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Functional immune responses evolve through an
exquisitely controlled process integrating signals
from activating and inhibitory receptors on the
immune cell surface. These complex interactions,
which regulate both the quality and magnitude of the
ultimate response, depend crucially on two short,
loosely conserved motifs found in the intracellular
domain of various signaling proteins. These motifs,
termed “ITAMs” and “ITIMs” for immunoreceptor
tyrosine-based activation (or inhibititory) motifs, pro-
vide the basis for two opposed signaling modules that
duel for control of cellular activation within the
immune system.

Well over a decade ago it was observed that the sub-
units associated with the B cell and T cell antigen
receptors, and the FceRI receptor shared a sequence
motif now known as an ITAM (1, 2), a sequence pos-
tulated to link antigenic receptors to their intracel-
lular signaling cascades (1). Since then, numerous
studies have demonstrated the importance of these
receptor subunits and their ITAMs in generating sig-
nals downstream of their associated receptors, pro-
viding a framework for understanding how ITAMs
regulate immune cell activation. Following the iden-
tification of the ITAM, it was observed that the
FcyRIIB receptor could inhibit signals through the B
cell receptor (BCR) (3), an activity that depended on
the presence of an ITIM within the FcyRIIB cytoplas-
mic tail. Recruitment of specific phosphatases to the
tyrosine-phosphorylated ITIM results in the com-
plete inhibition or downmodulation of immune cell
effector functions (reviewed in ref. 4). Over the past
several years, transmembrane receptors containing
ITIMs have been identified on virtually all cells in the
immune system and also on some nonhematopoiet-
ic cells (reviewed in ref. 4). Interestingly, most of these
ITIM-containing transmembrane receptors have
homologous activating receptors that associate with
ITAM-containing subunits. In this Perspective, we
review the molecular interactions of ITAM- and
ITIM-bearing proteins and consider their importance
in regulating the outcome of immune cell stimula-
tion by antigens.

ITAMs

The activation of many immune cell types occurs
through multisubunit cell-surface receptors in which
antigen-recognizing or ligand-binding subunits are
noncovalently associated with one or more transmem-
brane adapter molecules. These transmembrane
adapter molecules contain a short extracellular region,
a transmembrane segment, and a cytoplasmic tail of
varying length. Adapters associated with the T cell
receptor (TCR), BCR, several activating natural killer
(NK) cell receptors, some Fc receptors, and other recep-
tors on hematopoietic cells help transduce signals to
these various cell types. Common structural features of
these adapter molecules are a conserved aspartic
residue within the transmembrane region, which is
important for association with receptor-binding sub-
units, and one or more copies of the ITAM, whose loose
consensus sequence is YXXL/I(X6g)YXXL/I (where
X denotes any amino acid) (1, 2). Numerous reports
have highlighted the importance of the ITAM in the
generation of intracellular biochemical signaling cas-
cades following receptor engagement (reviewed in refs.
5, 6). Depending on the maturation state of the cell or
the specific cell type, these signaling cascades can
culminate in such diverse biological readouts as devel-
opmental maturation, cell death, cell survival, or effec-
tor functions including cytokine production and
cellular cytotoxicity.

The family of ITAM-containing proteins includes
the TCR-associated CD3Y, CD38, CD3¢, and { chains;
the BCR-associated Iga and IgfB chains; the FceRIB
chain; the FceRI-, the FcyRI-, and the FcyRIII-associat-
ed v chain; DAP12; and several virally encoded trans-
membrane molecules. In general, the most proximal
and requisite event upon receptor engagement is the
activation of Src family protein tyrosine kinases (PTKs;
see ref. 7 for review). Activation of Src family PTKs
leads to the phosphorylation of both tyrosines within
the ITAM, which, in turn, leads to the recruitment and
activation of the tandem SH2 domain-containing Syk
and ZAP-70 tyrosine kinases. The activation of Syk
and/or ZAP-70 following binding to the dually phos-
phorylated ITAM leads to the recruitment and phos-
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phorylation of multiple signaling molecules involved
in linking the engaged receptor to its downstream sig-
naling pathways and subsequent effector functions
(reviewed in refs. 5, 6, 8).

ITAM multiplicity: signal amplification

or specific effector activation?

The observation that the TCR, BCR, and some Fc
receptors are associated with multiple ITAM-signaling
subunits suggests that these subunits support the effi-
cient signal amplification upon receptor engagement.
Alternatively, the pairing of distinct ITAM-containing
subunits could allow activated receptors to link in a
modular manner to specific downstream signaling
pathways by binding to distinct SH2 domain-contain-
ing effector molecules.

