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T h e  i m m u n e  S yS T e m
Infectious and often pathogenic organisms including viruses, bacteria, fungi and parasites are 

present in our environment in great amount and diversity. Like most if not all multicellular 

organisms humans are equipped with an immune system, which has the aim to recognize and 

eliminate these pathogens, while causing minimal damage to the host. The first primitive immune 

systems arose hundreds of millions of years ago, early in the evolution of multicellular organisms 

(1). The most ancient form of immunity is called innate immunity. The term innate refers to the 

fact that the relevant proteins involved in recognition and execution of the immune response 

are completely encoded within the genome. In mammals the innate immune system comprises 

an elaborate system of mucosal barriers, soluble mediators, and specialized cells, including 

phagocytes and NK cells, which collectively provide a first line of defense against pathogens (2). 

In addition to the innate immune system, adaptive immunity appeared later in evolution in early 

vertebrates and added a whole new level of complexity. This type of immunity is acquired during 

the lifetime of the organism and is shaped by its encounters with pathogens. Adaptive immunity 

is characterized by the presence of specialized antigen receptors, like the T and B cell antigen 

receptors (3). These antigen receptors, which are present in all jawed vertebrates, are created 

by a unique process of V(D)J-gene rearrangement, in which the antigen recognition domains of 

these receptors are assembled from a diverse number of gene segments partly encoded in the 

genome, which is further diversified by additional processes (4). This creates a virtually unlimited 

repertoire of antigen receptors, allowing the host to recognize and distinguish an impressive 

variety of pathogens. The T and B lymphocyte antigen receptors are expressed in a clonal fashion 

and when a particular lymphocyte recognizes an antigen that particular clonal population will 

become activated, proliferate and differentiate to give rise to progeny with the same specificity 

that is highly equipped and specialized for fighting that particular infection (5). Importantly, it 

will create long-term memory lymphocytes that can fight possible subsequent infections more 

efficiently, and thereby adjust the immune system of the host to its pathogenic environment.

p h ag o c y T e S
Macrophages and granulocytes, collectively termed phagocytes, provide a first line of defense 

against invading pathogens. Phagocytes have the capacity to directly trace, internalize and kill 

pathogens as well as to contribute to the generation and effectuation of the adaptive immune 

response as well (6). Particularly among macrophages there is a great deal of heterogeneity 

in terms of morphology, phenotype and function. Apart from roles in host defense many of 

the resident tissue macrophages fulfill specialized homeostatic functions, which are as yet 

only partly understood (7). One of the most common homeostatic functions of macrophages 

involves the clearance of dead cells and cell remnants, which forms a continuous aspect of 

tissue renewal and repair in the body, but there are also highly specialized roles dedicated 

to particular tissue function (8). Whereas essentially all phagocytes are hematopoietic cells 

that derive from the common myeloid progenitor in the bone marrow or, depending on 
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developmental stage of the organism, also other blood forming tissues, such as the fetal 

liver or yolk sac, some of the resident tissue macrophages appear to form local pools of self-

replenishing cells (8). However, most of the circulating phagocytes, including monocytes and 

granulocytes, directly emerge from the bone marrow (9). Both of these cell populations play 

particularly important roles during infection and other inflammatory diseases, when they can 

be recruited to the site of inflammation.  Granulocytes, also known as polymorphonuclear 

granulocytes, include eosinophils, basophils, and neutrophils. Granulocytes are relatively short 

lived cells. Neutrophils for instance, which constitute the major subset of granulocytes making 

up 70% of all leukocytes in humans, survive for 5-6 days  (10) leading to a turnover of ~109 cells/

kg per day, which may therefore amount to an impressive number of ~1011 cells that have to 

be generated by the bone marrow of an human individual every day (11). Upon inflammation, 

neutrophils can infiltrate tissues within hours and they are highly effective in the recognition, 

phagocytosis and intracellular killing of pathogens, in particular bacteria and fungi. The later 

is best illustrated by patients with (rare) genetic defects in neutrophil formation or function, 

which display and enhanced susceptibility to bacterial and fungal infections. Some of the major 

properties and effector functions of phagocytes in host defense are outlined in Figure 1 and 

these will be further outlined in the sections below.

