are crucial for recognition by these receptors
(RasacgoraLaN and LonGg 1997). Additional studies indicated that the p58.2/Cw3
interaction also displays some peptide selectivity (ZAPPACOSTA et al. 1997). How-
ever, so far, the physiological relevance of this peptide selectivity is not well
understood. Indeed, it is difficult to figure out a physiological situation causing a
drastic change in the pool of peptides able to bind to a given HLA-class I allele such
that target cells would loose their resistance to NK cells bearing HLA class-
I-specific receptors.

Later on, mice immunization with p58/p70 negative clones characterized by the
ability to recognize some HLA-A alleles (including A3 and A11) led to the isolation
of mAbs, termed Q66 and Q241, specific for an HLA-A receptor. This receptor
displays a molecular mass of 140kDa, and its masking by specific mAbs was able to
reconstitute NK-mediated lysis of target cell transfectants expressing one or an-
other of the protective HLA-A alleles (PENDE et al. 1996). By the use of a different
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experimental approach, another laboratory obtained a mAb, termed 5.133, that
recognized both the HLA-A receptor recognized by Q66 and Q241 mAbs and the
p70 receptor for HLA-Bw4 alleles (DOHRING et al. 1996). Molecular cloning
revealed that the p140 genes are located on human chromosome 19 and encode a
protein belonging to the Ig superfamily displaying a three Ig-like domain structure
that shares a high degree of sequence homology with p58 and p70 receptors.
Comparative analysis indicated that pl40 differ from the p70 receptor by
approximately 50 amino acids in the extracellular portion. Thus, two Cys at
position 302 and 336 proximal to the transmembrane portion are present in the
p140 but not in the p70 receptors (PENDE et al. 1996). At least one of these Cys may
be involved in the formation of disulfide bridges resulting in the expression of
homodimeric (140kDa) surface receptors (Fig. 1). The 95 amino acid cytoplasmic
tail, similar to all the other known inhibitory receptors, contains two classical
ITIMs involved in the regulatory function of the p140 receptor.

Recently, a novel receptor belonging to the Ig superfamily has been identified
by cDNA library screening (CANTONI et al. 1998b; SELVAKUMAR et al. 1996). This
receptor, termed p49 (Cantoni et al. 1998b), displays at least 50% amino acid
sequence identity with other NK receptors belonging to the same family and is
encoded on chromosome 19 (SELVAKUMAR et al. 1996). It is characterized by two
extracellular Ig-like domains of the C2 type and a 115 amino acid cytoplasmic tail
containing a single ITIM (Fig. 1). This receptor may also exist in soluble form,
since a cDNA has been isolated that is characterized by the absence of the exon
encoding the transmembrane portion (CANTONI et al. 1998b). The specificity of the
p49 receptor was determined by the generation of a chimerical protein formed by
the ectodomain of p49 and the Fc portion of human IgG1 (p49-Fc). These soluble
receptors bound efficiently to LCL721.221 cells transfected with HLA-GI1, -A3, and
-B46 alleles and weakly to the -B7 allele. On the other hand, they did not bind to
the same cells when either untransfected or transfected with HLA-A2, -B51, -Cw3,
or -Cw4. Since there was no correlation between the ability of p49 to recognize
HLA class I alleles expressed on cell transfectants and the ability of those alleles to
stabilize HLA-E expression (see below), these data suggest that the p49 receptor is
able to bind HLA-G1 alleles directly and discriminate among allelic forms of
classical HLA class I molecules (CANTONI et al. 1998b).

3 Inhibitory NK Receptors Belonging to the C type
Lectin Superfamily

These receptors are type II transmembrane proteins containing a C type lectin
domain. They are represented by heterodimers formed by the invariant CD94
molecule and different members of the NKG2 molecular family. The CD9%4
molecule was originally described as a disulfide-linked homodimer displaying a
molecular mass of ~70kDa under nonreducing and 43kDa under reducing condi-
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tions (ARAMBURU et al. 1990). CD94 is expressed on most NK cells and on a minor
subset of T cells. The first evidence indicating that this receptor could be involved in
HLA recognition was provided by experiments showing that it could recognize
HLA-Bwé6 alleles but not HLA-Bw4 alleles (MoORETTA et al. 1994). Indeed, target
cells transfected with HLA-B7 (Bw6) were protected from lysis, whereas cells
transfected with HLA-B*2705 (Bw4) were not. This inhibitory function was not
detected in all CD94 + cells, suggesting that heterogeneity may have existed among
the CD94 receptors expressed by different NK clones. In the same study, we could
demonstrate that the inhibitory receptor for Bw6 was confined to a subset dis-
playing the CD94°"€" phenotype. Only NK clones displaying this phenotype were
inhibited in redirected lysis against P815 targets in the presence of anti-CD94 mAbs
(MoORETTA et al. 1994). Subsequent studies indicated that clones that were not
inhibited (CD94"") expressed an activating type of CD94 receptor (PERz-VILLAR
et al. 1995) characterized by a molecular mass of 39kDa instead of 43kDa (PEREZ-
VILLAR et al. 1996). Next, we generated mAbs able to distinguish between inhibi-
tory and activating forms of the CD94 receptor. We showed that the Z199 and
7270 mAbs specifically react with the inhibitory receptor and that this receptor is
confined to a defined NK subset (Sivori et al. 1996). In the same study, it became
clear that the specificity of the inhibitory CD94 receptor was not confined to certain
Bwé6 alleles and that HLA-A and HLA-C alleles were also able to protect target
cells from lysis mediated by Z199 +/Z270+ NK cell clones. These studies, con-
firmed also by others (LazgTicC et al. 1996), suggested that this receptor could be
characterized by a broad specificity for most HLA class I alleles (except those of
BW4 supertypic specificity). The cDNA encoding CD94 (CHANG et al. 1995)
revealed the existence of a type II transmembrane protein encoded by a single copy
gene of the C type lectin superfamily located on human chromosome 12. Impor-
tantly, the short cytoplasmic tail of the cloned CD94 molecule did not contain
consensus sequences for ITIM or ITAM (Fig. 1). Moreover, the cloned CD9%
molecule was distinct from both the 43kDa and 39kDa proteins, since it resulted in
a chain displaying a molecular mass of approximately 30kDa (PHiLLIPS et al. 1996)
that was poorly labeled by surface iodination. More recently, it became clear that
the CD94 molecule could associate in heterodimers with either the 43-kDa or the
39-kDa molecules. The 43-kDa glycoprotein is the product of the NKG2 A gene
(CARRETERO et al. 1997; Lazgrtic et al. 1996; Fig. 1), whereas the 39-kDa glyco-
protein is encoded by the NKG2 C gene (CaNTONI et al. 1998a). The NKG2 genes
(HoucHins et al. 1991) belong to a multigene family located on chromosome 12 in
the so-called “human NK gene complex” (the genes of CD94, CD69, and human
NKR-P1 are also located in this complex). The NKG2 A and NKG2 C glyco-
proteins are type II transmembrane receptors that display a C type lectin domain.
They differ essentially in their cytoplasmic tail, since NKG2 A contains two ITIM
sequences, whereas NKG2 C does not. We demonstrated that the NKG2 A gly-
coprotein is specifically recognized by the mAbs Z199 or Z270 directed against the
inhibitory form of receptors, whereas the NKG2 C protein could only be identified
by a new mAb (P25) that reacts with both NKG2 A and NKG2 C receptors
(CanTONI et al. 1998a). Regarding the specificity of the CD94/NKG2 A receptor
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for HLA class I molecules, recent studies have indicated that this heterodimeric
receptor is able to recognize HLA class Ib molecules rather than classical HLA
class I molecules (BRAUD et al. 1997; BRAUD et al. 1998; LEE et al. 1998; BORREGO
et al. 1998). In particular, it appears that this receptor recognizes HLA-E molecules
both in soluble form and when expressed at the cell surface. It has been demon-
strated that HLA-E expression on the cell membrane can take place only in the
presence of a particular set of peptides. These are derived from the leader sequence
of various HLA class I molecules that stabilize the conformation of HLA-E as a
trimeric complex at the cell surface. Interestingly, the HLA class I-derived leader
sequences able to stabilize HLA-E are those found in all classical HLA class
I-molecules, with the exception of those derived from HLA-B alleles belonging to
the Bw4 supertype. Consequently, HLA-E expression will be possible only when
classical HLA class I molecules (except HLA-Bw4) are coexpressed at the cell
surface. These findings, while demonstrating the fine specificity of the CD94/NK G2
receptors, also provide an explanation for previous data indicating that different
HLA class I alleles (except HLA-Bw4) were capable of protecting target cells from
NK-mediated cytotoxicity by CD94/NKG2A + NK cells.

4 Triggering NK Receptors

As mentioned above, NK cells have evolved a number of receptor structures able to
exert inhibitory control on their cytolytic function. The importance of these
inhibitory mechanisms is well-demonstrated by the effect of masking the inhibitory
receptor. Under these experimental conditions, it is likely that NK cells cannot be
inhibited by negative signals generated by the interaction between inhibitory
receptors and the corresponding protective HLA class I alleles. In the absence of
such inhibitory signals, NK cells are allowed to kill target cells, suggesting the
existence of receptors that, upon recognition of specific ligands on target cells, can
trigger the cytolytic machinery. What are the nature and specificity of these
receptors?

4.1 Triggering NK Receptors for Non-HLA Ligands

The fact that NK cells can also kill HLA-negative targets indicates that at least
some of the receptors involved in NK cell triggering must operate in a non-MHC
specific contest. The activity of these triggering receptors is normally under the
negative control of inhibitory receptors specific for HLA class I; however, their
functions become evident when recognition of the ligands for the inhibitory
receptor is affected. Experimentally, this can be achieved by masking the inhibitory
receptors with specific mAbs (see above). Physiologically, this could occur in tumor
or virally transformed cells that undergo downregulation of the surface expression
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of one or more HLA class I alleles. So far, the nature and specificity of these non-
MHC specific receptors have remained elusive. Several surface molecules that can
mediate NK cell triggering have been identified. However, their actual role in
natural cytotoxicity has still to be clarified, since, in most instances, these activating
structures are not NK restricted. Among these triggering structures, the CD2
(BoLHuis et al. 1986; LANIER et al. 1997), the CD69 (MoRETTA et al. 1991), the p70
molecule recognized by the pp35 mAb (MoRrerTA et al. 1992), and DNAM-1
(SHIBUYA et al. 1996) are expressed on NK cells, but also on variable proportions of
T lymphocytes. The low affinity receptor for the Fc portion of IgG (FcyRIII or
CD16) is expressed on most NK cells and on a small subset of T lymphocytes
(LANIER et al. 1996). CD16 is a potent inducer of NK cell triggering (MORETTA
et al. 1989; LANIER et al. 1998); however, there is no evidence so far that it has
functions other than ADCC against IgG-coated target cells. In this context,
although inhibition of natural cytotoxicity mediated by human NK clones has been
demonstrated by the use of anti-CD16 mAbs of the IgM isotype (MORETTA et al.
1989), it is not clear whether this reflects the masking of a putative triggering
receptor or the induction of apoptosis in the effector cell population (ORTALDO
et al. 1995; JEweTT et al. 1997).

Recently we have focused our studies on novel putative NK receptor structures
characterized by the ability to trigger NK-mediated cytotoxicity and by a cell
distribution highly restricted to NK cells. The search for these receptor structures
led us to identification of two novel triggering receptors termed NKp46 (Sivori
et al. 1997) and NKp44 (ViTALE et al. 1998). The NKp46 receptor is strictly con-
fined to both resting and activated NK cells. This receptor could be identified by the
generation of a specific mAb (BAB281) that was isolated based on the ability to
trigger NK cell cytotoxicity.

Indeed, upon mAb-mediated cross-linking, NKp46 molecules not only trigger
cytotoxicity but also induce [Ca?"]; increases and lymphokine production. The
NKp46-mediated NK cell activation is downregulated (and is controlled under
physiological conditions) by the simultaneous engagement of inhibitory HLA
Class-I-specific NK receptors (Sivort et al. 1997). Molecular cloning of the NKp46
receptor by an expression cloning strategy allowed us to isolate a cDNA encoding a
type I transmembrane glycoprotein belonging to the Ig superfamily (PEssiNoO et al.
1998) (Fig. 2). This receptor is encoded on human chromosome 19 and charac-
terized, in the extracellular portion, by two Ig-like domains of the C2-type, in the
transmembrane region by the presence of a charged aminoacid (Arg), and in the
short cytoplasmic tail by the absence of ITAMs. Thus, NKp46 requires the asso-
ciation with ITAM-containing molecules that allow the transduction of signaling
events that result in triggering NK-mediated cytotoxicity. The ITAM-containing
subunits associated with NKp46 are represented by CD3( and FceRIy (VITALE
et al. 1998). The NKp46-associated CD3( chains become tyrosine phosphorylated
upon treatment with Pervanadate. Importantly, analysis of NKp46 expression by
RT-PCR confirmed that this receptor is strictly confined to NK cells (PESsSINO et al.
1998). The unique cellular distribution and the function of the NKp46 receptor
suggest that it may be a candidate for a triggering receptor involved in the rec-
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Fig. 2. Molecular structure of the NKp46 receptor

ognition of non-MHC ligands expressed on NK-susceptible targets. In this context,
a possible view of the mechanisms of NK cell triggering against HLA-negative
target cells is that multiple receptors may cooperate to induce optimal NK cell
triggering (MORETTA et al. 1997b; LANIER et al. 1997). This does not imply that all
triggering receptors function simultaneously, since their function may depend upon
the presence and/or the density of their specific ligands on target cells. In line with
this hypothesis, NKp46 masking by the specific mAb could significantly inhibit the
cytolytic activity of NK cell clones against NK-susceptible target cells. However, in
some cases, the inhibition was only partial, depending upon the target cells ana-
lyzed (Sivori et al. 1997; Pessino et al. 1998). This suggests that NKp46 may not
be the unique activating receptor, but that it may cooperate with other triggering
receptors to induce optimal NK cell activation (MoORETTA 1997a). Along this line,
the identification of another. triggering receptor termed NKp44 (VITALE et al.
1998), allowed verification of this hypothesis. Thus, at least in some cases, the
simultaneous masking of both NKp46 and NKp44 results in a cumulative inhibi-
tory effect on non-MHC-restricted cytotoxicity. The NKp44 receptor, unlike
NKp46, is selectively expressed by activated NK cells while it is lacking on resting
NK cells. In addition, signal transduction via NKp44 does not require association
with CD3{ or FceRIy. On the other hand, the recently characterized KARAP/
DAPI12 subunits (OLCESE et al. 1997; LANIER et al. 1998b) were shown to associate
with the NKp44 receptor (VITALE et al. 1998).
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Notably, the analysis of several NK cell clones provides evidence of the exis-
tence of additional triggering receptors distinct from NKp46 and NKp44 (ViTALE
et al. 1998; PessiNo et al. 1998). Identification of such additional receptors will
certainly help dissect the pathways of NK cell triggering and their respective role in
the process of killing different NK-susceptible target cells.

4.2 Triggering NK Receptors for HLA Molecules

The surface receptors that can trigger NK-mediated cytotoxicity are not confined to
those displaying non-HLA restricted specificity. In this context, tumor or virus
transformed cells may undergo only a partial downregulation of HLA expression
that may involve some, but not all HLA class I alleles. Under these conditions, the
“protective” alleles may be lost while other “nonprotective” alleles may still be
expressed at the cell surface. The latter molecules may represent target structures
recognized by triggering receptors specific for HLA class I ligands. The first family
of such receptors has been identified by the use of the same mAbs that are specific
for HLA-C-specific inhibitory receptors. Thus, anti-p58.1 (CD158a) and anti-p58.2
(CD158b) mAbs were also found to react with surface molecules involved in NK
cell activation. These molecules are characterized by a lower molecular mass
(50kDa) and thus were termed p50.1 and p50.2 on the basis of their reactivity with
EB6 (CD158a) or GL183 (CD158b) mAbs (MoreTTA et al. 1995). Molecular
cloning revealed, in the extracellular region, a high degree of sequence identity with
the corresponding inhibitory (p58) receptors. However, while the inhibitory forms
are characterized by a nonpolar transmembrane region, the p50 activating recep-
tors are characterized by the charged amino acid Lys (Biassoni et al. 1996) (Fig. 3).
The cytoplasmic tail is shorter (39 amino acids) and does not contain ITIM
sequences. The activating p50 receptors were shown to display the same HLA-C
specificity as their inhibitory counterparts (MORETTA et al. 1995). A third member
of this family, termed p50.3, has also been characterized. This activating receptor is
recognized by specific mAbs termed PAX180 and FES172. In contrast to p50.1 and
p50.2, no inhibitory counterpart of this receptor has been identified (BorTino et al.
1996). Similar to all the other activating NK receptors, the function of p50 mole-
cules is also regulated, i.e., suppressed, by inhibitory receptors which are coex-
pressed with p50 at the NK cell surface. (MORETTA et al. 1995; BorTino et al.
1996). Thus, it is likely that, under physiological conditions, the activating function
of p50 receptors can take place only when the coexpressed inhibitory receptor(s)
cannot bind to the protective alleles. The fact that inhibitory receptors predominate
over the triggering ones may be important in preventing the occurrence of auto-
immune phenomena against normal autologous cells.

The precise physiological role of these activating receptors is still undefined,
although in vivo situations of selective downregulation of protective alleles
(GaRrIDO et al. 1997) may favor the triggering of pS0 molecules by the remaining,
nonprotective alleles. Since p50 and p58 recognize the same HLA-C ligands, it is
also possible that they may sense different HLA-C-bound peptides and that
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different peptides may influence the affinity of the receptor for its ligand. In this
context, we showed that soluble p50.1 and p58.1 receptor molecules bind to Cw4
molecules, although with different affinity (Biassoni et al. 1997). Moreover, single
amino acid substitution may be responsible for their differential affinity. We also
demonstrated that activating p50 receptors are included in a multimeric complex
with a new family of phosphorylated proteins that have been termed killer acti-
vating receptor-associated proteins (KARAPS) (OLcesE et al. 1997). These proteins
become tyrosine phosphorylated upon receptor cross-linking and have a molecular
mass of approximately 12-16kDa. Recently, molecular cloning revealed that
KARAPS (DAP12) molecules are encoded by a gene localized on human chro-
mosome 19 and characterized by having transmembrane regions with a charged
residue (Asp) and a cytoplasmic tail containing an ITAM sequence (LANIER et al,
1998a). Their function is likely to be crucial for NK cell triggering via the p50
receptors. Indeed, experiments with reconstitution of p50 expression in the absence
of KARAPS indicated that p50 molecules alone are unable to transduce any
detectable triggering signal (BLERY et al. 1997).

By using the newly identified P25 mAb, it recently became possible to char-
acterize the activating form of the CD94/NKG?2 heterodimer (CANTONI et al.
1998a). In addition to NKG2 A (inhibitory chain), the P25 mAb also recognize
NKG?2 C molecules. This mAb, in NK clones characterized by an activating form
of the CD94/NKG?2 receptors, identifies a CD94-associated molecule of approxi-
mately 39kDa. The surface expression of NKG2 C, similarly to NKG2 A, was
dependent on CD94 expression, since cell transfection with NKG2 C alone did not
result in surface expression of P25-reactive molecules. NKG2 A and NKG2 C
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molecules display a high degree of sequence identity in extracellular regions, while
the NKG2 C transmembrane and cytoplasmic portions are characterized, respec-
tively, by a charged residue (Lys) and the lack of ITIM sequences (Fig. 3). This is
reminiscent of the differences found between p58 and p50 receptors (Biassoni et al.
1996). As with pS50 and NKp44, signaling via the CD94/NKG?2 C receptor is
dependent upon the association to KARAP/DAPI2 ITAM-bearing molecules
(LANIER et al. 1998b). Based on the high degree of homology between the ecto-
domains of NKG2 A and NKG2 C, it is conceivable that the specificity of the
CD94/NK G2 C receptor may be identical to that previously demonstrated for
CD94/NKG2 A receptors (BRAUD et al. 1998). However, functional analysis of
NK clones expressing CD94/NK G2 C indicates that this receptor is preferentially
responsive towards certain HLA class I transfectants (i.e., HLA-G1 +), while it is
moderately responsive against other cell transfectants expressing comparable
amounts of HLA-E-stabilizing HLA class I molecules, i.e., HLA-B7+ and HLA-
A2+ (Moretta, unpublished observation).

It is notable that the P25 mAb, although reactive with both NKG2 A and
NKG2 C, does not bind to all CD94+ NK cells. These P25-/CD94 + cells are
characterized by a CD94 receptor displaying either low levels of triggering function
or no function at all. In the first case, the CD94 molecule might be associated with
another member of the NK G2 family that does not react with the p25 mAb, such as
NKG?2 E. In the second case, it is possible that the receptor may be formed by
homodimers of CD94. In both types of NK clones, however, immunoprecipitation
with anti-CD94 mAbs did not reveal CD94-associated chains. This may be at least
in part a result of the low levels of CD94 expression that usually characterize these
P25-/CD9%4 + NK clones.
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1 Introduction

Natural killer (NK) cells constitute 5%-20% of the lymphocyte population in the
periphery. They are cytotoxic, but also secrete cytokines. They play a major role in
innate immunity, as an early defense against a variety of infections and influence
the development of acquired immunity. They also participate in the elimination of
certain tumors and virally infected cells which have lost or downregulated their
MHC class I molecules. This concept was originally proposed by Kérre as “the
missing self hypothesis” (KARRE 1997). The cytotoxic activity of NK cells is reg-
ulated by cell surface receptors for MHC class I molecules that can deliver act-
ivatory or inhibitory signals. The characterization of these receptors has
considerably increased in the last few years (LANIER 1998). They are generally
classified into two main families: the immunoglobulin superfamily and the C-type
lectin superfamily. In humans, NK receptors belonging to the Ig superfamily can
recognize groups of HLA class I molecules, such as two distinct groups of HLA-C
alleles (KIR2DL1, KIR2DL2, KIR2DL3, KIR2DS1, KIR2DS2), one group of B
alleles displaying Bw4 supertypic specificity (KIR3DL1), and the HLA-A alleles,
HLA-A3 and HLA-A11 (KIR3DL2). CD94/NKG?2 heterodimers belong to the C-
type lectin superfamily and were thought to recognize most HLA class I molecules.

Institute of Molecular Medicine, Headington, Oxford OX3 9DS, UK



86 V.M. Braud and A.J. McMichael

Activation of NK cytotoxicity is mediated by a variety of cell surface receptors
and adhesion molecules, but the mechanisms for that are still unclear (BURSHTYN
and LonG 1997). It appears, however, that activatory receptors which are specific
for class I molecules, and which lack the immunoreceptor tyrosine-based activatory
motif (ITAM), associate with a protein containing an ITAM in its cytoplasmic
domain (OLcCESE et al. 1997, LANIER et al. 1998a; LANIER et al. 1998b). Upon
ligation, the ITAM sequence is tyrosine-phosphorylated by src-family tyrosine
kinases and recruits ZAP-70 or Syk protein tyrosine kinases. This leads to a cascade
of events triggering cytotoxicity or cytokine production. NK cellular activation is
also downregulated by inhibitory signals. Upon engagement of the inhibitory re-
ceptors, the immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cy-
toplasmic domain is phosphorylated, and recruits SH2 domain-containing protein
tyrosine phosphatases (SHP) involved in the inhibition of cytotoxic activity.

