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With the detailed description and analysis of several inhibitory receptor gagement (such as Syk), and the targets of 
systems on lymphoid and myeloid cells, a central paradigm has emerged these kinases, including the adaptor BLNK 
in which the pairing of activation and inhibition is necessary to initiate, and the effector phospholipase C (PLC)-y 1 
amplify, and then terminate immune responses. In some cases, the acti- (11, 15, 16). Inhibition by SHP-1 recruitment 
vating and inhibitory receptors recognize similar ligands, and the net occurs at the earliest steps of the activation 
outcome is determined by the relative strength of these opposing signals. response, shutting down all subsequent events. 
The importance of this modulation is demonstrated by the sometimes including calcium mobilization, cytokine re- 
fatal autoimmune disorders observed in mice with targeted disruption of lease, transcriptional activation, and cellular 
inhibitory receptors. The significance of these receptors is further evi- proliferation. In contrast. SHIP, shown to be 
denced by the conservation of immunoreceptor tyrosine-based inhibitory recruited to the tyrosine-phosphorylated ITIM 
motifs during their evolution. of the inhibitory immunoglobulin G (IgG) Fc 

receptor FcyRIIB (1 7). leads to the abroga- 
A hallmark of the vertebrate immune system extracellular domains binding similar li- tion of BCR activation signaling by hydroly- 
is its ability to maintain a precarious equilib- gands. When both activating and inhibitory sis of the membrane inositol phosphate PIP, 
rium between the extremes of reactivity and receptors are coengaged by their respective (phosphatidylinositol 3,4,5-trisphosphate), it- 
quiescence-at any moment poised to un- ligands, the net outcome is determined by the self the product of receptor activation (Fig. 
leash an arsenal of cytotoxic cells and mole- relative strength of these opposing signals. 1A). In the absence of PIP,, binding proteins 
cules, yet capable of maintaining control over An expanding family of immune inhibito- of the PH domain class (e.g., Btk and PLCy 1) 
these potentially lethal responses. A key as- ry receptors can be identified by a consensus are released from the membrane and a sus- 
pect of this ability is encoded in the specific- amino acid sequence, the immunoreceptor tained calcium signal is blocked by prevent- 
ity of the response that can target molecules tyrosine-based inhibitory motif (ITIM), present ing influx of extracellular calcium through 
alien to the organism while sparing the or- in the cytoplasmic domain of these molecules the capacitance-coupled channel (13, 18, 19). 
ganism itself. Equally critical is the capacity (2, 8). The prototype 6-amino acid ITIM se- FcyRIIB phosphorylation also leads to an 
to limit and ultimately terminate a response. quence is (1leNallLeulSer)-X-Tyr-x-x-(Lew' arrest of BCR-triggered proliferation by per- 
inactivating or eliminating the relevant path- Val), where X denotes any amino acid. Ligand- turbing the activation of mitogen-activated 
ways when they are no longer required. induced clustering of these inhibitory recep- protein (MAP) kinases and the recruitment of 

Although many aspects of positive signal- tors results in tyrosine phosphorylation, often the antiapoptotic protein kinase Akt (20. 21). 
ing in the generation of effective immunity by a Src family kinase, which provides a This review emphasizes the common as- 
have been clarified, our knowledge about the docking site for the recruitment of cytoplas- pects of inhibitory receptors and their in vivo 
counterbalancing inhibitory pathways has re- mic phosphatases having a Src homology 2 consequences for signaling by immunorecep- 
mained quite limited until recently. From the (SH2) domain (9-11). Two classes of SH2- tors. Prototypic examples of this class of 
detailed analysis of some inhibitory receptor containing inhibitory signaling effector mol- molecules serve as a framework for incorpo- 
systems, a central paradigm has emerged in ecules have been identified: the tyrosine rating newly discovered molecules in this 
which the pairing of activation and inhibition phosphatase SHP-1 and the inositol phospha- rapidly expanding class of receptors. 
is necessary to modulate immune responses tase SHIP (SH2-containing inositol polyphos- 
(1-3). Loss of inhibitory signaling is often phate 5-phosphatase) (12, 13). The ITIM can lmmunogiobuiin G Fc Receptors: 
associated with autoreactivity and unchecked also bind to another cytoplasmic tyrosine phos- A Paradigm of Activation-Inhibition 
inflammatory responses, illustrating the es- phatase, SHP-2; however, the role of this mol- Coupling 
sential role these systems play in immune ecule in inhibitory function is less well defmed. Receptors for IgG provide the best character- 
regulation (4- 6). SHP-1 and SHIP interact with the ITIMs ized and most detailed examples of the coor- 

