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Abstract:

The multiple cell types that comprise the immune system provide an efficient defense
system against invading pathogens and microorganisms. In general, immune cells
are activated for disparate functions, such as proliferation, production and release
of mediators and chemotaxis, as a result of interactions between ligands and their
matching immunoreceptors. This in turn leads to the recruitment and activation
of a cascade of second messengers, via their regulators/adaptors, that determine
the net effect of the initial response. However, activation of cells of the immune
system must be tightly regulated by a finely tuned interplay between activation
and inhibition to avoid excessive or inappropriate responsiveness and to maintain
homeostasis. Loss of inhibitory signals may disrupt this balance, leading to various
pathological processes such as allergic and auto-immune diseases. In this chapter, we
will discuss down-regulating mechanisms of mast cells focusing on immunoreceptor
tyrosine-based inhibition motifs (ITIM)-containing inhibitory receptors (IR).

INTRODUCTION

Mast cells are the main effector cells of allergic reactions as well as are important
regulators of a number of pathophysiological processes. Mast cells can be activated
by the binding of ligands to various receptors expressed on the cells. Nevertheless,
the main mechanism of mast cell activation in allergy is through the binding of an
allergen to the FceRI-IgE complex. Positive or activation signals, which are transmitted
through immunoreceptor tyrosine-based activation motifs (ITAM)-bearing receptors,
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are counterbalanced by negative or inhibition signals transmitted by immunoreceptor
tyrosine-based inhibition motifs (ITIM). This is especially important to maintain the
balance between activation and inhibition and to avoid hyperresponsiveness. In this
chapter we will discuss in depth the down-regulation of IgE-mediated mast cell responses
through ITIM-mediated inhibition signals.

CELL ACTIVATION

Cells of the immune system can be activated through a wide array of receptors, such
as receptors for the Fc portion of different immunoglobulin subclasses (FcR), cytokines
receptors, T-cell antigen receptor (TCR), the B-cell antigen receptor (BCR), Toll-like
receptors (TLR), integrin receptors and G protein coupled receptors including those for
specific chemokines, complement components, prostaglandin E, and adenosine. Ligands
for the aforementioned receptors mediate their effects on cells through the activation of
receptor-linked signal transduction pathways.

A pivotal mechanism of cell activation is carried out by Fc receptors. The extracellular
domains of these receptors determine the specificity of the response and the types of cells
involved. On the other hand, the intracellular domains of the Fc receptors are crucial for
transducing signals into the cells and eventually for determining the duration and intensity of
theinitiated response.! The cytoplasmic portion ofthe Fc receptors contains immunoreceptor
tyrosine-based activation motifs (ITAMs) through which the immune system transduces
positive signals. Upon ligand recognition and receptor co-aggregation, tyrosine residues
in the ITAMs are phosphorylated by Src family protein tyrosine kinase(s) (PTK(s)). The
phosphorylated ITAMs serve as docking sites for the SH2 domains of Syk family PTKs,
such as ZAP-70 or Syk. Syk family PTKs phosphorylate a series of substrates, leading
to the formation of membrane-proximal scaffolds. In turn, important effector molecules,
such as phospholipase C (PLC), are recruited leading to calcium signaling, as well as Ras
activation, resulting in stimulation of the ERK pathway and cellular activation.?

In this chapter we will focus primarily on the IgE-mediated mast cell activation
mechanism. The heterotetrameric high-affinity IgE receptor (FceRI) on mast cells consists
of three subunits: o, 3 and y. The o subunit is unique to this receptor while the y subunit
is common to other receptors such as FcyRIla. The 8 chain is important for stabilizing
the receptor and for amplifying its signaling. Upon cross-linking of IgE bound to the
FceRI receptor with the multivalent antigen, FceRI complexes aggregate and lead to a
transphosphorylation of the ITAMs situated in the cytoplasmic regions of the § and y
chains. Tyrosine residues in the ITAMs are then phosphorylated by the src family kinase
Lyn to initiate the signaling cascade'® as above.

CELL INHIBITION/TERMINATION OF IMMUNE RESPONSES

As mentioned, immune responses are critical to fight pathogens and one of the
main responses normally carried out is the classical inflammatory response. However,
once the pathogen is removed, the inflammatory reaction must come to an end to avoid
a chronic process. It is for this reason that multiple mechanisms exist to terminate or to
down-regulate the activation and the recruitment of inflammatory cells and hence the
inflammatory response. Activation of the immune system leads to the production and



DOWN-REGULATION OF MAST CELL RESPONSES THROUGH ITIM

o 19A9] U10301d 2] B S[[20 ISBW UBWINY dINJBW UO PassaIdxa oq 01 punoj jou sem 103dooay,

sjrydoseq ‘[[oo-g SINILL € I-dHS 001 dd - Lad
(esnow) s[[e0-1-8aD N 21
(vewny) £g6N ‘s[rydosed N INLLI T ¢-dHS dIHS uLIYpeo-g - VAVIN  unooad£y-p
sprydoseq Jnowr AXdAN dIHS 002dD A00TdD A00CdO
$319[918[d ‘S9IAO0UOIN
SIN ‘sprydoainaN ‘[erjayiopuy SINILI € [-dHS ‘T-dHS £gan ‘8edD [-AVOdd [-INVOdd
WAISAS
aunuwiwit 3Y3 Jo S[[29 ISON SINILI T SdHS Suage[[0) IV IV
sageydoroey
‘$91400UOIN ‘D ‘S[[0-g SINILIL ¥ (Z-dHS) 1-dHS  sd[nodjow [-OHIN d-d1d S$8AD/LTI
2IN
‘sageydoioey ‘srydonnoN SINLLI + T'I-dHS €gan 19640 «FEATIT)
suox
-nau o10dojewa ‘projeA N SINILL € T'I-dHS LydD - 0-dYIS
sjrydoutsogy SINILIL ¥ SdHS ‘dIHS umouxun [~ ©00€dD
SYI-INILL |
sjrydoutsogy ALLI 1 [-dHS XoT]s-0J[ns,9 - §-09[31g
sqV DI $9 A
S[[99-9 WILL T dIHS  -xojdwoos ounuwwy qirgroq qIrgrog -weyrodns-3[
passaxdxy sy 103doooy juouodwo) poNNIOdY puesdry jrediojuno) uewiny Apureyqng
QIDY A\ S[[RD [BUOLIPPY K1onqryuy asejeydsoyq QuLInp

S[[09 st uo passardxa s103dodar £1031qIyuI dULINW pue UBWNH *] J[qEL



4 MAST CELL BIOLOGY: CONTEMPORARY AND EMERGING TOPICS

secretion ofarachidonic acid metabolites (i.e., prostaglandins, thromboxanes, leukotrienes)
and of pro-inflammatory cytokines such as IL-8, IL-1 and TNF-a. Moreover, other
specific mediators produced during inflammation include histamine from mast cells,
elastase from neutrophils and perforin from NK cells. Therefore, one way to end the
inflammatory response is to stop the production and/or secretion of such mediators.
Indeed, a natural mechanism of self “extinguishing” the acute phase response occurs
due to the relatively short half-lives of the lipid metabolites.® Similarly, production of
anti-inflammatory cytokines (i.e., IL-10, TGF-f) and down-regulation and desensitization
of immunoreceptors are also crucial for the termination of inflammation.

