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Abstract 
 
In order to respond adequately to pathogens without damaging the host, a balance between 
activating and inhibitory signals is required in the immune system. Over the past years a 
large number of inhibitory immune receptors has been identified. Most of these receptors 
contain one or several Immuno receptor Tyrosine-based Inhibitory Motif (ITIM)s in the 
intracellular part. These ITIMs recruit SH2 domain-containing phosphatases, which can 
inhibit cellular activation. Studies using knock out mice have shown that ITIM-bearing 
receptors have crucial and non-redundant roles in the regulation of the immune system. 
However, the question remains why so many different ITIM-bearing receptors are required. 
ITIM-bearing receptors differ in their expression patterns and recognize different ligands, 
thus allowing for negative regulation at different levels and stages of an immune response. 
In addition, ITIM-bearing receptors may deliver different signals to the cell.  Apart from 
the SH2 domain-containing phosphatases several ITIM-bearing receptors recruit other 
molecules that contribute to their function. In this review we will give an overview of the 
current model of ITIM-mediated signaling and discuss that alternative pathways may be 
used by ITIM-bearing receptors. 
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The mammalian immune system has evolved to respond to a large variety of stimuli in 
order to effectively eliminate pathogens and damaged or malignant cells. For an appropriate 
response of the immune system inhibition of immune cells is as important as activation. 
Inhibitory signals are required to terminate an immune response and to prevent excessive 
immune reactions or autoimmune disease. This is illustrated by the fact that mutations in 
inhibitory receptors on B cells, or in the molecules through which they signal, is associated 
with autoimmune disease [1]. 

There are several mechanisms that negatively control the immune system. Apoptosis of 
immune cells is an important mechanism to prevent autoimmunity and failure of the 
immune cells to undergo apoptosis leads to lymphoproliferative disease [2,3]. Inhibitory 
cytokines such as IL-10 and TGFβ are crucial in the control of inflammatory responses 
[4,5]. In addition, immune cells express inhibitory receptors that recognize ligands 
expressed on other cells. These receptors may prevent an inappropriate immune response, 
set a threshold for cell activation or are involved in the down modulation of the response. 
The importance of inhibitory immune receptors is illustrated by the phenotype of mice that 
lack a specific receptor. For example, mice lacking Programmed Death (PD)-1, an 
inhibitory receptor expressed on T cells and B cells, develop lupus-like autoimmune disease 
[6]. 

In the past decade, many inhibitory immune receptors have been identified. Most of 
these receptors contain one or several motifs called Immuno receptor Tyrosine-based 
Inhibitory Motif (ITIM). ITIM has been defined as an I/V/L/S xYxxV/L motif that was first 
identified in the low affinity IgG receptor FcγRIIB [7,8]. ITIM-bearing receptors contain 
one to up to four ITIMs. The ITIMs are thought to be involved in the recruitment of SH2 
domain-containing phosphatases that mediate the inhibitory function of the receptor. Some 
inhibitory immune receptors, including CTLA-4 and CD200R, do not contain ITIMs but 
use other, mostly tyrosine-based, motifs to recruit effector molecules. Most immune cells 
express multiple inhibitory receptors, which raises the question why there are so many 
different inhibitory immune receptors. 

In this review we will focus on the mechanisms by which ITIM-bearing receptors exert 
their regulatory function. First, we give an overview of the pathways that are shared by 
most ITIM-bearing receptors. Then we will discuss which other effector mechanisms are 
used by inhibitory immune receptors and how these pathways may contribute to a 
difference in function.  
 
ITIM-bearing receptors in the immune system 
 
Our understanding of inhibitory receptor function has been boosted by research on these 
receptors in NK cells. NK cells are lymphocytes of the innate immune system and play an 
important role in the defense against cancer and viral infection. They recognize and kill 
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tumor cells and virally infected cells without prior sensitization [9]. NK cells do not lyse 
target cells that have a normal MHC-I expression, but are activated when MHC-I 
expression is low or absent. Thus, expression of MHC-I, which interacts with inhibitory 
receptors on the NK cell, prevents killing of the target cell. This is called the “missing self 
hypothesis”[10]. NK cells express several ITIM-bearing receptors that recognize MHC-I 
molecules, including Killer cell Immunoglobulin-like Receptor (KIR)s [11] and 
Immunoglobulin-like Transcript (ILT) [12] in humans, Ly49 in mice [13] and CD94 
/NKG2A [14] in both. Binding of these receptors to their MHC-I ligands on the target cell 
results in the abrogation of the signaling pathways in the NK cell that lead to cytotoxic 
activity [15]. 

The KIR family contains both inhibitory ITIM-bearing receptors and activating 
receptors. Inhibitory KIRs contain two to four ITIMs while the activating members lack an 
ITIM, but instead contain a positively charged residue in the cytoplasmic tail. This residue 
is required for the interaction with an adaptor molecule that contains an Immuno receptor 
Tyrosine-based Activation Motif (ITAM) and mediates the activation signals of these 
receptors [16,17]. Other inhibitory receptors also have activating family members. The role 
of the inhibitory and activating receptor pairs in the immune system is not yet clear. It has 
been hypothesized that activating KIRs have evolved to mediate defense against 
microorganisms that produce or induce proteins that resemble ligands of inhibitory 
receptors [18].  

With the recent identification and cloning of many other inhibitory receptors, it has 
become clear that most cells in the immune system express at least one ITIM-bearing 
receptor (Table 1). For example, B-cells express FcγRIIB, CD22, CD72, Leukocyte–
Associated Ig-like Receptor (LAIR)-1, Paired Immunoglobulin-like receptor (PIR)-B and 
Programmed Death (PD)-1 [19-24]. Why are so many different ITIM-bearing receptors 
required on a single cell type? 

To date, there is little known about the biological function of individual ITIM-bearing 
receptors in humans. However, susceptibility loci for several autoimmune diseases have 
been mapped to regions where ITIM-bearing receptors are encoded [1]. Most research on 
the contribution of ITIM-bearing receptors in human disease has focused on KIRs. Like 
their HLA ligands, the genes of KIRs are polymorphic. Thus, individuals express different 
combinations of KIRs and their ligands [25]. Many studies relate these differences to 
disease susceptibility. For example, individuals that lack HLA ligands for KIR2DL1 and 
KIR2DL2/3 are more susceptible to psoriatic arthritis [26,27]. Differences in KIR 
expression have also been related to the ability to resolve Hepatitis C virus infection and to 
the susceptibility to develop leukemia [28,29] and abnormal expression of KIRs may be 
associated with immunodeficiency [30]. Another ITIM-bearing receptor that is associated 
with human disease is FcγRIIB. Two different types of polymorphisms have been described 
that may contribute to the development of systemic lupus erythematosus (SLE): the first is  
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Table 1. Expression of ITIM-bearing receptors on different immune cells. 

 

Receptor NK T cell B cell DC Macrophage Neutrophil Mast cell 

Ig Superfamily        

BTLA     + 1) +     

CD66a  + +  + +  

FcγRIIB   +  + +  

FDF03    + + +  

Gp49 2) +    +  + 

ILT + + + + +   

IRTA   +     

KIR + +/-      

LAIR + + + + +   

MAIR 2)   +/- + + + + 

PD-1  + +     

PECAM-1 + + +  + + + 

PIR-B 2)   + + +  + 

SIRPα    + + + +/- 

Siglecs        

CD22   +     

CD33-like siglecs + +/- + + + +  

C-type lectin        
CD72  +/- + + +   

CD94/NKG2A + +      

DCIR   + + + +  

LLIR    +    

Ly49 2) + +/-      

MAFA +/-      + 

NKR-P1 2) + +/-      

Other        
CD5  + +/-     

1) +  =  expression has been reported,  
+/-  =  expression has been reported on subsets of cells,  
empty  =  no expression or no expression has been reported. 

2)  No human homologue of these receptors has been described. 
 
a single-nucleotide polymorphism that causes a nonsynonimous substitution in the 
transmembrane region of FcγRIIB [31]. The other polymorphism is located in the promoter 
region of the gene and affects the expression of the receptor [32]. How these 
polymorphisms change FcγRIIB function and contribute to the development of SLE, is not 
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yet clear. Taken together, these studies show that a proper expression and function of ITIM-
bearing receptors is crucial in the regulation of the immune system. 

More insight in the biological function of different ITIM-bearing receptors has been 
obtained by studies on the phenotype of mice that lack a particular receptor. Mice lacking 
either PIR-B, CD22, CD72 or PD-1 have hyper responsive B cells [33-38]. However, while 
PD-1 and CD22 deficient mice develop autoantibodies, this has not been observed in PIR-B 
deficient mice [6,33,39,40]. Thus, each receptor has a different, non-redundant function in 
the regulation of B-cell responses. 

Most likely, one cause of the different phenotypes observed in mice is that ITIM-
bearing receptors have different expression patterns. PD-1 is expressed on both B cells and 
T cells, while PIR-B is expressed on B cells and myeloid cells. This may explain why PD-1 
deficient cells develop autoantibodies while PIR-B-deficient mice do not. Alternatively, the 
expression of ITIM-bearing receptors varies during differentiation or activation of the cells. 
For example, the expression of LAIR-1 is regulated during B-cell differentiation [41]. The 
non-redundant role of inhibitory receptors could also be due to binding to different ligands. 
Finally, although most ITIM-bearing receptors recruit SHIP, SHP-1 and/or SHP-2, 
individual receptors may have other signaling mechanisms as well. Thus, ITIM-bearing 
receptors in the immune system may have different functions by delivering distinct signals 
to the cell. 
 
The current model of signaling by ITIM-bearing receptors 
 
For most ITIM-bearing receptors, the presence of at least one ITIM is required for the 
inhibitory function. Mutation of the tyrosines in both ITIMs of either PECAM-1 or LAIR-1 
abolishes the inhibitory function of the receptor [42,43]. There are some receptors that have 
ITIM-independent functions, as will be discussed in the last sections.  

Phosphorylation of the tyrosine residue in the ITIM is the first step in receptor 
signaling and for most ITIM-bearing receptors phosphorylation is mediated by Src family 
kinases [42-48]. Mice lacking the Src family kinase Lyn have multiple defects in the 
immune system, due to the essential role of Lyn in many activating pathways, but also 
produce autoantibodies, indicating that Lyn acts in negative regulation as well [49,50]. 
CD22 phosphorylation is impaired in Lyn deficient B-cells, which may contribute to the 
autoimmunity observed in these mice [51]. 

In order to become phosphorylated, the inhibitory receptor has to be brought in close 
proximity to the kinase. This may be achieved by co-crosslinking with an activating 
receptor that recruits a Src family kinase (Fig. 1, middle panel). For example, FcγRIIB is 
phosphorylated upon co-ligation with the B cell receptor [7]. However, co-crosslinking 
with an activating receptor is not always required for the phosphorylation of an ITIM-
bearing receptor. Ligand independent phosphorylation of ITIM-bearing molecules may also 
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occur. LAIR-1 is constitutively phosphorylated in primary T cells and Jurkat cells [43,52]. 
This suggests that ligand binding is not required for phosphorylation, as Jurkat cells do not 
express a demonstrable ligand for LAIR-1 [53]. CD22 mutants that do not bind sialic acid 
ligands are still phosphorylated in vivo [54], but it has not been investigated whether these 
mutants bind other ligands. A special case is CD72, which is dephosphorylated upon 
binding to its ligand CD100 [55,56]. CD22 and CD72 are phosphorylated upon stimulation 
of the B cell receptor [57,58], without ligation of the receptors themselves. Likewise, it has 
been shown that SHP-1 binding to PIR-B is enhanced upon stimulation of Ba/F3 cells with 
IL-3 [59]. This suggests that also cytokines may influence the function of ITIM-bearing 
receptors. 

Once phosphorylated, ITIM-bearing receptors recruit the SH2 domain-containing 
phosphatases SHIP, SHP-1 and/or SHP-2. The inhibition of activating signals by these 
phosphatases probably requires co-crosslinking of the ITIM-bearing receptor with the 
activating receptor. This is illustrated by a study on KIR2DL3, where separate crosslinking 
 

 
Figure 1. Schematic overview of inhibition of ITAM signaling by ITIM-bearing receptors. When an ITAM-
bearing receptor (dark) is triggered, it recruits a Src family kinase (Src), which phosphorylates the ITAM and 
activates Syk kinases (Syk/ZAP70). Both types of kinases are subsequently involved in the phosphorylation of a 
large number of proteins, which include adaptor proteins and downstream effectors. When an ITIM-bearing 
receptor (grey) is co-ligated, the Src family kinase also phosphorylates the ITIM (middle panel). The 
phosphorylated ITIM recruits either SHIP (left panel) or SHP-1/SHP-2 (right panel). SHIP dephosphorylates 
phosphatidyl inositol (3,4,5) triphosphate, thereby interfering with the recruitment of PH domain containing 
molecules (PH). In addition, SHIP becomes phosphorylated and associates with either Shc or p62dok. Both 
interactions inhibit Erk activation (left panel). When SHP-1 is recruited to an ITIM, it can dephosphorylate several 
molecules that are involved in the initial steps of cell activation, including Src family kinases, ITAM, Syk family 
kinases and adaptor molecules and inhibit their activation (right panel). See text for a more detailed description. 
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of the ITIM-bearing receptor does not lead to inhibition [60]. Co-crosslinking may be 
required for the phosphorylation of KIR2DL3 and/or it may be necessary to bring the 
phosphatases associated with the ITIMs in the proximity of their targets.  KIRs cluster at 
the site of cell-cell contact, the immunological synapse, when a target cell expresses the 
proper MHC I ligand [61-63]. In addition to KIR clustering at the NK cell-target cell 
interface, SHP-1 has been shown to accumulate in the center of non-cytolytic immune 
synapses [61,64]. According to this model, recruitment of the phosphatases to ITIM-
bearing receptors brings the phosphatases close to the site of cell activation, where they are 
thought to dephosphorylate key molecules involved in cellular activation (Fig. 1).  

Most research on ITIM-bearing receptors has focused on inhibition of receptors that 
contain Immunoreceptor Tyrosine-based Activation Motif (ITAM)s. Multi chain immune 
recognition receptors, such as the B cell receptor, the T cell receptor and Fc receptors, 
contain ITAM-bearing signaling chains. NK cells also express activating receptors that 
associate with ITAM-bearing signaling chains [65]. It is not completely known which types 
of signal can be inhibited by ITIM-bearing receptors. FcγRIIB inhibits proliferation of mast 
cells in response to the receptor tyrosine kinase c-kit [66,67]. Engagement of LAIR-1 
inhibits GM-CSF-induced differentiation of DCs [68]. This suggests that ITIM-bearing 
receptors may also regulate signals from receptors that do not contain ITAMs. Here we will 
focus on the mechanisms by which SH2 domain-containing phosphatases can inhibit 
signals initiated from ITAM-containing receptors. 
 
SHIP 
 
Several ITIM-bearing receptors bind SHIP, including FcγRIIB, Mast cell Function-
associated Antigen (MAFA) and Myeloid-Associated Ig-like Receptor (MAIR)-1 [48,69-
71]. SHIP is a 5’ inositol phosphatase that is expressed in most hematopoietic cells. It plays 
an important regulatory role in the immune system. SHIP deficient mice show an 
infiltration of macrophage and neutrophils in the lungs and the development and activation 
of myeloid cells and B cells is disturbed (reviewed in [72]).  

SHIP consists of an N-terminal SH2 domain, a catalytic domain and a C-terminal tail 
that contains two phosphorylation sites located in NPXY motifs, which can serve as 
docking sites for Phosphotyrosine Binding (PTB) domains. In addition, SHIP contains 
several proline rich sequences that could mediate binding to SH3 domain-containing 
proteins. There are several isoforms of SHIP and the expression of these isoforms differs 
among different cell types. Whether these isoforms have different functions is not yet clear. 
In addition, another SHIP gene, SHIP-2, has been identified.  SHIP-2 is also expressed in 
non-hematopoietic cells. Like SHIP-1 it appears to be a negative regulator of cell 
activation, but to what extent SHIP-1 and SHIP-2 are redundant remains to be investigated 
[72-74].  
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The binding to of SHIP to ITIM-bearing receptors is mediated by the SH2 domain. In 
addition, the C-terminal part of SHIP appears to be involved in binding to FcγRIIB. A SHIP 
mutant that lacks the C-terminal tail does not restore FcγRIIB-mediated inhibition in SHIP 
deficient cells, but when this mutant is directly fused to the receptor, it does have an 
inhibitory effect [75]. When bound to FcγRIIB, SHIP becomes phosphorylated on tyrosines 
[70].  

There are several mechanisms by which SHIP can inhibit cell activation [72]. These 
can be divided into mechanisms that involve the catalytic activity of SHIP and mechanisms 
that involve interactions of other molecules with the C-terminal part of SHIP. When 
localized to the membrane SHIP dephosphorylates phophatidylinositol (3,4,5)-triphosphate 
(PIP3) and inositol (1,3,4,5)-tetrakisphosphate (IP4) at the 5’ position of the inositol ring. 
Phosphoinositol lipids play an important role in the recruitment of Pleckstrin Homolgy 
(PH)-domain containing molecules to the plasma membrane during cell activation [76]. By 
hydrolyzing PIP3, SHIP interferes with the recruitment and activation of these molecules 
(Fig. 1, left panel). One of the target molecules is Brutons Tyrosine Kinase (Btk), which 
plays an important role in B cell activation. Co-ligation of FcγRIIB with the B cell receptor 
inhibits Btk recruitment, PLCγ activation and subsequent calcium release [77,78]. In 
addition, the recruitment of Protein Kinase B (PKB) is negatively regulated by SHIP 
[79,80]. Thus SHIP recruitment to ITIM-bearing receptors interferes with the relocalization 
of PH-domain containing molecules that are essential for proper immune responses. 

In addition to its catalytic activity, SHIP associates with several molecules, thereby 
creating or disrupting other signaling complexes. Phosphorylation of SHIP leads to 
dissociation from FcγRIIB and association with the adaptor Shc [81]. By binding to Shc, 
SHIP competes with Grb2. This leads to a reduction in Shc/Grb2/Sos complexes and 
ultimately in inhibition of Extracellular signal Regulated Kinase (Erk), a downstream 
effector of many pathways [82,83]. A similar mechanism has been described in MAFA 
mediated inhibition [84]. In addition, phosphorylated SHIP interacts with p62dok through 
the PTB domain of the latter. p62dok binds RasGAP and is a negative regulator of Erk 
activation [85-87]. Thus, both interactions of SHIP result in inhibition of Erk activation. 

SHIP is also phosphorylated upon activation of cells with a variety of cytokines and 
growth factors [73]. Moreover, SHIP may directly interact with ITAM-containing receptors 
and appears to be involved in setting a threshold for activation. Thus, SHIP acts as a 
general regulator of immune cells [72,88].  
 
SHP-1 and SHP-2 
 
Many ITIM-bearing receptors recruit SHP-1 (also known as HCP, PTP1C or SH-PTP1) 
and/or SHP-2 (PTP1D, SH-PTP2), including KIRs, ILT, Ly49, LAIR-1, CD22, CD72 and 
Signal Regulatory Protein (SIRP)α [12,22,89-92]. SHP-1 and SHP-2 are structurally related 
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protein tyrosine phosphatases but have different expression patterns and biological 
functions. 

SHP-1 is expressed in hematopoietic cells and at lower levels in epithelial cells. Its 
importance in the regulation of the immune system is illustrated by the phenotype of 
motheaten or viable motheaten mice. These mice have a homozygous mutation in the SHP-
1 gene and show impaired development of lymphoid cells and reduced proliferative 
responses to mitogens, leading to immunodeficiency. In addition they develop 
autoimmunity, characterized by polyclonal B-cell activation and production of 
autoantibodies, and show overgrowth of macrophages and granulocytes in several organs, 
which is associated with chronic inflammation. As a consequence these mice have a short 
lifespan (reviewed in [93]). Interestingly, SHP-1 has been shown to be activated by 
Leishmania elongation factor-1a, inhibiting the activation of infected macrophages [94]. 
This indicates that pathogens may use SHP-1 mediated inhibition of the immune system as 
an escape mechanism. Like SHIP, SHP-1 is involved in the negative regulation of cell 
activation following a variety of stimuli such as growth factors, cytokines, integrin 
signaling and antigen receptor signaling. This could be an indication that SHP-1 acts as a 
general regulator of immune responses independently of ITIM-bearing receptors 
[88,95,96]. Some of these functions, however, may still involve ITIM-bearing receptors 
[97]. 

The role of SHP-2 in ITIM mediated inhibition remains controversial. SHP-2 is 
ubiquitously expressed and is considered a positive regulator of cytokine and growth factor 
receptor signaling. For details readers are referred to other reviews [96,98]. Disruption of 
the SHP-2 gene leads to death during embryonic development [99]. In vitro differentiation 
studies and studies using chimeric mice have shown that SHP-2 is essential for 
hematopoietic cell development [100,101]. Given its role as a positive regulator of cell 
survival and proliferation, it may be surprising that SHP-2 is recruited by inhibitory 
receptors in the immune system. However, there is increasing evidence that SHP-2 
recruited to the ITIMs of inhibitory immune receptors acts as a negative regulator of cell 
activation. Inhibition mediated by Platelet Endothelial Cell Adhesion Molecule (PECAM)-
1/CD31 is significantly reduced in SHP-2 deficient DT40 chicken B cells [42,102]. 
Alternatively, PIR-B mediated signaling is not strictly dependent on SHP-2, but does 
require either SHP-1 or SHP-2 [103]. Similarly, mutants of KIR2DL3 and LAIR-1 that do 
not bind SHP-1, but still recruit SHP-2, have inhibitory function [43,104,105]. Indeed, 
using a KIR chimera in which the cytosolic tail is replaced by the catalytic domain of SHP-
2, it has been demonstrated that SHP-2 activity is sufficient to inhibit the cytolytic activity 
of NK cells [105]. 

SHP-1 and SHP-2 consist of two SH-2 domains, a catalytic domain and a C-terminal 
tail. The N-terminal SH2 domain is involved in an auto-inhibitory mechanism, as removal 
of this domain activates the phosphatase [106-110]. Analysis of the crystal structures of 
SHP-1 and SHP-2 showed that the N-terminal SH2 domain blocks the catalytic domain and 
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keeps the phosphatase in an inactive conformation [111,112]. Thus binding of the N-
terminal SH2 domain to a phosphorylated tyrosine residue appears to be crucial for SHP-1 
and SHP-2 activation. In addition, SHP-1 activity may be regulated by phosphorylation. In 
murine T cells Lck phosphorylates SHP-1 on a C-terminal tyrosine residue, which enhances 
the catalytic activity of the phosphatase [113,114]. This may be achieved by intramolecular 
interactions of the SH2 domains with the phosphorylated tyrosines [115]. In platelets SHP-
1 is phosphorylated on a serine residue in the C-terminal tail by Protein Kinase C, 
inhibiting the phosphatase activity [116]. It is unclear whether SHP-1 becomes 
phosphorylated upon engagement of an ITIM-bearing receptor. 

Most research on the targets of ITIM-bearing receptors has focused on SHP-1. 
Recruitment of SHP-1 by ITIM-bearing receptors that have been co-ligated with an ITAM-
bearing receptor activates the phosphatase and localizes it in the vicinity of its substrates 
(Fig. 1, right panel). Many signaling molecules involved in the initial steps of immune cell 
activation have been suggested to be a SHP-1 substrate. This includes Src family kinases, 
which are involved in the first step of cellular responses. Motheaten mice have 
hyperactivated Lck and Fyn [117], and Lyn is hyperphosphorylated in SHP-1 deficient B 
cells [118]. SHP-1 dephosphorylates Lck and Lyn at their auto-phosphorylation sites, which 
plays a crucial role in the activation of Src family kinases [118,119]. Thus, SHP-1 may 
directly regulate the activity of Src family kinases. In contrast, the activity of Src itself 
appears not to be regulated by SHP-1 [114]. Likewise, members of the Syk family of 
kinases are targets, as both ZAP-70 and Syk can be directly dephosphorylated by SHP-1 
[120-122]. In addition, the phosphorylated ITAMs of the activating receptor may be a target 
of SHP-1. In SHP-1 deficient thymocytes the TCR complex is constitutively 
phosphorylated and overexpression of SHP-1 reduces the phosphorylation of the signaling 
chains of FcεRI [123,124]. However, this could be due to negative regulation of Src family 
kinases, rather than a direct effect of SHP-1 on phosphorylated ITAMs.  Also adaptor 
molecules involved in signaling cascades have been described as targets for SHP-1, such as 
SH2 domain-containing Leukocyte Protein (SLP)-76 and Linker for Activation in T cell 
(LAT) in T cells and B cell Linker protein (BLNK)/SLP-65 and Dok in B cells[125-128]. 
By dephosphorylating these adaptors, SHP-1 interferes with the recruitment of effector 
molecules in the signaling cascade.  

Besides molecules that are involved in the initial phase of cell activation, SHP-1 
activation may affect more downstream effectors.  Vav1, a regulator of the actin 
cytoskeleton, has been identified as a direct SHP-1 substrate in NK cells. This indicates that 
SHP-1 may directly interfere with the re-organization of the actin cytoskeleton, which is 
required for the formation of a tight contact between the NK cell and the target cell and 
subsequent activation of the NK cell [129]. In addition, SHP-1 may directly affect the 
intracellular calcium concentration. CD22 mediated activation of SHP-1 leads to the 
dephosphorylation of the Plasma Membrane Calcium ATPase (PMCA). As a consequence 
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PMCA is activated, leading to an efflux of calcium and abrogation of the raise in the 
intracellular calcium concentration that occurs upon B cell receptor crosslinking [130]. 
Finally, ITIM-bearing receptors themselves may be SHP-1 substrates, as has been reported 
for SIRPα and CD72 [131,132]. Overexpression of catalytically inactive SHP-1 results in 
hyperphosphorylation of LAIR-1 [133]. SIRPα and PIR-B are hyperphosphorylated in 
macrophages from motheaten viable mice, which have catalytically impaired SHP-1 [134]. 
However, it is possible that catalytically inactive SHP-1 actually protects the receptors from 
dephosphorylation, since SIRPα and PIR-B are hypophosphorylated in SHP-1 deficient 
macrophages [134].   

The large number of potential SHP-1 substrates suggests that SHP-1 regulates cell 
activation at several levels, but there is some reason for caution. Although there are many 
SHP-1 substrates, it is not clear which substrates are essential for the inhibitory function of 
SHP-1. In addition, inactivation of Src family kinases by SHP-1 will affect phosphorylation 
of other proteins indirectly. Thus, it is likely that SHP-1 regulates cell responses at the 
proximal level, thereby indirectly inhibiting phosphorylation of more downstream effectors. 

There are few studies on the targets of SHP-2 in inhibitory signaling and therefore it is 
not known whether SHP-2 exerts its negative effect on cell activation by the same 
mechanisms as SHP-1. Clustering of MAFA on mast cells induces an interaction between 
SHP-2 and Lyn, and subsequent dephosphorylation of Lyn [135]. This indicates that SHP-1 
and SHP-2 may at least have partially overlapping substrates. Further research is required 
to investigate the molecular mechanisms underlying SHP-2 mediated inhibition. 
 
