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Abstract: CD47 belongs to immunoglobulin superfamily and is widely expressed on the
surface of cell membrane, while another transmembrane protein SIRPa is restricted to the
surface of macrophages, dendritic cells, and nerve cells. As a cell surface receptor and
ligand, respectively, CD47 and SIRPa interact to regulate cell migration and phagocytic
activity, and maintain immune homeostasis. In recent years, studies have found that immu-
noglobulin superfamily CD47 is overexpressed widely across tumor types, and CD47 plays
an important role in suppressing phagocytes activity through binding to the transmembrane
protein SIRPa in phagocytic cells. Therefore, targeting CD47 may be a novel strategy for
cancer immunotherapy, and a variety of anti-CD47 antibodies have appeared, such as
humanized 5F9 antibody, B6H12 antibody, ZF1 antibody, and so on. This review mainly
describes the research history of CD47-SIRPa and focuses on macrophage-mediated CD47-
SIRPa immunotherapy of tumors.

Keywords: immunotherapy, CD47, SIRPa, macrophage, tumor

Introduction

Traditional treatments for cancer mainly include surgery, radiation therapy, and
chemotherapy. Surgical treatment can quickly remove tumor tissues, but it is only
suitable for early lesions and may cause the proliferation and metastasis of cancer
cells. Surgery is a high-risk and traumatic treatment. Few tumor types that can be
completely cured by chemotherapy alone mainly include testicular seminoma,
chorionic epithelial cancer, and acute lymphocytic leukemia; meanwhile, tumors,
such as early nasopharyngeal cancer, laryngeal cancer, and partial skin cancer, can
be cured by radiotherapy alone. For other tumors, chemoradiotherapy is an adjuvant
treatment used to improve the effectiveness of surgical treatment or an alternative
treatment for advanced cancer without surgical indications. In general, existing
therapies fail to treat all types and stages of cancer and may reduce the quality of
life for survivors. Cancer treatment remains a clinical challenge due to the limita-
tions of traditional treatment modalities and their adverse effects. In this regard,
scholars have developed methods with high efficacy and few side effects, and
immunotherapy has emerged as the most promising research field.'

Considerable progress has been achieved in T cell immunotherapy, but this treat-
ment has off-target effects and a series of toxic side effects, such as cytokine release
syndrome and neurotoxicity; as such, increasing number of studies has focused on anti-
CD47 immunotherapy. In recent years, scholars have reported the increased expression

of CD47 on different types of tumor cells and that tumor growth and metastasis can be
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inhibited significantly by blocking the interaction between
CDA47 and signal-regulating protein alpha (SIRPa). Hence,
the CD47-SIRPa pathway can be used as a therapeutic target
for tumors.”

Structure

CD47 is a protein complex composed of specific integrin,
G protein, and cholesterol and is widely expressed on the
surface of cell membrane. The ligand for CDA47 is the
SIRPa chain, a transmembrane protein, whose extracellu-
lar region contains three immunoglobulin superfamily-like
regions and the N-terminal region mediates binding to
CD47. SIRPa is expressed on the surface of macrophages,
dendritic cells, and nerve cells; regulates cell migration
and phagocytic activity; and maintain immune homeosta-
sis through the contact between cell surface receptors and
ligands. The binding of CD47 to SIRPa can generate
inhibitory signals, thereby reducing the activity of macro-
phages and suppressing the non-specific immune system.

Mechanisms of Action
The interaction of CD47 and SIRPa plays an important role
in regulation of the immune system by mediating
B-lymphocyte adhesion to unactivated endothelial cells,
regulating B-cell aggregation, and participating in
B-lymphocyte regeneration.” In addition, the interaction of
CDA47 and fusion receptor SIRPa on the surface of macro-
phages is involved in the fusion and multinucleation of
macrophages; this step is a key in differentiation of macro-
phages into osteoblasts and giant cells.* The intracellular
domain of SHRP has a typical immune-receptor tyrosin-
based inhibitory motif (ITIM), which can be phosphory-
lated after the interaction of CD4 and SHRP. SIRPa with
phosphorylated ITIM binds to and activates SH2-domain-
containing protein tyrosine phosphatase SHP-1 or SHP-2,
which inhibits the accumulation of myosin-II at the phago-
cytic synapse, thereby transmitting inhibitory signals and
inhibiting phagocytosis of macrophages.® CD47 and
SIRPa also participate in migration of monocytes across
cerebral endothelium in development of neuroinflammatory
diseases. SIRPa-CD47-mediated transendothelial migra-
tion involves Gi protein activity, which is a known signaling
component of CD47. Finally, the cross-linking of CD47 on
cerebral endothelium induces the cytoskeletal reorganiza-
tion of endothelium; this process does not involve the Gi
protein.”

Research has reported the relatively stable interaction
between CD47 and a 11 bB; or av B3 on platelets, oy 3 on

melanoma cells, and a,f; on smooth muscle cells and
platelets; this interaction promotes the activation and
aggregation of platelets as well as the chemotaxis of
tumor cells and smooth muscle cells.® In addition, CD47
binds to thrombospondin-1 (TSP-1) and regulates integrin
activity. TSP is an adhesion glycoprotein, and the proto-
type member TSP-1 is the most studied in this family.’
besides SIRPo, CD47 can
a variety of molecules and regulate certain functions. It

Therefore, interact with
would also be helpful to explain how these functions alter
tumor immunity.

