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The cytotoxic activity of myeloid cells is regulated by a balance of signals that are transmitted through inhib-
itory and activating receptors. The Cluster of Differentiation 47 (CD47) protein, expressed on both healthy and
cancer cells, plays a pivotal role in this balance by delivering a “don’t eat me signal” upon binding to the
Signal-regulatory protein alpha (SIRP«a) receptor on myeloid cells. Here, we review the current understanding
of the role of the CD47-SIRPa axis in physiological tissue homeostasis and as a promising therapeutic target
in, among others, oncology, fibrotic diseases, atherosclerosis, and stem cell therapies. We discuss gaps in
understanding and highlight where additional insight will be beneficial to allow optimal exploitation of this
myeloid cell checkpoint as a target in human disease.

INTRODUCTION

The immune system has evolved to detect and destroy target cells
that are diseased, such as pathogen-infected or cancer cells that
would potentially be harmful when not inactivated. In addition,
the immune system plays a central role in tissue homeostasis by
removing unnecessary cells or, in some cases, by modifying their
interactions with surrounding cells. Target cell clearance or modi-
fication mediated by myeloid effector cells, including macro-
phages, neutrophils, and microglia, is regulated by receptors
that either transmit activating or inhibitory signals upon ligand
binding. The latter class of inhibitory receptors, also known as im-
mune checkpoints, includes a series of immunoreceptor tyrosine-
based inhibitory (ITIM)- and immunoreceptor tyrosine-based
switch motif (ITSM)- containing receptors such as SIRPq, Leuko-
cyte Immunoglobulin-like Receptor B1 (LILRB1), Siglec-10, and
Programmed-cell Death Protein 1 (PD-1), which can bind CD47,
MHC class I, CD24, and Programmed Death Ligand-1 (PD-L1)
on target cells, respectively (Barkal et al., 2017; Barkal et al.,
2019; Gordon et al., 2017; Oldenborg et al., 2000).

Work over the past decades has demonstrated that the CD47-
SIRPa interaction regulates the outcome of myeloid cell-target
cell crosstalk in a number of homeostatic processes. In partic-
ular, signaling through the CD47-SIRPa axis has been shown
to influence erythrocyte, platelet, and hematopoietic stem cell
(HSC) maintenance and to regulate synaptic pruning during
neuronal development (Jaiswal et al., 2009; Lehrman et al.,
2018; Lutz and Bogdanova, 2013; Yamao et al., 2002). Next to
an important role in these homeostatic processes, CD47 expres-
sion on cancer cells has been shown to inhibit myeloid cell-medi-
ated elimination in a manner that bears a superficial resemblance
to the inhibition of intratumoral T cell activity by the PD-1-PD-L1
immune cell checkpoint (Sun et al., 2018). Based on its role as a
regulator of tumor cell fate, a series of molecules that block the
CD47-SIRPa axis is currently in clinical development in oncolog-
ical indications, with an encouraging clinical signal in some set-
tings. In addition, a number of preclinical studies have provided
compelling evidence for the potential value of the targeting of this
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axis in stem cell transplantation and possibly also diseases such
as atherosclerosis and fibrosis (Chhabra et al., 2016; Kojima
et al., 2016; Wernig et al., 2017)

In this Perspective, we discuss the structural and functional
properties of the CD47-SIRPo. axis and highlight the deficits in
our understanding of the possibly context-dependent mecha-
nisms that regulate CD47-SIPRa signaling strength and that
can be expected to influence the activity and toxicity of thera-
peutic targeting.

Molecular Wiring of the CD47-SIRP« Axis

The CD47 protein (also known as IAP, MERG, or OA3) consists of
assingle extracellular V-set IgSF domain, a presenilin domain with
five membrane-spanning sections and a short cytoplasmic
domain that is subject to alternative splicing, thereby giving
rise to four isoforms (Campbell et al., 1992; Mushegian, 2002;
Reinhold et al., 1995). In addition to binding SIRP« and its family
member SIRPy, CD47 also interacts with integrins and secreted
glycoprotein extracellular matrix protein thrombospondin-1
(TSP-1) (reviewed in Brown and Frazier, 2001 and Oldenborg,
2013). In contrast to the more restricted expression pattern of
SIRPua. (see below), CD47 is broadly expressed across different
cell types in the body, with varying expression of the CD47 pro-
tein isoforms in different tissues (Reinhold et al., 1995).

The SIRP family of proteins consists of five members: SIRPa,
SIRPB1, SIRPB2, SIRPy, and SIRP3. Two of these, SIRPa (also
known as PTPNS1, SHPS-1, CD172a, and P84) and SIRPy
(also known as CD172b), are known to bind CD47. SIRPa. con-
tains an extracellular region with three immunoglobulin super-
family (IgSF) domains, including a NH.-terminal ligand binding
V-domain. Allelic variants with polymorphisms in the ligand bind-
ing domain have been reported in the African, Japanese, Chi-
nese, and Caucasian populations, three of which (SIRPaV1,
SIRPaV2, and SIRP«V8) are the most prominent haplotypes
among the human population, jointly covering approximately
90% (Takenaka et al., 2007; Voets et al., 2019). The observation
of significant polymorphism, including alleles that are substan-
tially divergent in the ligand binding domain, is suggestive of
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evolutionary pressure. However, the observations that the poly-
morphic residues in the NHy-terminal domain of SIRPa are
distant from the CD47 binding site and do not influence CD47
binding capacity for the at least five variants for which this was
tested, argues against selective pressure at the level of CD47-
SIRPu signaling strength (Hatherley et al., 2014). The intracellular
region of SIRPa contains both ITIM and ITSM motifs that are
essential for inhibitory activity of the receptor (Fujioka et al.,
1996; Kharitonenkov et al., 1997; Liu et al., 2015). The extracel-
lular domain of SIRPY is similar to SIRPa, but binds to CD47 with
a ten-fold lower affinity (Kp ~23 uM for SIRPy versus ~2 uM for
SIRPg)(Brooke et al., 2004). The cytoplasmic domain of SIRPy
consists of only four amino acids without an apparent signaling
function (Brooke et al., 2004; Ichigotani et al., 2000).