Apoptosis or programmed cell death can also end inflammation.* This can occur
through two main signaling pathways: an intrinsic one mediated by the mitochondria;
and an extrinsic one mediated by death receptors. Both pathways rely on a family of
intracellular cysteine proteases called caspases.® The expression and function of two death
receptors, FAS/CD95R and TRAIL-R, has been shown in both murine and human mast
cells.” An additional mechanism to end an inflammatory process is through the resolution
or catabasis process. This is an active process that leads to the reduction or removal
of leukocytes and debris from inflamed sites. The resolution stage is initiated after an
acute challenge by cellular pathways leading to the biosynthesis of anti-inflammatory,
pro-resolution lipid mediators such as lipoxins, resolvins and protectins.?

In addition to the mechanisms mentioned above regulating immune responses, there
has been a growing interest in a family of receptors that mediate inhibitory responses
and are therefore named “inhibitory receptors”. As opposed to the positive signals
transmitted through ITAM-bearing receptors, negative regulation of the immune system
is controlled by immunoreceptor tyrosine-based inhibition motifs (ITIM).

ACTIVATION AND DOWN-REGULATION OF MAST CELL RESPONSES:
GENERAL

Mast cells are highly granulated, FceRI-bearing tissue-dwelling cells that develop
from myeloid progenitors expressing CD34, CD117 (Kit) and CD13, under the influence
of stem cell factor (SCF). Mast cells have a “lead” role in allergic reactions, but are also
involved in regulating fibrosis, in tissue responses to neoplastic diseases, in autoimmune
diseases and in host-defense against bacterial and parasitic infections® (also reviewed
in other chapters). By their activation and consequent release of mediators, mast cells
cause the early symptoms of allergy and orchestrate and actively participate in the later
chronic stages by releasing chemotactic factors for blood-borne inflammatory cells and
by producing growth factors and activators for the same cells infiltrated in the tissues.
Mast cells can be activated by various stimuli in addition to “the classical” binding of an
allergen to the FceRI-IgE complex. For example, SCFwhose receptor Kit is expressed on
mast cells can induce cell differentiation, maturation, chemotaxis and survival; and also
potentiate antigen-mediated mast cell activation.!® Other examples of mast cell activation
are through the binding of a ligand to other receptors such as: TLRs; and cytokine,
chemokine, complement and neuropeptide receptors, all of which are also expressed
on mast cells.!!> Moreover, basic or polybasic substances such as some endogenous
mediators (i.e., substance P, bradykinin, neurotensin, eosinophil derived major basic
protein, etc.) or drugs (i.e., codeine, morphine, desferroxamine), or synthetic peptides
(compound 48/80) can similarly stimulate mast cells.'
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INHIBITORY RECEPTORS: ITIM, ITAMi AND ITSM

Inhibitory receptors were initially identified and characterized on NK cells, where
their ligands are primarily MHC-I molecules. The interaction of MHC-I with inhibitory
receptors on NK cells leads to the abrogation of signaling pathways and therefore prevents
the cell’s cytotoxic activity against self."® Inhibitory receptors have now been shown to
be expressed on multiple cell types in the immune system, including T-cells, B-cells,
mast cells, eosinophils and neutrophils (Table 1).

The inhibitory receptors belong either to the Ig-receptor super-family or to the c-type
(calcium dependent) lectin super-family. As mentioned above, inhibitory receptors
contain one or more ITIM sequences. Classical ITIMs are defined as a consensus of a
six amino acid sequence, I/V/LxYxxL/V (x denoting any amino acid), present in the
intracytoplasmic domain of transmembrane molecules with inhibitory properties which,
when phosphorylated, recruit SH2 domain-containing cytosolic phosphatases.'*!> The
Ig-like super-family inhibitory receptors are characterized by the presence of a single
V-type Ig like domain in the extracellular portion. This family includes FcyRIIB,
sialic acid binding Ig-like lectins (siglecs), signal regulatory protein a (SIRPa), Ig-like
transcripts/leukocyte immunoglobulin receptors (ILTs/LIRs), killer cell Ig-like receptors
(KIR), platelet endothelial cell adhesion molecule (PECAM-1), carcinoembryonic
antigen-related cell adhesion molecule-1 (CEACAM-1), leukocyte-associated Ig-like
receptors-1 (LAIR-1), CMRF-35H and paired Ig-like type 2 receptor o (PILR-A).
Inhibitory receptors that belong to the C-type lectin superfamily derive their name from
the homology in their extracellular domain to the C-type lectins. These are known to be
calcium-dependent lectins which bind carbohydrates through a specific domain named
carbohydrate-recognition domain (CRD) (Table 1).'%"

Asshowninfigure 1, typically, ligand engagement by inhibitory receptors containing
one or several ITIMs, suppresses cell activation by promoting dephosphorylation
reactions. Upon ligation/activation of ITIM-containing receptors, tyrosine residues
within these motifs become phosphorylated after the activation of receptor tyrosine
kinases or Src family member tyrosine kinases (SFKs). This leads to the recruitment
of the protein phosphatases, Src homology 2 domain-containing tyrosine phosphatase
(SHP)-1 and SHP-2, or the lipid phosphatase, Src homology 2 domain-containing
inositol 5- phosphatase (SHIP) 1. SHP-1/2 dephosphorylate tyrosine-containing signaling
molecules and therefore counterbalance the action of tyrosine kinases. On the other hand,
SHIP1 dephosphorylates phosphatidylinositol 3,4,5 trisphosphate at the 5" position,
thereby terminating PI3K-mediated signaling pathways.!? The dephosphorylation of
these signaling proteins leads to the dampening of cellular activation. It is important to
note that the different ITIM-bearing inhibitory receptors mediate their actions through
different effector phosphatases. This partially determines the net effect of the inhibitory
response. Moreover, although inhibitory receptors are usually characterized by an ITIM
in their cytoplasmic tails, some of the newly discovered inhibitory receptors contain
either an ITIM-like sequence or other tyrosine-containing motifs that are crucial for the
inhibitory functions of the receptor.

Apart from ITIMs, certain immunoreceptors contain immunoreceptor tyrosine-based
switch motifs (ITSMs). Like ITIMs, ITSMs can associate with SHP-1/2 or with SHIP.
ITSMs can also bind adaptor molecules such as SH2-domain-containing protein 1A
(SH2D1A) and EWS-activated transcript 2 (EAT-2). Moreover, ITSMs can bind to
Src family kinases and the p85 regulatory subunit of PI3K.!® Therefore, ITSMs can
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transduce an activating or inhibitory signal depending on the immune receptor that they
are associated with and the cell type in which they are expressed. The inhibitory receptor
Lmir-3, which is expressed on murine mast cells and other myeloid cells, has been shown
to impair mast cell cytokine production. Lmir-3 contains five tyrosine residues, two of
which (Y241, Y289) are in the ITIM sequence, one in the ITSM and two (Y276, Y303)
in the binding motifs for p85 or Grb2, respectively. The existence of the latter indicates
a possible activating potential, in addition to its inhibitory one.

The 2B4 receptor, first described on NK cells, can also transduce activating and
inhibitory signals. The inhibitory signals are mediated by the phosphorylation of its third
ITSM and subsequent recruitment of SHP-1/2 and SHIP." 2B4 has also been shown to
be expressed (and functional) on murine mast cells.