The common feature that identifies recep- of nonoverlapping subsets of inhibitory re- dinate and opposing roles displayed by acti- 
tors as members of the inhibitory class is their ceptors and couple to distinct signaling path- vating and inhibitory receptors (-72, 23). Stud- 
ability to attenuate activation signals initiated ways (Fig. l ) ,  resulting in subtle but impor- ies on these receptors have defined seberal 
by other receptors that are often of the im- tant differences in the final state of the inhib- general paradigms for the class of inhibitory 
munoreceptor tyrosine-based activation motif ited cells (14). In addition to their role in receptors as a whole and pointed to the phys- 
(ITAM) class (7, 8). Inhibitory receptors me- transducing signals from immune inhibitory iological relevance of these pathways in the 
diate this function only upon their clustering receptors, SHIP and SHP-1 have a broader immune response. IgG immune complexes 
with an activating counterpart on the cell role in cellular inhibition and can couple to were recognized as potent inhibitory ligands 
surface. In some cases, the activating and both immune and nonimmune activation re- more than 30 years ago with the observation 
inhibitory receptors recognize different li- ceptors by undefined sequences other than that B cell activation could be attenuated by 
gands, whereas in other circumstances cells the ITIM (12, 13). As an illustration of the immune complexes (24). A molecular basis 
simultaneously express pairs of activating SHP-1-dependent inhibition pathway, the B for this activity was suggested with the clon- 
and inhibitory receptors with closely related cell inhibitory receptor PIR-B is shown (Fig. ing of two genes for murine low-affinity IgG 

1B). Recruitment of SHP-1 to PIR-B attenu- Fc receptors, now referred to as FcyRIIB and 
ates B cell antigen receptor (BCR)-triggered FcyRIII (25). The extracellular domains were 

lLaboratory Of Molecular and IrnrnunoL0gy, activation responses through the dephospho- found to be 95% identical in their primary 
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San Francisco, CA 94143, USA. itself, tyrosine kinases activated by BCR en- with similar specificity. However, these near- 
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ly identical domains were coupled to distinct- 
ly different intracytoplasmic domains, which 
suggested that different signaling pathways 
might be triggered by their engagement. Lat- 
er studies defined FcyRIII as an activating 
receptor capable of triggering calcium mobi- 
lization, degranulation, antibody-dependent cel- 
lular toxicity (ADCC), phagocytosis, cytokine 
release, and inflammatory responses by mac- 
rophages, natural killer (NK) cells, neutro- 
phils, and mast cells (26, 27). The activating 
sequence was found on a noncovalently as- 
sociated accessory subunit, the y chain, and 
contained a sequence common to antigen re- 
ceptors of B and T cells, the ITAM (28). The 
y subunit is shared by a variety of activation 
receptors, including FcERI, T cell antigen 
receptor, PIR-A, ILT1, and ILT7 (see below). 
In contrast, the inhibitory motif, embedded in 
the cytoplasmic domain of the single-chain 
FcyRIIB molecule, was defined as a 13- 
amino acid sequence (Ala-Glu-Asn-Thr-Ile- 
Thr-Tyr-Ser-Leu-Leu-Lys-His-Pro) that has 
been shown to be both necessary and suffi- 
cient to mediate the inhibition of BCR-gen- 
erated calcium mobilization and cellular pro- 
liferation (29, 30). 

Phosphorylation of the tyrosine of this 
motif was shown to occur upon BCR coliga- 
tion and was required for its inhibitory activ- 
ity. This modification generated an SH2 rec- 
ognition domain that is the binding site for 
the inhibitory signaling molecule SHIP (30). 
In addition to its expression on B cells, where 
it is the only IgG Fc receptor, FcyRIIB is 
expressed on macrophages, neutrophils, and 
mast cells, missing only from T and NK cells 
(22). These studies provided the impetus to 
identify similar sequences in other surface 

molecules that mediated cellular inhibition 
and resulted in the description of the ITIM, 
now recognized as a general feature of inhib- 
itory receptors. 

