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Surfactant Protein D (Sp-D) Binds to Membrane-proximal
Domain (D3) of Signal Regulatory Protein a (SIRP«), a Site
Distant from Binding Domain of CD47, while Also Binding to
Analogous Region on Signal Regulatory Protein 3 (SIRP)™
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Background: Binding of SIRPa to its ligands CD47 and surfactant protein D (Sp-D) regulates many myeloid cell functions.
Results: Sp-D binds to N-glycosylated sites in the membrane-proximal domain of SIRPa and SIRP, another related SIRP.
Conclusion: Sp-D binds to a site on SIRP« distant from that of CD47.

Significance: Multiple ligand binding sites on SIRPa may afford differential regulation of receptor function.

Signal regulatory protein « (SIRPe), a highly glycosylated
type-1 transmembrane protein, is composed of three immuno-
globulin-like extracellular loops as well as a cytoplasmic tail
containing three classical tyrosine-based inhibitory motifs. Pre-
vious reports indicate that SIRPa binds to humoral pattern rec-
ognition molecules in the collectin family, namely surfactant
proteins D and A (Sp-D and Sp-A, respectively), which are heav-
ily expressed in the lung and constitute one of the first lines of
innate immune defense against pathogens. However, little is
known about molecular details of the structural interaction of
Sp-D with SIRPs. In the present work, we examined the molec-
ular basis of Sp-D binding to SIRP« using domain-deleted
mutant proteins. We report that Sp-D binds to the membrane-
proximal Ig domain (D3) of SIRPe in a calcium- and carbohy-
drate-dependent manner. Mutation of predicted N-glycosyla-
tion sites on SIRP« indicates that Sp-D binding is dependent on
interactions with specific N-glycosylated residues on the mem-
brane-proximal D3 domain of SIRPa. Given the remarkable
sequence similarity of SIRP« to SIRPS and the lack of known
ligands for the latter, we examined Sp-D binding to SIRPp.
Here, we report specific binding of Sp-D to the membrane-prox-
imal D3 domain of SIRPf. Further studies confirmed that Sp-D
binds to SIRPa expressed on human neutrophils and differenti-
ated neutrophil-like cells. Because the other known ligand of
SIRP«, CD47, binds to the membrane-distal domain D1, these
findings indicate that multiple, distinct, functional ligand bind-
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ing sites are present on SIRP« that may afford differential reg-
ulation of receptor function.

Signal regulatory proteins (SIRPs)® are glycosylated type-1
transmembrane receptors belonging to the immunoglobulin
superfamily. Three members have been described so far, SIRP«,
SIRPRB, and SIRPy. The former two are expressed mainly on
myeloid cells such as neutrophils (PMNs), macrophages, and
dendritic cells as well as on neurons (1). SIRPq, the best char-
acterized of the SIRPs, is expressed on the cell surface as a
noncovalently linked cis-homodimer and contains three extra-
cellular Igloops (2). The membrane-distal loop termed D1 con-
sists of an immunoglobulin variable-type domain, whereas the
membrane-proximal D2 and D3 loops have structures consis-
tent with immunoglobulin constant domains. There is a single
pass transmembrane domain and a cytoplasmic tail containing
an immunoreceptor tyrosine-based inhibitory motif (ITIM)
that, in some cells, has been shown to interact with SHP-1 and
SHP-2 (Src homology region domain-containing phosphatase),
tyrosine phosphatases, therefore preventing signaling pathways
regulated by some tyrosine kinases (3—5). Thus, SIRP« is an
inhibitory receptor, whose activation leads to inhibition of sev-
eral important myeloid cell functions such as phagocytosis by
macrophages or cytokine production (6 —8).

A major SIRPa ligand, CD47, is a membrane receptor with an
unusual immunoglobulin-like structure that has been shown to
interact with the distal Ig domain of SIRP« (D1) (9-12). Inter-
estingly, splenic macrophages from CD47-expressing mice
clear infused blood cells from CD47 '~ mice, strongly suggest-
ing that interaction of SIRPa with CD47 contributes to recog-
nition of self (13). Two other SIRP« ligands have been reported

3 The abbreviations used are: SIRP, signal regulatory protein; ABTS, 2,2-azi-
nobis[3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt; CRD, car-
bohydrate recognition domain; HEK293T, human embryonic kidney cell
line with Tantigen; PMN, polymorphonuclear leukocyte (neutrophil); Sp-D,
surfactant protein D.
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in the literature, namely surfactant proteins D and A (Sp-D and
Sp-A), both of which belong to the collectin family. Collectins
represent a family of soluble humoral pattern recognition mol-
ecules capable of binding the carbohydrate moieties of micro-
organisms and therefore participate in the immune response
against pathogens. Pulmonary surfactant is composed mainly
of phospholipids, but also contains various surfactant proteins
including Sp-D and representing 10% of the total surfactant
pool (14). Sp-D, the focus of this study, consists of a central
collagenous domain involved in oligomerization in a trimeric
structure and a globular C-terminal lectin-like domain, respon-
sible for carbohydrate recognition (CRD, carbohydrate recog-
nition domain). The trimeric helical structure of Sp-D further
oligomerizes into a tetrameric structure that is generally
thought to facilitate recognition of bacterial and viral patho-
gens. The globular trimeric CRD has a high affinity for clustered
sugars and specificity for saccharides such as maltose or glucose
(15, 16). The ability to differentiate some carbohydrates from
others has been suggested to represent an ancient form of pat-
tern recognition that has evolved to discriminate self from for-
eign pathogen invaders. Indeed, Sp-D is an important compo-
nent of the pulmonary surfactant involved in host innate
immunity capable of binding most Gram-negative bacteria as
well as several Gram-positive bacteria, leading to increased
opsonization and killing of bacteria (14, 17, 18). Sp-D usually
binds to its ligands by a CRD-dependent cell binding requiring
calcium and inhibited by several saccharides (18, 19). Besides a
high level of expression in the lungs, Sp-D expression has also
been reported in the small and large intestinal epithelial cells of
humans, pigs, rats and, to a lesser extent mice (20-23). Inter-
estingly, Sp-D expression in these locations is limited to epithe-
lial cells in contact with an environment (17). Sp-D function in
the intestine, however, remains unknown.