In addition to the inhibitory ITIM mechanisms, it has been shown that under specific
conditions, ITAMs can also transduce inhibitory signals. This led to the term inhibitory
ITAMs or ITAMi. One of the known examples of such dual effects is mediated through
immunoglobulin IgA and its receptor, FcaRI. Upon multimeric ligand binding and FcaRI
aggregation, an inflammatory response is initiated. In contrast, following binding of a
monomeric or low-valency ligand, with no sustained receptor aggregation, an inhibitory
anti-inflammatory response is induced. Therefore, it seems that the type of interaction
with the ligand determines the balance between inhibitory and activating functions of
FcaRI. Moreover, ITAM-containing adaptors, FcRy and DNAX-activating protein 12
(DAP12), have been shown to carry out dual functions. FcRy has been shown to be
involved in the inhibition of [gG-mediated phagocytosis in monocytes and IgE-mediated
degranulation in mast cell transfectants.”® Additionally, DAP12, associated with various
immunoreceptors, mediated the inhibition of macrophages responses to pathogen-initiated
signals through TLRs.*!

Studies have demonstrated inhibition of activating responses of heterologous receptors
such as FcyR or FceRI, using anti-FcaRI Fab antibodies. These inhibitory effects are
associated with the recruitment of SHP-1 as observed in ITIM-mediated inhibition, as
well as a resultant decrease in FceRI-induced ERK, LAT and Syk phosphorylation.?

In summary, although ITAM-activating responses are counter regulated by
ITIM-regulated inhibition, ITAMi-mediated inhibition has emerged as a new aspect of
negative regulation to cell activation. However, ITAMi inhibition appears to act as a more
general mechanism in the long term maintenance of balance in the immune system. It is
important to note that inhibitory receptors exist in human as well as murine cells, while
some of the human receptors do not always have a murine counterpart.

MAST CELL-ASSOCIATED INHIBITORY RECEPTORS
The Ig-Like Superfamily
FcyRIIB

The FcyRIIB was the first inhibitory receptor in which the ITIM function was
recognized, having been shown to inhibit B-cell receptor (BCR)-mediated activation
in vitro.” It is a receptor for the immunoglobulin G constant (Fc) region and a type-I

transmembrane protein consisting of 291 amino acids containing one ITIM which has
been shown to be expressed in both murine bone marrow derived mast cells (BMMC)
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and human cord blood derived mast cells (CBMC). FcyRIIB displays different inhibitory
effects on MC proliferation and activation. In murine BMMC, co-aggregation of
FcyRIIB with FceRI results in the inhibition of IgE-mediated mast cell degranulation.
The intact ITIM in the cytoplasmic tail of FcyRIIB is crucial to this effect.?*** Similarly,
co-aggregation of FcyRIIB with FceRI inhibits degranulation and cytokine secretion. This
response is mediated by phosphorylation of tyrosine residues on FcyRIIB and subsequent
recruitment of SHIP-1 but nor SHP-1/2.142426 FcyRIIB can also negatively regulate mast
cell proliferation when co-aggregated with Kit?’ through the activity of SHIP-1.

Siglecs

Members of the siglec family have one variable (V-type) region located at the
N-terminal domain which binds sialic acid residues and between 1-16 C2-type Ig-like
domains in the extracellular portion.?> The majority of the members of this family contain
ITIM or ITIM-like domains. These receptors are expressed on various cell types of the
innate and adaptive immune systems. However, the siglecs that are expressed on mast
cells belong mainly to the CD33-related siglecs.”® Human mast cells express siglec-2,
siglec-3, siglec-5, siglec-6, siglec-8 and siglec-10.% Notably, a relatively high level of
siglec-5, 6 and 8 proteins, all of which contain one ITIM motif, have been detected on
mast cells during allergic inflammation.?%3

Among the members of this family that are expressed on human mast cells, siglec-8
is the one that has been most studied. This receptor contains one ITIM and one ITIM-like
domain that upon antibody-induced coligation of the receptor, undergo activation, recruit
SHP-1 and trigger downstream inhibitory events. Although it was initially identified
on eosinophils, where self aggregation by a mAb led to apopotosis, ligated siglec-8
on mast cells was also described to significantly inhibit FceRI-triggered histamine and
prostaglandin D, release. Interestingly, it had no effect on the release of other synthesized
mediators such as cytokines.”*** As with many of the inhibitory receptors expressed on
human cells, murine counterparts also exist in the siglec family. However, the murine
functional homolog of the human siglec-8, siglec-F, is not expressed on murine mast
cells but is expressed on murine eosinophils. Although the natural ligand for siglec-8
has long been unknown, recent studies have proposed mucins as the potential ligand,
based on their ability to engage with siglecs and to subsequently induce apopotosis on
monocytes.*>3¢ Moreover, in a more recent paper, it has been shown that eosinophils
can undergo apoptosis when incubated not only with anti-siglec-8 Abs, but also with a
soluble synthetic polymer displaying 6'-sulfo-sLe* glycan.’

CD300a

CD300a (IRp60 or CRMF-35) is expressed on NK cells, MCs, T-cell subsets,
granulocytes, monocytes and dendritic cells.'>**° It is one of seven members in a family
of stimulatory as well as inhibitory type I transmembrane glycoproteins that control
and modulate leukocyte responses. CD300a contains four ITIMs in its cytoplasmic
tail, three of them being “classical” (LHYANL, VEYSTV, LHYASV) and the fourth
“non classical” (SDYSVI)."® The function of CD300a was first described in NK cells
where its co-aggregation resulted in down-regulation of the cells’ cytolytic activity.
Subsequently, CD300a’s expression and function was further characterized in human
mast cells. In CBMC, co-aggregation of CD300a with IgE-bound FceRI, led to inhibition
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of IgE-induced (but not of compound 48/80-induced) B-hexosaminidase, tryptase and
IL-4 release. Concomitantly, an increase in CD300a phosphorylation, recruitment of
SHP-1 and SHIP-1, decrease in Ca** influx and increase in syk dephosphorylation were
detected. Moreover, CD300a cross-linking inhibited SCF-mediated CBMC survival.*®
Similarly, two bi-specific antibodies a-IgE/a-CD300a and a-Kit/a-CD300a, produced
to crosslink the activating with the inhibitory receptors, abrogated Kit-mediated CBMC
differentiation, survival and activation; and IgE dependent activation. In the context of
mast cell-related disorders, when added to the malignant human mast cell line HMC-1,
where Kit is constitutively activated, the CD300a bispecific antibody inhibited mediator
release without affecting cells survival. In CBMCs, the inhibitory effect of CD300a on Kit
was found to be mediated by a rapid phosphorylation of CD300a, recruitment of SHIP-1
but not of SHP-1 and by subsequent dephosphorylation of Syk and LAT.

CD300a and other members of this family have mouse orthologs, named CLM or
CMRF-like molecules. The murine homologue of CD300a, LMIR-1 (or CLM-8), shares
almost 80% homology with the human receptor and is expressed and functional on
murine BMMC. In these cells, CD300a/Lmir-1 is capable of recruiting SHP-1, SHP-2
and SHIP.*'2 CD300a has been shown to have a crucial role in the down-regulation or
inhibition of allergic responses. This was demonstrated in murine models of allergic
peritonitis, passive cutaneous anaphylaxis and acute asthma, where use of the murine
bi-specific Ab a-CD300a(Lmir-1)/a-IgE proved to be effective in abrogating these
allergic reactions.*

The ligand for CD300a remains unknown. However, evolutionary data reveals that
CD300ais one of the human genes that shows strong positive selection** hinting that its
potential ligand might have similarly gone through a strong positive selection as well.*

SIRP-o.