SIRPa is expressed on all myeloid cell types, including mono-
cytes, macrophages, neutrophils, a subset of dendritic cells, and
microglia (Adams et al., 1998; Seiffert et al., 1999; Veillette et al.,
1998). In addition, SIRPa. expression has also been observed in
brain tissue (Uhlén et al., 2015)(http://www.proteinatlas.org), and
on asubset of CD8+ T cells during chronic infection (Myers et al.,
2019). Signaling through ITIM- or ITSM-containing receptors
such as SIRPa serves to counteract the cellular activation that
occurs when an activating— frequently an immunoreceptor tyro-
sine-based activation motif (ITAM)-containing—receptor is trig-
gered. In other words, in the absence of such an activating
signal, triggering of ITIM and/or ITSM receptors is considered
a null event. Inhibition of signaling through activating immune re-
ceptors by SIRPa engagement requires the phosphorylation of
the tyrosine residues within the cytoplasmic ITIM and ITSM se-
quences, resulting in the recruitment and activation of the
SH2-domain-containing protein tyrosine phosphatases SHP-1
and SHP-2 (Fujioka et al., 1996; Kharitonenkov et al., 1997). In
addition, some evidence has been obtained for association of
SIRPa. with the inhibitory protein kinase Csk and, to a lesser
extent, the Grb-2 adaptor molecule (Veillette et al., 1998).
Although our understanding of the direct downstream targets
of the SHP-1 and -2 phosphatases upon SIRPa. signaling is likely
to be incomplete, deactivation of motor protein myosin IlA and
decreased cytotoxic activity of myeloid effector cells have
been shown as downstream consequences of SIRPa« ligation
(Tsai and Discher, 2008). Over the past years, SIRPa signaling
has been shown to counteract signals that myeloid cells receive
through a variety of activating membrane receptors, including 1)
Fc receptors (FcRs), which bind the Fc domain of target-opso-
nizing antibodies, 2) complement receptors, and 3) the lipopro-
tein-related protein (LRP), which binds calreticulin (CRT) (Chao
et al., 2010b; Oldenborg et al., 2001). As a side note, the fact
that FcRs are one class of activating receptors of which the ac-
tivity is inhibited by SIRP« ligation implies that studies that utilize
CD47 blocking molecules with intact FcR binding capacity
should be interpreted with caution, as the intervention simulta-
neously removes an inhibitory signal and introduces an acti-
vating signal (see further below) (Ingram et al., 2017; Weiskopf
et al., 2013).

Cell Types under Control of the CD47-SIRP« Axis

Early work has provided compelling evidence that the CD47-
SIRPo axis can regulate the activity of a variety of myeloid cell
types. For example, a role for macrophages in tumor control
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has been shown with anti-CD47 mouse IgG1 blocking antibodies
in various NSG cancer models that lack components of the
adaptive immune system (Chao et al., 2010a; Majeti et al,,
2009). In the case of neutrophils, antibody-dependent cellular
cytotoxicity (ADCC) toward target cells has been shown to be
enhanced upon pathway blockade in vitro (Zhao et al., 2011).
In addition, in @ human Fc alpha receptor (FcaR) transgenic
mouse model, the tumor cell kiling that was induced by
IgA1 anti-Her2 antibodies and that was boosted by pathway in-
hibition was primarily dependent on neutrophils (Logtenberg
et al., 2019).

Over the past years, a growing body of evidence has emerged
that suggests that the adaptive immune system, and in particular
CD8+ T cells, can also contribute to the tumor control that is seen
upon SIRPa-CD47 pathway inhibition. This observation may
either be explained by a direct influence of the SIRPa-CD47
pathway on T cell activity or by an indirect mechanism in which
pathway blockade influences the capacity of myeloid cells to
boost CD8+ T cell reactivity. In an adoptive transfer model, oval-
bumin (OVA)-specific CD8+ T cells displayed enhanced killing
capacity toward OVA-positive targets upon injection of macro-
phages that had been co-cultured with antigen-expressing
target cells in the presence of anti-CD47 IgG (Tseng et al.,
2013). These data suggest that the increased tumor control
that is seen upon in vivo CD47 blockade may also in part be ex-
plained by improved APC function. In another study, enhanced
antigen-presentation function of DCs, rather than macrophages,
was proposed to be required for the observed anti-tumor effects
of low dose intratumoral anti-CD47 treatment in syngeneic
mouse models, as depletion of either CD11c+ cells or CD8+
T cells severely impaired the therapeutic effect (Liu et al.,
2015). In a study by Sockolosky et al., anti-PD-L1 treatment
synergized with antibodies targeting CD47 and the mouse mela-
noma antigen tyrosinase-related protein 1 (TRP-1), an observa-
tion that was also interpreted as evidence for a dominant role
of T cells upon CD47 blockade, possibly via increased DC acqui-
sition of CD47-opsonized tumor cells and enhanced antigen
presentation (Sockolosky et al., 2016). As a side note, PD-1 is ex-
pressed in myeloid cells in tumor-bearing mice, and the
observed synergy between PD-L1 and CD47 blockade may in
theory also be explained by a role of PD-1 as an inhibitory recep-
tor in myeloid cells, as shown in recent mouse experiments
(Strauss et al., 2020). Finally, work by Li et al. has demonstrated
that vaccination with CD47-deficient tumor cells induced expan-
sion of CD11c+ DC, and that therapy-induced tumor control was
abrogated upon CD11c+ cell depletion (Li et al., 2020).