2 The CD94/NKG2 Receptor Complex

The CD94/NK G2 receptor complexes are disulfide-linked heterodimers formed by
the association of the invariant CD94 glycoprotein with a member of the NKG2
family (LazeTic et al. 1996; Brooks et al. 1997; CARRETERO et al. 1997; CANTONI
et al. 1998). Four genes encode for the NKG?2 glycoproteins: NKG2 A, NKG2 C,
NKG2 E and NKG2 D/F genes. It has been shown that CD94 is essential to
permit transport and expression of NKG2 glycoproteins onto the cell surface
‘(LazeTic et al. 1996; LaNIER et al. 1998a). CD94 has a very short cytoplasmic
domain and therefore cannot transduce signals. When CD94 is associated with
NKG2 A (which contains ITIMs), the heterodimer forms an inhibitory receptor,
whereas when associated with NKG2 C it forms a stimulatory receptor (HoucHINs
et al. 1997). A recent study showed that the CD94/NKG?2 C activatory receptor
also contains a third subunit, DAP12 (LANIER et al. 1998b; LANIER et al. 1998a).
DAPI2 is expressed as a disulfide-bonded homodimer and interacts with NKG2 C
via charged residues in their transmembrane domains. DAP12 is necessary for
transport of the CD94/NKG2 C complex to the cell surface. Ligation of CD94 on
CD94/NK G2 C/DAPI12 transfectants caused tyrosine phosphorylation of DAP12,
suggesting that it induced cellular activation via DAP12, which displays an ITAM
motif in its cytoplasmic domain.

A number of functional studies aimed to characterize the specificity of the
inhibitory CD94/NKG2 A receptor. Using class I-deficient cell lines transfected
with single HLA molecules, it appeared that CD94/NK G2 A could recognize most
but not all classical class I molecules as well as the nonclassical HLA-G molecule
(SopersTROM et al. 1997; PEREZ VILLAR et al. 1997; Sivori et al. 1996; PHILLIPS
et al. 1996; PenDE et al. 1997). The specificity was puzzling at first, because the
molecules recognized did not appear to share any amino acid sequence motif that
was different from those not recognized.
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Recent studies on the nonclassical class I molecule HLA-E have provided an
explanation for the unclear specificity of CD94/NKG2 A receptors, in that HLA-E
is the ligand for CD94/NKG2 A and CD94/NKG2 C receptors.

3 Identification of Peptides Bound to HLA-E

HLA-E is ubiquitously expressed and exhibits very limited polymorphism. HLA-E
is highly homologous to classical class I molecules, but displays some unique
substitutions in the peptide binding groove which are shared with another non-
classical class I molecule, Qa-1 in mouse. Clues to the identification of peptides
binding to HLA-E were provided by Qa-1. A peptide termed Qdm, derived from
the leader sequence of H-2 D and H-2 L class I molecules (residues 3-11,
AMAPRTLLL), was eluted from Qa-1 molecules and appeared to be the dominant
peptide present (ALDRICH et al. 1994). Leader sequences in general are variable, but
those of MHC class I molecules are highly conserved and a similar peptide (residues
3-11) can be generated from HLA-G and human classical MHC class I molecules.
Such a peptide is not present in HLA-E and HLA-F molecules because they have
shorter leader sequences. These HLA leader peptides were tested in a peptide-
binding assay in vitro in which the ability of peptides to stabilize HLA-E molecules
in cell lysates was measured (BrRAuUD et al. 1997). The mutant cell line 721.221,
which only endogenously expresses HLA-E and HLA-F, was used. Whereas Qdm
peptide was capable of stabilizing some HLA-E molecules when added at high
concentration, most of the human signal-derived peptides bound with high affinity.
However, the substitution of the methionine for a threonine at position 2 disrupted
peptide binding. This amino acid is found in the leader sequence of two thirds of
HLA-B alleles. The optimum peptide binding to HLA-E was the nonamer,
although eight, ten, or eleven-mers could bind with lower affinity (BRAUD et al.
1997). Anchor residues were localized by substituting each amino acid residue with
an alanine or a glycine. Positions 2 and 9 were found to be the primary anchor
residues, whereas position 7 was a secondary anchor residue. Substitution of
position 9, 10, or 11 in the 10- and 11-mer peptides revealed that the leucine at
position 9 was still the anchor residue, suggesting that residues 10 and 11 were
probably lying outside the binding groove. Interestingly, the substitution of each
residue caused a significant reduction in the efficiency of peptide binding to HLA-E,
suggesting that the peptide was binding throughout its entire length. This obser-
vation was confirmed by the crystal structure of HLA-E, which was determined in a
complex with a nonamer peptide (VMAPRTVLL) derived from the conserved
residues 3—-11 of certain classical class I molecules (O’CALLAGHAN et al. 1998). The
binding groove retained well-defined pockets, but the peptide selectivity was en-
hanced by occupancy of all of the pockets. One of the characteristics that HLA-E
has in common with Qa-1, is the substitution of the highly conserved tryptophan
147 with a serine, eliminating the hydrogen bond from the side-chain nitrogen to -



88 V.M. Braud and A.J. McMichael

the main-chain carbonyl oxygen of position 8 (P8) of the peptide. In HLA-E, this
hydrogen bond is replaced by a more extensive network, pinning the peptide main
chain into the groove. The side chain of Asn-77 plays a critical role, forming two
hydrogen bonds to the peptide main chain (P7 and P9). The positioning of P6 and
P7 into their respective pockets is also necessary to ensure stabilization of the
peptide in a much lower position than peptides in classical class I binding grooves.
The proline at position 4 contributes to the orientation of the peptide deep into the
groove. Overall, the structure of the HLA-E binding groove imposes constraints on
bound peptides. This observation correlates with the data obtained from the elution
of peptides from a chimeric molecule consisting of the leader sequence of HLA-A2
and the extracellular, transmembrane, and cytoplasmic domains of HLA-E (LEE
et al. 1998a). Interestingly, the leader sequence peptide from HLA-A2 signal se-
quence constituted 62% of the eluted material, suggesting that HLA-E was binding
a restricted pool of peptides.

4 Regulation of HLA-E Expression

For many years, the study of HLA-E expression had been difficult, due to a lack of
HLA-E specific antibodies. One study demonstrated that HLA-E was poorly
expressed at the cell surface of the mouse cell line P3X63-Ag8.653 (X63) and that
some empty molecules could be stabilized at the cell surface by incubating the cells
at 26°C or by adding exogenously eluted peptide material (ULBRECHT et al. 1992).
The characterization of antibodies specific for HLA-E (3D12), or for HLA-E and
HLA-C (DT9) enabled detection of HLA-E at the cell surface of most cells (BRAUD
et al. 1998b; LEE et al. 1998a). Interestingly, in mutant cell line 721.221, HLA-E
does not mature within the cell and is not expressed at the cell surface. Because their
leader sequences are shortened, peptides capable of binding to HLA-E cannot be
generated from the endogenous HLA-E and HLA-F in these cells. Transfection of
MHC class I alleles into 721.221 provided peptides capable of binding to HLA-E
and restored HLA-E expression at the cell surface (BRAUD et al. 1998b; LEE et al.
1998a). A close correlation was observed between the presence or absence of an
HLA leader peptide capable of binding to HLA-E and its cell surface expression,
demonstrating that HLA-E cell surface expression depends on binding of a MHC
class I leader peptide. Incubation of 721.221 cells at 26°C in the presence of various
HLA leader peptides also enhanced HLA-E cell surface expression (LEE et al.
1998a; BorRREGO et al. 1998).

Studies of the assembly of HLA-E in the endoplasmic reticulum (ER) revealed
that HLA-E associates with the transporter associated with antigen processing
(TAP) and the chaperone molecule calreticulin, similarly to classical class I mole-
cules (BRAUD et al. 1998b). Although HLA-E binds signal sequence-derived pep-
tides, HLA-E cell surface expression was found to be TAP and tapasin dependent
(BRAUD et al. 1998b; LEE et al. 1998a). The rate of dissociation of HLA-E from
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TAP was also enhanced by the introduction in the cytosol of a leader peptide
capable of binding to HLA-E (BrAuD et al. 1998b). It is therefore likely that the
leader peptide is released in the cytosol and translocated into the lumen of the ER
by the TAP complex before being loaded into HLA-E molecules (Fig. 1).

Previous examples of the presentation of leader sequence peptides in a TAP-
dependent manner have also been reported. Interestingly, processing of the pre-
prolactin signal sequence generates two fragments, the amino-terminal peptide
being released in the cytosol (Lyko et al. 1995). As the leader peptide binding to
HLA-E is situated at the N-terminus, it is possible that the MHC class I leader
sequences are processed in the same way.

These analyses lead to several conclusions. The cell surface expression of HLA-
E is regulated by the binding of a restricted pool of peptides from the leader
sequences of MHC class I molecules. HLA-E expression also correlates with the
expression of classical class I molecules and HLA-G, because the assembly and
loading of peptide into HLA-E requires the same ER resident molecules involved in
MHC class I molecules’ assembly. Finally, although these HLA-E binding peptides
are derived from signal sequences, they are likely released into the cytosol and
subsequently translocated by the TAP complex and loaded into HLA-E molecules.

5 HLA-E Is the Ligand for CD94/NKG2 Receptors

The close correlation between the surface expression of HLA-E and that of most
other MHC class I molecules suggested a possible role for HLA-E in NK cell-
mediated recognition. To test this hypothesis, tetrameric complexes were engi-
neered in which recombinant HLA-E and B2 microglobulin were refolded in vitro
with a MHC leader sequence peptide (BRAUD et al. 1998a). A biotinylation site was
added at the C terminus of HLA-E heavy chains truncated of their transmembrane
and cytoplasmic domains, so that the refolded complexes could be enzymatically
biotinylated. Tetrameric HLA-E complexes were formed by conjugating the
refolded, biotinylated HLA-E monomers with phycoerythrine-labeled Extravidin.
Tetrameric complexes have slower dissociation rates, making them more suitable
for use as staining reagents.

HLA-E tetramers bound to NK cells and a subset of T cells from peripheral
blood, suggesting that HLA-E’s ligand was an NK cell receptor. Staining was
abolished when the PBMC and the tetramer were incubated in the presence of anti-
CD9%4 antibodies, but not when incubated in the presence of antibody specific for
NK cell receptors belonging to the immunoglobulin superfamily. Tetramer staining
of stable transfectants demonstrated that HLA-E binds to both the CD9%4/
NKG?2 A or B inhibitory NK receptor and the CD94/NKG2 C activatory NK
receptor, but not to CD94 alone or NKG2 A, B, or C alone. Interestingly, although
both CD94 and NK G2 are C-type lectin glycoproteins, their binding to HLA-E was
carbohydrate independent, as the soluble HLA-E was produced in Escherichia coli.
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In confirmation, HLA-E tetramer did not bind to cells stably transfected with
several immunoglobulin-type NK receptors, and lack of interaction with these
receptors was also confirmed in functional assays (LEE et al. 1998b).

The specificity of the inhibitory CD94/NKG2 A receptor was previously
unclear. Most, but not all MHC class I molecules could protect a target cell from
lysis by CD94/NKG2A © NK clones (SODERSTROM et al. 1997; PEREZ VILLAR et al.
1997; Sivori et al. 1996; PHiLLIps et al. 1996; PENDE et al. 1997). That specificity
can now be totally correlated with the cell surface expression of HLA-E, suggesting
that HLA-E is in fact the ligand for this receptor. Various functional assays proved
that HLA-E was mediating inhibition of NK cells through interaction with CD94/
NKG2 A receptor (Fig. 2). Chimeric molecules in which a class I leader sequence
with a peptide capable of binding to HLA-E were transfected into 721.221 and were
capable of protecting the target from lysis (BRAUD et al. 1998a). Addition of class I
leader sequence peptides to 721.221 cells or RMA-S cells transfected with HLA-E
at 26°C—inorder to stabilize¢ HLA-E at the cell surface—was also sufficient to
induce protection (BORREGO et al. 1998; LEE et al. 1998b). It is of note that, in these
experiments, both HLA-E alleles (arginine or glycine at position 107) could inhibit
NK cell cytotoxicity (BoRREGO et al. 1998). Moreover, addition of an HLA-E
specific antibody could restore killing of 721.221 cells transfected with HLA alleles
possessing a peptide capable of binding to HLA-E in their leader sequences (LEE
et al. 1998b). This last experiment also shows that the other HLA alleles are not
ligands for CD94/NK G2 A, as the killing was fully restored by the addition of the
specific anti-HLA-E antibody.

Engagement of the CD94/NKG2 A receptor by HLA-E induces tyrosine
phosphorylation of the NKG2 A subunit and SHP-1 recruitment, suggesting that
this receptor uses a pathway common to other ITIM bearing molecules to inhibit
cell activation (LE DREAN et al. 1998; CARRETERO et al. 1998).

6 Perspectives

Clearly, HLA-E interaction with CD94/NKG?2 receptors is an important and
ingenious checkpoint of the immune system in which a non-polymorphic molecule
binding a conserved peptide from the leader sequence of highly polymorphic
molecules can insure protection from NK-cell-mediated lysis. This is substantiated
by the identification of rat and mouse homologues of CD94/NK G2 receptors and
HLA-E. A remarkable conservation of the HLA-E peptide binding groove during

&
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Fig. 1. HLA-E and MHC class I assembly in human cells. Nascent HLA-E or HLA-A2 heavy chains
associate with the chaperone molecule calnexin, which is later displaced by the association of B2
microglobulin. The loading of antigenic peptides into HLA-A2 and MHC leader peptides into HLA-E
occurs in the vicinity of the TAP transporter. It involves translocation of the peptides from the cytosol
into the lumen of the endoplasmic reticulum through the TAP transporter, and the recruitment of tapasin
and calreticulin molecules. HLA-E and HLA-A2 traffic to the cell surface after being loaded with peptides
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primate evolution also provides further evidence that HLA-E has a critical
immunological function (KNAPP et al. 1998).

The potential implications of HLA-E interaction with CD94/NKG2 receptors
are various. By using HLA-E, NK cells can monitor the global MHC class I
expression on target cells and detect any disruption in the MHC class I assembly
and transport pathway. MHC leader peptide availability seems to be a limiting
factor for HLA-E expression. Therefore, the loss of some or all HLA alleles can
result in reduction or disappearance of HLA-E molecules at the cell surface of
target cells, eliminating protection from NK-cell-mediated cytotoxicity. NK cell
expression of various receptors recognizing different groups of HLA molecules also
ensures, at least partly, the elimination of cells which have lost one HLA allele.

Pathogens have evolved to escape recognition by cytotoxic T cells (CTL) by
downregulating their MHC class I molecules. It is likely, however, that they have
also found ways to escape HLA-E-CD94/NKG2 A control, either by allowing
HLA-E expression while downregulating the other class I molecules, or by pro-
ducing molecules which could interact directly with CD94/NK G2 A. Further work
needs to be done to identify such strategies.

HLA-E is also involved in the regulation of T cell function. Indeed, a signifi-
cant proportion of afy and y3 T cells express CD94/NKG2 A receptors. CD9%4
engagement was shown to facilitate the recruitment of SHP-1 phosphatase to TCR-
CD3 complex and to affect phosphorylation of Ick and ZAP70 kinases (CARENA
et al. 1997). It could also inhibit both antigen-driven TNF release and cytotoxicity
on melanoma-specific human T cell clones (LE DREAN et al. 1998). This interfer-
ence was only observed at suboptimal concentrations of antigen, suggesting that
CD94/NKG2 A might regulate the cell activation threshold. Analysis of the phe-
notype of these T cells expressing NK receptors revealed that they have a memory
phenotype and are mainly oligoclonal or monoclonal cell populations, which in-
dicates that they have been activated in vivo. Expression of CD94/NKG2 A on aff
and yd T cells, similar to the KIRs, could be a way to control T cell activation,
which can be of importance with autoreactive T cells. In the case of viral infection
or cancer, however, the inhibition of virus or tumor specific CTL by CD9%4/
NKG2 A could lead to the inability of these cells to control diseases. A better
characterization of the CD94/NKG?2 A expressing T cells is necessary to under-
stand the exact role of this NK receptor on T cells.

Finally, HLA-E is likely to play a crucial role in pregnancy. Indeed, evidence is
accumulating that HLA-E is expressed on trophoblast cells along with HLA-G and
HLA-C. The majority of NK cells isolated from the maternal uterine mucosa
(decidua) are brightly stained with HLA-E tetramer (D Allan, A King, YW Loke,
personal communication). Further staining of these NK cells with an anti-NKG2 A
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Fig. 2. Cell surface expression of HLA-E protects target cells from lysis by CD94/NKG2A* NK clones.
HLA-E cell surface expression depends on the presence of a peptide from the leader sequence of other
MHC class I molecules. A threonine at position 2 in the leader peptide disrupts peptide binding to HLA-E
whereas a methionine allows binding. Cell surface HLA-E can protect target cells from being lysed by
CD94/NKG2A ™ NK cells, while anti-HLA-E and anti-CD94 antibodies reverse this protection
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specific antibody confirmed that HLA-E tetramer was binding to the inhibitory
CD94/NKG2 A receptor. It is therefore likely that interaction of trophoblast
HLA-E with CD94/NKG?2 A receptors expressed by decidual NK cells plays an
important role in the regulation of placental implantation. Further experiments are
in progress to assess its contribution.
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1 Introduction

Natural killer (NK) cells are an essential component of the innate immune system,
both as cytotoxic effectors and as a source of cytokines that modulate the activity of
other cells, including T cells and macrophages. While the molecular mechanisms
involved in NK cell activation are not completely understood, significant progress
has been made in the characterization of the inhibition of NK cell-mediated lysis. It
has become clear that the interaction between target cell MHC class I molecules
and specific MHC class I-binding inhibitory receptors on NK cells interrupts the
process of NK cell activation (YokoyAaMA 1998a; LANIER 1998). The physiological
significance of this type of recognition finds its best explanation in the “‘missing
self” hypothesis (LJUNGGREN and KARRE 1990), which suggests that NK cells
recognize and kill cells that have lost normal expression of MHC class I molecules,
e.g. during viral infections or malignant processes.

The MHC class I binding inhibitory receptors fall into two distinct structural
groups: the Ig-like receptors, which are monomeric type I integral membrane
proteins; and the C-type lectin-like receptors, which are disulfide-linked dimeric
type II integral membrane proteins. The human KIR family of receptors belong to
the first structural group, while the mouse Ly49 family and murine and human
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CD9%4 and NK G2 families belong to the lectin-like group of receptors (YOKOYAMA
1998a; LANieEr 1998). Ly49 receptors are generally expressed as homodimers
whereas CD94/NK G2 proteins associate as heterodimers. cDNAs encoding at least
fourteen members of the mouse Ly49 family have been identified (designated
Ly49A-N). They have been shown to be located in the mouse NK gene complex
(NKC) on distal mouse chromosome 6 (TAkEl et al. 1997, YokoyamA 1998a;
McQUuEeN et al. 1998). Several Ly49 rat homologous genes have also been
described (RyaN and SEaMAN 1997). Recently, a disulfide-linked homodimeric
molecule with an inhibitory function has been identified on the rat NK complex
(NapPer et al. 1998). Sequence analysis has revealed the presence of conserved
inhibitory motifs in the cytoplasmic tail of several members of this family of re-
ceptors (TAkEr 1997; Yokoyama 1998a; McQUEEN et al. 1998). Some of these
receptors (Ly49A, Ly49C, Ly49D, Ly491, and Ly49G2) have been defined by
monoclonal antibodies (mAbs), which has facilitated the characterization of their
specificities (reviewed in RAULET et al. 1997; Taker et al. 1997). For some of these
receptors, the specificity has been mapped to the al/a2 domains of the MHC class I
molecule (SUNDBACK et al. 1998; MaTsuMoTo et al. 1998) and to the stalk and
carbohydrate recognition domain (CRD) of the Ly49 receptor (TAKEI et al. 1997).
Even though polysaccharides impair the interaction between MHC class I ligands
and Ly49 receptors, unglycosylated soluble H-2 molecules are able to interact
specifically with their correspondent receptors (MaTsumoTo et al. 1998). Experi-
mental data have suggested that the MHC class I-loaded peptide is not specifically
recognized by murine NK inhibitory receptors, although it is required for appro-
priate folding and expression of a conformational determinant (CORREA and
RAULET 1995; ORIHUELA et al. 1996). Recent studies, however, have shown that
certain peptides that bind equally well to H-2K® molecules differ in their protective
capacity against NK1.1*/Ly49C™ cells (Lars Franksson, personal communication)

2 Inhibitory Signals Mediated by Ly49 Lectin-like Receptors
and Related Recruitment of Tyrosine Phosphatases

It has become evident that a broad spectrum of cell functions are regulated by
both activating and inhibitory stimuli. Immune cells can generate such signals
through cleverly designed receptors that, by themselves or in association with
other proteins, are able to direct the intracellular signaling pathways toward
either positive or negative responses. Conserved intracytoplasmic sequences on
these receptors or on associated proteins have been identified. These conserved
motifs fall into two homologous groups: The immunoreceptor tyrosine-based
activation motifs, or ITAMs (consensus amino acid sequence YxxXL-X(_g)-YXxXL,
single letter amino acid code and x representing any amino acid), and, the im-
munoreceptor tyrosine-based inhibitory motifs, or ITIMs (consensus amino acid
sequence I/VxYxxL/V) (LeiBsoN 1997). When the ligand-binding component of
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the receptor is engaged, the cytoplasmic tyrosine residues of the ITIM or the
ITAM are phosphorylated by src-family tyrosine kinases. ITIM phosphorylation
is followed by recruitment of molecules containing tyrosine phophatases such as
SHP-1, SHP-2, or SHIP, while ITAM phosphorylation leads to the recruitment of
non-receptor-related src- and syk/zap-70-family tyrosine kinases (LEiBSON 1997;
Vivier and DAEBRON 1997).

Ly49 inhibitory receptors have been shown to possess ITIM-like sequences.
Several of these receptors, including Ly49A, Ly49C, and Ly49G2, have been shown
to be phosphorylated following pervanadate stimulation or mAb-induced receptor
ligation. It has also been shown that SHP-1 coprecipitates with Ly49A and Ly49G2
following receptor phosphorylation (Mason et al. 1997). The importance of this
tyrosin phosphatase was supported by studies using SHP-1-deficient moth-eaten
mice, in which Ly49 inhibitory function is impaired, although not completely
abolished. Furthermore, tyrosine substitution within the proposed SHP-1 binding
motif abrogates receptor phosphorylation (Ryan and SEAMAN 1997). Ly49 has also
been shown to recruit SHP-2 (OLCESE et al. 1996). The tyrosine phosphatases SHP-
1 and SHP-2 have an enzymatic activity that blocks the activation cascade at an
early stage. The substrate for this enzyme during NK cell inhibition is not known.
Interestingly, engagement of KIRs disrupts the interaction between phospholipase
Cy-1 (PLCy-1) and the adapter protein pp36, blocking target cell-induced activa-
tion of phospholipase C. In vitro, pp36 serves as a substrate for the NK cell
receptor-associated SHP-1, suggesting that engagement of an NK cell inhibitory
receptor by its MHC class I ligand prevents pp36-PLCy-1 interactions by inducing
dephosphorylation of pp36. Alternatively, proximal src-family or syk-family PTK
could be the physiological targets for SHP-1 (WEBER et al. 1998; reviewed in
LEiBsoN 1997).