Surfactant protein D has been reported to bind to macro-
phage SIRP« (24, 25). Sp-D binding to SIRP«a was reported to
activate SHP-1 phosphorylation leading to the inhibition of p38
activation and decreased cytokine production (24). However,
little is known about the structural interaction of Sp-D with
SIRP« and more specifically which SIRPa domain(s) binds to
Sp-D.

Another closely related family member, SIRPf, shares a high
degree of homology with the SIRPa ectodomain, and whether
Sp-D is also capable of binding to SIRPS has not yet been stud-
ied. Intriguingly, no ligand has been described for SIRPf so far.
SIRPis a cysteine-linked homodimer with three immunoglob-
ulin-like extracellular loops. SIRPS, however, has a very short
cytoplasmic tail, and the transmembrane domain has been
reported to interact with DAP12, an adaptor protein containing
an immunoreceptor tyrosine-based activation motif ITAM) in
human monocytic cell lines as well as in peritoneal macro-
phages (26, 27). DAP12 has been shown to trigger tyrosine
kinase, Syk, leading to activation of MAPK (27, 28). Thus,
SIRPP has been proposed to function as an activating receptor
promoting macrophage phagocytosis through DAP12 (27).

In this paper, using a panel of eukaryotically expressed
recombinant SIRPa domains, we report that Sp-D binds to
SIRPa D3 domain in a calcium- and saccharide-dependent
manner. Furthermore, we show that Sp-D binds to all four
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N-glycosylated sites within or in immediate proximity of the D3
domain of SIRPa, with strongest binding to a N-glycosylated
site located at Asn-240 on SIRPa. We show that Sp-D binds to
and co-localizes with SIRP« expressed on CHO-SIRP« cells as
well as to human promyelocytic cells and PMNs. Given the high
degree of structural similarity of SIRPa with SIRPS, we report
that Sp-D avidly binds to the D3 domain of SIRP3 which opens
new interpretations to the relative contributions of SIRP pro-
teins to the regulation of acute inflammatory responses ix vivo.

MATERIALS AND METHODS

Reagents and Antibodies—Recombinant human Sp-D (R&D
Systems) is commercially available. The following antibodies
were used in this study: monoclonal mouse anti-human Sp-D
(R&D Systems) and polyclonal goat anti-human Sp-D (Santa
Cruz Biotechnology). Rabbit polyclonal antiserum against
recombinant SIRPa ectodomain was produced by Covance
Research Products. Monoclonal antibodies against SIRPa D1
(SAF17.2) and SIRPa D3 (SAF4.2) have been described previ-
ously (9). LPS from Salmonella minnesota R595 was obtained
from List Biological Laboratories.

Cell Lines—Human promyelocytic cell lines (HL60 and
PLB985) used in this study were described previously (29, 30).
They were differentiated as described previously (31). Briefly,
they were incubated in RPMI 1640 medium supplemented with
20% heat-inactivated fetal bovine serum (FBS) and 1.25%
dimethyl sulfoxide for 6 -7 days. Human embryonic kidney cell
line with T antigen (HEK293T) and wild-type Chinese hamster
ovary cell line (CHO-K1) were purchased from ATCC.
CHO-K1 cells were transfected with plasmid pcDNA3 contain-
ing the SIRPa gene corresponding to GenBank entry BC
029662.1. The GenBank entry for SIRPS constructs was NM
006065. Cells expressing the plasmid were selected with G418
and cloned. Clones stably expressing SIRPa were selected
by flow cytometry on a FACSCalibur (BD Biosciences) as
described previously (2).

Generation of Truncated and Mutated SIRPa Plasmid
Constructs—Site-directed mutagenesis was performed by over-
lap extension using complementary PCR primers containing
the mutation (32). Forward and reverse end primers were
designed with HindIII and BamHI sites. DNA constructs
encoding various ectodomains of SIRPa tagged with His,,
(SIRPa-His) were cloned into pcDNA3 (Invitrogen) as
described previously (9). All constructs were verified by DNA
sequencing.

Purification of Recombinant Proteins—HEK293T cells were
cultured in DMEM supplemented with 10% heat-inactivated
FBS. Transient transfections of HEK293T cells with SIRP«
plasmids were conducted using polyethylenimine (PEI) as
described previously (33). His,,-tagged recombinant proteins
such as SIRPa D1D2D3-His were purified by gravity-flow chro-
matography using nickel-nitrilotriacetic acid-agarose accord-
ing to the instructions of the manufacturer (Qiagen). Proteins
were characterized by SDS-PAGE, and protein purity was
assessed by staining the gel with Coomassie Blue.

In Vitro Binding Assays—In vitro binding assays were per-
formed as described previously with several changes (34).
Immulon II 96-well plates were coated overnight at 4 °C with 2
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pg/ml SIRPa D1D2D3-His and blocked for 1 h with 3% BSA. 2
pg/ml rhSp-D in PBS containing 0.1 g/liter CaCl,, 0.1 g/liter
MgCl, 6H,O (PBS with Ca*>*/Mg>"), and 9% BSA were added
and incubated for 1 h at room temperature. After washing, 1
pg/ml monoclonal anti-human Sp-D in PBS containing Ca*>*/
Mg>" and 3% BSA was added to the wells and incubated for 1 h
at room temperature. After extensive washes, 0.4 ug/ml horse-
radish peroxidase-conjugated anti-mouse IgG (H+L) (Jackson
ImmunoResearch Laboratories) in PBS containing Ca®"/Mg>"
and 3% BSA was used to detect the primary antibody. Peroxi-
dase was detected with one-step Ultra TMB ELISA (Thermo
Scientific). The reaction was stopped with 1 m H,SO,, and the
A 405 nm Was measured.

