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Summary

SIRPo and SIRPB1, the two major isoforms of the signal regulatory protein (SIRP) family, are co-
expressed in human leukocytes but mediate distinct extracellular binding interactions and divergent
cell signaling responses. Previous studies have demonstrated that binding of SIRPa with CD47,
another important cell surface molecule, through the extracellular IgV domain regulates important
leukocyte functions including macrophage recognition, leukocyte adhesion and transmigration.
Although SIRP1 shares highly homologous extracellular IgV structure with SIRPa, it does not bind
to CDA47. In this study, we defined key amino acid residues exclusively expressing in the IgV domain
of SIRPa, but not SIRPB1, which determine the extracellular binding interaction of SIRPa to CD47.
These key residues include GIn67, a small hydrophobic amino acid (Ala or Val) at the 57t position
and Met102. We found that GIn67 and Ala/Val57 are critical. Mutation of either of these residues
abates SIRPa directly binding to CD47. Functional cell adhesion and leukocyte transmigration assays
further demonstrated central roles of GIn67 and Ala/Val57 in SIRPa extracellular binding mediated
cell interactions and cell migration. Another SIRPa-specific residue, Met102, appears to assist
SIRPa IgV binding through GIn67 and Ala/Val57. An essential role of these amino acids in SIRPa.
binding to CD47 was further confirmed by introducing these residues into the SIRPB1 IgV domain,
which dramatically converts SIRPB1 into a CD47-binding molecule. Our results thus revealed the
molecular basis by which SIRPa selectively binds to CD47 and shed new light into the structural
mechanisms of SIRP isoform mediated distinctive extracellular interactions and cellular responses.
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Introduction

Signal regulatory proteins (SIRPSs) are cell surface 1g superfamily proteins that mediate
essential cell surface protein interactions and signal transduction. SIRPs are expressed
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predominantly in leukocytes under normal conditions 1 and play important roles in mediating
immune cell functions, including macrophage recognition / interaction and leukocyte migration
23,45 1tis interesting that SIRPa is also found differentially expressing in certain cancer
cells that are of non-hematopoietic origin 6,7.8

SIRPs all contain an N-terminal extracellular domain, a single transmembrane domain and a
C-terminal intracellular domain. Based on the structures of their transmembrane and/or
intracellular domains, and their potential role in signal transduction, SIRP proteins can be
separated into at least three subfamily isoforms, referred to as SIRPa, SIRPpB and SIRPy 9
SIRPa has a long intracellular domain that comprises two putative immunoreceptor tyrosine-
based inhibition motifs (ITIM). Studies have suggested that activation of SIRPa ITIMs delivers
inhibitory signals that negatively regulate cell responses 10; 11 1n contrast, both SIRPf and
v have only minimal mtracellular tails. Studies showed that SIRPJ1, the predominant form
found in human Ieukocytes can bind to the immunoreceptor tyrosine-based activation motif
SITAM) containing adaptor protein DAP12 and thus deliver positive regulatory signals 12;

3. Itis unclear how SIRPy mediates signal transduction.

Although the intracellular domains of SIRP isoforms and their mediated cell signals are
strikingly different, the extracellular domains of all SIRPs share highly homologous amino
acid sequences and similar structures that contain three Ig-like loops. However, despite these
highly similarities, researches have revealed that SIRP isoforms mediate remarkably different
extracellular ligand binding interactions. SIRPa was identified to be an extracellular receptor/
ligand for CD47, another important cell surface 1g superfamily protein 8,14 S|IRPa-CDA47
binding interactions have been confirmed by direct protein binding assays using CD47 and
SIRPa extracellular domaln fusion proteins, as well as cell adhesion assays using CD47 or
SIRPo expressing cells % 15, studies further mapped that the CD47 binding site on SIRPa. is
located at the membrane distal extracellular IgV loop 15;16; 17 since being identified,
SIRPa-CD47 binding interactions have been demonstrated to play a vital role in multiple
important leukocyte functions, including neutrophil and monocyte migration 43 macrophage
recognition and apoptotic cell clearance 15,18, monocyte / macrophage fusion 3 T cell and
dendritic cell functions 19 20, etc.

Although SIRP1 shares a highly homologous IgV domain with SIRPa, this SIRP isoform has
no extracellular binding interaction with CD47. Given that SIRPa and B1 are co-expressed on
the cell surfaces of granulocytes and mononuclear cells 1 while mediate opposite cellular
responses, it is therefore highly important for these SIRPs to precisely differentiate their
extracellular binding partner. In this research, we questioned how SIRPa compiles unique
amino acid elements in the extracellular IgV domain to mediate specific binding interactions
with CD47. As demonstrated in this study, we defined that three essential amino acids uniquely
expressed in the IgV of SIRPa, but not SIRPB1, determine SIRPa extracellular binding to
CD47. Indeed, our data showed that constitution of these essential amino acids into the
SIRPB1 IgV domain can convert SIRPB1 into a CD47-binding molecule. These findings, in
combined with the structural information gained from protein modeling, provide new lights
into the molecular mechanisms by which SIRP proteins mediate extracellular recognition and
regulate leukocyte functions.

Identification of the key residues in SIRPa IgV loop that mediate SIRPa binding to CD47