ITIMs differ in their function 
 
Recruitment of either SHIP or SHP-1 by ITIM-bearing receptors has different outcomes: 
recruitment of SHP-1 abrogates tyrosine phosphorylation of signaling molecules that would 
occur upon triggering of an ITAM-bearing receptor, while SHIP recruitment does not affect 
the initial phosphorylation, but interferes with the recruitment of downstream effectors to 
the site of cell activation. This may have consequences for the final response of the cell 
[136]. For instance, FcγRIIB, which recruits SHIP, and KIR2DL3, which recruits SHP-1, 
have different effects on the intracellular calcium increase upon triggering of the IgE 
receptor FcεRI on a mast cell line: FcγRIIB only inhibits the influx of calcium from 
extracellular stores, while KIR2DL3 also affects calcium release from intracellular stores 
[60]. The same is observed when the intracellular tail of the receptor is replaced by catalytic 
domains of SHIP or SHP-1: SHIP does not block calcium fluxes when extracellular calcium 
is removed by EGTA, while SHP-1 can inhibit the calcium flux in the presence of EGTA 
[137]. Thus, the phosphatase recruited by an ITIM-bearing receptor determines how 
activating signals are modified. Therefore, one of the major questions in the study of ITIM-
bearing receptors is what determines which phosphatases are recruited by a given receptor. 
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Mutational analysis of the ITIMs of FcγRIIB and KIR2DL3 has shown that the leucine 
at the +2 position relative to the tyrosine in FcγRIIB is required for the recruitment of 
SHIP, while it does not affect the binding of SHP-1 [138]. Alternatively, the hydrophobic 
residue at the –2 position plays a role in the binding of SHP-1 but not SHIP [138-140], 
although mutation of this residue does not completely abolish SHP-1 binding to either 
KIR2DL3 of CD94/NKG2A and still allows inhibitory function [141,142]. Taken together, 
these studies suggest that there are distinct ITIMs that bind either SHIP or SHP-1. In 
addition, the extent of phosphorylation of the ITIMs plays a role: while the ITIM of 
FcγRIIB binds SHIP, SHP-1 and SHP-2 in in vitro binding assays, the receptor only recruits 
SHIP in B cells. This is probably due to the limited phosphorylation of the receptor upon 
co-crosslinking with the B cell receptor, since hyperphosphorylation of FcγRIIB by 
pervanadate treatment of the cells does result in SHP-1 recruitment  [143]. In physiological 
conditions, however, FcγRIIB only binds SHIP. This illustrates the importance of 
investigating the recruitment of phosphatases under physiological conditions rather than by 
using ITIM-derived phosphopeptides. Finally, the number of ITIMs may play a role in the 
association of phosphatases. Binding of SHP-1 to KIR2DL3 and LAIR-1 requires two 
ITIMs, while SHP-2 can bind to the N-terminal ITIM alone [43,104]. Thus, the number of 
ITIMs in these receptors determines which phosphatases are recruited.  

The different functions of ITIMs are illustrated by many studies that show that not all 
ITIMs of a given receptor contribute similarly to the inhibitory function. In KIR3DL2 and 
LAIR-1 the N-terminal ITIM alone is sufficient for the recruitment of SHP-2 and inhibitory 
function, while the C-terminal ITIM alone is not effective [43,104]. Likewise, the N-
terminal ITIM of CD94/NKG2A is more important than the C-terminal ITIM [142]. Studies 
on PIR-B and ILT-2, which have several ITIM-like sequences, show that individual ITIMs 
have different contributions [103,144,145]. These differences may be caused by different 
affinities of the phosphatases or by the fact that ITIMs are differentially phosphorylated. 
For example, the N-terminal ITIM of LAIR-1 is sufficient for phosphorylation, while a 
mutant with only a functional C-terminal ITIM is barely phosphorylated [43].  

In conclusion, ITIM-bearing receptors have different signaling properties, as their 
ITIMs contribute differently to their function. Moreover, besides recruiting SH2-domain 
containing phosphatases through their ITIMs, ITIM-bearing receptors may utilize 
additional pathways.  
 
ITIM-bearing receptors use multiple signaling pathways 
 
In addition to ITIMs many ITIM-bearing receptors contain other regions that play a role in 
their function. In most cases, they contain tyrosine residues as well. Some of these tyrosine 
residues are also involved in the recruitment of SH2 domain-containing phosphatases. For 
example, PD-1 contains both an ITIM and an Immuno receptor Tyrosine-based Switch 
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Motif (ITSM). This motif was defined in the CD150 family of receptors and binds to SH2 
domain-containing molecule 1A, an adaptor that regulates the recruitment of either SHP-2 
or SHIP to the receptor and thus determines which pathways are activated upon receptor 
engagement [146]. The inhibitory function of PD-1 and the recruitment of SHP-1 and SHP-
2 depend on the ITSM rather than the ITIM [147]. CD5 mediated inhibition in B cells does 
not require the ITIMs but a tyrosine outside the ITIMs [148]. Ly49A and FcγRIIB also have 
ITIM-independent functions. A Ly49A mutant in which the tyrosine in the ITIM is mutated 
still inhibits B cell receptor induced IL-2 production, but does not recruit SHP-1 and SHIP 
[149]. A truncated form of FcγRIIB, which lacks most of the intracellular tail, inhibits 
calcium release and CD19 phosphorylation [150]. This effect may be the result of 
displacement of CD19 from the B cell receptor complex but it is also possible that the 
truncated FcγRIIB associates with other molecules that induce CD19 dephosphorylation. 
Signaling by FcγRIIB is even more complex, as a mutant in which the ITIM tyrosine is 
mutated induces apoptosis upon co-ligation with the B cell receptor. This is not seen with 
the wild type receptor when it recruits SHIP [137]. Thus, Ly49 and FcγRIIB still give 
signals to the cell, when the sites that recruit SH2 domain-containing phosphatases are 
eliminated. These findings support the hypothesis that ITIM-bearing receptors may use 
additional mechanisms to exert their function.  

Several ITIM bearing receptors appear to have both activating and inhibitory functions. 
An example of these receptors is SIRPα (also known as SHPS-1, BIT and MyD-1), which 
is expressed in myeloid cells and neurons [151]. When co-ligated to the FcεRI, SIRPα 
inhibits IgE induced responses of mast cells [152]. In addition, binding of SIRPα to its 
ligand CD47 inhibits the phagocytic activity of macrophages and the maturation and 
activation of dendritic cells [153-155]. On the other hand, CD47-SIRPα interactions are 
required for the transmigration of monocytes and neutrophils across endothelium, a process 
that involves CD47 signaling in the endothelial cells [156,157]. Likewise, the effect of 
SIRPα crosslinking on cytokine production is not solely inhibitory: SIRPα crosslinking on 
macrophages results in the production of nitric oxide [151]. In monocytes, crosslinking of 
SIRPα inhibits the production of TNFα, but this requires the activation of PI3 kinase, 
which is normally associated with cell activation. Crosslinking of SIRPα also stimulates the 
production of IL-12 [158].  

The complex function of SIRPα is reflected by its signaling properties. SIRPα contains 
3 ITIMs and an ITIM-like motif [159]. It has been reported to bind to SHP-1 and SHP-2 but 
also to Csk and to a lesser extent to Grb2 [92,159]. In addition, SIRPα forms complexes 
with either the adaptors Src Kinase-Associated Protein of 55kDa homologue 
(SKAP55hom/R) and Fyn-Binding Protein/SLP-76 Associated Protein of 130 kDa 
(FBP/SLAP130) or the tyrosine kinase PYK2 in macrophages [160]. In fibroblasts SIRPα 
has been reported to bind the janus kinase JAK2 and to decrease its phosphorylation, 
possibly by recruiting SHP-2 [161,162]. It has not been confirmed, however, that the latter 
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pathway occurs in immune cells as well. Although the functional relevance of each 
interaction is not yet clear, the fact that SIRPα can form distinct complexes is likely the 
reason for the different outcomes of SIRPα engagement.  

Another example of an ITIM-bearing receptor with more than just an inhibitory 
function is CD22. Although CD22 deficient B cells show enhanced intracellular calcium 
release upon stimulation, they proliferate less well than wild type B cells and B cell 
receptor induced c-Jun N-terminal Kinase (JNK) activation is impaired in these cells 
[35,36,163]. In addition, CD22 has been reported to play a role in homing of B cells to the 
bone marrow [164]. CD22 contains six intracellular tyrosines, three of which are in ITIMs 
[165]. Upon triggering of the B cell receptor, CD22 is phosphorylated and recruits SHP-1 
[166]. In addition, SHIP, Lyn, Syk, Grb2, Shc, PLCγ and PI3 kinase have been reported to 
bind CD22 [46,163,167-169]. The interaction with these molecules suggests that CD22 
may provide positive signals to the cell and cross linking of CD22 with a monoclonal 
antibody has indeed been reported to promote B cell proliferation [168,170]. However, to 
what extent other molecules than SHP-1 contribute to CD22 function, is still a matter of 
debate [171]. 
 
Are all ITIM-bearing receptors inhibitory receptors? 
 
The function of SIRPα, CD22 and also PECAM-1, which is expressed on immune cells and 
endothelium and is involved in many signaling pathways [172], show that not all so called 
ITIM-bearing receptors can unambiguously considered to be inhibitory receptors. Several 
other proteins that are usually considered as stimulatory receptors contain ITIM-like 
sequences. For example, the IL-4 receptor contains an ITIM-like sequence, which 
negatively regulates cell proliferation and recruits SH2 domain containing phosphatases 
[173]. In contrast, the activating NK cell receptor NKp44 contains an ITIM, but this seems 
to be non-functional [174]. Recently, a novel co-stimulatory molecule, TREM-like 
Transcript (TLT)-1 has been described, that contains an ITIM sequence and recruits SHP-2. 
However, the ITIM is not only required for SHP-2 binding, but also for the co-stimulatory 
function, suggesting that SHP-2 or another ITIM associated molecule is involved in cell 
activation [175]. These examples illustrate that the presence of an ITIM does not always 
imply inhibitory signaling. Other regions of the receptor together with the ITIM determine 
the outcome of receptor triggering. 
 
Concluding remarks 
 
Research on ITIM-bearing receptors has mainly focused on the inhibition of signaling of 
ITAM-containing receptors by SH2 domain-containing phosphatases. However, the total 
picture of ITIM-mediated signaling is more complex. First, it has not been extensively 



Chapter 1 
 

22 

investigated which type of signals can be inhibited by ITIM-bearing receptors. The 
functions of SHIP and SHP-1 suggest that ITIM-bearing receptors may regulate responses 
to a broad range of signals, including growth factors and cytokines. Second, not all ITIMs 
have the same function. It is not yet clear what determines whether a given ITIM is 
phosphorylated and which molecules it binds. Finally, the mechanisms by which ITIM-
bearing receptors exert their regulatory effect may include ITIM-independent interactions. 
Triggering of an ITIM-bearing receptor does not always lead to inhibition. What determines 
the contribution of each interaction to the function of the receptor? More research is 
required to address these questions. 
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As discussed in chapter 1, receptors containing Immunoreceptor Tyrosine-based Inhibitory 
Motif (ITIM)s have non-redundant functions and are likely to  provide distinct signals to 
the cells. Knowledge of the mechanisms by which ITIM-bearing receptors exert their 
function should therefore provide more insight in the regulation of the immune system. 
This thesis is focussed on the function and signaling mechanisms of Leukocyte-Associated 
Ig-like Receptor (LAIR)-1, a receptor that is expressed on most human mononuclear 
leukocytes [1]. 
 
Structure and function of LAIR-1 
 
When the research described in this thesis started, only human LAIR-1 had been identified. 
LAIR-1 is a transmembrane glycoprotein that belongs to the Ig superfamily. It contains a 
single extracellular Ig-like domain and two ITIMs in the intracellular tail [1]. The gene 
encoding human LAIR-1 is located in the Leukocyte Receptor Complex (LRC) on 
chromosome 19q13.4. This cluster contains the genes of several Ig-like receptors, including 
ITIM-bearing receptors of the Killer-cell Ig-like Receptor (KIR) family and Ig-like 
Transcript (ILT) family [2,3] and an additional LAIR family member, LAIR-2, which has 
84% homology to LAIR-1 [1]. The LAIR genes are located in inverted segments of the LRC 
and appear to have evolved from a common ancestral gene [4]. However, LAIR-2 lacks a 
transmembrane and intracellular domain and is therefore likely a secreted protein (Fig. 1). 
The function of LAIR-2 is unknown, but it might act as a competitor of LAIR-1.  
 

Figure 1. Schematic overview 
of the human LAIR family. 
The different isoforms of LAIR-
1 (black) and LAIR-2 (dark 
grey) are indicated. The ITIMs 
in LAIR-1 are represented by 
white boxes. The 17 amino acid 
region that lacks in LAIR-1b, 
LAIR-1c and LAIR-2b is de-
picted in light grey. As LAIR-
1b and LAIR-1c differ by only 
one amino acid, they have not 
been depicted separately. 
 

Splice variants of both LAIR-1 and LAIR-2 have been described (Fig. 1): LAIR-1b and 
LAIR-2b lack 17 amino acids in a stalk region C-terminal of the Ig-like domain compared 
to the originally described LAIR-1a and LAIR-2a, which may affect their glycosylation [5]. 
Both isoforms of LAIR-1 are differentially expressed in a number of cell lines [5]. Another 
variant, LAIR-1c, has been found in the Jurkat T cell line and differs from LAIR-1b by one 
amino acid in the extracellular domain [6]. In addition, a transcript was found for LAIR-1d, 
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which lacks most of the intracellular domain [6]. However, no expression of this splice 
variant was reported. LAIR-1b mediates inhibitory signals and appears to function similar 
as LAIR-1a [5]. However, as the ligand of LAIR-1 remains unknown, it cannot be excluded 
that the isoforms have different affinities for the ligand.  

LAIR-1 is expressed on NK cells, 70-90 % of T cells, 80-90 % of B cells and 
mon

ruitment of SH domain-containing 
phos

cope of this thesis 

lthough it has been clearly shown that LAIR-1 can act as an inhibitory receptor on 

esis focuses on the regulation of LAIR-1 expression and on the mechanisms by 
whi

question how different ITIM-bearing receptors can fulfill distinct functions. 

ocytes [1]. It becomes phosphorylated upon treatment with the phosphatase inhibitor 
pervanadate or upon engagement of the receptor with monoclonal antibodies, and 
subsequently recruits the SH2 domain-containing phosphatases SHP-1 and SHP-2 [1,6]. In 
T cells, LAIR-1 is constitutively phosphorylated, suggesting that LAIR-1 may be 
phosphorylated independent of ligand engagement [7].  

In accordance to the presence of ITIMs and the rec
phatases, LAIR-1 acts as an inhibitory receptor: it inhibits the cytotoxic function and 

proliferation in NK cells and effector T cells [1,5,8,9], and activation and antibody 
production in B cells [10,11]. In addition, as LAIR-1 is expressed on CD34+ hematopoietic 
progenitor cells, it may also regulate differentiation of immune cells [12]. Engagement of 
LAIR-1 on myeloid leukaemia cells inhibits proliferation and induces apoptosis [13,14], 
suggesting a role for LAIR-1 in the control of myelopoiesis. In addition, LAIR-1 inhibits 
the differentiation of peripheral blood precursors towards dendritic cells [15]. Thus, LAIR-
1 is a broadly expressed ITIM-bearing receptor that, in addition to inhibition of lymphocyte 
activation, may regulate proliferation and differentiation of immune cells.  
 
S
 
A
immune cells, it is not clear which processes in the development and function of the 
immune system are actually regulated by LAIR-1 in vivo. In order to understand the 
biological function of LAIR-1, it remains to be investigated how LAIR-1 expression on the 
different immune cells is regulated, by which ligand it is engaged and how this affects cell 
function.  

This th
ch LAIR-1 inhibits immune cell function. In chapter 3, it is shown that LAIR-1 

expression is regulated during neutrophil differentiation and activation, suggesting a role 
for LAIR-1 in the control of neutrophil function. The next chapters focus on the signaling 
by LAIR-1: the contribution of each ITIM to LAIR-1 function is investigated in chapter 4. 
Chapter 5 describes the identification of the mouse homologue of LAIR-1 and how the 
function and signaling of this receptor are related to human LAIR-1. In chapter 6, the role 
of SHP-1 and SHP-2 in LAIR-1 function is studied and Csk is identified as a third LAIR-1 
interacting molecule. Finally, in chapter 7, these findings are discussed and related to the 
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Abstract 
 
Inhibitory receptors containing Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM)s 
play an important regulatory role in immune cell activation. In addition, several studies 
suggest that these receptors are involved in the regulation of hematopoietic cell 
differentiation. Here we have investigated the expression of Leukocyte-Associated Ig-like 
Receptor (LAIR)-1, an inhibitory receptor expressed on most peripheral blood leukocytes 
and on CD34+ hematopoietic progenitor cells, in neutrophil differentiation and activation. 
We found that while LAIR-1 was expressed on peripheral blood eosinophils, cell surface 
expression on mature neutrophils was very low, suggesting that LAIR-1 expression is 
regulated during granulocyte differentiation. Indeed, the promyeloid cell line HL-60 
expressed LAIR-1, but the expression decreased during chemical-induced differentiation 
towards neutrophils. Similarly, in bone marrow-derived neutrophil precursors, the most 
immature cells expressed LAIR-1, while loss of LAIR-1 expression was associated with 
neutrophil maturation. LAIR-1 was rapidly re-expressed on mature neutrophils upon 
stimulation with Granulocyte/Macrophage-Colony Stimulating Factor (GM-CSF) and N-
Formyl-Methionyl-Leucyl-Phenylalanine (fMLP), indicating that LAIR-1 may also regulate 
neutrophil effector function. Our studies suggest that LAIR-1 may play a regulatory role in 
both differentiation and function of human granulocytes.  
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Introduction 
 
For an adequate function of the immune system, a tight balance between activation and 
inhibitory signals is required. A growing number of inhibitory receptors have been 
identified that regulate the function of cells in the immune system [1,2]. Most of these 
receptors contain one or more Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM)s. 
Upon engagement of the receptor, the tyrosines in the ITIMs become phosphorylated and 
serve as docking sites for the SH2 domain-containing phosphatase (SHP)-1, SHP-2 and/or 
the SH2 domain-containing 5’ inositol phosphatase (SHIP). These phosphatases 
dephosphorylate key molecules involved in the signaling from activating receptors and 
thereby inhibit cellular activation [2-4]. Most cells of the immune system express several 
ITIM-bearing receptors [2,4]. However, although negative regulation by ITIM-bearing 
receptors has been extensively investigated in other immune cells, little is known about the 
function of inhibitory receptors in neutrophils, which play an essential role in both the 
innate and adaptive immune response [5,6].  

In addition to their regulatory function in immune cell activation, indirect evidence 
suggests that ITIM-bearing receptors may control the differentiation of immune cells, 
including neutrophils. Motheaten and viable motheaten mice, which carry homozygous 
mutations in the SHP-1 gene, show a dramatic infiltration of neutrophils into the lungs, skin 
and extremities [7]. The accumulation of neutrophils probably reflects a disturbance in 
neutrophil production, as it was recently shown that SHP-1 negatively regulates 
myelopoiesis [8]. Also SHIP deficient mice and Lyn deficient mice show increased 
numbers of myeloid progenitors [9-11]. Since Lyn is important for the phosphorylation of 
ITIM-bearing receptors and the recruitment of SH2 domain-containing phosphatases in 
myeloid cells [10,12], these studies suggest that ITIM-bearing receptors may be involved in 
the regulation of myelopoiesis. Indeed, ligation of CD33 or p75/Adhesion Receptor 
Molecule (AIRM)-1 inhibits in vitro proliferation of myeloid progenitors [13].  

Here we investigated the expression in polymorphonuclear granulocytes of Leukocyte-
Associated Ig-like Receptor (LAIR)-1, a receptor that is broadly expressed in the immune 
system [14]. LAIR-1 contains two ITIMs that recruit SHP-1 and SHP-2 and acts as an 
inhibitory receptor on NK, T and B cells [14-17]. Interestingly, LAIR-1 is also expressed 
on CD34+ precursor cells, suggesting a role in hematopoiesis [18]. In addition, LAIR-1 has 
been reported to inhibit the differentiation of peripheral blood precursors towards dendritic 
cells [19]. Thus, LAIR-1 may be involved in the regulation of hematopoietic cell 
differentiation.  

We report that LAIR-1 is expressed on peripheral blood eosinophils but only at very 
low levels on mature neutrophils. The difference in LAIR-1 expression appears to occur 
during differentiation, as CD34+ precursor cells and immature neutrophils expressed LAIR-
1 and decreased LAIR-1 surface expression was associated with differentiation towards 
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mature neutrophils. However, LAIR-1 cell surface expression on mature neutrophils was 
upregulated after stimulation with Granulocyte/Macrophage-Colony Stimulating Factor 
(GM-CSF) and N-Formyl-Methionyl-Leucyl-Phenylalanine (fMLP).  Our findings suggest 
that LAIR-1 may be involved in the regulation of both neutrophil differentiation and 
function. 
 
 Materials and Methods 
 
Blood and bone marrow donors 
Peripheral blood was drawn from healthy volunteers or healthy donors receiving human 
recombinant Granulocyte-Colony Stimulating Factor (G-CSF, Neupogen, 5µg/kg of body 
weight, twice daily for 5 days; Amgen). Bone marrow samples were obtained from cardiac 
patients undergoing surgery. Studies were approved by the Medical Ethical Committee of 
Utrecht University, in accordance with the Declaration of Helsinki. All donors gave 
informed consent.  
 
Isolation and cytokine stimulation of granulocytes 
Granulocytes were isolated from heparin anticoagulated peripheral blood samples by 
standard Ficoll-Histopaque (Sigma) density gradient centrifugation. To remove remaining 
erythrocytes, the cells were incubated with ice cold lysis buffer (0.16 M ammonium 
chloride, 0.01 M potassium bicarbonate, 0.1 mM sodium-edetate, pH 7.4) for 5 minutes and 
washed. The granulocytes were stained with FITC-conjugated anti-human CD16 antibodies 
(BD Biosciences), as neutrophils and eosinophils can be separated based on the level of 
CD16 expression [20]. The granulocytes obtained consisted of 98.7% neutrophils and 1.3% 
eosinophils. 

To investigate LAIR-1 expression on activated neutrophils, the cells were primed with 
10 U/ml human GM-CSF (leucomax, molgramastin, Novartis, Basel, Switzerland) for 90 
minutes and stimulated with 1 µM fMLP (Sigma) for 10 minutes. The cells were then 
analyzed by flow cytometry as described below. 

Neutrophil precursors from the bone marrow were isolated as described previously 
[21,22], based on the difference in cell density during neutrophil maturation. Briefly, bone 
marrow samples were incubated in lysis buffer on ice for 5 minutes to remove erythrocytes. 
After 1 hour of incubation in media, non-adherent cells were harvested and neutrophil 
precursors were separated by discontinuous Percoll gradient centrifugation using layers of 
successively 81, 62, 55, 50 and 45% Percoll. Layers 2 to 4 from the top contained 
immature, intermediate and mature neutrophils respectively. The morphology of the 
neutrophil precursors was analyzed by microscopy of cells stained with Diff-Quick (Dade 
Behring).  
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DMSO-induced differentiation of HL-60 cells 
The human promyeloid tumor cell line HL-60 has previously been shown to differentiate 
into neutrophil-like cells upon culture in the presence of dimethyl sulfoxide (DMSO) [23]. 
HL-60 cells were grown in RPMI 1640 media (Gibco, Paisley, UK) supplemented with 
10% fetal calf serum (Integro, Dieren, The Netherlands), 50 µM β-mercaptoethanol and 
antibiotics. To induce differentiation, 1.25% DMSO was added to the media. Cells were 
grown for 1 to 5 days and were analyzed by microscopy, after staining of the cells with 
Diff-Quick, and by flow cytometry as described below.  
 
In vitro differentiation of CD34+ progenitors towards neutrophils 
CD34+ cells were isolated from bone marrow and differentiated in vitro as described 
previously [24]. Briefly, mononuclear cells were isolated from bone marrow by Ficoll-
paque density gradient centrifugation. CD34+ progenitor cells were isolated by MACS 
immunomagnetic cell sorting using the CD34 isolation kit (Miltenyl Biotec) and cultured in 
Iscove’s Modified Dulbecco’s Medium (GIBCO, Paisley, UK) supplemented with 10% 
FCS, 50 µM β-mercaptoethanol, 2 mM glutamine and antibiotics. Differentiation was 
induced by adding SCF (50 ng/ml), FLT-3 ligand (50 ng/ml), GM-CSF (0.1 nM), and G-
CSF (30 ng/ml). After 3 days, cells were counted and resuspended in IMDM containing G-
CSF only. Cells were maintained at a density of 0.5 x 106 cells. The cells were grown for 14 
days in media containing G-CSF, and were subsequently grown in media with or without 
G-CSF for another 3 days. To analyze cell differentiation, cytospins were made of 
differentiating cells and fixed in methanol. The cells were stained by subsequent incubation 
with 50% Eosin Methylene Blue solution according to May-Grunwald (Sigma-Aldrich, 
Seelze, Germany) for 15 minutes and 10% Giemsa solution (Merck, Darmstadt, Germany) 
for 20 minutes. 
 
Flow cytometry 
To analyze cell surface expression of LAIR-1 and neutrophil differentiation markers, 
isolated neutrophils and HL-60 cells were incubated with 10% normal mouse serum to 
block Fc receptors. Subsequently the cells were incubated with FITC-conjugated anti-
human CD64 mAb (Serotec), APC-conjugated anti-human CD11b mAb, PE-conjugated 
anti-CD89 mAb, PE-conjugated anti-LAIR-1 mAb, or isotype matched conjugated 
antibodies (BD Biosciences) in the presence of 10% normal mouse serum and analyzed by 
flow cytometry. 
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Results 
 
LAIR-1 is expressed on eosinophils but not on neutrophils. 
To investigate the expression of LAIR-1 on granulocytes, we isolated cells from peripheral 
blood samples of healthy donors. Since eosinophils have lower CD16 expression than 
neutrophils, reactivity of anti-CD16 antibodies was used to distinguish between these two 
types of granulocytes [20]. We found that CD16-dim eosinophils expressed LAIR-1 at the 
cell surface (Fig. 1, left panel), whereas LAIR-1 expression was barely detectable on 
CD16-bright neutrophils (Fig. 1, right panel). The low reactivity of neutrophils, which form 
the vast majority of blood granulocytes, with anti-LAIR-1 antibodies confirmed our 
previous observation that granulocytes do not express cell surface LAIR-1 [14]. Thus, in 
contrast to eosinophils, neutrophils in peripheral blood of healthy donors express only very 
low levels of LAIR-1 at the cell surface. 
 

Figure 1. Expression of LAIR-1 on granulocytes from 
peripheral blood. Granulocytes were isolated from 
peripheral blood and incubated with FITC-conjugated anti-
CD16 antibodies (upper panel). LAIR-1 expression on 
CD16-dim eosinophils (left panel) and CD16-bright 
neutrophils (right panel) was evaluated by flow cytometry 
after incubation with PE-conjugated anti-LAIR-1 mAb 
(solid histograms) or PE-conjugated isotype-matched 
antibody (open histograms). The data shown are 
representative of three independent experiments.  
 
 
 

 
Loss of LAIR-1 expression is associated with neutrophil differentiation in HL-60 cells. 
The difference in LAIR-1 expression between eosinophils and neutrophils suggests that 
LAIR-1 expression could be regulated during granulocyte differentiation. We have reported 
previously that the promyeloid tumor cell line HL-60 expresses LAIR-1 [14]. HL-60 cells 
can be induced to differentiate towards neutrophils by culturing in the presence of 1.25 % 
DMSO for several days [23], and we used this system to investigate whether neutrophil 
differentiation is associated with a loss of surface LAIR-1 expression.  