SIRP-a. belongs to the Ig-superfamily and is characterized by three Ig-like domains
in the extracellular portion. The intracellular domain contains four tyrosine residues
which form two ITIMs that recruit SHP-2 and SHP-1, thus negatively regulating signal
transduction pathways.”” SIRP-a has been shown to be expressed on human basophils
and CBMC as well as on HMC-1 cells. A murine homologue of SIRP-a exists, but there
is no evidence regarding its expression on mast cells. Functionally, SIRP-a inhibited
mast cell degranulation when coligated with FceRI and decreased the phosphorylation
of FceRI ITAMs. This was attributed to the recruitment of the tyrosine phosphatases
SHP-1/2.2> Moreover, it reduced intracellular Ca** mobilization, influx of extracellular
Ca?* and the activation of the MAP kinases Erk1 and Erk2. This resulted in inhibition of
IgE-induced mast cell mediator release. The ligand SIRP-a has been identified as CD47,
anintegrin-associated transmembrane protein which is expressed on many cell populations.
The interaction of the ligand with its receptor inhibits not only mast cell related responses
but also FcyR dependent/independent phagocytosis by macrophages. Moreover, SIRP-a
has been shown to inhibit production of IFN-y by mature dendritic cells, suggesting that
it inhibits the development of Th2 cytokines that drive allergic responses.

LILRs

LILRs belong to a family of receptors that are expressed on a wide range of cells
such as B cells, dendritic cells, monocytes and NK cells. In humans, these receptors are
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classified into three groups based on homology of Ig-like domains, gene architecture
and organization: Ig-like transcripts (ILTs/CDS5), killer-cell Ig-like receptors (KIRs)
and leukocyte-associated Ig-like receptors (LAIRs (see below). It has been recently
shown that LILRs are developmentally regulated in mast cells, suggesting a role in their
maturation and differentiation. Human cord blood-derived progenitor mast cells (47PrMCs)
express the inhibitory LILRB2, LILRB3 and LILRA2 on their surface. However, despite
the presence of mRNA for multiple LILRs in mature CBMCs, LILR protein expression
on the surface of these cells was not detected.*® In contrast, flow cytometric analysis of
mature human mast cells showed high intracellular expression of LILRBS while none
of the other inhibitory LILRs were detected.

Gp49B1 (mouse LILRB4), isamember of the Ig superfamily expressed constitutively
on the surface of mast cells, neutrophils, macrophages* and natural killer (NK) cells.
Gp49B1 is similar to FcyRIIB in that it contains two C2-type, Ig-like domains. However,
gp49B1 has two cytoplasmic ITIMs.* The ITIM motifs in gp49B1 down-regulate NK cell
and T-cell activation signals that lead to cytotoxic activity. In mouse BMMCs, gp49B1
binds SHP-1 and SHP-2 recruited from the cytoplasm upon tyrosine-phosphorylation.
Gp49B1-mediated inhibition of FceRI-driven activation is reduced in SHP-1-deficient
BMMC.*! Additionally, gp49B1 constitutively inhibits adaptive inflammation elicited by
IgE-dependent mast cell activation in vivo.? It has also been shown that injection of LPS
into gp49B1 null mice leads to hemorrhage, thrombosis and tissue neutrophilia. These
results indicate that gp49B1 suppresses LPS-induced inflammation, thereby providing
critical innate protection against a pathologic response to a bacterial component.> The
ligand for gp49B1 has been identified as the integrin avf3, based on in vitro cell-cell
and cell-protein binding studies. The interaction of avB3 with Gp49B1 on BMMC has
been shown to inhibit antigen-induced IgE-mediated cell activation.*

Paired Ig-like Receptor B (PIR-B)

PIR-B is an inhibitory receptor, originally identified in mice that belong to the family
of the immunoglobulin-like receptors. PIR-B is expressed by many types of hemopoietic
cells, including B lymphocytes, dendritic cells, monocyte/macrophages, granulocytes,
megakaryocytes/platelets and mast cells.*® This inhibitory receptor, as well as its activated
counterpart, is produced by murine mast cells. PIR-B was found to be preferentially
expressed on the cell surface, where it is constitutively tyrosine phosphorylated and
associated with iISHP-1. After coligation with FceRI, PIR-B inhibited IgE -mediated mast
cell activation and release of serotonin.’® The human counterparts of PIR-A and PIR-B
are considered to be the activating and inhibitory types of leukocyte Ig-like receptors/
CD8S5. Out of four ITIMs that the PIR-B receptor contains, two of them were found to be
able to recruit SHP-1 and possibly SHP-2 when tyrosine phosphorylated and this leads to
inhibition of cell activation.’” The ligand for PIR-B appears to be various mouse major
histocompatibility complex class I (H-2) molecules. Indeed, stimulation of PIR-B with
H-2 tetramer on B cells, leads to intracellular phosphotyrosine signaling.*®

LAIR-1
LAIR-1 (CD305) is a human type I transmembrane glycoprotein which contains

a single extracellular C2-type Ig-like domain and two ITIMs in its cytoplasmic tail.
Although most inhibitory receptors are usually restricted to specific cell types, LAIR-1
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is expressed on almost all cells of the immune system. In the RBL-2H3 mast cell line,
cross linking of LAIR-1 was able to inhibit FceRI-mediated degranulation. Both ITIMs
of this receptor are required for the full inhibition of degranulation in these cells,
although the receptor is still partially active with one functional ITIM.>® The murine
homologue of LAIR-1 (mLAIR-1) shares 40% identity with the human receptor.
Unlike many inhibitory receptors whose ligands have been identified, the ligand for
LAIR-1 is not a cell-bound molecule. Collagens which are now known as the ligands
for LAIR-1, define a new key role for extracellular matrix (ECM) proteins in immune
regulation.®® Human LAIR-1 recruits SHP-1 and SHP-2¢"2 but not SHIP.%* However,
mLAIR-1, recruits SHP-2 but not SHP-1. The inhibitory function of LAIR-1 is not
completely phosphatase-dependent but can also be mediated through Csk, a negative
effector that can inactivate Src family kinases, in cells where the phosphatases activity
is abrogated or limited.*

CD200 Receptor (CD200R)

CD200R is a type-I membrane glycoprotein, containing two Ig-like domains and
which is expressed on MC% and basophils.®® Unlike the majority of immune inhibitory
receptors bearing ITIMs, CD200R does not contain a classical ITIM motif but instead
contains three tyrosine residues in its cytoplasmic tail which may be critical for function.
Previous studies have shown the expression of CD200R on human CBMC and skin
mast cells. CD200R has also been detected on murine bone marrow derived mast cells
(BMMC) and murine skin mast cells.

In human mast cells, CD200R produced an inhibition in degranulation that was
enhanced by cross linking the anti-hCD200R Abs. This inhibition did not require coligation
to an activating receptor such as FceRI, although this did further enhance inhibition. This
differs from most inhibitory receptors whose inhibitory effect depends on co-aggregation/
coligation to the balancing activating receptor. In murine mast cells, engagement of CD200R
by its soluble ligand (CD200) did not lead to the inhibition of mast cell degranulation or
cytokine production. However, overexpression of the receptor on these cells made them
sensitive to anti-mCD200R Abs mediated inhibition. This demonstrates that CD200R
activity depends on its density across the cells surface. Furthermore, the inhibitory effect
of CD200R was also evident in vivo in a model of passive cutaneous anaphylaxis (PCA).
Injection of anti-mCD200R Abs into mice (i.v) prior to mast cell activation significantly
decreased PCA skin reactions in a dose dependent manner.