In previous studies, we and others have reported that, although SIRPa and SIRPB1 share highly
homologous extracellular domains, the extracellular domain of SIRPa, but not SIRPB1,
specifically binds to CD47 5,16 Furthermore, studies also showed that the binding site on
SIRPu is restricted at the N-terminus, the membrane distal-most IgV domain 15,1617 Since
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the SIRPa subfamily contains multiple members, such as Bit, SIRP a1 and o2, which vary
mainly in the membrane-distal gV domains 10 we thus questioned whether these SIRPa.
members with different primary structures of IgVs assert differences in binding to CD47. By
RT-PCR, we amplified the SIRPa isoforms, SIRPal and Bit, from their predominant
expressing leukocytes, peripheral blood mononuclear cells (PBMC) and neutrophils,
respectively . As shown in Figure 1A, 12 amino acid differences (underlined) were found
between the primary structures of SIRPal and Bit IgV loops, including one missing residue
from SIRPal that corresponds to Val132 of Bit. We thus constructed soluble SIRPal.1gV-Fc
and Bit.IgV-Fc fusion proteins, both comprising the entire 1IgV domains flanked by two
Cysteine residues and the adjacent linking regions. After transfection into COS cells, the
generated SIRPal.lgV-Fc and Bit.IgV-Fc fusion proteins were purified and tested for binding
to CD47 using CD47 extracellular domain fusion protein, CD47-AP, and our previously
established in vitro SIRP-CD47 binding assays 515, As shown in Figure 1B, despite the
structural differences in their IgV domains, both Bit.1gV-Fc and SIRPa1.1gV-Fc directly bound
to CD47-AP and exhibited equivalent binding capability. In the same experiments, we also
generated SIRPB1 IgV domain fusion protein and tested for binding to CD47. As shown in
Figure 1B, SIRPB1.1gV-Fc had no binding to CDA47.

To define the critical amino acid residues in SIRPo, that mediate CD47 binding, we further
compared the IgV structures of SIRPal and Bit to that of SIRPB1. Within the 128 amino acids
located in IgV and the adjacent area, only 7 varied amino acids were found between the CD47-
binding SIRPa (SIRPal or Bit) and the non-binding SIRPB1. As marked in the sequences
shown in Figure 1A, these unique residues in SIRPa. include Glu32, Asp40, Thr56, Ala57 (in
Bit) or Val57 (in SIRPal), GIn67, Pro74 and Met102. To test if these were the essential residues
that determined SIRPa binding to CD47, we performed site-directed mutagenesis and changed
these residues in Bit IgV loop to the corresponding counter amino acids in SIRPB1 (Figure
1A). After affinity purification, we performed ELISA to confirm the equal expression of wild-
type and all mutant Bit.lgV-Fc fusion proteins using an anti-Fc antibody (supplemental Fig.
2S-a). In addition, we also tested the chimeric SIRPa portion in these fusions using multiple
antibodies against SIRPa extracellular domain. Our results indicated that these fusion proteins
were all equally reactive to anti-SIRPo. mAbs SE5A5 and SE7C2 4 and a polyclonal anti-
SIRPo antibody (anti-SIRPa.ex 1) (data not shown), suggesting that mutations at these residues
may not globally affect the Bit IgV structure.

We then tested the direct binding of these Bit.IgV-Fc mutants to CD47-AP. In these assays,
microtiter plate wells were coated with purified Bit.1gV-Fc followed by incubation with CD47-
AP. CD47 directly binding to Bit.IgV was detected by assaying AP activity. Asshown in Figure
2A, compared to CD47 binding to wild-type Bit.IgV, mutations at Glu32 (E32D), Asp40
(D40E) and Thr56 (T56A) did not affect Bit-CD47 binding interaction. Mutations at Ala57
(A57M) and GIn67 (Q67M), however, significantly inhibited Bit IgV binding to CD47 (>80%)
(Fig. 2A). Since SIRPal expresses Val at the 57t position, which differs from that of Bit
(Ala57), we further constructed a V57M mutant in SIRPal.1gV. As can be seen in Figure 2A,
similar to that of A57M mutation, changing of Val57 in SIRPal to Met (V57M) resulted in
markedly diminished CD47-AP binding to SIRPal.l1gV-Fc. As also shown in Figure 2A,
mutation of Met102 to Leu (M102L) partially inhibited (30-50%) Bit.IgV-Fc binding to CD47-
AP (Fig. 2A).

Further analysis of each SIRPa mutants binding to CD47-AP in a does-dependent setting
confirmed our results. In these experiments, microtiter wells were coated with purified CD47-
AP followed by incubation with varied concentrations of wild-type and mutant Bit.IgV-Fc
proteins. As shown in Figure 2B, significant decreased binding to CD47-AP was observed for
mutants Q67M and V57M. In particular, binding of Q67M to CD47-AP required even higher
concentrations of the fusion protein than that of V57M, suggesting a key role of GIn67 in
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SIRPa IgV for mediating its binding with CD47. Mutant M102L also displayed decreased
binding to CD47-AP at lower range of protein concentrations (Fig. 2B).

Function of GIn67 in SIRPa IgV

Given the important role of GIn67 in SIRPa IgV binding to CD47 suggested by Figure 2, we
further analyzed the function of this residue by mutating GIn67 to various other amino acids.
Changing GlIn to the similar amino acid Asn (Q67N), as shown in Figure 3, did not affect
Bit.IgV-Fc binding to CD47. Changing GIn to another similar but charged residue Glu (Q67E)
maintained 70% of Bit IgV binding. Changing GIn to residues with other polar or charged side-
chains, including Ser (Q67S), Cys (Q67C), Arg (Q67R) and Lys (Q67K), partially or
completely inhibited Bit 1gV binding to CD47 (Figure 3). Changing GIn to Gly (Q67G) or Pro
(Q67P), however, completely blocked Bit 1gV binding (Fig. 3). Since Gly and Pro are the
amino acids that promote kinks or turns in peptide chain, we surmised that changing to these
amino acids likely disrupted the -sheet structure predicted at this region (Fig. 9). It was
surprising to observe that changing GIn67 to Val (Q67V) completely preserved Bit.IgV-Fc
binding to CDA47 (Fig. 3). Further mutagenesis showed that changing GlIn to lle, but not Leu,
also largely maintained Bit IgV binding (Fig. 3). These results strongly argue that the
importance of GIn67 resides on the shape and length of the side-chain instead of the reactive
polar group (NH2). Our results also shows that replacing this residue with Met (Q67M), the
counter residue expressed in SIRPB1, completely abrogated the SIRP IgV domain binding
capability.

