
 

1803

 

J. Exp. Med. 

 



 

 The Rockefeller University Press • 0022-1007/97/12/1803/06 $2.00
Volume 186, Number 11, December 1, 1997 1803–1808
http://www.jem.org

 

Commentary

 

What Goes Up Must Come Down: The Emerging Spectrum
of Inhibitory Receptors

 

By Wayne M. Yokoyama

 

From the Howard Hughes Medical Institute, Rheumatology Division, Washington University School 
of Medicine, St. Louis, Missouri 63110

 

F

 

or much of the last few decades, investigators have con-
centrated on delineating the parameters that involve the

direct activation of the immune system. In general, recep-
tor engagement, by antigen, cytokine, or counterreceptor,
initiates a cascade of distinct biochemical events in lympho-
cytes and other immune cells, leading to downstream effec-
tor functions. Concurrent engagement of other (costimula-
tory) receptors tends to enhance these responses. Inasmuch
as these pathways have been described in great detail, strat-
egies to alter immune responses, such as to arrest overactive
autoimmune states, to enhance immune responses to tu-
mors or pathogens, or to provoke immunological memory
from vaccination have been focused on modulation of these
activation processes.

However, recent evidence clearly demonstrates that liga-
tion of another functional class of immune receptors leads
instead to inhibition of activation pathways (for review see
Parham, P., ed. 1997. NK cells, MHC Class I Antigens, and
Missing Self. 

 

Immunol. Rev.

 

 155:1–221.). Important infor-
mation is emerging on the nature of such inhibition, pro-
viding a glimpse into the complexity of the ligand specifici-
ties and biochemical mechanisms of inhibitory receptors. In
this issue of the 

 

Journal

 

, the Colonna laboratory together
with the López-Botet group (2) illustrate new concepts
concerning inhibition. To provide a context in which to
appreciate this study as well as a panoply of related investi-
gations recently published by other groups, it is useful to
review the current status of this rapidly moving field and
discuss the myriad new scientific issues that are raised.

The paradigm of inhibitory receptors can be illustrated by
studies from a variety of experimental systems. For example,
previous analyses demonstrated that cellular targets express-
ing certain MHC class I molecules are protected from killing
by NK cells, consistent with the so-called “missing-self” hy-
pothesis (3). Absence of target cell MHC class I expression
releases NK cells from inhibition, permitting activation of
natural killing. Other explanations were initially favored,
such as the blockade of NK cell activation receptors by MHC
class I (“target interference”), an example that highlights the
previous conceptual framework for an immune system in-
volving exclusively activation-type receptors. However, it
is now known that inhibition is mediated by engagement
of distinct NK cell receptors specific for MHC class I (4),
leading to biochemical events, i.e., “negative signals,” that
globally inhibit NK cell function (5). Similarly, ligation of

the B cell antigen receptor with whole anti-Ig has long been
associated with failure to activate, in contrast to stimulation

 

with F(ab

 

9

 

)

 

2

 

 fragments of anti-Ig. The effect of whole anti-Ig
has now been demonstrated to be due to simultaneous en-
gagement of one type of Fc receptor (Fc

 

g

 

RIIb1) on the B
cell. Fc

 

g

 

RIIb1 is then phosphorylated on tyrosine residues
in a consensus sequence (I/VxYxxL), otherwise known as
the immunoreceptor tyrosine-based inhibitory motif (ITIM;
references 6 and 7). Although there is presumably a ty-
rosine kinase involved in phosphorylation of the ITIM,
whether a specific kinase is required is not yet known for B
cells. Nevertheless, the phosphorylated inhibitory receptor
can then recruit intracellular phosphatases (SHP-1 or SHIP,
see below) which likely dephosphorylate second messenger
molecules in activation pathways. Comparable involvement
of the CD22 receptor during B cell antigen receptor (BCR)
stimulation also results in functional inactivation (8).