While the observations in the above studies are likely to be ex-
plained by enhanced antigen-presentation upon pathway
blockade and hence do not provide substantial evidence for a
direct effect of this pathway on T cell function, several other
studies do make a somewhat stronger case for such a model.
First, in a pooled genetic screen, CD47 deletion was shown to in-
crease the sensitivity of melanoma cells to GVAX and anti-PD-1
combination immunotherapy, and this effect was dependent on
T cells (Manguso et al., 2017). It may be argued that this sensi-
tizing effect of CD47 loss could reflect increased activation of
myeloid cells and a resulting boosting of T cell activity. However,
this would then have to assume a highly localized regulation of
T cell activity by myeloid cells, as selective loss of CD47 negative
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cells in a sea of CD47 positive cells would otherwise not be ex-
pected. As a second ‘myeloid centric’ explanation, one could
propose that while T cell activity is critical for tumor control, ulti-
mate tumor cell killing may not be due to T cell activity but due to
myeloid cell effector function. As an alternative explanation for
the observed effect of CD47 loss in this study it may be proposed
that the CD47-SIRPq. axis may not only regulate T cell function by
influencing APCs but can also influence T cell activity directly.
Some support for such a model comes from the observation
that SIRP« is induced on a subset of virus-specific CD8+
T cells in mouse models of chronic viral infection and, while
restricted to a smaller T cell subset, parallels PD-1 expression
(Myers et al., 2019).

Regulation of Tissue Homeostasis and Tissue
Remodeling by the CD47-SIRPa Axis

The CD47-SIRPo axis regulates homeostatic processes by con-
trolling myeloid cell-mediated removal of aging cells, erythro-
cytes, HSCs, and neuronal synapses (Figure 1). The first
evidence demonstrating a protective role for CD47 came from
in vivo experiments that showed rapid elimination of CD47-defi-
cient erythrocytes by splenic macrophages when transferred
into wild-type recipients (Oldenborg et al., 2000). Furthermore,
increased clearance of CD47-deficient erythrocytes was abro-
gated in SIRPA mutant mice lacking most of the SIRP« intracel-
lular signaling domain (Ishikawa-Sekigami et al., 2006), thereby
implying a role for both components of the CD47-SIRPa axis in
the process. Over the past years, a number of factors have
been identified that may influence the susceptibility of erythro-
cytes to macrophage-mediated elimination. Work by Khan-
delwal et al. has demonstrated that aged erythrocytes show a
reduced CD47 expression (Khandelwal et al., 2007). In addition,
increased display of a number of activating signals, such as
increased phosphatidylserine (PS) exposure and auto-antibody
binding to band 3 (Boas et al., 1998; Kay, 1984; Lutz and Bogda-
nova, 2013), might also contribute to the enhanced clearance of
aged erythrocytes. The latter type of auto-antibody binding
might also be of relevance in autoimmune hemolytic anemia
(AIHA), a syndrome characterized by accelerated clearance of
erythrocytes (Barcellini, 2015), and spontaneous AIHA in nonob-
ese diabetic (NOD) mice is substantially accelerated by CD47
deficiency (Oldenborg et al., 2001, 2002). In line with these
data, SIRPa signaling has been shown to inhibit Fcy- or comple-
ment receptor-dependent clearance of antibody- and comple-
ment-opsonized erythrocytes by macrophages (Oldenborg
et al., 2001).

CD47 levels also play a role in the regulation of platelet turn-
over (Olsson et al., 2005) and in regulating the fate of circulating
hematopoietic stem cells. Circulating human HSCs have been
documented to express higher CD47 levels as compared to
bone-marrow resident HSCs, and CD47-deficient c-Kit+ HSCs
are phagocytosed more efficiently by macrophages in vitro.
Furthermore, in a parabiosis model in which the circulatory sys-
tems of wild-type and CD47-deficient mice were surgically
joined, bone marrow HSC chimerism was observed in the
CDA47 deficient animals but not in the wild-type animals, sug-
gesting that CD47-deficient HSCs are cleared from the blood
compartment in vivo (Jaiswal et al., 2009). In patients with hemo-
phagocytic lymphohistiocytosis (HLH), a syndrome character-
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ized by increased phagocytosis of HSCs by bone marrow
macrophages, CD47 expression on the CD34"CD38" HSC frac-
tion is decreased relative to healthy subjects, reaching levels that
are insufficient to prevent macrophage-mediated phagocytosis
(Kuriyama et al., 2012). Activating signals on HSCs from healthy
subjects or patients with HLH that promote this phagocytic pro-
cess have not been identified to date, although CRT does not
appear to be involved (Kuriyama et al., 2012).