FcyRIIB displays three separable inhibi- 
tory activities, two of which are dependent on 
the ITIM motif and one that is independent of 
this motif. Coengagement of FcyRIIB to an 
ITAM-containing receptor leads to tyrosine 
phosphorylation of the ITIM by the Lyn ki- 
nase, recruitment of SHIP, and the inhibition 
of ITAM-triggered calcium mobilization and 
cellular proliferation (7, 9, 17). These two 
inhibitory activities result from different sig- 
naling pathways, with calcium inhibition re- 
quiring the phosphatase activity of SHIP to 
hydrolyze PIP, and the ensuing dissociation 
of PH domain-containing proteins like Btk 
and PLCy (1 7, 18) (Fig. 1A). The net effect is 
to block calcium influx and prevent sustained 
calcium signaling, which prevents calcium- 
dependent processes such as degranulation, 
phagocytosis, ADCC, and cytokine release. 
Arrest of proliferation in B cells is also de- 
pendent on the ITIM pathway, through the 
activation of the adaptor protein Dok and 
subsequent inactivation of MAP kinases (31, 
32). The role of SHIP in this process has not 
been fully defined, because it can affect pro- 
liferation in several ways. Through its cata- 
lytic phosphatase domain, SHIP can prevent 
recruitment of the PH domain survival factor 
Akt by hydrolysis of PIP, (20, 21, 33). SHIP 
also contains PTB domains that could act to 
recruit Dok to the membrane and provide 
access to the Lyn kinase that is involved in its 
activation. Dok-deficient B cells are unable 
to mediate FcyRIIB-triggered arrest of BCR- 
induced proliferation but retain their ability to 

inhibit a calcium influx, demonstrating the 
dissociation of these two ITIM-dependent 
pathways (31). 

The third inhibitory activity displayed by 
FcyRIIB is independent of the ITIM se- 
quence and is displayed upon homoaggrega- 
tion of the receptor. Under these conditions of 
FcyRIIB clustering, a proapoptotic signal is 
generated through the transmembrane se- 
quence (Fig. 2). This proapoptotic signal is 
blocked by recruitment of SHIP, which oc- 
curs upon coligation of FcyRIIB to the BCR, 
because Btk is required for this apoptotic 
pathway (34). This activity has only been 
reported in B cells and has been proposed to 
act as a means of maintaining peripheral tol- 
erance for B cells that have undergone somat- 
ic hypermutation. Discrimination of those so- 
matically hypermutated germinal center B 
cells that have high-affinity cognate antigen 
binding from those with low affinity and 
potentially cross-reactive specificities is pro- 
posed to result from engagement of antigen. 
Antigen is retained in the form of immune 
complexes on follicular dendritic cells. In this 
form it either interacts with B cells through 
FcyRIIB alone, which results in apoptosis, or 
is coengaged with BCR, favoring survival 
(Fig. 2). Support for this model comes from 
the B cell autonomous loss of peripheral tol- 
erance in FcyRIIB knockout mice on the 
C57B116 background (6). These animals de- 
velop antibodies to DNA and chromatin, and 
they succumb to a fatal, autoimmune glomer- 
ulonephritis at 8 months of age. This pheno- 
type is strain-dependent and is not seen in 
Balblc or 129 strains of mice. FcyRIIB thus 
appears to act as a genetic susceptibility fac- 
tor for autoimmune disease, under the control 

4 Proliferation 

Fig. 1. (A) SHIP-mediated inhibition of cellular activation. FcyRllB is shown as an example of this class of inhibitory receptor. (B) Inhibition of BCR 
activation by SHP-1. PIR-B is displayed as an example of a SHP-I-dependent inhibitory receptor. P13K, phosphatidylinositol3-kinase; IP,, 1,4,5-inositol 
trisphosphate; ER, endoplasmic reticulum. 
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of epistatic modifiers. 

The phenotype of animals deficient in the 
inhibitoryFcyRIIB further illustrates the crit-
ical role this receptor plays in maintaining a 
balanced immune response. FcyRIIB-deficient 
mice are also susceptible to induced autoim-
mune disease, as demonstrated in models of 
collagen-induced arthritis and Goodpasture's 
syndrome (35, 36). This susceptibilityresults 
from the ability of FcyRIIB-deficientmice to 
develop autoantibodies to type I1 and IV col-
lagen upon immunization with bovine anti-
gens, presumably as a consequenceof failing 
to maintain peripheral tolerance to potentially 
cross-reactive autoantigens. No changes in B 
cell development were observed in FcyRIIB-
deficient mice, and B cell responses to BCR 
cross-linking were not perturbed. Thds, the 
defects are attributable to the inability of this 
inhibitory receptor to control ligand-mediated 
engagement of its activating counterpart. The 
efferent response to pathogenic IgG antibod-
ies is also enhanced in FcyRIIB-deficient 
mice, as demonstrated in models of anti-
glomerular basement membrane glomerulo-
nephritis and tumor protection by antitumor 
antibodies (37, 38). Immune complexes, long 
known to be potentially inflammatory trig-
gers, are enhanced in their activity in 
FcyRIIB-deficient mice in the reverse pas-
sive Arthus reactions in the skin and lung (4, 
39). Previous results have indicatedthat these 
reactions are FcyRIII-dependentand comple-
ment C3-independent (40-42). The response 
to the IgG immune complex is thus the net 
result of activation and inhibitory pathways 
working in concert, a theme that is central to 
the function of inhibitory receptors. 