With respect to the MHC class I–specific NK cell recep-
tors, a biochemical mechanism very similar to the ITIM
system of Fc

 

g

 

RIIb1 operates despite a large number of dif-
ferent receptors. The inhibitory NK cell receptors can be di-
vided into two general structural types (1, 9). One is illus-
trated by the mouse Ly-49 family of molecules and human
CD94/NKG2 receptors, which are type II integral mem-
brane proteins belonging to the C-type lectin superfamily
(10, 11). These receptors are expressed as disulfide-linked
dimers, either as homodimers, such as Ly-49 molecules
(10), or heterodimers, such as the CD94/NKG2 receptors
(11, 12). The other type of receptor was first characterized
on human NK cells, collectively termed killer inhibitory
receptors (KIR). These are type I integral membrane pro-
teins belonging to the Ig superfamily and are homologous
to the bovine Fc

 

g

 

2 and human Fc

 

a

 

 receptors (13, 14). Al-
though initially there was speculation that mice and hu-
mans use structurally distinct receptors to subserve the same
function, recent studies have indicated that both structural
types are expressed on NK cells from both species (11, 12,
15, 16). At the moment, it is not known why both struc-
tural types are necessary as indicated by their conservation
in evolution. The ever-increasing repertoire of NK cell re-
ceptors suggests the possibility that individual receptors may
work in concert with the others. Perhaps the receptors have
overlapping specificities for MHC class I ligands, or, alter-
natively, some of these receptors may be related to each
other in the same way that CD4 and CD8 are coreceptors
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for the TCR, or they may be physically associated with
each other in a complex, analogous to the CD3 complex of
the TCR. These issues have not yet been addressed, but
answers should be forthcoming as detailed experimental sys-
tems are developed and the fine specificities of the receptors
become known. Nevertheless, the two structural types of
NK cell receptors appear to be complementary rather than
totally distinct, as indicated by shared properties, including
their negative signaling mechanisms.

Despite obvious differences, i.e., in structure and plasma
membrane orientation, both types of NK cell receptors ap-
parently use the same inhibitory mechanism involving cy-
toplasmic ITIMs (5, 17). Recent studies indicate that the Src
family protein tyrosine kinase Lck can phosphorylate the
ITIM of a KIR expressed in transfection studies of Jurkat T
cells (18). Although the latter findings require extension to
untransfected NK cells, and a specific kinase has not been
reported with respect to phosphorylation of the lectin-like
receptors, the phosphorylated ITIMs of either NK cell re-
ceptor type would then be able to recruit the intracellular
tyrosine phosphatase SHP-1 in a manner reminiscent of
ITIM-associated Fc

 

g

 

RIIb1 inhibition of B cells.
There are other similarities between the two general types

of NK cell receptors. Both types are expressed on small
subsets of T cells that can also be inhibited. Furthermore,
both types consist of families of molecules with highly re-
lated sequences. For example, members of the Ly-49 family
display 

 

z

 

80% amino acid identity to each other (19, 20).
Similarly, the KIR molecules display 

 

.

 

80% identity in the
extracellular domains (21–28). However, although most
members within a family appear to be inhibitory receptors,
based either on experimental analysis or the presence of cy-
toplasmic ITIMs in deduced sequences, there are other
family members without ITIMs. Even among members of
the Ly-49 family, which initially were characterized as in-
hibitory receptors, there are other members, such as Ly-
49D, which lack ITIMs (20). Similar isoforms such as p50
have been described in the KIR family (29). Thus far, it is
unclear as to whether all of the different receptor isoforms
arise from alternative splicing, as recently described, or dis-
tinct genes, or both. Nevertheless, the ITIM-less molecules
appear to directly activate or costimulate distal cellular pro-
cesses, as recently described in the 

 

Journal

 

 and elsewhere
(29–31).

The rules governing the expression of inhibitory versus ac-
tivation isoforms have not yet been elucidated, but the func-
tional activity of both types of receptors probably depends
upon coassociation with transmembrane or cytoplasmic mole-
cules. In this regard, it will be important to discriminate be-
tween costimulatory effects and direct activation through
these isoforms. Nevertheless, it may be important that the
activation isoforms of either membrane orientation have
charged residues in transmembrane domains despite the ab-
sence of obvious activation motifs in their cytoplasmic do-
mains, such as the immunoreceptor tyrosine-based activa-
tion motif (ITAM; reference 32). Of course, this could
reflect unique signaling mechanisms, but perhaps the acti-
vation isoforms are associated with other molecules that are

responsible for transmitting activation signals, analogous to
the CD3 components of the TCR or the signaling compo-
nents of BCR and Fc

 

e

 

RI (33). The activation mechanisms
used by these NK cell activation receptors are just begin-
ning to be explored. Early characterization has demon-
strated associated disulfide-linked chains (34), which may
already be known or perhaps may be novel signal transduc-
tion subunits bearing ITAMs for recruitment of tyrosine
kinases. As in the case of other multimeric receptors, such
components may also be necessary for full expression of ac-
tivation isoforms (33), and it will be of interest to deter-
mine if activation isoforms with either plasma membrane
orientation use the same set of associated transmembrane
subunits. In addition, although MHC class I ligands have
been described for some activation isoforms (29–31), iden-
tification of ligands for the others are needed to fully appre-
ciate their role in immune function.