Ly49D receptor has been implicated in NK cell activation. This receptor,
as well as Ly49H, Ly49L, Ly49K, and Ly49N, lack ITIMs. These truncated re-
ceptors contain a charged amino acid in the transmembrane domain, a shared
characteristic with human CD94/NKG?2 and short KIR receptors that have been
shown to be involved in the transmission of activating signals; however, these
molecules also lack ITAMs (LANIER 1998). Recently, a signal transduction mole-
cule called DAP12 has been demonstrated to couple to Ly49D and Ly49H (SmitH
et al. 1998) as well as to the human activating receptors CD94/NKG2C and
KIR2DS2 (LANIER et al. 1998a,b). DAP12 is a disulphide-linked homodimer that
contains an ITAM-like sequence and binds ZAP-70 and syk protein tyrosine
kinases upon phosphorylation. Since DAP12 has a negatively charged residue in its
transmembrane portion, it probably associates noncovalently with the NK cell
receptor, helped by the interaction of transmembrane residues with an opposite
charge (LANIER et al. 1998a). These data suggest that isoforms of NK cell receptors
lacking ITIMs appear to transmit intracellular signals through an associated
molecule as an activating multimeric complex.
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3 Regulation of the Expression and the Function
of Ly49 Inhibitory Receptors

The absence of autoaggression by NK cells in normal individuals implies the
existence of a selection process for Ly49-defined NK cell subpopulations that
ensures the expression of useful inhibitory receptors and the discarding of harmful
ones. Several experimental models have shown that host MHC class I molecules
shape the Ly49 receptor pattern of expression (OLssoN et al. 1995; HELD et al.
1996a; SALCEDO et al. 1997). However, NK cells from a given mouse strain can
co-express Ly49 receptors with both syngeneic and allogeneic specificities.

The molecular processes involved in the acquisition of an NK cell repertoire
are not yet fully understood. In contrast to T cells, NK cells expressing MHC class
I-binding receptors mature in mice lacking normal expression of H-2 products.
These mice, however, present a moderate augmentation in the numbers of NK1.17/
Ly49™ cells as well as higher surface expression of these receptors on NK cells
(SALceDoO et al. 1997, 1998). Several independent studies have demonstrated that
Ly49 receptors are downregulated in mice expressing their specific ligands (OLssoN
et al. 1995; GosseLIN et al. 1997; SALceDo et al. 1997, 1998). Experimental evi-
dence has suggested that this is a postranscriptional event (FAHLEN et al. 1997;
HEeLb and RAULET 1997a) and that surface levels of Ly49 are subject to significant
changes after in vitro culture with IL-2 (SALcEDO et al. 1998). Interestingly, this
calibration to self MHC class I molecules has been shown to alter NK cell speci-
ficity. Ly49-low-expressing NK cells appear to acquire a greater capacity to detect
quantitative reductions of its ligand on target cells when compared with Ly49-high-
expressing cells (OLssON et al. 1997).

MHC class I-deficient mice should be prone to autoaggression by their own
NK cells. However, these mice do not present such pathology. Analyses of fetal
liver irradiation chimeras and transgenic mice displaying a mosaic expression of
MHC class I products demonstrated that tolerance is dominantly induced by MHC
class I deficient cells (Wu and RAULET 1997; JoHANssoN et al. 1997; ANDERSSON
et al. 1998). In these in vivo models, however, the generalized downregulation of
Ly49 receptors specific for the MHC class I mosaic gene product is not compatible
with a tolerance mechanism based only on changes in the pattern of expression of
Ly49 receptors. It is possible that tolerance is actively regulated by continuous
suppression of not yet characterized activating receptors rather than by overex-
pression of inhibitory ones. In this regard, it is interesting to mention that MHC
class I positive NK cells from these mosaic mice lose their tolerance to autologous
MHC class I deficient targets after in vitro culture with IL-2 (JoHANSSON et al.
1997). Similarly, NK cells derived from MHC class I-deficient mice tend to lose self-
tolerance upon in vitro culture with IL-2 (SALCEDO et al. 1998a).

The steps that determine selection, education and maturation of NK cell
subsets are still unclear. It has been shown that after in vivo transfer, NK cells not
expressing specific Ly49 receptors can give rise to NK cells that do, and cells
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expressing one given Ly49 receptor can give rise to cells expressing others (DORFMAN
and RAULET 1998). NK cells containing two Ly49 alleles of the same gene, tend to
express only one of them. In certain occasions both alleles are expressed. However,
this co-expression appears to be unrelated (HELb and RAuLET 1997b; HELD and
Kunz 1998). Thus, these studies suggest that activation of the expression of Ly49
receptor encoding genes occurs successively and follows stochastic mechanisms.
However, certain rules that for the moment remain somewhat obscure must build a
self-tolerant and stringent NK cell repertoire with a restricted number of cells
expressing multiple self-specific Ly49 receptors. A more complete panel of mAbs
and functional studies assessing the killing capacity of different subpopulation of
NK cells, as well as the generation of a model that allows generating Ly49 ™ NK
cells from immature precursor cells in vitro, are required to further characterize the
selection of an appropriate NK cell repertoire by liost MHC class I and to define
the rules that govern these processes.

4 Other Murine Lectin-like Receptors Involved
in NK Cell-mediated Lysis Inhibition

In an attempt to identify Ly49 homologous genes on human NK cells, several genes
encoding lectin-like receptors were identified. These proteins constitute a second
type of human MHC class I inhibitory receptors and are expressed as heterodimers
named CD94/NKG?2. The NKG?2 family of proteins encodes at least four different
type II transmembrane molecules (NKG2A, NKG2C, NKG2E, and NKG2D/F).
Since CD94 molecules present a short cytoplasmic domain, the intracellular signal
delivered through this heterodimeric receptor can apparently be derived from the
cytoplasmic domain of NKG2. NKG2A and NKG2B (an alternative splicing
version of NKG2A) contain ITIMs and are inhibitory whereas NKG2C does not
contain an ITIM and is stimulatory (reviewed in Lanier 1998). cDNAs encoding
rat and mouse CD94 and NKG2 genes have been lately identified (reviewed in
YokovyamMa 1998b).

Recent studies have demonstrated that human CD94/NKG2 inhibitory
receptors bind the nonclassical MHC class I molecule HLA-E. For cell surface
expression, HLA-E requires binding of the leader peptide of a classical MHC class I
molecule (BRAUD et al. 1998). In retrospect, this observation may explain why the
specificity for the CD94/NKG2A receptor was considered promiscuous with
implicated binding specificities to HLA-A, -B, -C, and -G molecules. The class Ib
molecule Qa-1, which is widely expressed in the mouse, shares several features with
HLA-E. The most striking one is the changes at position 143 and 147, where
conserved threonine and tryptophan are replaced by serine, potentially enlarging
the F pocket. This changes may explain the restricted peptide repertoire displayed
by both Qa-1 and HLA-E, which is largely comprised of leader sequences from
other MHC class I molecules (SoLosk1 et al. 1995; BRauD et al. 1998). One of the
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common functions of these conserved molecules may be to serve as a ligand for (an)
NK cell receptor(s). We have seen that Qa-1 in the form of soluble tetramers binds
to a distinct subset of fresh or IL-2-activated NK1.17/CD3" splenocytes, and that
binding does not correlate with expression of specific Ly49 receptors with known
specificity for classical MHC class I molecules. Binding occurs whether NK cells
have evolved in an MHC class I expressing environment or in an MHC class I
deficient one. Recent studies have shown that the Qa-1 tetramers bind to mouse
CD94/NKG2A heterodimer. This interaction transmits an inhibitory signal (SAL-
CEDO et al. 1998b; VANCE et al. 1998). The NKG2D gene identified in mouse does
not contain ITIMs and contains charged residues in its transmembrane domain
that are incompatible in the heterodimeric configuration with the charged residue
present in CD94 (Ho et al. 1998).

5 Concluding Remarks

In spite of the overwhelming amount of knowledge acquired in recent years about
the modulation of NK cell activity, this field is constantly expanding. Although the
regulation of the specificity of NK -cells has started to be unravelled, there are
questions remaining to be answered. Which signal threshold determines whether an
NK cell should kill? How can the co-existence of both activating and inhibitory
MHC class I-binding NK receptors be reconciled? What are the in vivo implica-
tions of what is known about NK cell-mediated target recognition?

One can think of several possibilities to explain how an NK cell reaches a
killing decision. It is important to know that the current available data suggest that
the MHC-recognizing receptors exert their inhibitory effect on NK cellular acti-
vation only when they are coaggregated with activating receptors. This would
facilitate the physical contact between NK cell receptor-associated tyrosine phos-
phatases and their substrates in the activation complex (LEiBsoN 1997; Vivier and
DAEBRON 1997). It may be that activating receptors cooperate with inhibitory ones
by recruiting tyrosine kinases to allow phosphorylation of the cytoplasmic ITIMs.
On the other hand, a single NK cell could express an activating receptor specific for
one MHC class I allele and an inhibitory receptor specific for another one. This
would allow an NK cell to be activated when exposed to target cells that have lost a
single MHC class I allele. However, NK cell-mediated recognition cannot be ex-
plained by these simplistic explanations. Attempts to identify a single triggering
receptor for natural cytotoxicity have been unsuccessful. In fact, several different
molecules, including lectin-like proteins, adhesion, and costimulatory molecules,
are able to trigger NK cell activation upon specific engagement (reviewed in
LeiBsoN 1997; YokovaMA 1998a; LANIER 1998). The rapid expansion of this field
will surely lead to the identification and molecular characterization of novel mol-
ecules involved in the signaling events that take place during NK cell activation
(and inhibition), which would help complete this exciting puzzle.
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Several studies have integrated the regulation of the NK cell receptor-mediated
target recognition and its importance in specific in vivo situations. For example, the
fate of bone marrow allografts have been shown to be significantly influenced by
certain Ly49 subpopulations. It has been demonstrated that depletion of certain
subsets of NK cells may lead to acceptance or rejection of bone marrow grafts,
depending on whether the depleted subpopulation expresses an inhibitory or and
activating NK cell receptor (Raziuppin et al. 1998). Presence of inhibitory
receptors on decidual NK cells recognizing MHC class I alleles expressed by
trophoblasts may provide a useful system to protect the fetus from recognition by
the mother 27s NK cells or to stimulate NK cells to produce relevant cytokines
related to pregnancy (KING et al. 1997). At last, inhibitory as well as activating
receptors have been shown to be present on other immune cells. In the human,
T cell activity has been demonstrated to be affected by the presence of KIRs
(DANDREA and LANIER 1998). Ly49A has been reported to be expressed in CD3 ™"
of intestinal intra-epithelial T lymphocytes (RoLAND and CAzENAVE 1992). The
role of Ly49 NK cell receptors on murine T cells has not been widely explored.
However, studies in Ly49A transgenic mice have shown that this receptor prevents
T-cell in vitro proliferative response to stimulator cells of allogeneic origin (HELD
et al. 1996b).

Generation of reagents such as soluble receptors and ligands is crucial to assess
molecular aspects of the modulation of NK cell activation/inhibition equilibrium.
The establishment of experimental models where regulation of the expression of
inhibitory receptors can be modified and followed will also constitute an important
source of information in the study of the events that determine NK cell specificity.
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1 Introduction

The activation of human natural killer (NK) cells is under tight negative control of
killer cell Ig-like receptors (KIR) specific for HLA class I. Recently, several new
receptor families were identified which share structural features with KIR but are
expressed in various different cell types of the immune system. One of these
receptor families, the gp49 glycoproteins, are expressed on mouse mast cells and
NK cells where they may deliver dominant inhibitory signals participating in the
regulation of cellular effector functions.

2 Control of NK and Mast Cell Activation

Mast cells and NK cells are potent mediators of early, innate immunity against
various pathogens. For example, mast cells are crucial for resistance to some
bacterial infections (ECHTENACHER et al. 1996; MaLAviva et al. 1996). NK cells can
directly kill target cells, including tumor cells and cells infected by some viruses. In
addition to their direct involvement in elimination of pathogens, mast and NK cells
also regulate other cells of the immune system by secreting cytokines such as TNF-a
and IFN-y (BiroN 1997; TRINCHIERI 1995).
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Whereas it is well established that NK and mast cells are essential for immunity
against certain pathogens, the molecular mechanisms controlling their activation
are not fully understood. The best-characterized activating receptors on mast and
NK cells are the FceRI and FcyRIII, which can trigger mast cell degranulation and
NK-mediated cytotoxicity upon binding to their ligands, IgE and IgG, respectively
(DaERON 1997). However, both cell types can also be activated in the absence of Ig.
In NK cells, this may occur following cross-linking of various activating receptors
or adhesion molecules. Signaling through these different activating receptors on
NK cells is tightly regulated by inhibitory receptors. NK cells express multiple
families of inhibitory receptors specific for distinct major histocompatibility com-
plex (MHC) class I molecules (reviewed by LANIER 1998). These receptor families
exhibit a rich diversity of structures, comprising type II transmembrane molecules
of the C-type lectin family (the mouse Ly49 and mouse and human NKG2/CD9%4)
and type I transmembrane proteins belonging to the Ig superfamily (the human
KIR). Recognition of self-MHC class I molecules on target cells by these receptors
results in a negative signal that dominates over activation to prevent NK-mediated
killing. Conversely, target cells that fail to express normal MHC class I molecules,
such as tumor cells and virus-infected cells, may be killed by NK cells (LYUNGGREN
and KARRE 1990). Thus, inhibitory receptors specific for MHC class I molecules
play an important role in the control of NK cell activation.

Despite their very different overall structures the KIR, Ly-49, and NKG2
inhibitory receptors all employ the same pathway for transducing negative signals
(reviewed by BursuTyN and LoNG 1997). The cytoplasmic tails of these molecules
share a highly conserved tyrosine phosphorylation motif consisting of the amino
acid sequence (Q/E)EVTY(A/T)QL. In addition, KIR and NKG2 molecules
possess a second tyrosine phosphorylation motif with the consensus sequence
V/IxYxxL (where x is any amino acid). Tyrosine phosphorylation of these motifs
leads to recruitment and activation of the cytoplasmic tyrosine phosphatase SHP-1,
resulting in inhibition of NK-mediated lysis (BuRsHTYN and LonG 1997).

3 gp49 Glycoproteins

A small family of glycoproteins called gp49, which have relatively low sequence
homology to human KIR, are expressed on the surface of mouse mast cells and NK
cells (ArM et al. 1991; WANG et al. 1997; Roso et al. 1997). The gp49 molecules
have also been detected in peritoneal macrophages and mononuclear phagocytes
(LeBLaNc and Biron 1984). Two isoforms, gp49A and gp49B, have very
homologous extracellular portions, with 89% amino acid identities in their two
extracellular Ig-like domains (CASTELLS et al. 1994). In contrast, their cytoplasmic
tails are quite different. Whereas gp49B has a cytoplasmic tail of 74 amino acids
containing two tyrosine phosphorylation motifs, gp49A has a short, truncated tail
of only 42 amino acids which lacks tyrosine-based signaling motifs (CASTELLS et al.
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1994). These structural features suggests that gp49A and B have different signaling
capabilities but may share specificity for the same, as yet unidentified ligand.
However, the possibility that the two isoforms of gp49 bind different ligands should
not be excluded. In the related KIR molecules, single amino acids can determine the
specificity for distinct HLA class I allotypes (WinTER and LONG 1997). The mRNAs
encoding both gp49A and B have been detected in populations of mast and NK
cells (WANG et al. 1997; Roso et al. 1997). By FACS analysis, essentially all NK
cells express gp49 glycoproteins on their surface (WANG et al. 1997), but due to the
lack of specific serological reagents, it has not been determined whether individual
cells express gp49A or gp49B, or co-express both forms. The gp49A and B mole-
cules are encoded by two distinct genes located head to tail, and separated by 4.4kb
(Kurorwa et al. 1998).

The two tyrosine phosphorylation motifs in the cytoplasmic tail of gp49B are
highly related to those present in the tail of KIR. Most strikingly, the tail of gp49B
contains a sequence, QDVTYAQL, almost identical to the QEVTYAQL present in
KIR. This motif, as well as the second IVYAQV tyrosine phosphorylation motif in
the tail of gp49B, conforms to the established I/VxYxxL/V motif for binding to and
activating the cytoplasmic tyrosine phosphatase SHP-1 (BURSHTYN et al. 1997). In
KIR, phosphorylation of the tyrosines in these motifs is essential for generation of
the negative signal leading to inhibition of NK-mediated killing (RoJo et al. 1997).

The presence of KIR-related tyrosine phosphorylation motifs in the cyto-
plasmic tail of gp49B suggested that it may function as an inhibitory receptor. This
hypothesis is supported by in vitro data obtained by two experimental strategies. In
the first, a recombinant receptor was constructed where the cytoplasmic tail of
gp49B replaced the cytoplasmic tail of a KIR specific for HLA-Cw3 (RoJo et al.
1997). This KIR/gp49B chimeric receptor was transiently expressed on human or
mouse NK cells. The KIR/gp49B receptor delivered a strong inhibitory signal
which completely prevented NK-mediated killing of target cells expressing HLA-
Cw3, the specific KIR ligand. Even very strong stimulatory signals generated in
antibody-dependent cellular cytotoxicity assays were dominantly inhibited by the
cytoplasmic tail of gp49B. The inhibitory signals generated by the cytoplasmic tail
of gp49B in these experiments were at least as strong as those delivered through a
wild-type KIR tested in parallel (Rojo et al. 1997). In the second experimental
approach, antibody-mediated co-cross-linking of gp49 to the FceRI receptor
inhibited FceRI-triggered degranulation in mast cells (KATz et al. 1996). These in
vitro experiments demonstrated that gp49B can function as an inhibitory receptor
in NK and mast cells.

The conservation of tyrosine phosphorylation motifs in KIR and gp49B, and
the finding that both the KIR/gp49B chimera and a wild-type KIR inhibited
cytotoxicity by either human or mouse NK cells, suggests that both molecules may
transduce negative signals through the same conserved pathway. Signaling through
KIR relies critically on recruitment and activation of SHP-1, as demonstrated in
functional experiments using dominant negative mutants of SHP-1 (BURSHTYN
et al. 1996; BINSTADT et al. 1996). Recently, tyrosine phosphorylated synthetic
peptides containing either of the conserved motifs in gp49B were shown to bind to
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SHP-1 and SHP-2 in mast cell extracts, indicating that gp49B may also transduce
negative signals through SHP-1 and possibly SHP-2 (Kuroiwa et al. 1998). Sur-
prisingly, the peptide containing the QDVTYAQL motif of gp49B also bound to
the inositol phosphatase SHIP in mast cell extracts (Kuroiwa et al. 1998). In
contrast, the QEVTYAQL sequence from KIR selectively bound to SHP-1 but not
SHIP in extracts from T, NK or B cells (BUurRsHTYN et al. 1997). Functional
experiments in NK cells and B cells demonstrated that inhibition through KIR
involves SHP-1 but not SHIP, whereas negative signaling through FcyRIIb
requires SHIP but not SHP-1 (GupTa et al. 1997; ONo et al. 1997). Although the
functional role of SHIP in gp49B-mediated signaling has not been tested, the
binding of gp49B-derived phosphopeptides to both SHP-1 and SHIP raises
the possibility that gp49B may transduce negative signals through either phos-
phatase, perhaps expanding the range of activation signals that may be targeted for
inhibition by ligation of gp49B.

The structural features and the functional and biochemical experiments
described above strongly suggest that gp49B is an inhibitory receptor which may
negatively regulate the activation of mast cells and NK cells. As gp49 expression
has also been detected in some macrophages and monocytes, it may participate in
the regulation of these cell types as well. Thus, mast cells, NK cells, and possibly
monocytes/macrophages may all be regulated by (a) common inhibitory ligand(s).
It will be of great interest to determine the identity of this ligand and how it
contributes to the regulation of cells expressing gp49. Since the gene encoding
gp49B apparently is non-polymorphic (WANG et al. 1997), the ligand for gp49 may
be non-variable. In contrast, the KIR and Ly-49 families of inhibitory NK
receptors comprise diverse receptors specific for polymorphic MHC class I allo-
types. gp49 is expressed on all resting or activated mouse-spleen-derived NK cells,
including some clones which lack Ly-49 molecules (WANG et al. 1997), suggesting
that this receptor may play an important role in preventing cellular activation,
perhaps during certain stages of development or in anatomical locations where
activation of NK or mast cells could have detrimental consequences.

Mast cells, NK cells, and monocytes/macrophages all can be inhibited through
additional receptors besides gp49. NK cells express KIR, Ly-49, and CD94/NKG2
(LANIER 1998) and mast cells express FcyRIIb, MAFA, and CD81 (DAERON et al.
1995; GUTHMANN et al. 1995; FLEMMING et al. 1997). Monocytes and macrophages
express members of the recently identified ILT/LIR/MIR, the p91/PIR, and LAIR
families of receptors which contain Ig-like domains related to those in gp49 and
KIR and cytoplasmic tails with tyrosine phosphorylation motifs specific for SHP-1
(SamariDIs and CoLonNNA 1997; CosMaN et al. 1997, BoraGes et al. 1997; ArRM
et al. 1997; WAGTMANN et al. 1997; HavyaMi et al. 1997; KuBaGawA et al. 1997;
MEYAARD et al. 1997). The members of these receptor families are expressed in
additional, often overlapping, subsets of cells of the immune system, as discussed in
other reviews in this issue. The discovery of inhibitory receptors expressed in a
broad range of cell types, and the finding that some cell types such as mast and NK
cells express multiple types of inhibitory receptors suggests that inhibition is an
important, widespread mechanism of regulation in the immune system.
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Human homologues of gp49 have not been identified yet. Sequence compari-
sons of individual Ig domains indicates that the closest relatives of gp49 are the
mouse p91/PIR and the human ILT/LIR/MIR families of proteins which have six
and four Ig-like domains, respectively. Such sequence comparisons suggest that
gp49, p91/PIR, KIR, ILT/LIR/MIR, and LAIR are evolutionarily related mole-
cules which have diverged in the extracellular domains to recognize different ligands
while retaining the same tyrosine phosphorylation motifs for initiating negative
signaling via SHP-1. Whereas the genes encoding the KIR, ILT/LIR/MIR, and
LAIR molecules are on human chromosome 19q13.4, and p91/PIR is located
syntenically on mouse chromosome 7 (WAGTMANN et al. 1997), the genes encoding
gp49 are on mouse chromosome 10 at cytogenetic band B4 (Kurorwa et al. 1998).