Undifferentiated HL-60 cells showed a high LAIR-1 expression. In addition, they 
expressed the high affinity FcγRI receptor CD64 but were negative for CD11b and the Fcα 
Receptor CD89 (Fig. 2A, upper panels), correlating with the phenotype of neutrophil 
progenitors [25]. Upon culture in the presence of DMSO, the cells differentiated towards 
neutrophil-like cells, based on the morphology of the cells: whereas undifferentiated HL-60 
cells have round nuclei, DMSO-differentiated cells were smaller and had banded (3 days)  
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Figure 2. Differentiation of HL-60 towards neutrophils is associated with decreased LAIR-1 expression. (A) 
Hl-60 cells were grown in the presence of DMSO for up to 5 days and analyzed for the expression of cell surface 
markers by flow cytometry using PE-conjugated anti-LAIR-1 mAb, APC-labeled anti CD11b mAb, FITC-labeled 
anti-CD64 mAb, PE-conjugated anti-CD89 mAb (solid histograms) or isotype-matched control antibodies (open 
histograms). (B) The morphology of differentiating HL-60 cells was determined at day 0, 3 and 5 by staining 
cytospins of the cells with the Diff-Quick reagent. The results are representative of three independent experiments. 
 
or segmented (5 days) nuclei characteristic of polymorphonuclear neutrophils (Fig. 2B). 
This was associated with increased expression of SHP-1, as described previously (data not 
shown and [26,27]). In addition, the cells increased CD11b and CD89 expression during 
DMSO-induced differentiation, while CD64 expression was lost (Fig. 2A), in accordance 
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with normal neutrophil development [22,25]. No change in morphology or cell surface 
expression was observed upon longer culture in the presence of DMSO (data not shown). 

Interestingly, LAIR-1 expression started to decline after 2 days of DMSO-induced 
differentiation and was significantly decreased after 5 days (Fig. 2A, left panels). Similar 
results were obtained when HL-60 cells were differentiated in the presence of 1 µM all-
trans retinoic acid (data not shown). Thus, in HL-60 cells, neutrophil differentiation is 
associated with decreased cell surface expression of LAIR-1. 
 
Maturation of neutrophils is associated with decreased LAIR-1 expression in vivo.  
The expression of LAIR-1 on undifferentiated HL-60 cells suggests that LAIR-1 is 
expressed on myeloid progenitors. Indeed, CD34+ precursor cells express high levels of 
LAIR-1 (Fig. 5A, left panel, and [18]). We therefore investigated whether differentiation of 
myeloid progenitors towards neutrophils is also associated with loss of LAIR-1 expression. 
First we compared neutrophils from G-CSF treated healthy individuals with those from 
untreated donors. G-CSF treatment results in a large increase of neutrophil numbers in the 
peripheral blood, which is also associated with cells of a more immature phenotype [28,29]. 
Neutrophils from G-CSF treated individuals had greatly increased LAIR-1 expression 
levels compared to neutrophils from untreated donors, suggesting that immature neutrophils 
still express LAIR-1 (Fig. 3A and B). 
To further investigate the relation between neutrophil maturation and LAIR-1 expression, 
we isolated neutrophil precursors from the bone marrow of healthy individuals. Neutrophils 
at different stages of maturation can be separated based on a difference in cell density, 

 
Figure 3. Neutrophils from G-CSF-treated donors express high levels of LAIR-1. (A) Representative analysis 
of LAIR-1 expression in an untreated donor (Control) and a G-CSF-treated donor (G-CSF). The cells were 
incubated with PE-conjugated anti-LAIR-1 mAb and APC-conjugated anti-CD11b antibodies (solid histograms) 
or isotype-matched control antibodies (open histograms) and analyzed by flow cytometry. (B) Mean fluorescence 
intensity of neutrophils stained with PE-conjugated anti-LAIR-1 mAb in untreated donors (Control, n=11) or G-
CSF-treated donors (G-CSF, n=6). – represents the mean of the mean fluorescence intensity. 
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Figure 4. Loss of LAIR-1 expression is 
associated with maturation in bone-marrow 
derived neutrophil progenitors. Neutrophil 
progenitors were separated in an immature 
(upper panels), intermediate (middle panels) 
and mature (bottom panels) fraction using 
Percoll density gradient centrifugation. The 
cells were incubated with PE-conjugated anti-
LAIR-1 mAb (solid histograms) or PE-
conjugated isotype-matched control antibody 
(open histograms) and analyzed by flow 
cytometry. Cell morphology was determined 
by staining cytospins of the cells with the Diff-
Quick reagent. The results shown are 
representative of four donors. 
 
 
 

  

 
Figure 5. CD34+ progenitor cells decrease LAIR-1 expression during neutrophil differentiation. CD34+ cells 
were isolated from bone marrow and differentiated towards neutrophils in the presence of G-CSF. On indicated 
days, cell samples were taken and analyzed by flow cytometry after incubation with PE-conjugated anti-LAIR-1 
mAb (solid histograms) or isotype-matched control (open histograms). After 14 days, the cells were split and 
grown until day 17 in the presence (upper histogram) or absence (lower histogram) of G-CSF. To confirm 
neutrophil differentiation, cytospins were made and analyzed using the May-Grunwald Giemsa staining (bottom).  
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by centrifugation on a discontinuous Percoll density gradient [21]. Using this method, we 
isolated three neutrophil fractions that are designated ‘immature’, ‘intermediate’ and 
‘mature’, based on the morphology of the cells and their nuclei (Fig. 4, right panels, and 
[22]). 

The immature neutrophils showed a relatively high level of LAIR-1 surface expression, 
while LAIR-1 expression was reduced on more mature neutrophils (Fig. 4, left panels). 
Thus, also in vivo LAIR-1 expression level decreases during neutrophil maturation. 
 
In vitro differentiation of CD34+ precursors towards neutrophils is associated with 
decreased LAIR-1 expression. 
The decreased LAIR-1 expression on mature neutrophils compared to the LAIR-1 
expression on immature neutrophils and CD34+ precursor cells suggests that LAIR-1 
expression is lost during differentiation of CD34+ cells. To investigate this, we used an in 
vitro differentiation assay in which CD34+ precursor cells isolated from bone marrow were 
differentiated towards neutrophils in the presence of G-CSF [24]. As expected, LAIR-1 
expression on CD34+ cells was downregulated during the first days of the differentiation 
(Fig. 5, compare day 0 with day 7). Surprisingly, however, the expression of LAIR-1 did 
not decline during further maturation, and cells still expressed LAIR-1 even when matured 
completely (Fig. 5, bottom panels).  

To investigate whether the expression of LAIR-1 was caused by the presence of G-
CSF in the culture medium, we cultured the cells in the absence of G-CSF for 3 days. 
Indeed, deprivation of G-CSF resulted in a down regulation of LAIR-1 cell surface 
expression (Fig. 5, right panels), without affecting neutrophil maturation (data not shown).   

 
Figure 6. Mature neutrophils express LAIR-1 upon stimulation 
with GM-CSF and fMLP. Neutrophils were isolated from 
peripheral blood and cultured for 90 minutes in medium alone 
(upper 2 panels) or in the presence of 10 U/ml GM-CSF. 
Subsequently fMLP was added (1 µM final concentration, second 
and fourth panel) and the cells were stimulated for 10 minutes. The 
cells were incubated with PE-conjugated anti-LAIR-1 mAb (solid 
histograms) or isotype-matched control antibody (open histograms) 
and analyzed by flow cytometry. The results shown are 
representative of three independent experiments. 
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LAIR-1 is re-expressed on activated neutrophils. 
In some experiments we observed a low level of LAIR-1 surface expression on mature 
peripheral blood neutrophils after isolation. We hypothesized that activation of mature 
neutrophils during isolation could result in re-expression of LAIR-1. To test this hypothesis 
we treated neutrophils from healthy donors with fMLP, a potent activator of neutrophils 
[30]. fMLP stimulation of unprimed cells did not affect LAIR-1 expression (Fig. 6, second 
panel). However, when the cells were first primed with GM-CSF, which enhances the 
neutrophil response to fMLP [31], stimulation with fMLP caused a clear upregulation of 
LAIR-1 on the cell surface (Fig. 6, bottom panel). Treatment with GM-CSF alone did not 
have this effect (Fig. 6, third panel). These results indicate that mature neutrophils can re-
express LAIR-1 at the cell surface, suggesting that LAIR-1 may regulate the function of 
mature neutrophils. 
  
Discussion 
 
In this study we have demonstrated that the expression of LAIR-1 is regulated during 
neutrophil differentiation: LAIR-1 is expressed on CD34+ precursor cells and immature 
neutrophils, while peripheral blood neutrophils have only very low cell surface LAIR-1 
expression. Similarly, the promyeloid tumor cell line HL60 showed decreased LAIR-1 
expression upon differentiation towards neutrophils.  

ITIM-bearing receptors play an important role in the control of immune cell activation 
[1,2]. However, correlative evidence suggests that these receptors may also be involved in 
regulating the production of immune cells: SHP-1 and SHIP, known effectors of ITIM-
bearing receptors [2-4], have been shown to be important negative regulators of 
myelopoiesis [7-9]. In addition, mice deficient for Lyn, a Src family kinase that 
phosphorylates ITIM-bearing receptors, also have increased numbers of myeloid 
progenitors [10,11]. In contrast, the role of SHP-2, another phosphatase that associates with 
ITIM-bearing receptors, is less straightforward. SHP-2 has been suggested to be a positive 
regulator of hematopoiesis and gain-of-function mutants of SHP-2 increase GM-CSF-
induced colony formation in hematopoietic progenitors [32-35] However, SHP-2 negatively 
affects macrophage maturation [35]. In addition, overexpression of SHP-2 inhibits IL-3-
induced survival and proliferation of hematopoietic progenitors [36]. Thus, SHP-2 appears 
to act as both positive and negative regulator of immune cell differentiation. 

Several ITIM-bearing receptors have been suggested to regulate differentiation of 
myeloid cells. CD33 and AIRM-1 become expressed during myeloid cell differentiation, 
but the expression is lost in mature neutrophils. Both receptors have been shown to inhibit 
proliferation of myeloid precursors in vitro [13]. Also the expression of CD31/Platelet 
Endothelial Cell Adhesion Molecule (PECAM)-1 is high on early myeloid cells but down 
regulated during neutrophil maturation [37]. Signal Regulatory Protein (SIRP) is expressed 



Chapter 3 
 

50 

on CD34+ hematopoietic progenitor cells and mature granulocytes, but the expression is 
reduced in several myeloid leukemias, suggesting a role in the control of myeloid cell 
proliferation [38].  

Previously it has been described that LAIR-1 expression is decreased during 
maturation of peripheral blood precursors towards DC, while crosslinking of LAIR-1 on the 
surface of the precursor cells inhibited differentiation of the cells [19]. It is tempting to 
speculate that LAIR-1 regulates the differentiation of neutrophil precursors in a similar 
manner. LAIR-1 engagement inhibits GM-CSF induced proliferation in acute myeloid 
leukemia blasts and induces apoptosis in myeloid leukemic cell lines [39,40], suggesting 
that LAIR-1 regulates the proliferation of myeloid cells. Thus, expression of LAIR-1 on 
CD34+ precursor cells and neutrophil precursors may be required for the controlled 
proliferation and/or differentiation of these cells, while maturation of neutrophils may 
require downregulation of LAIR-1 expression.  

A high level of LAIR-1 expression was found in neutrophils isolated from G-CSF 
treated donors. This may reflect the fact that the mobilized neutrophils are more immature 
than in untreated donors [28,29]. We found that prolonged culture in the presence of G-CSF 
during in vitro differentiation of CD34+ progenitors towards neutrophils was associated 
with incomplete downregulation of LAIR-1 expression, while cytokine removal resulted in 
further downregulation. Thus, the high level of neutrophil LAIR-1 expression in G-CSF 
treated donors may also be a direct effect of the cytokine treatment. In fact, neutrophils 
from G-CSF treated donors also have an activated phenotype [41,42]. This may be 
associated with LAIR-1 expression, as we found that activation of mature neutrophils with 
GM-CSF and fMLP in vitro leads to upregulation of LAIR-1 expression. 

The rapid re-expression of LAIR-1 on neutrophils activated with GM-CSF and fMLP 
suggests that there is an intracellular pool of LAIR-1 that can be externalized upon 
activation of the cells. Thus, LAIR-1 may also control neutrophil effector functions.  

Although mature human neutrophils express several ITIM-bearing receptors, little is 
known about inhibitory functions mediated by these receptors. The expression levels of 
PECAM-1, SIRPα and CD66a are regulated during neutrophil activation, but research so 
far has focused on their function as adhesion molecules [43-46], rather than possible 
inhibitory functions. In fact, engagement of PECAM-1 and CD66a induces upregulation of 
CD11b, a marker of neutrophil activation [43,46] Similarly, the expression of Siglec-5 
increases upon neutrophil activation and engagement of the receptor with monoclonal 
antibodies primes the cells for fMLP-induced oxidative burst. Another ITIM-bearing 
receptor, C-type Lectin Superfamily 6 (CLECSF6 also known as DCIR), has been 
suggested to be a negative regulator of neutrophil function [27], but this has not yet been 
confirmed by functional studies. 

However, there are several studies that show that ITIM-bearing receptors regulate 
neutrophil function in mice. Mouse neutrophils express gp49B1 and mice lacking this 
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receptor show increased neutrophil tissue infiltration upon LPS injection [47]. Another 
murine receptor, Paired Ig-like Receptor (PIR)-B, has been shown to be an important 
regulator of integrin and chemokine receptor signaling in neutrophils [48,49]. Human 
neutrophils are likely regulated in a similar manner by ITIM bearing receptors. 

Interestingly, the expression of CLECSF6 and LAIR-1 on mature neutrophils is 
regulated in an opposite manner:  while expression of LAIR-1 is upregulated, CLECSF6 
expression is down regulated upon neutrophil activation [27,50]. Thus, whereas CLECSF6 
may inhibit initial neutrophil activation, LAIR-1 is more likely to regulate neutrophils once 
they are activated. This suggests that neutrophil function may be regulated at distinct stages 
by different ITIM-bearing receptors. 

In conclusion, our studies show for the first time that the expression of LAIR-1 is 
tightly regulated in human neutrophils and suggest that LAIR-1 may be involved in the 
regulation of both neutrophil differentiation and function. 
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Abstract 
 
Leukocyte-Associated Immunoglobulin-like Receptor (LAIR)-1 is an inhibitory receptor 
expressed on most human leukocytes. It contains phosphatases upon phosphorylation. Here 
we show that both ITIMs are required for full inhibition of cellular two Immunoreceptor 
Tyrosine-based Inhibitory Motifs (ITIMs) in its cytoplasmic tail and recruits responses and 
optimal phosphatase recruitment. Mutation of the C-terminal ITIM still allows partial 
inhibition of the cytotoxic activity of the NK-like YT.2C2 cells, while mutation of the N-
terminal ITIM completely abolishes this inhibitory activity. In contrast, in Rat Basophilic 
Leukemia cells, both mutants of LAIR-1 are partially effective. This is reflected in 
phosphorylation of these mutants in the different cell types upon pervanadate treatment. 
However, in both YT.2C2 cells and RBL cells, only the mutant containing the N-terminal 
ITIM recruits SHP-2, while the mutant containing the C-terminal ITIM does not. In RBL 
cells the mutant containing only the N-terminal ITIM also binds SHP-1, although to a lesser 
extent than wild type LAIR-1. We find that in Jurkat T cells Lck is required for the 
association of SHP-1 with LAIR-1. Co-expression with Lck in 293T cells leads to 
phosphorylation of both wild type LAIR-1 and the mutant containing only the N-terminal 
ITIM, while the mutant lacking this ITIM is not phosphorylated. These results indicate that 
Lck, or another Src family kinase, is essential for the consecutive phosphorylation of the N-
terminal and C-terminal ITIM. Our data imply that the N-terminal ITIM is dominant in 
LAIR-1 signaling, but that both ITIMs contribute to an optimal inhibitory function. 
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Introduction 
 
A balance between cell activation and inhibition is crucial for the regulation of an immune 
response. Over the past few years, a large number of inhibitory receptors have been 
identified [1-3]. Leukocyte Associated Ig-like Receptor-1 (LAIR-1) is a human inhibitory 
receptor that is broadly expressed in the immune system [4]. It inhibits B cell receptor 
signaling [5] and the cytotoxic activity of T cells [6,7] as well as of NK cells [4,7,8]. LAIR-
1 mediated signaling also inhibits the differentiation of peripheral blood precursors towards 
dendritic cells [9].  

A common feature of most inhibitory immune receptors is the presence of 
Immunoreceptor Tyrosine-based Inhibitory Motifs (ITIMs) in the intracellular domain [1-
3]. These ITIMs are involved in the recruitment and activation of the Src homology 2 
(SH2) domain-containing tyrosine phosphatases SHP-1 and SHP-2 or the SH2 domain-
containing inositol phosphate 5’-phosphatase SHIP, which dephosphorylate key 
components involved in cell activation [2,3]. As inhibitory immune receptors can contain 
one to four ITIMs, the question arises whether ITIMs function as independent units or 
whether they have a cooperative function in the recruitment of phosphatases. In addition, 
although most studies have focused on the role of ITIMs, inhibitory receptors have been 
reported to contain sequences outside ITIMs that are also required for inhibition [10,11]. 

LAIR-1 contains two ITIMs in its intracellular domain and becomes phosphorylated 
upon treatment with pervanadate [4,12,13], but the kinase responsible for LAIR-1 
phosphorylation is not known. For several ITIM-bearing receptors it has been shown that 
phosphorylation is mediated by a Src family kinase [14-19]. Previously Xu et al. reported 
that phosphorylation of LAIR-1 in 293T cells is indeed inhibited by the Src family kinase 
inhibitor PP1, although PP1 may inhibit other tyrosine kinases as well [12,20-22]. We 
previously demonstrated that phosphorylated LAIR-1 recruits both SHP-1 and SHP-2 [4], 
but there is controversy since others have reported that LAIR-1 only recruits SHP-1 and not 
SHP-2 [12]. LAIR-1 has been found as a major binding partner of SHP-1 in Jurkat T cells 
in which LAIR-1 is constitutively phosphorylated [23]. Previously it has been shown that 
recruitment of SHP-1 requires both ITIMs, but this has not been linked to biological 
function. [12]. 

Here we report that LAIR-1 is phosphorylated by Src family kinases and recruits both 
SHP-1 and SHP-2 upon antibody mediated crosslinking. Both ITIMs are required for 
optimal phosphatase recruitment and full inhibitory function, although mutants with only 
one functional ITIM are still capable to inhibit cellular responses of the NK-like YT.2C2 
cells and basophilic cells. 
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Materials and methods 
 
Cell lines and culture  
YT.2C2 is a human NK-like tumor cell line that was kindly provided by Dr. K. Smith [24]. 
YT.2C2 stably transfected with human LAIR-1 and 721.221 cells expressing human FcγRII 
were generated at the DNAX Research Institute (Palo Alto, CA) and have been described 
before [4,6]. RBL-2H3 is a rat basophilic leukemia cell line [25]. The Lck-deficient Jurkat 
clone, JCaM1.6, and the Lck reconstituted JCaM1.6 cells [26] were generously provided by 
Dr. A. Weiss (Howard Hughes Medical Institute, San Francisco, CA). All cells were grown 
in RPMI 1640 media (Gibco, Paisley, UK) supplemented with 10% fetal calf serum 
(Integro, Dieren, The Netherlands) and antibiotics. 
 
Antibodies 
Monoclonal mouse IgG1 antibodies directed against human LAIR-1, 8A8 and DX26, have 
been described before [4]. Monoclonal IgE anti-TNP was generously provided by Prof. Dr. 
L. Aarden (Sanquin Research, Amsterdam, The Netherlands). Goat anti-mouse F(ab’)2 
fragments were purchased from Southern Biotechnology Associates (Birmingham, AL). 
Monoclonal anti-phosphotyrosine antibody 4G10 was purchased from Upstate 
Biotechnology (Lake Placid, NY). Polyclonal rabbit anti-SHP-1 (C19) and anti-SHP-2 
(C18) and anti-Lyn antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). For Western blot analysis of whole cell lysates, monoclonal anti-SHP-2 antibody was 
used (BD Transduction Laboratories). Polyclonal anti-Lck antibody was a generous gift of 
Dr. J. Borst (Dutch Cancer Institute, Amsterdam, The Netherlands). For Western blot 
analysis Horse Radish Peroxidase (HRP)-conjugated rabbit anti-mouse antibody (DAKO) 
and HRP-conjugated goat anti-rabbit antibody (Pierce) were used. 
 
cDNA constructs and transfectants 
cDNA encoding for human LAIR-1a was cloned into the pCDNA3.1/zeo vector 
(Invitrogen, Breda, The Netherlands). Tyrosine-to-phenylalanine mutations were 
introduced at Y253 and Y283 (located in the first and second ITIM respectively) by 
polymerase chain reaction-based mutagenesis. The sequence of the constructs was 
confirmed by automated DNA sequencing. To generate stable transfectants expressing wild 
type or mutant LAIR-1, cells were transfected by electroporation. Stable transfectants were 
selected in 50 µg/ml zeocin (Invitrogen). RBL transfectants were subsequently cloned by 
the limiting dilution method. To assess the expression levels of the LAIR-1 mutants on 
RBL clones and YT.2C2 cell lines the cells were stained with DX26 anti-LAIR-1 antibody 
and phycoerythrin (PE)-conjugated goat anti-mouse IgG and measured by flow cytometry. 

Human Lck cDNA [27], cloned into the pMT2 expression vector, was generously 
provided by Dr. J. Borst (Dutch Cancer Institute, Amsterdam, The Netherlands). 
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Cytotoxicity assay 
721.221 cells stably expressing FcγRII were labeled with 51Cr and used in a 4-hour 
cytotoxicity assay as described [28]. To engage LAIR-1 mutants, 10 µg/ml 8A8 anti-LAIR-
1 antibody was added. The maximum release was determined by lysing target cells with 
10% Triton X-100. The percentage of specific lysis was calculated as: [(cpm specific 51Cr 
release  - cpm spontaneous 51Cr release)/(cpm maximum 51Cr release – cpm spontaneous 
51Cr release)] x 100. Data are expressed as the mean of triplicate cultures.  
 
Degranulation assay 
The assay to measure the extent of degranulation of RBL clones was adapted from 
Yamashita et al. [29]. Briefly, RBL cells transfected with LAIR-1 or mutant molecules 
were coated with anti-trinitrophenyl (TNP)-IgE and 10 µg/ml 8A8 anti-LAIR-1 IgG or anti-
TNP-IgE alone at 37 °C for 20 minutes. Cells were washed and 1.5 x 106 cells were 
incubated with 10 ng/ml BSA-TNP in 150 µl RPMI with 1% FCS in the presence or 
absence of 10 µg/ml goat anti-mouse F(ab’)2 fragments at 37 °C for one hour. The culture 
supernatant was incubated with an equal volume of 5 mg/ml p-nitrophenyl β-D-glucuronide 
(Sigma, St Louis, MO, USA) in 1 M acetate buffer, pH4, for 4 hours. 60 µl of the reaction 
was added to 140 µl 250 mM glycine buffer, pH 11.5, containing 1% SDS and the 
absorbance at 405 nm was measured. Measurements were performed using triplicate 
cultures. Spontaneous release was determined by adding BSA instead of BSA-TNP to the 
primed cells. The percentage of inhibition of degranulation by LAIR-1 mutants was 
calculated as: percentage of inhibition = [(OD405 without LAIR-1 crosslinking - OD405  with 
LAIR-1 crosslinking)/( OD405 without LAIR-1 crosslinking - OD405 spontaneous release)] x 
100. 
 
LAIR-1 crosslinking and pervanadate treatment 
For phosphorylation studies, cells were washed twice in PBS and 15 x 106 cells were 
incubated with 50 µM pervanadate in PBS at 37 °C for 15 minutes. For LAIR-1 
crosslinking on Jurkat cell lines, cells were washed in PBS twice and incubated with 50 
µg/ml 8A8 in PBS at 107 cells/100 µl on ice for 30 minutes. The cells were washed to 
remove excess antibody and incubated with 10 µg/ml goat-anti-mouse F(ab’)2 fragments at  
37 °C for 2 minutes. Alternatively, the cells were left on ice in PBS without antibodies. The 
cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl, pH8, 150 mM NaCl, 1% Nonidet 
P-40, 0.02% sodiumazide) supplemented with protease inhibitors (Complete Mini EDTA-
free protease inhibitor cocktail tablets, Roche, Mannheim, Germany), 1 mM 
phenylmethylsulfonyl fluoride and 50 µM pervanadate. 

For SHP-1 and SHP-2 recruitment studies, YT.2C2 cells and transfectants were 
washed in serum free medium and incubated with 50 µg/ml 8A8 in PBS at 107 cells/100 µl 
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on ice for 30 minutes. The cells were transferred to a 37 °C water bath for 1 minute and 
immediately washed with ice-cold PBS containing 50 µM pervanadate. 30 x 106 RBL cells 
and transfectants were treated with pervanadate as described above. The cells were lysed in 
Triton lysisbuffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 0.02% 
sodium azide) supplemented with protease and phosphatase inhibitors. Cell lysates were 
cleared by centrifugation and used for immunoprecipitation as described below.  
 
Co-expression studies 
293T epithelial cells were seeded in 6 wells plates and transfected with both 0.8 µg/well 
wild type LAIR-1 or mutant LAIR-1 and 0.8 µg/well pMT2-Lck or empty expression 
construct, using FuGENE 6 (Roche, Mannheim, Germany) as transfection agent. After 24 
hours of incubation, the cells were washed with PBS once and lysed in NP-40 lysis buffer 
supplemented with protease and phosphatase inhibitors as described above. Where 
indicated, the cells were treated with 50 µM pervanadate at 37 °C for 15 minutes. Cell 
lysates were subjected to immunoprecipitation as described below. Aliquots of cell lysates 
were taken for the analysis of Lck expression by Western blotting. 
 
Immunoprecipitation and Western blot analysis 
For immunoprecipitation protein A/G PLUS-Agarose beads (Santa Cruz Biotechnologies, 
Santa Cruz, CA) were coated with DX26 anti-LAIR-1 antibody. Immunoprecipitation was 
performed overnight or for 90 minutes (SHP-1 and SHP-2 recruitment studies) in the 
presence of 0.5% BSA. Immune complexes were washed with NP-40 lysis buffer or Triton 
wash buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 % Triton X-100, 0.02% sodium 
azide) supplemented with 1 mM phenylmethylsulfonyl fluoride and 250 µM sodium 
orthovanadate 5 times and boiled in non-reducing Laemmli sample buffer. For the analysis 
of the expression of Src family kinases, SHP-1 and SHP-2 in 293T, Jurkat, YT.2C2 and 
RBL cells, the cells were washed with PBS and lysed by boiling in Laemlli sample buffer. 
Proteins were resolved by SDS-polyacrylamide gel electrophoresis and transferred to 
Immobilon-P membranes (Millipore, Bedford, MA). Western blot analysis was performed 
with anti-phosphotyrosine, 8A8 anti-LAIR-1, anti SHP-1, anti-SHP-2, anti-Lck or anti-Lyn 
antibodies followed by HRP-linked secondary antibodies. Proteins were detected by 
enhanced chemiluminescence (Amersham, Little Charfort, UK). 
  