Function of Ala/Val57 in SIRPa IgV

We also further analyzed the function of Ala/VVal57 in SIRPa gV binding to CD47. In addition
to changing this residue to Met, we substituted this residue with various other amino acids. As
shown in Figure 4, changing Ala57 to structural similar hydrophobic residues, such as Leu
(A57L), completely retained Bit.IgV binding to CD47. Changing Ala57 to other hydrophobic
residues, including Phe (A57F), Pro (A57P), Typ (W), but not Met (A57M), partially
maintained Bit IgV binding ability (Fig. 4). However, replacing Ala57 with charged or polar
residues, such as Glu (A57E), Arg (A57R), Thr (A57T), Ser (A57S) and Tyr (A57Y)
diminished Bit.IgV binding to CD47 (Fig. 4). As observed in the same assays, no binding was
detected after changing of Ala57 to Gly (A57G), suggesting a side chain at this position is
required for SIRPa IgV domain binding interaction with CD47.

Ala/Val57 and GIn67 are critical in SIRPa-CD47 interaction-mediated cell adhesion and

migration

Given that SIRPa-CDA47 binding mediated cell surface interactions play an essential role in
leukocyte recognition, phagocytosis and other functions 2 3 4 18 21 '\ve examined the role
of identified key residues in the SIRPa extracellular gV domain in mediating cell adhesion
via SIRPa extracellular binding interactions with CD47. In these experiments, wild-type and
mutant SIRP IgV fusion proteins were immobilized on microtiter plate well surfaces. Cells
with CD47 expressing on the cell surfaces, including peripheral blood mononuclear leukocytes
(PBMC), neutrophil-like differentiated HL-60 cells, red blood cells (RBC), intestinal epithelial
cells (HT-29) and CD47-transfected CHO (CHO-CDA47) cells, were tested for the ability of
adhesion. As shown in the microimages in Figure 5A, PBMC, differentiated HL-60 cells and
RBC all demonstrated remarkable binding / adhesion to wild-type Bit.IgV and SIRPal.lgV
fusion proteins. Significant adhesion to wild-type SIRPa. fusion proteins was also observed for
HT29 and CHO-47 cells. On the contrast, no cell adhesion to SIRPB1.1gV was observed (Fig.
5). In addition, cells without CD47 expressing (CHO) also displayed no adhesion (Fig. 5).
Compared to differentiated HL-60 cells that readily adhered to Bit IgV coated surfaces, un-
differentiated HL60 cells, which expressed less amount of CD47, exhibited decreased adhesion
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(data not shown). Thus, these results demonstrated that SIRPa 1gV directly interacts with cell
surface CD47 and mediates cell adhesion. As shown in Figure 5B, specificity of cell adhesion
via SIRPa-CDA47 interactions was also confirmed by including inhibitory anti-SIRPao. (SE5A5)
or anti-CD47 (C5D5) antibodies in the assays.

As also shown in Fig. 5A, in the same cell adhesion experiments, all tested cells demonstrated
significantly decreased adhesion to A57M or Q67M mutant SIRPa, IgV fusion proteins. As
shown in Figure 5B, compared to that 45-60% of applied PBMC directly bound to immaobilized
wild-type SIRPa IgV fusions (46.4+4.2% and 61.1+6.1% of PBMC binding to SIRPal.IgV-
Fcand Bit.IgV-Fc, respectively), only less than 15% and 5% cells adhered to A57M and Q67M,
respectively (Fig. 5B). These results thus confirmed our finding that Ala/Val57 and GIn67 are
the key residues in the SIRPa extracellular gV domain in mediating SIRPa binding
interactions with CD47. Slightly decreased cell adhesion to mutant M102L (35.6+4.4%) was
also observed (Fig. 5B), while no cell adhesion decrease when using other SIRPa IgV mutants
comparing to wild-type (not shown).

Since T84 intestinal epithelial cells form monolayers with characteristic apical and basolateral
polarization when grown on the transfilter supports 22;23; 24 gng previous studies showed
that CD47 distributes along the basolateral surfaces of the monolayers 24 \ve thus tested wild-
type and mutant SIRPa. IgV fusion proteins for the ability of directly binding to cell surface
CDA47 on functional epithelial monolayers. In these experiments, SIRP IgV fusion proteins
were incubated with intact T84 monolayers. After washing, the bound proteins to the
monolayers were detected with a fluorescence-conjugated antibody against the Fc. As shown
in Figure 6, wild-type SIRPal.1gV and Bit.IgV fusion proteins directly labeled T84
monolayers. In particular, the fluorescence labeling patterns by these proteins were specific to
the basolateral surfaces and indistinguishable from the labeling by anti-CD47 mAb C5D5 (Fig.
6). As shown, including of soluble CD47 (CD47-AP) or anti-CD47 mAb (hot shown) in the
labeling inhibited wild-type SIRPa IgV binding to the monolayers, confirming these proteins
binding via interactions with basolateral surface CD47. As to our prediction, mutations of
SIRPa IgV residues essential for CD47 binding interactions, GIn67 (Q67M) and Ala57
(AB7M), resulted in diminishing of labeling to the monolayers (Fig. 6, lower panel). In addition
to label epithelial monolayers, we also performed experiments to label leukocyte cell surfaces
using these fusion proteins without cell permeablization. Figure 6, lower panel, shows wild-
type and mutant SIRPa. 1gV labeling on differentiated HL-60 cells indicating that mutations at
GIn67 (Q67M) and Ala57 (A67M) inhibited SIRPa. 1gV binding.

Given the previous studies demonstrating that cell surface CD47-SIRPa interaction plays an
important role in modulating leukocyte transmigration, we further examined the critical role
of SIRPa IgV domain Ala/Val57 and GIn67 by leukocyte transmigration assays. In these
experiments, neutrophil-like differentiated HL-60 cells were induced to transmigrate across
collagen-coated permeable filters towards chemoattractant fMLP (1uM) using a well-
established transwell system 522,25 As shown in Figure 7, compared to the control in the
absence of fusion protein (no treatment) or with wild-type SIRPB1.1gV-Fc (40pg/ml) that
significant amount of HL-60 cells (30-40% of applied) transmigrated after 1hr, the presence
of wild-type SIRPa 1gV fusion proteins, SIRPal.1gV and Bit.IgV, resulted in decreased HL-60
cell transmigration, with only minimal cells (<6%) migrating across after the same time period.
This result is not surprising given that wild-type SIRPa IgV is capable of binding to cell surface
CD47 (Fig. 5) and previous studies indicating that ligation of cell surface CD47 inhibited
leukocyte migration <. As also can been seen, mutating SIRPa (Bit) residues Ala57 (A57M)
and GIn67 (Q67M), which abolishes the extracellular IgV domain binding to CD47, diminished
the inhibitory effects by soluble SIRPa IgV on HL-60 cell migration. This result further
confirmed the key role of SIRPa residues Ala/Val57 and GIn67 in SIRPa—CD47 cell surface
binding mediated leukocyte function.