The function of gp49A is unclear. The cytoplasmic tail of gp49A lack tyrosine-
based signal transduction motifs. However, it contains a consensus sequence,
shared by gp49B, for serine phosphorylation by protein kinase C (CASTELLS et al.
1994). Interestingly, the diversity between gp49A and B, where similar extracellular
portions are linked to different types of cytoplasmic tails, is reminiscent of KIR.
Members of the KIR family have either long or short cytoplasmic tails, with or
without inhibitory tyrosine phosphorylation motifs, (CoLoNNA and SAMARIDIS
1995; WAGTMANN et al. 1995a). This dual diversity extends to other families of
inhibitory receptors, including the type II transmembrane Ly-49 receptors as well
as gp49, ILT/LIR/MIR, p91/PIR, and LAIR. The conservation of dual receptor
forms in these unrelated receptor families suggests an important role for this fea-
ture. Functional gene transfer experiments in NK cells in vitro and in transgenic
mice have demonstrated that KIR molecules having long cytoplasmic tails are
inhibitory (WAGTMANN et al. 1995b; CamBiAGaGl et al. 1997). In contrast, the
function of molecules with short cytoplasmic tails is enigmatic, although some
in vitro data have demonstrated that they have activating potential (LANIER 1998).
Short-tailed isoforms of KIR, Ly-49, and NKG2 are linked to transmembrane
domains containing a charged amino acid. These charged residues permit associ-
ation with the ITAM-containing DAP12/KARAP homodimers which can generate
activating signals (OLCESE et al. 1997; LANIER et al. 1998a, b; SmiTH et al. 1998).
Similarly, charged residues are present in the transmembrane portion of short-
tailed members of the ILT/LIR/MIR, p91/PIR, and LAIR families. In contrast, the
gp49A molecule lacks such a charged residue, raising the possibility that it may
signal by other mechanisms than via DAP12/KARAP. Thus, further studies will be
necessary to determine the signaling capability of gp49A. Identification of the
natural ligand for gp49 should facilitate such studies and characterization of the
physiological role of gp49 in the regulation of mast and NK cells.
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1 The Immunoglobulin-Like Transcripts Receptor Family

Immunoglobulin-like transcripts (ILTs) encode several Ig-SF receptors which are
structurally and functionally related to killer cell inhibitory receptors (KIRs) and
are expressed on lymphoid and/or on myeloid cells (Yokoyama 1997; Table 1).
ILTs are characterized by two or four homologous extracellular Ig-SF domains and
can be classified by differing transmembrane and cytoplasmic domains (SAMARIDIS
and CoLoNNA 1997). One subset of ILT receptors displays long cytoplasmic tails
containing immunoreceptor tyrosine-based inhibitory motifs (ITIMs). These
receptors mediate inhibition of cell activation by recruiting protein tyrosine phos-
phatase SHP-1 (CeLLa et al. 1997a; CosMmAN et al. 1997; CoLonNNA et al. 1997; Arm
et al. 1997; CoLonNA et al. 1998). Another subset of ILT receptors contains short
cytoplasmic domains that lack kinase homology or recognizable motifs for sig-
naling mediators. In addition, they are characterized by the presence of a single
basic arginine residue within the hydrophobic transmembrane domain (CoLONNA
et al. 1997; BorGes et al. 1997). These ILT receptors closely resemble activating
natural killer (NK) cell receptors, which share a positively charged lysine residue in
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Table 1. Human ILT/LIR/MIR Receptors

Receptor Ligand
Function Alternative Structure MAb mw
names
Inhibitory
ILT2 LIR1, MIR7 4 Ig-SF domains  HP-F1 110 HLA-A, -B
and -G1
ILT3 LIRS 2 Ig-SF domains ~ ZM3.8, ZM4 60 unknown
ILT4 LIR2, MIR10 4 Ig-SF domains 42Dl 110 HLA-A, -B
and -G1
ILT5 LIR3, HLY9 4 Ig-SF domains - unknown unknown
LIRS 4 Ig-SF domains unknown unknown
Activating
ILTI LIR7 4 Ig-SF domains 135 60 unknown
ILT1-like 4 Ig-SF domains - unknown unknown
protein
LIR6a 4 1g-SF domains - unknown unknown
Soluble
ILT6 LIR4, HM31, 4 Ig-SF domains  — unknown unknown
HM43

the transmembrane domain and a short cytoplasmic domain that lacks sequence
motifs implicated in signal transduction (Biassoni et al. 1996). To transduce sig-
nals, activating NK cell receptors associate with an immunoreceptor tyrosine-based
activation motif (ITAM)-containing subunit called DAP12 (OLcEsE et al. 1997,
LANIER et al. 1998a, b; SmiTH et al. 1998; CamPBELL et al. 1998). Because of these
structural similarities, it seems most likely that ILT receptors with short cyto-
plasmic tails also activate cells and use an associated protein to transduce stimu-
latory signals. A third subset of ILTs has no transmembrane and cytoplasmic
domains and may be secreted as soluble receptors (COLONNA et al. 1997; ArM et al.
1997; Boraes et al. 1997). All the ILT genes map on human chromosome 19q13.4
in close linkage with the KIR genes (WAGTMANN et al. 1997; TORKAR et al. 1998;
WENDE et al. Mammalian Genome, in press). Their murine counterparts have been
recently identified (HAavami et al. 1997; KuBagawa et al. 1997).

Here we will review cellular distribution, biochemical characteristics and
function of the ITIM-containing ILTS which includes ILT2, ILT3, ILT4 and
ILTS.

2 Cellular Distribution of ITIM-Containing ILTs

ITIM-bearing ILT receptors are expressed on lymphoid and/or on myeloid cells.
The expression patterns of many ILTs have been determined by cell surface staining
with specific monoclonal antibodies (mAbs). In peripheral blood leukocytes, ILT2
is expressed on subsets of NK and T cells, and on all B lymphocytes and monocytes
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(CoLonna et al. 1997). In the bone marrow, ILT2 is not expressed in pre-B cells,
but expression increases with B cell maturation. In peripheral lymphoid tissues,
ILT2 is expressed on germinal center and plasma cells (CoLoNNA, unpublished
data). ILT2 is also expressed on liver sinusoidal macrophages (LOPEz-BOTET,
unpublished data), and on macrophages and dendritic cells (DCs) cultured from
monocytes using appropriate cytokines (CoLoNNA et al. 1997). In contrast to ILT2,
other ILT receptors show a more restricted pattern of expression. ILT3 and ILT4
are expressed on monocytes, macrophages derived from purified monocytes,
immature DCs, and DCs stimulated either with bacterial products, inflammatory
cytokines, or via CD40-CD40L interactions to induce maturation (CELLA et al.
1997a; CoLonNA et al. 1998). Cell surface expression of ILT3 and ILT4 has not
been detected on NK cells, T cells, EBV-transformed B cell lines, peripheral B cells,
or neutrophils (CeLLA et al. 1997a; CoLoNNA et al. 1998), although mRNA has
been detected by RT-PCR studies in lymphocytes (BoRrGEs et al. 1997). This
mRNA may not be correctly spliced or translated, and hence the protein is not
expressed on the cell surface. Alternatively, RT-PCR experiments may detect yet
unknown mRNAs which cross-hybridize with ILT3 or ILT4.

ILT5 has been exclusively cloned from RNA derived from myelomonocytic
cells and may have an expression pattern similar to that of ILT3 and ILT4
(CoLonna et al. 1997; ArM et al. 1997; Boraes et al. 1997). Interestingly, analysis
of ILT structural variability within the population has revealed that ILTS5 is
strikingly diverse (CoLoNNA et al. 1997). Amplification and sequencing of ILT5
cDNA from a pool of cells derived from different individuals has shown 15 distinct
cDNAs, whereas only one ILT5 cDNA clone was found from a single donor. Thus,
ILTS may be extensively polymorphic, with amino acid variants clustered in several
distinct regions of the extracellular domains. Genomic studies are necessary to
establish whether all of the cloned ILTS variants are encoded by different alleles of
the same locus, or by different loci.

3 Specificity of ITIM-Bearing ILT Receptors

The homology between ILTs and KIRs suggests that ILTs may be receptors for
HLA class I molecules. Indeed, ILT2 and ILT4 have been shown to interact with
HLA class I molecules with a broad specifity (COLONNA et al. 1997, 1998; CosMAN
et al. 1997). Soluble ILT2 and ILT4 bind to all the tested HLA-A and -B trans-
fectants made in the class I-negative cell line 721.221, but not to HLA-C trans-
fectants. Interaction between ILT2, ILT4 and class I molecules has also been
confirmed by studying the binding of soluble class I molecules to ILT2- and ILT4-
transfected cells. Soluble HLA-A*0201, -B*0801, -B*2702, and -B*3501 tetramers
complexed either with influenza- or HIV-derived viral peptides bind to ILT2 and
ILT4-transfected COS cells (CoLoNNA et al. 1998; Colonna, unpublished data), but
not to untransfected COS cells.
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In addition to HLA-A and -B, ILT2 and ILT4 interact with the non-classical
class I molecule HLA-G1 (CoronNA et al. 1997, 1998). This interaction is
noteworthy, since HLA-G is selectively expressed in the trophoblast, a tissue of fetal
origin devoid of HLA-A, and -B molecules that separate the developing embryo
from the mother. Thus, interaction of ILT2 and ILT4 with HLA-G may inhibit
decidual leukocytes, contributing to maternal tolerance of the fetal semiallograft.
Interestingly, soluble ILT2/LIR1 has been also shown to bind to UL18, a class I-like
molecule synthesized by the human cytomegalovirus (HCMV) (CosMaN et al. 1997).
UL18 may be expressed by HCM V-infected cells in an attempt to engage leukocyte
inhibitory receptors and block cell-mediated anti-viral responses. However, it has
been difficult to detect cell surface expression of UL18 upon transfection of the
ULI8 gene (REYBURN et al. 1997; Leong et al. 1998) or during HCMYV infection.
Thus, the functional significance of ILT2 interaction with UL18 is still unclear and
should be investigated during the actual infection of a cell or an individual.

It has been shown that CD94/NK G2 receptors recognize a non-classical class I
molecule, called HLA-E (BRAUD et al. 1998; BORREGO et al. 1998; LEE et al. 1998b;
CARRETERO et al. 1998). One interesting feature of HLA-E is that its cell surface
expression is stabilized by a nonamer derived from the leader sequence of many HLA-
A, -B, and -Cmolecules as well as HLA-G1 (Braupet al. 1997; Leeet al. 1998a). Asa
consequence, transfection of many HLA class I genes in the class I-negative 721.221
cells results in the coexpression of HLA-E. This raises the question of whether ILT2
and ILT4 interact with HLA-A, HLA-B, and HLA-G1 molecules on 721.221
transfectants, or, like CD94/NKG?2 receptors, with the coexpressed HLA-E mole-
cule. To address this problem, we mutated the HLA-G1 leader sequence to encode a
peptide that does not stabilize HLA-E and used it to generate a 721.221-G1 trans-
fectant that does not co-express HLA-E. We then tested the binding of soluble ILT2
to the 721.221-HLA-G + /E-, HLA-G + /E+,and HLA-E + transfectants and found
that ILT2 strongly interacts with HLA-G1, whereas there is no detectable interaction
with HLA-E (Navarro et al. Eur J Immunol, in press).

In contrast to ILT2 and ILT4, other ILTs did not appear to bind MHC class I
molecules. Soluble ILT3 and ILTS5 proteins do not bind to class I transfectants and
none of the tested class I tetramers bound ILT5-transfected COS cells (CELLA et al.
1997a; CoLONNA, unpublished data). No information is yet available on ILT3 or
ILTS ligands, but it is possible that ILT3 and ILTS5 are receptors for MHC class
I-related molecules, such as CD1 (PorceLL1 1995), MR 1 (HASHIMOTO et al. 1995)
and MIC (BAHRAM et al. 1994).

4 ITIM-Bearing ILT Receptors Deliver a Negative Signal That
Inhibits Functional Responses and Early Biochemical Events

To determine whether ITIM-bearing ILTs can inhibit cell activation, ILTs have
been stably expressed in rat basophilic leukemia (RBL) cells, which release sero-
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tonin upon engagement of the Fc receptor for IgE (FceRI) (CoLoNNA et al. 1997,
1998). Secretion of serotonin triggered via the FceRI was inhibited when ILT2,
ILT4, or ILTS were ligated to FceRI, using anti-ILT mAbs and IgE immobilized
on plastic to mimic ILT and FceRI ligands, respectively. Inhibition of serotonin
secretion was also obtained by incubating ILT4-transfected RBL cells with class
I-transfected 721.221 cells coated with TNP and mouse anti-TNP IgE. In contrast,
no inhibition was observed by incubating ILTS5-transfected RBL cells with
TNP-IgE-coated class I transfectants, confirming that interaction of ILT4 (but not
ILTS) with class I molecules inhibits functional responses in RBL cells.

The physiological responses controlled by ILT receptors in leukocytes are not
completely understood. There is extensive evidence that ILT2 mediates inhibition
of NK cell-mediated cytotoxicity (CoLoNNA et al. 1997). In addition, ILT2
increases the activation threshold of CD8 + T cells (CoLONNA et al. 1997); conse-
quently, high antigenic doses are required to activate ILT2-expressing T cells. ILTs
are also capable of an inhibitory function in myelomonocytic and B cells when
recruited to a stimulatory receptor. For example, co-engagement of ILTs in B cells
inhibits Ca>* mobilization triggered via the B cell receptor (BCR) (COLONNA et al.
1997). Similarly, coligation of ILTs in monocytes inhibits Ca>* mobilization
triggered via the Fc y receptor II (FcyRII) and HLA-DR (CeLLA et al. 1997,
CoLonNA et al. 1997, 1998). However, the functional responses controlled in B cells
and monocytes are still unclear. In B cells, ILTs may modulate the threshold of
antigen-mediated B cell activation. In myelomonocytic cells, ILTs may control
antigen-presenting functions, such as antigen uptake and presentation, migratory
capacity, cytokine production, and costimulatory function (CELLA et al. 1997b).
ILTs may also control inflammatory responses mediated by monocyte-macro-
phages, such as oxidative burst, or inhibit their cytotoxicity against normal class
I-expressing cells, hence allowing lysis of tumor cells that have lost expression of
self-class I molecules (PHILIP and EpSTEIN 1986).

5 ITIM-Bearing ILT Receptors Associate
with SHP-1 Phosphatase

It has been shown that negative signaling through KIRs is mediated by recruitment
of SHP-1 and SHP-2 phosphatases upon tyrosine phosphorylation of cytoplasmic
ITIMs (BURSHTYN et al. 1996; CAMPBELL et al. 1996; OLCESE et al. 1996; Fry et al.
1996; BINSTADT et al. 1996). The cytoplasmic tails of ILT2, 3, 4, and 5 contain three
to four tyrosine-based motifs similar to those found in KIRs, although only some
fit the V/I-x-Y-x-x-L motif proposed to be required for SHP-1 binding (BURSHTYN
et al. 1997). To determine whether ILTs also recruit SHP phosphatases, ILT2,
ILT3, and ILT4 were immunoprecipitated from NK cells, B cells, and monocytes
either resting or stimulated with pervanadate, which induces substantial tyrosine
phosphorylation of cellular substrates.
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Immunoprecipitates were immunoblotted with anti-SHP-1, anti-SHP-2, and
anti-SHIP antibodies, showing that all ITIM-bearing ILTs are associated with
SHP-1 after treatment with pervanadate, whereas there is no detectable association
with SHP-2 and SHIP (CeLLA et al. 1997; CosMmAN et al. 1997; CoLONNA et al.
1997, 1998).

6 Concluding Remarks

A novel family of Ig-like receptors expressed on lymphoid and myeloid cells has
recently been discovered. Some of these receptors mediate an inhibitory function
upon specific recognition of HLA class I molecules. Rapid progress can be foreseen
in the characterization of these inhibitory receptors with regard to their biological
role. Our working hypothesis, based on current information available on the more
extensively characterized KIRs and ITIM-bearing receptors in B cells (DAERON
et al. 1995; Ono et al. 1996), is that ILTs establish an activation threshold that
must be overcome by triggering stimuli in order to promote cellular activation
efficiently. A number of questions remain unanswered about ILT ligand specifici-
ties, binding affinities, and structure: (a) Despite being broadly reactive with HLA-
A, -B, and -G molecules, why doesn’t ILT?2 efficiently interact with all HLA class I
allotypes? (b) What are the ligand(s) of ILTs that apparently do not interact with
HLA class I molecules? (c) What is the significance of the allelic polymorphism
found in some ILTs (i.e. ILT5)? (d) How is the selective expression of ILT2 on T
lymphocytes and NK cell subsets regulated?

Finally, it will be important to see whether ILT-class I interactions . are
important in diseases. Viruses may escape from immune responses by producing
glycoproteins, like UL1S8, which interact with ILT2, potentially blocking lymphoid
and myeloid cell activation. On the other hand, a dysfunction of the ILT inhibitory
machinery may facilitate inappropriate activation of immune cells, contributing to
the pathogenesis of some chronic inflammatory autoimmune diseases.
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1 Introduction

Human cytomegalovirus (hCMV) infects 70%-90% of adults (WENTWORTH and
ALEXANDER 1971). Evidence of CMV infection, but not other common viruses such
as measles or influenza, has been found in the remote Tiriyo Indian tribe in Brazil,
suggesting that CMV has been present in the human population for a long time
(GoLp and NaNKERVIS 1976). hCMV infection usually occurs early in life with only
mild and subclinical disease, followed by virus latency that can last for the lifetime
of immunocompetent individuals. However, reactivation of the virus can occur in
immuno-compromised patients, such as AIDS and transplant patients, and become
a major cause of morbidity and mortality.

hCMV has evolved several different strategies to escape immunosurveillance
and modulate the host immune response. For instance, expression of the viral
protein pp65 blocks the proteolysis of viral proteins in the cytoplasm of infected
cells and prevents the generation of viral peptides that could be presented to
cytotoxic T cells (GILBERT et al. 1996). The US6 protein interferes with the peptide
transporter TAP and blocks peptide delivery to MHC class I molecules (HENGEL
et al. 1997). Other mechanisms are used to inhibit cell surface expression of the host
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MHC class I molecules; the US3 viral protein binds to class I molecules and retains
them in the ER (AuN et al. 1996); the US2 (WiErTz et al. 1996a) and USI1
(WierTz et al. 1996b) proteins interact with newly synthesized class I molecules and
prevent them from entering the ER. Even though the down-regulation of MHC
class I molecules could limit T cell cytotoxicity towards CMV-infected cells, this
strategy would, in theory, expose the cells to cytotoxic responses mediated by NK
cells. These cells express killer inhibitory receptors (KIRs), which recognize MHC
class I molecules and send inhibitory signals that prevent NK cytotoxicity. In vitro
studies have shown that blockade of the KIR-class I interaction releases the NK
cells from inhibition and triggers cytotoxicity. In vivo, several lines of evidence
indicate that NK cells play a crucial role in controlling CMV infections in mice and
men. Depletion of NK cells in mice leads to an increase in susceptibility to CMV
infection (Bukowski et al. 1984). In humans, the most compelling evidence for the
role of NK cells in limiting CMYV infections comes from a teenage girl who com-
pletely lacked NK cells, but otherwise displayed normal T and B cell responses, and
had an unusual sensitivity to recurrent infections with CMV and other herpes
viruses (BIRON et al. 1989).

hCMYV and murine CMV (mCMYV) encode molecules that are homologous to
MHC class I antigens. These molecules include the hCMV protein UL18 and the
mCMYV protein m144. Similar to MHC class I molecules, both UL18 and m144
associate with B2-microglobulin (BROwWNE et al. 1990; CHAPMAN and BJORKMAN
1998). In addition, UL18, but not m144, binds to endogenous peptides in order to
form a thermally stable complex (CHAPMAN and BiorkMAN 1998). m144 has a
major deletion in the putative peptide binding groove, probably precluding the
molecule from associating with peptides. It has been proposed that UL18 and m144
could act as class I decoys to engage KIRs and modulate NK cytotoxicity towards
CM V-infected cells that have down-regulated expression of the host MHC class I
(FAHNESTOCK et al. 1995). Deletion of m144 from the mCMYV genome does not
affect viral replication in vitro, but considerably decreases virulence in vivo
(FARRELL et al. 1997). Virulence of the deletion mutant can be restored if NK cells
are depleted (FARRELL et al. 1997). The strict species specificity of hCMV precludes
similar in vivo testing of UL18 deletion mutants. However, we have taken a dif-
ferent approach to define the molecular and cellular targets of UL18.

2 The Leukocyte Immunoglobulin-like Receptor Family

To identify cellular counterstructures for UL18, we constructed a fusion protein of
the extracellular domain of ULI18 and the Fc region of human IgG1. Flow cyto-
metric analysis using this protein showed substantial binding to both monocytic
and B cell lines. After screening a CB-23 expression library with UL18-Fc, we
identified a novel immunoglobulin superfamily receptor for UL18 that we named
leukocyte immunoglobulin-like receptor-1 (LIR-1) (CosmAN et al. 1997). This
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molecule is a type 1 transmembrane glycoprotein, composed of four immuno-
globulin-like domains in the extracellular region, a single transmembrane domain,
and an intracellular region containing four immunoreceptor tyrosine-based inhib-
itory motif (ITIM)-like sequences. Southern and Northern blot analysis using a
LIR-1 ¢cDNA probe soon revealed that LIR-1 was part of a multigene family,
expressed both in myeloid and lymphoid cells. This observation was later confirmed
with the cloning of additional LIR cDNAs from human PBMC and dendritic cell
cDNA libraries (BorGes et al. 1997). Eight different members of this family have
now been identified (Fig. 1). They can be subdivided into three groups: trans-
membrane molecules with two to four ITIM-like sequences (LIR-1, -2, -3, -5, and -8);
transmembrane molecules with short cytoplasmic domains, a positively charged
arginine residue within the transmembrane domain, and no ITIMs (LIR-6a, -6b,
and -7); and soluble molecules with no transmembrane domain (LIR-4). Sequence
alignments and comparisons show that these molecules have amino acid sequence
identities ranging from 63% to 84% relative to the LIR-1 extracellular domain
sequence.

The LIR molecules are closely related to other Ig-superfamily immunorecep-
tors including the bovine neutrophil FcyR for IgG2 (ZHANG et al. 1995), murine
gp49B1/B2 antigens (CASTELLs et al. 1994; Rojo et al. 1997), murine PIR-A and
PIR-B/p91 receptors (Havamr et al. 1997, KuBaGgawa et al. 1997), the human
FcaR (MALiszewskr et al. 1990), and the human KIRs (CoLonNA 1996; LoNG
et al. 1996). The level of sequence identity ranges from 39% (human FcaR) to 54%
(bovine FycR for IgG2) when these sequences are compared with the extracellular
domain sequence of LIR-1. Other groups, using different strategies, have reported
the cloning of the same or closely related cDNAs. Different names are currently
being used to describe the same molecules, as shown in Table 1. To avoid further
complications, we will use only the LIR nomenclature when referring to our own
studies.

