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7. 1   c d 4 7 - S i r pα  i n T e r ac T i o n S  c o n T r o l 
p h ag o c y T e  e f f e c To r  f u n c T i o n S  
To wa r d S  h o S T  c e l lS

By means of their effector functions, phagocytes contribute to the detection and elimination 

of pathogens, induction and resolution of inflammation and maintenance of homeostasis. To 

do so, phagocytes sense and integrate information from their environment using, among other 

mechanisms, transmembrane protein receptors that upon ligation transduce signals into the 

cell. One of these transmembrane proteins expressed on phagocytes is SIRPα, an inhibitory 

glycoprotein expressed selectively on immune cells and the nervous system. SIRPα interacts with 

the broadly expressed counter-receptor CD47 and has been found to regulate several functions 

relevant in the context of homeostasis and inflammation. These include cell adhesion and 

migration, were it has been found to regulate leukocyte transmigration (1;2) and the dynamics 

of the cytoskeleton (3). A link between integrin activation and SIRPα phosphorylation has been 

established as well, as integrin ligation can trigger phosphorylation of SIRPα and induce it to 

act as a scaffold protein. In this context it can signal for example through SKAP2 to control actin 

dynamics in macrophage phagocytosis (3). Another well characterized function of SIRPα is its 

role in host cell phagocytosis. Initially discovered to control the uptake by macrophages of RBCs 

and platelets, it has been later revealed that SIRPα-CD47 interactions regulate the uptake of 

many hematopoietic cell types including hematopoietic stem cells, as well as cancer cells (5,6). 

Furthermore CD47 is upregulated on circulating mobilized HSC, and plays a role in the clearing 

of this particular pool of HSC by macrophages in vivo (4). As such SIRPα-CD47 interactions 

are instrumental for improving human engraftments on immune-compromised mouse models. 

The SIRPα-CD47 interaction is generally lost across species and reestablishing it either by allele 

selection (the NOD SIRPα allele provides very good binding to human CD47, thus explaining 

the superiority of this background in supporting human cell transplantation) or artificial means 

(overexpression, knock-in) improves many engraftment models by increasing the lifespan of 

the implant (8,9). This discovery opened a door to improve xenotransplantation in humans 

were animal tissues could be genetically modified to express CD47 alleles that interact with 

human SIRPα. In line with this transgenic overexpression of human CD47 in animals, such as 

pigs that are anatomically suitable for the transplantation of many organs into patients, is a 

promising strategy to improve the efficacy of xenotransplantation.

In the field of adaptive immunity activation SIRPα has been discovered to regulate DC and T 

cells functions. Regarding DCs from the SIRPα mutant mouse, several studies point to a defect in 

their ability to trigger Th1, Th2, Th17 and NKT cell responses (10-22). The mechanism(s) behind 

this are not totally clear, but it might involve modulation of DC migration, maturation or/and 

antigen presentation. Related to this last point we have to mention that reduced levels of CD4 

T cells are found in the SIRPα mice, which could be the result of poor T cell priming by DC(5).

SIRPα has been found to play a role in cancer, were high levels of CD47 expressed on cancer 

cells were shown to be an adverse prognosis factor possibly by inhibiting uptake by macrophages 

(7). These findings have led to the design of strategies to target the SIRPα-CD47 interaction in 
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the fight against cancer, especially in synergy with antibody therapy. Disturbing this interaction 

raises of course concerns, being the most obvious the possible induction of autoimmunity 

by masking CD47 or inhibiting SIRPα signaling. It should be mentioned that neither genetic 

interference with CD47 or SIRPα in mice nor treatment in different animal species, including 

primates, with CD47 or SIRPα antagonists showed evidence of overt autoimmunity or any other 

significant side effects (24,25). Actually it turns out that SIRPα signaling is required for the 

induction autoimmune responses in certain models of autoimmunity in mice, like experimental 

autoimmune encephalomyelitis (EAE) (13,26), bacterial- or collagen- induced arthritis (CIA) 

(6-8) or colitis (9). In these cases the evidence again points to a role for SIRPα in regulating T cell 

priming by DCs which are essential to develop autoimmune responses in the mentioned models. 

Few studies have explored the role of SIRPα in infection and inflammation in vivo but a 

recent study by Li XL et. al has shown susceptibility of the SIRPα mutant mice to infection with 

an attenuated Salmonella typhimurium strain (10). In this model the phenotypic difference 

emerged only relatively late after infection and could be attributed to defective Salmonella-

specific T and B cell responses, thereby indirectly excluding a substantial role for SIRPα in 

innate anti-bacterial host defence, at least in this model. 