Modulation of the IgG effector response 
can be accomplished by regulating the ratio 
of FcyRIII to FcyRIIB and by controllingthe 
levels and activity of SHIP. Activated mac-
rophages and mast cells have high RIII/RIIB 
ratios, favoring inflammatory responses upon 

Cognate antigen: BCR engagement 
and SHIP recruitmenta 

engagement by immune complexes, whereas 
quiescent effector cells have low RIIYRIIB 
ratios, providing a high threshold for activa-
tion of those cells by immune complexes and 
thus preventing inappropriate inflammatory 
responses. SHIP-deficient mice have dimin-
ished FcyRIIB inhibitory responses, as ex-
pected (43). Because SHIP is a pleiotropic 
inhibitory molecule, it is not surprising that 
these mice display a complex phenotype, re-
sulting from the interaction of SHIP with 
cytokine and growth factor receptors in addi-
tion to immune receptors. SHIP-'- mice are 
generally hyperresponsive, displaying a phe-
notype with increased myeloid proliferation 
and decreased apoptosis (21, 44). Some ab-
normalities in B cell differentiation are found, 
presumably resulting from increased BCR 
signaling. 

B Cell Inhibitory Receptors 
In addition to FcyRIIB, B cells express a 
number of ITIM-containing inhibitory recep-
tors that function to regulate the amplitude of 
the B cell antigen receptor response. These 
receptors are often constitutivelyphosphoryl-
ated on their ITIM sequence and have broad 
ligand specificities (2, 3). Perturbations in 
these receptors can result in hyperresponsive-
ness to BCR stimulation and developmental 
abnormalities in B cells. B cell inhibitory 
receptors includeCD22, CD5, CD72, CD66a, 
ILT, PIR-B, PD-1, and LAIR-1. 

CD22 is an ITIM-containing surface mol-
ecule of the sialoadhesin class in the Ig su-
perfamily interacting with sialic acid-bear-
ing ligands (45). The ubiquitous distribution 
of sialic acid-bearing ligands may account 
for the generalized inhibitory property of 
CD22 on B cells, regulating the activation of 
those cells by the BCR. The ITIMs in CD22 
interact with the tyrosine phosphatase SHP-I, 
thus opposing the activation mediated by the 
BCR (46). Interaction with SHIP has also 

Nonfognate immune complex: 
FCyRnclusterino 

SURVIVAL 

Fig. 2. FcyRllB can determine B cell fate. A mode 
antibodies is shown. See text for details. 

Stress response+ 
Btk+ 
Jnk+ 

APOPTOSIS 

!lfor the role of FcyRllB in affinity maturation of 

been described and involves Shc and Grb2 in 
the resulting complex (47). Mice deficient in 
CD22 display a B cell-hyperresponsive phe-
notype, autoantibodyproduction (without au-
toimmune disease), and increased numbers of 
peritoneal CD5+ B cells (B-1 cells) (5, 48, 
49). In contrast, SHP-1-deficient mice have a 
more severe phenotype, with aspects of both 
severe combined immunodeficiency and au-
toimmunity, and succumb to pulmonary com-
plications in the first weeks of life (50). As 
also seen in the SHIP-deficient mice, myelo-
proliferation and infiltration of macrophages 
and granulocytes is prominent. B-1 cells are 
expanded and are hyperresponsive to BCR 
aggregation. However, and in contrast to the 
SHIP-'- mice, FcyRIIB signaling is not per-
turbed, confirming the discrimination of in-
hibitory signaling by SHIP- and SHP-1-de-
pendent inhibitoryreceptors (14, 17, 51). The 
pleiotropic phenotype of SHP-1 results from 
the role of this phosphatase in regulating 
activation by a number of other inhibitory 
receptors (as well as cytokine and growth 
factor receptors) and is likely the conse-
quence of the accumulation of multiple pri-
mary cell defects. 