Figure 1. The amino-terminal ITIM of LAIR-1 is required for inhibition of cytotoxic activity of NK cells. 
(A) Expression of LAIR-1 on YT.2C2 cells stably transfected with either wild type LAIR-1 or LAIR-1 containing 
Tyr-to-Phe mutations in the N-terminal ITIM (FY), the C-terminal ITIM (YF) or both ITIMs (FF). Non-
transfected YT.2C2 cells were taken as a control. The cells were stained with DX26 anti-LAIR-1 antibody and 
phycoerythrin (PE)-conjugated goat anti-mouse IgG (solid histogram) or PE-conjugated goat anti-mouse IgG 
alone (open histogram) and measured by flow cytometry. (B) YT.2C2 cells and YT.2C2 cells expressing wild type 
or mutant LAIR-1 were assayed for lysis of 721.221 cells stably transfected with the human FcγRII at different 
effector-to-target (E:T) ratios in the absence (●) or presence (□) of 10 µg/ml 8A8 anti-LAIR-1 antibody. Data are 
representative of four independent experiments. 
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Results 
 
The amino-terminal ITIM of LAIR-1 is required for the inhibition of cytotoxic activity  
of NK cells 
Many studies have indicated an important role for ITIMs in the inhibitory function of 
ITIM-bearing receptors [2,3]. Both ITIMs of LAIR-1 are necessary for the recruitment of 
SHP-1 in 293T cells [12], but the contribution of each ITIM to the inhibitory function in 
immune cells is not known. Therefore, we investigated the requirement of LAIR-1 ITIMs to 
the inhibition of the cytotoxic activity of YT.2C2 cells and the degranulation of basophilic 
cells. 

Triggering of LAIR-1 by addition of monoclonal antibodies to LAIR-1 transfectants of 
the NK cell line YT.2C2 inhibits the cytotoxic activity towards FcγR-bearing target cells 
(ref. [6] and Fig. 1B, upper panels). We created mutants of LAIR-1, which contained 
tyrosine-to-phenylalanine (Tyr-to-Phe) mutations in the N-terminal ITIM (LAIR-1-FY), the 
C-terminal ITIM (LAIR-1-YF) or both ITIMs (LAIR-1-FF). When stably transfected into 
YT.2C2 cells, these mutants were expressed at the cell surface at similar levels as wild type 
LAIR-1 (Fig. 1A), which is comparable to the LAIR-1 expression levels on primary NK 
cells [4]. All transfectants showed cytotoxic activity, although the efficacy of target cell 
lysis varied, probably due to the oligoclonal nature of the cell lines (Fig. 1B). Crosslinking 
of LAIR-1 molecules that were mutated in the N-terminal ITIM (i.e.LAIR-1-FY and LAIR-
1-FF) did not lead to an inhibition of the cytotoxic activity of YT.2C2 transfectants. In 
contrast, the LAIR-1-YF mutant, that still contained an intact N-terminal ITIM, did inhibit 
cytotoxic activity upon crosslinking, although less effectively than wild type LAIR-1 (Fig. 
1B). These results show that the N-terminal ITIM of LAIR-1 is required for the inhibition 
of cytotoxic activity in YT.2C2 cells. The C-terminal ITIM does not function individually 
but is necessary for full inhibitory action of LAIR-1 in YT.2C2 cells. 
  
Mutants of LAIR-1 containing only one functional ITIM retain partial inhibitory capacity in 
RBL-2H3 cells  
We next investigated whether LAIR-1 could inhibit signaling mediated by the high affinity 
IgE-receptor FcεRI, a well-defined ITAM-bearing receptor. We transfected RBL-2H3 cells 
with either wild type human LAIR-1 or LAIR-1 containing mutated ITIMs, as described 
above. Each mutant was stably expressed at the cell surface at a similar level as wild type 
LAIR-1 (Fig. 2A). Incubation of the transfectants with anti-Trinitrophenyl (TNP) IgE and 
subsequent triggering with TNP-conjugated BSA led to the degranulation of the cells and 
the release of β-glucuronidase. Cross-linking of stably transfected LAIR-1 with monoclonal 
antibody and anti-mouse Ig on an RBL-clone resulted in an inhibition of degranulation of 
approximately 75% (Fig. 2B). In contrast, anti-LAIR-1 antibodies had no effect on the 
degranulation of non-transfected RBL-2H3 cells (data not shown). Thus, LAIR-1 was able  
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Figure 2. Single mutants of LAIR-1 partially inhibit degranulation in RBL-2H3 cells. (A) RBL-2H3 clones 
were generated that express either wild type LAIR-1 or LAIR-1 containing Tyr-to-Phe mutations in the N-terminal 
ITIM (FY), the C-terminal ITIM (YF) or both ITIMs (FF). The expression of the LAIR-1 molecule on the cell 
surface was confirmed by flow cytometry after staining with DX26 anti-LAIR-1 antibody and phycoerythrin (PE)-
conjugated goat anti-mouse IgG (solid histogram) or PE-conjugated goat anti-mouse IgG alone (open histogram). 
Non-transfected RBL-2H3 cells were taken as a control. (B) Inhibition of degranulation by wild type LAIR-1 and 
LAIR-1 containing Tyr-to-Phe mutations. RBL clones were primed with IgE anti-TNP and triggered by adding 10 
ng/ml BSA-TNP. For crosslinking LAIR-1 on the cell surface, cells were coated with both IgE and 8A8 anti-
LAIR-1 IgG and the receptors were triggered with BSA-TNP and 10 µg/ml goat anti-mouse F(ab’)2 fragments, 
respectively. The inhibitory capacity of wild type and mutant LAIR-1 was calculated by comparing the 
degranulation of the cells with and without LAIR-1 crosslinking, as described in materials and methods. Data are 
expressed as mean values of four independent experiments plus standard deviation. Similar results were obtained 
using another set of independent clones. 
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to inhibit activation of RBL-2H3 cells via FcεRI. Mutation of both ITIMs of LAIR-1 
abolished the inhibitory effect on the degranulation (Fig. 2B, LAIR-1-FF), indicating that 
the ITIMs are required for inhibition. In contrast to YT.2C2 cells, mutation of either the N-
terminal ITIM (LAIR-1-FY) or the C-terminal ITIM (LAIR-1-YF) alone resulted in a 
decrease but not in a complete loss of inhibitory function (Fig. 2B). Thus, LAIR-1 
molecules containing only one functional ITIM are still partially active, while both ITIMs 
are required for full inhibition of degranulation. This indicates that the relative contribution 
of each ITIM to the inhibitory function of LAIR-1 differs between experimental systems. 

 
Figure 3. Both ITIMs of LAIR-1 are required for 
optimal phosphorylation. (A) YT.2C2 cells stably 
transfected with either wild type LAIR-1 (wt) or LAIR-
1 containing Tyr-to-Phe mutations in the N-terminal 
ITIM (FY) or the C-terminal ITIM (YF), were treated 
with 50 µM pervanadate in PBS or with PBS alone for 
15 minutes at 37 °C and immediately lysed. Cell lysates 
were subjected to immunoprecipitation with anti-LAIR-
1 antibodies coupled to protein-A/G beads. Proteins 
were separated by non-reducing SDS-PAGE, transfer-
red to Immobilon-P membranes and Western blotted 
using anti-phosphotyrosine (upper panel) or anti-LAIR-
1 (lower panel) antibodies. (B) RBL clones expressing 
either wild type LAIR-1 (wt) or LAIR-1 containing 
Tyr-to-Phe mutations in the N-terminal ITIM (FY), the 
C-terminal ITIM (YF) or both ITIMs (FF), were 
incubated with or without 50 µM pervanadate at 37 °C 
for 15 minutes. Immunoprecipitation and Western blot 
analysis were performed as described above.  

 
 
Both ITIMs of LAIR-1 are required for optimal phosphorylation 

ation raises the question The different abilities of LAIR-1 mutants to inhibit cell activ
whether this is the result of a phosphorylation difference between the two ITIMs. Therefore 
we investigated whether the LAIR-1 mutants could be phosphorylated in YT.2C2 cells. We 
treated the cells with pervanadate as wild type LAIR-1 becomes extensively phosphorylated 
upon pervanadate treatment ([12,13] and Fig. 3A). Interestingly, the mutant that still 
contained the N-terminal tyrosine residue was phosphorylated while phosphorylation of the 
single mutant that only contained the C-terminal tyrosine residue was barely detectable 
(Fig. 3A). This corresponds to the relative ability of these mutants to inhibit the cytotoxic 
activity of YT.2C2 cells. Although the LAIR-1 mutant that only contained the C-terminal 
tyrosine was poorly phosphorylated, this tyrosine was most likely phosphorylated in wild 
type LAIR-1. Wild type LAIR-1 ran at a higher molecular weight in SDS-PAGE than the 
LAIR-1-YF mutant after pervanadate treatment (Fig. 3A, lower panel), suggesting that both 
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tyrosine residues are phosphorylated in wild type LAIR-1. These results suggest that 
phosphorylation of the N-terminal ITIM may be required for the phosphorylation of the C-
terminal ITIM. 

In RBL cells, in which both LAIR-1 mutants with one functional ITIM can still inhibit 
cell 

ck is required for SHP-1 recruitment by LAIR-1 in Jurkat cells 
 LAIR-1 is not known. In a 

igure 4. Lck is required for the association of 

 
ck requires the N-terminal ITIM for the phosphorylation of LAIR-1 

1 that contains only a 

function, both mutants were phosphorylated, but to a much lesser extent than wild type 
LAIR-1 (Fig. 3B). This is in contrast to the observation in YT.2C2 cells, although again the 
N-terminal ITIM was phosphorylated more efficiently than the C-terminal ITIM. 
 
L
The kinase responsible for the initial tyrosine phosphorylation of
yeast-two-hybrid system LAIR-1 can be phosphorylated by Lck [23]. We therefore 
investigated whether Lck is involved in the phosphoryation of LAIR-1 in Jurkat cells. As 
SHP-1 recruitment is associated with LAIR-1 phosphorylation [4,12,13], we compared the 
binding of SHP-1 to LAIR-1 in Jurkat cells and the Lck-deficient Jurkat cell line JCaM1.6 
[26]. Both cell lines showed equal LAIR-1 cell surface expression (data not shown). SHP-1 
was constitutively associated with LAIR-1 in wild type Jurkat cells (Fig. 4). The association 
did not increase upon LAIR-1 crosslinking. These data are consistent with observations by 
Sathish et al., who also reported constitutive LAIR-1 phosphorylation and SHP-1 
association in Jurkat cells [23]. In JCaM1.6 cells, association of SHP-1 with LAIR-1 was 
not detectable and SHP-1 binding was restored in JCaM1.6 in which Lck is reintroduced 
(Fig. 4). These results suggest that in Jurkat cells Lck is required for the phosphorylation of 
LAIR-1 and the subsequent recruitment of SHP-1. 

 
F
SHP-1 with LAIR-1 in Jurkat cells. Jurkat cells, 
JCaM 1.6 cells or Lck reconstituted JCaM1.6 cells 
were left unstimulated (-) or were coated with anti-
LAIR-1 antibodies and incubated with crosslinking 
F(ab’)2 fragments for 2 minutes at 37 °C. The cells 
were lysed and immunoprecipitation was performed 
using anti-LAIR-1 antibodies. Immune complexes 
were separated by SDS-PAGE and Western blotting 
was performed using anti-SHP-1 and anti-LAIR-1 
antibodies. 

L
In both YT.2C2 transfectants and RBL clones, the mutant of LAIR-
functional N-terminal ITIM is more extensively phosphorylated than the mutant that 
contains only a functional C-terminal ITIM (Fig. 3). This raises the question whether Src 
family kinases may preferentially phosphorylate the N-terminal ITIM. To address this 
question we co-expressed wild type or mutant LAIR-1 with Lck in 293T cells, which do not 
express endogenous Lck (Fig. 5B, upper panel). As shown in figure 5A, both wild type 
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LAIR-1 and single mutants can be phosphorylated upon pervanadate treatment when 
transfected in 293T cells, probably by an endogenous Src family kinase that can be 
inhibited by PP1 [12]. As in YT.2C2 cells and RBL clones, the phosphorylation of the 
mutants is less efficient. Co-expression of Lck resulted in constitutive phosphorylation of 
wild type LAIR-1 (Fig. 5A). Interestingly, the mutant that contains only a functional N-
terminal ITIM was phosphorylated upon co-expression of Lck, while the mutant lacking 
this ITIM was not detectably phosphorylated. However, both ITIMs are required for 
maximal phosphorylation of LAIR-1. Thus, the N-terminal ITIM of LAIR-1 may be 
phosphorylated first and subsequently the C-terminal ITIM.  
As LAIR-1 is phosphorylated in 293T cells upon pervanadate treatment in the absence of 

oth ITIMs of LAIR-1 are required for the recruitment of SHP-1 but not for SHP-2 

 phosphorylated after stimulation with monoclonal antibodies 

Figure 5. Lck requires the N-terminal ITIM for phosphorylation of LAIR-1. (A) Wild type LAIR-1 (wt) and 

antibodies. 
 

Lck, another kinase must be able to phosphorylate LAIR-1 as well. Several groups have 
indicated Lyn as a kinase that is involved in the phosphorylation of ITIM-bearing receptors 
[17-19]. Jurkat cells express Lck, whereas 293T, YT.2C2 and RBL cells express Lyn (Fig. 
5B).  
 
B
recruitment in YT.2C2 cells 
Wild type LAIR-1 becomes
([12] and data not shown). We therefore investigated whether LAIR-1 and the LAIR-1 
mutants associate with SHP-1 and SHP-2 in YT.2C2 transfectants after antibody 
stimulation. Although binding of SHP-2 to LAIR-1 has been a matter of debate [12], we 
found that wild type LAIR-1 recruited both SHP-1 and SHP-2 (Figs. 6A and B). Mutation 
of both ITIMs, which results in abrogation of the inhibitory function of LAIR-1, abolished 
recruitment of both SHP-1 and SHP-2.  

LAIR-1 containing a mutation in either the N-terminal ITIM (FY) or the C-terminal ITIM (YF) were co-
transfected with control plasmid (-) or pMT2-Lck (Lck) in 293T cells. Where indicated, the cells were stimulated 
with pervanadate for 15 minutes. Cell lysates were subjected to immunoprecipitation with anti-LAIR-1 antibodies. 
Western blotting was performed using anti-phosphotyrosine and anti-LAIR-1 antibodies. Expression of Lck was 
confirmed by Western blotting (data not shown). (B) Equal amounts of cell lysates of 293T, Jurkat, YT.2C2 and 
RBL cells were separated by SDS-PAGE and Western blotting was performed using anti-Lck and anti-Lyn 
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Figure 6. The N-terminal ITIM of LAIR-1 is sufficient for phosphatase recruitment. (A) YT.2C2 cells (--) or 
YT.2C2 cells stably transfected with either wild type LAIR-1 (wt) or LAIR-1 containing Tyr-to-Phe mutations in 
the N-terminal ITIM (FY), the C-terminal ITIM (YF) or both ITIMs (FF), were incubated with 50 µg/ml anti-

nal N-terminal ITIM, which was still 
capable of inhibition of cytotoxic activity of YT.2C2 cells. Thus, whereas both ITIMs of 
LAI

 single mutants of LAIR-1 were partially effective in RBL 
ells. We therefore investigated whether this is reflected by the recruitment of phosphatases 

utants in RBL 

LAIR-1 antibody at 37 °C for 1 minute. The cells were washed to remove excess antibody. The cells were lysed 
and immunoprecipitation was performed using anti-LAIR-1 antibodies coupled to protein-A/G beads. Proteins 
were separated by SDS-PAGE and transferred to Immobilon-P membranes. Western blotting was performed using 
anti-SHP-1, anti-SHP-2 or anti-LAIR-1 antibodies. The results are representative of three independent 
experiments. (B) RBL cells (--) or RBL cells stably transfected with either wild type LAIR-1 (wt) or LAIR-1 
containing Tyr-to-Phe mutations in the N-terminal ITIM (FY), the C-terminal ITIM (YF) or both ITIMs (FF), 
were treated with 50 µM pervanadate at 37 °C for 15 minutes. Immunoprecipitation and Western blot analysis was 
performed as described above. (C) Equal amounts of lysates of YT.2C2 cells (YT) and RBL cells were used for 
Western blot analysis with anti-SHP-1 and anti-SHP-2 antibodies. 

 
Mutants containing only one functional ITIM did not recruit SHP-1. However, SHP-2 

was recruited to the mutant that contained a functio

R-1 are required for the recruitment of SHP-1, SHP-2 can be recruited to the single N-
terminal ITIM in YT.2C2 cells. 
 
The N-terminal ITIM is sufficient for phosphatase recruitment in RBL cells 
In contrast to YT.2C2 cells, both
c
to the mutant molecules in these cells. As the phosphorylation of LAIR-1 m
cells is limited (Fig. 3B), we decided to accumulate phosphorylated molecules by 
pervanadate treatment. Upon pervanadate treatment both wild type and the mutant 
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containing a functional N-terminal ITIM recruited SHP-2, whereas the mutant lacking the 
N-terminal ITIM failed to bind SHP-2 (Fig. 6B). Surprisingly, the mutant containing only a 
functional N-terminal ITIM also recruited SHP-1 in these cells, although much less than 
wild type LAIR-1. This is in contrast to the lack of SHP-1 recruitment by this mutant in 
YT.2C2 cells (Fig. 6A) and 293T cells [12]. Western blot analysis showed that RBL cells 
have a higher expression of SHP-1 compared to SHP-2 than YT.2C2 cells (Fig. 6C). Thus, 
the recruitment of SHP-1 by the mutant that contains only a functional N-terminal ITIM in 
RBL cells may be a consequence of a relative high abundance of this phosphatase. We did 
not detect binding of SHP-1 to the mutant lacking the N-terminal ITIM (Fig. 6B). 
  
 Discussion 
 
Here we show that LAIR-1 mediated inhibition of immune responses depends on the 

resence of functional ITIMs and that both ITIMs contribute differently to the inhibitory 

died. In the NK cell like YT.2C2 cells, a mutant lacking the N-
term

p
function. We investigated the functional requirement of LAIR-1 ITIMs using two different 
cell lines. Wild type LAIR-1 inhibited the cytotoxic activity of human YT.2C2 NK cells as 
well as the degranulation of RBL cells. LAIR-1 mediated inhibition was abolished when 
the tyrosine residues of both ITIMs were mutated to phenylalanine residues. Thus, unlike 
CD5 and FcγRIIB, which contain domains outside an ITIM that are involved in the 
inhibition of cell activation pathways [10,11], LAIR-1 mediated inhibition requires at least 
one functional ITIM. 

Interestingly, the mutants containing only one functional ITIM behave differently in 
the two cell types stu

inal ITIM is not effective in inhibition of cell function at all, while in the RBL cells 
both mutants are still partially able to inhibit degranulation. This could be due to 
differences in the activation signal that needs to be inhibited. YT.2C2 cells lyse susceptible 
target cells in a manner that requires CD28 and the Lymphocyte Function-associated 
Antigen-1 (LFA-1), but for which the primary activation signal is not known [30]. RBL-
2H3 is a rat basophilic leukemia cell line that degranulates upon crosslinking of the FcεRI, 
an ITAM-bearing receptor for which the signaling pathway has been well defined [31]. 
Alternatively, there might be differences in the kinases that phosphorylate the ITIMs in 
RBL versus YT.2C2 cells. In the YT.2C2 cells, the LAIR-1 mutant that contains only a 
functional C-terminal ITIM is not detectably phosphorylated, while in RBL cells both 
mutants still can be phosphorylated, although to a much lesser extent than wild type LAIR. 
This might result in different recruitment of downstream signaling molecules. However, the 
different inhibitory capacity of the mutants in the different cell lines cannot be explained by 
SHP-1 or SHP-2 recruitment, as the we did not find recruitment of these phosphatases by 
the mutant lacking the N-terminal ITIM in either cell line.  
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In 293T cells, phosphorylation of LAIR-1 and the subsequent recruitment of SHP-1 is 
inhibited by the Src family kinase inhibitor PP1 [12], suggesting that LAIR-1 is 
phos

rminal ITIM and it 
recr

hile no SHP-1 recruitment was found in YT.2C2 cells. However, compared to 
the 

ost closely 
rese

phorylated by a Src family kinase. One Src family kinase that may phosphorylate 
LAIR-1 is Lck. In a yeast-two-hybrid system Lck has been shown to phosphorylate LAIR-1 
and induce association with SHP-1 [23]. In addition, Lck is required for the 
phosphorylation of ITIMs of KIR and Immunoglobulin-like Transcript (ILT)-2 in Jurkat 
cells [14,15]. Our finding that SHP-1 recruitment to LAIR-1 is not detectable in Lck 
deficient Jurkat cells, supports the hypothesis that LAIR-1 is indeed phosphorylated by 
Lck. Furthermore, co-expression of Lck and LAIR-1 mutants in 293T cells, resulted in the 
phosphorylation of both wild type LAIR-1 and a mutant containing only the N-terminal 
ITIM. This corresponds to the phosphorylation of these molecules in pervanadate treated 
YT.2C2 transfectants, suggesting that also in these cells a Src-family kinase is responsible 
for LAIR-1 phosphorylation. Other Src family kinases may be involved in LAIR-1 
phosphorylation in different cell types, as co-expression of Src and Fyn also resulted in the 
phosphorylation of wild type LAIR-1 in 293T cells (data not shown).  

In YT.2C2 cells, wild type LAIR-1 is phosphorylated on both ITIMs, as it runs at a 
higher molecular weight than the mutant containing only the N-te

uits SHP-1, which requires both ITIMs. This suggests that the N-terminal ITIM is 
phosphorylated first and that phosphorylation of the C-terminal ITIM depends on the N-
terminal ITIM and perhaps is mediated by another kinase. Thus, when only a functional C-
terminal ITIM is present, LAIR-1 may not be sufficiently phosphorylated to inhibit the 
cytotoxic activity of YT.2C2 cells. In contrast, the N-terminal ITIM of LAIR-1 was 
sufficient for SHP-2 recruitment. Thus, SHP-2 might mediate the inhibitory effect of this 
mutant in YT.2C2 cells. We cannot exclude however, that another, yet unidentified protein 
is involved.  

In RBL cells, the mutant containing only the N-terminal ITIM recruited both SHP-1 
and SHP-2, w

recruitment of SHP-2, the recruitment of SHP-1 by this mutant was very inefficient. By 
Western blot analysis of the expression of both phosphatases in the cell lines, we found 
much stronger signal for SHP-1 in RBL cells than in YT.2C2 cells. This result suggests that 
RBL cells have a relatively high expression of SHP-1. This could explain why the mutant 
containing only the N-terminal ITIM was capable of recruiting SHP-1 in RBL cells, while it 
failed to do so in YT.2C2 cells. Thus, whereas SHP-2 can bind to a single N-terminal ITIM, 
SHP-1 requires both ITIMs and binds only very inefficiently to a single ITIM. 

Interestingly, the sequence of the N-terminal ITIM of LAIR-1, VTYAQL, is conserved 
in several ITIM-bearing receptors [32-36]. Of these receptors, the KIRs m

mble LAIR-1. KIRs contain two ITIMs, of which the N-terminal ITIM has the 
VTYAQL sequence, and recruit SHP-1 and SHP-2. Both ITIMs are required for the 
recruitment of SHP-1 [37,38]. However, whereas a KIR mutant containing only the C-
terminal ITIM is no longer effective, a KIR mutant containing only the amino-terminal 
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ITIM still recruits SHP-2 [37] and has inhibitory capacity [37,38]. Recently, Yusa et al. 
described that SHP-2 is recruited to single VTYAQL ITIMs of KIR2DL4 and KIR2DL3 
and that this is sufficient for inhibitory signaling [39,40]. Similarly, the VTYAQL ITIMs of 
gp49B and PIR-B seem to contribute most to the inhibitory effect but are neither sufficient 
nor absolutely required [29,41,42]. We therefore postulate that this conserved sequence 
serves as a basal ITIM that recruits SHP-2 and has inhibitory capacity, but whose function 
may be extended by the presence of other ITIMs.  

The mutant lacking the N-terminal ITIM is partially effective in RBL cells and is 
phosphorylated in 293T cells, indicating that the C-terminal ITIM of LAIR-1 may be 
phos

n the recruitment of SHP-1 and SHP-2, 
resu

rden and Jannie Borst for providing materials, and Drs. Edward 
nol, James Matthews, Marc van de Wetering, Wim de Lau, Linda Smit, Robert Hoek and 

phorylated when sufficient kinase activity is present. However, in RBL cells the 
phosphorylation of the mutants containing only one functional ITIM is very inefficient 
compared to wild type LAIR-1, which may indicate that little phosphorylation is required 
for inhibitory function in these cells. Limited phosphatase recruitment may be sufficient to 
inhibit a cellular response, when the phosphatases are recruited closely to the receptor 
mediating the activation signal. Recently, SHP-1 was shown to localize in the center of the 
contact area between NK cells and resistant target cells [43]. In a similar way, LAIR-
1/phosphatase complexes may localize to those regions of the plasma membrane where cell 
activation would normally occur. The limited phosphorylation makes an investigation into 
the phosphatases recruited by the mutant containing only the C-terminal ITIM difficult. We 
did not detect recruitment of SHP-1 or SHP-2 by this mutant. Alternatively, LAIR-1 could 
mediate inhibition of cell activation by recruiting another, yet unidentified protein that 
binds to the mutant containing only the C-terminal ITIM in RBL cells. Uehara et al. 
reported that PIR-B contains an ITIM that does not recruit SHP-1, SHP-2 or SHIP, yet 
exerts inhibitory effect in RBL cells [44]. Thus, other molecules may exist that mediate the 
inhibitory function of ITIM-bearing receptors. 

We conclude that although the N-terminal ITIM is the major determinant in LAIR-1 
signaling, both ITIMs of LAIR-1 cooperate i

lting in optimal inhibitory function.  
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Abstract 
 

We report the molecular cloning and characterization of the first Leukocyte-Associated Ig-
like Receptor (LAIR)-1 homologue in mice that we have named mouse LAIR-1 (mLAIR-
1). The mLAIR-1 gene maps to the proximal end of mouse chromosome 7 in a region 
syntenic with human chromosome 19q13.4 where the leukocyte receptor cluster is located. 
The protein shares 40% sequence identity with human LAIR-1, has a single Ig-like domain 
and contains two Immunoreceptor Tyrosine-based Inhibitory Motif-like structures in its 
cytoplasmic tail. Mouse LAIR-1 is broadly expressed on various immune cells, and cross-
linking of the molecule on stably transfected RBL-2H3 and YT.2C2 cells results in strong 
inhibition of their degranulation and cytotoxic activities, respectively. Upon pervanadate 
stimulation, the mLAIR-1 cytoplasmic tail becomes phosphorylated, thereby recruiting Src 
homology region 2-containing tyrosine phosphatase-2. Interestingly, unlike human LAIR-1, 
Src homology region 2-containing tyrosine phosphatase-1 is not recruited to the mLAIR-1 
cytoplasmic tail. Screening human and mouse cell lines for mLAIR-1 and human LAIR-1 
binding partners identified several lines expressing putative ligand(s) for both receptors.  
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Introduction 
 

Immune responses are tightly controlled by the activities of both activating and inhibitory 
signals. Inhibitory receptors (reviewed in [1]) often bear Immunoreceptor Tyrosine-based 
Inhibitory Motifs (ITIMs) in their cytoplasmic domain with a I/V/L/SxYxxL/V consensus 
sequence. Ligand-induced clustering of these inhibitory receptors results in tyrosine 
phosphorylation of the ITIM's central tyrosine residue, providing a docking site for the 
recruitment of cytoplasmic protein tyrosine phosphatases such as Src homology region 2-
containing tyrosine phosphatase (SHP)-1, SHP-2 and SH2-containing inositol 5'-
phosphatase (SHIP). These phosphatases abrogate signaling through activating receptors, 
thereby preventing cellular immune functions such as cytotoxicity or proliferation. In the 
last few years, many families of inhibitory receptors bearing ITIMs have been recognized 
and cloned both in humans and mice (reviewed in [2]). 