J Mol Biol. Author manuscript; available in PMC 2007 April 24.
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SIRPB1 can be converted to be a CD47-binding protein after introducing Ala57, GIn67 and

M102

As shown in Figure 2, SIRPB1.1gV had no binding to CD47 even at high concentrations
(>50ug/ml, not shown). In addition, SIRPBL1.1gV also failed to mediate cell adhesion (Fig. 5)
and had no inhibition in leukocyte migration (Fig. 7). However, it is somewhat surprising that
only two residues (Ala/Val57 and GIn67) on the IgV domain determine SIRP extracellular
specific binding to CD47. Given the overall high similarities of the IgV structures between
SIRPo and SIRPB1, we wondered whether SIRPB1 could be converted to a CD47-binding
protein by introducing the identified functional essential amino acids in SIRPa. Site-directed
mutagenesis was performed and Met57 and Met67 in SIRPB1.IgV were changed to the
corresponding SIRPa residues Val and Gln at these positions, respectively (see Figure 1A). As
shown in Figure 8, changing these residues individually did not convert SIRPB1.1gV into a
CDA47-binding protein. Double mutations of Met57 and Met67 to Val and GIn (mutant M57V/
M67Q) resulted in slight SIRPB1.IgV binding to CD47 (Fig. 8). Since our data also suggested
arole of Met102 in SIRPa binding (Fig. 2), we further mutated Leu102 in SIRPB1 to Met and
created a M57V/M67Q/L102M triple mutant. As shown in Figure 8, M57V/M67Q/L102M
triple mutant dramatically converted SIRPB1 into a CD47-binding protein that directly bound
to CD47-AP (Fig. 8). The capability of M57V/M67Q/L102M triple mutant binding to CD47
was also demonstrated by cell adhesion assays shown in Figure 5. As can be seen, compared
to hardly any cell adhering to SIRPB1.1gV-coated surfaces, increased cell adhesion were found
when SIRPBL.IgV with M57V/M67Q/L102M (SIRPBL.1gV.(V/Q/L), Fig. 5A&B) were used.
Figure 8 inset shows the quantities of HT-29 cell adhesion to SIRPB1.1gV mutants comparing
to wild-type SIRPB1.IgV protein. However, as can be seen in Figure 8 and Figure 5, although
M57V/M67Q/L102M triple mutant of SIRPB1.1gV directly bound to CDA47, it had lower
affinity compared to wild-type Bit.IgV-Fc. Thus, additional structural elements are required
for SIRPB1 IgV fully mimicking SIRPa-specific conformation and function. Another triple
mutant, M57V/M67Q/AT74P, had only trivial effect in SIRPB1 binding to CD47 (Fig. 8).

Discussion

SIRPs are a family of transmembrane proteins comprising multiple subfamilies that are
Bredomlnantly expressed on leukocytes, including granulocytes and mononuclear cells

Expression of SIRPs in cancer cells and neuronal cells has also been reported ' 14?
28; 29 . Among SIRP proteins, SIRPa was identified to be a counter extracellular receptor for
CDA47 and growing evidence has demonstrated the vital role of SIRPa-CD47 binding
interactions in leukocyte-mediated cell functions. For example, studies showed that
macrophages recognize phagocytic targets, such as apoptotic cells during embryonic
development or opsonized RBCs in autoimmune anemia, via macrophage surface SIRPa.
trans interactions with CD47 on the target cells 18; 30, sIRP-CD47 mteractlons were also
shown to regulate neutrophil and monocyte transmigration across tissues % Although there
may be other SIRPp isoforms, SIRPB1 is the major isoform found in human Ieukocytes and
it shares a high extracellular structural homology with SIRPa. However, unlike SIRPa,
SIRPB1 does not bind to CD47 S Furthermore, cell surface interactions mediated by SIRPa
and SIRPB1 extracellular domains elicit divergent signal transduction pathways in cells.
SIRPa binding to CDA47 activates the intracellular immunotyrosine inhibitory motifs (ITIMs)
and mediates inhibitory cellular responses 10 . Conversely, ligation of SIRPB1 delivers
activating cell signals throu%h pinding to the immunotyrosine activating motif (ITAM)-
containing adaptor proteins

As evident by recent research, SIRPa and p1 are commonly co-expressed on the same cell
surfaces of neutrophils and mononuclear cells 1. Given that these proteins share strrkrngl
similar extracellular domain structures with highly homologous amino acid sequences -V, it is
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essential for these co-expressed SIRP isoforms to exploit their limited extracellular structural
differences to discrete individual extracellular ligands. As shown in Figure 1, comparing the
primary structures of CD47-binding IgV domains 5,15 of multiple SIRPa members with that
of the 1gV of SIRPB1 only found seven amino acid differences. This suggests that these few
unique amino acids likely form a functional motif on SIRPa. protein surface that mediates
specific binding interaction with CD47. Studies of these unique amino acid residues in SIRP
isoforms would also explain, in part, the striking differences of the extracellular binding
between SIRPa and B subfamilies.