CD5 belongs to the scavenger receptor 
superfamily and is expressed on T cells and 
B-1 cells. Generation of mice deficient in 
CD5 revealed the inhibitory role of this mol-
ecule (52). B-l cells derived from CD5-defi-
cient mice proliferate in response to' BCR 
aggregation; under similar conditions, wild-
type B-1 cells are nonproliferative. CD5 has 
an ITIM that is constitutivelyphosphorylated 
in B-1 cells and is associated with SHP-1, 
which may account for its inhibitory activity 
(53). However, receptor reconstitution stud-
ies have challenged this simple model, be-
cause inhibitory activity is retained in CD5 
constructs lacking the ITIM sequence (54). 
Presumably other sequence elements are in-
volved together with other inhibitory signal-
ing molecules to prevent proliferation of these 
cells upon BCR aggregation. 

ITIM motifs have also been defined in 
CD72, a member of the calcium-dependent 
le& superfamily (55,56). B cells from CD72-
deficient mice are hyperresponsive to lipopoly-
saccharide stimulation and BCR aggregation 
(57). There is a growing list of ITIM-bearing 
receptors expressed on B cells (Table 1); 
however, in the absence of data on the phys-
iological ligands for these receptors and their 
in vivo contribution to B cell development 
and function, conclusions about their role in 
normal immune responses are necessarily 
limited. 

Inhibitory NK Cell Receptors for 
MHC Class I 
The existence of inhibitory receptors on NK 
cells was predicted by the observation that 
these lymphocytes preferentially killed cells 
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lacking major histocompatibility complex 
(MHC) class I antigens. This implied the exis- 
tence of receptors for class I that suppressed 
their cytolytic activity (58). Three families of 
cell surface receptors (Ly49, KIR, and CD941 
NKG2) expressed on NK cells and memory T 
cells have been identified that bind MHC class 
I on potential target cells and dampen or pre- 
vent NK cell and T cell activation [reviewed in 
(3)]. The mouse Ly49 receptors, encoded by a 
small family of genes, recognize polymorphic 
epitopes on the H-2D and H-2K class I mole- 
cules (59). The Ly49 genes are themselves 
polymorphic and are further diversified by al- 
ternative RNA splicing. In addition, the expres- 
sion of each Ly49 locus is independently con- 
trolled, allowing for monoallelic expression of 
these receptors on overlapping subsets of NK 
cells and memory T cells. Ly49 proteins are 
type I1 membrane glycoproteins of the C-type 
lectin-like fanlily, expressed on the cell surface 
as disulfide-bonded homodimers. Seven of the 
nine Ly49 genes expressed in C57BLi6 mice 
contain an ITIM in their cytoplasmic domains, 
allowing for inhibitory function. In contrast, 
Ly49D and Ly49H lack ITIM and function as 
activating receptors because of their noncova- 
lent association with the ITAM-be'aring mem-

brane adaptor protein DAP12 (60). Presumably, 
binding of an inhibitory Ly49 receptor to its 
MHC class I ligand results in tyrosine phospho- 
rylation of the ITIM, with subsequent recruit- 
ment of SHP-1 or SHP-2 (61). 

In primates, NK cells are regulated by the 
killer cell Ig-like receptors (KIRs, also col- 
lectively termed CD158) [reviewed in (3)]. 
Like Ly49, KIRs are encoded by about 12 
polymorphic genes, recognize polymorphic 
epitopes on human leukocyte antigen classes 
HLA-A, HLA-B, and HLA-C, and are ex- 
pressed on overlapping subsets of NK cells 
and memory T cells. About half of the KIR 
molecules have two ITIMs in their cytoplas- 
mic domains that bind predominantly SHP-I 
and inhibit cell-mediated cytotoxicity and cy- 
tokine secretion (61-63). Activating iso-
forms in the KIR family, lacking ITIM, asso- 
ciate with the ITAM-bearing DAP12 adaptor 
protein (60). Simultaneous expression of ac- 
tivating and inhibitory KIRs that recognize 
different HLA class I ligands would provide 
for elimination of cells that had lost the ex- 
pression of the ligand for the Inhibitory recep- 
tor but retained expression of the ligand for the 
activating receptor (Fig. 3). 