CD47 inhibition of Sp-D binding to SIRPa was performed as
follows. Immulon IT wells were coated with SIRPa D1D2D3-His
at 1 pug/ml and further incubated with supernatants of trans-
fected CHO cells containing soluble CD47 ectodomain fused to
alkaline phosphatase (CD47AP) (34). Sp-D binding was
assessed with mAb anti-SP-D as described above. Conversely,
SIRPa D1D2D3-His-coated wells were incubated with Sp-D
prior to CD47AP addition, and CD47 binding was evaluated by
colorimetry using p-nitrophenyl phosphate (Sigma-Aldrich) at
405 nm.

Production of Mouse Anti-human SIRPo D3-His—Female
BALB/c mice were immunized by injecting 50 ug of purified
human SIRPa D3-His emulsified with complete Freund’s adju-
vant (Sigma-Aldrich). Four boosts of 50 ug of SIRPa D3-His
emulsified in incomplete Freund’s adjuvant (Sigma-Aldrich)
were subsequently administered intraperitoneally. Serum spec-
ificity was determined by ELISA. In brief, Immulon II 96-well
plates were coated overnight at 4 °C with 20 ug/ml goat anti-
rabbit IgG, y-specific (Jackson ImmunoResearch Laboratories)
and blocked as mentioned previously. 20 ug/ml rabbit
Fc-tagged SIRPa proteins were then added to the well before
incubation with mouse anti-D3 serum diluted 1:1000. Detec-
tion was performed by adding 0.4 wg/ml peroxidase-conju-
gated anti-mouse IgG, light chain-specific (Jackson Labora-
tories). Color was developed by ABTS (Sigma-Aldrich) and
read at 405 nm.

To further determine serum specificity, and more specifi-
cally, CD47 binding in the presence of the anti-D3 serum,
microtiter wells were coated with 0.5 wg/ml SIRPa D1D2D3
ectodomain overnight followed by incubation with a 1:25 dilu-
tion of anti-SIRPa D3 serum or comparable amounts of normal
control serum. Cell culture supernatant containing soluble
CDA47AP was added to the wells. CD47 binding was further
measured using p-nitrophenyl phosphate.

Serum inhibition binding assays were performed similarly.
Coated SIRP« proteins were incubated with sera. Sp-D binding
was detected with 1 ug/ml polyclonal goat anti-human Sp-D
and 0.4 pg/ml peroxidase-conjugated donkey anti-goat IgG
(H+L) (Jackson ImmunoResearch Laboratories), followed by
Ultra TMB ELISA.

Immmunoblotting— W estern blot analysis was performed as
described previously (9) using 5% Western blocking reagent
(Roche Applied Science). Polyvinylidene difluoride (PVDE;
Bio-Rad) membrane was incubated with mAbs anti-SIRP«
(SAF17.2 or SAF4.2) and the addition of goat anti-mouse IgG
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FIGURE 1. Sp-D binds to the D3 domain of SIRPa. A, maps of soluble His-
tagged SIRPa fusion proteins. Domains are in bold, whereas numbers indicate
amino acid residues delineating the three domains according to the crystal
structure of Hatherley et al. (48), and amino acids for domain-specific mutant
constructs. B, in vitro binding assay of Sp-D to various SIRPa domains immo-
bilized on an Immulon plate and assessed colorimetrically by using a one-
step Ultra TMB ELISA. SIRPaD1D2D3 A,y Was used as 100%. Boiled SIRPa was
heated for 5 min at 100 °C. C, far Western blot analysis for Sp-D binding to
various SIRPa domains. SIRPa domains were separated by SDS-PAGE and
transferred to a PVDF membrane, which was subsequently incubated with
Sp-D. D, Western blot of stripped membrane (C) using SIRPa mAb SAF17.2
and SAF4.2 (9) confirming the presence of protein in each lane. An unrelated
protein (JAM-L) was used as a negative control (CT). Results are representative
of one of three independent experiments. Error bars, S.E.

(H+L) conjugated to peroxidase (Jackson ImmunoResearch
Laboratories) and revealed by Western blotting chemilumines-
cence (Roche Applied Science).

Far Western Blot Analysis—Far Western blotting was carried
out according to a previously described procedure with slight
modifications (35). 500 ng of denatured SIRP proteins were
separated by SDS-PAGE and transferred to PVDF membranes.
Membranes were blocked with a binding/blocking buffer (20
mM Tris buffer, pH 7.4, 150 mm NaCl, 5 mm CaCl,, 1% polyvi-
nylpyrrolidone, 5% BSA) for 3—4 h and incubated overnight at
room temperature in binding/blocking buffer containing 5
pg/ml rhSp-D. Sp-D bound to the membrane was further
detected with 0.1 pg/ml polyclonal anti-human Sp-D and 0.4
pg/ml peroxidase-conjugated donkey anti-goat IgG followed
by chemiluminescence.
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FIGURE 2. Sp-D binding to SIRP« is not impaired by CD47 binding but is inhibited by an anti-human SIRP«a D3 serum. A, in vitro binding assay showing
that CD47 and Sp-D can both bind to SIRPa independently. Microtiter wells coated with SIRPa were first incubated with either recombinant ectodomain of
CD47 or purified Sp-D, blocked, and then incubated with respective ligands to assess the binding of Sp-D (after incubation with CD47) or CD47 (after
incubation with Sp-D). B, in vitro binding assay confirming anti-SIRPa D3 serum specificity for the D3 domain. Goat anti-rabbit 1gG, y-specific, was coated
on microtiter plates, blocked, and subsequently incubated with rabbit Fc-tagged SIRPa WT or mutant proteins. Incubation with diluted anti-SIRPa D3
serum generated in BALB/c mice as detailed under “Materials and Methods” was followed by addition of peroxidase-conjugated anti-mouse IgG. IgG
binding was further determined by colorimetry using ABTS at 405 nm. C, Western blot of various SIRPa domains revealed with the mouse anti-human
SIRPa D3 serum diluted 1:4000 followed by goat anti-mouse as described under “Materials and Methods.” D, CD47 binding to immobilized SIRP«a
D1D2D3 incubated with mouse normal and anti-D3 sera. Binding of CD47-AP was evaluated by colorimetry using p-nitrophenyl phosphate. E, Sp-D
binding to immobilized SIRPa D1D2D3 incubated with normal and anti-D3 sera determined as indicated in Fig. 1B. Results are representative of one of
three independent experiments. Error bars, S.E.