In this study, we performed site-directed mutagenesis and studied in detail the seven unique
residues found in the CD47-binding SIRPa IgV domain. To our surprise, our results revealed
that only 3 amino acids, including Ala/Val57, GIn67 and Met102, are essential for SIRPo.
extracellular binding interaction with CD47. In particular, we found that GIn67 is the key and
mutation of this residue to the counter amino acid in SIRPB1 completely abrogated SIRPa IgV
binding to CD47 or CD47-expressing cells. Further replacing GIn67 with any other amino
acids revealed interesting feature of this residue. It appears that changing this to the similar
side-chain residues Asn and Glu, and (to our surprise) non-polar amino acids Val and lle,
completely or partially maintained SIRPa IgV binding to CD47 (Fig. 3). It is also surprising
to observe that, although Val and lle at this position supported SIRPa. IgV interactions with
CD47, Leu, as well as SIRPB1-specific Met completely inhibited SIRPa 1gV binding. We thus
surmise that a short and “tight” side-chain structure as that in Val and lle may be essential for
SIRPo IgV binding interaction.

The second important residue that we identified in this study is a small hydrophobic amino
acid located at the 57t position of SIRPa IgV. This residue is either Ala or Val in all the
SIRPa membersZ0. Replacement of this residue with the SIRPB1 counter residue also
diminished SIRPa IgV binding to CD47. Further studies by replacing the residue with other
amino acids found that, at this position (the 57t), the hydrophobic property and the side-chain
length / shape are important for SIRPa IgV binding function. As shown in Fig. 4, changing
this residue to any polar or charged residues blocked SIRPa. IgV binding to CD47 while
replacing this residue (Ala or Val) to amino acids with similar short or small, “branched”,
hydrophobic side-chains, such as Leu, Phe and Pro, completely or partially maintained
SIRPa IgV binding to CD47. Conversely, changing to the hydrophobic residues with long and
“bulky” side-chains such as Trp resulted in inhibition of the binding. Along this line, it is
interesting to note that both of these key residues in SIRPa, GIn67 and Ala/Val57, are Met in
SIRPB1 IgV. Since Met has a relatively long, “narrow” and “protrusion” side-chain, it may
impose a specific feature into the SIRPB1 IgV domain that impedes the binding interactions
with CD47. The unique thiol (S) group in Met side-chain may also play a role in this regard.

In addition to GIn67 and Ala/Val57, SIRPa IgV-specific Met102 also significantly contributes
to its binding interaction. Although changing Met102 to the SIRPB1-specific Leu (M102L)
only moderately affected SIRPa binding to CD47 (Fig. 2A), constitution of this amino acid
into the IgV domain of SIRPB1 in addition to GIn67 and Ala57 dramatically converted this
non-CD47 binding SIRP to bind to CD47 (Fig. 8). Thus, although Met102 may not directly
bridge the key interactions between SIRPa and CDA47, it contributes to the essential structural
motif on SIRPa IgV for binding interaction to occur.

Since the sequence alignment of the SIRPa. IgV with IgV domains from several other Ig
superfamily proteins revealed that SIRPo. I%V shares characteristic sequence criteria similar to
other IgV members (result nort shown) 531 itisthus possible to predict the three-dimensional
SIRPa IgV model based on other known IgV structures. Figure 9A shows the predicted
secondary structural elements including o helices and 3 sheets in Bit IgV and the homology
modeling of the Bit IgV based on the structure of CD4 IgV domain 32,33, 34 As can be seen
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in Figure 9B, similar to other IgVs, Bit IgV comprises two layers of antiparallel B-strand sheets
with strands C, C’, C” (part), F and G located on one layer and strands A, B, C” (part), D and
E on the other layer. The two Cys residues, Cysb5 and Cys121, which form a disulfide bond
in the IgV structure, are located in close proximity. As predicted by this model, GIn67 is in the
C strand B sheet with the side-chain facing to the protein surface. Since previous studies of
other IgV proteins suggest that the homophilic and hetero é)hllic interactions of IgV are localized
to the layer containing G, F and C strands 32; 33,35, 36 jt i thus highly possible that GIn67
in the C strand mediates direct interaction through the protrudlng side-chain. The Ala57 is
predicted to be in the loop connecting the B and C strands, which is, however, distant from
GIn67 but is adjacent to the disulfide bond. Thus, the side-chain of Ala57 may influence the
SIRPa-specific IgV conformation and stability. Met102 is localized in the loop between strands
D and E. From the structure, this loop appears highly dynamic and may situate Met102 close
to Ala57 (5.2A). However, this loop may also lay inside as a “closed” position that situates
Met102 near by GIn67 (as predicted based on CD2 IgV (Fig. 9, inset)). We speculate that
Met102 can be even closer to GIn67 or Ala/Val57 during SIRPa binding to CD47, given the
flexible nature of the loop.

In summary, this study has identified for the first time the key amino acid elements in the
SIRPo extracellular 1gV that are essential for SIRPa extracellular binding interaction with
CDA47. In addition, as shown by our study, these key residues play a fundamental role in
SIRPu-CD47 interaction mediated cell adhesion and leukocyte transmigration. Thus, these
results shed new light on a molecular basis of how structurally similar SIRP isoforms discern
their individual extracellular ligands through their unique IgV domains. Given the vital role of
SIRPu-CD47 interactions in innate immune responses, future studies combined with crystal
structure information are required for further understanding these protein interactions on the
leukocyte surfaces.

Materials and Methods

Antibodies, chemicals and cells

Monoclonal anti-SIRPa antibodies SE5A5 and SE7C2, anti-SIRPB1 mAb B4B6 and inhibitory
anti-CD47 mAb C5D5 were used preV|oust 5,16 Mouse polyclonal antlbody against the
extracellular domain of SIRPa (anti-SIRPa.ex) was generated preV|oust . Goat anti-rabbit
Fc specific antibody, mouse anti-alkaline phosphatase (AP) antibody and antibody-conjugated
agarose and the AP substrate p-nitrophenyl phosphate were all purchased from Sigma. The
human intestinal epithelial cells T84 were grown in DMEM/F-12 medium supplemented with
5% fetal bovine serum. Another human intestinal epithelial cell line HT29 was maintained in
DMEM medium supplemented with 10% fetal bovine serum. These cells were also grown on
collagen-coated permeable filters (3pm pore size; Fisher Scientific) to generate epithelial
monolayers as described previously 37 Human peripheral blood mononuclear cells (PBMC)
and red blood cells were obtained from healthy donors following a protocol described
prewously . Promyelocytic leukemic cell line HL-60 were obtained from American Tissue
Culture Collection (ATCC) and maintained in IMDM medium containing 20% fetal bovine
serum. To differentiate HL-60 cells into granulocytic lineage, HL-60 cells were cultured for 6
days in the same medium supplemented with 1.25% DMSO 33; 39 After differentiation, these
cells were capable of chemotaxis in a similar pattern as that for neutrophils.