The CD94MKG2A receptor, present and 

conserved in rodents and primates, is a di- 
sulfide-bonded heterodimer composed of 
subunits encoded by the CD94 and IVKG~A 
genes [reviewed in (3)].The CD94MKG2A 
receptor is typically expressed on about half 
of all NK cells and a subset of memory CD8+ 
T cells. Whereas CD94 has a short cytoplas- 
mic domain lacking signaling function, 
NKG2A contains two ITIMs, which upon 
tyrosine phosphorylation can recruit SHP-1 
or SHP-2 (64, 65). This heterodimeric recep- 
tor recognizes human HLA-E and the homol- 
ogous mouse Qalb molecule. Of note, the 
peptide-binding groove of HLA-E and Qalb 
is often occupied by 9-amino acid peptides 
derived from the leader segments of other 
MHC class I molecules (i.e., H-2D, H-2K, 
HLA-A, HLA-B, HLA-C, HLA-G) (66, 67). 
In the absence of these peptides, HLA-E and 
Qalb are retained in the cytoplasm of the host 
cells and degraded. This provides a mecha- 
nism for the NK cells or T cells expressing 
CD94NKG2A to globally monitor the ex-
pression of MHC class I on tissues. The 
CD94NKG2C heterodimer also binds HLA- 
E/Qalb, but NKG2C lacks an ITIM and as- 
sociates with DAP12 to form an activating 
receptor complex (60). 

Table 1. Immune inhibitory receptors. Homolog idel itified refers to mouse for human receptors and human for mouse receptors. 

Chromosomal
Receptor location 

Human 
FcyRllB 1q23-24 

CTLA-4 2q33 
PD-1 2q37.3 
PILRa 7q22 
CD72 9~ 
CD5 11q13 
MAFA 12~12-13 
NKCZA 12~13.1-

13.2 

CD31 17q23 


CMRF35H 17q24 
CD22 19q13.1 
CD66a 19q13.2 

CD66d 19q 13.2 

CD33 19q13.3 

SICLEC5 19q13.3 

SICLEC6 19q13.3 


SICLEC7 19q13.3 
ILTZ, 3, 4, 19q13.4 

5; LIR8 
LAIR-1 19q13.4 
KlRZDL 19q13.4 
KlR3DL 19q 13.4 
SIRPa 2 0 ~ 1 3  

Mouse 
gp49B1 10 (band 4) 
Ly49A-I 6 
PlR-B 7 

Predominant cell 
distribution 

B, myeloid, mast 

T 
T, B, NK 
Myeloid 
B 
T, subset B 
Myeloid, mast, NK 
NK. T 

Myeloid, platelet, endothelial 
cells, subset T and NK 

Leukocytes 
B 
Granulocytes, T, subset, NK, 

B, epithelial cells 
Granulocytes 
Myeloid 
Myeloid 
B cells, myeloid, 

cytotrophoblast 
NK, myeloid, subset T 
Myeloid, B, subset T, NK 

Leukocytes 
NK, T 
NK, T 
Myeloid, nonhematopoietic 

cells 

Myeloid, mast, NK 
NK, T 
Myeloid, B 

Homolog 
identified 

Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 

No 
Yes 

Yes (no ITIM) 
No 
No 

No 
Mouse PIR? 

No 
No 
No 
Yes 

No 

Putative 
number of 

ITlMs 

1 

None 
1 
2 
2 
1 
1 
2 

1 

3 

4 

2 


1 

1 

1 

1 


1 

4 


2 

2 

2 

2 


2 
Human pseudogene 1 

Human ILT? 3 


Putative activating 
receptor within 

family 

FcyRlll (FceRly, CD30, 
FcyRllA 
CD28 

ILT1, 1LT7, ILT8, LIR6a 
(FceRly) 

KlRZDS 
KIR3DS 
SlRPp (DAP12) 

Ly49D, Ly49H (DAPlZ) 
PIR-A (FceRly) 

Ligands 

IgC complexes 

CD80, CD86 

PD-1 ligand 

? 

? 

? 

? 

HLA-E 


? 

Sialic acid 

CD66, CD62E 


? 