Closely related to phagocytes in terms of origin are the myeloid-type of dendritic cells (as 

opposed to dendritic cells that are from lymphoid origin). Dendritic cells (DC) are specialized 

in sensing and sampling antigens, derived amongst others from pathogenic microorganisms, 

Figure 1. Properties and effector functions of phagocytes in homeostasis and host defense. Extravasation, 
migration and pathogen recognition are basic properties of phagocytes which help these fight pathogens by 
means of phagocytosis and killing through different mechanisms.
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1
that they transport to the lymphoid tissues, such as the spleen or lymph nodes in order to 

activate T lymphocytes. Upon activation T cells can either differentiate into T helper cells that 

provide help to B lymphocytes, which in turn will produce antibodies directed to the microbe 

in question, or they develop into cytotoxic T cells that mediate the elimination of virus-infected 

cells, or they become regulatory T cells that control the responses of the other T cells. These 

adaptive immune responses are associated with the formation of long-lived memory cells can 

come into action quickly and can effectively protect against a second infection, a principle 

that is used in vaccination. After the adaptive responses are established, which can take a week 

or more, phagocytes, including macrophages or granulocytes, again play a critical role in, for 

instance, the antibody-dependent elimination of extracellular microbes or infected cells (5). 

Thus, phagocytes act at essentially all stages of the immune response.

2.1 Migration
Migration of phagocytes is of critical importance during the process of inflammation because it 

allows the cells to get to the site of infection and/or tissue repair. In order for granulocytes and 

monocytes to enter the inflammatory lesion they must generally first exit the blood circulation, 

a process known as extravasation. To do so phagocytes use a series of molecules including 

selectins and integrins to interact with endothelial cells that cover the luminal side of the 

vasculature. Selectins and integrins act, respectively, to mediate rolling and subsequent firm 

adhesion to the endothelial cells. Once firmly adhered they spread over the endothelial cell 

and from a pseudopodia that help the leukocyte to “squeeze” itself through the endothelial 

layer, a process known as diapedesis (12). Next, the basement membrane composed of 

dense extracellular matrix material is passed, in a process that might involve proteolytic 

degradation as well (13). After extravasation phagocytes employ gradients of chemokines 

or other chemotactic substances to guide them to the site of infection or injury (14). Within 

the interstitial tissue different types of interstitial migration can occur depending on the 

architecture of the matrix that the phagocyte encounters and the nature of the phagocyte 

itself. Whereas all phagocytes can migrate very fast and efficiently using amoeboid migration 

in porous matrices, some phagocytes, like macrophages or dendritic cells, can also migrate in 

very dense extracellular matrixes using the mesenchymal mode of migration (15). The latter 

require specialized adhesion structures know as podosomes that mediate the extracellular 

delivery of proteases that can degrade the matrix to create a passage for the phagocyte (16). 

Coordinated remodeling of the cellular actin cytoskeleton generates forces for contraction 

and relaxation, which are obviously critical for all stages and types of migration  (17). Although 

this is known to involve a great number of cellular proteins, the exact way in which leukocyte 

motility is coordinated and regulated is only partly understood. 

2.2 Pathogen recognition and inflammatory mediator production
Phagocytes recognize pathogens by virtue of so called pattern recognition receptors (PRRs), 

which may be expressed on the cell surface or in the cytosol for detection of extracellular and 

intracellular pathogens respectively (18). Several of these PPRs recognize pathogen associated 

11



molecular patterns (PAMPs), which upon ligation are able to activate the phagocyte and initiate a 

signaling cascade that leads to the production of inflammatory mediators or activation of other 

effector functions on the phagocyte (19). Among the best characterized PRRs are the Toll-like 

receptors (TLRs) (20), which are able to identify a variety of microbial  ligands (e.g. LPS, flagellin, 

zymosan), the NOD-like receptors (NLR), that recognize amongst other things peptidoglycans 

from bacteria (21) and the lectins, which recognize carbohydrate moieties exposed on the 

surface of pathogens. PRRs can also be receptors for self ligands (e.g. mitochondria, heat shock 

proteins, heme) (22) which are collectively known as danger-associated molecular patterns 

(DAMPs). These DAMP receptors are available to the phagocyte when there is an injury or an 

insult associated with necrosis or other tissue damage that needs host defense and repair. One 

of the major responses that occur upon triggering of PRRs on phagocytes is the production of 

cytokines, chemokines, and other (pro) inflammatory mediators. These play a central role in 

recruiting and activating other immune cells and thus act as an important amplifiers and regulators 

of inflammatory responses (14). In addition, there are also anti-inflammatory mediators that are 

important for controlling the inflammatory response and to prevent excessive responses that can 

be harmful to the body and cause autoimmunity. Apart from these types of PRRs that mediate and 

coordinate inflammatory responses phagocytes can recognize microbes via opsonins, which are 

soluble molecules generated by the host that bind pathogens. By binding to opsonin receptors 

on the phagocyte these molecules promote recognition and phagocytosis, and trigger other 

effector functions (23;24). Examples of opsonins include, complement fragments, which bind to 

phagocyte complement receptors such as the CD11b/CD18 integrin (also know as complement 

receptor 3, CR3) and the antibodies of the adaptive immune system that bind to a variety of Fc 

receptors, of which many are also abundantly expressed by phagocytes. 