As mentioned, CD200R does not contain an ITIM sequence in its cytoplasmic
domain. However, it has been shown that upon receptor engagement, CD200R is rapidly
phosphorylated and recruits inhibitory adaptor proteins such as Dok1 and Dok2.% Two
of the tyrosine residues of CD200R (Y286, Y297) have been found to be critical for the
receptor- mediated inhibitory effect. One of these tyrosines is located in a conserved
phosphotyrosine binding site (NPXY?”) for the signaling protein Shc. This motif mediates
phosphorylation of Dok1 and Dok2 which subsequently bind RasGAP and SHIP, leading
to a downstream inhibition of the RasMAPK pathways in the cell activation.

CD200 is strongly expressed on human and murine dermal fibroblasts, endothelial
cells, dermal nerve bundles, hair follicles and subsets of glandular epithelial cells, but
not on keratinocytes, Langerhans cells or the majority of mast cells and macrophages
of the dermis in both murine and human skin sections.®” Nevertheless, mast cells were
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detected in close proximity to CD200-expressing cells in skin tissues of human skin and
with a more significant expression in the murine skin.

(PECAM-1)

PECAM-1, also known as CD31, is anewly discovered member of the Ig superfamily
containing six extracellular Ig domains and two ITIMs.%% PECAM-1 was found to
be expressed mostly at the lateral junctions of endothelial cells and at lower levels on
neutrophils, monocytes, platelets, NK cells, T/B-cell subsets and on mast cells both of
human and murine origin. This receptor has been shown to play a role in a number of
biological processes, including leukocyte transmigration, cell migration, angiogenesis,
cell adhesion, as well as modulation of intracellular signaling.”

In RBL-2H3 cells, following FceRI clustering alone (without any need for receptor
co-aggregation), PECAM-1 was shown to undergo rapid tyrosine phosphorylation on
its ITIMs.”" Based on plasmon resonance studies, it has been shown that PECAM’s
ITIMs bind SHP-2 with high affinity and SHP-1 with a lower affinity.”” The ligands for
PECAM-1 include the adhesion molecule o357 (which is also the ligand for gp49B1
previously described) and CD38, a cell surface molecule involved in the regulation of
lymphocyte adhesion to endothelial cells.”

The C-type lectin superfamily
Mast Cell Function-Associated Antigen (MAFA)

MAFA isanITIM-containing (1 ITIM) membrane glycoprotein which was first described
inRBL-2H3 cells in which most of its inhibitory effects have been studied. Mouse and human
homologues of the rat MAFA were thereafter discovered. Mouse MAFA was renamed as
killer cell lectin-like receptor subfamily G member 1 (KLRG1), which exhibited an 89%
similarity at the amino acid level to rat MAFA. As opposed to the rat receptor, KLRG1 was
found to be expressed only by lymphokine- activated NK cells and by virus-activated CD8
T-cells. It was not expressed on mice mast cells. Moreover, a human MAFA-like receptor
has been identified as MAFA-L, sharing a 54% similarity to the rat receptor. The human
receptor, differing from the rat MAFA, is expressed not only on mast cells and basophils,
but also on various types of NK cells and the monocyte-like cell-line U937.

Human MAFA has been proposed to likely regulate responses to receptors other than
the FceRI.” In RBL-2H3 cells, MAFA has been shown to suppress the FceRI secretory
response and cytokine synthesis.” Aggregation of MAFA alone is sufficient to inhibit mast
cell secretory responses prior to FceRI activation. However, co-aggregation of MAFA
with FceRI has been recently shown to significantly increase the inhibition of mast cell
degranulation.” Additionally, MAFA clustering has been found to negatively regulate the
cell cycle of RBL-2H3 cells. This was evident by a significant increase in the numbers of
cells arrested in the sub-G phase.” Using surface plasma resonance analysis it has been
shown that the cytoplasmic tail of MAFA, containing an ITIM sequence, binds SHIP and
SHP-2 but not SHP-1.” However, it has been shown that SHIP is the key phosphatase
mediating the receptor’s inhibitory effect. This involvement of SHIP is thought to mediate
the recruitment of a multimolecular complex (Shc—SHIP-Dok—RasGAP) to the plasma
membrane, where, RasGAP down-regulates the Ras-induced Raf-1/MEK/ERK signaling
pathway by decreasing RasGTP levels. This in turn may eventually lead to a decrease in
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gene transcription and in synthesis of cytokines regulated by Erk-1/2. On the other hand,
according to various studies, MAFA does not interfere with the FceRI-induced Fyn—
Gab2-PI3K signaling pathway, which is essential for PKB and the Jnk pathway activation.

Regarding the ligand for MAFA, it was originally thought that the receptor binds
MHC-Imolecules. This hypothesis was suggested since there is a great homology between
MAFA’s extracellular domain and the CRD of other C-type lectins. However, there was
no demonstrable interaction between murine MAFA and MHC-I or MHC-II molecules.
It has also been implied that MAFA binds to saccharides following investigation of its
binding capacity. Members of the classical cadherin family were shown to act as ligands
for murine KLRG17°#! and the ligation of the receptor by E-cadherin led to an inhibition
of CTLs induction as well as the lytic activity of an NK cell line in vitro. Recently, it
has been demonstrated that the ligand for human MAFA is also the human E-cadherin.®

CD72

CD?72, also termed Lyb-2, is an ITIM-containing, 45 kDa type II transmembrane
protein®3 predominantly expressed on B-lineage cells inboth mouse and human.* The precise
function of CD72 remains unclear. However, studies have shown that anti-mouse-CD72
mAb induces an increase in the metabolism of phosphatidylinositol in purified small splenic
B-cells.® Moreover, it induces an increase in MHC class II expression on B cells®*#” and
mobilization of small amounts of cytoplasmic free Ca** in those cells. The natural ligand
for this receptor has been identified as CD100 or Semaphorin 4D (Sema4D).%

Recently, CD72 has been found to be expressed on human mast cell lines (LAD2,
HMCI1.1, HMC1.2) as well as on CD34* peripheral blood-derived mast cells. CD72
contains two ITIMs thus including this receptor in the inhibitory receptor family. Upon
tyrosine phosphorylation, one of the receptor’s ITIM binds SHP-1 and the other binds
Grb2. On mast cells, coligation of CD72 with Kit by an anti-CD72 Ab (BU40) or the
recombinant human CD100 (rCD100) and SCF respectively, led to CD72 phosphorylation
and the subsequent recruitment of SHP-1. This resulted in dephosphorylation of SFKs
and ERKSs that are crucial in Kit-mediated human mast cell responses. CD72 ligation
suppressed HMC1.2 growth and led to the reduction of Kit-dependent growth of human
mast cells, SCF-induced chemotaxis, MCP-1(CCL2) production and SCF-enhancement
of IgE-dependent degranulation. In contrast, CD72 ligation with FceRI alone was unable
to inhibit mast cell degranulation.®

Inhibitory Receptors as Therapeutic Tools?