Probably the most thoroughly studied of the ITAM
containing-receptors is the TCR complex, consisting of
a pair of antigen-recognizing chains (o} or y9), the
CD3 chains (ey and €8), and a homodimeric pair of {
chains (Figure 1). In total, the TCR complex contains
ten ITAMs, one from each of the CD3 chains and six
from the { dimer. By contrast, other ITAM-containing
receptors have two to four ITAMs each. The role of the
CD3 and { chains in regulating T cell development has
been firmly established, and we recommend the recent
review by Love and Shores (9) on this subject.

To explore the role of these ITAMs in TCR function,
several groups have transduced { chains lacking one or
more of these sequences into TCR transgenic, {
chain-deficient mice. In all cases, it appears that
peripheral T cells from the { chain-reconstituted ani-
mals can still be activated through the TCR (reviewed
in refs. 9, 10), suggesting that ITAMs present in the
CD3 chains are sufficient for this process. Indeed, dif-
ferent CD3 chain ITAMs have been found to interact
with distinct substrates in vitro (reviewed in ref. 6),
implying that there is some potential for activating
distinct signaling cascades through these various
motifs. Thus, as Sommers et al. have noted, ITAM-
mutant CD3¢ subunits placed into CD3e-deficient
mice do not support T cell survival as the wild-type
subunit does, at least in the transgenic TCR mouse
line studied (11). These authors also found that T cell
maturation appeared normal, suggesting that, as was
seen in { chain ITAM-deficient animals, the loss of a
functional CD3¢ ITAM leads to a quantitative but not
a qualitative effect on TCR signaling (11). A recent
study has shown that in T cells from CD3d-deficient
mice, which fail to undergo normal positive selection,
TCR-induced { chain phosphorylation within lipid
raft fractions and extracellular signal-regulated kinase
(ERK) activation are defective. Interestingly, both
events can be reconstituted following introduction of
a CD3d subunit lacking not just its ITAM but its entire
cytoplasmic domain (12). Consistent with this finding,
mutation of a TCRao domain required for association
with CD3 blocks positive selection (7). Therefore, in
addition to their contribution to TCR signaling, the
CD3 subunits may also act through non-ITAM
domains to detect or influence TCR conformational
changes occurring during ligand binding.

Although the various CD3 subunits appear to have
similar activities, other ITAM-containing subunits may
engage different signaling pathways. For instance, the
FceRIP and FceRIy, which are both required for efficient
activation of mast cells through FceRI (reviewed in ref.
13), act in concert to stimulate the PTK activity of Syk.
FceRIP associates with Lyn and, upon activation, phos-
phorylates FceRIy, which then recruits and activates
Syk. The biological activities of the Ig-associated Igo
and Igf subunits, which also bear ITAMs in their cyto-
plasmic domains, remain somewhat controversial,
apparently because they bind distinct sets of kinases
(14). Chimeric receptors containing the Igoand Igf} sig-
naling domains have been used to identify the
sequences that mediate receptor coupling with differ-
ent intracellular signaling cascades (reviewed in refs. 6,
15). Surprisingly, early transgenic experiments in mice
suggest that the two subunits are functionally redun-
dant (16, 17). In an attempt to resolve this discrepancy,
Reichlin et al. (18) have tested B cell maturation in mice
lacking the Igf cytoplasmic tail (IgBAC) and have found
that these cells indeed differ from their Iga cytoplasmic
tail (IgatAC) deletion counterparts. In the former ani-
mals, B cell development occurs normally up to the
immature B cell stage, and the B cells show normal cal-
cium signaling upon BCR cross-linking, but they die by
apoptosis prior to leaving the bone marrow (18). In
homozygous IgatAC mice, by contrast, pre-B cell devel-
opment and allelic exclusion occur normally, but there
is a progressive and quite substantial loss of B cells
throughout all stages of development after the pre-B
cell stage (19). Taken together, these data imply that the
presence of at least one functional ITAM-containing
signaling subunit within the BCR is enough to drive
early B cell development but is inadequate for the main-
tenance of B cell homeostasis. Significantly, IgA%/A¢
mice carrying homozygous Y—F ITAM-inactivating
mutations at the Igo: loci (Igof?#F) demonstrate a com-
plete block in B cell development at the pro-B cell stage
(20). Thus, although there appears to be significant
functional redundancy between the Igat and IgP ITAM,
there is a clear requirement for at least one functional
ITAM in the pre-BCR at the pro- to pre-B cell transition.

