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Role of CD47 as a Marker of 
Self on Red Blood Cells 

Per-Arne Oldenborg,' Alex Zheleznyak,' Yi-Fu ~ang,' 

Carl F. ~agenaur,' Hattie D. Cre~harn,~ 
Frederik P. Lindbergl* 

The immune system recognizes invaders as foreign because they express de- 
terminants that are absent on host cells or because they lack "markers of self" 
that are normally present. Here we show that CD47 (integrin-associated pro- 
tein) functions as a marker of self on murine red blood cells. Red blood cells 
that lacked CD47 were rapidly cleared from the bloodstream by splenic red pulp 
macrophages. CD47 on normal red blood cells prevented this elimination by 
binding to the inhibitory receptor signal regulatory protein alpha (SIRPa). Thus, 
macrophages may use a number of nonspecific activating receptors and rely on 
the presence or absence of CD47 to distinguish self from foreign. CD47-SIRPa 
may represent a potential pathway for the control of hemolytic anemia. 

Natural killer (NK) cells eliminate target cells 
recognized by a range of activating receptors 
that bind ligands on many normal cells. How- 
ever, expression of self major histocompati- 
bility complex (MHC) class I molecules can 
protect a cell by binding to NK cell inhibitory 
receptors, which recruit and activate src-
homology phosphatases (SHP- I and SHP-2) 
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that inhibit cell activation (1-4). NK cells 
thus spare cells that express "markers of nor- 
mal self" in the form of MHC class I mole- 
cules, and eliminate them when these mark- 
ers are absent or inadequately expressed. In 
contrast to what might be expected, MHC 
class I-deficient mice are not autodestruc- 
tive. Rather, NK cell recognition adapts to the 
level of inhibitory ligand expressed in the NK 
cell environment (5). Expression of mole- 
cules related to NK cell inhibitory receptors 
on other leukocytes suggests that similar 
mechanisms are operative, for example, in 
macrophage activation (4, 6, 7). Although 
many of these molecules recognize MHC 
class I, the "marker of self" could in princi- 
ple be any ubiquitously expressed surface 
molecule. 
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S I e a  is a unique receptor in that it ap- 
pears to bind CD47 (integrin-associated pro- 
tein, IAP), a ubiquitously expressed cell sur- 
face glycoprotein, rather than MHC (8-14). 
SIRPa is expressed on many cells, most 
abundantly on polymorphonuclear leuko- 
cytes, monocytes, and monocyte-derived 
cells, where it is an inhibitory receptor (8- 
14). In contrast to MHC, CD47 is present 
also on red blood cells (RBCs). We hypoth- 
esized that CD47 might function as a RBC 
marker of self, and that CD47-deficient cells 
would therefore be rapidly destroyed by 
SIRPa-expressing leukocytes. 

CD47-I- mice are viable and have nor- 
mal RBC parameters (15, 16). To investigate 
whether CD47-I- RBCs can survive in wild- 
type mice, we transfused CD47-'- and con- 
trol recipients with CD47-/- and wild-type 
(CD47+) RBCs (1 7). Transfused CD47-I- 
RBCs were rapidly eliminated from the cir- 
culation of wild-type recipients, but were not 
affected in CD47-I- recipients (Fig. 1A). 
Wild-type RBCs were unaffected in both re- 
cipient types (Fig. 1B). Elimination of the 
CD47-I- RBCs was not due to recognition 
of the null allele itself, but rather due to 
recognition of the CD47-deficient state, be- 
cause heterozygotes were indistinguishable 
from the wild--type both as donors and as 
recipients. Antibody and classical T and B 
cells were not required for the elimination of 
RBCs, because clearance was rapid also in 
immune- and antibody-deficient Ragl-I- 
mice (Fig. 1 C). Furthermore, gene-targeted 
mice deficient in complement component 3 
(C3) were similarly able to eliminate CD47-I- 
RBCs, suggesting that complement activation 
was not required (Fig. ID). 

Clearance of RBCs occurs primarily in the 
spleen. To determine if this was the case for 
the rapid elimination of CD47-I- RBCs, we 
compared elimination of CD47-I- RBCs in 
splenectomized or sham-operated wild-type 
recipients to that in unoperated wild-type and 
CD47-I- controls (Fig. 2A). Elimination of 
CD47-I- RBCs was almost completely abol- 
ished by splenectomy, whereas sham opera- 
tion had no effect. Thus, the spleen was 
required for the elimination of CD47-I- 
RBCs. 