2.3. Phagocytosis
Phagocytosis literally means “the process of engulfing by a cell”. Is a specific type of 

endocytosis that involves vesicular internalization of solid particles, generally defined as having 

a size of ~1 µm or more, and constitutes a pivotal function within the immune system in which 

phagocytes ingest pathogens and death cells, such as apoptotic cells, or other host-derived 

waste material, for intracellular killing and/or lysosomal degradation. The process is initiated 

by recognition events mediated by specific receptors on the phagocyte plasma membrane 

that interact with ligands on the surface of the target particle. In the case of phagocytosis of 

pathogens there are a variety of receptors that can trigger phagocytosis. This includes opsonic 

Fc-receptors, which recognize antibody bound particles, and complement receptors, which 

bind to complement proteins (e.g. CD11b/CD18) or other non-opsonic receptors like scavenger 

receptors and lectins, which interact directly with target structures (24). In the context of 

phagocytosis of apoptotic cells other less well characterized receptors bind to ‘eat-me’ signals 

exposed on aged or dying cells (25). Phagocytosis requires remodeling of the phagocyte 

actin cytoskeleton enabling internalization of the particle into an intracellular compartment 

termed the phagosome. Phagosome formation involves the fusion with lysosomal vesicles 

that deliver a variety of hydrolytic enzymes into the phagosome and are responsible for the 
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1
compartmentalized degradation of the target (26). This ensures efficient killing of microbes 

and recycling of biological material with minimal damage to the surrounding tissue.

2.4. Killing
The intracellular, and perhaps under certain conditions also extracellular killing by phagocytes, 

and in particular that by neutrophilic granulocytes, which are generally most important and also 

best characterized in this respect, depends on at least two important effector mechanisms. The 

first is the formation of reactive oxygen species (ROS) derived from superoxide, which is generated 

by electron transfer from cytoplasmic NADPH to intraphagosomal or extracellular oxygen by a 

protein complex termed the phagocyte NADPH oxidase. This complex is formed by gp91phox and 

p22phox, which are anchored to the membrane, and by p47phox, p67phox, p40phox and Rac1 or Rac2 which 

are cytoplasmic proteins that upon activation of the phagocyte translocate to the membrane to 

form a fully functional NADPH oxidase complex (27). Defects in gp91phox, p22phox, p47phox p67phox or 

p40phox result in chronic granulomatousis disease (CGD) (28), which causes a higher susceptibility 

to bacterial and fungal infections, demonstrating the importance of ROS generation on the host 

defense against pathogens. The other main antimicrobial function that neutrophils use is the release 

of hydrolases (particularly proteases), from preformed and stored granules, into the phagosomal or 

the extracellular compartment (29). The neutrophil azurophilic granules in particular contain serine 

proteases like elastase and others that are instrumental in pathogen killing (30). 

The activation of phagocytes i.e. the cellular pathways that lead to the activation of the 

various cellular effector functions, have been intensively studied . This has lead to a great deal 

of understanding and identification of molecules and signaling pathways involved on neutrophil 

and macrophage activation. These include e.g. the Toll-like receptors (TLR) that modulate e.g. 

cytokine production via the NFκB and other pathways, Fc receptors and other receptors with 

immune receptor tyrosine-based activating motifs (ITAMs) that signal amongst other things via 

the pivotal tyrosine kinase Syk, which in turn is responsible for activating a variety of pathways 

that induce various effector functions, such as phagocytosis and killing. However, inhibition and 

control over these processes is of primordial importance to prevent excessive activation that 

would cause damage to the host and perhaps even leading to autoimmune or autoinflammatory 

disease. Although clearly less well characterized than the activating pathways, inhibitory 

receptors often equipped with cytoplasmic immune receptor tyrosine-based inhibitory motifs 

(ITIMs) that provide them with inhibitory capacity have been shown to be instrumental in 

limiting excessive phagocyte and other immune cell type activation (31). The cytoplasmic ITIMs 

of these inhibitory receptors recruit and activate tyrosine phosphatases like SHP-1 and SHP-2 

that are able to dephosphorylate various signaling proteins thereby homeostatically controlling 

or balancing phagocyte activation. Although a number of such inhibitory receptors, which 

bind to a range of (extra)cellular ligands have been described on phagocytes, including SIRPα, 

CD200R, CD300, LAIR, several siglec and ILT family members (32), the individual contributions of 

these inhibitory receptor systems in relation to the specialized functions of phagocytes are not 

well understood at all currently. In the next section I will discuss the role of SIRPα in particular, 

which is the inhibitory of primary interest in the studies described in this thesis.
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S i g n a l  r e g u l aTo ry  p r oT e i n  a l p h a
The SIRPα glycoprotein receptor was identified independently by a number of laboratories 

(33-36). While its was first characterized to control receptor and non-receptor tyrosine kinase 

signaling in non-hematopoietic tumor cell lines such as fibroblasts and epithelial cells, were it 

is apparently expressed as a consequence of transformation and/or in vitro culture, it was later 

realized to be selectively expressed in myeloid cells and neurons in vivo (35).