For the inhibitory receptors, the ITIM may be involved
in different inhibitory mechanisms, dependent on associ-
ated phosphatases. For example, in mast cells, Fc

 

g

 

RIIb1 in-
hibits Fc

 

e

 

RI signaling by the recruitment of the SH2-domain–
containing inositol polyphosphate 5-phosphatase, SHIP (35).
In B cells, Fc

 

g

 

RIIb1 has been reported to recruit SHP-1
(36), but the functional importance of this association is
controversial because recent studies indicate that SHP-1 is
not required for Fc

 

g

 

RIIb1-mediated inhibition (37) al-
though it apparently is required for inhibitory NK cell re-
ceptor function (17, 38). Nevertheless, either SHP-1 or
SHIP can be recruited by phosphorylated ITIMs. What is
the basis for such discordant recruitment of second messen-
gers? The difference does not appear to be due solely to
differential expression of SHP-1 versus SHIP. When both
phosphatases are available, transfected Fc

 

g

 

RIIb1 cytoplasmic
ITIMs recruit only SHIP, whereas transfected KIR tails re-
cruit only SHP-1 (39, 40), implying another level of speci-
ficity, perhaps due to the contribution of other specific bind-
ing sites resulting in differences in affinities for the ITIMs,
or involvement of other molecules, such as adapter proteins,
which could modify the pathways.

If both SHP-1 and SHIP inhibitory mechanisms are avail-
able in the cell, are the functional consequences the same
(redundancy), or are only subsets of activation events
blocked, resulting in expression of certain effector func-
tions but not others (differential inhibition or complemen-
tation)? Indeed, there are differences between outcomes
that have been discovered thus far (39). First, even in the
same cell, SHP-1 recruitment by transfected KIR ITIMs
affects mobilization of intracellular Ca

 

2

 

1

 

 stores, whereas SHIP
recruitment by Fc

 

g

 

RIIb1 ITIMs diminishes influx of extra-
cellular Ca

 

2

 

1

 

. Second, the KIR ITIMs block apoptosis by
BCR activation, whereas Fc

 

g

 

RIIb1 engagement has no effect.
However, in SHIP-deficient cells Fc

 

g

 

RIIb1 cross-linking ap-
pears to enhance apoptosis. Therefore, divergence in down-
stream effector functions may result from differences in
ITIM-associated signaling molecules, and there may be still
other, yet to be described, processes that are specifically af-
fected by other inhibitory receptors and associated second
messengers.
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Recent studies also indicate that ITIMs may be associ-
ated with other inhibitory molecules such as the Src kinase
Csk and SHP-2. Csk can phosphorylate a COOH-terminal
negative regulatory tyrosine residue in Src family kinases,
thereby inhibiting Src protein tyrosine kinase activity and
cellular activation (41). Engagement of Fc

 

g

 

RIIb1 results in
a direct association between Csk and a RasGTPase-activating
phosphoprotein, suggesting that both of these molecules may
play a role in inhibition (42). However, the position of these
molecules in the inhibitory pathway is not known as yet, nor
is it known whether either molecule could directly associ-
ate with the ITIMs. Another tyrosine phosphatase, SHP-2,
can bind the phosphorylated ITIM, but its functional role is
less well understood (43). SHP-2 associates with a family of
proteins, termed signal-regulatory proteins, which appear to
have negative regulatory effects (44). The detailed roles of
these molecules are less well known, but their large number
suggests additional complexity. Therefore, in spite of major
advances, there is still much more to be learned about the
mechanisms induced by inhibitory receptors; many of these
insights will come from better appreciation of the role of
associated molecules and their relationships in the inhibi-
tory pathways.

The genes encoding both structural types of NK cell re-
ceptors are genetically clustered. The lectin-like (both acti-
vation and inhibitory isoforms) receptors are encoded in a
large (

 

.