Recombinant SIRPa and SIRPB1

SIRPa has several subfamily isoforms including Bit, SIRPal and others. The extracellular
domains of the SIRPa isoform Bit and SIRPB1 were RT-PCR amplified from human
neutrophils as described preV|oust . Plasmid consisting the DNA sequences encoding the
membrane distal-most IgV loop of SIRPal extracellular domain and rabbit Fc (pCDNA3.1.
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SIRPal.IgV-Fc) was generated previously 15 similar strategies were used to generate Fc
fusion constructs containing the IgV domains of Bit and SIRPB1 (0CDNA3.1.Bit.IgV-Fc and
pCDNA3.1.SIRPB1.1gV-Fc, respectively). To express Fc fusion proteins containing Bit.IgV,
SIRPal.lgV and SIRPBL.1gV, plasmids were transiently transfected into COS cells using a
standard DEAE-dextran method 4. Cell medium was harvested at day 3,5, 7,9 and 11 post-
transfection and SIRP-Fc chimeras were purified using protein-A Sepharose. Purified fusion
proteins were then examined by anti-rabbit Fc antibody and multiple monoclonal antibodies
against the SIRPa and 1 extracellular domains.

Recombinant CD47 extracellular domain fusion protein (CD47-AP)

Recombinant CD47 extracellular domain fused to alkaline phosphatase (AP) was produced as
described previously 5. The CD47-AP in the medium was affinity purified using anti-AP
agarose and eluted at pH10.5 for use in CD47-SIRP binding assays.

Site-directed mutagenesis of SIRPa-specific amino acid residues

Site-directed mutagenesis reactions were performed using the GeneTailor Site-Directed
Mutagenesis System (Invitrogen). Wild-type Bit.IgV-Fc or SIRRPal.lgV-Fc in pPCDNA3.1
were used as the templates for mutagenesis reactions. Glu32 was mutated to Asp using the
forward primer 5’tcaggagtggcgggtgaggatgagcetgcagg and reverse primer
5’tcctcaccegcecactectgaccaggegeag. Asp40 was mutated to Glu using the forward primer
5’ctgcaggtgattcagcctgaaaagteegtgt and the reverse primer 5°tcaggctgaatcacctgcagctcectectcea.
Leu44 was mutated to Ser using the forward primer 5’cagcctgacaagtccgtgtcggttgcaget and the
reverse primer 5’acacggacttgtcaggctgaatcacctgca. Thr56 was mutated to Ala using the forward
primer 5’gagtcggccattctgcactgegcetgtgacctc and the reverse primer
5’gcagtgcagaatggccgactctccagetgea. Alas7 in Bit was mutated to Met using the forward primer
5’acagccactctgcgctgcactatgacctctctg and the reverse primer
5’agtgcagcgcagagtggctgtctctccagcet. Ala57 was also mutated to other amino acids using a
degenerate forward primer 5’acagccactctgcgctgcactnnnacctctctgatcect. Val57 in SIRPal was
mutated to Met using the forward primer 5’ acagccactctgcgctgcactatgacctctctg and the same
reverse primer as was used for Ala57. GIn67 was mutated to Met using the forward primer
5’tgatccctgtggggcccatcatgtggttcaga and the reverse primer
5’gatgggccccacagggatcagagaggtcg. Pro74 was mutated to Ala using the forward primer
5’agtggttcagaggagctggagcagcccgggaa and the reverse primer
5’tccagctcctctgaaccactggatgggecce. Met102 was mutated to Leu using the forward primer
5’gacctcacaaagagaaacaacctggacttttcc and the reverse primer 5°gttgtttctctttgtgaggtctgaaacagtt.
To further elucidate the role of GIn67, this residue was further mutated to other amino acids
using a degenerate forward primer 5’tgatccctgtggggcccatcnnntggttcagaggagct with the reverse
primer 5’gatgggccccacagggatcagagaggtcg. Mutated plasmids were confirmed by DNA
sequencing and at least two clones of each mutant were used to transfect into COS cells and
the resulting SIRPa-Fc fusion proteins were purified and analyzed for binding to antibodies
and CD47-AP.

Site-directed mutagenesis of SIRPB1-specific residues

To change the unique residues in the SIRPB1 IgV domain to their corresponding amino acids
in SIRPa, mutagenesis reactions were performed using the wild-type SIRPB1.1gV-Fc in
pCDNAZ3.1 as the template. Met57 was changed to Val using the forward primer
5’cggccactctgegcetgtgetgtgacgtee and the reverse primer 5’agcacagcgcagagtggcecgactctceag.
Met67 was changed to Glu using the forward primer 5’tgatccctgtggggceccatccagtggtttaga and
the reverse primer 5’gatgggccccacagggatcagggacgtca. Sequential changes of Met57 to Val and
Met67 to Glu on the same template were also performed to create M57V/M67Q (VQ) double
mutations. Additional mutation of Leu102 to Met was performed using forward primers
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5’ctcacaaagagaaacaacatggacttttcc and the reverse primer 5°gttgtttctctttgtgagttctgaaac to
generate M57V/M67Q/L102M (VQL) triple mutations. Ala74 was also mutated to Pro using
the forward primers 5’tggtttagaggagctggaccaggccgggaa and the reverse primer
5’tccagctcctctaaaccacatgatggg to construct M57V/IM67Q/A74P (VQP) triple mutations.