Treatment by N-Glycosidase F and O-Glycosidase—500 ng of
denatured His-tagged SIRP« protein was incubated with 200
units/ml N-glycosidase F from Elizabethkingia miricola (Sig-
ma-Aldrich) in a buffer containing 150 mm Tris-HCI, pH 8.0, 12
mM 1,10-phenanthroline, and 1.2% Nonidet P-40 overnight at
30°C. To remove O-glycosylated carbohydrates, SIRPa was
incubated with 250 milliunits/ml neuraminidase from Arthro-
bacter ureafaciens (Roche Applied Science) and 125 milli-
units/ml O-glycosidase from Streptococcus pneumoniae (Roche

JUNE 1,2012+VOLUME 287+NUMBER 23

Applied Science) in 50 mMm sodium acetate, pH 5.0, overnight at
37°C.

Preparation of Human Blood PMNs—Human PMNs were
freshly isolated from healthy donors as described previously
(36). In brief, blood was subjected to density gradient centrifu-
gation with Polymorphprep (Nycomed Pharma, Oslo, Norway).
Remaining erythrocytes were lysed by hypotonic lysis. PMN
activation was induced with 0.2 um phorbol 12-myristate
13-acetate for 10 min at 37 °C.
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FIGURE 3. Sp-D binding to SIRP« is calcium-dependent, sugar-specific, and inhibited by LPS. A, in vitro Sp-D binding to SIRP« is inhibited by EDTA and
EGTA. Calcium chelators (5 mm) were added at the same time as Sp-D. Sp-D binding to microtiter wells coated with SIRPa D1D2D3 or D3 domains was assessed
as in Fig. 1B. B, in vitro binding assay of Sp-D in presence of solutions of various carbohydrates is shown. Graded concentrations of sugars were added at the
same time as Sp-D, and the sugar concentration inhibiting 50% of Sp-D binding was then calculated. C, in vitro binding assay of Sp-D to SIRPa and SIRPB in
presence of LPS was performed by adding increasing concentrations of LPS from S. minnesota at the same time as Sp-D. Error bars, S.E.

Immunofluorescence Microscopy—Cells were incubated with
3 pug/ml rhSp-D in either DMEM containing 9% BSA (for CHO
cells) or RPMI with 3% BSA (for suspension cells) for 2 h at
room temperature and fixed with 1% paraformaldehyde for 40
min at room temperature. A permeabilization step of 0.1% Tri-
ton X-100 in Hanks’ balanced salt solution containing CaCl,
(HBSS™) for 10 min at room temperature was included when
nucleus staining was applied. After a blocking step, cells were
incubated with primary antibodies. SIRPa ectodomain was
stained with a polyclonal rabbit anti-human SIRP« serum and
Sp-D by monoclonal mouse anti-human Sp-D before to be sub-
sequently labeled with 2 ug/ml secondary antibodies: Alexa
Fluor 555 donkey anti-rabbit IgG (H+L) and Alexa Fluor 488
goat anti-mouse IgG (H+L) (Invitrogen). Nuclei were stained
using 0.1 uM To-Pro3-iodide (Invitrogen) in HBSS™ (15 min at
room temperature). Suspension cells were mounted in 1:1 (v/v)
phosphate-buffered saline (PBS) and ProLong Gold antifade
reagent (Invitrogen) and were visualized on a Zeiss LSM 510
Meta Confocal microscope (Carl Zeiss Microimaging, Thorn-
wood, NY).

Statistical Analysis—The statistical method used to analyze
results was a Student’s ¢ test with two-tailed distribution using
GraphPad Prism software. Results are expressed in mean * S.E.

RESULTS

Sp-D Binds to SIRPa D3—To determine which extracellular
domain(s) is involved in Sp-D binding, mutant proteins con-
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taining various domains were generated and expressed in
HEK293T cells. His-tagged whole or truncated extracellular
domains were generated as shown in Fig. 14 and purified as
detailed under “Materials and Methods.” Using an in vitro bind-
ing experiment as described previously (9), solutions of purified
recombinant His-tagged proteins were incubated in microtiter
plates to coat the wells. Subsequent ELISAs confirmed binding
of the recombinant proteins. As shown in Fig. 1B, Sp-D was
observed to label the SIRPa D1D2D3 ectodomain as well as the
D2D3 and D3 domains, whereas significantly reduced binding
was observed for the D1 and D1D2 domains. To further con-
firm that Sp-D binds to the D3 domain, we performed a far
Western blot analysis. For these experiments, various truncated
or complete extracellular domains of SIRP« were separated by
electrophoresis and blotted on a membrane further incubated
with Sp-D. As shown in Fig. 1, C and D, Sp-D bound to D3, but
not to the D1D2 domains, confirming the in vitro binding
experiments.