Mast cell related diseases, such as allergic as well as non-allergic inflammatory
diseases (asthma, rhinitis, conjunctivitis, etc.) affect a significant portion of the Western
world’s population with an increasing incidence each year. Some of these diseases might
in certain cases lead to morbidity. Even with the proper use of current treatments such as
glucocorticoids and several symptomatic drugs, symptoms and severe side effects may
continue to occur and no ideal drug is yet available. Therefore, there remains a critical
need for new approaches to treat mast cell-related diseases in a more useful and specific
way. The expression of inhibitory receptors on mast cells makes them attractive targets
for new drug designs for allergy and other mast cell-driven diseases. Indeed, some of the
studies on inhibitory receptors aimed for therapeutic development are at an advanced stage.
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With the discovery of the first inhibitory receptor, FcyRIIB, bi-specific antibodies
recognizing both the receptor and FceRI were generated. When tested in vitro, these
antibodies showed a suppressive effect on basophil as well as on human mast cell activation.”
Moreover, similarly to the bi-specific antibodies, the use of a fusion protein hFcy-hFce
showed an inhibitory effect in both in vitro and in vivo studies using a murine passive
cutaneous anaphylaxis model (PCA), as well as in skin test responses in Rhesus macaques
allergic to dust mite.”'> For CD200R, in a murine model of PCA, treating the mice with
specific antibodies targeting CD200R before challenge led to a significant dose-dependent
decrease in cellular response.®” Another member of the inhibitory receptors superfamily,
CD300a has been an attractive target for the treatment of allergic diseases. Bi-specific
antibodies targeting both mast cells and eosinophils have been generated and proven to be
effective in abrogating allergic responses. Indeed, as described, in both in vitro and in vivo
studies, the bi-specific antibodies a-IgE/a-CD300a and a-CCR3/a-CD300a abrogated
allergic responses mediated by these cells.?*#>4

CONCLUSION

The field of inhibitory receptors continues to expand. This includes their application
in the context of mast cells and allergic inflammatory diseases. Despite all the activity and
research, many known inhibitory receptors are still not fully characterized on haematopoetic
cells in general and on mast cells in particular. Therefore, there is a need for continued
research to better characterize the existing inhibitory receptors, for example by studying
their possible interactions with different activating receptors and discovering some of their
unknown ligands. In addition, an effort should be made to identify other new inhibitory
receptors on human mast cells.

REFERENCES

1. Isakov N, ITIMs and ITAMs. The Yin and Yang of antigen and Fc receptor-linked signaling machinery.
Immunol Res 1997; 16(1):85-100.

2. Barrow AD, Trowsdale J. You say ITAM and I say ITIM, let’s call the whole thing off: the ambiguity of
immunoreceptor signalling. Eur J Immunol 2006; 36(7):1646-53.

3. Koj A. Termination of acute-phase response: role of some cytokines and anti-inflammatory drugs. Gen
Pharmacol 1998; 31(1):9-18.

4. Nicholson DW. Caspase structure, proteolytic substrates and function during apoptotic cell death. Cell Death
Differ 1999; 6(11):1028-42.

5. Vaux DL, Korsmeyer SJ. Cell death in development. Cell 1999; 96(2):245-54.

6. Guicciardi ME, Gores GJ. Life and death by death receptors. Faseb J 2009; 23(6):1625-37.

7. Karra L et al. Are we ready to downregulate mast cells? Curr Opin Immunol 2009; 21(6):708-14.

8. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory and pro-resolution
lipid mediators. Nat Rev Immunol 2008; 8(5):349-61.

9. Bachelet I, Levi-Schaffer F, Mekori YA. Mast cells: not only in allergy. Immunol Allergy Clin North Am
2006; 26(3):407-25.

10. Piliponsky AM et al. Non-IgE-dependent activation of human lung- and cord blood-derived mast cells
is induced by eosinophil major basic protein and modulated by the membrane form of stem cell factor.
Blood 2003; 101(5):1898-904.

11. Bischoff SC. Role of mast cells in allergic and non-allergic immune responses: comparison of human and
murine data. Nature Reviews in Immunology 2007; 7(2):93-104.

12. Rocha-de-Souza CM et al. Human mast cell activation by Staphylococcus aureus: interleukin-8 and tumor
necrosis factor alpha release and the role of Toll-like receptor 2 and CD48 molecules. Infect Immun
2008; 76(10):4489-97.



DOWN-REGULATION OF MAST CELL RESPONSES THROUGH ITIM 15

13. Lebbink RJ, Meyaard L. Non-MHC ligands for inhibitory immune receptors: novel insights and implications
for immune regulation. Mol Immunol 2007; 44(9):2153-64.

14. Daéron M, Jaeger S, Du Pasquier L et al. Immunoreceptor tyrosine-based inhibition motifs: a quest in the
past and future. Immunol Rev 2008; 224:11-43.

15. Cantoni C, Bottino C, Augugliaro R et al. Molecular and functional characterization of IRp60, a member
of the immunoglobulin superfamily that functions as an inhibitory receptor in human NK cells. Eur J
Immunol 1999; 29(10):3148-59.

16. Abramson J, Rozenblum G, Pecht I. Stable knockdown of MAFA expression in RBL-2H3 cells by siRNA
retrovirus-delivery system. Immunol Lett 2004; 92(1-2):179-84.

17. Drickamer K, Taylor ME. Biology of animal lectins. Annu Rev Cell Biol 1993; 9:237-64.

18. Izawa K, Kitaura J, Yamanishi Y et al. An activating and inhibitory signal from an inhibitory receptor
LMIR3/CLM-1: LMIR3 augments lipopolysaccharide response through association with FcRgamma in
mast cells. J Immunol 2009; 183(2):925-36.

19. Eissmann P, Beauchamp L, Wooters J et al. Molecular basis for positive and negative signaling by the
natural killer cell receptor 2B4 (CD244). Blood 2005; 105(12):4722-9.

20. Pasquier B, Launay P, Kanamaru Y et al. Identification of FcalphaRI as an inhibitory receptor that controls
inflammation: dual role of FcRgamma ITAM. Immunity 2005; 22(1):31-42.

21. Hamerman JA, Tchao NK, Lowell CA et al. Enhanced Toll-like receptor responses in the absence of
signaling adaptor DAP12. Nat Immunol 2005; 6(6):579-86.

22. Katz HR. Inhibitory receptors and allergy. Curr Opin Immunol 2002; 14(6):698-704.

23. Benhamou M, Bonnerot C, Fridman WH et al. Molecular heterogeneity of murine mast cell Fc gamma
receptors. J Immunol 1990; 144(8):3071-7.

24. Daéron M, Malbec O, Latour S et al. Regulation of high-affinity IgE receptor-mediated mast cell activation
by murine low-affinity IgG receptors. J Clin Invest 1995; 95(2):577-85.

25. Fong DC, Malbec O, Arock M et al. Selective in vivo recruitment of the phosphatidylinositol phosphatase
SHIP by phosphorylated Fc gammaRIIB during negative regulation of IgE-dependent mouse mast cell
activation. Immunol Lett 1996; 54(2-3):83-91.

26.Lesourne R, Bruhns P, Fridman WH etal. Insufficient phosphorylation prevents fc gamma RIIB from recruiting
the SH2 domain-containing protein-tyrosine phosphatase SHP-1. J Biol Chem 2001; 276(9):6327-36.