 

2 megabases in mice) chromosomal region (mouse
chromosome 6, human chromosome 12p13; reference 45)
termed the NK gene complex (NKC) that contains several
gene families for receptors that are (thus far) primarily ex-
pressed on NK cells (and on a small subset of T cells, par-
ticularly the so-called NK/T cells). Encoded within the
NKC are NKR-P1, Ly-49, CD94, NKG2, and CD69. Al-
though CD69 is more broadly expressed, all are type II
membrane proteins, C-type lectins, and disulfide-linked
dimers. There appears to be significant allelic polymorphism
for at least some of the genes. In contrast, the KIR mole-
cules are encoded in another genetic region (proximal
mouse chromosome 7, human 19q13.4; reference 46) with
less allelic polymorphism. In addition, KIR molecules are
related in sequence to a growing list, including the previ-
ously identified mouse gp49 (47), and the newly cloned
immunoglobulin-like transcript 1 (ILT1; reference 48),
ILT3 (49), ILT4, ILT5 (48), ILT2/leukocyte immunoglob-
ulin-like receptor 1 (LIR-1; references 48 and 50), leuko-
cyte-associated immunoglobulin-like receptor 1 (LAIR-1;
reference 51), paired Ig-like receptors (PIR)-A and -B
(52), p91 (53), and monocyte immunoglobulin-like recep-
tor (MIR; reference 46). The genes for many of these mol-
ecules appear to be physically linked in the same genetic
complex as the KIR genes (46). This complex may encode
additional receptors with similar properties, including gen-
eral overall structure with or without ITIMs. However,
some of the known molecules have more (up to six; refer-
ences 52 and 53) or less (one; reference 51) Ig-like domains
and have broader tissue distribution than just on NK cells,
as their names imply. Furthermore, gp49B1 has been
shown to inhibit Fc

 

e

 

R1-mediated mast cell activation (54),

and ILT3 has been reported to inhibit antigen capture and
processing in APCs (49), demonstrating the inhibitory in-
fluence of these receptors beyond NK and B cells.

Certainly, it is not surprising that inhibitory receptors are
broadly distributed, but currently it is difficult to solidify
support for a unifying theme explaining the basis for their
expression. However, inhibitory receptors may be distrib-
uted according to the activation pathways that are used in a
given cell rather than strictly according to cell lineage. For
example, any cell that uses activation systems involving the
recruitment and activation of tyrosine kinases may require
inhibitory pathways employing tyrosine phosphatases to mod-
ify the initiation, extent, and/or length of activation. With
the recognition that inhibition can also occur with SHIP,
cells with activation pathways involving inositol phosphate
metabolism should also require SHIP-type inhibitory path-
ways, and so on. As more is recognized about the mecha-
nisms of inhibitory pathways, more sense will be made of
the broad distribution of inhibiting receptors. It is possible
that related receptors will be described on other cells, in-
cluding nonhematopoietic cells, as more are identified by
molecular cloning and/or detailed analysis of the corre-
sponding genetic regions. Nevertheless, the expression of
these molecules on such a diversity of immune cells com-
bined with previous functional information strongly sug-
gests that inhibitory receptors influence many more cells
and processes than was initially recognized.

In this issue, Colonna et al. examine one such inhibitory
receptor, ILT2 (2). Although it has only 40% amino acid
identity to KIR molecules, ILT2 binds MHC class I mole-
cules. Not surprisingly, engagement of ILT2 leads to inhi-
bition, since it contains four putative ITIMs, and phosphor-
ylation of the ITIMs with pervanadate leads to SHP-1
association. In addition, Cosman et al. have recently shown
that this same receptor (termed LIR-1), binds the cytomeg-
alovirus UL18 gene product, an MHC class I–like mole-
cule (50). Also, UL18 has been reported to engage other
NK cell receptors, including the lectin-like receptor CD94
(55), resulting in inhibition of NK cell activity, presumably
to avoid NK cell–mediated viral clearance. Although these
data strongly suggest a viral immune evasion strategy in
which UL18 can bind multiple inhibitory receptors,
thereby globally inhibiting NK cell activity through differ-
ent receptors, these findings have broader implications.
ILT2/LIR-1 and newly described related molecules are not
only expressed on NK cells and subsets of T cells, but also
on B cells, mast cells, macrophages, and dendritic cells (2,
50). ILT2/LIR-1 inhibition of activation is notable because
it can also occur in basophils (rat basophil leukemic cells)
stimulated by Fc

 

e

 