The LIR gene family maps to human chromosome 19q13.2-q13.4 (BORGES
et al. 1997; WAGTMANN et al. 1997), in close proximity to the cytogenetic loci for
the KIR gene complex (Suto et al. 1996) and FcoR gene (de Wit et al. 1995).
Recently, two new immunoglobulin superfamily receptors, PIR-A and PIR-B, were
identified in mice (KUBAGAWA et al. 1997) and mapped to chromosome 2, band A2,
a region that is syntenic with human chromosome 19q13.2-13.4. The genetic linkage
between murine PIRs and human LIRs and KIRs suggests that these gene families
have evolved from a common gene ancestor. PIR-A and PIR-B contain six
immunoglobulin repeats in the extracellular region, but have very different cyto-
plasmic tails. PIR-B has a long cytoplasmic region containing four ITIMs; PIR-A
contains a short cytoplasmic tail devoid of ITIMs and has a charged arginine
residue in the transmembrane region, a situation that is reminiscent of the type of
receptors found within the LIR and KIR gene families. ITIM-containing KIRs
deliver inhibitory signals that block NK cell activation, whereas the ITIM-lacking
KIRs trigger stimulatory signaling pathways (CoLoNNA 1996). As will be described
later in this review, we have evidence that ITIM-containing LIRs such as LIR-1
and LIR-2 deliver inhibitory signals. In view of the close genetic linkage and se-
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Fig. 1. Schematic representation of the structures of the leukocyte immunoglobulin-like receptor (LIR)
molecules. The immunoreceptor tyrosine-based inhibitory motif (/7/M)-like motifs are numbered 1
through 4 and their consensus sequences are indicated in the legend. LIR-6a and LIR-6b are encoded by
alternatively spliced mRNAs from a single gene

Table 1. Alternative nomenclature for the LIR gene family

Molecule Ig repeats ITIM-like References
motifs
LIR-1, ILT2, MIR7 4 4 Cosman et al. 1997,

Samaridis and Colonna 1997;
Wagtmann et al. 1997
LIR-2, ILT4, MIR10 4 3 Borges et al. 1997;
Colonna et al. 1998;
Wagtmann et al. 1997
LIR-3, ILTS, HL9 4 4 Borges et al. 1997,
Colonna et al. 1998;
Arm et al. 1997
LIR-4, ILT6, HM43 4 0 Borges et al. 1997;
Colonna et al. 1997,
Arm et al. 1997
LIR-5, ILT3, HM18 2 3 Borges et al. 1997,
Cella et al. 1997;
. Arm et al. 1997
LIR-6a, LIR-6b 4,2 0,0 Borges et al. 1997

LIR-7, ILTI 4 0 Borges et al. 1997,
Samaridis and Colonna 1997
LIR-8 4 2 Borges et al. 1997

quence similarities between LIRs and KIRs, we predict that LIRs devoid of ITIM
sequences engage activatory signaling pathways. The same may be true for the
murine PIR-A molecule.

3 LIR Distribution

The LIR cellular distribution is clearly distinct from that of KIRs. LIRs are
broadly expressed in cells of both the myeloid and lymphoid lineage, while KIRs
are restricted to NK and small subsets of T cells (LANIER and PHiLLIPS 1996). LIR-1
is expressed in all CD14" monocytes, most of the CD19" B cells (97%), a low
percentage of CD3" T cells (3%) and a variable percentage of CD56" NK cells
(0%-30%) (our unpublished observations). High expression of LIR-1 is also
observed in CD33", CD14™, CD16~, HLA-DR ™ peripheral blood dendritic cells.
Colonna et al. (CoLONNA et al. 1997) used a different antibody against ILT2/LIR-1
and describe the same general expression pattern. In addition, this group char-
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acterized the T cells expressing ILT2/LIR-1, as carrying either TCR-of3 or TCR-y3
chains.

LIR-2 has a more restricted cellular distribution than LIR-1. By flow cyto-
metry analysis, LIR-2 is detected in all CD14™ monocytes, and in a large per-
centage of CD33™, CD14~, CD16 ", HLA-DR ™" dendritic cells (our unpublished
observations). LIR-2 expression is not observed in CD19™ B cells, CD3 ™ T cells, or
CD56" NK cells. A similar pattern of expression for ILT3/LIR-5 was described by
CELLA et al. (1997). ILT3/LIR-5 staining was observed in CD14 " monocytes, and
in CD14™, HLA-DR ™ circulating dendritic cells, but no expression was detected in
CD3" T cells, CD20" B cells, or CD16" NK cells.

The cellular distribution of the other LIR molecules has only been studied at
the mRNA level. We used reverse transcription polymerase chain reaction and
primers specific for each one of the LIR molecules to study the expression of these
molecules in dendritic cells, monocytes, T cells, B cells, and NK cells (BorRGEs et al.
1997). LIR-3 and LIR-6a/b transcripts are found in monocytes and at lower levels
in B cells. On the other hand, LIR-4 transcripts are most abundant in B cells and
can be detected at lower levels in NK cells. A much more restricted expression
pattern is observed with LIR-8, whose transcripts can only be detected in NK cells.
LIR-7 transcripts were expressed at low to undetectable levels in all cells studied.
More detailed distribution studies will be possible when additional LIR-specific
antibodies become available.

4 LIR-1 and LIR-2 Bind to MHC Class I Molecules

Given the relationship between UL18 and MHC class I molecules, we examined the
ability of fusion proteins between the LIRs’ extracellular domains and human IgGl
Fc region, to bind to activated peripheral blood T cells, which express a high level
of MHC class I. Only LIR-1 and LIR-2 bound to the activated T cells and this
binding could be competed by the pan anti-MHC I antibody W6/32, implying that
both these molecules were recognizing class I alleles (BORGEs et al. 1997). Addi-
tionally, we isolated HLA-A2 and HLA-B44 cDNAs from an HSB-2 (a T
lymphoblastoid leukemia cell line) cDNA expression library, using LIR-1-Fc
binding as a screen (CosMaN et al. 1997).

To look in more detail at the binding specificity of LIR-1 and LIR-2, we used
the B lymphoblastoid cell line 721.221, either untransfected or transfected with
various MHC class I alleles. Both LIR-1 and LIR-2 showed a broad binding
specificity to alleles of the HLA-A (A0101, A0301), HLA-B (B0702, B0801, B1501,
B2702), and HLA-C (CW0304) haplotypes (FANGER et al. 1998). In addition to the
classical class I antigens, ILT2/LIR-1 and ILT4/LIR-2 also bind to the non-clas-
sical class I antigen HLA-G1 (CoLoNNA et al. 1997). The range of HLA alleles
recognized by the LIRs is much broader than that of the KIRs. Individual KIRs
recognize HLA alleles of the A, B, or C allotypes. While it seems clear that most, if
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not all, of the KIRs, recognize class I molecules, evidence from our own and other
laboratories suggests that most LIRs recognize ligands other than class I molecules.
We have used the LIR-Fc fusion proteins to test binding to activated T cells and a
large number of class I positive cell lines and consistently failed to detect any
binding, with the exception of LIR-1 and LIR-2. In the few cases where we have
observed binding, it could not be competed by an anti-MHC class I antibody,
suggesting that antigens, other than class I, were being recognized. Possible binding
partners for the LIRs might include rare MHC class I antigens, non-classical class I
alleles, MHC class II molecules, and soluble Ig molecules. Of all the LIRs that we
have cloned, only LIR-1 interacts with UL18 (BorGEs et al. 1997), despite the high
level of sequence identity among the LIR extracellular domains (for instance, LIR-2
and LIR-4 are 82% and 84% identical to LIR-1). This specificity suggests that
LIR-1 has a non-redundant function that is targeted by hCMV.

5 LIR Signaling and Function

Five of the eight LIR molecules contain ITIM-like sequences in the cytoplasmic
region (Fig. 1). ITIMs are present in inhibitory receptors such as KIRs and
FcyRIIb, which block activation by other cell surface receptors in NK and B cells,
respectively. Upon phosphorylation of the tyrosine residue, ITIMs recruit SH2
domain-containing phosphatases such as SHP-1 and SHIP, which then deliver an
inhibitory signal (YokoyAaMA 1997). We have labeled the YxxL/V sequences in the
LIR molecules as ITIM-like, since two of the four motifs do not conform to the
consensus ITIM sequence I/VxYxxL/V (where x is any amino acid). For simplicity,
we have numbered these ITIM-like sequences from 1 to 4, with motif 1 being the
closest to the membrane. Motifs 2 and 3 have the sequence VxYxxL/V which fits
the prototype ITIM sequence. On the other hand, motifs 1 and 4 do not have a
hydrophobic residue at position —2 upstream of the tyrosine residue. Instead, this
position is occupied by a polar amino acid, either an asparagine residue (motif 1) or
a serine residue (motif 4). It is not known whether these motifs are involved in
recruiting inhibitory signaling molecules. Since the sequences of motifs 1 and 4 are
well conserved among the LIR molecules, it is likely that they might be involved in
signaling mechanisms. Interestingly, the mouse PIR-B/p91 molecule has four
ITIM-like sequences, but only one of them conforms to the consensus ITIM
(Havami et al. 1997, KuBagawa et al. 1997). The other three motifs lack a
hydrophobic residue at position —2, which is either occupied by a glutamic acid or a
serine residue. Evidence from yet another receptor system suggests that such motifs,
or at least those preceded by a serine at position —2, could be involved in negative
signaling. Mast cells express a C-type lectin receptor, MAFA (mast-cell function-
associated antigen), which upon aggregation blocks Ig-E-induced activation of
these cells (GUTHMANN et al. 1995a). The cytoplasmic domain of MAFA contains a
single YxxL motif, which is preceded at position —2 by a serine residue (GUTHMANN
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et al. 1995b). It is not known yet whether this motif is involved in recruiting an
inhibitory signaling molecule, but if so, that would support the notion that there is
not an absolute requirement for a hydrophobic amino acid residue at position —2.
The presence of different ITIM-like sequences in LIRs is probably required for the
recruitment of different signaling molecules that might synergize to amplify the
inhibitory signaling cascade. Since the same LIR molecule can be expressed in a
wide variety of cells, it is also possible that the different motifs will be involved in
recruiting different proteins expressed specifically in certain cell subsets.

In monocytes, LIR-1 and LIR-2 suppress signaling by the high affinity Fc
receptor for IgG, CD64 (FANGER et al. 1998). Crosslinking CD64 on the surface of
monocytes induces Ca®* mobilization and a rapid increase in the levels of tyrosine
phosphorylation of several proteins, including the FcR vy chain and the protein
kinase Syk. However, when we used anti-LIR-1 or anti-LIR-2 F,)2 antibody
fragments to co-crosslink CD64 to either LIR-1 or LIR-2, we saw a marked inhi-
bition of Ca>" mobilization and overall tyrosine phosphorylation. Among the
signaling proteins, we observed a significant decrease in the tyrosine phosphoryla-
tion level of both Syk and FcR vy chain. This inhibition appears to be LIR specific,
since no detectable decreases in tyrosine phosphorylation could be seen when we
crosslinked CD64 to either CD11c or CD14. Colonna and his collaborators (1997)
have also demonstrated that the engagement of ILT2/LIR-1 on the surface of NK
and T cells blocks cell-mediated cytotoxicity. In addition, this group has observed
that co-engagement of ILT4/LIR-2 with either FcyRII or HLA-DR prevents Ca®*
mobilization in dendritic cells (CoLoNNA et al. 1998). Co-engagement of ILT3/LIR-
5 with FeyRII or HLA-DR also blocks Ca®* mobilization in antigen-presenting
cells (CeLLa et al. 1997). Interestingly, ILT3/LIR-5 is also involved in antigen
capture and delivery to a processing compartment where class 11 loading occurs
(CeLLA et al. 1997). Signals for ILT-3 internalization might be encoded by the
YxxV/L sequences present in the ITIM-like motifs, as these same sequences have
been shown to be required for endocytosis of other proteins, including FcyRIIB2
(MIETTINEN et al. 1989). Mutation of the tyrosine residue into glycine blocks
endocytosis mediated by FcyRIIB2 (DAERON et al. 1993). Since ITIM-like motifs
are present in several LIR molecules, these molecules may also be involved in an-
tigen capture by dendritic cells and monocytes. The antigen could then be deliver to
a processing compartment for loading into MHC class I or II molecules.

The detailed inhibitory signaling pathways triggered by the LIRs are not yet
known. Evidence from our own studies and those of Colonna’s laboratory has
implicated the tyrosine phosphatase SHP-1 as one of the enzymes likely to be
involved in early signaling events triggered by the LIRs. In the B cell line CB23,
SHP-1 associates with tyrosine phosphorylated-LIR-1 after stimulation with
sodium pervanadate (a general inhibitor of tyrosine phosphatases; CosMAN et al.
1997). In peripheral blood monocytes, SHP-1 co-immunoprecipitates with both
LIR-1 and LIR-2, following sodium pervanadate treatment (FANGER et al. 1998).
CELLA et al. (1997) have shown that ILT3/LIR-5 also recruits SHP-1 in monocytes,
when the receptor is crosslinked by antibodies attached to the tissue culture plate.
Since SHP-1 is required for signaling by other inhibitory receptors, including KIRs
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(Fry et al. 1996) and the erythropoietin receptor (KLINGMULLER et al. 1995), it is
likely that this enzyme is being recruited by the LIRs to deliver an inhibitory signal.
Given the fact that only two of the LIR ITIM-like motifs contain a hydrophobic
residue at position —2, as required for binding to the SH2 domains of SHP-1
(BursHTYN et al. 1997), it is conceivable that the other LIR ITIM-like motifs might
recruit other inhibitory signaling molecules.

The expression of LIR-1 and LIR-2 in monocytes and dendritic cells suggests
that MHC class I molecules modulate a broad range of immune responses, which
are not limited to NK and T cells as previously thought. The biological function for
these inhibitory receptors for MHC class I antigens on monocytes and dendritic
cells is not clear. They might raise the thresholds required for the activation of
monocytes and dendritic cells. For instance, the presence of LIRs in monocytes
might allow for the presence of low levels of self-reactive antibodies in circulation.
These antibodies could be present constitutively or be induced during the genera-
tion of humoral responses against infectious agents that encode epitopes cross-
reactive with self molecules. Tissues binding auto-antibodies might become targets
for monocytes/macrophages through interactions between Fc receptors on the
surface of the monocytes/macrophages and the auto-antibodies on the surface of
cross-reactive cells. Triggering of the Fc receptors could potentially activate
monocyte/macrophage cytotoxicity and up-regulate the secretion of pro-inflam-
matory cytokines such as TNF-o, IL-6, IL-8, IL-12, and IL-18. However, inhibi-
tory signaling by LIR-1 and LIR-2 after engagement with MHC class I antigens on
the tissues might prevent monocyte/macrophage activation.

In dendritic cells, the expression of LIR-1 and LIR-2 might be required to
block, for instance, the expression of co-stimulatory molecules. This could be
important to prevent activation of T cells that might react with self peptides
expressed in the context of MHC class I molecules in dendritic cells. Since T cells
are selected against self reactive epitopes in the thymus, a self peptide-MHC class I
complex in peripheral tissues might only be able to bind with low affinity to T cell
receptors expressed by a small subset of T cells. The presence of inhibitory recep-
tors such as LIR-1 and LIR-2 in dendritic cells might prevent the activation of such
self reactive T cells and generation of auto-immune reactions.

6 Possible Outcomes of the LIR-1 and UL18 Interaction

The significance of the LIR-1 interaction with UL18 is not known. Since LIR-1 is
only expressed in a small subset of NK cells that varies from donor to donor (0%-—
30% of the total NK cells), it seems unlikely that CMV would target LIR-1 as an
efficient way to block NK cytotoxicity. A recent report by REYBURN et al. (1997)
suggests that UL18 expression on a CM V-infected cell engages CD94 on NK cells
and prevents NK cytotoxicity. However, several lines of evidence contradict this
hypothesis. We and others (LEONG et al. 1998) have been unable to detect any
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interactions between UL18 and CD94. When we used a UL18-Fc fusion protein to
examine binding to NK cells, only small subsets of these cells were able to bind this
protein, despite the wide expression of CD94 in these cells. In addition, all of the
binding of ULI18-Fc could be blocked by an antibody against LIR-1, suggesting
that UL18 was recognizing only LIR-1 on the surface of NK cells (CosMmaN et al.
1997). LeonG et al. (1998) have shown that several different cell lines that were
either infected with CMV or transfected with ULI18 are killed by NK cell clones
expressing both KIRs and CD9%4. In this set of experiments, expression of UL18
consistently enhanced, rather than inhibited, killing and antibodies against CD94
did not affect NK cytotoxicity. Recent reports by several groups have clearly
demonstrated that CD94/NKG2A interacts with HLA-E and does not have a
broad class I binding specificity as previously thought (BrRAUD et al. 1998; LEE et al.
1998). HLA-E molecules can only reach the cell surface when bound to leader
peptides from certain class I molecules. In the Reyburn study (1997), 721.221 cells
were transfected with a UL18 cDNA, but selected for the surface expression of 2-
microglobulin and not UL18. As LEONG et al. (1998) suggested, it is possible that a
variant of 721.221 cells expressing a higher level of endogenous HLA-E, and not
ULI18, was selected. In that case, HLA-E expression on the target cells could have
engaged CD9%4 on the NK cells and blocked cytotoxicity.

Given the current evidence, we favor the hypothesis that CMV utilizes UL18 to
modulate LIR-1 function in monocytes (Fig. 2). The interaction of UL18 and LIR-1
could either take place on a virus-infected cell interacting with a LIR-1-expressing
cell or within the same cell. Expression of UL18 on a CMV-infected cell could
engage LIR-1 on the surface of a monocyte and block signaling pathways
responsible for triggering anti-viral functions. Blocking the secretion of cytokines
such as IL-12, IL-15, and IL-18, could result in the failure of monocytes to activate
NK cells. This in turn would limit the production of IFN-y and compromise NK
cytotoxicity towards CMV-infected cells. In mice, IFN-y clearly limits CMV
infection and blocks reactivation of the virus from latency (PREsTI et al. 1998).
Since LIR-1 can block signaling by Fc receptors, another possible outcome of the
LIR-1/UL18 interaction could happen later during the infection cycle. When
antibodies against CMV proteins are generated by the host, they can potentially
bind to viral proteins expressed on the surface of infected cells, trigger Fc receptors
on monocytes and induce cytotoxicity. However, engagement of LIR-1 on the
surface of monocytes could initiate an inhibitory signaling cascade that would
block killing of the infected cell.

The LIR-1/UL18 interaction could also take place within the same cell. In
healthy donors, peripheral blood monocytes are a viral reservoir for latent CMV
(SODERBERG-NAUCLER et al. 1997). Since monocytes are one of the main cell types
that express LIR-1, it is likely that both LIR-1 and UL18 could be expressed in
CMV-infected monocytes. If that is the case, molecular interactions might take
place and several outcomes could be hypothesized: 1) engagement of LIR-1 by
ULI18 could induce an inhibitory signaling pathway that could block anti-viral
effector mechanisms in monocytes, possibly allowing the virus to establish latency,
or 2) ULI18 could sequester LIR-1 to facilitate full activation of a stimulatory
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1. UL18 / LIR-1 interaction between two different cells.

® Inhibition of cytokine release
® Inhibition of NK cell activation
e Inhibition of cytotoxicity

2. UL18 / LIR-1 interaction within the same cell.
A) Triggering of LIR-1 Signalling

® Inhibition of monocyte activation
e Inhibition of cytokine production

B) Sequestration and inhibition of LIR-1 Signalling

® Monocyte differentiation
® Viral replication

Fig. 2. Possible outcomes from UL18/leukocyte immunoglobulin-like receptor-1 (LIR-I) interactions.
Interaction between LIR-1 and UL18 could take place either when a virus-infected cell contacts a LIR-1
expressing monocyte (Panel 1) or within a LIR-1 expressing monocyte that has been infected by CMV
(Panels 2 A,B)

signaling pathway(s) that would be advantageous for viral replication or other viral
function. For instance, studies have shown that, although CMYV can infect myeloid
progenitor cells (Konpo et al. 1994, 1996), the virus requires a more differentiated
phenotype for efficient replication. In that case, reactivation of the virus from a
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latent stage in myeloid progenitor cells might require the activation of signaling
pathways that induce cell differentiation. Sequestration or blockage of potentially
inhibitory molecules such as LIR-1, might be required for efficient activation of
these pathways.

7 Concluding Remarks

The understanding of the functional relationship between UL18 and LIR-1 could
shed new light on deciphering the function of LIR-1 and other inhibitory receptors.
The 1980s and 1990’s have seen spectacular advances in the study of stimulatory
receptors in the immune system and other tissues. Biologists are now realizing that
most, if not all, of the cellular responses to external stimuli are regulated by the
crosstalk between stimulatory and inhibitory pathways. We are at the beginning of
a new century and likely a new era in the understanding of the function of inhib-
itory receptors and the intricate homeostatic mechanisms that ultimately dictate the
outcome of cellular responses.
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1 Introduction

A distinguishing feature of the immune system is the ability to respond rapidly and
efficiently to pathogenic insult. Cellular immune responses, which may include
proliferation, elaboration of cytokines, and cytotoxicity, are initiated by receptor—
ligand interactions. To maintain immune system homeostasis, the responses initi-
ated by activating receptors are normally counterbalanced by signals propagated
through ligation of corresponding inhibitory receptors. Protein motifs that nucleate
the activating or inhibitory cascade following receptor ligation have been identified
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in the cytoplasmic tails of many immune system molecules (WEISs and SCHLES-
SINGER 1998). The immunoreceptor tyrosine-based activation motif ITAM), with
the consensus sequence of D/E-x;-D/E-x-x-Y-x-x-L/I-x7-Y-x-x-L/I, was first iden-
tified in the signal transducing components of the antigen receptor complexes on B
and T lymphocytes (RETH 1989; CaMmBIER 1995). The immunoreceptor tyrosine-
based inhibitory motif (ITIM), with the consensus sequence of I/V/L/S-x-Y-x-x-V/
L, which is the focus of this volume, was originally described in the cytoplasmic
tails of the low affinity Fc receptor for IgG antibodies (FcyRIIB) on B cells and the
killer inhibitory receptors (KIR) on NK cells (RAVETCH 1994; DAERON 1997; VELY
and Vivier 1997).

We have recently identified a family of transmembrane proteins, designated as
paired immunoglobulin-like receptors (PIR), that have the potential to transmit
activation or inhibitory signals to hemopoietic cells through the ITAM or ITIM,
respectively. In this article we review the genetic and biochemical features, cellular
distribution, and functional aspects of the Pir gene family.

2 Identification of the Pir Gene Family

We and others have characterized the structure and function of an Fc receptor for
IgA (FcaR) that is expressed by human myeloid lineage cells, namely neutrophils,
monocyte/macrophages and activated eosinophils. Based upon sequence homolo-
gy, genomic organization and chromosomal localization, the gene encoding the
human FcaR is the most distant relative within the FcR gene family (see review by
MorTON et al. 1996). When the human FcaR cDNA probe was used in mouse
DNA blot analysis in an attempt to isolate the murine FcaR gene, it cross-
hybridized to two EcoRI-digested DNA fragments of ~3.6kb and ~3.4kb under
relatively high stringency conditions. These DNA fragments were then cloned from
a BALB/c mouse genomic library, and nucleotide sequence analysis revealed that
they were closely related and appeared to contain several exons with limited
homology to the human FcaR. As these genes were selectively expressed in bone
marrow and spleen, exon-containing DNA fragments from genomic clones were
used as probes to screen a BALB/c splenic cDNA library. This led to the identi-
fication of PIR gene family, whose members are related to the gene family encoding
activating and inhibitory receptors expressed by human NK cells (KuBaGawa et al.
1997). Employing a similar cloning strategy, Takai and his colleagues indepen-
dently identified a PIR-B cDNA as p91 (Havawmi et al. 1997). The PIR family
members share sequence similarity (40%—-60%) with other genes encoding the
human FcaR, the mouse gp49 on mast cells, the bovine FcyR on alveolar mac-
rophages, and the recently identified human Ig-like transcripts (ILT)/leukocyte
Ig-like receptors (LIR)/monocyte-macrophage Ig-like receptors (MIR) on various
hemopoietic cell types (see other chapters in this volume).
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3 PIR-A and PIR-B

Nucleotide sequences of multiple PIR ¢cDNA clones predict the existence of two
types of PIR molecules which we have termed PIR-A (A for activating) and PIR-B
(B for braking or inhibitory). Both are type I transmembrane proteins with very
similar (>92% homology) ectodomains, each containing six Ig-like domains, the
second and fourth of which are V sets, and the others are C2 sets. PIR-A and PIR-
B have distinctive membrane proximal, transmembrane, and cytoplasmic regions
(Fig. 1). The predicted PIR-A protein, with an estimated core size of 73kDa, has a
short cytoplasmic tail without recognizable functional motifs, but contains a
charged arginine residue in its transmembrane region. This suggests potential non-
covalent association of PIR-A with an additional transmembrane protein (see
below). In contrast, the PIR-B protein, with an estimated core size of 91kDa, has a
typical uncharged transmembrane region and a long cytoplasmic tail with multiple
candidate ITIMs.

