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Summary

SIRPa is an inhibitory receptor present on myeloid cells that interacts with a widely distributed
membrane protein CD47. The activating member SIRP, despite extensive sequence similarity to
SIRPa in the extracellular region, shows negligible binding to CD47. The SIRPa / CD47
interaction is unusual in that it can lead to bidirectional signalling through both SIRPa. and CDA47.
This review concentrates on the interactions of SIRPa with CD47 where recent data have shed
light on the structure of the proteins including determining why the activating SIRPf does not
bind CD47, evidence of extensive polymorphisms and implication for the evolution and function
of this protein and paired receptors in general. The interaction may be modified by endocytosis of
the receptors, cleavage by proteolysis and through interactions of surfactant proteins.

Introduction

The regulation of the immune system is remarkable in being able to get the right sort of
response to the required site and then to switch it off once the hazard is removed. Not
surprisingly this is reflected in the large number of proteins at the surface of leukocytes that
can affect their activity. These can be split into two broad categories, receptors for cell
surface proteins and receptors for soluble factors such as chemokines and cytokines. The
former have the advantage in that activity can be controlled by the requirement for cell cell
contact and hence are ideal for sensing the environment. This review discusses recent
advances in the inhibitory receptor signal regulatory protein alpha (SIRPa but also known
by a variety of names such as CD172a, SHPS-1, BIT [1]) and its ligand CD47 (See BOX 1).
Membrane receptors that can transmit signals are often highly restricted to a subset of cells
whereas their ligands can be widespread. This is the case for SIRPa that is present mainly
on myeloid cells although is also present on neuronal cells. SIRPa interacts with the widely
distributed membrane protein CD47 but the outcome is complicated by the ability of CD47
to interact with other ligands and signal itself (Figure 1). This review will concentrate on
publications in the last two years on the SIRPa recognition and constraints on the functional
outcome. Detailed analysis of signalling mechanisms is outside the scope of the review
although there are recent data [2-8]; however molecular interactions that influence whether
signalling will occur will be discussed.

In addition to SIRPa, there are two closely related proteins in the SIRP family namely
SIRPP and SIRPy. All three have three immunoglobulin superfamily (IgSF) domains in
their extracellular region, SIRPP has the potential to give activating signals through its
association with the transmembrane adaptor protein DAP12 but does not react with CD47 —
this makes the SIRP family a member of the class of proteins called paired receptors [1].
The third member SIRPy binds CD47 albeit weaker than SIRPa but it lacks an extensive
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cytoplasmic region and is unlikely to signal. Recent data suggest it has a role in T cell
migration in endothelium [9]. In considering the CD47 / SIRPa interaction it is necessary to
consider signals through SIRPa, why SIRPf does not bind along with how CD47 signals
itself and the role of additional ligands for the SIRPs and CD47.

CDA47 is involved in interactions other than with SIRPs such as in cis with integrins and
trans with thrombospondins [10]. One puzzling aspect concerning CD47 is that much of the
data on thrombospondin binding is from peptide binding analysis but the structure of the
relevant thrombospondin domain shows that the peptides are in the core of the domain and
not readily accessible [11]. This domain shows no affinity for the extracellular IgSF domain
of CD47 [12] but direct binding of comparable proteins to CD47 at the cell surface has
recently been shown [13] which might indicate that other parts of CD47 are involved. CD47
interactions and signalling are complex and beyond detailed analysis in this review.

The structure of SIRPa and its ligand CD47

X-ray crystallography structures have been determined for the ligand binding domain of
mouse, rat and human SIRPa [14-16], the single IgSF domain of CD47, a complex of
SIRPa domain 1 and CD47, the N terminal domains of two alleles of SIRPp (the activating
receptor) and SIRP-y [16] and a NMR structure for SIRPB (Protein Data Bank Code; 2D9C).
The interacting domains are typical 1gSF V-set domains but the binding site of SIRPa is
highly convoluted and made up from loops at the end of the domain in a manner analogous
to binding of antigens by immunoglobulins and the T cell receptor rather than involving the
faces of the domain as in most cell cell interaction proteins (see [17]). As expected from the
sequence similarity of the SIRPa and SIRP there is little difference in the overall structures
of the domains but subtle differences in the loops were found with evidence for considerable
mobility in these [17]. Sequence analysis and mutagenesis have failed to provide a simple
explanation for the failure of SIRPP to bind to CD47 [14,15,17-19] but the structures
suggest that this failure is due to subtle differences in the loops and involving indirect
changes and not solely contact residues [17].