The data above are consistent with the observed dif-
ferences in signaling potential between chimeric Igo
and Igf receptors transfected into T and B cell lines.
They fit a model in which phosphorylation of the Iga
and Igf subunits occur in a set sequence, with the prox-
imal tyrosine in the Igo. ITAM being the first residue to
be modified (15). In addition, the presence of addi-
tional non-ITAM tyrosines within Igo (1) and the ser-
ine and threonine phosphorylation of IgB (15) suggest
that these two subunits play other roles in B cell devel-
opment and activation. This in part appears to be true,
in that the Igo*F mouse, which still retains non-ITAM
tyrosines within the Igo cytoplasmic tail, shows a less
severe block in B cell development than does the
IgoA%AC mouse. Igof/FF mice exhibit a nearly normal
level of BCR-induced tyrosine phosphorylation of Igf3
and Syk, but impaired Lyn tyrosine phosphorylation.
Igo is also tyrosine-phosphorylated in this strain, indi-
cating that other tyrosines within the cytoplasmic tail
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are targets of BCR-activated kinases and may play an
important role during B cell development and activa-
tion. Indeed, the B cell adapter protein BLNK (SLP-65)
has been found to associate through its SH2 domain
with a non-ITAM phosphorylated tyrosine within the
Igo cytoplasmic tail (21). Whether this interaction rep-
resents an important event in BCR-stimulated matu-
ration or activation of B cells awaits the generation of
the appropriate mutant mice. In addition, mice har-
boring Y—F mutations within the ITAMs of Igf} will be
important in determining the contribution of Igf cyto-
plasmic tail-associated serine/threonine phosphoryla-
tion to B cell development and activation.

Receptor affinity and ITAMs

In general, T cells undergo positive and negative selec-
tion during development in the thymus, based on the
affinity of the TCR for peptides presented in the con-
text of endogenous MHC. Recent data suggest that T
cell activation correlates with the “dwell-time” of the
TCR-peptide-MHC complex, with shorter and longer
interactions adversely affecting T cell activation (22).
This type of activation is consistent with the kinetic
proofreading model, which suggests that a minimal
half-life of the TCR-peptide/MHC complex is required
for complete T cell signaling.

The contribution of the TCR-associated ITAM-con-
taining subunits to activation during this critical
period is a matter of intense investigation. Several
studies have shown that the selection of thymocytes
is defective in TCR transgenic, {-deficient animals
(reviewed in ref. 9). Indeed, a TCR high-affinity ligand
that promotes negative selection in mice containing
three or one functional { ITAM nevertheless drives
positive selection of T cells in mice lacking { ITAMs
(9, 10). The finding that peripheral T cells from
{-deficient animals are autoreactive suggests that they
were selected during their development in the thymus
for a strong TCR/MHC self-peptide interaction
(reviewed in ref. 9). Interestingly, {-deficient T cells
have lower levels of surface TCR, which may account
for their requirement for high-affinity autoreactive
TCR-peptide/MHC interactions.

Taken together, the above data suggest that in the
absence of functional { chain, ITAMs present in the
remaining CD3 chains are capable of driving positive
thymocyte selection. However, it appears that positive
selection in the absence of the { chain can only occur if
the affinity of the TCR ligand interaction is strong
enough to reach the threshold of activation required
for the selection of wild-type cells. Therefore, the pres-
ence of , although not required for qualitative T cell
activation per se, may play a critical role in gauging the
TCR/ligand interaction during thymocyte develop-
ment and in transducing a signal of the appropriate
strength. The data also suggest that the multiplicity of
the ITAMs in the TCR is required for the positive selec-
tion of a nonautoreactive MHC-restricted TCR reper-
toire. Determining whether or not the six ITAMs in the
€ chains mediate positive and negative selection and T
cell activation in the absence of functional CD3edy
ITAMs awaits the generation of the appropriate mice.