RI cross-linking, in T cells stimulated by
superantigen, in B cells activated by anti-Ig, and in mono-
cytes and dendritic cells stimulated through HLA-DR (2).
Although the assays frequently involved cross-linking with
anti–ILT2/LIR-1 antibodies rather than “physiologic”
ligands, or UL18, the data suggest that the biochemical
events in these activation pathways must be similar to be
susceptible to a single inhibitory receptor. On the other
hand, it is possible that a different subset of the four ITIMs
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is required in each cell type due to differential recruitment
of inhibitory second messengers; it is not yet clear why
some of the inhibitory receptors have multiple ITIMs
whereas others have only one. Nevertheless, the inhibition
of a broad array of stimuli is consistent with a viral strategy
to globally block the immune system, and not just affect
NK cells.

Another surprising outcome from the studies of Colonna
et al. (2) and Cosman et al. (50) is that MHC class I–spe-
cific receptors are expressed on cells for which MHC class
I–associated inhibition has not been previously described.
Although the basophil studies involved ILT2-transfected
RBL cells, the other cells investigated (NK, T, and B) con-
stitutively expressed ILT2, reflecting the broad distribution
of this molecule. Perhaps the missing-self phenomenon was
previously missed on these cells and is much more broadly
applicable than just to NK cells. Such receptors may also
have MHC class II or MHC class Ib ligands since these
counterreceptors are structurally related, broadening the
possibilities.

It is also possible that the putative inhibitory receptors
may have other ligands, such as soluble factors, i.e., cyto-
kines or hormones. Indeed, recent studies by Fan et al. (56)
have indicated that KIR molecules are structurally related
to receptors for hematopoietic factors and hormones such
as erythropoietin, prolactin, and growth hormone. Consis-
tent with sequence analysis and site-directed mutagenesis
studies (57), a three-dimensional model for one of the KIR
molecules reveals two Ig-like domains containing two anti-
parallel 

 

b

 

-sheets arranged at a 60

 

8

 

 angle. The joining “el-
bow” segment between the domains contains residues that
determine KIR specificity for MHC class I, suggesting that
such residues are contact sites. By analogy to the soluble
factor receptors that dimerize upon ligand engagement,
KIR molecules may bind two distinct sites on MHC class I,
resulting in KIR dimerization. Although the “footprint” of
KIR binding on MHC class I localizes to the MHC class I

 

a

 

1 helix (58), there may also be other, possibly nonpoly-
morphic, sites on MHC class I, since previous studies of

contact sites have focused on determining specificity for al-
lelic determinants (59, 60). Alternatively, one of the KIR
molecules may be a relatively invariant receptor chain in a
multimeric complex. The three-dimensional structure also
suggests that KIR-related molecules may bind soluble
ligands. Those molecules with several Ig domains may have
multiple contact sites for their ligands, or they may bind
multiple ligands. Further analysis of ligand specificity is ex-
tremely important to fully understand the physiologic im-
portance of these putative receptors.

Nevertheless, the inhibitory receptors already provide new
targets for therapeutic alteration of the immune system to
prevent or treat disease. In this regard, perhaps we can take
a clue from viral evasion strategies to target ubiquitously
expressed inhibitory receptors. The recently described in-
hibitory receptor LAIR-1, with one Ig-like domain (51),
may be especially interesting here. It contains ITIMs, can
recruit SHP-1 and SHP-2, and can inhibit NK cell activity.
However, according to flow cytometry with an anti–
LAIR-1–specific mAb, the receptor is apparently expressed
by the vast majority of B, T, and NK lymphocytes and
monocytes, providing a means to simultaneously target a
large number of immune cells by focusing on a single re-
ceptor.

Interestingly, however, any therapeutic maneuvers in-
volving inhibitory receptors obviously will have conse-
quences that are opposite to either interrupting or increas-
ing the function of activation receptors as reported to date.
Assuming that there is no activation isoform of LAIR-1, a
therapeutic receptor engagement, i.e., with an mAb or a
pharmaceutical mimic of its physiologic ligand, will likely
be capable of inhibiting the functions of a broad array of
immune cells, thereby offering a potential new form of
therapy for autoimmune diseases. On the other hand, ap-
proaches to interrupt inhibitory receptor function at either
the ligand binding or biochemical signaling steps have the
prospect of enhancing immune responses, providing the
basis for an exciting new armamentarium of immune mod-
ulating drugs.
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