Polymorphisms in SIRPa and ligand recognition

Attention was drawn to the high level of polymorphisms in SIRPa N-terminal domain by
Takenaka et al. [20] who showed that it was the Sirpa locus that was responsible for the
observation that human bone marrow stem cells could be engrafted more efficiently into the
SCID (severe combined immunodeficiency) NOD (non-obese) mouse strain than other
strains. In general there is little cross reaction between CD47 from one species and SIRPa
of another [21,22]. However the allele of SIRPa in the NOD mouse is sufficiently different
from other mouse strains that it can bind human CDA47 and give protection of the human
cells in this mouse strain from host macrophages and xenogeneic engraftment occurs.

The SIRPa / CD47 interaction may have implications for xenotransplantation as pig tissues
are an attractive source of organs for human tissue transplantation given the shortage of
cadavers. Pig CD47 does not interact with human SIRPa and hence is not able to give
inhibitory signals [21]. This has been shown to be relevant as manipulation of porcine cells
to express human CD47 or addition of soluble human CD47-Fc fusion proteins reduces
susceptibility of the porcine cells to phagocytosis by human macrophages [23]. Thus
transgenic pigs expressing human CD47 may be advantageous as donors for human organ
transplantation.

Human SIRPa domain 1, but not the other domains, is highly polymorphic and it was
suggested that these polymorphisms in the SIRPa. might affect its interaction with CD47 and
be important in obtaining optimal engraftment of transplanted tissue [20,24]. However the
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recent data on the structure of the SIRPs and CD47 suggest that the polymorphisms in
SIRPa are unlikely to affect CD47 binding in humans as they are distant from the binding
site as illustrated in Figure 2. In addition two quite divergent alleles of SIRPa. have same
affinity of binding to CD47 [16].

Why is the ligand binding domain of SIRPa so polymorphic if it does not affect ligand
binding? The polymorphisms involve outpointing residues and it is likely the selective
pressure involves binding. Inhibitory receptors may be good targets for pathogens and one
idea is that the polymorphisms are important in helping the receptor avoid binding of
pathogens and giving down regulation through the inhibitory receptor [16]. This concept is
extended into suggesting that the role of the activating receptor is to provide a
counterbalance in that pathogens that target the inhibitory receptor have a good chance of
reacting with the activating receptor (because of its sequence similarity) and hence
nullifying the effect. This counterbalance theory may be applicable to the evolution and
function of other paired receptors [16].

When are interactions between SIRPa and CD47 functional? Areas of close
contact

It is apparent that the leukocyte cell surface is highly complex with many different proteins
that can interact with other cell surface proteins. There are constraints as to when these
interactions can occur and be functional as illustrated by the extensive work on T cell and
NK signalling involving immunological synapses [25] and other regions of close contact
that precede the synapse itself [26]. In addition the Tyr residues in the cytoplasmic region of
SIRPa need to be phosphorylated before they can bind phosphatases and mediate inhibition.

One restriction may be that cells have to be in close contact for sufficient time together with
appropriate signals to lead to SIRPa phosphorylation. The dimensions of the extracellular
regions of SIRPa and CD47 are compatible with the interaction occurring at sites of close
contact between cells as the single domain of CD47 interacts with the N-terminal domain of
the 3 domains of SIRPa (Fig. 1). Microscopy data show that SIRPa accumulates at a
contact region with red blood cells that express CD47 [27]. A decrease in phosphorylation at
areas of close contact between macrophages phagocytosing erythrocytes expressing CD47
and SIRPa is compatible with the attraction of phosphatases to SIRPa. [27].