7. 2   o n  T h e  f u n c T i o n  o f  S i r pα  i n  T h e  i m m u n e 
S yS T e m :  b e yo n d  T h e  e x p e c T e d

The above pictures CD47-SIRPα interactions as the core of a homeostatic mechanism by which 

the ‘self’ molecule CD47, which is broadly expressed on host cells, interacts with SIRPα on 

phagocytes thereby restricting their effector functions towards the host. The aim of the studies 

described in this thesis was to explore other potential roles of SIRPα and other SIRP family 

members in the regulation of phagocyte function. In particular, we have identified novel roles 

in i) the regulation of phagocyte migration, ii) the control over the phagocyte anti-microbial 

NADPH oxidase, iii) the interaction between phagocytes and poxviral infected cells, and iv) the 

triggering of acute myeloid leukemic cell apoptosis that may be exploited as a novel method 

for therapeutic intervention in leukemia patients. In the following sections I will summarize and 

discuss in general terms the results obtained in each of the preceding chapters. Furthermore, 

these findings will be discussed in the context of the recent interest in therapeutic targeting of 

CD47-SIRPα interactions in cancer.  

7.2.1.  SIRPα and the integrin activation regulator kindlin3  
in phagocyte migration

Exploration of the role of SIRPα in adhesion and migration was prompted by the discovery of 

enhanced actin stress fiber formation in and reduced migration capacity of fibroblasts from 

the SIRPα mutant mice (11). Furthermore, several studies have provided in vitro evidence for 

SIRPα regulating the transendothelial- and epithelial- migration of neutrophils and monocytes 

upon ligation with CD47 (1;2;12). However, both the contributions of CD47 and SIRPα to 
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phagocyte migration in vivo, as well as the exact way(s) in which each of these two proteins 

regulate the extravasation process had remained unclear. In chapter 5 we report studies 

describing the role of SIRPα signaling in phagocyte migration in vivo in an acute inflammation 

model (i.e. thioglycolate-induced peritonitis). Although we did find a significant difference in 

the kinetics by which both neutrophil and monocyte migration between wild type and SIRPα 

mutant phagocytes infiltrated the peritoneum, this difference was not very pronounced and 

the highest numbers of phagocytes in the peritoneum at the peak of the response were similar 

demonstrating that the overall magnitude of the inflammatory response was not affected. 

Furthermore, we could not precisely establish which step(s) of the migration process were 

affected by SIRPα signaling during the in vivo migration. On the other hand we did manage to 

identify a role for SIRPα signaling specifically with respect to the amoeboid type of migration 

in vitro. As these experiments were not performed in a tissue context, which at least excludes  

trans interactions between SIRPα and CD47, they point to a cell-autonomous and potentially 

CD47-independent role for SIRPα signaling in macrophage migration. The significance of 

these results in the context of microbial infection would have to be further investigated, but 

published studies in which SIRPα mutant mice were subjected to Salmonella typhimurium 

infection showed no differences in susceptibility on the early phase of infection, consistent with 

a minor role, if any, for SIRPα on the regulation of innate immune responses.As indicated above, 

the SIRPα mutant mice did show an increased outgrowth of bacteria upon 2-3 weeks after the 

infection, but these results could primarily be explained by a reduction of CD4 Th1 responses 

to Salmonella-specific antigens, inefficient antigen presentation, and/or reduced Salmonella-

specific Ab formation (see also the discussion in section 7.2.2). It appears feasible that SIRPα 

plays a role in CD4 T cell priming by DC, for instance as a result of impaired DC migration 

(13). Whether this also underlies the decreased numbers of CD8α -, CD11c+ DC that have been 

observed in the peripheral lymphoid tissues of SIRPα mutant mice is not known (14;15).

We have also studied the role of the integrin regulator protein kindlin3 in the context of 

macrophage adhesion and migration. Of interest with respect to SIRPα function our unpublished 

findings (Matlung and Zhao et al., unpublished) show that neutrophil killer synapse formation 

during antibody-dependent destruction of tumor cells requires kindlin3-dependent CD11b/

CD18 integrin activation that can be counteracted by CD47-SIRPα interactions and signaling, 

thus suggesting that SIRPα signaling and kindlin3-mediated integrin regulation somehow 

converge in phagocytes. Previous studies had already demonstrated that kindlin3 plays an 

essential role in the activation of integrins in a variety of other hematopoietic cells as well, 

and also plays an essential role in the extravasation of neutrophils and lymphocytes, thereby 

explaining the leukocyte adhesion deficiency syndrome in patients lacking kindlin3. To study 

the contribution of kindlin3 to macrophage trafficking, which had not been explored before 

and which could potentially be regulated in a (partly) different fashion, we have analyzed the 

migration properties of monocytes from two unrelated LADIII patients that carry mutations that 

result in a total absence of the kindlin3 protein. We have found LADIII monocytes to be strongly 

impaired in their capacity to extravasate from the circulation. Furthermore, macrophages 

from LADIII patients have substantial defects in adhesion and spreading. On the other hand 
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these cells were able to perform chemotaxis and to migrate in 2D and 3D environments 

in a relatively normal fashion. In order to adhere, macrophages create a specialized type of 

adhesion structure termed the “podosome”. In absence of kindlin3 these podosomes lose their 

characteristic anatomy and also the dynamics of their formation and degradation are altered. 