Sialic acid 

Sialic acid 

Sialic acid 


Sialic acid 

MHC class 1 for ILTZ, 


ILT4; others unknown 
? 
HLA-C 
HLA-B, -A 
CD47 

? 
MHC class I 
? 

www.sciencemag.org SCIENCE VOL 290 6 OCTOBER 2000 87 



c F R O N T I E R S  I N  C E L L U L A R  I M M U N O L O G Y  
In summary, the Ly49, KIR, and CD941 

NKG2 receptors all recognize MHC class I 
ligands, contain both activating and inhibitory 
isoforms within the families, and are expressed 
exclusively on overlapping subsets of NK cells 
and memory T cells. The inhibitory receptors 
associate with SHP-1 or SHP-2. As yet, how- 
ever, there is little infomation about the sub- 
strates for these phosphatases during NK cell or 
T cell activation, although SLP-76, LAT, 
CD35, and Fc&RIy have been suggested as 
targets (68, 69). Inhibitory NK cell receptors 
have been implicated in the rejection of alloge- 
neic bone marrow allografts, in the elimination 
of tumors lacking MHC class I, and in protec- 
tion against viral infection [reviewed in (3)]. 

Inhibitory Receptors on Myeloid and 
Other Hematopoietic Cell Types 
The ILT (also hown as LIR, MIR, or CD85) 
and LAIR-1 genes are immediately centromeric 
of the KIR loci on human chromosome 19q13.4 
(70, 71). The LAIR-1 and ILT receptors contain 
Ig-like domains, and 8 of the 10 ILT receptors 
have ITIM in their cytoplasmic domains. ILT1 
and ILT7 lack ITIM, and they associate with 
the ITAM-containing FczFUy membrane adap- 
tor protein, forming an activating receptor com- 
plex (72). Although certain ILT receptors are 
present on minor subsets of NK cells and mem- 
ory T cells, these molecules are predominantly 
expressed on monocytes, macrophages, den- 
dritic cells, and B lymphocytes. The inhibitory 
ILT2 and ILT4 receptors bind MHC class I, but 
(unlike K J . )  they appear to recognize epitopes 
shared by HLA-A, -B, -C, -G, and -E (73, 74). 
In addition, ILT2 binds with high affmity to a 
MHC class I homolog present in human cyto- 
megalovirus, possibly to suppress macrophage 

activation during viral infection (71). Ligands 
for other members of the ILT family have not 
as yet been identified. The ITIM-containing 
ILT and LAIR-1 receptors associate with 
SHP-1 and SHP-2. The mouse PIR genes are 
quite similar to the human ILT genes (75, 76). 
The PIR-B receptois contain ITIM in their cy- 
toplasmic domains, whereas PIR-A receptors 
lack ITIM and associate with FmlUy (77, 78). 

Several other ITIM-bearing receptors ex- 
pressed on myeloid and other hematopoiet- 
ic cells are summarized in Table 1, includ- 
ing CD33, SIGLECS (79), SIGLEC6 (80), 
SIGLEC7 (AIRMlIp75) (81, 82), CD66a 
(83), MAFA (84), PD-1 (85), CD31 (86), 
PILRol (87), CMRF35H (88), gp49B1 (89), 
and SIRPol (BIT and SHPS-1) (90, 91). Of 
note, the ligand of SIRPa, CD47, is broadly 
distributed on many tissues including eryth- 
rocytes (92). When red blood cells from mice 
expressing a disrupted CD47 gene are trans- 
fused into wild-type animals, macrophages 
rapidly engulf and clear these cells (93). Be- 
cause CD47 is expressed on erythrocytes in a 
complex with Rh blood group antigens, this 
may explain why Rh""" individuals have he- 
molytic anemia, reticulocytosis, and stomato- 
cytosis. Homozygous mice with disrupted 
PD-1 genes suffer an autoimmune disease 
involving lupus-like proliferative arthritis and 
glomerulonephritis with predominant IgG3 
deposition (94). These findings suggest an 
important physiological role for this inhibito- 
ry receptor in immune regulation in vivo. 

Inhibition of T Cell Activation by 
CTLA4 
Like many of the NK cell receptors, the CD28 
and CTLA4 receptors on T cells bind the same 

HLA-C 

I LA- 

KIRZW' 
DAPl2 

s4i- HLA-C 
L 

Fig. 3. Paired activatinglinhibitory NK cell receptors provide surveillance for MHC allele-specific 
loss. DAP12-associated activating KIR and ITIM-bearing inhibitory KIR molecules are arrayed in 
overlapping subsets on human NK cells. NK cells simultaneously expressing an activating KIRZDS- 
DAPl2 receptor for HLA-C and an inhibitory KIR3DL1 receptor for HLA-Bw4 would not harm 
normal tissues, which will coexpress both HLA-C and HLA-Bw4, because the inhibitory KIR would 
inactivate positive signals induced by the activating KIR molecule. However, virus-infected or 
transformed cells that had preferentially lost expression of HLA-Bw4, but not HLA-C, would be 
recognized as abnormal and attacked. 