While multiple independent PIR-B cDNAs had the identical nucleotide
sequence, PIR-A cDNA clones exhibited sequence variations in their ectodomains.
Some of the nucleotide changes were silent but others resulted in amino acid differ-
ences. These were distributed throughout the extracellular (EC) region, but were
predominantly seen in the first four EC domains. Within the V-type EC2 and EC4
domains, such amino acid changes were often clustered in regions analogous to the

PIR-A PIR-B

Fig. 1. Predicted protein structure of PIR-A and
PIR-B. Both PIR-A (left) and PIR-B (righf) cDNA
clones encode type I transmembrane proteins with
similar ectodomains, but distinctive transmembrane
and cytoplasmic regions. The ectodomain has five
or six potential sites for N-linked glycosylation. The
predicted PIR-A has a short cytoplasmic tail and a
positively charged arginine (R) residue in the
] transmembrane region, which is non-covalently
associated with a negatively charged aspartic acid
(D) in the transmembrane domain of the disulfide-

=
NiE
e

O linked homodimer of the Fc receptor common ¥y
ITAM 0‘“ Y ITIM chain (FcRyc) carrying immunoreceptor tyrosine-
based activation motifs (/TAM). In contrast, the

FcRyc PIR-B protein has a typical uncharged transmem-

brane region and a long cytoplasmic tail with the
immunoreceptor tyrosine-based inhibitory motifs

(UTIM)
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CDRI1 and CDR2 loops of Ig variable regions. In an ongoing analysis we have so far
identified seven different PIR-A cDNAs (A1-A7) and one PIR-B cDNA. Results
from DNA blot analysis using PIR-A- and PIR-B-specific probes have suggested the
presence of multiple Pira genes but only one Pirb gene in the mouse genome. In
addition to subtle sequence variations, the PIR-A ¢cDNAs displayed size heteroge-
neity due either to the alternative usage of four possible polyadenylation signals or to
the alternate splicing of EC exons. Unlike PIR-A, neither alternate polyadenylation
signals nor splice variants were observed among five PIR-B cDNAs.

Restricted tissue and cellular expression of the Pir genes was evident from
RNA blot analysis. Three major PIR transcripts of ~3.5, ~2.7 and ~2.5kb were
detected with a common EC probe in bone marrow and spleen, but not in the
thymus, brain, kidneys, intestine, skin, heart, and skeletal muscles. Weak signals
were also observed for adult liver and lungs, possibly reflecting transcripts either in
cells derived from the circulation or in Kupffer cells and alveolar macrophages.
Transcripts of the same sizes were expressed by several B and myeloid cell lines, but
not by pro-B, pre-B, plasmacytoma, T, and fibroblast cell lines in levels detectable
by RNA blot analysis. The coordinate or “paired” expression of the Pira and Pirb
genes was demonstrated by reverse transcriptase-dependent polymerase chain re-
action (PCR) analysis of clonal B and myeloid cell lines using primers specific for
each receptor type. The PCR products of PIR-B and PIR-A were selectively
identified in pro-B, B, myeloid and mast cell lines as well as in normal B220* B
cells, Mac-1* macrophages, and Gr-1" granulocytes.

4 Genomic Organization of the Pirb Gene

The Pir gene family was mapped to the proximal end of chromosome 7 where the
intracisternal A-particle proviral elements (Iapls3—4), endogenous polytropic
murine leukemia provirus (Pmv-4), avian reticuloendotheliosis viral oncogene-
related B (Relb), and dehydroepiandrosterone sulfotransferase (Std) genes are
clustered (KUBAGAWA et al. 1997; YAMASHITA et al. 1998). Interestingly, this region
is syntenic with the human chromosome 19q13 region where the FcaR, KIR, and
ILT/LIR/MIR genes are mapped (WAGTMANN et al. 1997).

Information about the genomic organization of the entire Pir gene family will
be essential for understanding the genetic diversity of Pira and the regulation of
Pira and Pirb gene expression. However, we have first focused on the genomic
organization of the single copy Pirb gene. Nucleotide sequence analysis of three
overlapping clones from a 129SV mouse genomic library has revealed that the Pirb
gene consists of 15 exons and spans ~8kb (ALLEY et al. 1998; YAMASHITA et al.
1998). The first exon (5'UT/S1) encodes the 5 untranslated (UT) region, the ATG
translation start site and approximately half of the signal peptide. Exon 2 (S2) is
36bp long and encodes the remainder of the signal peptide. The finding of two
separate exons for the signal peptide of the Pirb gene is a common feature among
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genes encoding the ligand-binding chain of FceRI, FcaR and all members of FcyRs
(including human, mouse, rat, and bovine), the human KIR, and the mouse gp49.
Exons 3 to 8 (EC1 to EC6) each encode a single Ig-like EC domain. Exon 9 (ECmp)
is 52bp long and encodes the membrane proximal EC region. Exon 10 (TM)
encodes the remaining EC region, the entire transmembrane segment, and a part of
the cytoplasmic region. Exons 11 to 15 (CY1 to CY5/3'UT) encode the remaining
cytoplasmic and 3’ UT regions. All exon/intron boundaries conform to the GT-AG
rule and are phase I (i.e., they occur after the first nucleotide of a triplet codon),
except for the boundaries of exons encoding cytoplasmic regions. DNA sequences
of the exons in 129SV mice exhibited ~98% identity to the corresponding
sequences in the PIR-B cDNA derived from a BALB/c mouse, indicating allelic
differences between these two inbred strains. A microsatellite composed of the
trinucleotide repeat AAG was identified in the intron between exons 9 and 10 and
might provide a useful marker for studying population genetics. Inspection of the
immediate 5 flanking region (~1.8kb) failed to identify TATA- or CAAT-like
promoter sequences, but revealed multiple initiator (Inr) sites — functional ana-
logues of the TATA-promoter (ERNST and SMALE 1995) — at 28, 41, and 146bp
upstream of the ATG translational start site of Pirb. A number of DNA sequence
motifs that may bind lymphocyte-specific or ubiquitous transcriptional factors
(Faisst and MEeyYER 1992), including E2 A, TCF-1, PU.1, Ets-1, NF-1L6, PEA3,
API, and AP2, were also identified within the 5’ flanking region of Pirb gene.

5 Biochemical Nature of PIR Proteins

A histidine-tagged recombinant protein consisting of the two amino-terminal EC1/
EC2 Ig-like domains of PIR-A1 was produced in Escherichia coli. This region was
selected to immunize rats and rabbits because of its sequence identity with PIR-B.
The resultant rat monoclonal antibody (mAb) of a ylk isotype was found to rec-
ognize a common epitope present on native PIR-A and PIR-B, whereas rabbit
polyclonal antibodies reacted additionally with shared hidden epitopes on both
molecules. These non-discriminating antibodies were used in immunoprecipitation
analysis to define the molecular nature of PIR-A and PIR-B on stable PIR trans-
fectants, representative hematopoietic cell lines and splenocytes (KuBAGAWA et al.
1999). While the PIR-B transfected fibroblasts expressed a transgene product of
~120kDa glycoprotein on their cell surface, the PIR-A1 transfected fibroblasts
produced a glycoprotein of ~85 kDa, but failed to express the PIR-A molecules on
the cell surface (see below). Both molecular species were expressed on the cell
surface of clonal B and myeloid cell lines, and on splenocytes (Fig. 2), consistent
with the coordinate or “paired” expression of PIR-A and PIR-B transcripts.
Slightly higher molecular masses (~5kDa) were evident under reducing conditions,
in agreement with predicted intradisulfide linkages of the six Ig-like EC domains.
N-glycanase treatment of these cell surface PIR molecules reduced their apparent
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Fig. 2. Immunoprecipitation analysis of cell surface PIR molecules.
Cell surface proteins on splenocytes were labeled with '*°I by
lactoperoxidase, solubilized in 1% NP-40, and added into wells
precoated with anti-PIR or isotype-matched control monoclonal
antibodies. The bound materials were resolved on SDS-10%
PAGE under reducing conditions. The same results were obtained
using B (X16C8.5) and macrophage (WEHI3) cell lines

molecular masses by 10-15kDa, in keeping with the presence of five or six potential
N-linked glycosylation sites in the PIR-A and PIR-B receptors. The cell surface
PIR-A and PIR-B molecules were thus defined as glycoproteins of ~85kDa and
~120kDa, respectively. The ~120kDa estimate for PIR-B agrees with that obtained
using a rabbit antiserum against a p91/PIR-B cytoplasmic peptide (HAyAMI et al.
1997).

6 Association of the Fc Receptor Common y Chain
with PIR-A Receptors

When mouse LTK fibroblasts were transfected with the PIR-Al or PIR-B
expression vector, we observed an interesting difference in the resulting expression
pattern. While the anti-PIR mAb recognized the cell surface receptors on PIR-B
transfectants, it failed to identify cell surface molecules on PIR-A1 transfectants,
even though PIR-A1 proteins were produced intracellularly. This difference implied
a requirement for additional membrane-bound protein(s) for PIR-A cell surface
expression, a possibility also suggested by the presence of a charged arginine res-
idue in the transmembrane region of the predicted PIR-A1 protein. In theory,
membrane proteins in which the transmembrane segment contains a negatively
charged residue (aspartic acid or glutamic acid) are potential candidates for asso-
ciation with the PIR-A1 chain. These include FcR common v chain (FcRyc), CD3(,
4-transmembrane spanning superfamily members (e.g., CD9, CD37, CD53, CD63),
7-transmembrane spanning or rhodopsin superfamily members (e.g., C5aR), and a
recently identified dendritic cell-associated protein (DAP-12; LANIER et al. 1998).
Among these, FcRyc, CD3( and DAP-12 are unique in that they contain ITAMs in
their cytoplasmic regions.
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Evidence for association of FcRyc with PIR-A came from the following
observations. Firstly, the disulfide linked FcRyc homodimer (~16kDa) was co-
precipitated with the PIR molecules from digitonin lysates of splenocytes as
determined by immunoblotting analysis with anti-FcRyc antibodies. This nonco-
valent association, like that of the FcyRI/FcRyc and FcaR/FcRyc complexes, did
not readily dissociate even in NP-40, suggesting a relatively stable interaction.
Secondly, the stable transfection of the FcRyc expression vector into the PIR-A1-
producing fibroblasts induced the cell surface expression of PIR-Al receptors.
Thirdly, in collaboration with Jeffrey V. Ravetch (Rockefeller University, NY),
splenocytes from wild-type mice were found to express both PIR-A and PIR-B on
the cell surface, whereas only PIR-B was identified on the cell surface of splenocytes
from FcRyc-deficient mice. In both groups of mice, however, PIR-A and PIR-B
molecules were easily detected intracellularly. These findings thus indicate that,
unlike PIR-B, PIR-A requires ITAM-bearing FcRyc chains for cell surface
expression; and they imply that clustering of PIR-A receptor complexes by ligand
ligation may transmit an activation signal to cells via the ITAMs of the FcRyc.

7 Cellular Distribution of PIR Proteins

When bone marrow cells from adult BALB/c mice were incubated with the fluo-
rochrome-labeled anti-PIR mAb, ~80% of the nucleated cells were stained. Most
of the PIR™ cells were myeloid lineage cells, but some were lymphocytes. By
multicolor immunofluorescence assays, bone marrow cells bearing the Gr-1 and
Mac-1 (CD11b, CR3) myelomonocytoid antigens were found to express the PIR
antigen at variable levels that correlated with Gr-1 expression levels. Examination
of the morphological features of isolated PIR'®/Gr-1" and PIR™/Gr-1" fractions
indicated an increase in PIR and Gr-1 expression with progression of granulocyte
differentiation. CD19" B-lineage cells in bone marrow expressed PIR at lower
levels relative to the myeloid cells, and most of the PIR © B-lineage cells were IgM *
B cells. Pro-B cells were negative for PIR, while pre-B cells expressed PIR on their
cell surface at relatively low levels, thus indicating a gradual increase in PIR
expression as a function of B-lineage differentiation. Bone marrow-derived mast
cells also expressed PIR on their cell surface. PIR was not detected on erythroid
lineage cells (Ter119™) in the bone marrow or on CD3 " thymocytes from newborn
or adult BALB/c mice. In contrast, thymic dendritic cells (MHC class 11",
CDl11c™, CD8*, CD3™, CD4") were found to express PIR at variable levels.
Splenic B cells (CD19™) and macrophages (Mac-1") also expressed the PIR
antigen on their cell surface, whereas NK cells (DX5") and T cells (CD3 ™) did not
(Fig. 3), consistent with the expression patterns noted for PIR-A and PIR-B
transcripts in these cell types. Splenic dendritic cells (MHC class 117, CD11c™*,
CD8"/~, CD19~, Mac-1") also expressed PIR at low to high levels. PIR expression
was higher on macrophages than on splenic B cells, the latter exhibiting variable
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PIR levels. Evaluation of splenic B cell subpopulations indicated that the marginal
zone B cells (B220*, CD21"&" CD23'°%/7) expressed higher PIR levels than newly
formed (B220 ", CD21~, CD237) and follicular B cells (B220*, CD21™, CD23 ).
Moreover, the B1 cell populations (CD19*/CD5* or CD19"/CD5 /Mac-1") in
peritoneal lavage expressed higher levels of PIR than did the B2 cells (CD19 ™,
CD57, Mac-17). Consistent with the suggestion that B cell activation may enhance
PIR expression, cell surface levels of PIR were upregulated following LPS stimu-
lation of splenic B cells. Macrophage PIR expression was similarly enhanced by
LPS stimulation.

i@ 4O
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Fig. 3. Surface paired immunoglobulin-like receptors (PIR) expression by splenic B cells and macro-
phages. Splenocytes of adult BALB/c mice were incubated first with aggregated human IgG to block Fcy
receptors (FcyR), then with phycoerythrin-labeled anti-PIR and fluorescein isothiocyanate-labeled mAbs
specific for CD19, Mac-1, CD3, or DX5. The stained cells with light scatter characteristics of lymphoid
and large mononuclear cells were analyzed by flow cytometry. Note that CD19* B cells express PIR at
variable intensity, while Mac-1* macrophages express PIR at relatively high intensity
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8 Inhibitory Function of PIR-B Receptor

Since PIR-A and PIR-B are simultaneously expressed by B cells and macrophages,
we anticipated that evaluation of the functional consequences of their cross-linkage
using non-discriminative anti-PIR mAb [F(ab’), fragments] would be uninforma-
tive. Surprisingly, this was not the case. While ligation of PIR-A/PIR-B alone did
not affect intracellular Ca®™ levels of splenic B cells, coligation of B cell receptor
(BCR) complexes with PIR-A/PIR-B inhibited the BCR ligation-induced Ca?™*
mobilization (BLERY et al. 1998). This inhibition was observed in the presence of
EGTA and in Ca®?" free media, indicating that the PIR-B acts at least on Ca>"
release from intracellular pools. The PIR-B receptor may thus exert a dominant
inhibitory effect on the BCR-mediated Ca®* response of activated B cells.

To dissect the structural basis for the PIR-B inhibitory function, we have
employed several different approaches in collaboration with Eric Vivier, Mathieu
Bléry, and Frédéric Vély (Marseille, France). The predicted PIR-B protein has a
long cytoplasmic tail (178 amino acids) containing five tyrosine residues, four of
which — Y-713 (SLYASV), Y-742 (ETYAQV), Y-794 (VITYAQL), and Y-824
(SVYATL) — conform to the ITIM-like sequence motif. The fifth tyrosine, Y-770
(NTEYEQ), does not match the ITIM consensus sequence (Y-numbers indicate the
position from the initiation methionine of PIR-B). To determine if these ITIM-like
motifs have the potential to bind to the protein tyrosine phosphatases SHP-1 and
SHP-2, or to the polyphosphate inositol 5-phosphatase SHIP, we generated syn-
thetic phosphopeptides (15 mer) corresponding to the above tyrosine-containing
amino acid stretches. When the phosphopeptide-coated agarose beads were incu-
bated with lysates of an *>S-Met/**S-Cys labeled B cell line, two prominent bands,
the 64kDa SHP-1 and the 68kDa SHP-2, were selectively precipitated by the
phosphopeptides corresponding to the ‘two carboxy-terminal tyrosine residues
(Y-794 and Y-824; BLERY et al. 1998). Two faint bands of 68kDa (SHP-2) and
85kDa were also precipitated by the Y-713 phosphopeptide, and the molecular
identification of the latter protein remains unresolved. None of the phosphopep-
tides bound SHIP (~145kDa).

Surface plasmon resonance assays were also conducted to measure the binding
of phosphopeptide-coated microchips to the recombinant soluble SH2 domains of
SHP-1, SHP-2 and SHIP (BLERY et al. 1998). Both Y-794 and Y-824 phospho-
peptides bound to the SH2 domain of SHP-1 and SHP-2. The latter phospho-
peptide also bound weakly the SH2 domain of SHIP. The Y-713 phosphopeptide
exhibited only minimal binding with SHP-2, but none of the other phosphopeptides
showed significant binding to the phosphatase SH2 domains.

To test the in vivo relevance of these in vitro data, we made constructs for
a chimeric molecule (FcyRIIB/PIR-B) composed of the extracellular and trans-
membrane regions of murine FcyRIIB and the entire cytoplasmic domain of
PIR-B. The wild-type or mutant (Y794F, Y824F and Y794F/Y824F) constructs
were transfected into the rat basophilic leukemia cell line (RBL-2H3) to obtain
stable transformants. Coaggregation of wild-type chimeric receptor with the
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endogenous FceRI complex reduced IgE-mediated serotonin release, consistent
with the hypothesis that PIR-B serves as an inhibitory receptor (BLERY et al. 1998).
No inhibition was observed when the chimeric receptor and the FceRI were in-
dependently aggregated, suggesting the importance of close proximity of both re-
ceptors for inhibition. The PIR-B cytoplasmic domain was tyrosine phosphorylated
upon coengagement of chimeric receptor and FceRI, as well as after ligation of
chimeric receptor alone. SHP-1 was recruited to the PIR-B cytoplasmic domain
upon coaggregation of both receptors, although weak association of SHP-1 with
PIR-B was also observed when the chimeric receptor alone was aggregated. No
association of the PIR-B cytoplasmic domain with SHP-2 or SHIP could be
demonstrated in these studies. Mutation analysis revealed that only the double
mutant (Y794F/Y824F) chimeric receptor efficiently abrogated the PIR-B inhibi-
tory effect, suggesting redundancy of the PIR-B ITIMs. It should be noted that
even this double mutant molecule was still capable of partial inhibition of FceRI-
induced activation, suggesting a weak inhibitory role of Y-713.

Kurosaki and his colleagues have made similar chimeric receptor (FcyRIIB/
PIR-B) constructs and transfected them into the FcyRIIB-negative mouse B cell line
(ITA1.6) or the chicken B cell line (DT40) deficient for SHP-1, SHP-2, or both
(MAEDA et al. 1998). They found an inhibitory function for the PIR-B cytoplasmic
domain in BCR ligation-mediated Ca?" mobilization, especially Ca>* release from
intracellular stores, when the chimeric receptor and the BCR were coligated. The
carboxy-terminal tyrosine residues Y-794 and Y-824, particularly the former, were
found to contribute to the inhibition, results being consistent with ours. The DT40
transfection study, however, led to the different conclusion that both SHP-1 and
SHP-2 phosphatases were required for the PIR-B-mediated inhibitory signal. The
basis for this discrepancy (SHP-1 only versus SHP-1 and SHP-2) remains unclear,
but may be related to the use of different cell types (rat RBL basophils versus chicken
DT40 B cells) and different assays (FceRI-mediated serotonin release versus BCR-
mediated Ca?™ mobilization). In addition to B cells and mast cells, in macrophages
PIR-B was found to associate with SHP-1 (TimmMms et al. 1998).

9 Human Counterparts

The evolutionary conservation of the Pir gene family was indicated by a zoo blot
analysis employing DNA of human, monkey, cow, dog, mouse, rat, rabbit, chicken,
and yeast origin with a common EC probe, where all samples, except for the yeast
DNA, cross-hybridized with the mouse probe. When the same mouse probe was
used in Southern blot analysis of human DNA digested with common restriction
enzymes, multiple discrete fragments (at least 11) were found to cross-hybridize,
suggesting that the human PIR counterparts also comprise a multigene family. Some
of these cross-hybridizing fragments were cloned from a human genomic library, and
the corresponding cDNA clones were isolated from a blood mononuclear cell
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library. Nucleotide sequence analysis revealed that the human PIR homologues were
very similar or identical to members of the ILT/LIR/MIR gene family. This gene
family was recently identified by at least four other groups of investigators, each
using a unique cloning strategy (SAMARIDIS and CoLoNNA 1997; CosMAN et al. 1997,
WAGTMANN et al. 1997; ArM et al. 1997; see their chapters in this volume).

Intriguing similarities and differences emerge from the comparison of mouse
PIR and human ILT/LIR/MIR (Table 1). Like PIR, ILT/LIR/MIR is composed of
two types, inhibitory and activating, based upon the existence of ITIM-like motifs in
the long cytoplasmic tail of one isoform and a charged residue in the transmembrane
domain of the other isoform with a short cytoplasmic tail. Unlike PIR, ILT/LIR/
MIR molecules have, at most, four extracellular Ig-like domains. In addition,
sequence analysis reveals multiple receptors of the inhibitory type and a few receptors
of the activating type for the ILT/LIR/MIR family. Sequence similarity between PIR
and ILT/LIR/MIR is domain-dependent in that PIR EC 3, 2, 5 and 6 domains share
the greatest homology (44%—64%) with ILT2 EC 1, 2, 3, and 4 domains, respectively.
This human gene family has sequence similarity to human FcaR and KIR, mouse
gp49, and bovine FcyR. ILT/LIR/MIR is expressed not only by B cells, myeloid cells,
and dendritic cells, but also by NK cells and a minor subpopulation of T cells; and the
inhibitory- and activating-type receptors are not always coordinately expressed.
Certain members (LIR1/ILT2) of this receptor family are known to bind either
classical or nonclassical MHC class I antigens (CosMmaAN et al. 1997; BoRGEs et al.
1997; CoLonnA et al. 1998). Whether the ILT/LIR/MIR is indeed the human PIR
counterpart remains to be elucidated. If so, we may learn important lessons from
species differences with regard to the function of PIR molecules.