What regulates SIRPa phosphorylation? The roles of CD47 and integrin mediated effects
has been clarified using CD47 knockout cells [28]. SIRPa. was not constitutively
phosphorylated in leukocytes but phosphorylation occurred on adherence. This effect
occurred in CDA47 deficient leukocytes so was not dependent on CD47 engagement although
the presence of CD47 enhanced the effect. However in SIRPa expressing endothelial cells
SIRPa phosphorylation was dependent on CD47 pointing to subtle differences in SIRPa
activation according to cell type [28]. In neuronal cells Csk homologous kinase (CHK) can
bind and phosphorylate SIRPa. [29].

When are interactions between SIRPa and CD47 functional? Effects of
other cells and proteins

Red blood cells from CD47 knockout mice are cleared rapidly when transferred to wild type
mice which is compatible with CD47 giving an inhibitory signal to phagocytic SIRPa
positive cells [30]. However this result raises questions as to why this CD47—/— mouse does
not eat its own blood cells and become non-viable? The use of bone marrow chimeras
showed that the absence of CD47 on the non-hematopoietic cells is vital in inducing the
macrophages to be tolerant of the CD47-/- red cells [31]. Thus this signalling system in
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macrophages can be controlled by nonhematopoietic cells providing evidence for complex
interrelationships in regulation of macrophages in tissues [31].

The lung surfactant proteins A and D (SP-A and SP-D) had been shown to interact with
SIRPa (Fig. 1) and block its interaction with CD47 [32]. Further studies showed that SIRPa
engagement through SP-A or SP-D lead to decreased uptake of apoptotic cells by alveolar
cells. However during inflammation newly recruited macrophages escape this blocking and
can then give efficient clearance of apoptotic cells [33]. This is an important concept as one
is not be able to assume a receptor is available for ligand engagement just because of its
presence.

A factor in the ability of receptor ligand interactions to occur is the close contact necessary
as discussed above, but for continued signalling the proteins must continue to be present at
the surface. In neural cells, confocal microscopy showed that SIRPa. / CD47 can be
removed from the cell surface by endocytosis providing a mechanism for switching off this
interaction once it has occurred [34] .Whether this occurs in myeloid cells and indeed how
general a mechanism this is remains to be resolved. The level of the receptor is important in
determining the level of signalling as shown by the reduction of SIRPa expression with LPS
[35]. This results in releasing the down regulation of macrophage activity that can also be
achieved using SIRPa knockdowns [35].

The level of the ligand also affects the outcome. The use of heterozygous CD47-/+ mice
showed that the level of CD47 on red blood cells was also critical in determining their
phagocytosis if they were opsonised but not with unopsonised cells [36]. Another interesting
result from neural cells on levels of expression is the finding that CD47 can be released from
the cell surface by proteolysis [37]. One point that is not resolved in this study is where the
cleavage occurs? Presumably it is between the extracellular domain and first transmembrane
region but one would still expect the domain to be attached through the disulphide that links
this domain to a short extracellular loop between transmembrane regions [38]. Whether
cleavage of CD47 occurs on myeloid cells is an open question.

Again in the nervous system, a soluble version of SIRPa was identified biochemically as a
component with presynaptic organizer activity [39]. Only part of this activity could be
inhibited with CD47 suggesting a novel interaction. Recombinant proteins corresponding to
SIRP and SIRP+y also worked in this assay pointing to a function dependent on part of the
SIRP proteins distinct for that determining the specificity of SIRPa for CD47.

Conclusions

The SIRPa /CD47 interaction has been extensively characterised at molecular and cellular
levels giving a greater appreciation of the roles of the proteins involved. The results have
more general implications for the function and evolution of paired receptors and in
understanding the factors that may restrict the availability of active receptors.
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BOX 1

The SIRP family and possible ligands that may affect its function.