Like the TCR, the BCR has the capacity for differen-
tial signaling based on its affinity for a given antigen.
Kouskoff et al. (23) recently showed that a high- but
not a low-affinity BCR/ligand interaction can promote
early B cell activation signals, such as Syk and Igo. tyro-
sine phosphorylation, IL-2 production, the production
of germline transcripts from the y1 switch region, and
Ca?" mobilization (23). Low-affinity interactions are
not inert, however, but rather activate distinct signals,
which promote IL-6 secretion, increase MHC class II
levels, and activate Lyn to a modest extent (23). Because
phosphorylation of the ITAM tyrosines within the Igo
and Igf} by Lyn occurs in a sequential fashion, starting
with the amino-terminal tyrosine in Igo (15), it is
intriguing to speculate that Lyn activation following
low-affinity BCR interaction induces a low level of
monophosphorylated ITAMs within Iga, perhaps
recruiting other SH2 domain-containing proteins that
could modulate the response through the receptor. The
possible role of SH2-containing phosphatases in such
an interaction is discussed below.

Interactions between ITAM-containing receptors can
also antagonize each other’s effects, as has been seen in
T cells artificially expressing two distinct TCRs. Dittle
et al. (24) found that the interaction of one TCR with
an antagonist can inhibit signaling by the other TCR
when interacting with its agonist. These authors found
that the SH2 domain-containing phosphatase SHP-1
is recruited to both an antagonist-ligated and an ago-
nist-unligated receptor (24). The mechanism of
SHP-1’s interaction with the TCRs, as well as its ability
to antagonize the agonist-ligated receptor, will need to
be further investigated. The possibility that monophos-
phorylated ITAMs exist in the TCR complex is contro-
versial, but such structures could help explain this
form of cross-talk between TCR molecules, since they
could recruit a distinctive set of SH2-containing pro-
teins (including, perhaps, SHP-1), different from those
that associate with a fully activated receptor complex.
Indeed, one report shows that chimeric { chain recep-
tors that carry only a single phosphorylatable site in
their ITAMs are effective inhibitors of signaling
through the TCR (25). Two other studies that
employed similarly mutated { chains, transfected into
a {-deficient T cell line or expressed as a transgene in a
{-null background, found no such dominant inhibito-
ry effect (26, 27). The reason for this discrepancy is at
the moment not apparent, but it may be the result of
ectopic expression of mutant CD-8( chimeric mole-
cules in T cells containing functional TCR complexes.

In the FceRI system, interaction between the recep-
tor and a low-affinity ligand leads to sequestration of
Lyn and thereby prevents signaling through a high-
affinity receptor interaction in the same cell (28). Con-
versely, in their analysis of TCR inhibition, Dittle et al.
(24) did not observe sequestration of Lck to the antag-
onist-ligated receptor but instead observed that Lck
was recruited to the agonist-ligated receptor and that
the recruited Lck was inactive. It is possible that Lck is
inactivated by SHP-1 which is recruited to the same
TCR complex following antagonist stimulation (24).
Whether SHP-1 plays a similar role in regulating
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responses to low-affinity or antagonist-mediated
responses downstream of other ITAM-containing
receptors remains to be investigated. Clearly, the acti-
vation of SHP-1 by ITIM-containing receptors has pro-
found effects on ITAM-mediated signals (see below).
Therefore, as in T cell activation, optimal activation
through the BCR and FceRI fits with the kinetic proof-
reading model in that the duration of the interaction
of the engaged receptor with its ligand will ultimately
determine whether or not the cell becomes activated.

C-ITAM phosphorylation

In naive and resting T cells, the { chain exists in a
phosphorylated form, termed the “p21” state because
of its apparent mobility on SDS-PAGE, in which it
associates with up to four molecules of the inactive
ZAP-70 protein. Upon TCR engagement with agonist
there is an increase in the p21 form of {, and the pro-
tein undergoes further phosphorylation to a “p23”
form. The appearance of p23 correlates with the tyro-
sine phosphorylation and activation of ZAP-70.
Interestingly, partial agonists and antagonists, which
favor the formation of p21 rather than p23, leave the
associated ZAP-70 in an unphosphorylated state
(reviewed in ref. 29). There is, however, some confu-
sion concerning the order of phosphorylation of the
tyrosines within the { ITAMs upon TCR-induced
activation, and the identity of the phosphorylated
tyrosines within the p21 form of {. Recent studies
using several different elegant approaches suggest