Another SIRPa ligand known to bind to a different region of
the extracellular domain of SIRP« is CD47. In particular, CD47
has been shown to bind to the membrane distal D1 domain
(9-12). As can be seen in Fig. 24, CD47 binding to SIRP« did
not impair Sp-D binding, nor was Sp-D binding to SIRP« inhib-
ited by CDA47, strongly suggesting that the D1 domain is not
involved in Sp-D binding. However, treatment of SIRP«
D1D2D3-His by SAF4.2, a monoclonal antibody specific for
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A N-glycosylation sites

Sp-D Binding to SIRP Proteins

80-2 215-7 240-2 262-4 289-91
D1 ! D2 | | D3
—1 . - 1 — His
5 114 120 218| 224| [ | 315
Deglycosylation mutations S217A T242A S264A S291A

1004

(% of control)
g

Sp-D binding to SIRPa

35—

Far western: Sp-D

Western blot: SIRPa

FIGURE 4. Sp-D binds to N-glycosylated sites on the SIRPa D3 domain. A, map of SIRPa N-glycosylation-sites as determined by the NetNGlyc 1.0 server from
the Center of Biological Sequence Analysis. Strong putative N-glycosylation sites are indicated in red, whereas weak sites are in dashed red. B, in vitro binding
assay of various mutants lacking one or several N-glycosylated sites in the SIRPa D3 domain as performed as in Fig. 1B. C, far Western blot analysis of various
N-glycosylated site mutants. Purified N-glycosylated site mutants were separated by SDS-PAGE, and Sp-D binding was assessed as in Fig. 1C. An unrelated
protein (JAM-L) was used as a negative control (CT). D, PVDF membrane from Fig. C stripped and blotted for SIRP«a (SAF17.2) as for Fig. 1D. Results are

representative of one of two independent experiments. Error bars, S.E.

SIRP«a D3, did not inhibit Sp-D binding either (data not shown).
We hypothesized that the epitope recognized by this antibody
was different from the Sp-D binding site(s). To investigate this
possibility, we generated a polyclonal anti-human D3 serum by
immunizing BALB/c mice with purified human D3-His pro-
tein. The polyclonal serum was specific for SIRPa D3 domain
because it was observed to bind selectively to recombinant D3
domain (Fig. 2, B and C). Furthermore, binding specificity of
anti-D3 antiserum to D3 and not D1 was verified by experi-
ments, demonstrating that preincubation of SIRPa D1D2D3
with this pAb did not inhibit CD47 binding (Fig. 2D). Impor-
tantly, anti-D3 pAb was effective in dramatically decreasing
Sp-D binding (Fig. 2E), which supports SIRPa D3-mediated
binding interactions as being critical for Sp-D binding. Taken
together, these results indicate that Sp-D associates with the
membrane-proximal immunoglobulin loop D3 on SIRPa.
Sp-D Binding to SIRPa Is Calcium-dependent, Carbohydrate-
specific, and Inhibited by LPS—Because Sp-D is a lectin-like
molecule that has been shown to require calcium for pathogen
binding, we further investigated whether Sp-D requires cal-
cium to interact with SIRPa. As indicated in Fig. 34, Sp-D bind-
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ing to SIRPa, or a mutant containing only the D3 domain, was
inhibited by 5 mm EDTA or EGTA, suggesting that Sp-D bind-
ing to SIRPa D3 is indeed calcium-dependent. In addition, the
Sp-D binding has been reported to be mediated through its
CRD that is sensitive to specific sugar residues. Thus, we exam-
ined the ability of various sugars to inhibit Sp-D association to
SIRPa. As shown in Fig. 3B, mono- or disaccharides containing
a glucosyl group such as glucose, maltose, and glucuronic acid
as well as carbohydrates derived from mannose, e.g methyl
a-pD-mannopyranoside strongly inhibited Sp-D binding to
SIRPa. On the other hand, carbohydrates derived from galac-
tose, i.e. lactose were less capable of inhibiting Sp-D, whereas
glucosamine did not diminish Sp-D binding (Fig. 3B). These
results are consistent with a previous report showing that
carbohydrates with glucosyl residues are strong inhibitors,
whereas glucosamine and galactosamine are weaker inhibitors
(16). Our data are thus consistent with, Sp-D binding to SIRP«
in a calcium as well as carbohydrate-dependent manner.

Sp-D is also known to bind with high affinity to rough LPS,
the major component of Gram-negative cell walls (19). There-
fore, we assessed whether Sp-D binding to SIRPa was affected
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by LPS from S. minnesota Re mutant that expresses a truncated
rough LPS known to be a strong ligand for Sp-D (37). The Re
mutant expresses the shortest form of LPS among different S.
minnesota strains containing only lipid A and 3-deoxy-p-
manno-octulosonic acid (38). As shown in Fig. 3C, increasing
concentrations of LPS significantly decreased Sp-D binding to
SIRPa. We observed 50% inhibition of Sp-D binding to SIRPe
at a concentration of ~40 ug/ml LPS, which is consistent with
previous reports (39).

Sp-D Binds to N-Linked Glycans of SIRPa—W e observed that
Sp-D bound strongly to boiled SIRP« (Fig. 1B), suggesting that
the structure recognized by Sp-D is not a conformational
epitope of the protein. Indeed, the CRD of Sp-D detects carbo-
hydrates including those expressed on glycosylated proteins
(25). Because SIRPw« is heavily glycosylated, we examined
whether Sp-D detected glycans present on SIRP« in an
N-linked or O-linked configuration. For these experiments,
full-length extracellular domain mutants of SIRPa D1D2D3-
His were digested by either N- or O-glycosidases to remove
N-linked or O-linked sugars, respectively. As can be seen in
supplemental Fig. S1B, the N-glycosidase-treated SIRP«
molecular mass was significantly lower than that of nontreated
samples, indicating that N-glycosidase F removed N-linked gly-
cans of SIRPa. Interestingly, SIRP« treated with N-glycosidase
F was unable to bind Sp-D (supplemental Fig. S1A), whereas
O-glycosidase treatment did not prevent Sp-D binding to
SIRP« (supplemental Fig. S1A), implying that SIRP« binds to
N-linked glycans of SIRPa.