In vitro CD47-SIRP binding assays

The assays were performed as described previously S, Briefly, 96-well microtiter plate wells
were coated with SIRP-Fc fusion proteins (2-5pug/ml each) for 2hr at 25°C. After blocking with
1% BSA (30min, 25°C), the wells were incubated with CD47-AP (2-5ug/ml) for 30min. After
washing, CD47 binding to immobilized SIRP protein was detected by assaying alkaline
phosphatase (AP) activity using the substrate p-nitrophenyl phosphate. To analyze the dose-
dependent binding of SIRPa mutants with CD47, purified CD47-AP (5ug/ml) was used to coat
96-well microtiter plate. After blocking, the wells were incubated with wild-type or mutant
SIRP-Fc fusion proteins at varied concentrations for 45min. After washing, SIRP-Fc binding
was detected using peroxidase conjugated goat anti-rabbit Fc antibody.

Binding of SIRP-Fc to epithelial monolayers and leukocytes

T84 intestinal epithelial monolayers cultured on permeable transwells were washed with PBS
and then treated with the low calcium medium SEM (Sigma) for 30 min to open cell-cell
contacts#2. Leukocytes (HL-60) were in suspension. After blocking nonspecific protein
binding with 1% BSA in PBS for 30 min, these cells were incubated with wild-type and mutant
SIRP.1gV-Fc fusion proteins (5-10ug/ml each) for 1 hr. For control, the monolayers / cells
were also incubated with anti-CD47 mAb C5D5 to label CD47. Monolayers were then washed
and fixed with 3.7% paraformaldehyde followed by incubatioin with Alexa Fluor 488-
conjugated goat anti-mouse/rabbit IgG (Molecular Probe) followed by washing. After
mounting in ProLong antifading embedding solution (Molecular Probes), the monolayers /
cells were analyzed by fluorescence or confocal microscopy. To test whether binding of
SIRPa-Fc to cell surface was through CD47 expressing on epithelial cells, labeling experiments
were performed as above except in the presence of soluble CD47-AP (10ug/ml).

Cell adhesion assays

To test the binding of cell adhesion / binding to wild-type and mutant SIRP fusion proteins,
microtiter plate wells were coated with purified SIRPa-Fc and SIRPB1-Fc fusion proteins
followed by blocking with 1% BSA. Suspension of cells were preloaded with BCECF
(Molecular Probes) 3 and then incubated with the fusion protein-coated wells at a density of
1-5x10°/ per well for 30min at 10°C. After gently washing, adherent cells were imaged with
a microscope equipped with a CCD camera and the fluorescence intensity was measured with
a fluorescence plate reader (BioTek,) with the excitation/emission wavelengths of 485/535nm.

Leukocyte transmigration assays

Leukocyte transmigration assays were performed using DMSO-differentiated, neutrophil-like
HL-60 cells and well-established transwell setups following a procedure described in our
previous publications 22,25 10 be brief, HL-60 cells (2.5x10%) were applied into the upper
chambers of the transwell setups in the presence or absence of soluble SIRP fusion proteins
(40ug/ml) and mAbs (20ug/ml). Cell transmigration across collagen-coated transwell filters
was initiated by adding chemoattractant fMLP (1uM) into the lower chamber and incubation
at 37°C. Cell migration into the lower chambers after 1hr was quantified by myeloperoxidase
(MPO) assays 243 25,
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Protein sequence analysis of SIRPa extracellular IgV loop and computational homology

modeling

The sequence alignment of the SIRPa (Bit) extracellular gV domain with homologous IgV
domains from several Ig superfamily proteins was performed by the program ClustalW 44 with
the gap-open penalty and gap-extension penalty set at 10 and 0.1, respectively. The secondary
structure elements, o helices and B sheets, in Bit IgV were predicted based on the consensus
analysis using computational programs JPRED, PHD and PSIPRED 33 The homology
modeling of the Bit IgV structure was constructed using the comparative structure modeling
program MODELLER 45 and the homology-modeling server SWISS-MODEL 46; 47 Rat
CD4 extracellular domain IgV structure was used as the template for Bit gV modeling based
on the available high resolution CD4 IgV (PDB code: 3cd4) 34 structures. Modeling was
primarily based on the sequence alignment and secondary structure similarities with manual
insertion of gaps to align the pairwise sequences according to the protein secondary structures.
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SIRP

signal regulatory protein
lgVvV

immunoglobulin variable domain
AP

alkaline phosphatase
HBSS

Hank's balanced salt solution
HBSS(-)

Hank's balanced salt solution devoid of Ca2* and Mg2*
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Figure 1.

Extracellular binding interactions of SIRP family proteins mediated by the membrane distal
IgV domains. A) Primary structure alignments of the extracellular most distal IgV loops of
SIRPa members, Bit and SIRPal, reveal 12 amino acid differences (labeled in red) between
these two SIRPa members. The sequence alignments also reveal 7 amino acid (selectively
labeled) differences between SIRPa isoforms and SIRPB1. The primary structure of SIRPy
IgV is also aligned. The shaded Cys residues form the putative disulfide bond in the IgV
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structures. B) In vitro SIRP-CD47 binding assays. In these experiments, SIRP.IgV-Fc fusion
proteins were generated by transfection of COS cells followed by protein purification using
protein-A sepharose. The purified fusion proteins (5ug/ml) were used to coat the microtiter
wells. After blocking, the wells were incubated with CD47-AP (5ug /ml). After washing,
CD47-AP binding to immobilized SIRP.IgV-Fc was detected by assaying AP activity. The
data shows that the IgV domains of SIRPa (Bit and SIRPal), but not SIRPB1, bind to CD47
extracellular domain fusion protein (CD47-AP).
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Figure 2.

Site-directed mutagenesis of the unique amino acids expressed in the IgV of SIRPa but not

SIRPB1.

Seven amino acids uniquely expressed in the SIRPa IgV loop (Fig. 1A) were mutated to their
counter residues in SIRPB1. These mutations, including E32D, D40E, T56A, A57M (Bit) or
V57M (SIRPal), Q67M, P74A and M102L, were performed using wild-type Bit.lgV-Fc or
SIRPal.IgV-Fc fusion in pCDNAZ3.1 as the templates. A) The purified wild-type and mutant
Bit and SIRPal IgV-Fc fusion proteins (5ug/ml) were coated in microtiter plate wells and
assayed for directly binding to CD47-AP as described in Fig. 1. (**, p<0.01; *, p<0.05) B)
Wild-type and mutant Bit.IgV-Fc fusion proteins were assayed for binding to CD47-AP in a
does-dependent manner. In these assays, affinity purified CD47-AP (5ug/ml) was coated in
the wells followed by blocking and incubation with varied concentrations of purified Bit.IgV-
Fc in HBSS. Binding of Bit.lgV-Fc was detected by a peroxidase-conjugated anti-rabbit Fc
antibody.
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Figure 3.