As a final example of the role of CD47 as a physiological regu-
lator of cell survival and cellular interactions, expression of CD47
has been shown to protect neuronal synapses from elimination
during “synaptic pruning,” a developmental process in which mi-
croglia remove synaptic elements to form an organized brain cir-
cuity (Lehrman et al., 2018; Paolicelli et al., 2011). Complement
components such as C1g and C3 localize to developing synapses
to promote the microglial engulfment of synaptic inputs that is
necessary for refinement, in a microglial C3-receptor (CR3 or
Mac-1)-dependent manner (Schafer et al., 2012; Stevens et al.,
2007). Microscopic analysis of coronal sections during the peak
of synaptic pruning has demonstrated that CD47 protein is en-
riched in the dorsal geniculate nucleus (dLGN) of the thalamus
and that SIRPa is highly expressed by microglia. Notably,
CD47- and SIRPa-deficient mice display increased microglial
engulfment of retinal ganglion cell (RGC) inputs and enhanced
synaptic pruning, leading to a sustained reduction in the number
of synapses. Interestingly, microglia are known to preferentially
engulf less active synaptic inputs, and the observed preferential
localization of CD47 to active inputs suggests a mechanism in
which local inhibitory ligand expression is used to convey activ-
ity-related information to microglia (Lehrman et al., 2018).

Next to its role in tissue homeostasis, there is emerging evi-
dence for a role of the CD47-SIRPa axis in tissue remodeling in
fibrotic diseases (Wernig et al., 2017) and in atherosclerosis (Ko-
jima et al., 2016). The fibrotic response is a normal component
of tissue repair processes, however this response can lead to
life-threatening conditions when uncontrolled, such as in idio-
pathic pulmonary fibrosis (IPF), primary myelofibrosis, and
scleroderma. In lung samples obtained from patients with idio-
pathic lung fibrosis, CD47 was highly expressed on fibroblasts,
whereas calreticulin was found to be expressed on macro-
phages and a subset of bronchoepithelial cells. Furthermore,
fibrosis was shown to be reduced by anti-CD47 treatment in
mouse models of fibrotic disease (Wernig et al., 2017). In the
development of atherosclerosis, impaired cell clearance leads
to the formation of pathogenic plaques that are composed of
diseased vascular and apoptotic cells. As such, atherosclerotic
lesions are at risk of rupture and obstruction, increasing the pos-
sibility of myocardial infarction and stroke (Kasikara et al., 2018;
Schrijvers et al., 2005). CD47 was found to be upregulated in hu-
man atherosclerotic plaques as compared to healthy vascular
tissue, possibly due to the enhanced TNFa levels in these le-
sions, and treatment with CD47 blocking antibodies was shown
to reduce atherosclerosis formation in vivo (Kojima et al., 2016).
In both these studies, CD47 blockade involved the use of anti-
bodies with Fcy-receptor activating capacity, and in the work
by Kojima et al., increased erythrocyte clearance and compen-
satory reticulocytosis was observed. In view of the known
side-effects of FcR binding anti-CD47 antibodies, this appears
to be an issue that deserves further attention.
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Regulation of Cancer Cell Fate by the CD47-SIRPa Axis
CDA47 expression is frequently observed on cancer cells in both
hematological and solid malignancies, including non-Hodgkin
lymphoma (NHL), acute myeloid leukemia (AML), glioblastoma,
ovarian, breast, colon, bladder, hepatocellular, and prostate
cancer (Chao et al., 2010a; Majeti et al., 2009; Willingham
et al., 2012). While one study has reported copy number alter-
ations in the CD47 gene in 5% (15 of 316) of patients with
ovarian serous cystadenocarcinoma (Brightwell et al., 2016),
in most human tumors, CD47 levels are only modestly
increased relative to surrounding healthy tissue (Willingham
et al., 2012; Zhao et al., 2011). The lack of frequent overexpres-
sion of CD47 on tumor cells could either imply that the strength
of myeloid cell inhibition is not boosted by a further increase in
CD47 expression or that the axis is not a substantial modifier of
cancer cell fate during natural disease progression, an issue
that requires further study.

As will be discussed in the next section, the CD47-SIRP« axis
does form a critical regulator of tumor cell fate at the moment tu-
mor cells are decorated with activating signals as a conse-
quence of therapeutic intervention. In addition, cellular changes
associated with malignant transformation may in some cases by
themselves already lead to the expression of ligands for acti-