N-Linked Glycan at Position 240 in D3 Is Major Binding Site
of Sp-D—To determine which N-glycosylation sites mediate
Sp-D binding we analyzed SIRPa glycosylation using NetNGlyc
software from ExPASy. From this analysis, one strong N-glyco-
sylation sites is predicted to lie at the C-terminal domain of the
D2 domain (position 215-217) and three in the D3 domain
(positions 240-242, 262264, 289-291) (Fig. 44). We thus
mutated predicted N-glycosylation sites (Asn-Xaa-Ser/Thr) by
replacing the third amino acid by an alanine (S217A,
T242A,S264A,5291A). Mutation of the four D3 N-glycosyla-
tion sites led to a major decrease of molecular mass as well as
staining pattern consistent with loss of glycosylation (Fig. 4D),
suggesting that SIRPa D3 domain is indeed the main glycosy-
lated domain of SIRPa. SIRP« lacking all N-glycosylation sites
present in D3, resulted in an absence of Sp-D binding (Fig. 4C),
indicating that N-linked glycosylation of the SIRP«a D3 domain
is indeed critical in mediating binding interactions with Sp-D.
However, it is possible that the absence of binding may be sec-
ondary to structural instability of SIRPa because the protein
lacks main N-glycosylation sites. To rule out this possibility, we
assessed whether the S217A,T242A,S264A,S291 A mutant was
still capable of binding CD47. Importantly, WT and mutant
SIRP« were both observed to bind CD47 in a similar fashion,
suggesting that the ligand binding structure of SIRP« is not
impaired (data not shown). Furthermore, mutations in two D3
N-glycosylation sites promoted a significant decrease in Sp-D
binding, which was confirmed by results of far Western blot
analyses (Fig. 4, C and D). Thus, the mutagenesis results in this
report suggest that binding of Sp-D to SIRPa D3 is mediated by
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A CHO-K1
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FIGURE 5. Sp-D binds to CHO-K1 cells stably expressing SIRPa. A, CHO-K1
and CHO-SIRPa-expressing cells were incubated with Sp-D, and Sp-D binding
was assessed by immunofluorescence using antibody conjugated to Alexa
Fluor 488 (green). Nuclei were stained with To-Pro3 after permeabilization
with 0.1% Triton X-100 (blue). B, co-localization of Sp-D and SIRPa on CHO-
SIRPa was determined by immunofluorescence using anti-rabbit conjugated
to Alexa Fluor 555 (red, SIRP«) and anti-mouse Alexa Fluor 488 (green, Sp-D).
Results are representative of one of four independent experiments.

contributions from all N-linked glycosylated residues in that
domain.

To further examine the role of the above N-glycosylation
sites in Sp-D binding, we mutated three of the four D3 N-gly-
cosylation sites leaving only one intact (Fig. 4B). Interestingly,
binding studies with these mutants suggest that all N-glycosy-
lation sites on SIRPa D3 partially mediate Sp-D binding (Fig.
4B). However, the N-glycan linked to the Asn-240 site showed
higher affinity for Sp-D than other sites because Sp-D binding
to D3 mutants 217, 264, and 291 containing only the Asn-240
site was highest (Fig. 4B). This suggests that glycan linked to the
240 N-glycosylation site is the major Sp-D binding site.

Sp-D Binds to SIRPa Expressed in Cells—Because we
observed that Sp-D bound purified soluble extracellular SIRP«
domains in cell-free systems, we sought to verify that Sp-D was
also able to bind SIRPa expressed on the eukaryotic cell surface.
We first used CHO cells stably expressing functional human
SIRPa (CHO-SIRPa). We examined whether CHO-SIRP« was
able to bind Sp-D. As can be seen in Fig. 54, we observed low
levels of Sp-D binding to untransfected CHO-K1. However,
Sp-D binding was significantly increased after SIRPa was
expressed on the surface of CHO cells (Fig. 5A4). Furthermore,
incubation of CHO cells expressing SIRPa with Sp-D demon-
strated co-localization of Sp-D with SIRP« (Fig. 5B).

In other reports, surfactant protein Sp-D has been shown to
bind to macrophage-expressed SIRPa and repress cytokine
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FIGURE 6. Sp-D binding co-localizes with SIRP« expression on neutrophil-like cells. Two cell lines tested in this study, HL60 and PLB985, exhibited similar
results (PLB985 staining results shown). Cells were stained as indicated in Fig. 5A. A, Sp-D binding is significantly increased on differentiated neutrophil-like cells
versus nondifferentiated cells. B, Sp-D and SIRP« binding co-localize on neutrophil-like cells. Neutrophil-like cells were stained as in Fig. 5B. Results are

representative of one of four independent experiments.

production (24, 25). However, little is known about Sp-D bind-
ing to neutrophils, which represent the first line of defense
against pathogen invasion. Thus, we assessed Sp-D binding to
human promyelocytic leukemia cells differentiated to neutro-
phil-like cells by dimethyl sulfoxide. We first examined SIRPc
expression by these cells by flow cytometry. As shown in sup-
plemental Fig. S2, SIRP« expression was much higher in differ-
entiated cells than in nondifferentiated cells. This observation
was confirmed by immunofluorescence showing than SIRP«
staining was much higher in differentiated cells than
observed in nondifferentiated cells (Fig. 6). Accordingly,
Sp-D binding to differentiated cells was significantly higher
than observed in nondifferentiated cells, which directly cor-
related with increased SIRPa expression (Fig. 6). We also
confirmed that Sp-D binding to cellular SIRP« is calcium-
dependent and carbohydrate-specific (supplemental Fig.
S3). Co-localization of Sp-D binding with SIRPa was
observed on differentiated cells, whereas Sp-D and SIRP«
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did not co-localize as well in nondifferentiated cells (Fig. 6B).
Extending these findings to natural human cells, we
observed that Sp-D and SIRP« binding co-localized on non-
activated and activated human PMNs (Fig. 7). These findings
are consistent with Sp-D binding to SIRPa on the cell surface
of PMNs.