While podosomes are thought to be essential for the mesenchymal mode of migration, were 

they are assumed to orient lysosomal vesicle-mediated release of proteolytic activity required 

for degrading the interstitial tissue during migration, the LADIII cells migrated normally 

despite their profoundly disturbed podosomes. The present study provides insight into the 

formation of these complicated adhesion structures and in particular into the role of kindlin3 

in this process. It also raises interesting questions with respect to the role of integrins and their 

activation during the different modes of migration of macrophages. One possibility is that 

these cells can migrate normally under conditions of little or no integrin activation, or that they 

have alternative kindlin3-independent routes for integrin activation. Our recent studies with 

neutrophils have also shown that some stimuli can induce kindlin3-independent CD11b/CD18-

mediated adhesion (16), and collectively these studies show that leukocyte integrin activation 

may be regulated in a more complex way than previously anticipated.   

7.2.2. SIRPα and the NADPH oxidase
Although CD47-SIRPα interactions play a pivotal role in restricting immunity towards host cells as 

outlined above, it was not known whether phagocyte effector functions involved in the defense 

against microbial infection were perhaps also regulated by SIRPα signaling in phagocytes. 

One of the major anti-microbial effector mechanisms employed against bacterial and fungal 

infection(s) is the phagocyte NADPH oxidase. The importance of the NADPH oxidase for the 

host defense is illustrated by the increased susceptibility against bacterial and fungal infection 

in chronic granulatomous disease patients that lack the functional enzyme (17;18). In chapter 

2 we describe how SIRPα overexpression can regulate the activity of the phagocyte NADPH 

oxidase by selectively downregulating the expression levels of gp91phox in vitro. This appeared 

to require so called cis interactions between CD47 and SIRPα on the cell surface of the myeloid 

cells as well as signaling via the ITIM motifs of the SIRPα cytoplasmic tail. Although consistent 

with these findings we did find an increased oxidase activity on myeloid cells form the SIRPα 

mutant mice, we could not find a role for SIRPα in a short term, 5 day, in vivo infection model 

with Salmonella typhimurium, suggesting that the overall effect of a SIRPα signaling defect has 

little consequence for the overall innate component of the host defence against Salmonella. The 

latter model was chosen because the NADPH oxidase is known to be part of the host response 

against Salmonella at the early stages of the infection in this model (19). Nevertheless, there is 

evidence for a contribution of SIRPα later during infection, which is most likely mediated by 

modulation of adaptive immunity as discussed above. It should be mentioned there is actually no 

other reported evidence for a putative role for SIRPα in regulating innate immune responses in 

vivo. Therefore the relevance of SIRPα in innate host defense, if any, remains to be established. 

It is relevant to mention that whereas we found the lack of SIRPα signaling to have no effect 

on the production of inflammatory mediators by macrophages other studies have claimed that 
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there is a prominent negative role. In particular an enhanced production of NO, IL6 and TNF-α 

by macrophages in which SIRPα was knocked-down was shown (33). This apparent discrepancy 

with our own experiments might be explained by the use of siRNA or shRNA-mediated knock-

down strategies, which may have triggered danger pathways thereby affecting cellular activation 

status. We feel that our model, were we made use of genetic manipulation, is a better tool to 

study such responses so we believe that the contribution of SIRPα in regulating the production 

of inflammatory mediators by innate immune cells is negligible.

7.2.3. SIRPα and programmed cell death triggering in AML 
A lot of research has been conducted in the last few years concerning SIRPα-CD47 interactions 

and their role in the elimination of cancer cells. Basically it has been found that many cancer types 

and specially cancer stem cells upregulate CD47 and that this avoids clearance by macrophages 

or other means (7). In most cases the targeting of CD47-SIRPα interactions does not enhance 

phagocytosis by macrophages by itself but it does improve antibody-based cancer therapy in 

a variety of models (20). Nevertheless, there are also some indications that CD47 in cancer 

cells affects the behavior of the cancer cells themselves (21). In Chapter 3 we have explored the 

possibility of SIRPα, which is often expressed on cancer cells, to be instrumental as a potential 

therapeutic target on acute myeloid leukemic cells. We show that AML patients with high 

expression of SIRPα on their leukemic cells showed poor prognosis and that expression levels 

of SIRPα were determined by the maturation state of the leukemia. Furthermore, we describe 

that SIRPα levels were directly enhanced upon differentiation of AML cell lines and that ligation 

of SIRPα by a monoclonal Ab induced a caspase-independent type of programmed cell death 