The Leukocyte-Associated Ig-like Receptor (LAIR)-1 is a member of the Ig 
superfamily (IgSF) that is expressed on the majority of peripheral blood mononuclear cells, 
including NK cells, T cells, B cells, monocytes, and dendritic cells, as well as the majority 
of thymocytes [3]. Cross-linking of LAIR-1 by mAb in vitro delivers a potent inhibitory 
signal that is capable of inhibiting cellular functions of NK cells, effector T cells, B cells, 
and dendritic cell precursors [3-6]. In agreement with the observed inhibitory capacity of 
LAIR-1, the molecule bears two ITIMs in its cytoplasmic tail and selectively recruits the 
tyrosine phosphatases SHP-1 [3,7-10] en SHP-2 [3,8,10] upon activation.  

LAIR-1 is structurally related to several other inhibitory IgSF members, including 
human Killer cell Ig-like Receptors (KIRs), human FcαR, human Leukocyte Ig-Like 
Receptors (LILRs, also known as Ig-Like Transcripts (ILTs), Leukocyte Ig-like Receptors 
(LIRs), Monocyte-macrophage Inhibitory Receptors (MIRs) and CD85), mouse gp91 or 
Paired Ig-like Receptors (PIRs) and mouse gp49 [3]. Interestingly, LAIRs, KIRs, LILRs, 
and FcαR are all localized to the Leukocyte Receptor Complex (LRC) on human 
chromosome 19q13.4, suggesting that these molecules have evolved from a common 
ancestral gene (reviewed in [11,12]). It is generally believed that the LRC is only partially 
conserved between humans and mice, as illustrated by the absence of some family members 
in rodents, such as the KIRs and FcαR. As homologues of the LRC-encoded LAIR genes 
have not yet been identified, they were long believed not to be present in mice. 

In this study, we identified the first LAIR family member in mice, which we have 
named mouse LAIR-1 (mLAIR-1). The mLAIR-1 gene maps to the proximal end of mouse 
chromosome 7 in a region syntenic with human chromosome 19q13.4 where the LRC is 
located. The protein is broadly expressed on various immune cells and is capable of 
inhibiting immune responses. The mLAIR-1 cytoplasmic tail can become phosphorylated 
thereby recruiting SH2-containing tyrosine phosphatase-2 (SHP-2). Interestingly, unlike 
human LAIR-1, SHP-1 is not recruited to the mLAIR-1 cytoplasmic tail. Soluble human (h) 
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LAIR-1 and mLAIR-1 fusion proteins bind to both human and mouse cell lines, indicating 
that they might bind the same ligand(s) on these cells. Identification of a mouse homologue 
of LAIR-1 allows for in vivo studies on the function of LAIR molecules in regulation of 
different immune responses.  

  
Materials and Methods 
 
Cells 
Cell lines were obtained from American Type Culture Collection (Manassas, VA) and 
cultured using standard techniques.  Mouse B cell lines IIA1.6 (BALB/cAnN), Sp2/0 
(BALB/c), and NS-1 (BALB/c); mouse T cell lines D011.10 (BALB/c) and EL4 
(C57BL/6); mouse melanoma B16 (C57BL/6); mouse sarcoma CMS7 (BALB/c); mouse 
fibroblasts: L929 (C3H/An) and 3T6 (Swiss albino); mouse brain-derived endothelioma 
bEND3; human colon carcinomas HT29 and LS174; human embryonic kidney 293T cells 
Jurkat human T cells; and Rat Basophilic Leukemia cell line RBL-2H3 [13] were used. The 
human NK-like tumor cell line YT.2C2 was provided by Dr. K. Smith [14]. YT.2C2 stably 
transfected with hLAIR-1 and the Epstein-Barr virus (EBV)-transformed human B cell line 
721.221 stably transfected with human FcγRIIa (CD32) [15] were generated at the DNAX 
Research Institute (Palo Alto, CA) and have been described previously [3,5]. The Armenian 
hamster fibroblast line ARHO12 was provided by Dr. J. Hamann (Academic Medical 
Center, Amsterdam, The Netherlands). 

Bone-marrow derived dendritic cells were obtained as described by Inaba et al. [16]. 
Briefly, bone marrow was flushed from mouse femurs (BALB/c), erythrocytes were lysed, 
and cells were grown at 1 x 106/ml RPMI 1640 medium supplemented with 10% FBS, 50 
IU/ml penicillin, and 50 µg/ml streptomycin in the presence of 10 ng/ml 
granulocyte/macrophage colony-stimulating factor (GM-CSF; Immunex, Seattle, WA). 
Non-adherent cells were replated on day 1, and non-adherent cells were removed on days 2 
and 4 from the cultures, with concomitant refreshment of culture media. Non-adherent and 
loosely adherent dendritic cells were harvested on day 7. 

 
Antibodies 
The DX26 IgG1 mAb directed against hLAIR-1 has been described previously [3]. The 
8A8 (IgG1)-producing hybridoma was generated by fusing the SP2/0 myeloma cell line 
with splenocytes from a BALB/c mouse immunized with purified hLAIR-1 protein. Rat and 
mouse IgG isotype controls and phycoerythrin-conjugated streptavidin were purchased 
from BD Biosciences (San Diego, CA). Rat anti-mouse CD16/CD32 (Mouse Fc Block ) 
was obtained from PharMingen (San Diego, CA). Anti-phosphotyrosine mAb 4G10 was 
purchased from Upstate Biotechnology (Lake Placid, NY). Polyclonal rabbit anti-SHP-1 
(C19) and anti-SHP-2 (C18) Abs were purchased from Santa Cruz Biotechnology (Santa 
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Cruz, CA). Biotin-conjugated, goat anti–human IgG1 mAbs were obtained from Caltag 
Laboratories (Burlingame, CA). Biotin-conjugated, goat anti-rabbit Abs were purchased 
from Vector Laboratories, Inc. (Burlingame, CA). Goat anti-mouse F(ab’)2 fragments were 
purchased from Southern Biotechnology Associates (Birmingham, AL). For Western blot 
analysis, Horse Radish Peroxidase (HRP)-conjugated rabbit anti-mouse Ab (DAKO 
(Glostrup, Denmark)) and HRP-conjugated goat anti-rabbit Ab (Pierce Biotechnology 
(Rockford, IL)) were used. Monoclonal IgE anti-TNP was generously provided by Prof. Dr. 
L. Aarden (Sanquin Research, Amsterdam, The Netherlands). For mouse fusion-protein 
FACS-stainings, cells were pretreated with 10% BSA, 20% FCS, 10% normal mouse serum 
and 20 µg/ml anti-mouse CD32/16 (FcγR) mAbs to block mouse Fcγ receptors.   

 
Generation of mLAIR-1 polyclonal antibodies 
The extracellular domain of mLAIR-1 was fused to a six-histidine tag in a pET21a 
expression vector (Novagen Inc., Madison, WI) and subsequently overexpressed in 
Escherichia. coli BL21(DE3) cells. The histidine-tagged protein was purified by Ni2+-
chelate affinity chromatography in the presence of 8 M urea according to the 
manufacturer’s protocol (Qiagen, Hilden, Germany). Antisera were produced in two rabbits 
by a standard immunization protocol (Eurogentec, Seraing, Belgium). 

 
cDNA constructs and transfectants 
cDNA encoding hLAIR-1 was cloned into the pcDNA3.1/zeo+ vector  (Invitrogen, Breda, 
The Netherlands) and the pMX puro retroviral vector. Chimeric hLAIR-1/mLAIR-1 
proteins were constructed in the same vectors by fusing the extracellular part of hLAIR-1 
(hLAIR-1a aa. 1-160) to the transmembrane region and cytoplasmic domains of mLAIR-1 
(mLAIR-1a aa. 140-263) by means of a linker sequence encoding the amino acids leucine 
and glutamic acid. The chimeric protein allows detection and triggering using anti-hLAIR-1 
antibodies. Myc-tagged mLAIR-1 was constructed by fusing a Myc-epitope 
(EQKLISEEDL) to the C-terminal part of mLAIR-1 and subsequently cloning in the 
pcDNA3.1/zeo+ vector. The DNA sequences were confirmed by automated DNA 
sequencing. To generate stable transfectants expressing either hLAIR-1 or hLAIR-
1/mLAIR-1 chimeric proteins, RBL-2H3 cells were transfected by electroporation. Stable 
transfectants were selected in 50 µg/ml Zeocin (Invitrogen, Breda, The Netherlands) and 
subsequently cloned by the limiting dilution method. Stable YT.2C2 transfectants were 
generated by retroviral transfection as previously described [5]. Stable ARHO12 
transfectants of Myc-tagged mLAIR-1 were generated by the FuGENE 6 transfection 
reagent (Roche Molecular Biochemicals, Mannheim, Germany) according manufacturer’s 
instructions and subsequent cloning by the limiting dilution method in presence of 500 
µg/ml  Zeocin (Invitrogen, Breda, The Netherlands). Expression levels of the various 
LAIR-expressing clones were assessed by standard flow cytometry methods.  
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Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
Total RNA was isolated from several mouse cell lines and mouse (C57BL/6) organs using 
the RNeasy method (QIAGEN GmbH, Hilden, Germany). Total RNA was converted to 
first-strand cDNA with oligo(dT)18 primers and murine leukemia virus (MuLV) reverse 
transcriptase using the GeneAmp RNA PCR kit (Applied Biosystems, Foster City, CA ). 
The cDNA-mixtures were amplified by PCR using mLAIR-1-specific forward (5’-
GCTCTGACCAGACCTGGTAAGG-3’) and reverse (5’-CCATGTGTGTCTCCAGGTGT 
GC-3’) primers and the AmpliTaq Gold DNA Polymerase system (Applied Biosystems, 
Foster City, CA). These primers correspond to the 5’ and 3’ untranslated region adjacent to 
the mLAIR-1 coding region. Each amplification reaction underwent 35 cycles of 
denaturation at 95°C for 30 s, annealing for 30 s at 64°C, and elongation at 72°C for 50 s.  
As a control, GAPDH transcripts were amplified using GAPDH-specific primers (5’- 
ATCAACGACCCCTTCAT-3’ and 5’- CACACCCATCACAAACAT-3’). Equal amounts 
of PCR products were electrophoresed on 2% agarose gels and visualized by ethidium 
bromide staining. 

mLAIR-1 isoforms present in the bone marrow RT-PCR sample were cloned into 
pGEM-T Easy vectors using the pGEM-T Easy vector system (Promega, Madison, WI) and 
subsequently sequenced on an ABI 3100 sequencer (Applied Biosystems, Foster City, CA) 
using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied 
Biosystems, Foster City, CA). The sequences obtained were analyzed by Lasergene 
software (DNASTAR, London, UK). 

 
Northern blot analysis 
Total RNA from several mouse cell lines and organs was separated on a 1.6% 
formaldehyde agarose gel and blotted to a Zeta-Probe GT blotting membrane (Bio-Rad, 
Hercules, CA) by capillary transfer in 10 x SSC as described by Sambrook et al. [17]. 
Radiolabeled DNA probes were generated using the RadPrime DNA Labeling System 
(Invitrogen, Breda, The Netherlands) of a DNA probe of the intracellular domain of 
mLAIR-1 and subsequently used for hybridization under stringent conditions using the 
ExpressHyb Hybridization Solution (CLONTECH Laboratories, Inc., Palo Alto, CA), 
according to the manufacturer’s prescriptions. After washing the blots, they were exposed 
to phosphor screens and analyzed on a STORM PhosphorImager (Molecular Dynamics, 
Wokingham, UK). 

 
Degranulation assay 
The degranulation assay of RBL-2H3 clones has previously been described [10]. 
Measurements were performed using triplicate cultures. The percentage of inhibition of 
degranulation by hLAIR-1- and chimeric hLAIR-1/mLAIR-1-transfected RBL-2H3-clones  
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was calculated as: percentage of inhibition = 100*[(OD405 without LAIR-1 cross-linking – 
OD405 with LAIR-1 cross-linking)/(OD405 without LAIR-1 cross-linking - OD405 
spontaneous release)]. 

  
Cytotoxicity assay 
721.221 target cells stably expressing FcγRIIa were labeled with 51Cr and used in a 4-hour 
cytotoxicity assay using transfected YT.2C2 cells as effector cells as described previously 
[18]. To engage hLAIR-1 and the hLAIR-1/mLAIR-1 chimeric molecules, 10 µg/ml 8A8 
anti-LAIR antibody was added. The maximum release was determined by lysing target cells 
with 5% Triton X-100. The percentage of specific lysis was calculated as: [(cpm specific 
51Cr release – cpm spontaneous 51Cr release)/(cpm maximum 51Cr release – cpm 
spontaneous 51Cr release)]*100. Data are expressed as the mean of triplicate cultures. 

 
Tyrosine phosphorylation and phosphatase recruitment 
RBL-2H3 cells stably transfected with hLAIR-1 and the hLAIR-1/mLAIR-1 chimeric 
proteins were treated with pervanadate and subsequently subjected to immunoprecipitation 
using DX26 anti-human LAIR-1 antibody as previously described [10]. 

 
Detection of mLAIR-1 and hLAIR-1 ligand(s) 
Chimeric proteins composed of the leader sequence and the extracellular parts of mLAIR-1 
(aa 1–139) or hLAIR-1 (aa 1-162) fused to the Fc region of human IgG1 were inserted into 
the pcDNA3.1/zeo+ vector (Invitrogen, Breda, The Netherlands). The proteins, designated 
mLAIR-1-hIg and hLAIR-1-hIg respectively, were produced by stable expression in 293T 
cells and subsequent purified by affinity chromatography on protein A-Sepharose columns 
(Amersham, Freiburg, Germany). Cell lines were screened for the presence of putative 
mLAIR-1 and hLAIR-1 ligand(s) by assaying for binding of the fusion proteins. 
Approximately 2.5 x 105 cells were incubated at room temperature (RT) for 30 min with 20 
µl PBS containing approximately 1 µg mLAIR-1-hIg or hLAIR-1-hIg, 5% normal mouse 
serum, 5% BSA, 10% FCS, and 20 µg/ml Mouse Fc Block™. After washing, 10 µg/ml (15 
µl) biotin-conjugated goat anti–human-IgG1 was added for 30 min at RT, followed by 
washing and 30 min incubation with 10 µg/ml phycoerythrin-conjugated streptavidin. Cells 
were assayed on a FACSCalibur  with the addition of propidium iodide to exclude dead 
cells. As isotype controls, 1 µg hIgG1 or irrelevant hIgG1 fusion protein was used. For 
fusion protein blocking studies, hLAIR-1-hIgs or mLAIR-1-hIgs were incubated for 30 
minutes at RT with anti hLAIR-1 antibodies (8A8) or polyclonal anti mLAIR-1 antibodies 
respectively prior the above described procedure. As a control mLAIR-1-hIgs were 
incubated with preimmune serum from the same rabbits that served to generate polyclonal 
antibodies against mLAIR-1. 

 



Chapter 5 
 

82 

Computer-assisted analysis 
Identification of mLAIR-1 was achieved by homology search on the Celera mouse genome 
database (www.celera.com). Comparison of the human and mouse LRC was performed by 
comparing both regions on the genomic databases of Celera and the National Center of 
Biotechnology Information (NCBI; http://www.ncbi.nih.gov/Genomes/). The protein 
sequence alignment was generated by the Clustal method, using Lasergene analysis 
software (DNASTAR, Inc., Madison, WI).  

  
Results 
 
Identification of mLAIR-1 
To identify a mouse homologue of human LAIR-1, the Celera mouse genome database was 
searched with a BLASTN algorithm for sequences bearing homology with the human 
LAIR-1 cDNA sequence. As a result, a mouse LAIR-locus was identified on chromosome 
7, the syntenic chromosome of human chromosome 19q13.4 where both LAIR-1 and 
LAIR-2 loci are located. Specific primers were generated to PCR amplify putative LAIR-
homologue transcripts using C57BL/6J mouse bone marrow-derived cDNA as template, 
resulting in amplification of at least six different LAIR transcripts (Fig. 2A). One transcript 
contained the full-length open reading frame of 792 nt with the first ATG start codon 
contained in a consensus Kozak sequence. The deduced polypeptide conformed to a type I 
transmembrane protein composed of 263 aa, including a 21 aa signal peptide, a 121 aa 
extracellular domain, a hydrophobic transmembrane segment of 22 aa, and a 99 aa 
cytoplasmic tail (Fig. 1A and B). The putative human LAIR-1 homologue had a predicted 
relative molecular mass of 29.8 kDa and two potential sites for N-linked glycosylation at 
positions N34 and N90, indicated by a circle in Fig. 1A. 
 
Figure 1.  Human LAIR-1 has a mouse homologue. (A) Protein sequence alignment of mLAIR-1a and hLAIR-
1a. The leader sequence and putative transmembrane domain are respectively black and gray underlined; the 
putative ITIM sequences in the cytoplasmic domain are underlined (dotted). Conserved residues are enclosed by 
darkly shaded boxes and residues showing conservative substitutions are enclosed in lightly shaded boxes. 
Conserved cysteines involved in intradomain disulfide bond formation are indicated by asterisks. Potential N-
linked glycosylation sites of both receptors are circled. Gaps introduced to optimize the sequence alignment are 
indicated by dots. The mLAIR-1a sequence data is available from Genbank/EMBL/DDBJ under accession no. 
(AY392763). (B) Schematic overview of the genes and respective proteins of mLAIR and hLAIR-1. The protein-
coding sequences are denoted as closed boxes, and the non-coding sequences as open boxes. The protein structure 
is subdivided into the leader peptide (LP), the extracellular domain (EC), the transmembrane domain (TM), and 
cytoplasmic domains (CP). The two cysteines forming the putative disulfide bonds (C-C) in the extracellular 
domain are shown. Putative ITIM-sequences are indicated by asterisks. Introns 1,2, and 3 of the mLAIR-1 gene 
are shown at 15% of their relative size. (C) Schematic organization of the human LRC on chromosome 19q13.4 
(top panel) compared to its syntenic region on mouse chromosome 7 (bottom panel). The genes include platelet 
glycoprotein VI (GP-VI), lymphocyte antigen 94 (Ly-94 or natural cytotoxicity triggering receptor 1 (NCR-1)), 
FcαR, KIR genes, leukocyte Ig-like receptors (LILRs), LAIR genes, paired Ig-like receptors (PIRs) and genes not 
belonging to the Ig-like superfamily: LRC-encoded novel genes (LENGs), ribosomal protein S9 (RBS9), Tweety 
homologue 1 (TtyhI), Binder of Rho GTPase 3 (BORG-3), and a protein showing similarity to MO-25. Genes are 
represented by arrows, indicating their direction of transcription. The maps are not to scale.  
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A mLAIR-1a  MSLHPVILLVLVLCLGWKINTQEGSLPDIT 30  
hLAIR-1a  MSPHPTALLGLVLCLAQTIHTQEEDLPRPS 30  
 
mLAIR-1a  IFPNSSLMISQGTFVTVVCSYSDKHDLYNM 60  
hLAIR-1a  ISAEPGTVIPLGSHVTFVCRGPVGVQTFRL 60  
 
mLAIR-1a  VRLEKDGSTFMEKSTE..PYKTEDEFEIGP 88  
hLAIR-1a  ERESRSTYNDTEDVSQASPSESEARFRIDS 90  
 
mLAIR-1a  VNETITGHYSCIYSKGITWSERSKTLELKV 118 
hLAIR-1a  VSEGNAGPYRCIYYKPPKWSEQSDYLEL.L 119 
 
mLAIR-1a  IKENVIQTPAP........GPT...SDTSW 137 
hLAIR-1a  VKETSGGPDSPDTEPGSSAGPTQRPSDNSH 149 
 
mLAIR-1a  .........LKTYSIYIFTVVSVIFLLCLS 158 
hLAIR-1a  NEHAPASQGLKAEHLYILIGVSVVFLFCLL 179 
 
mLAIR-1a  AL.LFCFLRHRQKKQGLPNNKRQQQRPEER 187 
hLAIR-1a  LLVLFCLHRQNQIKQGPPRSKDEEQKPQQR 209 
 
mLAIR-1a  LNLATNGLEMTPDIVADDRLPE.DRWTETW 216 
hLAIR-1a  PDLAVDVLERTADKATVNGLPEKDRETDTS 239 
 
mLAIR-1a  TPVAGDLQEVTYIQLDHHSLTQRAVGAVTS 246 
hLAIR-1a  ALAAGSSQEVTYAQLDHWALTQRTARAVSP 269 
 
mLAIR-1a  QST.DMAESSTYAAIIRH 263  
hLAIR-1a  QSTKPMAESITYAAVARH 287  

*

*
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The presence of one pair of cysteines in the extracellular domain, generating a single 
Ig-like domain, classifies the LAIR-1 homologue as a member of the IgSF. Both residues 
are conserved between the human and mouse LAIR molecules (Fig. 1A). The cytoplasmic 
domain contains two tyrosines at residues Y228 and Y257, both contained in ITIM-like 
sequences. The N-terminal sequence (VTYIQL) fits the I/V/L/SxYxxL/V-consensus 
sequence for ITIMs [1], whereas the C-terminal sequence (STYAAI) resembles, but does 
not fit, the consensus. 

Aligning the protein sequence of hLAIR-1a to its mouse homologue (Fig. 1A) showed 
that the molecules are moderately conserved, with overall sequence identity and homology 
of 40 and 50%, respectively. In particular, the cytoplasmic domains of both LAIR 
molecules were more conserved than their extracellular domains. The N-terminal ITIM-
sequences were highly similar between both receptors; only a single aa substitution was 
observed, whereas the C-terminal ITIM-sequences were less alike. Based on the sequence  
identity between human LAIR-1 and the newly identified mouse LAIR molecule, the 
protein was named mouse LAIR-1 (mLAIR-1). 

 
The mLAIR-1 gene maps to a LRC-like region on chromosome 7  
The mLAIR-1 gene spans an area of approximately 53.6 kb of genomic sequence (Fig. 1B) 
and closely resembles the human LAIR-1 gene. Although hLAIR-1 contains 10 exons, and 
its mouse homologue only eight (mLAIR-1 misses human exons 4 and 5), the shared exons 
are highly similar in size, have almost identical intron-exon boundaries (data not shown), 
and encode similar regions of the protein (Fig. 1B).  

The mLAIR-1 gene maps to the proximal end of mouse chromosome 7 in a region 
syntenic with human chromosome 19q13.4 where the LRC is located (Fig. 1C). Based on 
sequence similarity, the region located near the mLAIR-1 gene resembles that of the human 
LRC, indicating it is conserved through evolution. Genes homologous to the Ig-like protein 
platelet glycoprotein VI (GP-VI), lymphocyte antigen 94 (or natural cytotoxicity-triggering 
receptor 1), and LILRs appear to be conserved between the species. Furthermore, several 
non-Ig molecules, such as the LRC-encoded novel genes (LENGs), ribosomal protein S9 
(RBS9), Tweety homologue 1 (TtyhI), Binder of Rho GTPase 3 (BORG-3) seem 
conserved. Significantly, the mouse LRC lacks genes encoding LAIR-2, KIRs and FcαR. 
Furthermore, there appear to be fewer PIR genes present compared with genes encoding its 
human homologues (LILRs). Only mLRC contained putative genes encoding proteins with 
homology to a protease, 40S ribosomal protein and MO-25. MO-25 (CAB39) is a gene 
transcribed during early mouse development encoding a putative Ca2+ binding protein [19]. 

 
mLAIR-1 is expressed in hematopoietic cells  
To asses the cellular distribution of mLAIR-1, RT-PCR analysis on various mouse tissues 
(C57BL/6) and cell lines using mLAIR-1-specific primers was performed (Fig. 2A). 
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Transcripts were detected in lymphoid organs (bone marrow, spleen, lymph nodes, and 
thymus), but not in nonlymphoid organs such as muscle and skin. Furthermore, cell lines of 
hematopoietic origin of various mouse strains contained mLAIR-1 transcripts (IIA1.6, 
Sp2/0, NS-1, D011.10, and EL4), whereas nonhematopoietic cell lines (CT26, B16, CMS7, 
L929, and 3T6) did not.   

Several mLAIR-1 transcripts were detected by RT-PCR (Fig. 2A). Cloning, 
sequencing and subsequent sequence alignment indicated that the different transcripts were 
all transcribed from the same gene and were characteristic of alternative RNA splicing (data 
not shown). The two major transcripts encoded the full-length mLAIR-1a and a splice 
variant missing the entire Ig-like domain, which is encoded by exon 3 (mLAIR-1b). Two 
minor forms, which we designated mLAIR-1d and mLAIR-1e, encoded isoforms missing 
exon 3 and 4 or exon 4 alone, respectively. Furthermore, two minor transcripts were 
detected similar to mLAIR-1a and mLAIR-1b, with a 115-nucleotide intronic sequence 
adjacent exon 2 resulting in a transcript encoding a nonsense protein. The DNA sequences 
of mLAIR-1a, b, d, and e were deposited in the GenBank database under accession 
numbers AY392763, AY392764, AY392765, and AY392766, respectively. 