vating immune receptors by cancer cells.
Only in such situations, where an endog-
enous activating signal is present, single
agent blockade of CDA47 is likely to suffice to induce tumor cell
killing, and hence it is important to understand the nature and
prevalence of such activating signals (Figure 1). As a first
example of such an endogenous activating signal, CRT, the
ligand of the myeloid cell receptor LRP-1, is present at high
levels on several human cancers, and blockade of CRT binding
to LRP can prevent the in vitro phagocytosis of certain cancer
cell lines that is induced by anti-CD47 antibodies (Chao et al.,
2010b). Of note, the CRT pool at the tumor cell surface need
not originate from an endogenous CRT pool that translocates
to the cell surface (Garg et al., 2012). Specifically, CRT has
been shown to be secreted by macrophages in the tumor micro-
environment, and secreted CRT can bind cancer cells that
display specific patterns of membrane glycans (Feng et al.,
2018). A similar binding of extracellular CRT has been described
as a mechanism behind the clearance of aging neutrophils (Feng
et al.,, 2018). Next to CRT, myeloid cells may recognize other
activating signals on cancer cells. Specifically, on cancer cell
lines and hematopoietic cells that were phagocytosed equally
efficient by wild-type and LRP-1-deficient macrophages upon
CD47 blockade, the interaction between myeloid cell-ex-
pressed signaling lymphocytic activation molecule family 7
(SLAMF7; also known as CRACC, CS1, and CD319), and
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myeloid cell-expressed Mac-1 was shown to provide an acti-
vating signal (Chen et al., 2017). As SLAMF7 is a homotypic re-
ceptor, it was proposed that binding of myeloid cell-expressed
SLAMF7 to SLAMF7 on cancer cells would be required for can-
cer cell recognition and phagocytosis; however, this model has
recently been contradicted (He et al., 2019). Additional evidence
for the presence of endogenous activating signals on cancer
cells comes from the increase in in vitro phagocytosis of cancer
cell lines that is induced by anti-CD47 Fab fragments (Chao
et al., 2010a). It is noted though that in these experiments,
phagocytosis was significantly enhanced when anti-CD47 treat-
ment was combined with Rituximab, suggesting that the endog-
enous activating signal is weak relative to the activating signal
induced by antibody opsonization. In line with the notion that
endogenous activating signals are frequently insufficient to
allow significant CD47 blockade monotherapy activity, treat-
ment with anti-CD47 F(ab’)2 fragments only increased neutro-
phil-mediated in vitro killing of tumor cells in the presence of
anti-Her2/Neu antibody (Zhao et al., 2011). Furthermore, treat-
ment with a high affinity SIRP« monomer only slowed lymphoma
growth slightly and had no effect on breast cancer growth in vivo,
whereas the combination with rituximab (in the case of lym-
phoma) or trastuzumab (in the case of breast cancer) resulted
in a major reduction in tumor growth (Weiskopf et al., 2013).
By the same token, even localized secretion of CD47 blocking
agents that lacked Fc domains was shown not to affect growth
of melanoma tumors in vivo (Ingram et al., 2017), and genetic
deletion of CD47 only minimally affected tumor growth in a
B16 melanoma model (Barkal et al., 2017). Finally, treatment
with anti-SIRPa antibodies has also been shown to be insuffi-
cient to induce myeloid cell-dependent tumor cell killing (Ring
et al., 2017; Sim et al., 2019). Collectively, these data make a
rather compelling case that the fraction of human tumors that
intrinsically carry a sufficiently strong activating signal is limited
or that additional inhibitory signals are present on these cells,
which prevent the activity of single agent SIRPa-CD47
blockade. Future studies in this area would benefit substantially
from efforts that would allow one to not only measure CD47
levels, but to also measure the presence of activating signals.
Much like the presence of antigen can be used to predict the ef-
ficiency of T cell recognition at the moment inhibitory receptors
are blocked, the quantification of molecules and/or tumor cell
states that report on the presence of activating myeloid cell li-
gands could be used to improve our capacity to predict the
consequence of CD47 pathway inhibition.

Regulation of CD47-SIRP« Signaling Strength

The importance of the CD47-SIRPa checkpoint in tissue homeo-
stasis and remodeling and its potential value in cancer therapy
are both evident. In view of this, it is surprising that relatively little
is known on the parameters that regulate the strength of this
signaling axis. As a general thought, an inhibitor of immune cell
activation that would provide the same negative signal under
all circumstances would not seem to provide any means of regu-
lation, and simply making the activating receptor less sensitive
would appear a more straightforward solution. For this reason,
the presence of inhibitory receptor systems is likely to indicate
a need to provide contextual information, and two conceptually
different classes of such regulators may be distinguished. 1) In a
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“differential threshold system” a given target cell type or tissue
may always have the same expression level of an inhibitory re-
ceptor ligand, and a given immune cell type may always have
the same level of expression and signaling capacity of the corre-
sponding inhibitory receptor. In such a setting, the same acti-
vating signal will lead to a differential response when present
at a site that either shows low or high expression of the inhibitory
receptor ligand. By the same token, the activating signal present
on a given target cell type may lead to differential activation of
distinctimmune cell types, depending on their inhibitory receptor
expression. In other words, in this setting, the expression level of
inhibitory receptors and their ligands does not show dynamic
regulation, but rather serve as a code to control the outcome
of different cellular interactions. 2) On the contrary, in a “dynamic
system,” inhibitory receptor-ligand interactions are not primarily
used to regulate which immune cell types respond to which tar-
gets, but rather to have the same immune cell type respond
differently, depending on environmental cues such as inflamma-
tion. A well-understood example of the latter type of systems is
the PD-1-PD-L1 signaling axis that controls T cell activity (Sun
et al., 2018), and, based on more recent data, in some cases
also myeloid cell activity (Strauss et al., 2020). Specifically,
expression of the PD-1 immune checkpoint on T cells is induced
by T cell receptor triggering, thereby leading to a lowering of
T cell sensitivity under conditions of chronic antigen encounter.
Similarly, PD-L1 expression on tumor cells and other target cells
can be increased many-fold by the T cell effector molecule IFNy,
thereby also creating a negative feedback loop by receptor regu-
lation on the target cell side. What is the evidence for a role of the
CDA47-SIRPq. axis as either a “differential threshold regulator” or
as a “dynamic regulator” of immune cell activity?