] = mam

D= Ig Domain
0 = Phosphotyrosine

iz

‘ Activation ‘

Figure 1

A model depicting TCR-mediated { chain phosphorylation. The figure depicts the TCR (o and B) along with the associated CD3 chains and the p21
form of the { homodimer. In the resting state, some TCRs are associated with p21¢, which bears phosphorylated tyrosines in ITAM B (3,4) and C (5,6)
that can potentially be bound by up to four inactive ZAP-70 molecules (depicted in upper TCR complex). The Src family PTK Lck is shown myristoy-
lated and associated with CD4 or CD8. The Src family PTK Fyn is not shown but is known to associate with the CD3¢ subunit. Upon agonist binding
there is receptor clustering (not shown), and CD4/8-associated Lck (and CD3g-associated Fyn, not shown) can then phosphorylate the four tyrosines
within the membrane-proximal ITAM (ITAM-A, tyrosines 1 and 2) to produce p23(. In addition, active Lck phosphorylates and activates bound
ZAP-70, and tyrosines within the ITAMs of other CD3 subunits, resulting in the recruitment and activation of more ZAP-70 molecules (depicted in lower
left). In contrast, upon binding to a partial agonist or an antagonist there is potentially less activation of Lck, which results in neither the full phos-
phorylation of the p21 into the p23{ form (bottom right) nor the activation and recruitment of ZAP-70 (bottom right). Because of the blunted response
through the TCR, signals that would normally result in T cell activation do not occur. Whether or not monophosphorylated ITAMs are formed and

that the p21 form of { is dually phosphorylated at
the two distal ITAMs (tyrosines 3,4 and 5,6; see Fig-
ure 1) and that, upon TCR engagement, the mem-
brane-proximal ITAM (tyrosines 1,2) is phosphory-
lated to produce the p23 form (26). Phosphorylation
of sites 1,2 within the amino-terminal { ITAM appar-
ently requires intact tyrosines within the third {
ITAM (26, 27). However, earlier work, using antibod-
ies that were both phosphospecific and ITAM-specif-
ic, suggested a different pathway, in which the p21
version occurs in an ordered fashion, beginning with
phosphorylation at tyrosines 3 (middle ITAM) and 6
(distal ITAM) (30). One point that is not in dispute is
that the p23 version of { is fully phosphorylated at all
ITAM tyrosines (26, 30). The significance of { chain
phosphorylation and its role in thymocyte selection
and T cell activation will most likely continue to be
an area of intense investigation.

The activation of Src kinases such as Lck and Fyn
following an appropriate signal through the TCR is
likely to serve one or more of three possible purposes.
First, these kinases could produce the p23 form by
phosphorylating the remaining ITAM sites on {. Sec-
ond, they could act on the remaining CD3-ITAMs or
on other € chains to yield more of the p21 and p23
forms (see Figure 1). Finally, they could phosphory-
late the associated ZAP-70, activating it to produce
the appropriate TCR-mediated response. Upon bind-
ing of antagonists or partial agonists, conversely, the
partial activation of Src family kinases — a result of

Partial agonist
or antagonist

‘ No activation ‘

whether they serve to recruit negative regulators following partial agonist- or antagonist-TCR interaction will require further experimentation.
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the limited time with which the TCR and MHC/pep-
tide complexes interact — allows the p21 to accumu-
late but does not support these later activating events.

Viral ITAMs

There is ample evidence that ITAMs are a critical com-
ponent of receptor complexes involved in linking the
ligand-binding portion of the receptor to the activation
of intracellular signaling cascades, including those that
contribute to cellular activation and cell survival. It is
therefore of significant interest that a number of virus-
es have co-opted this signaling motif into their proteins.
ITAM-containing viral proteins include bovine
leukemia viruses gp30a and gp30b, Epstein-Barr virus
(EBV) LMP2A, simian immunodeficiency virus PBj14
nef, and Kaposi sarcoma-associated herpes virus
(KSHV) K1 protein. The presence of ITAMs within these
proteins may play significant roles in virus production,
oncogenic transformation, and disease pathogenesis.
Indeed, the KSHV K1 protein has been found to
oligomerize and to cause transformation when trans-
fected into rodent fibroblasts, and a recombinant HSV
containing the K1 gene is sufficient to immortalize pri-
mary T lymphocytes and induce lymphomas. Interest-
ingly, chimeric receptors containing an unrelated extra-
cellular domain coupled to the intracellular region of
K1 induce tyrosine phosphorylation of a number of cell
signaling molecules and activate calcium mobilization
following receptor cross-linking. These events require
an intact ITAM within the K1 sequence (31). Likewise,
in wild-type and RAG-deficient mice, expression of a
transgene encoding the EBV LMP2A protein, but not a
corresponding ITAM mutant, leads to aberrant devel-
opment of B cells in which the cells fail to express any
surface BCR. Hence, the LMP2A protein can provide
both developmental and survival signals to B cells (32).
Lyn and Syk are associated with the constitutively phos-
phorylated LMP2A via a single phosphorylated tyrosine
and the tyrosines within the ITAM, respectively. It is of
interest that, in B cells expressing LMP2A, BCR-medi-
ated signal transduction is severely compromised. A
recent study has shed some light on this phenomenon.
Dykstra et al. (33) found that LMP2A resides in lipid
rafts and blocks BCR translocation into these mem-
brane domains, thereby inhibiting both BCR signaling
and the internalization of the antigen-bound BCR (33).
Clearly, understanding the mechanism by which these
and other virally encoded ITAM-containing proteins
transmit signals will be important in elucidating their
pathogenic roles.