 
 
 
 

 
 
 
 
 
 
 

Figure 2.  mLAIR-1 is expressed in hematopoietic cells. (A) Semi-quantitative 
RT-PCR amplification of mLAIR-1 and GAPDH cDNA fragments in various 
mouse cell populations. mLAIR-1 cDNA fragments were selectively amplified 
by RT-PCR from total RNA samples obtained from various mouse tissues 
(C57BL/6) or cell lines, and subsequently visualized by ethidium bromide 
staining. Bottom panel, control amplifications of a GAPDH cDNA fragment in 
the same samples. RNA samples were prepared from the following tissues and 
cell lines: (from left to right) bone marrow (BM); spleen; lymph nodes (LN); 
thymus; muscle (leg); skin; B cell lines IIA1.6 (BALB/cAnN ), Sp2/0 (BALB/c) 
and NS-1 (BALB/c); T cell lines D011.10 (BALB/c) and EL4 (C57BL/6); bone 
marrow-derived DCs (BALB/c); colon carcinoma CT26 (BALB/c); melanoma 
B16 (C57BL/6); sarcoma CMS7 (BALB/c); and fibroblasts L929 (C3H/An) and 
3T6 (Swiss albino). Negative controls using total RNA from bone marrow-
derived DCs and water as templates are shown. (B) Northern blot analysis of 
mLAIR-1 transcript expression in bone marrow-derived DCs and the sarcoma 
cell line CMS7 (BALB/c). Upper panel represents a Northern blot probed with 
an mLAIR-1 probe; bottom panel shows the same blot probed with a GAPDH-
probe as relative loading control.  The migration of the 28S (4.7 kb) and 18S (1.9 
kb) ribosomal RNAs are indicated.   
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Northern blot analysis of bone marrow-derived DCs (BALB/c) showed two predominant 
transcripts of approximately 1.7 and 3.3 kb (Fig. 2B). Hybridization transcripts were not 
detected in other RNA samples (CMS7, Fig. 2B; EL4, SP2/0, NS-1, CT26, IIA1.6, and 
D011.10, data not shown), and only faintly in lymphoid tissues (spleen, bone marrow and 
lymph nodes; data not shown), indicating that mLAIR-1 transcripts are relatively low 
abundant transcripts in immune-associated tissues other than DCs. Taken together, these 
data indicate that, like human LAIR-1, mLAIR-1 is exclusively expressed by cells of 
hematopoietic origin.  
 
mLAIR-1 is able to inhibit degranulation of RBL-2H3 cells and cytotoxic activity of NK 
cells 

To investigate the potential inhibitory capacity of mLAIR-1, we generated a chimeric 
molecule composed of the extracellular domain of human LAIR-1 fused to the 

Figure 3. The mLAIR-1 cytoplasmic tail is able to inhibit degranulation of RBL-2H3 cells. (A) Expression of 
hLAIR-1/mLAIR-1 chimeric proteins by transfected Rat Basophilic Leukemia (RBL) cells. The chimeric proteins 
consist of the extracellular part of hLAIR-1a (aa. 1-160) and the transmembrane region and cytoplasmic tail of 
mLAIR-1a (aa. 140-263). Expression of the hLAIR-1 and hLAIR-1/mLAIR-1 chimeric proteins on the cell surface 
was confirmed by flow cytometry after staining with DX26 anti-hLAIR-1 Ab and phycoerythrin (PE)-conjugated 
goat anti-mouse IgG (solid histogram) or PE-conjugated goat anti-mouse IgG alone (open histogram). Clones 1 
and 2 were derived from independent transfections.  Non-transfected RBL-2H3 (wild-type (wt)) cells were used as 
a control. (B), Inhibition of Fcε-mediated degranulation by human LAIR-1 and hLAIR-1/mLAIR-1 chimeric 
protein. RBL clones were primed with IgE anti-TNP and triggered by adding 10 ng/ml BSA-TNP. For cross-
linking LAIR-1 on the cell surface, cells were coated with both IgE and 8A8 anti-LAIR IgG and triggered in the 
presence of 10 µg/ml goat anti-mouse F(ab)2. The inhibitory capacity of human LAIR-1 and hLAIR-1/mLAIR-1 
chimeric protein was calculated by comparing the degranulation of the cells with and without LAIR-1 cross-
linking, as described in Materials and methods. Typical degranulation values ranged from 10 to 25% of the 
amount observed when all RBL cells were lysed by addition of 10% Triton, depending on the clone tested. hough 
degranulation values varied between experiments, the percentage of inhibition remained constant. Data are 
expressed as mean values of three independent experiments plus standard deviation. 
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transmembrane and cytoplasmic domain of mLAIR-1. Stable transfectants of the Rat 
Basophilic Leukemia cell line (RBL-2H3) and the human NK cell line YT.2C2, were 
generated using this chimeric protein and hLAIR-1 as a control. Cell surface 
immunofluorescence analysis (Fig. 3A) indicated that the transfected RBL cells expressed 
both proteins at comparable levels in two independent transfectants. We investigated 
whether these chimeric molecules could inhibit signaling mediated by the endogenous 
ITAM-bearing IgE receptor FcεRI expressed on RBL cells in a β-glucuronidase release 
assay (degranulation assay). Incubation of the transfectants with TNP-specific IgE and 
subsequent triggering with TNP-conjugated BSA, led to degranulation of the cells and 
release of β-glucuronidase. Simultaneous cross-linking of the stably transfected chimeric 
LAIR molecules or hLAIR-1 with anti-hLAIR-1 mAb (8A8) and anti-mouse Ig led to an 
inhibition of IgE-induced β-glucuronidase release for the LAIR-molecules, whereas no 
effect was observed for nontransfected RBL cells (Fig. 3B).  
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Figure 4. The mLAIR-1 cytoplasmic tail is able to inhibit cytotoxic activity of YT.2C2 cells. (A) Expression 
of hLAIR-1/mLAIR-1 chimeric proteins by human NK cell line YT.2C2. Expression of the hLAIR-1 and hLAIR-
1/mLAIR-1 chimeric proteins on the cell surface was confirmed by flow cytometry after staining with DX26 anti-
hLAIR-1 Ab and phycoerythrin (PE)-conjugated goat anti-mouse IgG (solid histogram). Non-transfected YT.2C2 
cells are indicated as an open histogram. (B) YT.2C2 cells (wt) and YT.2C2 cells expressing hLAIR-1 and 
mLAIR-1 were assayed for lysis of the human FcγRIIa (CD32) transfected Epstein-Barr virus (EBV)-transformed 
B cell line, 721.221/CD32 at different effector-to-target (E:T) ratios in the absence (• ) or presence (■) of 10 µg/ml 
8A8 anti-LAIR-1 antibody. Data are representative of four independent experiments. 
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Furthermore, triggering of the chimeric protein by mAbs on transfectants of the 
human NK cell line YT.2C2 (Fig. 4A) inhibited its spontaneous cytotoxic activity towards 
721.221 FcγRIIa-bearing target cells (Fig. 4B). The inhibitory effect observed in the 
cytotoxicity assay was completely due to triggering of the chimeric LAIR molecules alone, 
as previous experiments showed that mutating both tyrosines of hLAIR-1 to phenylalanine 
abolished the inhibition of cytotoxicity of the NK cell line towards its target cells in an 
identical experimental set-up [10]. Taken together, these data indicate that, like hLAIR-1, 
cross-linking of the hLAIR-1/mLAIR-1 chimeric protein results in inhibition of ITAM-
dependent signals initiated via the FcεRI complex on RBL-2H3 cells and cytotoxic activity 
of NK cells towards FcγR-bearing target cells.  
 
The mLAIR-1 cytoplasmic tail is phosphorylated upon pervanadate stimulation, recruits 
SHP-2, but does not associate with SHP-1 
The existence of two potential ITIM sequences within the cytoplasmic domain of mLAIR-1 
(Fig. 1A) suggested that the generation of inhibitory signals in the degranulation and 
cytotoxicity assay (Figs. 3B and 4B) was manifested by the recruitment of SHP-1 and/or 
SHP-2. To determine whether the chimeric proteins were capable of binding protein 
tyrosine phosphatases, the previously described RBL-2H3 transfectants were stimulated  

 
Figure 5.  The mLAIR-1 cytoplasmic 
tail is phosphorylated upon 
pervanadate treatment and recruits 
SHP-2, but does not associate with 
SHP-1. (A) RBL-2H3 cells (wt) or 
RBL-2H3 cells stably transfected with 
either hLAIR-1 or chimeric hLAIR-
1/mLAIR-1, were treated with 50 µM 
pervanadate in PBS or with PBS alone 
for 15 minutes at 37 oC and imme-
diately lysed in Triton lysisbuffer. Cell 
lysates were subjected to immuno-
precipitations with anti-hLAIR-1 Abs 
coupled to protein-A/G beads. Proteins 
were separated by non-reducing SDS-
PAGE, transferred to Immobilon-P 
membranes and Western blotted using 
anti-phosphotyrosine (upper panel) and 
anti-SHP-1 (lower panel), or (B) anti-
human LAIR-1, anti-SHP-1, anti-
SHP2. The results are representative of 
four independent experiments 
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with pervanadate (an inhibitor of protein tyrosine phosphatases inducing tyrosine 
phosphorylation [20]), lysed, and immunoprecipitated with anti-hLAIR-1 mAbs. 
Immunoprecipitates were subsequently analyzed by Western blotting using Abs specific for 
phosporylated tyrosine residues, hLAIR-1, SHP-1 and SHP-2. As shown in Fig. 5A, the 
chimeric proteins became phosphorylated upon pervanadate treatment. Unexpectedly, 
unlike hLAIR-1, the chimeric protein did not recruit SHP-1 upon phosphorylation. 
Analogous to human LAIR-1, SHP-2 was recruited after pervanadate stimulation (Fig. 5B), 
albeit to a much lesser extent. These results suggest that the negative signal transduced via 
engagement of the mLAIR-1 molecule might be mediated through recruitment of SHP-2, 
whereas SHP-1 does not seem to play a role.  
 
mLAIR-1 and hLAIR-1 bind ligand(s) expressed on the same cell lines 
To identify the natural ligand(s) for mLAIR-1, we constructed a fusion protein consisting of 
the extracellular domain of mLAIR-1 fused to the Fc portion of human IgG1 (mLAIR-1-
hIg). The protein was used as staining reagent to screen mouse cell lines for presence of 
putative ligands. The mouse fibroblast cell lines 3T6 and L929 and the mouse brain-derived 
endothelial cell line bEND3 bound the protein, whereas several other cell lines did not (NS-
1, IIA1.6, Sp2/0, D011.10, and EL4 cells; Fig 6A and data not shown). To examine whether 
human LAIR-1 also binds ligand(s) on these cells, a hLAIR-1-hIg fusion protein was 
generated. This fusion protein stained the same cells, indicating that hLAIR-1 reacts with a 
ligand on mouse cells. This observation led us to expand the screening for putative ligands 
to human cell lines. Both mLAIR-1 and hLAIR-1 fusion proteins stained the same human 
cells (human embryonic kidney 293T, colon carcinoma cell lines HT29 and LS174) 
whereas the human Jurkat T cell line appeared not to express a ligand for these receptors. 
This could indicate that both LAIR molecules recognize the same ligand(s) on these cells, 
confirming that the proteins are true homologues. However, the receptors might also bind to 
different cell surface molecules expressed on these cells. Binding of hLAIR-1-hIg and 
mLAIR-1-hIg to all cell lines was abolished by prior incubation with anti-hLAIR-1 Abs 
(8A8) or polyclonal anti-mLAIR-1 Abs respectively, demonstrating the specificity of these 
interactions (Fig. 6B). The mLAIR-1-hIg binding could not be abolished by prior 
incubation of the human LAIR-1 recognizing Ab (8A8, data not shown). Interestingly, 
hLAIR-1-hIg binding was not abolished by prior incubation of another anti hLAIR-1 Ab 
(DX26, Fig. 6B), indicating that 8A8 antibodies recognize a hLAIR-1 epitope that is 
involved in ligand binding, whereas DX26 antibodies do not. Specific binding of the 
polyclonal antiserum to mLAIR-1 was confimed using flow cytometry by staining 
ARHO12 cells stably transfected with or without mLAIR-1 (Fig. 6C). 
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Figure 6.  mLAIR-1 and hLAIR-1 bind a ligand(s) on the same cells.  (A) mLAIR-1-hIg and hLAIR-1-hIg 
binding to several human and mouse cell lines, demonstrating the presence of a putative ligand(s). Filled 
histograms represent staining with mLAIR-1-hIg or hLAIR-1-hIg. Open histograms represent staining with hIgG 
isotype control. (B) Anti hLAIR Abs and polyclonal anti mLAIR-1 immune serum inhibits binding of hLAIR-1-
hIg and mLAIR-1-hIg, respectively, to HT29 cells. hLAIR-1-hIgs or mLAIR-1-hIgs were pre-incubated for 30 
minutes at RT with indicated blocking antibodies, as represented in the upper right corner of the histogram. 
Subsequently, HT29 cells were incubated with the mixture in the presence of 5% normal mouse serum, 5% BSA, 
10% FCS, and 20 µg/ml Mouse Fc Block™. Specific binding of the fusion proteins were assessed by detection of 
the human IgG1 tail present in the fusion protein, as described in Materials and Methods. DX26 and 8A8 are both 
mouse anti-hLAIR-1 mAbs recognizing different epitopes of the extracellular domain of the receptor. (C) Rabbit 
polyclonal anti-mLAIR-1 immune serum specifically recognizes mLAIR-1 stably transfected in ARHO12 cells. 
ARHO12 cells transfected with or without mLAIR-1 were incubated with preimmune rabbit serum (open 
histograms) or anti-mLAIR-1 immune serum (solid histograms). Specific binding of the antibodies was assessed 
by incubating with biotinilated anti-rabbit Abs and subsequent detection with PE-conjugated streptavidin. P.I., 
rabbit polyclonal preimmune serum; Imm., rabbit polyclonal anti-mLAIR-1 immune serum. 
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Discussion 
 
In this report we describe the identification and characterization of the mouse homologue of 
hLAIR-1, an inhibitory receptor believed to function in the down-regulation of immune 
responses [3-6,21,22].   

The mLAIR-1 gene maps to the proximal end of mouse chromosome 7 in a region 
similar to the hLRC (Fig. 1C). Like hLAIR-1, the mLAIR-1 molecule is structurally related 
to several other inhibitory IgSF members located on the same region of the chromosome, 
suggesting that these molecules could have evolved from a common ancestral gene. 
Comparison of the hLRC to its syntenic region in mice reveals remarkable similarities as 
well as some striking differences. Besides encoding many members of the IgSF, both 
regions appear to show a considerable degree of genetic polymorphism and are 
characterized by extensive gene duplications [12,23]. Furthermore, the orientation of 
several homologous genes in the human LRC indicate that this region arose as a result of a 
large inverse duplication [23]; this same pattern is observed in the mouse. The mouse LRC 
however, is smaller in size than the human variant (~530 kb vs ~900 kb respectively) and 
appears to encode fewer IgSF members. A direct homologue for the human FcαR (CD89) 
for instance, is absent in the mLRC. Furthermore, whereas humans encode ~ 13 KIR family 
members [24], mice completely lack KIR genes on mouse chromosome 7. Recently 
however, a KIR-like locus was identified outside the LRC on mouse chromosome X, 
suggesting that the KIR family did evolve from a primordial gene already present in the 
common rodent/primate ancestor [25,26]. The mouse PIR gene family, comprised of both 
activating and inhibitory receptors with six Ig domains, is the closest in sequence homology 
and gene structure to the human LRC-encoded LILRs (reviewed in [27]). Although both 
gene families are encoded in the LRC and share a moderate level of sequence identity, their 
relatedness was long subject of debate since the PIRs possess six Ig-like domains whereas 
the LILRs contain only 2 or 4. Recently however, studies suggested that PIR-B interacts 
with the HLA class Ib molecule HLA-G [28], a molecule that also serves as a binding 
partner of several members of the LILR family (reviewed in [29]).   

In contrast to the human LAIR family, which consists of the transmembrane protein 
LAIR-1 and the putatively secreted protein LAIR-2 which shares 84% sequence homology 
to hLAIR-1 [3], the mouse genome appears to encode only the membrane-bound variant. 
Searching mouse EST and genome databases did not retrieve a LAIR-2 homologue. It 
seems that the LAIR-1 gene appeared prior to the rodent/primate split in mammalian 
evolution and that human LAIR-2 might originate as a result of a LAIR-1 gene duplication-
event in primates. The similar architecture and high sequence identity between the human 
LAIR-1 and LAIR-2 genes and the absence of a mouse LAIR-2 gene supports this 
hypothesis. Altogether, although the human and mouse LRC show obvious similarities, it is 
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apparent that the region is highly dynamic and that its members have probably evolved by a 
series of duplications, deletions and rearrangements from an ancient common gene.   

Like hLAIR-1 [3], its mouse homologue is broadly expressed on immune cells. 
Interestingly, several different mLAIR-1 splice variants were detected by RT-PCR analysis, 
among these a high abundant splice variant lacking the entire Ig domain encoded by exon 3 
(mLAIR-1b). To our knowledge, there are no other immune receptors with similar splice 
variants, it would therefore be interesting to determine whether this protein is also 
expressed on mouse immune cells, and explore what function it might have.  

The presence of two ITIM-like structures in the mLAIR-1 cytoplasmic tail corresponds 
with the observed inhibition of immune responses by YT.2C2 and RBL cells. However, 
although the N-terminal sequence fits the consensus sequence for ITIMs, the C-terminal 
sequence does not completely. This raises the question whether the C-terminal ITIM-like 
structure of mLAIR-1 can function as such. Studies using human KIR molecules have 
indicated that two intact ITIMs are required for SHP-1 recruitment [30,31]. However, 
whereas a KIR mutant containing only the C-terminal ITIM is no longer effective, a KIR 
mutant containing only the N-terminal ITIM still recruits SHP-2 [32] and has inhibitory 
capacity [30,31]. These studies are in agreement with our recent study [10], in which we 
showed that mutating either ITIM of hLAIR-1 resulted in loss of SHP-1 recruitment upon 
Ab triggering, whereas mutating the C-terminal ITIM still allowed SHP-2 recruitment. It 
appears that mutating any ITIM of inhibitory receptors bearing two ITIM sequences, results 
in abolishing of SHP-1 recruitment [10,30,31]. This suggests that receptors bearing a single 
ITIM are not able to recruit SHP-1. C-type lectin inhibitory receptors like LLIR and Ly49 
however, often bear a single ITIM in their cytoplasmic tail and do recruit SHP-1 upon 
tyrosine phosphorylation [33,34]. The latter class of molecules however, can be expressed 
as a disulfide-linked homodimer [35,36], allowing one receptor to carry two identical 
ITIMs. The mast cell function-associated antigen (MAFA) is an exception to this, the 
receptor bears a single ITIM, can be expressed on the cell membrane as a dimer but does 
not recruit SHP-1, whereas SHP-2 and SHIP are recruited to this molecule upon 
phosphorylation (reviewed in [37]). As mLAIR-1 does not recruit SHP-1 upon pervanadate 
treatment, and the C-terminal ITIM-like sequence does not completely match the ITIM 
consensus, it is possible that this motif might not function as such. This would correspond 
with the hypothesis that two bonafide ITIMs are required for SHP-1 recruitment. However, 
mutational studies are required to determine if this motif completely lacks inhibitory 
signaling capacities or if other, as yet unknown, factors play a role in the inhibitory 
capacities of mLAIR-1.   

Studies determining the basis for specific binding of SHP-2 to tyrosine motifs have 
indicated that position +1 (relative to pY) of the ITIM contributes to specificity. The N-
terminal SH2 domain of SHP-2 has a preference for I/V/T at this position [37,38]. Presence 
of an I at position pY + 1 in the N-terminal ITIM of mLAIR-1 suggests that SHP-2 is 
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recruited to this ITIM. Although human LAIR-1 contains an alanine at this position, this N-
terminal ITIM proved responsible for SHP-2 recruitment [10]. 

Unlike previously described, human LAIR-1 does not interact with the epithelial cell 
adhesion molecule (Ep-CAM) as a ligand [38], therefore we used mLAIR-1-hIg and 
hLAIR-1-hIg fusion proteins to screen a panel of human and mouse cell lines for presence 
of putative LAIR ligands. As both hLAIR-1-hIg and mLAIR-1-hIg fusion proteins bound to 
the same human and mouse cell lines, it is tempting to speculate that both receptors cross-
react with the same ligand(s) expressed on these cells. However, both receptors could 
potentially bind to different cell surface molecules expressed on these cells. It is imperative 
for understanding LAIR biology to identify the molecules that bind these fusion proteins, 
and whether ligation can stimulate the inhibitory function of both human and mouse LAIR-
1. 

The data presented in this report show that mLAIR-1 is a genuine homologue of human 
LAIR-1. Despite the moderate level of sequence identity, the genes encoding the receptors 
are both located in the LRC, their exons are highly similar in size and have almost identical 
intron-exon boundaries. Furthermore, both proteins have similar expression patterns, share 
a potent inhibitory capacity, and potentially bind the same ligand(s) on both human and 
mouse cells. Although both receptors recruit SHP-2 upon phosphorylation of their 
cytoplasmic tails, their difference in SHP-1 recruitment is intriguing.   

To conclude, identification of the mouse homologue of LAIR-1 could facilitate in vivo 
studies on the role of this receptor in regulation of immune responses and broaden the 
general knowledge on the function of inhibitory receptors in immune surveillance.  
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Abstract 
 
Most inhibitory receptors in the immune system contain one or several Immunoreceptor 
Tyrosine-based Inhibitory Motif (ITIM)s and recruit the SH2 domain-containing 
phosphatases SHP-1, SHP-2 and/or SHIP, which are generally believed to be essential for 
the inhibitory function. However, it has not been systematically investigated whether ITIM-
bearing receptors may exert their function through alternative interactions. Here we 
describe that Leukocyte-Associated Ig-like Receptor (LAIR)-1 has inhibitory function in 
DT40 chicken B cells that lack both SHP-1 and SHP-2. In addition, we found that LAIR-1 
did not recruit SHIP upon phosphorylation. Thus, LAIR-1 can function independent of SH2 
domain-containing phosphatases and must recruit at least one other signaling molecule. 
Using a yeast-tri-hybrid system, we found that phosphorylated LAIR-1 bound the C-
terminal Src kinase (Csk). The interaction required the SH2 domain of Csk and 
phosphorylation of the tyrosine in the N-terminal ITIM of LAIR-1. In addition, we found 
that Csk bound to the intracellular domains of Signal Regulatory Protein (SIRP)α and 
FcγRIIB, suggesting that Csk plays a general role in ITIM-mediated regulation of the 
immune system.  
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Introduction 
 
An appropriate response of the immune system depends on a balance between activating 
and inhibitory signals. Inhibitory receptors play an important role in the regulation of 
immune cells. This is illustrated by the fact that mutations in inhibitory receptors or in the 
molecules through which they signal, are associated with autoimmune disease [1]. Most 
inhibitory receptors in the immune system contain one or several Immunoreceptor 
Tyrosine-based Inhibitory Motif (ITIM)s. This motif has the consensus sequence (I/V/L/S)-
x-Y-x-x-(L/V/I), where x represents any amino acid [2]. Upon co-crosslinking with an 
activating receptor, ITIM-bearing receptors become phosphorylated and recruit the SH2 
domain-containing inositol phosphatase SHIP and/or the SH2 domain-containing tyrosine 
phosphatases SHP-1 and SHP-2.  The phosphatases subsequently dephosphorylate and 
thereby inactivate key molecules involved in cellular activation  [2,3]. It is widely believed 
that the recruitment of SH2 domain-containing phosphatases is required for the inhibitory 
function of ITIM-bearing receptors. However, several studies, including our previous work 
on Leukocyte-Associated Ig-like Receptor (LAIR)-1, suggest that the phosphatases are not 
the sole down-stream effectors of ITIM-bearing receptors. 

LAIR-1 is an ITIM-bearing receptor that is broadly expressed in the immune system 
[4] and functions as an inhibitory receptor on NK cells, T cells and B cells [4-8]. LAIR-1 is 
phosphorylated by Src family kinases and recruits SHP-1 and SHP-2 [4,9-11]. Recently, we 
identified a mouse homologue of LAIR-1, but unlike human LAIR-1, it does not recruit 
SHP-1. Still it has similar inhibitory capacity [12]. In addition, a human LAIR-1 mutant 
that lacks the N-terminal tyrosine does not detectably bind SHP-1 or SHP-2 but still has 
inhibitory function [11]. Taken together, this suggests that LAIR-1 may also recruit other 
molecules. 

Here we show that LAIR-1 has inhibitory capacity in SHP-1 and SHP-2 deficient 
DT40 chicken B cells and does not recruit SHIP. This indicates that, in contrast to the 
established dogma, LAIR-1 has phosphatase-independent inhibitory function. Therefore we 
searched for other LAIR-1-interacting proteins. Using a yeast-tri-hybrid screen, we have 
found that C-terminal Src kinase (Csk) interacts with phosphorylated LAIR-1.  As Csk 
inactivates Src family kinases [13,14], it may be a novel player in the regulation of immune 
responses by ITIM-bearing receptors.  
 
  
Materials and methods 
 
cDNA constructs 
Human LAIR-1 and LAIR-1 containing tyrosine-to-phenylalanine mutations in the ITIMs 
have been described before [4,11]. The mFcγRIIB/hLAIR-1 chimera containing the 
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extracellular and transmembrane domain of mFcγRIIB and the intracellular domain of 
LAIR-1 (amino acids 187-289) was generated by polymerase chain reaction as previously 
described for the mFcγRIIB/Platelet Endothelial Cell Adhesion Molecule (PECAM)-1 
chimera [15] and cloned into the pMx expression vector. Human FcγRIIB cDNA has been 
described before [16]. N-terminal FLAG-tagged FcγRIIB and LAIR-1 were generated by 
cloning the cDNA to the 3’ site of the FLAG sequence in the pMx vector (generated at the 
DNAX Research Institute, Palo Alto, CA). cDNA encoding human Csk was generated by 
Neet et al. [17]. cDNA encoding Csk lacking the SH2 domain (amino acids 80-163, 
Csk∆SH2) or the SH2 domain of Csk alone (amino acids 77-172) were generated by 
polymerase chain reaction. Human SIRPα cDNA was generously provided by Dr T. van 
den Berg (VU Medical Center, Amsterdam, The Netherlands). cDNAs encoding KIR2DL2 
and KIR3DL1 were a gift from Dr L. Lanier (University of California, San Francisco, 
USA). 
 
Cell lines and culture  
The DT40 chicken B cell line and SHP1-/-, SHP2-/-, SHP1,2-/- and SHIP-/- DT40 cells have 
been described before [18,19] and were purchased from RIKEN Cell Bank (Tsukuba 
Science City, Japan). The DT40 cells were grown on RPMI 1640 media (Gibco, Paisley, 
UK) supplemented with 10% fetal calf serum (Integro, Dieren, The Netherlands), 1% 
chicken Serum (Sigma), 4 mM glutamine (Gibco, Paisley, UK), 50 µM β-mercaptoethanol 
and antibiotics. To generate DT40 cells expressing the mFcγRIIB/hLAIR-1 chimera the 
cells were transfected by electroporation. The cells were grown on selective media and 
cloned by the limiting dilution method, 24 hours after transfection. To confirm expression 
of the chimera, the cells were stained with FITC-conjugated anti-mFcγRIIB 2.4G2 
antibodies or FITC-conjugated isotype control (Pharmingen BD) and analyzed by flow 
cytometry.  

RBL-2H3 is a rat basophilic leukemia cell line [20]. RBL transfectants stably 
expressing either wild type LAIR-1, LAIR-1 mutants or a hLAIR-1/mLAIR-1 chimera have 
been described previously [11,12]. Human embryonic kidney 293T cells were obtained 
from American Type Culture Collection (Manassas, VA). 293T cells and RBL cells were 
grown in RPMI 1640 media (Gibco, Paisley, UK) supplemented with 10% fetal calf serum 
(Integro, Dieren, The Netherlands) and antibiotics.  
 
Antibodies  
Polyclonal anti-chicken SHP-1 antibodies were a generous gift of Dr. T. Kurosaki (Kansai 
Medical University, Moriguchi, Japan). Polyclonal anti-SHP-2 and PLCγ2 antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The PY20 anti-
phosphotyrosine antibody was purchased from BD Transduction Laboratories (Franklin 
Lakes, NJ). Mouse anti-chicken IgM mAb M4 was purchased from Southern 



LAIR-1 has SHP-independent function 
 

101 

Biotechnology Associates (Birmingham, AL). Intact and F(ab’)2  rabbit anti-mouse IgM 
were obtained from Zymed (San Francisco, CA). Polyclonal anti-SHIP antibodies were 
kindly provided by Dr. J. Cambier (University of Colorado Health Sciences Center, 
Denver, CO). Monoclonal mouse IgG1 antibody directed against human LAIR-1, 8A8, has 
been described before [12]. For immunoprecipitation polyclonal rabbit anti-Csk antibodies 
were used (purchased from Santa Cruz Biotechnology, Santa Cruz, CA). For Western blot 
monoclonal anti-Csk antibody (BD Transduction Laboratories) was used. Horse Radish 
Peroxidase (HRP)-conjugated rabbit anti-mouse antibody (DAKO) or HRP-conjugated goat 
anti-rabbit antibody (Pierce) were used as secondary antibodies in Western blotting.  
 