3.1. Genetics, evolution, family relationships and ligand specificity 
SIRPα is actually the prototypic member of a larger multigene family of Signal Regulatory 

Proteins (SIRPs). SIRPs form a family of immunoreceptor proteins encoded by a cluster of 

genes on chromosome 20p13 in humans (37). SIRP family members have been identified in 

mammals, birds and reptiles and all of the genes and pseudogenes within these clusters have 

been generated by duplication events from SIRPα, which is the founding member of the family 

(see below). SIRPs form a family of so called ‘paired’ receptors, with members of the family 

sharing a high level of similarity in their extracellular domains (Figure 2), but having the capacity 

to generate either inhibitory or activating intracellular signals. Whereas SIRPα (also known as 

CD172a, SHPS-1, BIT, MyD-1, MFR), contains immunoreceptor tyrosine-based inhibitory motifs 

(ITIMs) in its intracellular domain, other SIRPs, such as the less well characterized SIRPβ1 (CD172b) 

or SIRPβ2, may transduce activating signals through the associated ITAM-containing adapter 

molecule DAP12 (38). SIRPγ (CD172g) is a member without any known signaling motifs (39). Due 

Figure 2. SIRP family. Schematic representation of the SIRP protein family members. Blue and red ovals represent 
V- and C1-set Ig domains respectively. The Y letters represent ITIM tyrosine residues. The “+” represent positive 
charged lysine residues in the transmembrane regions of SIRPβ1 and SIRPβ2, which are essential for association 
with the ITAM-containing and generally activating adaptor molecule DAP12.
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1
to critical roles in immunity and infection, which provide a strong driving force for selection and 

therefore evolutionary diversification, many paired receptor families display a high level of gene 

diversification, including variable gene numbers among species and considerable sequence 

variation of a certain gene with a given species (i.e. polymorphic variation (37;40;41) (Zarate JA 

et al, unpublished). Whereas SIRPα, SIRPβ1 and SIRPγ show a similar overall organization of the 

extracellular domain and a high level of homology, the SIRPβ2 and the putatively soluble family 

member SIRPδ are more distantly related. The SIRP family exhibits a considerable variability 

across species but in all mammalian species characterized until now a SIRPα ortholog with a 

preserved structure of 3 extracellular domains and a long cytoplasmic tail containing ITIMs 

is present. The other members of the family tend to differ in number and structure clearly 

identifying SIRPα as the prototypic and primordial member of the family. Why is SIRPα so 

conserved among species whereas the other members are not? This might have to do with 

differences in function: SIRPα is an inhibitory protein involved in homeostatic regulation of cell 

function through interaction with an endogenous ligand, i.e. CD47, whereas the other SIRPs 

have arisen by gene duplication, mutation and gene loss (pseudogenes) from the primordial 

SIRPα. Both SIRPα and, with ~10-fold lower affinity, SIRPγ bind the broadly expressed CD47 

surface molecule(42)-(39;43;44) originally identified as integrin-associated protein, but the 

potentially activating members SIRPβ1 and SIRPβ2 (Zarate JA and Van den Berg, unpublished) 

(45) do not. Interestingly, there appear to be a considerable number of polymorphic variants of 

SIRPα in different ethnic populations, including Africans and Asians, with as many as 10 different 

SIRPα variants identified in 39 individuals investigated (40). Although this is quite an impressive 

frequency this is not completely unprecedented, since many  inhibitory immunoreceptors that 

bind highly polymorphic MHC class I antigens like e.g. KIRs and Ly-49 also show a high degree 

of polymorphic variation. Nevertheless, the difference is that the ligand for SIRPα, CD47, is in 

contrary to the highly polymorphic MHC molecules a very well conserved protein. Moreover, 

the major polymorphic variants in the Caucasian population (Zhao et al, submitted), SIRPα
1
 

and SIRPα
BIT

, which form the two extremes within the spectrum of differences among the 

SIRPα polymorphisms, show identical affinities for CD47 (45) and similar levels of regulation of 

phagocytic function (Zhao et al., submitted). This is consistent with the observation that the 

polymorphic amino acid residues occur primarily in regions of the N-terminal ligand binding 

Ig-like domain of SIRPα that are just flanking the CD47 binding site. It is also in agreement that 

CD47-SIRPα interactions serve important homeostatic functions in the immune and central 

nervous systems. It has been suggested that the evolutionary pressure to drive such level of 

polymorphisms might be caused by pathogens targeting SIRPα (further discussed in chapter 