10 Concluding Remarks

A new family of paired immunoglobulin-like receptors, PIR-A (A for activating)
and PIR-B (B for braking or inhibitory), has been identified in mice. The PIR

Table 1. Comparison of mouse PIR and human ILT/LIR/MIR

Feature Mouse PIR Human ILT/LIR/MIR
Multigene family Yes Yes

Activating Multiple Few

Inhibitory Single Multiple

Multiple RNA transcripts Yes Yes

Immunoglobulin domains 6 4

Paired expression Yes Not always

Cellular distribution B, myeloid, DC B, myeloid, DC, NK, T
Ligand Unknown Unknown/MHC class 1

PIR, paired immunoglobulin-like receptors; ILT, Ig-like transcripts LIR, leukocyte Ig-like receptors;
MIR, monocyte-macrophage Ig-like receptors
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family members share sequence similarity with human FcaR and KIR, mouse
gp49, bovine FcyR, and the recently identified human ILT/LIR/MIR. The mul-
tiple Pira genes and a single Pirb gene are located at the proximal end of mouse
chromosome 7, syntenic with the human chromosome 19q13 region where the
FcoaR, KIR and ILT/LIR/MIR genes are mapped; and the exon/intron organi-
zation of these genes is similar to that of the Pirb gene. PIR-A and PIR-B are
type I transmembrane proteins with very similar ectodomains (>92% homology),
each containing six Ig-like domains, the second and fourth of which are V sets;
and the others are C2 sets. PIR-A and PIR-B, however, have distinctive mem-
brane proximal, transmembrane, and cytoplasmic regions. The predicted PIR-A
protein has a short cytoplasmic tail and a charged arginine residue in its trans-
membrane region, whereas the PIR-B protein has a typical uncharged trans-
membrane region and a long cytoplasmic tail with multiple ITIMs. Monoclonal
and polyclonal antibodies produced against a recombinant PIR protein identify
the cell surface glycoproteins of ~85kDa and ~120kDa as PIR-A and PIR-B,
respectively, on splenocytes and representative B- and myeloid-cell lines. The
ITAM-bearing FcRyc is required for the cell surface expression of PIR-A mole-
cules, and thus ligand-induced clustering of PIR-A receptor complexes may
transmit an activation signal to cells via the ITAMs of the FcRyc. In contrast, the
inhibitory function of the PIR-B cytoplasmic tail is evident for BCR-mediated
Ca’* mobilization and FceRI-mediated serotonin release. This inhibition is
mediated by recruitment of the tyrosine phosphatase SHP-1 to the two carboxy-
terminal, tyrosine phosphorylated ITIMs in the PIR-B cytoplasmic tail. PIR is
expressed on myeloid and B lineage cells in bone marrow; expression levels
increase with cellular differentiation and are higher on myeloid cells than on B
cells. IL-3-induced bone marrow mast cells also express PIR on the surface.
Splenic B cells, macrophages, and dendritic cells express the PIR molecules, while
T cells and NK cells do not. The marginal zone B cells express higher levels of
PIR than the newly formed and follicular B cells, and the Bl cells also express
higher levels of PIR than the B2 cells. Cell surface PIR expression is thus en-
hanced by cell activation. Given the requirement of FcRyc association for PIR-A
cell surface expression, it will be interesting to examine the possibility that the
level of FcRyc expression may differentially affect the PIR-A/PIR-B equilibrium
as a function of cell lineage and/or activation. While the human gene family ILT/
LIR/MIR has 40%-60% homology to the PIR, several questions remain: (1) is
the ILT/LIR/MIR gene family the human PIR counterpart?; and (2) are the
ligands and functions of the two families the same?
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1 Introduction

In the last few decades, immunologists have mainly concentrated on the
parameters that involve direct activation of the immune system. However, for
the immune system to function properly, fine-tuned negative regulation of an
immune response has now proven to be as important as appropriate activation.
Failure of inhibitory mechanisms can lead to disastrous phenotypes, as
witnessed by the lympho-proliferation in Fas™~, FasL™~, and CTLA4/~ mice;
and the multi-focal inflammations in IL-107~ and TGF-B~/~ mice. Investigation
of the inhibitory mechanisms of the immune system might lead to better insight
in the mechanisms underlying autoimmune disease. Here, a novel inhibitory
receptor, LAIR-1, is discussed. LAIR-1 has a broad cellular distribution in the
immune system and thus might play a role in the regulation of a variety of
immune responses.
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2 Inhibitory Receptors on Natural Killer Cells

The role of inhibitory receptors has recently been extensively studied on natural
killer (NK) cells. The existence of inhibitory NK cell receptors first was suggested
by Klas Kairre’s “missing-self”” hypothesis in 1986 (KARRE et al. 1986). The
observation that MHC class I deficient lymphomas were selectively rejected in
mice led to the hypothesis that NK cells specifically kill tumor cells that lack
MHC class I expression. Indeed, in the following years NK cell receptors specific
for MHC class I molecules on the target cells were identified and cloned [reviewed
in (LANIER 1998)]. In mice, the lectin family Ly-49 binds several different H-2
ligands, whereas the human killer cell inhibitory receptors (KIRs) bind HLA-A,
-B, and -C alleles. The KIR-family of molecules, from which about 30 cDNAs
have now been identified, belongs to the Ig gene superfamily and is structurally
unrelated to Ly49. There is no mouse homologue for KIRs nor a human
homologue for Ly49.

In addition to the KIRs, human NK cells express the non-polymorphic
receptor CD94/NKG2 A, which binds HLA-E. Upon binding, it transduces a
negative signal to the NK cells (BRAUD et al. 1998). Since the non-classical HLA-E
molecule is expressed only if complexed with a peptide derived from the leader
segment of certain classical HLA-molecules, CD94/NKG2 A is able to keep check
on the level of expression of many different MHC class I molecules. Thus, MHC
class I receptors prevent killing of autologous cells by NK cells, but permit lysis of
virus-infected or tumor cells that have down-regulated MHC class 1. Inhibitory
MHC class I receptors are also expressed on T cells. KIRs are expressed on small
subset of human T cells and have shown to be functional in inhibiting cytotoxicity
and cytokine production (D’ANDREA et al. 1996; IKEDA et al. 1997; PHiLLIPs et al.
1995).

The KIRs, Ly49, and NKG2 A receptors possess cytoplasmic tails with
immune receptor tyrosine-based inhibitory motifs (ITIMs) with the consensus
sequence I/VxYxxL/V (Tuomas 1995). These motifs were identified in the inhibi-
tory Fc-receptors on B cells. Simultaneous engagement of the B cell antigen
receptor and FcyRIIBI results in phosphorylation of FcyRIIBI on tyrosine resi-
dues in the ITIM (MurTa et al. 1994), which causes recruitment of SHP-1 (SH2-
containing tyrosine phosphatase-1) (D’AmBRrosio et al. 1995). Comparable
involvement of the CD22 receptor during BCR stimulation also results in func-
tional inactivation (Dooby et al. 1995). Similarly, upon tyrosine phosphorylation,
inhibitory MHC Class I receptors recruit tyrosine phosphatases and thereby
inhibit positive signal transduction via other receptors by dephosphorylation of
essential components in the positive signaling pathways (Fry et al. 1996; Camp-
BELL et al. 1996; BURSHTYN et al. 1996). ITIM-containing receptors might need a
simultaneous, positive signal given to the cell to initiate the tyrosine kinase activity
and phosphorylate the ITIM.
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3 Leukocyte-Associated Immunoglobulin-like Receptors

We have identified and cloned an inhibitory receptor called leukocyte associated
immunoglobulin-like receptor (LAIR) (MeyaArDp et al. 1997). LAIR-1 is a 32-
kDa transmembrane glycoprotein with a single immunoglobulin-like domain. The
cytoplasmic domain contains the amino acid sequences VTYAQL and ITYAAYV,
spaced by 24 aa, which fit the consensus sequences for ITIMs. LAIR-1 is struc-
turally related to the KIRs with 20%-30% homology. The LAIR-1 gene is
localized in the same chromosomal region as the KIRs, chromosome 19q13.4.
However, LAIR-1 has a much broader cellular distribution than the KIRs and is
expressed on the majority of peripheral blood mononuclear cells. In healthy
individuals it is expressed on 95%-100% of peripheral blood NK cells and
monocytes, on 70%—-80% of CD4™" T cells, on 80%-90% of CD8™ T cells, and
on 80%-90% of B cells. The majority of human fetal thymocytes also express
LAIR-1. Furthermore, it is expressed on human T cell, myeloid, and NK cell
tumor cell lines, and all NK and T cell clones. But is not on EBV-transformed B
cell lines.

We have recently identified two different cDNAs of the LAIR-family. In
addition to LAIR-1, we cloned the gene for LAIR-2, which also contains one Ig-
like domain and is 84% homologous to LAIR-1. In contrast to LAIR-1, LAIR-2
lacks a transmembrane and cytoplasmic domain, suggesting that it is a secreted
protein.

LAIR-1 functions as an inhibitory receptor on NK cells (MEYAARD et al.
1997). An mAb against LAIR-1 (DX26) inhibits the killing of FcR-bearing targets
by both NK cell clones and NK cells freshly isolated from peripheral blood. LAIR-
1 needs to be cross-linked to inhibit, as demonstrated by the facts that F(ab’)2
fragments have no effects on cytotoxicity and lysis of FcR-negative targets is not
affected by DX26 mAb. When NK cell clones are simultaneously activated by mAb
against CD16, CD2, CD69, or DNAM-1, DX26 mAb is still able partially or
completely to inhibit NK cell-mediated lysis. Thus, cross-linking of LAIR-1 on
human NK cells by mAb delivers a potent inhibitory signal capable of inhibiting
target cell lysis, mediated by both resting and activated NK cells in vitro, even in
the presence of a strong positive signal. Consistent with the inhibitory signal given
to NK cells, the cytoplasmic domain of LAIR-1 contains two ITIMs. Indeed,
activation of NK cells with sodium pervanadate results in the binding of SHP-1 and
SHP-2 to LAIR-1 (MEYAARD et al. 1997).

Poaai et al. reported on a mAb recognizing a molecule of about 40kDa with a
similar distribution as LAIR-1, which they designated p40 (PoGai et al. 1995). It
and LAIR-1 are the same molecule, as demonstrated by the fact that p40 mAb
stains LAIR-1 transfectants (Meyaard et al., unpublished observation). Like DX26
mADb, p40 mAb inhibits NK cell lysis (PoGar et al. 1995, 1997) and the cytotoxicity
mediated by some T cell clones (PoGai et al. 1997).
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4 LAIR is a Member of the Inhibitory Receptor Superfamily

In the last 2 years, additional genes encoding inhibitory receptors have been rec-
ognized and cloned in man and mice [reviewed in (YokoyAamA 1997)]. Interestingly,
all these molecules are related to LAIR and KIR. The inhibitory receptors as a
group have recently been indicated as an inhibitory receptor superfamily (LANIER
1998) and are discussed here individually.

In mice, the gp49B molecule (CASTELLS et al. 1994) functions as an inhibitory
receptor on mouse mast cells and NK cells (WANG et al. 1997; Roso et al. 1997).
Mouse B cell and myeloid cells express gp91 or paired Ig-like receptors (PIRs)
(KuBacawa et al. 1997; Havamr et al. 1997). Cross-linking of some of these
receptors leads to inhibition of BCR-mediated activation of B cells in vitro (BLERY
et al. 1998; MAEDA et al. 1998). The ligands of gp49 and PIRs are not known yet,
but do not appear to be MHC class 1.

Several groups have reported on a novel group of inhibitory molecules that are
mainly expressed on human monocytes and B cells. These molecules have been
called immunoglobulin-like transcripts (ILTs), leukocyte immunoglobulin-like
receptors (LIRs), monocyte/macrophage immunoglobulin-like receptors (MIRs),
or HM18 by the laboratories that reported the first cDNA sequences (ARM et al.
1997; WAGTMANN et al. 1997; BorGes et al. 1997; CosmaN et al. 1997; CELLA et al.
1997; SaMARiDIS and CoLONNA 1997). Some of the family members have been
demonstrated to bind MHC class I molecules or viral MHC class I homologues
(CoLoNNA et al. 1997; Boraes et al. 1997, CosMAN et al. 1997). Most genes are
expressed by B cells and monocytic cells, although expression of some family
members has been reported on NK and T cells. Cross-linking of the receptors by
mADb has been shown to inhibit the antigen-presentation by antigen-presenting cells
(CELLA et al. 1997), as well as activation of B cells, T cells, NK cells, and macro-
phages (COLONNA et al. 1997, 1998). This might indicate that MHC class I also is
able to down-regulate function of other cells besides NK cells.

Most of these receptor families contain genes that encode receptors with long
cytoplasmic tails that contain ITIMs and function as inhibitory receptors. How-
ever, within the families, some genes encode receptors that lack ITIMs and usually
have a shorter cytoplasmic tail and a positively charged amino acid residue in their
transmembrane region. These molecules are implicated in cellular activation and it
has been suggested that they might activate the necessary tyrosine kinases to
phosphorylate the ITIMs of their other ITIM containing family members
(CoLonNA 1998). It has now been shown that, to be able to exert this positive
signal, the non-ITIM-containing KIRs, NKG2, and Ly49 receptors associate with
a signaling molecule, designated DAP12, which contains ITAMs (immune receptor
tyrosine-based activation motifs) responsible for recruitment of tyrosine kinase
activity (LANIER et al. 1998a,b; SmiTH et al. 1998). Gene families encoding short
isoforms have also been reported for the ILTs and PIRs (HAayawmr et al. 1997;
SaMaripis and COLONNA 1997). So far, we have no indication that similar forms of
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LAIR exist, and it seems that the LAIR family is relatively small. LAIR might be
exclusively an inhibitory receptor and not paired with an activating counterpart.

5 Future Perspectives

We have not yet identified the ligand(s) for LAIR-1. Since the LAIR-1 mAb does
not interfere with HLA-class I recognition by a large panel of NK clones, it seems
unlikely that LAIR-1 recognizes HLA class I molecules (MEYAARD et al. 1997).
Furthermore, since LAIR-1 is broadly expressed on the majority of mononuclear
leukocytes, its ligand(s) may demonstrate a more restricted expression to provide
regulation of LAIR function. Identification of the LAIR-ligand(s) will allow us to
conclude more on the biological relevance of LAIR, which is as yet only partially
known. The inhibitory mechanism of LAIR, using ITIMs, could in principal be
active in all cell types. Indeed it has recently been demonstrated that ligation of
LAIR on peripheral blood CD14™ cells prevents their maturation into dendritic
cells by GM-CSF, indicating that LAIR-1 is functional on these cells (PoGat et al.
1998).

A powerful approach to defining the function of molecules is to create mice in
which the gene of interest is disrupted. However, it is possible that LAIR does not
have a structural murine homologue, since for other genes located in the same
chromosomal region (KIRs, FcRa and ILTs) no murine homologue has been
identified to date. However, KIRs do have a functional murine homologue rep-
resented by the Ly-49 family. Identification of LAIR-ligand might elucidate
whether there is a functional homologue in the mouse.
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1 Introduction

A decade has already passed since we discovered, essentially by serendipity, the
membranal glycoprotein later named MAst cell Function-associated Antigen
(MAFA). While trying to identify the still elusive Ca®>* channel responding to the
type 1 Fce receptor (FceRI) stimulus, a series of monoclonal antibodies (mAb) were
raised to the rat mucosal-type mast cells of the RBL-2H3 line. One of these mAbs,
G63, caused a dose-dependent inhibition of the secretory response to the FceRI
stimulus and was shown to bind to a membranal protein which we proceeded to
isolate and characterize (ORTEGA-SoTo and PecHT 1988).

Department of Immunology, The Weizmann Institute of Science, Rehovot 76100, Israel
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2 Mast Cell Function-Associated Antigen, Encoding Genes
and Proteins

The amino acid sequence deduced from the cloned, full-length cDNA showed that
it is a type Il membrane glycoprotein (GUTHMANN et al. 1995a). The extracellular
C-terminal 114- amino acids of MAFA has a marked homology with the carbo-
hydrate recognition domain (CRD) of several members of the C-type (calcium-
dependent) animal lectin family, e.g., type II FceR (CD23), CD69, CD72, NKR-P1,
or Ly49. It’s sequence includes 15 conserved residues (six cysteines, five tryptop-
hans, two glycines, and two leucines) interspersed within this 114- to 129-amino
acid-long CRD, as well as the characteristic WIGL and CYYF motifs. The cyto-
plasmic tail of MAFA contains an SIYSTL motif, clearly related to the V/IX-
YXXL sequence recently named immunoreceptor tyrosine-based inhibitory motif
(ITIM; AMIGORENA et al. 1992). A similar motif has also been found among several
of the related C-type lectins (GUTHMANN et al. 1995a).

Rat MAFA was found to be encoded by a single-copy gene that spans 13kb in
the rat genome and is composed of five exons separated by four introns, similar to
the mouse and human CD69. Three separate exons encode the CRD of MAFA.
Functional analysis of the 5 flanking region of the gene revealed that a cell type-
specific promoter is located within the first 664bp upstream of the transcription
origin. The promoter lacks any obvious TATA box and drives gene transcription
originating from multiple start sites. Examination of the MAFA transcripts for
possible polymorphism revealed the presence of two novel ones, generated by al-
ternative splicing; deletion of the exon encoding the transmembranal domain in one
of them does not cause a frame shift and would, upon translation, give rise to a
soluble MAFA molecule. This suggests that, like FceRII, FcyRII, and CD72, the
MAFA may also exist as a soluble factor and not only in a membrane-bound form.
Splicing of two exons in a second transcript results in a new reading frame encoding a
putative protein which contains MAFA’s cytoplasmic domain (Bocek et al. 1997).

MAFA has a high degree of glycosylation: while its polypeptide core amounts
to about 19kDa, N-linked oligosaccharides account for up to half of the apparent
molecular mass, which yields species with up to ~40kDa. The protein originally
isolated by immunoprecipitation with mAb G63 from the RBL-2H3 cells exhibited
two rather broad bands (2840 and 60-82kDa) in non-reducing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). These two bands
coalesced upon reduction to the lower molecular mass band (ORTEGA Soto and
PecHT 1988). Peptide mapping has established that the above two species are due to
the monomeric and disulfide-linked homodimeric forms of the MAFA, respectively
(GuTHMANN et al. 1995a).

Slight differences, most probably caused by different glycosylation, were found
in the properties of the expressed MAFA when its gene was transfected into dif-
ferent cell lines; When MAFA cDNA including the second ATG codon was
expressed in COS cells, a single band of 58kDa was observed in nonreducing SDS-
PAGE and 28kDa under reducing conditions (Bocek and Pecht, unpublished).
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When it was expressed in insect cells by the baculovirus expression system (BES),
both monomeric and homodimeric recombinant MAFA (rMAFA) were of slightly
smaller apparent molecular masses than the respective molecular species expressed
by the RBL-2H3 cells. Both MAFA species expressed either in COS or insect cells
were identified by binding to the mAb G63 (Binsack and PecHT 1997).

More recently, the gene encoding a human MAFA analog was cloned and
sequenced from the human basophil-like leukemia cell line KU812 as well as from
human lung mast cells. The deduced amino acid sequence of the human MAFA has
51% homology with that of the rat. It also possesses an intracellular ITIM-like
motif with the sequence VIYSML (rat is STYSTL) and an extracellular C-lectin-like
CRD (ButcHeRr et al. 1998). The mouse MAFA encoding cDNA has also been
cloned recently and, like the rat MAFA, it is also encoded by a single gene. An
ITIM motif was also present in the cytoplasmic tail of mouse MAFA with an
identical sequence (SIYSTL; BrLASER et al. 1998). The high degree of sequence
conservation between the three species suggests that MAFA has an important and
evolutionary conserved function.

3 Monomer/Dimer Forms of the MAFA

The highly conserved cysteine residues in the extracellular domain (ECD) suggested
an important role for the intrachain disulfide bonds in attaining its fold and bio-
logical function. In order to identify the cysteine residues involved in-the interchain
disulfide linkage, site-directed mutagenesis of MAFA cDNA based on polymerase
chain reaction (PCR) has been performed, converting several cysteines to serine
residues. The PCR products carrying the specific substitutions were subsequently
subcloned into eukaryotic expression vectors and transiently expressed in COS-7
cells. The presence, in these cells, of the recombinant MAFA protein in dimeric or
monomeric forms was analyzed by immunoprecipitation and SDS-PAGE. The only
cysteinyl residue present in the cytosolic domain of MAFA (Cys 34) was considered
the most likely one to be involved in the process of the MAFA dimer formation
(Bocexk 1996). However, mutation of the two juxtamembranal cysteinyl residues in
the ECD (Cys61 and Cys62) in combination with this cytosolic cysteinyl reduced
the amount of the MAFA dimer in favor of the monomer by only ~30%. Thus, the
identity of the residues responsible for the formation of MAFA homodimers is still
unresolved.

On the functional level, it is still unclear whether formation of the MAFA
homodimer is essential for its activity: whereas G63-Affigel immunoprecipitates
both monomeric and dimeric MAFA from cell lysates, soluble mAb G63 reacted
with the intact cells prior to lysis led to immunoprecipitation of dimeric MAFA
with only a trace of the monomer after the addition of Protein-A. Adding in-
creasing concentrations of soluble mAb G63 to the cell lysates, immunoprecipitated
the monomeric MAFA as well (Xu and Pecht, unpublished). These results most
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probably reflect the expected differences in avidity between the monomeric and the
dimeric MAFA for mAb G63. It was already established very early that MAFA’s
inhibitory capacity of the FceRI-induced secretory response requires its clustering,
as the monovalent Fab fragments of G63 do not cause any inhibition, whereas the
intact mAb and its (Fab’), fragment do (ORTEGA Soto and PeEcHT 1988; Xu and
Pecht, unpublished). Thus, only the clustered form of the MAFA yields a func-
tional species for recruiting and activating the kinases or phosphatases responsible
for initiation of its signaling cascades (see below). However, so far we do not know
to what extent the monomeric and homodimeric MAFA differ functionally.

4 Tissue and Cell Distribution

By binding the radio-iodinated Fab fragment of mAb G63, the number of MAFA
molecules per RBL-2H3 cell was determined to be about 2 x 10%/cell. This is
20-30 times lower than that of FceRI on the same cells (ORTEGA SoTo and PECHT
1988). Expression of the MAFA gene or protein by other cell types was pursued by
using both RT-PCR and mAb G63. In RT-PCR, two distinct oligonucleotide
probes were employed; one for both, the full length MAFA transcripts and those
from which exon 2 has been spliced out, and the other for only the full-length
MAFA transcripts. Screening of rat lung, muscle, kidney, testis, Peyer’s patch,
spleen, liver, brain, and intestine, by that method detected transcription of the
MAFA gene in lung only (Bocek et al. 1997). Two distinct amplified DNA frag-
ments were observed in both lung tissue and RBL-2H3 cells, suggesting that, in
addition to the full-length MAFA, that from which exon 2 was spliced out is also
present. However, the intensity of the expression detected in lungs was markedly
lower than in the RBL-2H3 cells, suggesting that it is limited to mast cells only.
Immunohistochemical analysis carried out using mAb G63 in frozen lung sections
has indeed shown staining of mast cells (Bocexk et al. 1997). Earlier, independent-
flow cytometric measurements showed mAb G63 binding to freshly isolated human
basophils (GELLER-BERNSTEIN et al. 1994). Taken together, these results suggest
that MAFA expression is limited to specific organs, in accordance with its being, at
least in the rat, a mast-cell-specific molecule (Bocex et al. 1997).