Sp-D Binds to SIRPP3 D3— Another closely related member of
the SIRP family, SIRPS3, is expressed as a covalent dimer on the
cell surface with an ectodomain that is highly similar to SIRP,
yetit does not bind CD47, and the ligand(s) are unknown. Given
that the D3 domains of SIRP« and SIRP share 93.7% homol-
ogy (2), we hypothesized that Sp-D may also bind to SIRPj3,
specifically to the D3 domain. To assess this possibility, we
purified SIRPB D1D2D3-His (Fig. 84) and performed an in
vitro binding assay. As shown in Fig. 8B, Sp-D bound to
SIRP B with only slightly less affinity than observed to SIRPc.
Specificity of Sp-D binding to SIRP was confirmed by far
Western blotting (data not shown). Furthermore, Sp-D
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FIGURE 7. Sp-D and SIRP« co-localize on human PMNs. Isolated human neutrophils (nonactivated and activated) were incubated with Sp-D and further
stained for Sp-D and SIRP« as indicated in Fig. 5A. Results are representative of one of three independent experiments.

binding to SIRPS was confirmed to be calcium-dependent,
sugar-specific, and inhibited by LPS (supplemental Fig. S4
and Fig. 3C). As shown in Fig. 8B, Sp-D bound to SIRPS D3
and not to D1D2 domains, indicating that D3 is indeed the
domain responsible for Sp-D binding to SIRP and confirm-
ing results obtained with SIRPa.

We observed that Sp-D binding to SIRPf is slightly lower
than that to SIRPa (~70% of SIRP« binding) (Fig. 8B). Interest-
ingly, a significant difference between SIRPa and SIRPS is in
the specific, covalent dimerization of SIRPS at a cysteine resi-
due at position 290 (Fig. 84). This residue lies at the same posi-
tion of an N-glycosylation sequence present in SIRPe, indicat-
ing that a N-glycosylation site (Asn-289) on SIRP« is missing in
SIRPB. However, the other glycosylation sites at 215, 240, and
262 of SIRPS are identical to those in SIRP« (data not shown).
We thus investigated whether this missing N-glycosylation site
could account for the difference in binding of Sp-D to SIRPS
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compared with that observed with SIRPa. We generated a chi-
meric protein composed of D1D2 and part of D3 domain
(1-291) from SIRP« fused with the N-terminal D3 domain of
SIRPB (292-336), including the disulfide bond at 290 necessary
for dimerization (Fig. 84). This chimeric protein thus con-
tains the three first N-glycosylation sites of SIRP« in addi-
tion to the cysteine-mediated covalent bridge in SIRPS.
Sp-D bound similarly to the chimeric protein and WT
SIRP, suggesting that the three first N-glycosylation sites of
SIRPB (215, 240, and 262) are not responsible for the
decrease in Sp-D binding to SIRPB compared with SIRP«
(Fig. 8B). We next investigated whether the lack of a glyco-
sylation site at 289 resulted in decreased Sp-D binding to
SIRPB. To explore this possibility, we generated a SIRP«
mutant (S291A) that lacks glycosylation at that site, but con-
tains the other three sites in D3. As can be seen in Fig. 8B,
removal of the 289 N-glycosylation site of SIRPa resulted in

GRS

VOLUME 287+NUMBER 23-JUNE 1, 2012


http://www.jbc.org/cgi/content/full/M111.324533/DC1

Sp-D Binding to SIRP Proteins

A
SIRP D1D2D3-His N-glycosylation sites
80-2 215-7 240-2 262-4
D1 | D2 | | | D3 ¢
[ : — 1 — His
[ — ] I +— His
5 114 120 218 224 C 315
SIRPB D1D2-His
[ — H
1 226
. (o
SIRP@ D3-His H — His
H — His
209 C 336
Chimera SIRPaD1D2D3 (290)/SIRPR D3 (291)-His
C
His
His
5 290C 336
B
& 100 = o
-
w —
25 |
2%
QR
o<
&
n
0 T T

FIGURE 8. Sp-D binds to SIRP3 D3 domain. A, map of SIRPB mutants used in this study. Strong predicted N-glycosylation sites are indicated in plain red,
whereas dashed red represents weak N-glycosylation sites according to the NetNGlyc 1.0 server from the Center of Biological Sequence Analysis. B, in vitro
binding assay of Sp-D to various SIRPB mutants as described in Fig. 1B. ***, p < 0.001. Error bars, S.E.

a slight but very significant reduction of Sp-D binding to
SIRPq, suggesting that this N-glycosylation site is an impor-
tant site for Sp-D binding. Taken together, our results sug-
gest that Sp-D binding to SIRPf is D3 domain-dependent
and that N-glycosylation at position 289 is required for Sp-D
binding to SIRPa.