In at least some situations, such as during mobilization of hu-
man HSCs where CD47 expression levels are increased approx-
imately 4-fold, environmental regulation of axis activity appears
to take place. Notably, this modest change in CD47 expression
level does seem physiologically relevant, as HSCs from mice
that lack a single CD47 allele and that show a 2-fold reduction
in CD47 expression levels display a significant increase in sus-
ceptibility to macrophage-mediated phagocytosis in vivo
(Jaiswal et al., 2009). Dynamic regulation of CD47-SIRPa
signaling strength also appears relevant for synaptic pruning in
brain development (Lehrman et al., 2018), where increased local-
ization of CD47 to active synapses, thereby preventing engulf-
ment by microglial cells, has been shown.

With respect to the mechanistic basis for alterations in CD47
expression or localization, in vitro studies have provided evi-
dence that in a subset of cell lines, and most prominently in the
MCF7 breast cancer cell line, CD47 expression levels are
boosted through TNFa- and NF-«B signaling, and the NF-kB
transcription factor was shown to directly bind to a super
enhancer (SE) site near the CD47 gene that promotes CD47
gene transcription (Betancur et al., 2017). In addition, blockade
of TNFa signaling was both shown to reduce CD47 expression
and to induce increased phagocytosis of MCF7 cancer cells.
Furthermore, tumor cells with active constituent enhancers in
SEs near the CD47 gene had increased CD47 levels compared
to tumor cells lacking these (Betancur et al., 2017). Interestingly,
cytokine stimulation may in certain settings also reduce CD47
expression levels, as observed in HLH patients. Incubation of
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CD34*CD38" HSCs with a cytokine cocktail containing IL-6,
M-CSF, IFNy, and TNFa at concentrations similar to those
observed in patient serum led to a modest decrease in CD47
expression to approximately 75% of control values, whereas
CD47 levels on CD34*CD38* progenitor or unfractionated
mature cells were unaffected (Kuriyama et al., 2012). Similarly,
TNFa was shown to induce a slight decrease in CD47 levels on
malignant T cells (but not non-transformed T cells) from patients
with Sézary syndrome, whereas CD47 levels were increased
upon incubation with IL-13, IL-7, or IL-4 (Johnson et al., 2019).
Finally, CD47 expression levels in cancer cells have also been
shown to be regulated by miR-133a (Suzuki et al., 2012), miR-
192 (Yang et al., 2015), the MYC oncogene (Casey et al.,
2016), by HIF-1 in a subset of breast cancer cells when exposed
to hypoxic conditions (Zhang et al., 2015), and by ERK signaling
via nuclear respiratory factor 1 (NRF-1) in melanoma cells (Liu
et al., 2017).

Other putative mechanisms that may control pathway strength
by regulation of CD47 levels or function include alternative polya-
denylation (ApA) of CD47 transcripts and posttranslational modi-
fication of the CD47 protein. With respect to the former, the trans-
port of CD47 protein to the membrane is regulated by the length of
the 3’ untranslated region (3’UTR) of mRNA transcripts. Specif-
ically, ApA leads to the generation of two CD47 mRNA isoforms
that either contain a short or long 3'UTR. The long 3'UTR s rich
in potential binding sites for the HUR RNA-binding protein that
has been shown to mediate CD47 protein localization to the
plasma membrane via SET and active RAC1. Unable to bind these
proteins, the CD47 protein that is translated from the short 3'UTR
version is translocated into the endoplasmic reticulum (Berkovits
and Mayr, 2015). Cells that express the CD47 protein translated
from the short 3'UTR mRNA display increased susceptibility to
macrophage-mediated phagocytosis even when total cellular
CDA47 levels are the same. The ability to create functionally distinct
pools of CD47 protein by spatial separation may perhaps play a
role in the CD47-mediated regulation of synaptic pruning, where
local activity of the CD47-SIRPa axis in the cell membrane is
thought to be important. Next to the regulation of CD47 protein
localization, the activity of the CD47 protein has also been shown
to depend on post-translational modification. Specifically, the
amino-terminus of the CD47 protein contains a pyroglutamate
(pGlu) residue that is essential to create a high affinity SIRPa. bind-
ing site, and this modification has been shown to depend on the
glutaminyl-peptide cyclotransferase-like (QPCTL) protein (Log-
tenberg et al., 2019). In line with the role of the CD47 pGilu in SIRPa.
binding, both genetic deletion of QPCTL and pharmacological in-
hibition of QPCTL suppresses inhibitory signaling via the CD47-
SIRPq axis. At present, no evidence has been obtained indicating
that regulation of either QPCTL, or of enzymes that may remove
pGlu residues, is used as a physiological mechanism to tune
pathway strength. Nevertheless, pharmacological manipulation
of QPCTL activity using small molecule inhibitors forms a concep-
tually attractive strategy to manipulate pathway strength for ther-
apeutic purposes.