ITIMs

There is an increasing recognition that the attenuation
or termination of many immune responses is not sim-
ply due to the loss of activating signals. The emerging
paradigm focuses on how the balance between positive
and negative signals determines functional outcomes
(4, 34). Specifically, the co-ligation of ITAM-containing
receptors with ITIM-containing coreceptors can result
in a reduced or absent cellular response. The activating
and inhibitory receptors may recognize either common
or distinct ligands. ITIMs share a consensus amino acid

FcyRIIB

4

Coengagement

of ITAM-bearing

and ITIM-bearing
receptors

e

=ITIM

Hydrolyze Inhibit
membrane proximal PTK
PIP, activation

Figure 2

A model of ITIM-related cellular regulation. Co-ligation of ITAM-con-
taining activating receptors with ITIM-bearing inhibitory receptors facil-
itates the Src family PTK-dependent tyrosine phosphorylation of the
ITIMs. For FcyRIIB, this creates high-affinity epitopes for SH2-containing
SHIP and the subsequent hydrolysis of the membrane inositol phosphate
PIP3. For killer cell Ig-like receptors (KIRs), the tyrosine-phosphorylated
ITIMs recruit SH2-containing SHP-1 (and SHP-2), leading to a block in

early PTK activation.

sequence in their cytoplasmic tail, namely (I/V/L/S)-X-
Y-X-X-(L/V), where X denotes any amino acid (4, 35, 36).
Upon coclustering with an activating, ITAM-containing
receptor, Src family PTKs phosphorylate the tyrosine
residue in the ITIM sequence (Figure 2) (4, 36, 37). The
phosphotyrosine can then, broadly speaking, recruit
either of two SH2 domain-containing negative regula-
tors: the inositol phosphatase SHIP (Src homology
2-containing inositol polyphosphate 5-phosphatase)
(4) or the tyrosine phosphatase SHP-1 (Src homology
2-containing protein tyrosine phosphatase-1) (36). A
leucine in the (Y+2) position favors binding to SHIP,
whereas an isoleucine in the (Y-2) position favors
SHP-1 binding (38, 39). Some ITIMs can also bind to
another tyrosine phosphatase, SHP-2, but evidence for
SHP-2 playing a functional role in ITIM-mediated inhi-
bition is less clear than for the other mediators.

The different target substrates for SHIP and SHP-1
initiate inhibitory signals through different pathways.
SHIP can hydrolyze the membrane phosphoinositide
PIP;, thus releasing from the membrane pleckstrin
homology domain-containing (PH domain-contain-
ing) molecules such as Bruton’s tyrosine kinase (Btk)
and phospholipase C-y1. Thereafter, calcium signaling
is suppressed due to a decrease in the influx of calcium
from extracellular stores through a capacitance-coupled
channel (4, 40). In contrast, SHP-1 directly removes
phosphate groups from various substrate proteins, thus
reverting to some of the earliest events that follow upon
receptor signaling and the activation of PTKs (37, 41).

FcyRIIB-mediated inhibition

The inhibitory IgG Fc receptor FcyYRIIB was the first
discovered and remains the best-studied example of an
ITIM-containing receptor (4). Although it is broadly
expressed on hematopoietic cells, its function was ini-
tially characterized in B cells, where it regulates anti-
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body production, lymphokine release, proliferation,
and cell survival. Activation of SHIP recruited to the
neighborhood of this receptor can abrogate calcium-
dependent downstream events as described above. In
addition, SHIP activation prevents the recruitment of
the PH domain-containing factor Akt and can thereby
affect cell survival (42-44). Tyrosine-phosphorylated
SHIP can also associate with the RasGAP-binding pro-
tein Dok because of Dok’s phosphotyrosine-binding
domain, leading to Ras and ERK inhibition (45, 46). In
vivo evidence for the significance of this mechanism
comes from the observation that FcyRIIB-mediated
inhibition of BCR-induced proliferation of mature
splenic B cells does not occur in Dok~ mice (46).
Homoaggregation of FcyRIIB without BCR stimula-
tion has also been proposed to generate a Btk-depend-
ent proapoptotic signal in an ITIM-independent man-
ner, a mechanism that may also contribute to
peripheral tolerance in the humoral immune system
(47). With coengagement of FcyRIIB and BCR, howev-
er, SHIP recruitment to the receptor’s ITIM may pre-
vent the Btk-dependent proapoptotic signal, thus
favoring B cell survival.