Calcium mobilization assay 
DT40 cells (107/ml) were loaded with 3 µM Fluo 4-AM (Molecular Probes, Eugene, OR) in 
PBS for 20 min at 37°C. The cells were washed and resuspended in PBS supplemented 
with 1 mM MgCl2 and 1 mM CaCl2 . Triggering of the B cell receptor (BCR) with or 
without co-ligation of the mFcγRIIB/hLAIR-1 chimera was performed as described 
previously [15,19]. Co-ligation of the mFcγRIIB/hLAIR-1 chimera is achieved by cross-
linking the FcγRIIB moiety of the chimera by the Fc part of the intact antibody used to 
cross-link the BCR, while F(ab’)2  fragments do not cross-link the chimera. Briefly, the 
cells were incubated with intact or F(ab’)2  rabbit anti-mouse IgM (final concentrations 9.5 
µg/ml and 6.3 µg/ml respectively) for 5 minutes at room temperature. Mouse IgM anti-
chicken IgM was added (clone M4, final concentration 25 µg/ml) and the fluorescence 
intensity was measured with 10 second-intervals in the Fluoroskan Ascent (Thermo 
Labsystems, Franklin, MA) with excitation by 485 nm and emission at 527 nm. 
 
Yeast-tri-hybrid assay 
The yeast strain Ylck4.1 [21] and the pYTH9B vector were generously provided by Dr K. 
Fuller (Glaxo Smith Kline, UK). cDNAs encoding the intracellular parts of human and 
mouse LAIR-1 (amino acids 187-287 and 165-263 respectively), SIRPα (amino acids 395-
504) , FcγRIIB (amino acids 248-310), KIR2DL2 (amino acids 265-348) and KIR3DL1 
(amino acids 361-444) were cloned in frame to the DNA binding domain of Gal4 in the 
pYTH9B vector. Stable transformants were generated by integration of the constructs into 
the Trp locus. 

 For screening, yeast cells stably expressing the BD-hLAIR-1 fusion protein were 
transformed with 50 µg human fetal brain library in the pACT2 vector (BD Biosciences) 
using a lithium acetate/Tris EDTA/polyethylene glycol protocol [21]. Transformants were 
grown on selective media containing 50 mM 3-amino-1,2,4-triazole  (Sigma) for 10-14 
days. Large colonies were re-streaked on selective plates, grown for 48 hours and filter-
lifted on Hybond-N membranes (Amersham). β-Galactosidase activity was determined by a 
freeze-thaw fracture assay. Yeast clones that turned blue in this assay were considered as 
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possible positives. Library DNA was recovered by mechanically disrupting the yeast cells 
with acid-washed glass beads. To exclude false positives, the recovered library DNA was 
transformed into yeast cells that expressed the DNA binding domain of Gal4 alone. The 
proteins that interacted selectively with LAIR-1 were then identified by automated DNA 
sequencing of the library DNA.  

For Csk interaction studies in yeast, full length Csk, Csk∆SH2 and the SH2 domain 
were cloned in frame to the activation domain of Gal4 in the pACT2 vector (BD 
Biosciences). 1 µg of these constructs or the Csk construct obtained in the screen 
(Csk∆SH3) was transformed in yeast cells expressing the various DNA binding domain 
fusion proteins. Three colonies were spotted on media and grown in the presence or 
absence of methionine for 48 hours. Interactions were identified by the β-galactosidase 
assay as described above. 
 
Immunoprecipitation and Western blot analysis 
To assess the expression of SHP-1 in the DT40 cell lines, the cells were treated with 50 µM 
pervanadate and lysed in TNE lysis buffer (50 mM Tris-HCl, pH 8, 1% Nonidet P-40, 2 
mM EDTA, 0.02% sodiumazide) supplemented with protease inhibitors (Complete Mini 
EDTA-free protease inhibitor cocktail tablets, Roche, Mannheim, Germany) and 1 mM 
phenylmethylsulfonyl fluoride. Protein A/G PLUS-Agarose beads (Santa Cruz 
Biotechnologies, Santa Cruz, CA) were coated with anti-chicken SHP-1 antibody and 
immunoprecipitation was performed for 90 minutes in the presence of 0.5% BSA. Immune 
complexes were washed three times with lysisbuffer supplemented with 1 mM 
phenylmethylsulfonyl fluoride and boiled in non-reducing Laemmli sample buffer. Western 
blotting was performed and phosphorylated SHP-1 was detected by anti-phosphotyrosine 
antibodies. To assess the expression of SHP-2, the cells were directly lysed in Laemmli 
sample buffer and equal amounts of cell lysate were analyzed by Western blotting. 

To investigate the LAIR-1 mediated effects on BCR-induced tyrosine phosphorylation, 
DT40 cells were incubated with intact or F(ab’)2  rabbit anti-mouse IgM, followed by 
mouse IgM anti-chicken IgM as described for the calcium mobilization assay and left at 37 
°C for 1 minute. The cells were immediately washed in ice-cold PBS containing 250 µM 
orthovanadate and lysed in non-reducing Laemmli sample buffer. 

For the identification of LAIR-1/Csk interactions, RBL cells stably transfected with 
LAIR-1 or LAIR-1 mutants were washed in PBS and 25 x 106 cells were lysed in TNE lysis 
buffer. Immunoprecipitation was performed as described above using polyclonal anti-Csk 
antibodies.  

To investigate binding of SHIP to LAIR-1 293T cells were transfected with FLAG-
tagged LAIR-1 or FcγRIIB using FuGENE 6 (Roche) as transfection agent. To confirm 
expression of the FLAG-tagged receptors the cells were stained with M2 anti-FLAG 
antibody (Sigma) followed by phycoerythrin (PE)-conjugated goat anti-mouse IgG 
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(Southern Biotechnology Associates) and analyzed by flow cytometry. After 48 hours the 
cells were treated with 50 µM pervanadate and lysed in Triton lysisbuffer (containing 1% 
Triton X-100, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.02% sodiumazide) 
supplemented with protease inhibitors as described above. Immunoprecipitation was 
performed as described before [11] using precoated beads with anti-FLAG antibodies 
(Sigma). The samples were boiled in reducing Laemmli sample buffer. 

Proteins were resolved by SDS-polyacrylamide gel electrophoresis and transferred to 
Immobilon-P membranes (Millipore, Bedford, MA). Western blot analyses were performed 
with anti-phosphotyrosine, anti-SHP-2, anti-PLCγ2, anti-SHIP, 8A8 anti-LAIR-1 or 
monoclonal anti-Csk antibodies, followed by HRP-linked secondary antibodies. Proteins 
were detected by enhanced chemiluminescence (Amersham, Little Charfort, UK). 
 
Results 
 
LAIR-1 has inhibitory function independent of SHP-1 and SHP-2 
LAIR-1 recruits both SHP-1 and SHP-2 [4,9-11]. To determine the contribution of each 
phosphatase in LAIR-1 signaling, we investigated the function of LAIR-1 in the chicken B 
cell line DT40. DT40 mutants have been generated that lack SHP-1, SHP-2 or both 
phosphatases ([18] and Fig. 1A). We stably transfected the DT40 cells with a 

llular and transmembrane domains  
 
Figure 1. Generation of DT40 

mFcγRIIB/hLAIR-1 chimera that contained the extrace

clones stably 
pressing the mFcγRIIB/hLAIR-1 chime-ex

ra. (A) Expression of the phosphatases in the 
different DT40 cell lines was determined by 
immunoprecipitation of SHP-1 from perva-
nadate-treated cells and Western blot analysis 
using anti-phosphotyrosine antibodies (upper 
panel) and by Western blot analysis of whole 
lysates using anti-SHP-2 antibodies (lower 
panel). (B) Expression of the mFcγRIIB/ 
hLAIR-1 chimera was analyzed by staining 
the DT40 clones with FITC-conjugated anti-
mFcγRIIB antibodies (solid histograms) or 
isotype control (open histograms). Upper 
panels: untransfected DT40 (wt), wild type 
DT40 transfected with the mFcγRIIB/hLAIR-
1 chimera (wt + LAIR-1), wild type DT40 
transfected with the mFcγRIIB/hLAIR-1 chi-
mera containing tyrosine-to-phenylalanine 
mutations (wt + LAIR-1-FF). Lower panels: 
SHP-1, SHP-2 or double deficient cells trans-
fected with the mFcγRIIB/hLAIR-1 chimera. 
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of mFcγRIIB and the intracellular domain of LAIR-1. The mFcγRIIB/hLAIR-1 
chim

m 
mob

igure 2. LAIR-1 inhibits BCR-induced calcium mobilization in phosphatase deficient DT40 cells. DT40 

 

 

era can be co-ligated to the BCR by crosslinking the BCR with mouse IgM anti-
chicken IgM in combination with intact rabbit Ig anti-mouse IgM, which will also bind to 
the FcγRIIB moiety of the chimera through the Fc part. No co-ligation of the chimera 
occurs when rabbit F(ab’)2  anti-mouse IgM is used as a secondary antibody [15,19]. The 
expression of the mFcγRIIB/hLAIR-1 chimera was similar on all clones (Fig. 1B).  

Using this system we found that signaling by LAIR-1 inhibited BCR-induced calciu
ilization (Fig. 2A). The inhibitory function depended on the LAIR-1 ITIMs, as 

mutation of the tyrosines within these ITIMs abrogated the inhibition of calcium 
mobilization (Fig. 2B). We next investigated the contribution of each phosphatase to LAIR-
1 mediated inhibition. In DT40 cells that were deficient for either SHP-1 or SHP-2, LAIR-1 
inhibited the calcium mobilization to a similar extent as in wild type cells (Fig. 2C and D), 
suggesting that SHP-1 and SHP-2 have redundant functions in LAIR-1 signaling. 
Surprisingly, LAIR-1 still had an inhibitory effect on BCR-induced calcium mobilization in 
cells lacking both phosphatases (Fig. 2E), indicating that LAIR-1 has a phosphatase 
independent inhibitory function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
transfectants were assayed for calcium mobilization upon BCR cross-linking with (grey squares) or without (black 
diamonds) co-ligation of the mFcγRIIB/hLAIR-1 chimera. (A, B) Wild type DT40 cells transfected with the 
mFcγRIIB/hLAIR-1 chimera (wt + LAIR-1) or the mFcγRIIB/hLAIR-1 chimera containing tyrosine-to-
phenylalanine mutations (wt + LAIR-1-FF). (C, D, E) SHP-1, SHP-2, or double deficient DT40 cells transfected 
with the mFcγRIIB/hLAIR-1 chimera. The results shown are representative of three independent experiments. 
Similar results were obtained with another set of independent clones.  
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Figure 3. SHP-1 and SHP-2 are not 

 
SHP-1 and SHP-2 exert their inhibitory function by dephosphorylation of key 

mol

AIR-1 does not recruit SHIP 
 in the signaling of several ITIM-bearing receptors is the 

in SHIP deficient DT40 cells (Fig. 4C and 4D), while co-ligation of wild type FcγRIIB has  

required for LAIR-1 mediated inhibition 
of tyrosine phosphorylation. Wild type (wt) 
and phosphatase deficient DT40 cells 
transfected with the mFcγRIIB/hLAIR-1 
chimera or the mFcγRIIB/hLAIR-1 chimera 
containing tyrosine-to-phenylalanine 
mutations (FF) were left untreated, stimulated 
through the BCR alone or stimulated through 
the BCR with co-ligation of the 
mFcγRIIB/hLAIR-1 chimera (LAIR-1) for 1 
minute. Cells were lysed immediately and 
Western blotting was performed using anti-
phosphotyrosine antibodies. Staining for 
PLCγ2 was used as a loading control. The 
results shown are representative of three 
independent experiments. 

 
 

ecules involved in cellular activation [22]. We therefore investigated the effect of 
LAIR-1 mediated signaling on BCR-induced tyrosine phosphorylation. Crosslinking of the 
chicken BCR resulted in the phosphorylation of a number of proteins, which was inhibited 
upon co-ligation of the mFcγRIIB/hLAIR-1 chimera (Fig. 3, left panel). Again, the 
inhibitory function depended on phosphorylation of the ITIMs, as the LAIR-1 mutant 
lacking functional ITIMs had no effect on tyrosine phosphorylation (Fig. 3, middle panel). 
However, in the absence of SHP-1 and SHP-2, co-ligation of the wild type 
mFcγRIIB/hLAIR-1 chimera still reduced BCR-induced tyrosine phosphorylation. Thus, 
the ITIMs of LAIR-1 are able to recruit at least one other molecule that mediates the 
inhibition of protein tyrosine phosphorylation and cellular activation. 
 
L
An alternative molecule involved
5’-inositol phosphatase SHIP. To investigate whether SHIP binds to phosphorylated LAIR-
1, we transfected 293T cells with FLAG-tagged LAIR-1 (Fig. 4A). FLAG-tagged human 
FcγRIIB was used as a positive control [23,24]. The cells were treated with pervanadate to 
induce extensive phosphorylation of the receptors [11], and the FLAG-tagged proteins were 
immunoprecipitated. While a significant amount of SHIP co-immunoprecipitated with 
FcγRIIB, no SHIP was found in association with LAIR-1 (Fig. 4B). In agreement with this 
observation, the mFcγRIIB/hLAIR-1 chimera inhibited BCR-induced calcium mobilization 
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Figure 4. SHIP does not bind to LAIR-1. (A) 293T cells (black histogram) and 293T cells transfected with 

LAG-tagged FcγRIIB (grey histogram) or FLAG-tagged LAIR-1 (open histogram), were stained with anti-FLAG 
tibodies followed by phycoerythrin (PE)-conjugated goat anti-mouse antibodies and analyzed by flow 
tometry.  (B) The cells described in A) were treated with pervanadate and the phosphorylated receptors were 
munoprecipitated using anti-FLAG coated beads. Western blotting was performed with anti-SHIP antibodies. 
) SHIP-deficient DT40 cells transfected with the mFcγRIIB/hLAIR-1 chimera were stained with FITC-
njugated anti-mFcγRIIB antibodies (solid histogram) or isotype control (open histogram).( D) The cells were 
sayed for calcium mobilization upon BCR cross-linking with (grey squares) or without (black diamonds) co-

gation of the mFcγRIIB/hLAIR-1 chimera. The results shown are representative of three independent 
periments. Similar results were obtained using another clone. 

o inhibitory effect in these cells [19]. Thus, we conclude that SHIP does not play a role in 
AIR-1 mediated signaling. 

uman and mouse LAIR-1 bind Csk 
o identify proteins that selectively bind to phosphorylated LAIR-1, we performed a yeast-
i-hybrid screen with a human fetal brain library using the intracellular tail of human 
AIR-1 as bait. We used the Ylck4.1 strain, in which expression of Lck can be induced, 
nabling the identification of phosphotyrosine dependent interactions. Protein interactions 
ere detected by the expression of the β-galactosidase reporter gene. We identified two 

lones that were positive in the reporter assay. Both clones contained a segment of Csk 
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carrying the SH2-domain and the kinase domain (amino acids 84-450). This Csk fragment 
bound to LAIR-1 in a phosphorylation-dependent manner, as the yeast cells did not show β-
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galactosidase activity when grown on media containing methionine, which suppresses Lck 
expression. The intracellular tail of mouse LAIR-1 (mLAIR-1) also bound Csk in yeast 
(Fig. 5A). 

To confirm the interaction of Csk with LAIR-1 in eukaryotic cells, we performed co-
immunoprecipitation studies in Rat Basophilic Leukemia (RBL) clones stably expressing 
human LAIR-1 or a human LAIR-1/mouse LAIR-1 chimera. Both molecules were 
electively co-immunoprecipitated using anti-Csk antibodies (Fig. 5B). As the interaction 

IR-1 phosphorylation in RBL cells.  Indeed, we have found 
at in unstimulated RBL cells, although barely detectable, there is phosphorylation of 

w level of SHP-1 recruitment, which requires the 

east cells, stably expressing the Gal4 binding domain-LAIR-1 fusion protein, 
with

 which the C-
rminal ITIM was mutated still bound Csk, while mutation of the N-terminal ITIM 

 LAIR-1.  

s
between LAIR-1 and Csk is phosphorylation dependent in yeast, our results suggest that 
there must be constitutive LA
th
LAIR-1. This is sufficient for a lo
phosphorylation of the ITIMs ([11] and data not shown). Csk did not interact with the 
LAIR-1 mutant in which both tyrosines were mutated (Fig. 6B), indicating that the 
interaction with Csk also requires phosphorylation of LAIR-1 in RBL cells.  
 
The interaction of Csk with LAIR-1 requires the SH2 domain of Csk and the tyrosine 
residue in the N-terminal ITIM of LAIR-1 
Csk consists of a SH3 domain, a SH2 domain and a kinase domain. The Csk fragment that 
was obtained in the yeast-tri-hybrid screen contained the SH2 domain and the kinase 
domain. As the interaction of Csk with LAIR-1 is phosphotyrosine dependent, we 
investigated whether Csk binds to LAIR-1 through its SH2 domain. We therefore 
transformed y

 Gal4 activation domain fusion proteins of either full length Csk, Csk lacking the 83 N-
terminal amino acids containing the SH3 domain (Csk∆SH3) or Csk lacking the SH2 
domain (Csk∆SH2). As shown in Fig. 6A, full length Csk and Csk∆SH3 bound to LAIR-1, 
while Csk∆SH2 did not. This indicates that indeed the SH2 domain of Csk binds to 
phosphorylated LAIR-1.  

We have previously shown that the ITIMs of LAIR-1 contribute differentially to the 
recruitment of SHP-1 and SHP-2 [11]. To investigate which tyrosine is required for the 
interaction with Csk, we performed co-immunoprecipitations in RBL cells stably 
expressing wild type LAIR-1 (wt) or mutants of LAIR-1 with tyrosine-to-phenylalanine 
mutations in the N-terminal ITIM (FY), the C-terminal ITIM (YF) or both (FF). The 
expression level of each LAIR-1 mutant was similar [11]. The mutant in
te
abrogated Csk binding (Fig. 6B). Thus, the SH2 domain of Csk binds to the phosphorylated 
tyrosine residue in the N-terminal ITIM of
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Figure 5.  Csk binds to phosphorylated LAIR-1. (A) Ylck 
stably transfected with either Gal4BD-human LAIR-1 
(human) or Gal4BD-mouse LAIR-1 (mouse) was transfected 
with Gal4 AD-Csk∆SH3 and grown on selective medium in 
the absence (+Lck) or presence (-Lck) of methionine for 48 
hours. The yeast was transferred to a nylon membrane and 
assayed for Gal4-promotor activity using a standard β-
galactosidase assay. Yeast stably transfected with Gal4BD 

 

 
Figure 6. The interaction of Csk with LAIR-1 
SH2 domain of Csk and the N-terminal tyrosine
(A) Ylck stably transfected with Gal4BD-human 
transfected with Gal4 AD-Csk constructs containi
length Csk, Csk∆SH3, Csk∆SH2 or the SH2 doma
grown on selective medium in the absence of methi
or in the presence of methionine (-Lck) for 48
colonies were assayed for Gal4-promotor activ
standard β-galactosidase assay. (B) RBL cells stab
either wild type (wt) LAIR-1 or LAIR-1 mutan
tyrosine-to-phenylalanine mutations in the N-te
(FY), C-terminal ITIM (YF) or both ITIMs (FF) w
immunoprecipitation was performed with anti-Cs
Immune complexes were separated by SDS-PAGE estern 
blotting was performed with anti-LAIR-1 and anti-Csk 
antibodies.  

alone (empty) was used as a negative control. (B) RBL cells 
stably transfected with human LAIR-1 or a human LAIR-
1/mouse LAIR-1 chimera (mLAIR) were lysed and 
immunoprecipitation was performed with normal rabbit serum 
(NRS) or rabbit anti-Csk antibodies. Immune complexes were 
separated by SDS-PAGE and Western blotting was performed 
with anti-LAIR-1 and anti-Csk antibodies. Equal amounts of 
whole cell lysates were loaded to confirm LAIR-1 expression. 
The results shown are representative of three independent 
experiments.  
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Csk binds to several ITIM-bearing receptors 
To investigate whether other ITIM-bearing receptors
of yeast clones stably expressing fusion proteins 
intracellular parts of several ITIM-bearing receptors
with the Csk constructs described above. Many ITIM
by Src family kinases [11,25-30]. The intracellular d
and KIR3DL1 bound to the isolated SH2 domain o
phosphorylated in this yeast strain when Lck is e
receptors bound full length Csk. This illustrates th
specific than binding of an intact protein. Similar to LAIR-1
full length Csk and Csk∆SH3, but not to Csk∆SH2 (
length Csk also bound to non-phosphorylated SIRPα
SH2 domai

 also bind to Csk, we generated a panel 
of the Gal4 binding domain and the 
. These yeast clones were transformed 
-bearing receptors are phosphorylated 

omains of FcγRIIB, SIRPα, KIR2DL2 
f Csk, indicating that they are tyrosine 

xpressed (Fig. 7). However, not all 
at binding of an SH2 domain is less 

, SIRPα and FcγRIIB bound to 
Fig. 7, upper panels). Surprisingly, full 

, in a manner that required both the 
n and the SH3 domain of Csk. This indicates that the mechanism by which 

SIRPα binds Csk may involve multiple domains. In contrast, the two KIRs did not bind 
Csk (Fig. 7, lower panels). Thus Csk can interact through its SH2 domain with several, but 
not all, ITIM-bearing receptors.   

Figure 7. Csk binds to multiple ITIM-bearing receptors. Ylck stably transfected with either Gal4BD-fusion 
proteins of SIRPα, FcγRIIB, KIR2DL2 or KIR3DL1 was transfected with Gal4 AD-Csk constructs containing 
either full length Csk, Csk∆SH3, Csk∆SH2 or the SH2 domain alone. The yeast was grown on selective medium 
in the absence of methionine (+Lck) or in the presence of methionine (-Lck) for 48 hours and assayed for β-
galactosidase activity.  
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Discussion 
 
Many ITIM-bearing receptors recruit SHP-1 and SHP-2 upon phosphorylation and it is 
generally thought that these phosphatases are necessary for their inhibitory function. Here 
we investigated the role of these phosphatases in LAIR-1 mediated signaling. Surprisingly, 
we found that LAIR-1 inhibited BCR-induced calcium mobilization and tyrosine 
phosphorylation in DT40 cells lacking both SHP-1 and SHP-2. This is in contrast to 
previous studies with other ITIM-bearing receptors that recruit both SHP-1 and SHP-2: 
KIR, PECAM-1 and CD66a are no longer effective in SHP-1 and SHP-2 deficient DT40 
cells, while the inhibitory function of Paired Ig-like Receptor (PIR)-B is strongly reduced 
[15,18,19,31]. The inhibitory function of LAIR-1 in the absence of SHP-1 and SHP-2 is not 
due to recruitment of SHIP, since we did not find an interaction between SHIP and LAIR-1 
under the conditions in which SHIP does bind to FcγRIIB. This is in accordance with the 
fact that neither ITIM of LAIR-1 contains a leucine at the Y+2 position, a residue that is 
essential for the recruitment of SHIP to FcγRIIB [32]. In addition, LAIR-1 function was not 
affected in SHIP deficient DT40 cells. Thus, we conclude that LAIR-1 has an inhibitory 

nction independent of SH2 domain-containing phosphatases and that there must be at 
ast one other protein that can associate with LAIR-1 and inhibit cellular activation. 

Using a yeast-tri-hybrid system, we found that phosphorylated LAIR-1 bound to Csk. 
his interaction was mediated by the SH2 domain of Csk and required phosphorylation of 
e N-terminal ITIM of LAIR-1. Mutants of LAIR-1 that lack the N-terminal ITIM did not 

ind Csk, which may be explained by the limited phosphorylation of these mutants [11], or 
y the specificity of the SH2 domain of Csk for the N-terminal tyrosine. 

Csk can bind to several ITIM-bearing receptors, as we have found that Csk also bound 
 FcγRIIB and SIRPα. Previously, it was reported that SIRPα, Ig-like Transcript (ILT)-2 

nd the ITIM-containing SHP-2 Interacting Transmembrane adaptor protein (SIT) bind Csk 
3-35]. In contrast, the two KIRs we tested did not bind full length Csk, in accordance 
ith a previous report stating that KIR3DL1 does not bind Csk [36]. Thus, ITIM-bearing 
ceptors differ in their ability to recruit Csk.   

Although in the last few years several Csk interacting molecules have been identified 
isted in [37]), there is no specific consensus sequence that predicts binding of Csk. Most 

involved in Csk binding. A special case is the binding of Csk to SIRPα, which we also 
observed in the absence of tyrosine phosphorylation. The binding of full length Csk to non-
phosphorylated SIRPα may be explained by the presence of two proline-rich domains in 
SIRPα [38], which could bind to the SH3 domain of Csk. Thus, although several ITIM-
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Csk-interacting proteins do not contain ITIMs. SIT does have an ITIM, but binds Csk via a 
tyrosine residue outside the ITIM [35]. In addition, the sequence of the N-terminal ITIM of 
LAIR-1, VTYAQL, is also present in KIR3DL1, which does not bind Csk. Thus, it is likely 
that not the ITIM consensus sequence, but another motif that includes the same tyrosine, is 
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bearing receptors have been found to bind Csk, the structural requirements for Csk binding 
main unclear. 

epend 
on S

 

ch (NWO, Grants 901-07-230, 016-026-008 
and 

re
Csk is a kinase that phosphorylates Src family kinases at the C-terminal inhibitory 

tyrosine residue [13,14]. Disruption of the Csk gene in mice results in embryonic death, 
indicating that Csk plays an essential role in development [39]. By overexpression of Csk it 
has been shown that Csk negatively regulates signaling by the T Cell Receptor (TCR) and 
FcεRI [40,41], while downregulation of Csk by RNAi lowers the threshold for TCR 
signaling [42]. In addition, mice in which the Csk gene is deleted in granulocytes develop 
multifocal inflammation and are hyperresponsive to LPS, indicating an essential role for 
Csk in setting an activation threshold in granulocytes [43]. Taken together, these studies 
show that Csk has an important control function in immune cells.  

A major step in the understanding of the function of Csk was the identification of Csk 
Binding Protein/Phosphoprotein Associated with Glycosphingolipid-enriched 
microdomains (Cbp/PAG), a membrane-associated protein that is localized to lipid rafts 
[44,45]. In resting T cells, Cbp serves as an anchor for Csk at the cell membrane, where it 
can act on Src family kinases and sets a threshold for T cell activation [44,45]. Our data 
suggest that Csk may also regulate cell function by binding to ITIM-bearing receptors.  

In conclusion, we have found that LAIR-1-mediated inhibition does not solely d
HP-1 and SHP-2. We found that Csk interacts with phosphorylated LAIR-1, as well as 

with a number of other ITIM-bearing receptors. Further research should elucidate the role 
of Csk in the function of ITIM-bearing receptors.  
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Inhibitory receptors containing Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM)s 
play an important role in the regulation of the immune system. Despite the fact that these 
receptors share common signaling pathways, via the recruitment of the SH2 domain-
containing phosphatases SHP-1, SHP-2 and/or SHIP, they have non-redundant biological 
functions [1]. This can be explained in several ways: first, ITIM-bearing receptors 
recognize different ligands. In addition, the expression of ITIM-bearing receptors varies 
between different cell types and during differentiation and activation of the cells. Finally, 
ITIM-bearing receptors may recruit additional effector molecules, thus providing the cell 
with different signals (chapter 1). 

In this thesis, the function of Leukocyte-Associated Ig-like Receptor (LAIR)-1 was 
investigated. To date the ligand for LAIR-1 is unknown, but a putative LAIR-1 ligand is 
expressed on adherent cell lines and is recognized by both human, mouse and the newly 
identified rat LAIR-1 (chapter 5 and [2]). Further research is required to reveal the identity 
of the LAIR-1 ligand and its expression pattern. The discussion in this chapter will focus on 
the regulation of LAIR-1 expression on immune cells and how this may reflect LAIR-1 
function. In the second part, the mechanisms by which LAIR-1 exerts its inhibitory function 
will be discussed.  
 