Mutagenesis study of GIn67. GIn67 in Bit IgV was changed to various amino acids using a
degenerate primer as described in the Methods. The obtained mutant plasmids were DNA-
sequenced to confirm the amino acid changes. After being transiently expressed in COS cells,
mutant Bit.1gV-Fc fusion proteins were purified and tested for binding to CD47-AP by in
vitro SIRPa-CD47 binding assays.
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Figure 4.

Mutagenesis study of Ala57 in Bit IgV. Residue Ala57 in Bit IgV was changed to various
amino acids as described in the Methods. After DNA sequencing confirmed the amino acid
changes, the mutant Bit.IgV-Fc fusion proteins were expressed in COS cells, purified and tested
for binding to CD47-AP.
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Figure 5.

SIRPa-CD47 interactions mediate cell adhesion. In these experiments, microtiter plate wells
were coated with wild-type and mutant SIRPa/B1.1gV-Fc fusion proteins (5ug/ml of each in
HBSS), or control BSA (1% in HBSS). Suspensions of PBMC, neutrophil-like differentiated
HL-60 cells, RBC, HT29 epithelial cells, CD47-transfected CHO cells (CD47-CHO) and
control CHO cells were pre-loaded with the fluorescence dye BCECF (Molecular Probe) and
allowed to adhere to the protein-coated wells (at 1-5x10° cells / per well), in the presence or
absence of mAbs (20pg/ml of each) against CD47 (C5D5) or SIRPa (SE5AS5), for 30min at
4°C. After gentle washing to remove non-adherent cells, the adherent cells were imaged by a
CCD camera under a microscope with a 40x projector (A). Cell adhesion to the wells was also
analyzed by recording the fluorescence intensity using a fluorescence plate reader before and
after washing. This figure (B) selectively presents the data of PBMC adhesion while similar
cell adhesion results were obtained using differentiated HL-60 cells, RBC, HT29 cells, CD47-
transfected CHO cells.
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Labeling T84 monolayers:

WT SIRPa1.IgV WT Bit.IgV

Anti-CD47 WT SIRPB1.1gV

+AP-CD47 +AP-CD47

Bit.IgV.A57TM Bit.IgV.Q67M

-. 20pm

Labeling differentiated HL-60 cells:

Bit.lgV.A57M  Bit.IgV.Q67M WT SIRPB1.IgV

Figure 6.

Cell surface labeling epithelial monolayers and HL-60 leukocytes by SIPRa.lgV-Fc fusion
proteins. Upper panel: T84 epithelial monolayers were incubated with wild-type or mutant
SIRP IgV fusion proteins as labeled in the figure, in the presence or absence of CD47-AP
(5ug/ml), followed by detection using fluorescence-conjugated secondary antibody. For
control staining, the monolayers were also labeled with anti-CD47 mAb C5D5 (10ug/ml),
SIRPB1.IgV-Fc or Fc only (not shown). Lower panel: similar labeling procedures were also
performed to analyze wild-type and mutant SIRPa..1gV-Fc binding to differentiated HL-60 cell
surfaces. Images shown represent one of at least three individual experiments, with multiple
images taken per slide.
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Figure 7.

Effects of soluble SIRPa IgV fusion proteins in leukocyte transmigration.

Leukocyte transmigration across matrix (collagen)-coated filters (transwell) using neutrophil-
like differentiated HL-60 cells were performed as described in the methods. In these
experiments, HL-60 cells (2.5x10%) in the upper chambers of the transwells in 150ul HBSS
with or without SIRP fusion proteins (40pg/ml), or mAbs (20pg/ml) against CD47 (C5D5) or
SIRPa (SE5AS), were induced to migrate into fMLP (1uM) containing lower chambers at
37°C. Cells that migrated into the lower chamber after 1hr were quantified by MPO assay. Data
represents one of three experiments with three individual transwells in each condition + SD.
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Figure 8.

Engineering SIRPB1 to be a CD47-binding protein. Mutagenesis reactions were performed in
the SIRPB1 1gV loop to replace SIRPB1-specific residues with the counter residues in SIRPa
(also see Fig. 1). These changes in SIRPB1.1gV included Met57 to Val, Met67 to Gin, Leu102
to Met and Ala74 to Pro with single, double and triple mutations as indicated in the figure. The
binding of these mutant SIRPB1.1gV-Fc fusion proteins to CD47-AP were then assayed and
compared to minimal binding of wild-type SIRPB1.IgV-Fc (**, p<0.01; *, p<0.05). Figure
inset shows the results of HT-29 cell adhesion (% of applied) to wild-type and mutant
SIRPB1.1gV-Fc fusion proteins. Adhesion results of other cells were also shown in Figure 5A
& B.
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Figure 9.

Computational homology modeling of SIRPa (Bit) extracellular IgV domain. A) Sequence
alignment of SIRPa (Bit) with CD4. The predicted secondary structural elements, a-helices
and Bsheets, are shown as rods and arrows, respectively (“*”, identical residues; “:”, highly
homologous residues; “.”, homologous residues). B) The predicted three-dimensional model
of the Bit IgV domain based on the structures of CD4. The putative disulfide bond in the IgV
structure is linked by the corresponding cysteine residues C55 and C121 (red). Q67 is located
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in the C B-sheet strand and A57 in the loop between the B and C strands. Met102 is predicted
in the flexible loop between strands D and E. Another potential residue, Pro74, is predicted in
the loop between strands of C and C’. The distances between the side-chains of individual
residues are listed. Figure inset shows the result of protein modeling based on the structure of
CD2 revealing another possible position of Met102 within the flexible D-E loop.
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