With respect to the regulation of SIRP« levels on myeloid cells,
stimulation of macrophages with the TLR ligands LPS and
poly(l:C) has been shown to induce SIRPa downregulation
(Dong et al., 2008; Kong et al., 2007). Furthermore, work by
Zen et al. has provided evidence that inflammation can also
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reduce SIRPa signaling in polymorphonuclear (PMN) cells by
inducing cleavage of the intracellular domain of the receptor
(Zen et al., 20183). SIRPa. proteins isolated from PMNs, but not
monocytes, from donors with various inflammatory conditions
consisted of a mixture of the full-length and a truncated protein,
the latter lacking the ITIM and ITSM-containing cytoplasmic do-
mains. Furthermore, the cleavage of SIRP« intracellular domains
correlated with IL-17 levels in a dextran sulfate sodium (DSS)-
induced colitis model and could be blocked by anti-IL-17 anti-
body (Zen et al., 2013). As a separate form of regulation of SIRPa
activity by proteolytic cleavage, the generation of a soluble
extracellular domain of SIRPa following exposure of monocytic
THP-1 cells to LPS and TNFa has been reported (Londino
et al., 2015). By the same token, the generation of soluble extra-
cellular SIRPa has also been reported in synapses in response to
neuronal activity, presumably contributing to presynaptic matu-
ration (Toth et al., 2013).

To conclude, while our understanding of the regulation of
CD47-SIRPa axis signaling strength is presently limited, evi-
dence indicating spatial or temporal control of CD47 and/or
SIRPa expression level or function is starting to emerge. In addi-
tion, it is noted that regulation of signaling strength need not
necessarily occur through changes in either receptor expression
level or localization but could, for instance, also be achieved by
altered intracellular signal transduction, and a further effort to
understand potential regulation at this level would appear
warranted.

Therapeutic Manipulation of the CD47-SIRP« Axis

Inhibition of the CD47-SIRP«. axis can be considered attractive in
all settings where clearance of intended target cells can be pro-
moted while clearance of other vital cell types is avoided
(Figure 2). At present, three classes of inhibitors of the CD47-
SIRPa signaling pathway that are in varying stages of develop-
ment may be distinguished; molecules that inhibit pathway
activity by blocking the CD47 molecules on target cells, mole-
cules that inhibit pathway activity by blocking the SIRPa mole-
cules on immune effector cells, and inhibitors of the QPCTL
enzyme that is required for CD47 maturation. With respect to
the first class of molecules, which includes not only anti-CD47
antibodies but also SIRPa-Fc fusions, it is important to distin-
guish molecules that do and do not lead to substantial FcR trig-
gering. Specifically, the clinical value of CD47 binding molecules
that retain substantial FcR activating capacity (e.g., human IgG1)
is likely to be capped by on-target, off-tumor toxicity, such as
depletion of erythrocytes (Ingram et al., 2017). Indeed, many of
the efforts in the clinical development of anti-CD47 antibodies
currently focus on molecules with decreased FcyR-binding ca-
pacity, such as IgG4, although it is noted that most of these
IgG4 CDA47-targeting molecules still induce substantial anemia
in non-human primates or in cancer patients (Advani et al.,
2018; Weiskopf et al., 2013). Interestingly, TTI-621, a protein
consisting of the CD47-binding domain of SIRPa. fused to the hu-
man IgG1 Fc domain, appears to only minimally bind human
erythrocytes and induce hemagglutination in vitro, in spite of
the presence of the activating Fc domain (Petrova et al., 2017).
This reduced toxicity may be due to the less effective clustering
of CD47 on erythrocytes because of the stringent association
with the cytoskeleton (Mouro-Chanteloup et al., 2003;
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Subramanian et al., 2006). To what extent the differential depen-
dency on receptor clustering of this molecule would also influ-
ence the occurrence of any (other) major on-target off-tumor tox-
icities requires further understanding. However, clinical benefit
with a decrease in dominant malignant T cells has been reported
in four out of five patients with Sézary syndrome (Johnson et al.,
2019). In more recent work, agents that simultaneously target
CDA47 and tumor-specific antigens have been tested in preclini-
cal and clinical studies with the aim to restrict CD47 blockade to
the tumor antigen-positive cell population (Dheilly et al., 2017;
Fischer et al.,, 2015; Ma et al., 2020; Piccione et al., 2015;
2016; Ponce et al., 2017). As these molecules contain active
Fc domains, successful use of such bispecifics will require min-
imal binding to non-malignant CD47-positive cells, something
that may be achieved by lowering the affinity of the CD47 target-
ing arm (Buatois et al., 2018; Piccione et al., 2016). Whether such
molecules that carry a low affinity CD47 targeting arm allow
sufficient blockade of CD47 molecules in the clinic remains to
be established. In addition, this approach is expected not to
be effective for tumor antigens that are expressed at low levels
relative to CD47.
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2015; Ring et al,, 2017; Voets et al.,

2019; Zhao et al., 2011). In addition, as
SIRPa is only expressed on a restricted number of cell types, tar-
geting of the CD47-SIRPa. axis with SIRPa-blocking agents does
not suffer from the antigen sink issue that has complicated the
use of CD47 targeting molecules. With respect to the targeting
of the CD47-SIRPa. axis via the CD47 modifier QPCTL, at present
in vivo data on small molecule inhibition of this enzyme are lack-
ing. However, small molecule inhibition of the pathway may be
attractive because of the expected high tissue penetrance of
small molecule inhibitors and potential for oral bioavailability.
Furthermore, CD47 molecules that newly arrive at the cell sur-
face upon QPCTL inhibition lack pyroglutamate modification
and, unlike antagonistic molecules that bind to CD47 or SIRPa,
competition by the natural binding partners in the tumor micro-
environment will thus not occur.