Except on mast cells, human MAFA was also found to be expressed by pe-
ripheral blood natural killer cells and by the monocyte-like cell line U937 (BUTCHER
et al. 1998). Unlike rat MAFA, mouse MAFA was expressed in effector CD8 T-
cells and by lymphokine-activated NK cells, but not on mast cells (BLASER et al.
1998). Once more, MAFA expression by multiple types of immunocytes indicates
that it may have an important role in host defense.
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5 Relation to FceRI

Early fluorescence microscopy studies on RBL-2H3 cells have shown that clus-
tering of FceRI-IgE on RBL-2H3 cells by multivalent antigen results in redistri-
bution of MAFA, leading to its co-localization with the aggregated FceRI-IgE
(OrTEGA et al. 1991). This association of MAFA with the FceRI does not involve
cytoskeletal elements, as it was unaffected by reagents such as cytochalasin.
Moreover, FceRI aggregation also promoted MAFA’s internalization, and the time
course of antigen-induced internalization of FceRI and MAFA were found to be
similar, which further suggested a direct interaction between them.

Indeed, studies of fluorescence resonance energy transfer (FRET) between
MAFA-bound, fluorophore labeled mAb G63 and FceRI-bound labeled IgE
provided further evidence for such proximity. However, no difference was observed
between results of FRET measurements on resting cells and those on which FceRI-
IgE clustering was caused by a polyvalent antigen (JURGENS et al. 1996). As these
measurements were done using the intact mAb G63(IgG1), the possibility that
MAFA clustering may have caused this proximity cannot be excluded. Thus,
proximity between the FceRI and clustered MAFA probably preexists on resting
cells, and clustering of either of these components may further promote the asso-
ciation. Further FRET studies aimed at resolving this issue are in progress. Studies
of RBL-2H3’s secretion using noncovalent hetero- and homodimers of Fab frag-
ments of G63 and J17 (a mAb specific for the FceRI) were recently carried out to
examine possible functional reflection of this association. A quantitative analysis of
the secretory response to these reagents provided evidence that ~60% of MAFA
molecules may associate with the FceR1 on the RBL-2H3 cells (SCHWEITZER-
STENNER et al. 1999).

6 Identification of Ligands

The homology between the C-terminal 114-amino acid sequence of the ECD of the
MAFA and the CRD of other C-type lectins strongly suggested its carbohydrate
binding capacity. In order to search for potential MAFA ligands, recombinant
MAFA (rMAFA) was produced using the BES. The rMAFA was expressed using
the Spodoptera frugiperda insect cell line (Sf9) and a recombinant baculovirus.
Using a series of different neoglycans, rMAFA was indeed shown to bind to those
bearing a-D-mannose residues, suggesting that it has an affinity for terminal
mannose residues. Detailed, comparison showed that its saccharide binding pattern
is very similar to that of the plant lectin concanavalin A. Furthermore, mannose-
carrying neoglycan binding could be inhibited by an excess of a-D-mannose or
by EGTA, indicating that the MAFA-saccharide binding is reversible and Ca®™ -
dependent, as expected from a C-type lectin (Binsack and PecuT 1997). These
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results still leave open the question of the physiologically specific MAFA ligand
(e.g., is it a glycolipid or a glycoprotein and what is its identity?). In addition, they
do not exclude the possibility that MAFA binds to a protein epitope of a ligand, as
has been found for MAFA homologues such as CD23.

7 Functional Role

7.1 Significance of Its Carbohydrate Binding

As mentioned above, MAFA clustering by mAb G63 causes a dose-dependent
inhibition of mast cells’ (such as the RBL-2H3 and mouse bone marrow-derived
mast cells’) secretory response to FceRI aggregation. Inhibition is also caused to
the de novo synthesis and secretion of inflammatory mediators such as arachidonic
acid and LTC4, as well as of cytokines such as tumor necrosis factor o (TNFo) and
interleukin 6 (IL6) (GUTHMANN et al. 1995b). At a low degree of FceRI aggrega-
tion, almost complete inhibition of the release of stored mediators can be achieved,
whereas at maximal stimulation the inhibition reaches only 30%—40%. A clear
correlation was established between mAb G63 binding and its inhibitory effect
(ORrRTEGA Soto and PecHT 1988).

As expected from MAFA’s carbohydrate-binding capacity, evidence was
found for its possible involvement in mast cell adhesion. Using Northern blot
analysis, it was observed that, during RBL-2H3 cell adhesion, a marked upregu-
lation of MAFA transcription takes place (Bocek 1996). The expression of MAFA-
specific mRNA was already enhanced 3h after plating the cells, and reached its
maximum between 6 and 12h, followed by a decline. Flow cytometric analysis of
MAFA expression using biotinylated G63 and Phycoerythrin-Streptavidin has
shown that a significant increase in MAFA expression took place during the
adhesion process of adherent as well as nonadherent subpopulations of RBL-2H3
cells. Thus, MAFA membrane expression is rapidly induced in these cells during
their adhesion (COHEN-DAYAG et al. 1992). Furthermore, a reduction in MAFA
expression by RBL-2H3 cells was caused by introducing antisense oligonucleotides
complementary to the MAFA mRNA, which was paralleled by a decrease in their
adhesion (GUTHMANN 1994;'GUTHMANN et al., 1995b). A significant decrease was
also observed in RBL-2H3 cell adhesion in the presence of intact G63 or its Fab or
F(aV'), fragments (Bocek 1996).

Taken together, these various experimental results suggest the existence of a
positive correlation between RBL-2H3 cells” adhesion and MAFA expression on its
surface. Further studies will establish whether and how this is related to the
function of the MAFA and to its lectin structure.
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7.2 Mechanism(s) of MAFA Inhibitory Activity

7.2.1 What Cellular Events Does MAFA Clustering Cause?

The question at which step of the FceRI stimulus-response coupling cascade
MAFA interferes has been addressed already, following its discovery using mAb
G63. Detailed binding measurements of IgE and mAb G63 to RBL-2H3 cells
clearly established that there is no interference of either ligand with the binding of
the other (ORTEGA Soto and PecHT 1988). Later on, it was investigated whether
clustering MAFA itself causes any cellular changes and, surprisingly, a time-
dependent enhancement of the tyrosyl phosphorylation of the B-subunit of FceRI
was observed, while no change was detected in the FceRI-y chain (Xu and PeEcHT
1996). It has already been amply documented that the src family protein tyrosine
kinase (PTK) Lyn associates with the FceRI-p chain already in resting RBL-2H3
cells (EiseMaN and BoLEN 1992; PaoLini et al. 1992). In response to the FceRI
clustering, Lyn phosphorylates the FceRI-B chain, thereby initiating the coupling
cascade. Immunoprecipitation of FceRI-B subunit from resting and MAFA-
clustered RBL-2H3 cell lysates, showed that the latter enhances Lyn binding to
FceRI-B and apparently leads to the increase in its tyrosyl phosphorylation (Xu
and Pecht, 1996 and unpublished). These results constitute the first evidence for the
capacity of clustered MAFA to produce, on its own, biochemical changes in mast
cells that are most probably related to its inhibitory action.

7.2.2 Interference with the FceRI Signaling Cascade

One important feature that characterizes the inhibitory action of MAFA is that,
unlike other ITIM containing receptors, its inhibition of the FceRI secretory
response does not require their co-clustering. The reason for this might be the
observed proximity and association between MAFA and FceRI. Interestingly, a
recent study of the inhibition of antigen-induced T-cell response and antibody-
induced NK cell cytotoxicity by the CD94-NKG2A heterodimer was also attained
following its self-clustering (LE DREAN et al. 1998).

mAb G63’s capacity to suppress early events in the FceRI stimulus-response
coupling cascade was established already in the first phase of characterizing
its properties (ORTEGA Soto and PecHt 1988). Thus, hydrolysis of
phosphatidylphosphoinositides and the Ca®* signal were suppressed upon pre-
treating FceRI stimulated (but not Ca™? jonophore treated) RBL-2H3 cells with
mAb G63 or its F(ab’), fragments. These results have indicated that the interfer-
ence takes place upstream to the activation of PLCy (SCHNEIDER et al. 1992).
Recently, it was further shown that MAFA clustering inhibits the antigen-induced
tyrosyl phosphorylation and activation of Syk. Moreover, MAFA clustering was
also found to enhance the recruitment of SHP-2 to Syk. In vitro experiments
showed that SHP-2 isolated from Ag-stimulated RBL-2H3 cells dephosphorylates
the FceRI-induced phosphorylated tyrosine(s) of Syk. As MAFA clustering was
also shown earlier to enhance tyrosyl phosphorylation of Lyn, and Lyn was shown
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Fig. 1. Some features of MAFA’s interference with the FceRI stimulus. Arrows with “+ indicate an
activatory process, those with “~” an inhibitory one

to bind to the SH2 domains of SHP-2 (Xu and Pecht, unpublished), a tentative,
indirect pathway for the inhibitory action of MAFA may be outlined. Its clustering
enhances tyrosyl phosphorylation of Lyn and thereby Lyn association with SHP-2
(via the latter’s SH2 domains). This causes SHP-2 activation, which dephos-
phorylates and thereby suppresses Syk activity (Fig. 1). These results are in line
with the well-established view of the crucial role of Syk activation in the FceRI
signaling cascade (TAYLOR et al. 1995; ZHANG et al. 1996).

7.2.3 MAFA’s Cytosolic Tail Behaves as an ITIM Containing Element

The functional role of the cytosolic tail of MAFA and identification of potential
intracellular proteins that interact with it were and are being pursued by several
approaches. First, peptides with the sequence corresponding to residues 4-12 of
MAFA’s N-terminal tail (MAFA ITIM) were synthesized also with their phos-
phorylated or thiophosphorylated tyrosyl and used in affinity chromatography of
RBL-2H3 cell lysates. It was found that the latter two peptides bound all three
phosphatases: SHP-1, SHP-2, and SHIP. The nonphosphorylated peptide or, the
control, reversed sequence peptide, did not bind any of these. Second, those results
were corroborated by surface plasmon resonance (SPR) analysis using recombinant
soluble tandem SH2 domains of SHP1, SHP2, SHIP, and biotin-labeled and tyrosyl
phosphorylated MAFA ITIM peptide, showing that this association is a direct one
(Philosof-Oppenheimer, R. unpublished).
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Taken together, these results clearly suggest that the STYSTL motif present in
MAFA’s cytosolic tail behaves as an ITIM. Furthermore, it shows that the amino
acid in position Y-2 of the canonical ITIM motif (I/VXYXXL) is not restricted to
the hydrophobic isoleucine or valine, as a serine residue at this position also
maintains the binding capacity of all the above three phosphatases. It therefore
suggests that MAFA is a legitimate new member of the growing ITIM-containing
protein family.
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1 Introduction

A novel family of inhibitory receptors has been described recently (Vivier and
DAERON 1997) based on the presence of a conserved immunoreceptor tyrosine-
based inhibition motif (ITIM) in the intracytoplasmic portion. The first ITIM-
bearing receptors were identified, in cells of hematopoietic origin, as the low affinity
receptors for immunoglobulins, FcyRIIB, in B cells (AMIGORENA et al. 1992;
Dagron et al. 1995) and the killer cell Ig-like receptors (KIR) for MHC class I
molecules in natural killer (NK) cells (OLCESE et al. 1996; BURSHTYN et al. 1996).
Subsequently, other ITIM-bearing molecules have been described in both
hematopoietic cells [PIR-B, (KuBagawa et al. 1997), ILT-2 and -3, (CeLLA et al.
1997; SamAriDIs and CoLoNNA 1997), LIR molecules (BorGEs et al. 1997), MIR
molecules, (WAGTMANN et al. 1997), CD22, (SAato et al. 1998), and CD72, (Wu
et al. 1998)] and nonhematopoietic cells [SIRPa, (KHARITONENKOV et al. 1997)]. All
these molecules are characterized by the presence of one or more ITIM sequences in
their intracytoplasmic portions. This motif is responsible for the transduction of
inhibitory signals inside the cells. The ITIM-bearing receptors belong to two
families: the immunoglobulin superfamily (IgSF) and the lectin-like superfamily
(LSF).
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Strikingly, activating counterparts of the ITIM-bearing receptors have been
characterized by high homology (around 90%) in the extracellular portion, as well
as major differences in the transmembrane and intracytoplasmic portions: the
presence of a charged amino acid residue in the transmembrane domain and lack of
the ITIM motif in the intracytoplasmic domain (VELY and Vivier 1997).

2 Human and Mouse Activating NKR

Among the ITIM-bearing receptors, the natural killer cell receptors (NKR) for
MHC class I molecules are well characterized in both humans and mice (LANIER
1998a).

NK cells are able to recognize MHC class I molecules through specific
inhibitory NKR. The IgSF NKR are defined as killer-cell Ig-like receptors (KIR).
They belong to a multigenic and multiallelic superfamily and all the genes are
localized on the chromosome 19q13.4. KIR are characterized by two or three
immunoglobulin-like domains in their extracytoplasmic portion, a non-polar
transmembrane portion, and a long intracellular domain that contains two ITIM
(except for KIR2DL4, which contains only one ITIM) (Fig. 1). The integrity of
ITIM sequences is necessary for the recruitment of intracytoplasmic effector mol-
ecules involved in the inhibition of NK cell activity (i.e., the protein tyrosine
phosphatases SHP-1 and SHP-2). In humans, the lectin-like NKR are formed of
heterodimers between the CD94 molecule and members of the NKG2 family. In
mice, NKR are constituted by homodimers of C-type lectins belonging to the Ly49
family (TAKEI et al. 1997); and recently the mouse CD94/NKG2 A molecules have
also been described (VANCE et al. 1998).

The first activating KIR molecules to be identified were the counterparts of
KIR specific for HLA-C alleles. The same monoclonal antibodies (mAb) reacting
with the inhibitory forms also recognize molecules capable of triggering NK cell
activation functions as judged by Ca>" mobilization, cytolytic activity, and cyto-
kine production (MORETTA et al. 1995). The cloning of KIR2DS1 and KIR2DS2
revealed a high homology (up to 96%) with their inhibitory counterparts in the
extracellular domain, the presence of a lysine in the transmembrane domain, and
the lack of the ITIM regions in the intracytoplasmic domain due to an in-frame
stop codon within the first ITIM (Fig. 1) (Biassont et al. 1996). Despite the high
degree of homology with the inhibitory KIR in the extracytoplasmic portion, the
HLA specificity of KIR2DS1 and KIR2DS?2 is not completely unveiled. It has been
shown that only a fraction of NK clones expressing either KIR2DS1 or KIR2DS2
are able to lyse more efficiently target cells that express the HLA-C molecules
recognized by their inhibitory counterparts (HLA-Cw4 and HLA-Cw3). KIR2DS4
is another member of the activating KIR group that has been cloned (BoTTiNO
et al. 1996). In the transmembrane and intracytoplasmic domains, it shows a high
homology (99%) with the other two KIR2DS described above. By contrast, the two
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Fig. 1. Schematic representation of inhibitory and activating killer cell Ig-like receptors (KIR). On the
left is an inhibitory KIR characterized by two Ig-like domains in the extracytoplasmic portion, a non-
polar transmembrane region, and two ITIM motifs in the intracytoplasmic domain (KIR2DL). On the
right is an activating KIR characterized by two Ig-like domains in the extracytoplasmic portion, a
charged amino acid residue in the transmembrane portion, and a short intracytoplasmic region
(KIR2DS). The activating KIR is associated with the ITAM-bearing polypeptide KARAP/DAP12

Ig-like domains are significantly different. Interestingly, it has been shown that a
specific mAb for KIR2DS4 is able to induce selective proliferation of KIR2DS4 ™
NK cells from unfractionated peripheral blood lymphocytes, suggesting that these
molecules could play a role not only in the effector phases of NK cell activity (i.e.,
cytotoxicity), but could also regulate NK cell proliferation. The activating coun-
terpart of KIR3DL1 has also been identified (DOHRING et al. 1996), but at present
no functional data are available for this protein.

Activating counterparts of human lectin-like NKR have also been identified.
The CD9%4 can associate with NKG2-C, a member of the NKG?2 family charac-
terized by approximately 95% amino acid identity with NKG2-A in the extracel-
lular domain, a lysine in the transmembrane domain, and a mutation (Y to F) in
the ITIM motifs (CanTONI et al. 1998). Triggering of CD94/NK G2-C heterodimers
induces NK cell activation (HoucHINS et al. 1997). Another member of the NKG2
family, NKG2-E, presents similar structural characteristics and might associate
with CD94 to form another activating receptor (GLIENKE et al. 1998). Recently, it
has been shown that both inhibitory and activating CD94/NKG?2 heterodimers are
able to bind HLA-E molecules (BRAUD et al. 1998; Lee et al. 1998). HLA-E,
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a nonclassical MHC class I molecule of limited sequence variability, requires
binding of peptides derived from the signal sequence of some other MHC class 1
proteins for stable cell surface expression.

Two molecules belonging to the mouse Ly49 family have been described as
potentially activating: Ly49D and Ly49H. Both receptors present an arginine in the
transmembrane portion and mutations in the ITIM sequence. Ly49D extracyto-
plasmic domain shows homology with the Ly49 A inhibitory receptor, while the
lectin-like domain of Ly49H is related to that of Ly49 C. Functional activation of
mouse NK cell activity has been demonstrated only for Ly49D: mAb crosslinking
of the receptor enhances the lysis of FcyR " target cells (MASON et al. 1996). Re-
cently it has been shown that Ly49D transfected cells are able to lyse H2D! target
cells, but not target cells transfected with other H2 alleles, demonstrating that
Ly49D is a receptor for H2D? (NAKAMURA et al. 1999; GEORGE et al. 1999).

Both human- and mouse-activating NKR are characterized by the absence of
transducing elements in their intracytoplasmic domain. Moreover, the presence of a
positively charged amino acid residue in the transmembrane portion (either lysine
or arginine) strongly suggested an interaction with specialized transducing poly-
peptides as for T cell receptor (TCR) with CD3y, §, €, { and B cell receptor (BCR)
with CD79a,B. A 12-kDa disulfide-linked tyrosine phosphorylated homodimer
originally described as KARAP (KAR-associated polypeptide) associates with
human activating KIR (OLCESE et al. 1997). Along the same line, a 16-kDa di-
sulfide-linked tyrosine phosphorylated homodimer associated with Ly49D (MAsoN
et al. 1998). These two molecules are identical and have been recently cloned and
named KARAP/DAPI12 (LANIER et al. 1998b; TomAseLLO et al. 1998). We will
refer to KARAP/DAPI12 for both human and mouse polypeptides. Human
KARAP/DAPI12 is a polypeptide containing a canonical immunoreceptor tyrosine-
based activation motif (ITAM) close to CD3{ and FcRy molecules. Human
KARAP/DAPI12 gene is located on chromosome 19 close to the KIR family genes,
whereas mouse KARAP/DAP12 gene is located on chromosome 7 close to genes
coding for ITIM-bearing molecules. Structurally, human KARAP/DAPI2 harbors
a very short extracytoplasmic region (14 amino acid residues) with two cysteine
residues and presents a negative charged amino acid (aspartic acid)-in the trans-
membrane region and an ITAM sequence in the intracytoplasmic domain (LANIER
et al. 1998b). Human KARAP/DAPI2 is associated with both activating KIR
(Fig. 1) and CD94/NKG2-C molecules (LANIER et al.-1998b; LANIER et al. 1998c).
Upon NKR triggering, the tyrosines in the ITAM of KARAP/DAPI12 are phos-
phorylated and recruit the SH2-containing protein tyrosine kinases ZAP-70 and
Syk. Mouse KARAP/DAPI12 has 73% amino acid identity with the human mol-
ecule, with conserved cysteines in the extracytoplasmic domain, an aspartic acid in
the transmembrane portion, and an intracytoplasmic ITAM (ToMASELLO et al.
1998). The association between mouse KARAP/DAPI2 and Ly49D/Ly49H has
been reported (SmiTH et al. 1998).
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3 Hypothesis on the Functions of the Activating Receptors

Although the structure and the mechanisms by which activating NKR transduce
stimulatory signals have been clarified, the biological function of these receptors is
still an enigma. We will discuss the various hypotheses that have been proposed.

First, if both activating and inhibitory receptors recognize the same MHC class
I molecule, they could play different roles in NK cell biology: the activating mol-
ecules could control proliferation during NK cell development and/or clonal
amplification of mature NK cells, while the inhibitory receptors inhibit NK cell
effector functions (i.e., cytotoxicity and cytokine production; CoLONNA 1998).

Second, the affinity of the MHC ligand for the activating receptors could be
inferior to that for the inhibitory counterparts. In this case, the activation balance
would be in favor of the inhibitory molecules. In the case of viral infection, the
presence of a viral peptide presented by the MHC class I molecules could enhance
the affinity of the activating forms and trigger the killing of infected cells. Two
studies utilized the same methodological approach to assess the direct binding of
KIR to a panel of HLA class I transfectants (Biassonr et al. 1997; WINTER et al.
1998). Biassoni et al. produced soluble forms of KIR2DL1, specific for HLA-Cw4,
and of its counterpart KIR2DSI. They showed that the binding to HLA-Cw4 ™"
cells was significantly weaker for KIR2DSI1 than for the inhibitory form. Winter
et al. could not observe binding of the KIR2DSI1, KIR2DS2, and KIR2DS4
molecules tested to 11 different HLA class I* transfectants. These results might
support either the hypothesis that the inhibitory and activating KIR molecules have
different affinities for the same HLA class I alleles, or that they are able to recognize
different peptides presented by HLA class I molecules.

Finally, if the activating NKR recognize a ligand different from MHC class I
molecules, they should be considered as part of the numerous triggering receptors
expressed by NK cells as CD2, NKR-P1, CD40L, B,-integrins, NKp44, and
NKp46 (RENARD et al. 1997, MORETTA et al. 1997). In this regard, it is possible
that activating NKR could be the receptors for non-identified soluble factors in-
volved in NK cell development and/or proliferation.

4 Concluding Remarks

Inhibitory and activating receptors belonging to the same molecular families have
been conserved towards evolution. These receptors are not derived from alternative
splicing, but are encoded by separate genes. At present we have only begun to
understand the transducing pathways of inhibitory and activating receptors:
inhibitory receptors are able to terminate the activation programs via the recruit-
ment of proteine tyrosine phosphatases through their ITIM sequences; the acti-
vating receptors are coupled to ITAM-bearing polypeptides (KARAP/DAPI12 or
FcRy), (Table 1), responsible for transducing activation signals. Many obscure
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points remain to be elucidated regarding the in vivo function of activating isoforms
of ITIM-bearing molecules, such as the nature of the ligands, and the regulation
of their cell surface expression.
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