4), which they might do so for the purpose of inhibiting SIRPα-dependent phagocyte effector 

functions, thereby improving their chances of survival in the host. It seems reasonable to 

assume that such mechanisms, which are based on host-pathogen interactions and competition 

generate a strong driving force to promote diversity in inhibitory receptors and probably also 

the emergence of activating members, which would function in an inverse fashion, namely to 

act as receptors for such pathogens (45;46). Of interest in this context, poxviruses express a 

homologue of CD47, termed vCD47, which might perhaps constitute a ligand expressed on 
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poxvirus-infected cells for SIRPα, and/or any of the other SIRP family members. Interestingly, in 

vivo studies in rabbits using a Myxoma virus deficient for this vCD47 have shown that it acts as 

a virulence factor and also to suppress macrophage activation (47). However, no evidence for 

interactions of vCD47 with SIRP family members have so far been reported.

A number of structural aspects of the SIRP family members, including the presence of C1 

domains, the presence of a J-like sequence in the ligand binding V-set Ig-like domain, its mode of 

interaction with CD47 through 3 loops of this V-domain, and its signaling through ITAM-containing 

adapter proteins are all reminiscent of T cell receptors (TcR). T and B cell receptors are, however, 

unique in their capacity to be subject to V(D)J-rearrangement which, creates the diversity required 

to recognize the many different antigens in our environment. Antigen receptor rearrangement 

occurs in all jawed vertebrates and it is believed that during evolution this capacity for rearrangement 

emerged by the insertion of a transposon into the V-domain of a non-rearranging primordial. The 

structural similarities between SIRP and TcR indicates that a SIRP-like gene in such an early vertebrate 

species may well have been the target for such a transposition event, which puts the SIRP family in a 

key position during the evolution of the adaptive immune system.

3.2 SIRPα signaling
SIRPα is highly expressed in myeloid cells, including granulocytes, macrophages and myeloid DC, 

as well as neurons whereas its ligand CD47 is found virtually on all cells in the body. The CD47-

SIRPα interaction, which involves the NH
2
 terminal V-set Ig-like domain of SIRPα and the single 

Ig-like domain of CD47 (45) leads to bidirectional signaling events downstream of each of the 

two receptors (48). SIRPα signaling is executed through its intracellular domain. This contains 

4 tyrosines that form 2 typical ITIM motifs, which upon phosphorylation of the tyrosines recruit 

the cytosolic tyrosine phosphatases SHP-1 and SHP-2 (49). Binding of the SH2 domains of these 

phosphatases unmasks their activity, which is otherwise auto-inhibited, and allows them to 

dephosphorylate proximal substrates, and thereby to affect downstream signaling pathways, 

generally in a negative fashion (Figure 3). Although presumably very important the signaling 

through SHP-1 and SHP-2 may not be the only way SIRPα can transduce signals. Biochemical 

experiments have actually suggested SIRPα to function as a scaffold protein for several other 

signaling proteins (36), and although for most of these proteins there is no evidence for a 

functional role in SIRPα signaling, the Src Kinase-associated phosphoprotein 2 (SKAP2) forms 

an exception, because it has recently been shown to be relevant in the context of macrophage 

integrin signaling and cytoskeletal remodeling signaling downstream of SIRPα (50). Furthermore, 

the two proline-rich regions found between the tyrosines in the ITIMs could potentially bind to 

SH3 domain-containing proteins that may also be instrumental in SIRPα signal transduction. The 

resulting intracellular signaling events have been reported to regulate a number of phagocyte 

functions and these will be outlined in the following sections.  However, as indicated above 

ligation of CD47 by SIRPα can lead to signaling as well, making this a bidirectional signaling 

system (51). CD47 has a tetraspanning transmembrane region that can associate with cytoplasmic 

heterotrimeric Gi proteins, and in cis, i.e. in the horizontal plane of the membrane, with certain 

integrins, such as β3 integrins, and can regulate diverse downstream functions as well. 
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1

3.3. Regulation of phagocyte function by SIRPα
3.3.1. Adhesion and migration
Adhesion to cells and extracellular matrices and migration are essential for phagocytes 

to extravasate and, subsequently, to enter and patrol tissues and inflammatory sites, and 

to interact with host cells and pathogens. Integrins are of pivotal importance in all of these 

processes because they are the adhesion molecules that provide the anchoring points at 

the cell surface of phagocytes and other immune cells or the extracellular matrix needed to 

translate the tracking forces generated by the cytoskeleton into cellular motility or spreading 

(12). In fibroblasts SHP2 has been shown to translocate to adhesion structures upon integrin 

engagement and to bind to SIRPα (33). Upon integrin engagement Src PTKs phosphorylate the 

tyrosines in SIRPα cytoplasmic tail and this leads to recruitment and activation of SHP2 (52). 