Dichloromethylene diphosphonate (clo- 
dronate)-loaded liposomes injected intrave- 
nously kill splenic macrophages (18). Differ- 
ent repopulation kinetics make it possible to 
determine the relative contribution of various 
splenic macrophage subsets to a phenotype 
(19). Treatment of wild-type mice with clo- 
dronate liposomes (20) prevented the elimi- 
nation of CD47-I- RBCs, strongly suggest- 
ing that clearance was effected by macro- 
phages (Fig. 2B). Recovery was already sub- 
stantial 10 days after clodronate injection and 
virtually complete at day 28. This is consis- 
tent with the repopulation kinetics of red pulp 

macrophages, but not with those of marginal 
metallophilic macrophages (about 3 weeks) 
and marginal zone macrophages (about 2 
months) (20). Thus, splenic macrophages 
were required for CD47-'- RBC elimina- 
tion, and among them, red pulp macrophages 
were sufficient. The identification of red pulp 
macrophages as the primary site of CD47-I- 
RBC clearance was confirmed by immu- 
nohistochemistry (21) (Fig. 3) and by flow 
cytometry. 

Fig. 1. Wild-type mice rapidly eliminate CD47- 
deficient RBCs independently of antibody and 
complement. Fluorescently labeled RBCs were 
injected intravenously. At the times indicated, 
5 pI of venous blood was sampled from a tail 
vein of the recipients and analyzed by flow 
cytometry for the fraction of fluorescent RBCs 
(77). Data were normalized to the level at 30 
min after injection (usually 4 to 6% of total 
RBCs). (A) CD47-'- RBCs were injected into 
wild-type ( a )  or C~47-'- (0)  recipients. (8) 
Wild-type RBCs were injected into wild-type 
( a )  or C~47-I-  (0) recipients. (C) Wild-type 
RBCs ( a )  or CD47-'- RBCs (0)  were injected 
into CD47 wild-type ragl-I- recipients. (D) 
CD47-I- RBCs were injected into CD47 wild- 
type C3-'- recipients. Data are the means ? 
SD for three to four recipients per group. 

Fie. 2. Clodronate-sensitive cells in 
th; spleen of wild-type mice are 
necessary for the clearance of 
CD47-I- RBCs. (A) Lack of clear- 
ance of ~ ~ 4 7 - / -  RBCs in splenec- 
tomized wild-type recipients. Wild- 
type mice were splenectomized 
(m) or sham-operated (0). Four- 

SIRPa, a receptor for CD47, is thought to 
generate macrophage-inhibitory signals (8, 
22, 23). It is highly expressed on myeloid 
cells, including red pulp macrophages (22- 
24). If SIRPa is the relevant receptor for 
RBC clearance, antibodies to SIRPa (anti- 
SIRPa) that block SIRPa-CD47 interaction 
should augment the phagocytosis of wild- 
type RBCs to the same extent as that seen 
with CD47-I- targets. Indeed, isolated sple- 
nic macrophages (mainly F4/80+ red pulp 
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wild:type and CD47-'- re;ipients 
(7 7). For comparison, the clearance in wild-type ( a )  or CD47-I- (0)  recipients is shown. Data are 
the means ? SD for one to three recipients per group. (B) Elimination of clodronate-sensitive cells 
abolishes the clearance of CD47-I- RBCs in wild-type recipients. Wild-type mice were injected 
intravenously with clodronate liposomes (m) or, as a control, liposomes prepared without clod- 
ronate ( 0 )  (20) at 48 and 24 hours before the examination of CD47-'- RBC clearance (77). Data 
are the means ? SD for five clodronate-treated mice and four mice treated with control liposomes. 

Fig. 3. Splenic F4/80+ red 
pulp macrophages are re- 
sponsible for clearance of 
CD47-I- RBCs in wild- 
type mice. CD47-'- (A 
and C) or wild-type (B 
and D) recipients were in- 
jected with fluorescent 
red (PKH26) CD47-I- 
RBCs, and spleens were 
harvested 20 hours later. 
Frozen spleen sections 
were stained green for ei- 
ther MOMA-1 (a marker 
for marginal metallophilic 
macrophages) (A and B) 
or F4180 (a marker for red 
pulp macrophages) (C and 
D) (27). RP, red pulp; WP, 
white pulp. 
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macrophages) in vitro phagocytosed CD47-I- 
RBCs at a high rate, whereas wild-type RBCs 
remained almost completely unaffected (24) 
(Fig. 4A). Antibody P84 is directed against 
SIRPa and blocks CD47-SIRPa interaction 
(9). This antibody had no effect on the phago- 
cytosis of CD47-I- RBCs, but increased 
phagocytosis of wild-type RBCs to the same 
extent as that seen with CD47-I- targets 
(Fig. 4A). Thus, inhibition of phagocytosis 
by CD47 on the target RBCs required SIRPa 
and SIRPa-CD47 interaction. The observa- 
tion that both types of RBCs were phagocy- 
tosed equivalently when SIRPa was blocked 
strongly suggests that CD47-I- RBCs are 
cleared because of the absence of CD47 on 
their surface, rather than because of a possi- 
ble secondary effect of CD47 deficiency on 
the RBCs. 