DISCUSSION

Neutrophils are the first immune cells to be recruited to a site
of inflammation/infection and thus are one of the first lines of
defense against pathogens. Among the proteins expressed at
the surface of PMNs, SIRPa has been shown to regulate neu-
trophil migration, but also appears to be involved in other
innate immune functions such as phagocytosis and cytokine
production (7, 34, 40 —42). Similarly, Sp-D secreted by special-
ized cells mainly in the lung, enhances the action of scavenger
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cells by opsonization (17). Interestingly, Sp-D has also been
shown to be chemotactic for neutrophils (43, 44), suggesting a
role in regulation of neutrophil migration. Others have
reported that Sp-D is capable of binding SIRPe, leading to
decrease of cytokine production by macrophages through the
activation of SHP-1 and blockade of p38 (24). However, little is
known about the interaction of SIRPa and Sp-D in neutrophils,
and even less is known regarding the molecular basis of Sp-D
binding to SIRPa. Given the potential importance of Sp-p-
SIRPa binding interactions in regulating innate immune func-
tion, we performed extensive mutagenesis experiments to
define the region(s) on SIRPa that bind to Sp-D. In experiments
using domain deletion of SIRPa we determined that D3 of
SIRPa exclusively mediates Sp-D binding. In concert with ours
and other previous analyses indicating that CD47 binds exclu-
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sively to SIRPa D1 domain (9-12), the current results raise
interesting possibilities regarding SIRP« function. Specifically,
these data suggest that CD47 and Sp-D can bind SIRPa simul-
taneously. Indeed, CD47 binding to SIRP«a does not prevent
Sp-D binding and vice versa (Fig. 24). Interestingly, Sp-D and
CDA47 have very different binding properties where CD47
detects a protein epitope on the immunoglobulin-variable D1
domain (2) and Sp-D binds to N-linked carbohydrates on the
D3 domain. Further studies are needed to assess more precisely
the binding affinity of Sp-D to SIRPa. However, from these
results, we can now speculate that such distinct binding inter-
actions might indicate differences in SIRP« function.

Sp-D belongs to the collectin family of collagen tail-contain-
ing lectins known to recognize carbohydrates at the surface of
pathogens and to increase pathogen uptake by at least two dis-
tinct mechanisms, i.e. direct binding to pathogens, leading to
enhanced uptake by scavenger cells and binding to surface
receptors involved in immunity, resulting in the modulation of
the receptor function (14, 45). Indeed, Sp-D has been reported
to bind CD14 in a calcium- and carbohydrate-dependent man-
ner (35). Sp-D is also capable of binding to soluble TLR2 and
TLR4, pattern recognition receptors involved in pathogen rec-
ognition (46). However, the exact function of Sp-D binding to
these receptors remains quite unclear. Interestingly, interac-
tion of Sp-D with CD14 decreases CD14 binding to LPS (35).
We similarly found that Sp-D binding to SIRP« is impaired in
the presence of LPS (Fig. 3C). This observation is consistent
with a previous report showing that Sp-D binds to macrophage
SIRPa in the absence of pathogens, leading to activation of
SIRPe, decreased cytokine production, and inhibition of
inflammation. In contrast, when pathogens are present, it was
shown that Sp-D CRD binds preferably to LPS or other bacte-
rial carbohydrates. It was suggested that, under such condi-
tions, the absence of ligand binding to SIRP«a would release
ITIM-mediated signals resulting in increased inflammation
(24). However, this study did not take into account the role of
CD47 in modulation of SIRP« function as it was proposed
that CD47 and Sp-D exclusively bind SIRP«. Because our
study demonstrates that SIRP« is capable of binding both
proteins together, it is clear that regulation of SIRPa is more
complex and dependent on both Sp-D and CD47, especially
because CD47 is expressed on the surface of all nontrans-
formed cells.

We also report that SIRP3, a protein closely related to SIRPa,
also binds Sp-D, and this adds new insights into the potential
role of SIRPB in innate immunity. In human monocytic cell
lines as well as in peritoneal macrophages, SIRPB has been
reported to function through interactions with DAP12, an
ITAM-containing adaptor protein (26, 27). However, no ligand
has been identified so far, and to our knowledge, this is the first
time that a binding partner for SIRPS is described. We previ-
ously reported that SIRPS is a covalently linked homodimer
(47). Interestingly, recent studies from our group also indicate
that SIRPa is a noncovalently linked cis-homodimer on the
PMN cell surface, and dimerization is enhanced by activation
with bacterial products (2). Although the mechanism(s) leading
to dimerization in SIRP« are not clear, we previously found that
dimerization was dependent on N-glycosylation most likely by
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promoting a conformation that favors dimerization (2).
Intriguingly, the binding of Sp-D to SIRPa S291A lacking a 289
N-glycosylation site is still higher than that to SIRPf3, suggest-
ing that another parameter participates to the difference of
binding between SIRP« and SIRPS besides the 289 N-glycosy-
lation site. Furthermore, the LPS concentration necessary to
inhibit 50% of Sp-D binding to SIRP was 2-fold lower than that
of SIRPa. Thus, the data from this study imply that Sp-D has
higher affinity for monomeric SIRPs (SIRPc«, S291A SIRPa)
than for SIRP dimers (SIRP, chimera) (supplemental Fig. S5).
We speculate that both SIRP« and SIRPSB may form different
populations of dimers because one depends on covalent inter-
actions and the other is dependent on glycosylation. Accessibil-
ity of ligands to N-glycosylation sites may therefore be different
between these two SIRPs. Sp-D is known to form oligomers,
and the multimeric state of Sp-D may therefore modulate its
binding to SIRPa. Further studies will be necessary to assess the
influence of SP-D multimerization on SIRP« binding. Taken
together, these data suggest that the conformational as well as
the glycosylation states of SIRPs are likely crucial parameters of
Sp-D affinity.

In summary, we show that Sp-D binds to the D3 domain of
both SIRP« and SIRPS in a calcium-dependent and sugar-spe-
cific manner. Furthermore, we report that Sp-D binds to the
membrane-proximal domain (D3) of SIRP« as well as to D3 of
SIRPB. Thus, Sp-D represents the first described ligand for
SIRPP. These studies reveal the specific N-glycosylation sites
bound by Sp-D and highlight residue at position 240 as a major
Sp-D binding determinant on SIRPa.
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