Furthermore, a SIRPα mutant mouse lacking the cytoplasmic tail has been generated (53) and 

embryonic fibroblasts from these mutant mice were found to display enhanced actin stress 

fiber formation and focal adhesion structure formation. Moreover, the migration of these cells 

was impaired (53) possibly involving a role for RhoA acting downstream of SIRPα. 

Similar to integrins SIRPα ligation on myeloid cells by CD47 can promote phosphorylation of 

the SIRPα ITIMs (54), but integrin-mediated adhesion is essential for this (55). In the context of 

transendothelial migration several studies have shown a role in vitro for CD47-SIRPα interactions. 

Blocking antibodies against SIRPα or recombinant CD47 protein decreased the ability of 

human neutrophils to transmigrate in a transwell assay (56), and another study performed with 

rat monocytes showed similar results with monocytes transmigrating across a monolayer of 

brain endothelium (57). The latter study suggested that in particular the diapedesis step of the 

extravasation process involved CD47-SIRPα interactions and also CD47 signaling, perhaps to open 

the endothelial junctions, but it is not known whether also signaling through SIRPα the phagocyte 

Figure 3. SIRPα signal transduction upon CD47 binding. SIRPα–CD47 interactions trigger the recruitment of phosphatases 
like SHP1 and SHP2 to the ITIMs of SIRPα resulting in their activation and the dephosphorylation of different target 
substrates which in turn regulate cell functions. The oval with the question mark represents other possible adaptor 
molecules that could interact with the cytoplasmic tail of SIRPα and contribute to signal transduction (50) 
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was required. Furthermore, it is not known whether CD47-SIRPα interactions play a role during 

the in vivo migration of phagocytes. Studies to address these issues are described in chapter 5. 

While there are many questions with respect to the migration of granulocytes, monocytes and 

macrophages, more knowledge is available about the role of CD47 and SIRPα in the migration of 

dendritic cells. Treatment with blocking anti-SIRPα Abs or genetic ablation has been shown to 

result in reduced migration of Langerhans cells to the draining lymph nodes in mice (58). This is 

interesting in the context of infection, were deficient DC functions, like antigen presentation and 

induction of T cells responses, have been found to be deficient on the SIRPα mutant mouse (59). 

However, whether the defect in DC migration in SIRPα-mutant mice completely accounts for 

the impaired T cells responses is not clear, because other relevant aspects such as e.g. formation 

of the immunological synapse may also be dependent on CD47-SIRPα interactions. Related to 

this last possibility we have recently observed that synapse killer formation between neutrophils 

and antibody-opsonized target cancer cells during antibody-dependent cytotoxicity (ADCC), 

which is critically dependent on so called inside-out activation of the CD11b/CD18 integrin by the 

integrin-binding cytoplasmic protein kindlin3, is limited by CD47-SIRPα interactions (Matlung 

M., Zhao X. et al., unpublished). Interestingly, experiments with neutrophils from patients with 

Leukocyte Adhesion Deficiency type III syndrome, which have mutations in the FERMT3 gene 

and consequently lack the kindlin3 protein, indicated that SIRPα signaling controls this kindlin3-

dependent killer synapse formation. The latter suggested a potential role for SIRPα in neutrophil 

integrin regulation and also that kindlin3 might actually function as a target downstream of SIRPα 

for regulations of phagocyte function. Kindlin3 deficiency in patients leads to a typical leukocyte 

and platelet integrin adhesion deficiency, because it precludes the β2- and β3- integrins, of 

respectively leukocytes and platelets, to obtain a high affinity ligand binding conformation. 

As a result patients have an enhanced numbers of neutrophils and other leukocytes in the 

circulation, as well as a bleeding tendency as a result of a defect in platelet aggregation. The 

defect in neutrophil extravasation can be explained by a lack of integrin-mediated firm adhesion 

to endothelial cells (60), but integrins and kindlin3 could potentially also regulate phagocyte 

migration at other levels. There is evidence, for instance, that integrins control the mesenchymal 

interstitial migration of fibroblasts, myoblasts, single endothelial cells or sarcoma cells among 

others (61). Since macrophages, but not neutrophils, are also able to perform mesenchymal 

migration it was of interest to study the function of kindlin3 in macrophages. Studies to describe 

the role of kindlin3 in macrophage migration are described in chapter 6.

3.3.2. Host Cell Phagocytosis 
One of the best studied physiological functions regulated by the SIRPα-CD47 interaction is the 

homeostasis of red blood cells (RBC) and platelets. Evidence for this was originally obtained 

by transfusing CD47-deficient RBC to wild-type mice and monitoring their clearance (62). 