The prominent role of FcyRIIB as a negative regula-
tor is underscored by the phenotype of FcyRIIB~~ mice.
These mice develop autoantibodies and autoimmune
glomerulonephritis in a strain-dependent manner (48).
In addition, FeyRIIB~~ mice are susceptible to collagen-
induced arthritis and the development of Goodpasture
syndrome-like glomerular disease (49), consistent with
a model in which FcyRIIB contributes to the mainte-
nance of tolerance and protection from autoimmune
disease. The negative regulatory FcyRIIB receptor
might therefore be targeted therapeutically in the set-
ting of autoimmune disease; for this reason, Samuels-
son et al. (50) have tested the anti-inflammatory effect
of providing gammaglobulin (the ligand for this Fc
receptor) in intravenous form to mice with autoim-
mune thrombocytopenia (50). This so-called intra-
venous immunoglobulin (IVIG) therapy attenuates
autoantibody-triggered inflammatory disease and pre-
vents platelet consumption in wild-type animals, but
not in those lacking the FcyRIIB receptor. Therapies
that enhance FcyRIIB expression or activity may there-
fore prove useful in treating autoimmune disease.

MHC-recognizing inhibitory receptors

Whereas FcyRIIB has been studied as a prototypic
model for ITIM-dependent SHIP-mediated inhibition,
MHC-recognizing receptors have been extensively eval-
uated in studies of ITIM interactions with SHP-1. The
identification of inhibitory receptors for MHC class I
stemmed from earlier observations that NK cells pref-
erentially kill tumor targets lacking MHC class I anti-
gens (51), which suggested that some receptors for
class I MHC molecules might actively suppress cell-
mediated killing. Three families of MHC-recognizing
inhibitory receptors have now been identified on these
cells: Ly49, killer cell Ig-like receptors (KIRs), and
CD94/NKG2 (for review see refs. 4, 33). Ly49 mole-
cules are type Il membrane glycoproteins of the C-type
lectin family that are expressed as homodimers on the

cell surface of NK cells and memory T cells. Ly49 is
polymorphic, and different forms recognize the vari-
ous murine class I molecules. Likewise, in humans, dif-
ferent human KIRs recognize polymorphic epitopes
on human leukocyte classes HLA-A, HLA-B, and
HLA-C. The CD94/NKG2 heterodimer, which is found
in both humans and mice, recognizes human HLA-E
and the homologous mouse Qal® molecule.

Inhibitory MHC receptors of each of these classes
carry ITIMs in their cytoplasmic domains that allow
them to bind SHP-1 preferentially and to inhibit cell-
mediated killing and cytokine secretion. Each of these
families also contains activating counterparts in which
the cytoplasmic ITIMs are lacking and in which the
transmembrane domain contains charged residues
that facilitate interaction with DAP12, an ITAM-con-
taining homodimer. Increasing data support a role for
these kinds of inhibitory and activating receptors in the
destruction of tumor cells lacking MHC class I, in pro-
tection against a variety of viral pathogens and in rejec-
tion of bone marrow allografts.

Although SHP-1 recruitment to the inhibitory MHC-
recognizing receptors clearly blocks PTK-related prox-
imal signaling events, it has been difficult to identify
the key substrates for this phosphatase. Among the
potential substrates are LAT (52) and SLP-76 (53);
Chiang and Sefton (54) recently demonstrated that
SHP-1 can also dephosphorylate the Src family kinase
Lck at Tyr 394. Since phosphorylation of Tyr 394 acti-
vates Lck, SHP-1-mediated dephosphorylation at this
site could go far toward explaining its profound sup-
pressive effect on signaling through the TCR. Indeed,
since Src family PTK activation is the earliest detectable
signal generated by ITAM-containing activating recep-
tors, the targeting of this most proximal PTK could
account for the observed global and complete inhibi-
tion. This model of negative regulation is also consis-
tent with the observations that targeting SHP-1 into
lipid rafts inhibits lymphocyte activation (55) and that
KIR-associated SHP-1 blocks the early PTK-dependent
polarization of lipid rafts during the generation of cell-
mediated killing (56).