ligands (i.e., CD80 and CD86) yet deliver op- 
posing activating and inhibitory signals, respec- 
tively [reviewed in (95)l. The cytoplasmic do- 
main of CTLA4 lacks an ITIM sequence. Al- 
though CTLA4 associates with SHP-2 (96), it 
is uncertain whether this phosphatase is respon- 
sible for the suppressive activity of this recep- 
tor. Studies in vitro indicate that mutation of the 
tyrosine residues in the cytoplasmic domain of 
CTLA4 or removal of the cytoplasmic domain 
altogether does not prevent the receptor from 
suppressing T cell activation (97,98). Thus, the 
molecular basis for CTLA4's activity is not 
resolved. Nonetheless, the inhibitory function 
of CTLA4 is clearly revealed by mice with a 
homozygous disruption of this gene. These an- 
imals die of a T cell-mediated autoimmune 
disease that is lethal within 1 month of birth, 
indicating the critical role of this molecule in 
controlling T cell activation (99). 

Conclusions 
Inhibition is as important as activation of the 
immune system, as shown by the sometimes 
fatal autoimmune disorders observed in mice 
with targeted disruption of inhibitory recep- 
tors. The significance of these receptors is 
further evidenced by the conservation of 
ITIM in immune receptors during their evo- 
lution. The inhibitory IgG Fc receptor 
FcyRIIB is highly conserved in many spe- 
cies; two ITIM-containing NK cell receptors 
are encoded by genes within the chicken 
MHC, and membrane receptors of the Ig 
superfamily with ITIM in their cytoplasmic 
domain are expressed in pufferfish. Although 
the function of ITIM-containing sequences in 
proteins expressed in nonhematopoietic cells 
is not yet understood, molecules bearing this 
motif are widely distributed in various tis- 
sues, implying a broader role for these struc- 
tures in physiological regulation. 
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T-Independent Immune Response: New 

Aspects of B Cell Biology 


Sidonia Fagarasan and Tasuku Honjo* 

Recent results emphasize the roles of T-independent antibody response in 
humoral defenses, for which B1 cells and marginal zone B cells are mostly 
responsible. We discuss how these cells are activated, migrate, and dif- 
ferentiate into antibody-producing cells in various lymphoid tissues. Based 
on recent findings in each of these areas of B cell biology, we propose a 
possible mechanism for peripheral tolerance of autoreactive B cells at 
target organs. 

T and B lymphocytes are two principal 
players in t h e  immune response, with T 
cells controlling much of the activity of B 
cells. B cell activation by protein anti-
gens requires binding of the antigen to the 
B cell surface immunoglobulin (Ig) and 
also requires costimulation by antigen-
specific T cells through CD40-CD40 ligand 
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interaction and the secretion of cytokines. 
Appropriately activated B cells proliferate 
and differentiate to plasma cells or to long- 
lived memory cells, and it is during this 
process of differentiation that B cells man- 
ifest unique strategies for further diversify- 
ing the repertoire of antigen-specific B cell 
receptors (BCR). They achieve this by 
altering the - -genetic information that en-

the BCR through somatic hypermu- 
tation and class-switch recombination. Yet 
another mechanism for genetic alteration. 
RNA editing, can now be added to the list 
of remarkable strategies of the B cell for 

I 
this amplification of genetic information. 
Activation-induced cytidine deaminase 
(AID) is a potential RNA-editing enzyme, 
and AID deficiency in mice and humans 
causes a complete defect in class switch- 
ing and hypermutation (1, 2). One may 
wonder why B cells use such sophisticated 
genetic strategies for diversification of 
their antigen receptor molecules, whereas T 
cells use only VDJ recombination to 
achieve the same ends. The use of addition- 
al strategies for increasing repertoire for- 
mation in B cells seems somewhat at odds 
with the ability of T cells to control all the 
activities of B cells. In fact, recent devel- 
opment in B cell biology indicates that B 
cell activities can be regulated in a T-
independent manner. In this Viewpoint, we 
summarize the recent progress in this field 
and propose a possible mechanism for T-
independent regulation of autoreactive B 
cells. 
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