27. Malbec O, Attal JP, Fridman WH et al. Negative regulation of mast cell proliferation by FcgammaRIIB.
Mol Immunol 2002; 38(16-18):1295-9.

28. Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune system. Nat Rev Immunol 2007
7(4):255-66.

29. Yokoi H, Myers A, Matsumoto K et al. Alteration and acquisition of Siglecs during in vitro maturation of
CD34* progenitors into human mast cells. Allergy 2006; 61(6):769-76.

30.Floyd H, Ni J, Cornish AL et al. Siglec-8. A novel eosinophil-specific member of the immunoglobulin
superfamily. J Biol Chem 2000; 275(2):861-6.

31. Ghannadan M, Hauswirth AW, Schernthaner GH et al. Detection of novel CD antigens on the surface of
human mast cells and basophils. Int Arch Allergy Immunol 2002; 127(4):299-307.

32. Kikly KK, Bochner BS, Freeman SD et al. Identification of SAF-2, a novel siglec expressed on eosinophils,
mast cells and basophils. J Allergy Clin Immunol 2000; 105(6 Pt 1):1093-100.

33. Bochner BS. Siglec-8 on human eosinophils and mast cells and Siglec-F on murine eosinophils, are
functionally related inhibitory receptors. Clin Exp Allergy 2009; 39(3):317-24.

34. Yokoi H, Choi OH, Hubbard W et al. Inhibition of FcepsilonRI-dependent mediator release and calcium
flux from human mast cells by sialic acid-binding immunoglobulin-like lectin 8 engagement. J Allergy
Clin Immunol 2008; 121(2):499-505 el.

35. Tateno H, Crocker PR, Paulson JC. Mouse Siglec-F and human Siglec-8 are functionally convergent paralogs
that are selectively expressed on eosinophils and recognize 6’-sulfo-sialyl Lewis X as a preferred glycan
ligand. Glycobiology 2005; 15(11):1125-35.

36. Ishida A, Ohta M, Toda M et al. Mucin-induced apoptosis of monocyte-derived dendritic cells during
maturation. Proteomics 2008; 8(16):3342-9.

37. Hudson SA, Bovin NV, Schnaar RL et al. Eosinophil-selective binding and proapoptotic effect in vitro of a
synthetic Siglec-8 ligand, polymeric 6'-sulfated sialyl Lewis x. J Pharmacol Exp Ther 2009;330(2):608-12.

38. Bachelet I, Munitz A, Moretta A et al. The inhibitory receptor IRp60 (CD300a) is expressed and functional
on human mast cells. J Immunol 2005; 175(12):7989-95.

39. Munitz A, Bachelet I, Eliashar R et al. The inhibitory receptor IRp60 (CD300a) suppresses the effects
of IL-5, GM-CSF and eotaxin on human peripheral blood eosinophils. Blood 2006; 107(5):1996-2003.

40. Alvarez Y, Tang X, Coligan JE et al. The CD300a (IRp60) inhibitory receptor is rapidly up-regulated on
human neutrophils in response to inflammatory stimuli and modulates CD32a (FcgammaRIIa) mediated
signaling. Mol Immunol 2008; 45(1):253-8.



16 MAST CELL BIOLOGY: CONTEMPORARY AND EMERGING TOPICS

41. Kumagai H, Oki T, Tamitsu K, Feng SZ et al. Identification and characterization of a new pair of
immunoglobulin-like receptors LMIRI and 2 derived from murine bone marrow-derived mast cells.
Biochem Biophys Res Commun 2003; 307(3):719-29.

42. Bachelet I, Munitz A, Levi-Schaffer F. Abrogation of allergic reactions by a bispecific antibody fragment
linking IgE to CD300a. J Allergy Clin Immunol 2006; 117(6):1314-20.

43. Munitz A, Bachelet I, Levi-Schaffer F. Reversal of airway inflammation and remodeling in asthma by a
bispecific antibody fragment linking CCR3 to CD300a. J Allergy Clin Immunol 2006; 118(5):1082-9.

44. Bustamante CD, Fledel-Alon A, Williamson S et al. Natural selection on protein-coding genes in the human
genome. Nature 2005; 437(7062):1153-7.

45. Nielsen R, Bustamante C, Clark AG et al. A scan for positively selected genes in the genomes of humans
and chimpanzees. PLoS Biol 2005; 3(6):e¢170.

46. Clark GJ, Ju X, Tate C et al. The CD300 family of molecules are evolutionarily significant regulators of
leukocyte functions. Trends Immunol 2009; 30(5):209-17.

47.LiL, Yao Z. Mast cell and immune inhibitory receptors. Cell Mol Immunol 2004; 1(6):408-15.

48. Tedla N, Lee CW, Borges L et al. Differential expression of leukocyte immunoglobulin-like receptors on
cord-blood-derived human mast cell progenitors and mature mast cells. J Leukoc Biol 2008; 83(2):334-43.

49. Katz HR. Inhibition of pathologic inflammation by leukocyte Ig-like receptor B4 and related inhibitory
receptors. Immunol Rev 2007; 217:222-30.

50.KatzHR, Vivier E, Castells MC et al. Mouse mast cell gp49B1 contains two immunoreceptor tyrosine-based
inhibition motifs and suppresses mast cell activation when coligated with the high-affinity Fc receptor
for IgE. Proc Natl Acad Sci USA 1996; 93(20):10809-14.

51. Lu-Kuo JM, Joyal DM, Austen KF et al. gp49B1 inhibits IgE-initiated mast cell activation through both
immunoreceptor tyrosine-based inhibitory motifs, recruitment of src homology 2 domain-containing
phosphatase-1 and suppression of early and late calcium mobilization. J Biol Chem 1999; 274(9):5791-6.

52. Daheshia M, Friend DS, Grusby MJ et al. Increased severity of local and systemic anaphylactic reactions
in gp49B1-deficient mice. J Exp Med 2001; 194(2):227-34.

53.Zhoul]S, Friend DS, Feldweg AM etal. Prevention of lipopolysaccharide-induced microangiopathy by gp49B1:
evidence for an important role for gp49B1 expression on neutrophils. J Exp Med 2003; 198(8):1243-51.

54. Castells MC, Klickstein LB, Hassani K et al. gp49B1-alpha(v)beta3 interaction inhibits antigen-induced
mast cell activation. Nat Immunol 2001; 2(5):436-42.

55.Chen CC,Hurez V, Brockenbrough JS etal. Paternal monoallelic expression of the paired immunoglobulin-like
receptors PIR-A and PIR-B. Proc Natl Acad Sci USA 1999; 96(12):6868-72.

56. Uehara T, Bléry M, Kang DW et al. Inhibition of IgE-mediated mast cell activation by the paired Ig-like
receptor PIR-B. J Clin Invest 2001; 108(7):1041-50.

57. Bléry M, Kubagawa H, Chen CC et al. The paired Ig-like receptor PIR-B is an inhibitory receptor that
recruits the protein-tyrosine phosphatase SHP-1. Proc Natl Acad Sci USA 1998; 95(5):2446-51.

58. Nakamura A, Kobayashi E, Takai T. Exacerbated graft-versus-host disease in Pirb-/- mice. Nat Immunol
2004; 5(6):623-9.