Regulation of LAIR-1 expression on immune cells 
 
LAIR-1 is expressed on most mononuclear peripheral blood cells. In contrast, peripheral 
blood granulocytes were reported not to express LAIR-1 [3]. In chapter 3, the expression of 
LAIR-1 on granulocytes was investigated in more detail. We found that eosinophilic 
granulocytes, which form a small fraction of the granulocytes in peripheral blood, do 
express LAIR-1. However, while CD34+ progenitor cells and immature neutrophils isolated 
from the bone marrow also express LAIR-1, LAIR-1 cell surface expression is lost in 
peripheral blood neutrophils. We hypothesize that LAIR-1 may regulate the production and 
proliferation of neutrophil precursors, while maturation of neutrophils requires down 
regulation of LAIR-1 expression. 

Regulated expression of LAIR-1 during differentiation does not only occur in 
neutrophils. Differentiation of CD14+ peripheral blood precursors towards dendritic cell 
(DC)s is associated with a decrease in LAIR-1 cell surface expression [4]. Peripheral blood 
DCs and in vitro generated immature DCs still have a low level of LAIR-1 expression, but 
expression is completely lost upon in vitro maturation (W. Bril et. al., unpublished 
observation). Moreover, engagement of LAIR-1 on the CD14+ precursor cells inhibits the 
differentiation towards DCs [4]. Also in lymphocytes, LAIR-1 expression is regulated: 
while naïve B cells express high levels of LAIR-1, the expression is absent in 50% of the 
memory B cells and in plasma cells [5]. Since LAIR-1 engagement inhibits antibody 
production and class switching in B cells [6], it appears that LAIR-1 inhibits terminal 



Chapter 7 
 

118 

differentiation of B cells towards plasma cells. In T cells, LAIR-1 expression is high in 
naïve cells, but lower and more heterogeneous in memory cells ([7] and C. Cruijsen et. al., 
unpublished observation). Thus, in several types of immune cells, a high cell surface 
expression of LAIR-1 is associated with a less differentiated or naïve phenotype, while 
LAIR-1 expression on memory and terminally differentiated cells is more heterogeneous.  

It is tempting to speculate that LAIR-1 is a general regulator of proliferation and/or 
(terminal) differentiation of immature/naïve cells in the immune system. Although 
proliferation and differentiation are distinct and sometimes opposite processes, it is unclear 
at present which of the two is most likely regulated by LAIR-1, as evidence exists for both: 
LAI

onger required when the differentiation is complete. On the other 
and, a lower level of LAIR-1 expression in differentiated/memory cells may reflect a 

lls. In the latter case, the 
duction in LAIR-1 expression level would not be coincidental, but required for the 

 

R-1 engagement in myeloid leukemia cells inhibited proliferation and induces 
apoptosis [8,9], while in peripheral blood precursors it was reported to inhibit 
differentiation towards DCs [4]. In the latter study there was no indication that LAIR-1 
engagement induced apoptosis.  Possibly LAIR-1 acts to “freeze” precursor or naïve cells 
in their current state, inhibiting both proliferation and differentiation signals, which in some 
cell types may lead to apoptosis. 

Downregulation of LAIR-1 expression on mature or memory cells may occur merely 
because LAIR- is no l
h
requirement for a less stringent control by LAIR-1 in these ce
re
function of the terminally differentiated immune cell. For example, it has been suggested 
that the low LAIR-1 expression on memory T cells compared to naïve T cells may 
contribute to the lower activation threshold in memory cells [7]. However, not all 
terminally differentiated cells have a low level of LAIR-1 expression: LAIR-1 is re-
expressed on activated neutrophils (chapter 3) and effector T cells express high levels of 
LAIR-1 (C. Cruijsen et. al., unpublished observation), suggesting that cells that are 
potentially very reactive require LAIR-1 mediated control. Therefore, LAIR-1 appears to be 
involved in both the regulation of differentiation and effector function of most cells in the 
immune system. 

As mentioned earlier, the expression pattern of ITIM-bearing receptors may contribute 
to a difference in function. Although LAIR-1 is broadly expressed in the immune system, 
its expression is regulated in manner that allows for different functions compared to other 
ITIM-bearing receptors. For example, in neutrophils the expression of LAIR-1 is 
complementary to the expression of C-type Lectin Superfamily 6 (CLECSF6 or DCIR), 
which is expressed on mature neutrophils and is down regulated upon neutrophil activation 
[10]. Therefore, CLECSF6 may inhibit initial neutrophil activation when LAIR-1 is not 
expressed, while LAIR-1 is more likely to regulate the function of already activated 
neutrophils, when CLECSF6 is down regulated. Thus, distinct expression patterns of these 
ITIM-bearing receptors may reflect different functions. 
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Signaling by LAIR-1 
 
The model of ITIM-mediated signaling via SH2 domain-containing phosphatases is well 
established. However, it is still incompletely understood whether additional mechanisms 
may be used by ITIM-bearing receptors and how these could contribute to a non-redundant 
func

osines is important. In chapter 4 it is shown that, in 
acco

e representative example is shown.  

tion.  In this thesis two major questions were addressed for LAIR-1: what is the 
contribution of different ITIMs within a receptor and secondly, are also other effector 
molecules recruited to mediate the inhibitory function?  

According to the general model, the initial step in signaling by ITIM-bearing receptors 
is the phosphorylation of the tyrosine residue in the ITIM by Src family kinases (chapter 1). 
Recently, siglec-5 was reported to have inhibitory function independent of tyrosine 
phosphorylation [11]. However, this was based on a tyrosine-to-alanine mutant, which may 
not reflect the unphosphorylated state of the wild type receptor properly. In fact, a more 
resembling tyrosine-to-phenylalanine mutant had no inhibitory function [11], indicating 
that phosphorylation of the tyr

rdance with the general model, LAIR-1 is phosphorylated by Src family kinases and 
that phosphorylation is required for its function. Not all ITIMs within an ITIM-bearing 
receptor are necessarily phosphorylated equally. A LAIR-1 mutant with only the N-
terminal ITIM is much more extensively phosphorylated than a mutant with only the C-
terminal ITIM (chapter 4), indicating that phosphorylation of the C-terminal ITIM is 
enhanced by phosphorylation of the N-terminal ITIM. This suggests that the ITIMs of 
LAIR-1 may be phosphorylated in a sequential manner.  

The different abilities of the mutants of LAIR-1 with a single functional ITIM to 
become phosphorylated, correlates well with their inhibitory capacity: the mutant with only  

 
 

 
 
 
 
 
 
 

 
 
Figure 1. The VTYAQL sequence is conserved in several ITIM-bearing receptors. The sequences of the 
ITIMs of the human receptors hLAIR-1, Killer Ig-like Receptor (KIR)3DL1 and Ig-Like Transcript (ILT)-2 and of 
the mouse receptors mLAIR-1, gp49B1 and Paired Ig-like Receptor (PIR)-B are indicated in black. ITIM-like 
sequences that do not fully fit the consensus sequence S/I/V/L-x-Y-x-x-L/V are indicated in grey. The KIR and 
ILT families have several VTYAQL-containing members, of which on
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an intact N-terminal ITIM has inhibitory function in both Rat Basophilic Leukemia (RBL) 
ells and an NK cell line, while a mutant that lacks this ITIM is not functional in the latter 

ct, in the mouse homologue, this 
“ITI

th ITIMs are phosphorylated, this 
phosphat

recr tment of SHP-2, which can be sufficient for inhibition [14]. Alternatively, as 
escribed in chapter 6, LAIR-1 can function independently of both SHP-1 and SHP-2. 

LAIR-1 differs in this respect from other several other ITIM-bearing receptors, including 
the Killer cell Ig-like Receptors (KIR) and Platelet Endothelial cell Adhesion Molecule 
(PECAM)-1, that require either SHP-1 or SHP-2 [15,16].  

 chapter 6, we identified C-terminal Src Kinase (Csk), a kinase that inactivates Src 
fam  kinases and is a known negative regulator of immune cell function [17], as a 
mol e that interacted with both human and mouse LAIR-1 and several other ITIM-
bear receptors. However, we were unable to find evidence that Csk is required for 

AIR-1-mediated signaling by modulating Csk function using RNA interference or by the 
verexpression of wild type or mutant Csk (unpublished data). The failure to observe an 

kinases and Csk inactivates these kinases, modulation of Csk expression may indirectly 

c
cell line (chapter 4).  As discussed in chapter 4, the amino acid sequence of the N-terminal 
ITIM, VTYAQL, is conserved in several ITIM-bearing receptors (Fig. 1). This may reflect 
the fact that the genes of the Ig-like receptors in the Leukocyte Receptor Cluster appear to 
have arisen by gene duplication [12]. As this ITIM appears to be the most important ITIM 
in several receptors, it may have been conserved through evolution. In contrast, the C-
terminal ITIM of LAIR-1 is not well conserved. In fa

M” does not completely fit the ITIM consensus (chapter 5). In human LAIR-1, 
however, the C-terminal ITIM contributes to the inhibitory function as both ITIMs are 
required for the recruitment of SHP-1 and full inhibitory capacity. Thus, within ITIM-
bearing receptors there may be a hierarchy of ITIMs: ITIMs that are necessary for function 
and ITIMs that are not essential but enhance the function. The latter type of ITIMs may also 
include ITIM-like motifs: mouse LAIR-1 has similar inhibitory capacity as human LAIR-1, 
even though mouse LAIR-1 does not have the C-terminal ITIM. Possibly the C-terminal 
ITIM-like sequence of mouse LAIR-1, which does not support SHP-1 recruitment, 
contributes to the inhibitory function through a yet unknown mechanism.  

Mutational analysis of LAIR-1 also revealed that SHP-1 and SHP-2 may contribute 
differently to LAIR-1 function. Originally, SHP-1 was described as the major LAIR-1 
interacting protein [13]. However, in chapter 5 it is shown that mouse LAIR-1 does not 
interact with SHP-1 and still is a functional inhibitory receptor. Thus, although human 
LAIR-1 recruits significant amounts of SHP-1 when bo

ase is not essential for LAIR-1 mediated inhibition. The inhibitory function of 
mouse LAIR-1 and human LAIR-1 lacking the C-terminal ITIM may be explained by the 

ui
d

In
ily
ecul
ing 

L
o
unambiguous effect of Csk on LAIR-1 function may be explained by the dual function of 
Src family kinases on cell activation. For example, in B cells, Lyn has a positive role in B 
cell receptor signaling, while on the other hand it is required for the phosphorylation of 
ITIM-bearing receptors (reviewed in [18]). Since LAIR-1 is phosphorylated by Src family 
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affect LAIR-1 function. Thus, the contribution of Csk to LAIR-1 function remains 
unknown.  

The fact that LAIR-1 has inhibitory function in the absence of SHP-1 and SHP-2 does 
not mean that these phosphatases do not contribute to LAIR-1 function when present. In 
order to understand the relative contributions of SHP-1, SHP-2 and Csk to LAIR-1 
function, it is necessary to know how the recruitment of these molecules is regulated and 
how each molecule affects cell signaling. All three molecules require phosphorylation of 
the tyrosine in the N-terminal ITIM of LAIR-1, suggesting that they bind LAIR-1 through 
this tyrosine. This implies that binding of SHP-1, SHP-2 and Csk are mutually exclusive. 
We found that in resting RBL cells LAIR-1 was associated with both SHP-1 and Csk, 
suggesting that different LAIR-1 complexes may exist at the same time. Since we found no 
indication that these complexes localize to different membrane compartments, as described 
for SHP-1 and Csk complexes of Ig-Like Transcript (ILT)-2 [19], it appears that LAIR-1 
interacts randomly with the effector molecules present. However, whereas for SHP-1 
recruitment both ITIMs need to be phosphorylated, phosphorylation of the N-terminal ITIM 
alone is sufficient for the recruitment of SHP-2 and Csk (chapters 4 and 6). As argued 
earlier, the ITIMs of LAIR-1 may be phosphorylated in a sequential manner, the N-terminal 
ITIM

 by monoclonal antibodies, the 
outc

 being phosphorylated first. Thus, it is conceivable that the recruitment of the different 
effectors of LAIR-1 is regulated in time or by the extent of LAIR-1 phosphorylation after 
engagement.  

The question remains whether recruitment of SHP-1, SHP-2 or Csk, which all appear 
to inhibit the proximal steps in cellular activation, may have different outcomes.  The fact 
that most ITIM-bearing receptors inhibit cell activation in vitro, suggests that after all the 
outcome of ITIM-mediated signaling is always the same. However, while the inhibition of 
Immunoreceptor Tyrosine-based Activation Motif (ITAM)- containing receptors by ITIM-
bearing receptors is extensively investigated, much less is known about their regulatory role 
in other pathways involved in immune cell activation and differentiation. In addition, the 
inhibition by an ITIM-bearing receptor is often not complete and in vivo, when ITIM-
bearing receptors are engaged by their ligand rather than

ome may be more subtle. Csk directly inhibits the activity of Src family kinases and 
thereby appears to inhibit the most proximal steps in cellular activation [17]. However, 
recently it was shown that cytotoxic activity and cytokine production in NK cells upon 
stimulation through the activating receptor Ly49D, are regulated differently by CD45, an 
activator of Src family kinases: while CD45 deficient NK cells still showed cytotoxic 
activity, they failed to produce cytokines [20]. Thus the different responses upon NK cell 
activation appear to have different requirements of Src family kinase activity. Accordingly, 
Csk recruitment may affect processes that require a high level of Src family kinase activity 
more than processes that require less Src family kinase activity or occur (partially) 
independent of these kinases (Fig. 2, left panel). SHP-1 on the other hand, does not only act 
on the most proximal steps of cellular activation but has been reported to dephosphorylate a  
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Figure 2. Model for the modulation of cell signaling by Csk, SHP-1 or SHP-2. An activating receptor (dark) 
associates with a Src family kinase (Src), which in turn phosphorylates effector molecules involved in cell 
activation (effectors). When an ITIM-bearing receptor (grey) is co-ligated it may recruit Csk, SHP-1 or SHP-2. 
Csk (left panel) directly inhibits Src family kinase activity and will affect the phosphorylation of effectors that 
require high Src family kinase activity (thick arrow) more than the phosphorylation of effectors that depend less 
on Src family kinases (thin arrows). In addition, Csk may affect phosphorylation of the ITIM-bearing receptor 
itself. SHP-1 and 
inactivate another 

SHP-2 (middle and right panel) may dephosphorylate effector molecules directly and thereby 
set of effectors.  

 
large number of proteins (discussed in chapter 1). Although it is yet unclear which 
molecules are actual substrates of SHP-1 and SHP-2 under physiological conditions, both 
molecules may modify the response of the cell differently by targeting a specific set of 
phosphoproteins (Fig. 2, middle and right panel). Thus, SHP-1, SHP-2 and Csk may 
potentially provide different signals to the cell and thereby ITIM-bearing receptors that 
differ in the recruitment of these molecules may have different functions. 
 
Concluding remarks 
 
Studies in knock-out mice and genetic analysis in human disease have indicated that ITIM-
bearing receptors have essential, non-redundant functions in the control of the immune 
system. The biological function of LAIR-1 is not yet clear but its regulated expression in 
most immune cells suggest an important role in the regulation of both immune cell 
differentiation and function. Identification of the ligand for LAIR-1 and targeted disruption 
of the LAIR-1 gene in mice will probably provide more insight in its function.  

Initially LAIR-1 was identified as an inhibitory receptor that recruited SHP-1 and SHP-
2 and thus appeared to act according to the general model of ITIM-mediated signaling. It is 
now clear that LAIR-1 may also exert its function through other mechanisms, possibly 
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including Csk, which distinguish LAIR-1 from other ITIM-bearing receptors. How the 
different effector molecules contribute to LAIR-1 function is not yet clear. Possibly, LAIR-
1 employs different mechanisms in the regulation of differentiation compared to inhibition 
of immune cell function. Further studies into the signaling mechanisms of LAIR-1 and 
other ITIM-bearing receptors will therefore also contribute to the understanding of their 
function. 
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Samenvatting  
 

Inleiding 
Een goed functionerend afweersysteem (immuunsysteem) moet de mens beschermen tegen 
ziekteverwekkers (pathogenen) zoals bacteriën en virussen.  Het immuunsysteem bestaat uit 
verschillende soorten cellen die zich in de organen bevinden en in het bloed (witte 
bloedcellen). Deze cellen hebben ook verschillende functies in het elimineren van 
pathogenen. Bepaalde cellen kunnen pathogenen of geïnfecteerde cellen direct dood maken. 
Andere cellen maken antistoffen tegen het pathogeen. Vaak ook scheiden de cellen 
moleculen (cytokines) uit, die andere cellen van het immuunsyteem aantrekken en 
activeren. Bij een immuunreactie zijn dan vaak ook verschillende cellen betrokken die er 
gezamenlijk voor zorgen dat het pathogeen wordt geëlimineerd. 

De cellen van het immuunsysteem worden geactiveerd door moleculen op het 
celoppervlak (receptoren) die pathogenen, geïnfecteerde cellen of kankercellen kunnen 
herkennen. Deze ‘activerende receptoren’ geven een signaal aan de cel dat bestaat uit de 
vorming van (tijdelijke) interacties tussen verschillende moleculen (eiwitten) en de 
modificatie van eiwitten waarbij op een bepaalde plaats een fosfaatgroep aan het eiwit 
wordt gekoppeld (fosforylering). Eiwitten die andere eiwitten fosforyleren worden kinases 
genoemd. Een groep kinases die erg belangrijk is voor de activatie van cellen in het 
immuun systeem zijn de Src-familie kinases. Wanneer een activerende receptor een 
pathogeen herkent, zorgen Src-familie kinases ervoor dat een aantal eiwitten wordt 
gefosforyleerd. De gefosforyleerde eiwitten kunnen vervolgens interacties aangaan die 
zonder fosforylering niet optraden, wat weer leidt tot de activatie van deze moleculen (Fig. 
1A-C). Op deze manier onstaat een kettingreactie die er uiteindelijk toe leidt dat de cel zijn 
taak in het immuunsysteem uitvoert. 

Voor een adequaat functioneren van het immuunsysteem is niet alleen de activatie van 
cellen belangrijk, maar ook de remming daarvan. Wanneer cellen van het immuunsysteem 
te veel, of op het verkeerde moment, worden geactiveerd kan dit leiden tot chronische 
ontstekingen of een auto-immuunziekte, waarbij het eigen lichaam beschadigd wordt. Er 
zijn verschillende mechanismen om de activatie van cellen in het immuunsysteem te 
reguleren. De afgelopen jaren is een groot aantal inhibitoire (remmende) receptoren in het 
immuunsysteem geïdentificeerd. De meeste van deze receptoren bevatten in het 
intracellulaire gedeelte, het gedeelte van de receptor dat zich aan de binnenkant van de cel  
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Figuur 1.  Schematische voorstelling van de signalen aan een immuuncel door activerende en inhibitoire 
receptoren. Wanneer een activerende receptor aan zijn ligand (grijze ruit) bindt (A), zorgen kinases in de cel voor 
de fosforylering van een aantal eiwitten (B), wat leidt tot de vorming van eiwit-eiwit interacties (C). Inhibitoire 
receptoren kunnen dit remmen door, na binding van hun ligand (witte ruit), fosfatases te binden die zorgen voor de 
defosforylatie van eiwitten (D). 
 
bevindt, één of verscheidene kleine gebieden die Immunoreceptor Tyrosine-based 
Inhibitory Motif (ITIM) worden genoemd. Een dergelijk ‘motief’ wordt gedefinieerd als 
een 

en concluderen dat de inhibitoire receptoren in het 
imm

 

bepaald volgorde van aminozuren, de bouwstenen van een eiwit. Een ITIM bestaat uit 
zes van deze aminozuren, waarvan er een, tyrosine, gebruikt kan worden voor fosforylatie. 
Wanneer een inhibitoire receptor op een immuun cel een bepaald ander molecuul (zijn 
ligand) op een andere cel herkent, worden de ITIMs gefosforyleerd door Src-familie 
kinases en vervolgens dienen deze gefosforyleerde ITIMs als bindingsplaats voor bepaalde 
fosfatases: SHP-1, SHP-2 en/of SHIP. Fosfatases zijn de tegenhangers van kinases: zij 
defosforyleren andere moleculen. Door deze fosfatases te binden, zorgen inhibitoire 
receptoren er dus voor dat de kettingreactie van fosforylering die begonnen wordt door een 
activerende receptor, wordt geremd (Fig 1D). Op deze manier remmen inhibitoire 
receptoren de activatie van cellen in het immuunsysteem. 
 
Dit proefschrift 
Uit het bovenstaande zou men kunn

uunsysteem op dezelfde manier functioneren. Studies in muizen hebben echter 
aangetoond  dat deze receptoren unieke functies hebben. Een belangrijke vraag is dan ook 
welke factoren bijdragen aan de functies van verschillende inhibitoire receptoren. Eén 
verklaring is dat de aanwezigheid van inhibitoire receptoren op een cel (expressie) varieert 
per celtype en de staat van activatie van een cel. Een andere mogelijkheid is dat, zoals 
beschreven in hoofdstuk 1, een ITIM-bevattende receptor nog andere signalen geeft aan de 
cel. Op deze manier kunnen verschillende ITIM-bevattende receptoren ieder een unieke 
functie hebben in de regulatie van het immuunsysteem.  Het onderzoek beschreven in dit
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proefschrift is gericht op de expressie en functie van één van deze receptoren: Leukocyte-
Associated Ig-like Receptor (LAIR)-1.  

LAIR-1 is een humane receptor met twee ITIMs, die voorkomt op de meeste 
immuuncellen in het bloed. Het is nog niet bekend welk ligand door LAIR-1 herkend 
wordt, maar door middel van antistoffen die aan LAIR-1 binden, was eerder al aangetoond 
dat LAIR-1 de activatie van verschillende cellen in het immuunsysteem kan remmen. Wij 
hebben de expressie van LAIR-1 onderzocht op neutrofiele granulocyten, cellen die veel 
voorkomen in het bloed en een belangrijke rol spelen in de initiële respons tegen 
pathogenen (hoofdstuk 3). Aanvankelijk was beschreven dat neutrofielen geen LAIR-1 op 
hun oppervlak hebben. In hoofdstuk 3 wordt echter aangetoond dat voorlopercellen van 
neutrofielen wel LAIR-1 hebben, en dat de expressie van LAIR-1 verdwijnt wanneer e 
ich tot neutrofiel ontwikkelen. Daarnaast wordt aangetoond dat na activatie ook 

ukken zijn gericht op de moleculaire mechanismen waarmee 
AIR-1 de activatie van cellen kan remmen. Eerder was al bekend dat LAIR-1 de 

maar in tegenstelling tot humaan 
 SHP-1. Dit suggereert dat SHP-1 niet essentieel is voor de functie van 
 hebben wij de rol van beide fosfatases verder onderzocht, door de functie 

 z
z
neutrofielen LAIR-1 op hun oppervlak vertonen. De gereguleerde expressie van LAIR-1 
suggereert dat LAIR-1 bij twee processen in het leven van een neutrofiel een rol zou 
kunnen spelen: zowel in de ontwikkeling als in de regulatie van neutrofielen na activatie.  

De volgende hoofdst
L
fosfatases SHP-1 en SHP-2 bindt. Wij hebben de rol van beide ITIMs in de binding van 
deze fosfatases en de inhiberende functie van LAIR-1 bestudeerd (hoofdstuk 4). Door elke 
ITIM afzonderlijk te veranderen (muteren) zijn LAIR-1 varianten (mutanten) gemaakt met 
nog maar één functioneel ITIM. Het blijkt dat de ITIM die meer naar het midden van 
LAIR-1 zit  (de zogenaamde N-terminale ITIM) het belangrijkst is voor de functie van 
LAIR-1. Wanneer de ITIM aan het uiteinde van LAIR-1 (de C-terminale ITIM) wordt 
gemuteerd, wordt de functie wel minder, maar verdwijnt niet. Bovendien bindt de laatste 
mutant nog steeds SHP-2. Ook blijkt dat voor binding van SHP-1 beide ITIMs van LAIR-1 
nodig zijn, terwijl de N-terminale ITIM voldoende is voor binding van SHP-2.  

In hoofdstuk 5 wordt de muis variant (homoloog) van LAIR-1 beschreven. Muis 
LAIR-1 is aanwezig in cellen van het immuunsysteem en het heeft vergelijkbare inhibitoire 
functie als humaan LAIR-1. Het  bindt wel aan SHP-2 , 
LAIR-1, niet aan
LAIR-1. Daarom
van LAIR-1 te bestuderen in cellen zonder SHP-1 en/of SHP-2 (hoofdstuk 6). Hieruit blijkt 
dat, in tegenstelling tot wat eerder over ITIM-bevattende receptoren werd gedacht, LAIR-1 
kan functioneren in afwezigheid van beide fosfatases en dus alternatieve mechanismen kan 
gebruiken. In dit hoofdstuk wordt ook aangetoond dat gefosforyleerd LAIR-1 aan Csk 
bindt, een kinase dat Src-familie kinases inactiveert. Aangezien Src-familie kinases 
belangrijk zijn voor de activatie van cellen in het immuunsysteem, zou Csk een rol kunnen 
spelen in de remming van cel activatie door LAIR-1. Verder onderzoek is nodig om dit te 
bevestigen. 
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Conclusie 
Uit het onderzoek in dit proefschrift blijkt dat de verschillende ITIMs in een inbitoire 
receptor zoals LAIR-1, verschillende bijdragen kunnen leveren aan de functie van de 
receptor. Bovendien is gebleken dat de functie van LAIR-1 niet noodzakelijk via SHP-1 en 
SHP-2 verloopt, maar mogelijk ook via andere moleculen zoals Csk. Dit zou kunnen 
bijdragen aan een unieke functie van LAIR-1 in de regulatie van cel ontwikkeling en 
activatie. Om de functie van LAIR-1 volledig te begrijpen is echter nog meer onderzoek 
nodig. Uiteindelijk zal kennis van de mechanismen waarmee LAIR-1 en andere inhibitoire 
receptoren de functie van immuuncellen reguleren, leiden tot meer inzicht in de manier 
waarop het immuunsysteem onder controle wordt gehouden. 
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Abbreviations  
 

-/-  knock out 
aa  amino acid 
BCR   B cell receptor 
BSA  bovine serum albumin 
C  carboxy 
CLECSF C-type lectin superfamily 
Csk  C-terminal src kinase 
DC  dendritic cell 
FcγR  IgG receptor  
FcεR  IgE receptor 
FITC  fluorescein isothiocyanate 
fMLP  formyl-methionyl-leucyl-phenylalanine 
G-CSF  granulocyte colony stimulating factor 
GM-CSF granulocyte/macrophage colony stimulating factor 
Ig  immunoglobulin 
h  human 
HRP  horseradish peroxidase 
ILT  Ig-like transcript 
ITAM  immunoreceptor tyrosine-based activation motif 
ITIM  immunoreceptor tyrosine-based inhibitory motif 
KIR  killer cell Ig-like receptor 
LAIR  leukocyte-associated Ig-like receptor 
LRC  leukocyte receptor complex 
m  mouse 
mAb  monoclonal antibody 
MHC  major histocompatibility complex 
N  amino 
NK  natural killer 
PCR  polymerase chain reaction 

 



 
 

136 

PE  phycoerythrin 
ECAM  platelet endothelial cell adhesion molecule 

PIR  paired Ig-like receptor 
RBL   rat basophilic leukemia 
RT  reverse transcriptase 
s  seconds 
SH  src homology 
SHIP  SH2 domain
SHP  SH2 domain atase 
SIRP  signal regulatory protein 

yl 

P

-containing 5’-inositol phosphatase 
-containing pro in tyrosine phosphte

TNP  2,4,6-trinitrophen
wt  wild type 
 