Whereas a RBC of a wild-type mouse have a normal survival of around 60-80 days, the CD47-

deficient cells were cleared from circulation within hours, suggesting that CD47 functions as 

a potent ‘don’t-eat-me’ signal. Further experiments (62) indicated that this was because of a 

lack of SIRPα signaling in spleen macrophages. CD47 knock-out (KO) and SIRPα-mutant mice, 
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1
which lack the cytoplasmic tail of the receptor and therefore its signaling capacity, show only 

a relatively mild anemia (63;64)(Zarate JA et al. unpublished). Of interest, subsequent studies 

showed that this apparent discrepancy can be explained by the fact that macrophages are one 

or another way instructed by CD47 expressed on non-hematopoietic cells with respect to their 

capacity to respond to SIRPα triggering (65). Such a mechanism is reminiscent of the ‘licensing’ 

of natural killer cells for the killing of MHC class I-deficient targets (66).

Recently it has been shown that CD47-SIRPα interactions might regulate RBC clearance 

in a more complicated fashion than what was originally established. Burger et. all found that 

on human, RBC ageing is related to a conformational change on CD47 that transforms the 

molecule from a “don’t-eat-me” into an “eat-me” configuration and that this conformational 

change occurs during RBC aging (67).

Apart from this well characterized anemia these mice have also been shown to be mildly 

thrombocytopenic (Zarate JA et al. unpublished) (64). Since there appear not to be intrinsic 

defects in megakaryopoiesis in these mice, these findings are consistent with an increased level 

of platelet clearance too, as has been reported now for many other hematopoietic cells, including 

healthy and leukemic hematopoietic stem cells and memory T lymphocytes now as well (68-70).

3.3.3. Transplantation and Xenotransplantation
Organ transplantation is the only solution for survival for many patients suffering from 

irreversible organ damage. Unfortunately, matched donors are not always readily available 

and many patients die while on the transplantation waiting list. One possible alternative is 

xenotransplantation with e.g. pig organs. Clearly, graft-versus-host reactions are a big concern 

and constitute the main difficulty to bypass in xenotransplantation. In this context Takenaka et 

al. discovered that SIRPα was responsible for the superior ability of the NOD/SCID mouse strain 

to accept human xenotransplants (40). It is known that CD47-SIRPα-CD47 interactions are not 

well conserved across species and this incompatibility of the CD47-SIRPα interaction apparently 

hampers xenotransplantation (71;72). However, the NOD mouse SIRPα allele was found to bind to 

human CD47 with higher affinity than alleles expressed by other commonly used mouse strains, 

which have only very low affinity for human CD47. This promoted acceptance of the human graft 

by inhibiting phagocytosis by macrophages. This showed that CD47-SIRPα interactions regulate 

not only phagocytosis of host cells but also form an important barrier for xenotransplantation. 

Subsequent studies using mice that express a human SIRPα transgene and human hematopoietic 

cells expressing a mouse CD47 molecule confirmed this concept. Finally, formal proof that the 

NOD SIRPα is both essential as well as sufficient for human graft acceptance came from knock 

in studies with the NOD SIRPα allele into other non-permissive mouse strains (68). Clearly, this 

discovery has also improved humanized mouse models to study disease.

3.3.4. Cancer
As described above CD47 act as a “don’t eat me” signal to prevent phagocytosis of host cells by 

macrophages. This makes the CD47-SIRPα interactions interesting to in the context of cancer 

cell clearance. It has been shown that many cancer cells of different lineages express high levels 
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of CD47 and that cancer stem cells may express particularly high levels (70). Consistent with 

this, CD47 can actually serve as a prognostics factor, with cancers expressing high levels of the 

molecule having worse prognosis (73). Indeed, it seems that CD47 on cancer protects them from 

clearance by macrophages and thereby contribute to their survival in vivo (70). Several studies 

have exploited this concept and interfered with the CD47-SIRPα interaction having successfully 

reduced engraftment of cancer cells or in some cases even eliminated pre-established leukemia 

in mouse xenograft tumor models (70;73;74) (75). However, these studies used intact anti-CD47 

monoclonal antibodies and there is controversy on whether disturbance of the CD47-SIRPα 

interaction or opsonization of the cancer cells by antibodies is responsible for tumor cell 

clearance (76). However, it is clear from experiments using SIRPα mutant mice and from recent 

studies using a recombinant affinity-enhanced SIRPα protein in mouse models that CD47-SIRPα 

interactions or SIRPα signaling can potentiate the effects of all the major cancer therapeutic 

antibodies used in human patients (41;77). In addition, there is evidence that CD47 can directly 

convey pro-apoptotic signals into certain cancer cells (78). In chapter 3 studies are described to 

show that the latter might also be the case also for SIRPα in acute myeloid leukemic cells. 