SIRPa contains intracellular immune re- 
ceptor tyrosine-based inhibitory motifs, which 
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Fig. 4. CD47 on RBCs inhibits phagocytosis 
through binding to  macrophage SIRPa. (A) Ad- 
herent wild-type splenic rnacrophages were in- 
cubated without antibody (open bars), with 5 
y g  of anti-SIRPa mAb P84 (9) (closed bars), or 
with 5 y g  of the isotype-matched anti-murine 
CD14 control antibody (rmC5-3) (hatched bars) 
for 15 min before the addition of wild-type or 
CD47-I- RBCs (24). After lysis of noningested 
RBCs, the number of ingested RBCs per 100 
rnacrophages was determined under each con- 
dition. Data shown are normalized to  the level 
of phagocytosis of CD47-'- RBCs in the ab- 
sence of antibody (63 2 15 RBCs per 100 
macrophages). Data are the means 2 SD for 
three separate experiments. (B) Macrophage 
SIRPal tyrosine phosphorylation upon contact 
with CD47 on RBCs. RBCs were allowed to  
sediment onto bone marrow-derived macro- 
phages in ice-cold buffer. Cells were then rap- 
idly warmed to  37OC in the presence of 2 mM 
pervanadate and lysed in sample buffer at the 
times indicated. Anti-SIRPa mab P84 immuno- 
precipitates were separated by SDS-PAGE and 
analyzed by Western blot for phosphotyrosine 
with mAb 4G10 and by using enhanced che- 
moluminescence (27). Phosphorylation is more 
pronounced and occurs earlier in contact with 
wild-type RBCs than with CD47-I- RBCs, indi- 
cating that CD47 on the target induces a SIRPa 
signal. 

upon binding and aggregation are phospho- 
rylated by src-family kinases, leading to the 
recruitment and activation of tyrosine phos- 
phatases SHP-1 andor SHP-2 (mainly SHP-1 
in macrophages) (25). This in turn inhibits 
signaling in tyrosine kinase-dependent acti- 
vation pathways (8,26). In contrast to splenic 
macrophages, bone marrow- derived macro- 
phages (BMMs) do not phagocytose 
CD47-I- RBCs, allowing study of the inhib- 
itory signal in isolation. To investigate 
whether CD47 on RBCs could induce a mac- 
rophage SIRPor signal, we assayed SIRPa ty- 
rosine phosphorylation (8,27) in BMMs after 
contact with either CD47-'- or wild-type 
RBCs. Wild-type RBCs induced markedly 
greater SIRPa tyrosine phosphorylation than 
CD47-I- RBCs (Fig. 4B). The increase in 
SIRPa phosphorylation in the presence of 
CD47-I- RBCs was similar to that seen 
without RBCs and was probably due to inter- 
actions between macrophage CD47 and SIR& 
or to the temperature shift in the experiment. 
Thus, RBC CD47 can induce a macrophage 
SIRPa signal. 

Because CD47 binds SIRPa, regulation of 
CD47 expression might serve as a mecha- 
nism to control elimination or uptake of dam- 
aged or senescent RBCs. However, RBC 
CD47 expression is very narrowly distribut- 
ed, with a negligible overlap between wild- 
type and heterozygous RBCs (15). Yet het- 
erozygous RBCs showed normal survival in 
wild-type mice. Although this result argues 
against a gradual removal of CD47 as the 
mechanism regulating RBC life-span, it re- 
mains possible that control of CD47 expres- 
sion might be used elsewhere as a means to 
regulate cell fate or cell-cell interactions. 

It is unclear at what level of RBC CD47 
expression the negative signal is sufficiently 
attenuated to allow phagocytosis. Rh poly- 
peptides are expressed as a complex with 
CD47 on the cell surface. Q,,, individuals 
fail to express Rh antigen-bearing polypep- 
tides on their RBCs (28), and consequently 
they express CD47 at 125% of normal lev- 
els. In contrast, CD47 levels are normal on 
Rhnull leukocytes and presumably also on 
splenic macrophages of Rh,,,, individuals. 
Rh,,,, individuals have hemolytic anemia, re- 
ticulocytosis, and stomatocytosis-all of 
which can be corrected by splenectomy (28). 
This parallels our transfusion model in which 
RBCs with reduced levels of CD47 are 
cleared in an environment of CD47+ cells. It 
is tempting to speculate that the elimination of w,, RBCs is secondary to reduced CD47- 
S W a  signaling to splenic macrophages. 