(PCD). Finally, the killing of AML cell lines by SIRPα ligation synergized with established anti-

leukemic drugs, demonstrating the possible use of this targeted strategy in combination with 

established agents. While most of the attention in the area of cancer is focused on interfering 

with the SIRPα-CD47 interactions, we think it might be useful to further explore the current 

concept of PCD induction through SIRPα in the context of AML in particular. 

7.2.4. SIRPs and Immune evasion
As a family of paired receptors, the various SIRP family members and in particular SIRPα, SIRPβ1 

and SIRPγ show a high level of similarity on their extracellular domains. The different genes 

within the SIRP family clearly emerged from the founding member, SIRPα, by means of gene 

duplication events and diversification. Like members of other paired receptor families some of 

the SIRPs like SIRPα and SIRPβ1 show very high levels of genetic variability both between species 

as well as within a given species. Normally, like in the case of other paired receptors like KIRs, 

Ly49 or MHC, these polymorphic proteins bind to polymorphic ligands, but in the case of SIRPα 

the binding partner is CD47, a very well conserved protein. If is not the polymorphic nature of 

the ligand, what could be the evolutionary force driving the generation of such diversity? We 

and others propose that pathogen pressure might be responsible for the variability observed 

in SIRPα and the generation of other members of its family (22;23). Interestingly, all poxviruses 

express a CD47 homologue (vCD47), that has apparently been hijacked from the host. Indeed, in 

139



vivo studies with the rabbit myxoma poxvirus suggest an important immunosuppressive function 

for vCD47. In chapter 4 we explore the possibility of the human poxvirus variola vCD47 binding 

to one or more members of the human SIRP family. Although we did not find final prove of 

which members of the SIRP family are involved in the interaction with vCD47 we did find binding 

of this molecule to myeloid cells and this interaction could be selectively inhibited by certain 

monoclonal Abs raised against SIRP family members. Intruighingly, however, ectopic expression 

of individual SIRP family members or combinations thereof was not sufficient to confer vCD47 

binding, suggesting that another factor e.g. a myeloid-specific posttranslational modification 

of SIRP family members, or a myeloid-specific co-receptor was required as well. Further studies 

are required to understand the specificity and biochemical basis for this interaction. Based on 

these findings we hypothesized that Variola virus-infected cells will express vCD47 to bind SIRPα 

in myeloid cells and inhibit the phagocytosis and/or killing by phagocytes. Polymorphisms 

in SIRPα may have occurred and been selected to avoid such interactions, while preserving 

the homeostatically relevant binding to the endogenous CD47. Following the same principle 

activating members of the family like SIRPβ1 might have evolved as viral receptors that do not 

bind endogenous CD47 but that might bind vCD47. Further insight into this might clearly be of 

special interest in the context of understanding the existing diversity of the SIRP family members 

(SNPs, family members and copy number variations) within human populations. On the other 

hand it remains also possible that poxviruses employ their vCD47 to modify other host functions, 

like regulating integrins or that they have adopted other functions not related to the original 

role of CD47, as has also been reported for other genes hijacked by viruses (24).

7. 3 .  f i n a l  r e m a r kS
Taken together, the studies described in this thesis have identified a number of previously 

unknown functions of the inhibitory SIRPα immunoreceptor in phagocytes (Figure 1). As 

such they provide further insight into the pleiotrophic nature of this intriguing receptor in 

the immune system. Work presented in recent years by our group and those of others have 

shown that interactions between CD47 and SIRPα are a very promising target for therapeutic 

intervention in particular for potentiating the clinical efficacy of antibody therapy in cancer. 

This may be important for reducing the need for non-specific chemotherapeutics for the 

treatment of metastatic or other disseminated forms of cancer. An important question in this 

context is clearly whether interference with CD47-SIRPα interactions will cause autoimmunity 

or otherwise harmful side effects. Together with research performed by many other groups 

(4;20), which have only identified minor effects of CD47-SIRPα manipulation on circulating red 

blood cell counts, the results described in this thesis support an important and versatile role 

of SIRPα in the regulation of phagocyte effector functions, while at the same time they do not 

raise major concerns for therapeutic targeting of the CD47-SIRPα pathway. 
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Figure 1. 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 or signaling molecules that could interact with the cytoplasmic tail of SIRPα and contribute to 
signal transduction (3) . 
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