As discussed above, inhibition of the CD47-SIRPq. axis will in
many cases require simultaneous provision of an activating
signal that marks a target cell population for destruction.
Semi-selective marking of tumor cells may be achieved with
antibodies against proteins such as CD20 and EGFR that
opsonize the intended target cell population. However, suffi-
ciently tumor-selective antibodies are lacking for most human
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malignancies. As a second strategy that does not rely on such
opsonizing antibodies, activating signals may potentially be
induced by cytotoxic therapies such as chemotherapy and
low-dose radiation, with the implicit assumption that induction
of stress signals would be biased toward the (tumor) cells
that require clearing. The fact that CRT can be translocated
to the cell surface upon induction of immunogenic cancer cells
death by some chemotherapies (anthracyclines) and radiother-
apies (reviewed in Galluzzi et al., 2017) provides some evidence
for this model.

As a third strategy to achieve a sufficient level of selectivity,
strategies that can provide either spatial or temporal control
over CD47 pathway blockade could be considered. Spatial sep-
aration may, for instance, be attempted using technologies that
allow local uncapping of antibodies in the tumor microenviron-
ment (reviewed in Autio et al., 2019). Conceivably, uncapping
of anti-CD47 or anti-SIRPa. agents could be used to bias
pathway inhibition to that site, while in the case of CD47
blockade also remedying the previously described antigen sink
issue. Alternatively, selective recognition of cells at the tumor
site may theoretically be achieved through the use of capped op-
sonizing antibodies. With respect to the use of temporal control
of pathway inhibition to achieve an increased level of specificity,
two strategies have been developed (Figure 2). As a first strat-
egy, in order to ameliorate the erythrocyte depletion seen upon
CD47 blockade, a priming strategy has been developed in which
patients are first treated at a low dose, in order to remove the ag-
ing erythrocytes that are more prone to display prophagocytic
signals, thereby inducing compensatory hematopoiesis (Advani
et al., 2018). Second, as shown by Chhabra et al., temporal con-
trol over pathway inhibition may also be used to facilitate cell
transplants. The transplantation of allogeneic hematopoietic
stem cells that is used to treat hematologic malignancies re-
quires the elimination of host HSCs. To avoid the toxicities asso-
ciated with the currently used host conditioning regimens, a
strategy has been developed in which in vivo HSC depletion is
achieved by co-administration of CD47 antagonists with anti-
c-Kit antibodies that opsonize HSCs and their downstream pro-
genitors (Chhabra et al., 2016; George et al., 2019). The resulting
depletion of host HSCs then allows engraftment of donor HSCs,
provided obviously that HSC opsonization and CD47-SIRPa
pathway inhibition no longer occurs at that point. Optimal
temporal control over pathway inhibition may be achieved using
antibodies that display a short in vivo half -life or, perhaps pref-
erably, with small molecule QPCTL inhibitors, as such inhibitors
will not affect the preformed CD47 molecules on incoming cells.
In future work, the concept of enhancing cell engraftment by
transient targeting of an endogenous cell pool may conceivably
be extended toward other (stem) cell therapies.

Clinical data that evaluate the potential of CD47 blockade
have started to emerge. Evaluation of the combination of
CDA47 blockade with anti-CD20 treatment has yielded particu-
larly promising data in patients with anti-CD20 refractory
diffuse large B cell ymphoma (DLBCL) and follicular lymphoma,
with a 50% objective response rate, and a 36% complete
response rate (Advani et al., 2018). In addition, early results
suggest that the combination of CD47 blockade with azaciti-
dine leads to significant activity in myelodysplastic syndrome
(Chao et al., 2020). Next to the use of CD47 pathway inhibitors
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in oncology, cellular therapies, and possibly fibrosis and
atherosclerosis, interventions that enhance pathway activity
may also be of value in certain settings. Specifically, overex-
pression of CD47 on induced pluripotent stem cells (iPSCs),
in combination with MHC class | and class |l gene inactivation,
was shown to render cells “hypoimmunogenic,” thereby
enabling cell transplantation across MHC barriers (Deuse
et al., 2019). These data provide the first tantalizing evidence
indicating that enhancement of the CD47-SIRPa. axis is likely
to have biomedical value, and use in e.g., off-the-shelf CAR
T cells would seem of potential interest.

Concluding Remarks

The CD47-SIRPa axis is a key regulator of cell fate in a number of
conditions and hence an attractive therapeutic target. To opti-
mally exploit this axis as therapeutic target, it will be valuable
to increase our understanding on the nature of the activating sig-
nals that are counterbalanced by the CD47-SIRPa axis in
different cell systems. In addition, it will be important to deter-
mine by which mechanisms the strength of the SIRPa-mediated
inhibitory signal is regulated. Finally, it will be critical to design
therapeutic strategies that modify the relative strength of acti-
vating signals and the SIRPa-mediated inhibitory signal in
either a time-dependent, location-specific, or cell type-specific
manner. Strategies that manipulate the CD47-SIRPa axis are
starting to show an intriguing clinical signal, and an improved un-
derstanding of how to steer the balance between this axis and
the activating signals that cells receive is likely to increase the
scope of clinical application.
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