3.3.5. Autoimmunity 
SIRPα has essentially been characterized as an inhibitory receptor that homeostatically 

counterbalances cellular immune effector functions. From this perspective it is interesting 

to study its role on autoimmunity. Spontaneously, both SIRPα mutant and CD47 KO mice 

develop mild anemia and thrombocytopenia as a result of the enhanced clearance of these 

hematopoietic cells. Therefore, it is not surprising that CD47 KO mice show lethal autoimmune 

hemolytic anemia (AIHA) (63) or idiopathic trombocytopenic purpura (ITP) upon injection with 

antibodies to respectively red cells or platelets. However, these are passive models in which 

only the effects of autoantibodies are studied, but it is not known whether in AIHA and ITP also 

the formation of autoantibodies is promoted by interference with CD47-SIRPα interactions. In 

fact, it appears that in many T cell-mediated autoimmune models, such as encephalomyelitis 

(79) or collagen induced arthritis (80), SIRPα-mutant mice are resistant to the establishment of 

disease. The reason for this perhaps unexpected resistance may be that CD47-SIRPα interactions 

are necessary for optimal DC migration and antigen presentation by these cells to T cells (79).

3.3.6. Infection
Phagocytes are essential in the host defense against pathogens. The role of SIRPα regulating 

killing of pathogens by phagocytes as a first line of defense has not been extensively studied. 

Some in vitro studies have suggested that SIRPα on macrophages can negatively regulate 

TLR3 and TLR4 signaling (81;82) and suppress intracellular killing of bacteria (83). However, it 

is important to realize that all of these studies have been done with either shRNA or siRNA 

targeting with virus and this may affect macrophage activation in a non-specific fashion through 

the triggering of ‘danger’ pathways. Therefore, additional evidence is certainly required 

to support or contradict these claims. A recent study has shown that SIRPα is essential for 

controlling Salmonella infection in vivo (59). The results of the latter study support a concept 
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in which the lack of SIRPα signaling in dendritic cells results in less efficient antigen processing 

and presentation, which in vivo leads to poor Salmonella-specific CD4 T cell and antibody 

responses. Whether the regulation of granulocyte and macrophage anti-microbial activities 

are somehow impaired and may also contribute to the inability to clear bacterial or other types 

of infection is not known. Studies to further address these issues are described in chapter 2.

S c o p e  o f  T h e  T h e S i S
Phagocytes play a central role in the host defense against pathogens, by virtue of amongst other 

things their ability to recognize and destroy them. These processes have to be tightly controlled 

to prevent unwanted inflammation that could harm the host. From previous studies it has become 

clear the interactions between SIRPα expressed on phagocytes and CD47 on other cells is involved 

in the homeostatic control of immune effector functions, such as e.g. phagocytosis, against host 

cells (Figure 3). The research presented in this thesis aimed to explore whether SIRPα was also 

involved in the regulation of other previously unidentified aspects of phagocyte immunity. 

In chapter 2 we demonstrate that SIRPα specifically regulates the phagocyte NADPH 

oxidase activity, an essential phagocyte effector function in the killing of bacteria and fungi. 

This involves both interactions between CD47 and SIRPα, as well as SIRPα signaling through 

the ITIM motifs and downstream signaling to control expression levels of the gp91phox protein, 

which comprises the catalytically active component of the NADPH oxidase complex. As a result 

phagocytes from SIRPα-mutant mice have a higher NADPH oxidase capacity and this could 

potentially confer enhanced protection against microbial infection.

In chapter 3 we have studied the expression of SIRPα in various subtypes of acute myeloid 

leukemia (AML), a malignancy of hematopoietic progenitor cells with variable levels of myeloid 

differentiation. Our results indicate that SIRPα expression is associated with AML subtype and 

the degree of myeloid differentiation of the AML. Furthermore, SIRPα expression is controlled 

by epigenetic mechanisms, and engagement of SIRPα can actually promote programmed cell 

death, identifying the receptor as a potential therapeutic target in AML. 

In chapter 4 we provide the first preliminary evidence that a CD47 homologue from the 

human poxvirus Variola, termed vCD47, interacts with SIRP family members. Although we have 

not been able to establish which family members are specifically involved, this provides the basis 

for understanding the reported immunoregulatory role for vCD47 during poxviral infection.

Chapters 5 and 6 are dedicated to phagocyte migration. Here we describe experiments to 

evaluate the function of SIRPα signaling in phagocyte migration. Our findings are consistent 

with a rather subtle role of SIRPα signaling in the recruitment of granulocytes and monocytes 

to inflammatory sites and a role in amoeboid interstitial migration of macrophages (chapter 

5). We also provide evidence that cytoplasmic protein kindlin-3, which is defective in patients 

Leukocyte Adhesion Deficiency (LAD)-III and critical for integrin affinity regulation plays a role 

in the formation of macrophage adhesion structures and migration. 

In the general discussion (chapter 7) we summarize and discuss these novel findings with 

respect to the role of SIRPα in phagocytes, and put them into broader context.
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