Although CD47-I- RBCs are recognized 
and eliminated in wild-type recipients, they 
survive normally in CD47-deficient mice. 
This suggests that the macrophage is regulat- 
ed by the expression of CD47 on its surface 
or in its environment. This adaptation does 

not appear to be at the level of inhibitory 
receptor expression, because the level of 
SIRPa is virtually identical on CD47-I- and 
wild-type macrophages (29). 

The data presented here demonstrate that 
CD47 is a crucial marker of self on RBCs. 
Preliminary data suggest that this is also true 
for other cells, such as lymphocytes (29). Red 
pulp macrophages specifically bind to circu- 
lating cells, and only CD47 expression pre- 
vents their elimination. Thus, splenic macro- 
phages do not have to rely on activating 
receptors alone to differentiate between self 
and foreign, but can use the presence or 
absence of CD47 to make that distinction. 
Ovarian cancer cells express high levels of 
CD47 (13, 30), and CD47 analogs are encod- 
ed by smallpox and vaccinia viruses (11-13). 
In both of these instances, it is possible that 
the pathogen is taking advantage of SIRPa 
signaling to disable normal defenses. Similar- 
ly, down-regulation of SIRPa might confer 
selective advantages to malignancies of mye- 
loid origin (31). 
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Selectivity for 3D Shape That 

Reveals Distinct Areas Within 


Macaque Inferior Temporal 

Cortex 


Peter Janssen, Rufin Vogels,* Guy A. Orban 

The anterior part of the macaque inferior temporal cortex, area TE, occupies a 
large portion of the temporal lobe and is critical for object recognition. Thus 
far, no relation between anatomical subdivisions of TE and neuronal selectivity 
has been described. Here, we present evidence that neurons selective for 
three-dimensional (3D) shape are concentrated in the lower bank of the su- 
perior temporal sulcus, whereas neurons in  lateral TE are generally unselective 
for 3D shape, though equally selective for 2D shape. These findings reveal that 
TE consists of at least two  distinct areas, one of which processes a specific object 
property. 

The inferior temporal cortex (IT) is part of 
the ventral visual stream, which is known to 
be critical for object recognition (I, 2). Neu-
rons in the anterior part of IT, area TE (Fig. 
l) ,  respond selectively to object attributes (3). 
For over three decades, researchers have been 
puzzled by the organization of this large cor- 
tical region [up to 380 mm2 (4)]. Although 
TE can be divided into a number of subre- 
gions on the basis of anatomical criteria (9, 
no clear link between the anatomy and neu- 
ronal selectivity has yet emerged. Here, we 
present evidence, based on 3D shape-selec- 
tivity, that at least two areas can be distin- 
guished within TE: the lower bank of the 
superior temporal sulcus (STS) and lateral 
TE. 

Thirty-two pairs of disparity-defined ( 6 )  
curved 3D shapes served as stimuli. The 3D 
shape-selectivity was assessed by comparing 
the responses of single TE neurons to the 
members of pairs of 3D shapes differing only 
in the sign of their binocular disparity (con- 
cave versus convex) (7). Reconstruction of 
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the position of each recorded neuron (Fig. l )  
(8 )showed that 142 neurons were recorded in 
the lower bank of the STS and 82 in lateral 
TE (9). Figure 2A illustrates the responses of 
an STS neuron that responded strongly to the 
concave, but not to the convex shape (10). 
Monocular presentations to left or right eye 
separately evoked only minimal responses 
(11).This 3D shape-selective response con- 
trasted markedly with the responses of lateral 
TE neurons. Although the lateral TE neuron 
of Fig. 2B responded to the concave shape, 
the response to the convex shape was equally 
strong. Moreover, the monocular presenta- 
tions elicited responses that were similar to 
those in the stereo conditions. This response 
pattern, combined with the 2D shape-selec- 
tivity revealed by the search test (7), indi- 
cates that this neuron was not sensitive to 3D 
structure, but simply responded to the 2D 
shape. 

Overall, 56% of the tested STS neurons 
were selective for 3D shape, compared to 
only 12% in lateral TE (i2= 40.9, P < 
0.001) (12, 13). Moreover, the degree of 3D 
selectivity was much lower in lateral TE (14), 
though the mean net response to the preferred 
3D shape did not differ significantly between 
the two subdivisions (20.2 and 19.1 spikes 
per second for the STS and lateral TE, re- 
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