Until recently, most studies on MHC-recognizing
inhibitory receptors have focused on the SHP-1-medi-
ated blockade of cytokine secretion and cell-mediated
killing. Newer data also indicate a role for these inhibito-
ry receptors in the survival of memory T cells. In addi-
tion to the broad distribution of these receptors on NK
cells, a subset of memory CD8" T cells express inhibito-
ry Ly49s in mice and inhibitory KIRs in humans (4, 57).
Interestingly, memory CD8* T cells accumulate in trans-
genic animals expressing these inhibitory receptors (58).
Similarly, MHC recognition by the inhibitory receptors
suppresses activation-induced cell death in vitro, high-
lighting the possibility that, like the SHIP-associated
receptors, these ITIM-bearing coreceptors can influence
cell survival. This effect might be explained by the tar-
geting of key regulatory signals by SHP-1, or perhaps the
recruitment by ITIMs of other signaling molecules, such
as phosphatidylinositol 3-kinase (59). Hence, the balance
between paired ITAM- and ITIM-containing receptors
could critically influence cell survival.

The Journal of Clinical Investigation |

January 2002 |

Volume 109 | Number 2



ITIM-containing receptors on hematopoietic

and nonhematopoietic cells

The term “inhibitory receptor superfamily” has been
used to describe the growing number of ITIM-bearing
receptors that, upon coengagement with activating
receptors, block cellular activation (4). These include
negative regulators such as ILT (also known as LIR,
MIR, and CD85) and PIR-B receptors, which are pre-
dominantly expressed on monocytes, macrophages,
dendritic cells, and B lymphocytes (reviewed in refs. 4,
33). Additional ITIM-bearing receptors include LAIR-1
(on leukocytes), gp49B (on mast cells, macrophages,
and NK cells), CDS5 (on thymocytes, mature T cells, and
the B-1a subpopulation of B cells), CD22 (on B cells),
FDFO03 (on dendritic and myeloid cells), SIRPo. (on
myeloid and nonhematopoietic cells), CD33-related
receptors (on myeloid cells and lymphocytes), and
MAFA (on mast cells, myeloid cells, and NK cells). In
some cases, the corresponding ligands are known (e.g.,
IgG for FcyRIIB, MHC class I for Ly49s and KIRs, sialic
acid residues for the CD33-like receptors, and CD47 for
SIRPq). It is clear that a broad variety of additional
receptors, including some that are thought of as “acti-
vating” receptors, can bind via a modified ITIM to neg-
ative regulators (60). Such receptors are therefore dis-
tinct from those mentioned above, which inhibit
activating receptors in trans.

As new ligands are identified, the range of immune
responses known to be regulated by ITIM-bearing
receptors increases. For example, the integrin o,PB; was
recently identified as a ligand for ITIM-bearing protein
gp49B1, which is stimulated by integrin binding to
inhibit mast cell activation (61). These observations
suggest new potential mechanisms for the downregu-
lation of allergic responses and, more broadly, raise the
possibility that the inhibitory receptor superfamily
could be relevant to the development of atopic diseases.

Conclusion

It now appears that the strength and nature of immune
responses are determined by the pairing of activating
and inhibitory receptors. Thus, in vivo, abnormalities
in ITAM-bearing receptors can result in selective
immunodeficiencies and, conversely, dysfunctional
ITIM-bearing receptors can lead to potentially fatal
autoimmune disorders. The range of cellular respons-
es controlled by these paired receptors is broad and
includes antibody production, cytokine production,
phagocytosis, cell-mediated killing, and cellular prolif-
eration. The evolutionary conservation of these motifs
extends across the vertebrate species and, in the case of
ITAMs, even beyond (62, 63), suggesting an even broad-
er utilization of these signaling modules in cell regula-
tion. Importantly, one can use our understanding of
these potent regulatory mechanisms to design thera-
peutic strategies. Recent studies of intravenous Ig ther-
apy highlight this exciting potential (50). Additional
work will be needed to determine which forms of
immunologic responses (e.g., autoimmune reactions,
resistance to infection, antitumor immunity, atopic
allergic reactions, etc.) will be amenable to manipula-
tion by ITAM- or ITIM-directed therapies.
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