Name |'Dl.'hﬂ' names  Expression Reference

The three SIRP family members

sIRPa SHPS-1, CD172a, | Myeloid cells [1]
pE4, MyD-1, Bat, | neurons
PTPNS1
SIRPp CD172b Macrophages, neutrophals [1]
SIRPYy CD172g. SIRPA2 | Lymphocytes [1]
NE cells

Possible ligands for SIRP fanuly members

CD47 IAP Most cells [10]

Surfactant protem A | SP-A Lung [40]

Surfactant proten A | SP-D Lung plus some othes [40]
5515

Thrombospondins Extracellular matnix [41]
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Cartoon to show interactions of the extracellular region of the SIRP family. The three IgSF
domains of the three SIRPs are shown as ovals (blue) and the single domain of CD47 as an
oval (green). SIRPa and SIRPy can both bind CD47 but SIRP does not. SP-A (yellow)
denotes lung surfactant protein A that belongs to the collectin family that binds SIRPa
giving signals through this protein and potentially blocking its interaction with CD47. A

related protein SP-D (not shown) also binds SIRPa [32,33].
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Figure 2.
Polymorphisms and structure of SIRPa.. (A) Alignments of the amino acid sequences of
domain 1 of the two commonly studied SIRPa sequences (accession numbers CAA71403
and NP_542970 for sequence 1 and 2 respectively) together with polymorphisms identified
in [20]. The positions of polymorphic residues are indicated by giving the residue for each
sequence and indicating those that differ from SIRPa (1) by green or for those different
from either the two common alleles SIRPa (1) or SIRPa. (2) by magenta. Both these
proteins bind CD47 with the same affinity [16]. The residues that form contacts with CD47
are highlighted in red and the positions of the beta strands and one helical region are shown
above the alignment. (B) The positions of the polymorphic residues are mapped onto the
SIRPa domain 1 - CD47 extracellular domain co-crystal structure [17]. The sidechains of
the polymorphic residues are indicated with spheres using green and magenta to distinguish
the polymorphic residues as in Figure 1A. This figure is from [16] and is reproduced with
permission from Cell Press.
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EEELQVIQPDKEVEVAAGERARLRCTATSLIPVGPIQWFRGAGPBRELIYNQKEGHFP
EEELQVIQPDKSVEVAAGERARLRCTATSLIPVGPIQWFRGAGPBRELI YNQKEGHFP
EEELQVIQPDKSVSVAAGESAILHCTVTSLIPVGPIQWFRGAGPARELI YNQKEGHFP
EEELQVIQPDKSVEVAAGERARLRCTATSLIPVGPIQWFRGAGPARELI YNQKEGHFP
EEELQVIQPDKSVEVAAGERARNLRCTATSLIPVGPIQWFRGAGPBRELI YNQKEGHFP
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RVTTVSESEERENMDES ISISNITPADAGTYYCVEFREGSP-BTEFKSGAGTELSVRA
RVTTVSDETKRNNMDFSIRIGNITPADAGTYYCVKFRKGS PBDMEFKSGAGTELSVRA
RVTTVSESTKRENMDFSISISNITPADAGTYYCVKFRKGSP-DTEFKSGAGTELSVRA
RVTTVSBDETKRNNMDFSIRIBNITPADAGTYYCVKFRKGS PBDMEFKSGAGTELSVRA
RVTTVSBETKRNNMDFSIRIGNITPADAGTYYCVKFRKGS PBDMEFKSGAGTELSVRA
RVTTVSBDETKRNNMDFBIRIBGNITPADAGTYYCVKFRKGS PDDMEFKSGAGTELSVRA
RVTTVSESTKRENMDFSISISNITPADAGTYYCVKFRKGSP-DTEFKSGAGTELSVRE
RVTTVSESTKRENMDFSISISNITPADAGTYYCVKFRKGSP-DTEFKSGAGTELSVRA
RVTTVSBETKRNNMDFSIRISNITPADAGTYYCVKFRKGS PBDMEFKSGAGTELSVRA
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