59. Verbrugge A, Ruiter Td T, Clevers H et al. Differential contribution of the immunoreceptor tyrosine-based
inhibitory motifs of human leukocyte-associated Ig-like receptor-1 to inhibitory function and phosphatase
recruitment. Int Immunol 2003; 15(11):1349-58.

60. Meyaard L. The inhibitory collagen receptor LAIR-1 (CD305). J Leukoc Biol 2008; 83(4):799-803.

61.Meyaard L, Adema GJ, Chang Cetal. LAIR-1,anovel inhibitory receptor expressed on human mononuclear
leukocytes. Immunity 1997; 7(2):283-90.

62.Fournier N, Chalus L, Durand I et al. FDF03, a novel inhibitory receptor of the immunoglobulin superfamily,
is expressed by human dendritic and myeloid cells. J Immunol 2000; 165(3):1197-209.

63. Verbrugge A, Rijkers ES, de Ruiter T etal. Leukocyte-associated Ig-like receptor-1 has SH2 domain-containing
phosphatase-independent function and recruits C-terminal Src kinase. Eur J Immunol 2006; 36(1):190-8.

64. Zhang S, Phillips JH. Identification of tyrosine residues crucial for CD200R-mediated inhibition of mast
cell activation. J Leukoc Biol 2006; 79(2):363-8.

65. Shiratori I, Yamaguchi M, Suzukawa M et al. Down-regulation of basophil function by human CD200 and
human herpesvirus-8 CD200. J Immunol 2005; 175(7):4441-9.

66. Zhang S, Cherwinski H, Sedgwick JD et al. Molecular mechanisms of CD200 inhibition of mast cell
activation. J Immunol 2004; 173(11):6786-93.

67. Cherwinski HM, Murphy CA, Joyce BL et al. The CD200 receptor is a novel and potent regulator of murine
and human mast cell function. J Immunol 2005; 174(3):1348-56.

68. Abramson J, Pecht I. Regulation of the mast cell response to the type 1 Fc epsilon receptor. Immunol Rev
2007; 217:231-54.

69. Pinter E, Barreuther M, Lu T et al. Platelet-endothelial cell adhesion molecule-1 (PECAM-1/CD31)
tyrosine phosphorylation state changes during vasculogenesis in the murine conceptus. Am J Pathol
1997; 150(5):1523-30.



DOWN-REGULATION OF MAST CELL RESPONSES THROUGH ITIM 17

70.
71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

8

—_

82.

Jackson DE. The unfolding tale of PECAM-1. FEBS Lett 2003; 540(1-3):7-14.

Sagawa K, Swaim W, Zhang J et al. Aggregation of the high affinity IgE receptor results in the tyrosine
phosphorylation of the surface adhesion protein PECAM-1 (CD31). J Biol Chem 1997;272(20):13412-8.

Hua CT, Gamble JR, Vadas MA et al. Recruitment and activation of SHP-1 protein-tyrosine phosphatase
by human platelet endothelial cell adhesion molecule-1 (PECAM-1). Identification of immunoreceptor
tyrosine-based inhibitory motif-like binding motifs and substrates. J Biol Chem 1998; 273(43):28332-40.

Piali L, Hammel P, Uherek C et al. CD31/PECAM-1 is a ligand for alpha v beta 3 integrin involved in
adhesion of leukocytes to endothelium. J Cell Biol 1995; 130(2):451-60.

Deaglio S, Morra M, Mallone R et al. Human CD38 (ADP-ribosyl cyclase) is a counter-receptor of CD31,
an Ig superfamily member. J Immunol 1998; 160(1):395-402.

Abramson J, Xu R, Pecht I. An unusual inhibitory receptor—the mast cell function-associated antigen
(MAFA). Mol Immunol 2002; 38(16-18):1307-13.

Ortega Soto E, Pecht I. A monoclonal antibody that inhibits secretion from rat basophilic leukemia cells
and binds to a novel membrane component. J Immunol 1988; 141(12):4324-32.

Abramson J, Licht A, Pecht I. Selective inhibition of the Fc epsilon RI-induced de novo synthesis of
mediators by an inhibitory receptor. Embo J 2006; 25(2):323-34.

Xu R, Abramson J, Fridkin M et al. SH2 domain-containing inositol polyphosphate 5'-phosphatase is the
main mediator of the inhibitory action of the mast cell function-associated antigen. J Immunol 2001;
167(11):6394-402.

Griindemann C, Bauer M, Schweier O et al. Cutting edge: identification of E-cadherin as a ligand for the
murine killer cell lectin-like receptor G1. J Immunol 2006; 176(3):1311-5.

Ito M, Maruyama T, Saito N et al. Killer cell lectin-like receptor G1 binds three members of the classical
cadherin family to inhibit NK cell cytotoxicity. ] Exp Med 2006; 203(2):289-95.

. Tessmer MS, Fugere C, Stevenaert F et al. KLRG1 binds cadherins and preferentially associates with

SHIP-1. Int Immunol 2007; 19(4):391-400.
Schwartzkopff'S, Griindemann C, Schweier O et al. Tumor-associated E-cadherin mutations affect binding
to the killer cell lectin-like receptor G1 in humans. J Immunol 2007; 179(2):1022-9.

83. WuHJ, Bondada S. CD72, a coreceptor with both positive and negative effects on B lymphocyte development

84.

85.

86.

87.

88.

and function. J Clin Immunol 2009; 29(1):12-21.

Von Hoegen I, Nakayama E, Parnes JR. Identification of a human protein homologous to the mouse Lyb-2
B-cell differentiation antigen and sequence of the corresponding cDNA. J Immunol 1990; 144(12):4870-7.

Grupp SA, Harmony JA, Baluyut AR et al. Early events in B-cell activation: anti-Lyb2, but not BSF-1,
induces a phosphatidylinositol response in murine B-cells. Cell Immunol 1987; 110(1):131-9.

Polla BS et al. Differential induction of class Il gene expression in murine preB-cell lines by B-cell
stimulatory factor-1 and by antibodies to B-cell surface antigens. J Mol Cell Immunol 1988; 3(6):363-73.

Subbarao B, Morris J, Baluyut AR. Properties of anti-Lyb-2-mediated B-cell activation and the relationship
between Lyb-2 molecules and receptors for B-cell stimulatory factor-1 on murine B-lymphocytes. Cell
Immunol 1988; 112(2):329-42.

Kumanogoh A, Watanabe C, Lee I et al. Identification of CD72 as a lymphocyte receptor for the class IV
semaphorin CD100: a novel mechanism for regulating B-cell signaling. Immunity 2000; 13(5):621-31.

89. Kataoka TR, Kumanogoh A, Bandara G et al. CD72 negatively regulates KIT-mediated responses in human

mast cells. J Immunol 184(5):2468-75.

90. Tam SW, Demissie S, Thomas D etal. A bispecific antibody against human IgE and human FcgammaRII that

9

—_

92.

inhibits antigen-induced histamine release by human mast cells and basophils. Allergy 2004; 59(7):772-80.

. Zhu D, Kepley CL, Zhang M et al. A novel human immunoglobulin Fc gamma Fc epsilon bifunctional

fusion protein inhibits Fc epsilon RI-mediated degranulation. Nat Med 2002; 8(5):518-21.
Zhang K, Kepley CL, Terada T et al. Inhibition of allergen-specific IgE reactivity by a human Ig
Fcgamma-Fcepsilon bifunctional fusion protein. J Allergy Clin Immunol 2004; 114(2):321-7.