Evolution

Fujioka et al’ found that SHPS-1 is a novel membrane
glycoprotein and reported for the first time that SIRPa is
SHPS-1. Motegi et al'® demonstrated that the expression
of CD47 increased with enhanced tumor cell invasion, and
CDA47 is physically and functionally associated with vitro-
nectin receptor (VnR)-a,f3 integrin, which plays an
important role in tumor cell invasion. Motegi et al proved
that CD47-Fc fusion protein or anti-SHPS-1 Abs inhibits
the invasion and metastasis of human melanoma cells by
blocking CD47-SIRPa interactions.

Subsequent research on the interaction of CD47-SIRPa
has emerged, and increasing lines of evidence showed that
the blocking of CD47-SIRPa interactions could be used in
cancer treatment. Kikuchi et al'' demonstrated that the ligation
of CD47 antigen by two antigen-binding sites of MABL dimer
is required for inducing apoptosis. MABL is a constructed
single-chain antibody fragment (scFv) of murine monoclonal
antibody, which specifically binds to human CD47. This
apoptosis-inducing dimer appears to be a lead candidate for
novel cancer treatment. Vignery'? found that macrophages are
present in all tissues and that CD47 is ubiquitously expressed,;
the macrophage fusion receptor and its ligand CD47 may
mediate the homotypic fusion of macrophages and allow for
their recognition as “self” before fusion. This study is the first
to elaborate CD47-SIRPo. macrophage-mediated immunother-
apy of tumors. Scholars have clarified the mechanism of action
of CD47-SIRPo, and macrophage-mediated tumor immu-
notherapy has gained increasing attention. CD47 may play
an inhibitory role in NK cell-mediated cytotoxicity against
cancer cells, suggesting the possible mechanism of immune
escape in human cancers.

Another discovery is that CD47 inhibits tumor angio-
genesis and regulates long-term vascular responses in
tumors by mediating the production of thrombospondin 1
(TSPI).]3 A mouse experiment suggested that the
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blockade of CD47 signaling can delay tumor growth and
that CD47 may be a target for immunotherapy in human
acute myeloid leukemia.'* The interaction between CD47
and SIRPa prevents the phagocytosis of macrophages,
while CD47-blocking Abs enhances the engulfment of
tumor cells by antigen-presenting cells; CD47-SIRPa sig-
naling system may be a direction for treatment of various
cancers, autoimmune diseases, and skeletal diseases.'’

In 2015, anti-CD47 Abs and anti-SIRPa Abs have been
discovered and used in CD47-mediated immunotherapy.
Humanized 5F9 antibody (Hu5F9-G4), a novel monoclo-
nal anti-human CD47 antibody, can induce potent macro-
phage-mediated phagocytosis of primary human acute
myelocytic leukemia (AML) cells and completely elimi-
nate these cells in vivo. At present, HuSF9-G4 has entered
the clinical trials in patients with AML and solid
tumors.'®!'” In 2016, a fully human anti-CD47 blocking
antibody ZF1 was reported by Zeng. ZF1 is comparable
with humanized anti-CD47 blocking antibody B6H12 in
terms of high specificity and affinity for CD47; ZF1 can
even induce stronger phagocytosis of leukemic cancer
cells by macrophages than B6HI12 in vitro.'® In the
same year, Gizem' reported that the diminishing interac-
tion of CD47-SIRPa can enhance the killing of macro-
phages on tumor cells. Monoclonal Abs, such as anti-

In 1996,SIRPa
has been

In 2003,blocking In 2005,
CD47-SIRPa macrophage-

In 2009,mouse experiments
showed that CD47 is a

SIRPo Abs, anti-CD47 BRIC126 Abs, and anti-CD47
B6H12 Abs, can promote macrophage phagocytic activity
and inhibit tumor cell growth and metastasis.*

CD47 was found to be a potential therapeutic target for
diffuse malignant mesothelioma, and its binding to SIRPa
on macrophages can inhibit phagocytosis.”! Moreover,
data on mouse research showed that CD47-CAR-T cells
can kill cancer cells, such as ovarian cancer cells and
digestive tumor cells.*? In 2018, 4-methylumbelliferone
(4Mu) can downregulate the expression of CD47 (marker
of tumor cells and cancer stem cells) in hepatocellular
carcinoma, resulting in enhanced phagocytosis of antigen-
presenting cells and elicited potent cytotoxic-specific
T cell response.”> Recent studies on mice have shown
that the blockade of CD47-SIRPa interaction not only
enhances the phagocytic activity of phagocytes against
tumor cells but also promotes the stimulation of tumor-
specific cytotoxic T cells by macrophages or dendritic
cells** (Figure 1). Many animal experiments on CD47
immunotherapy of tumors have emerged, and researchers
believe that CD47 immunotherapy could be a novel strat-
egy for tumor treatment and metastasis prevention. The
above description of CDA47-
SIRPa (Table 1).

is the time progress

In 2017,CD47 became a

In 2015,CD47 blocking . i L
potential therapeutic target

antibodies enhance

recogized by interaction can  mediated CD47- therapeutic antibody target « I by for diffuse malignant
everyone as inhibit tumor cell SIRPa tumor for human acute myeloid Hmor eng-\ ! me.m Y mn mesothelioma,ovarian cancer
SHPS-1 invasior immunotherapy  leukemia stem cells antigen-presenting cells 4 oTler cancers

In 1999.high In 2004.mouse In 2008,CD47 In 2014, the In 2016,a fully human Since 2018,more and more

expression of CD47 monoclonal may play an
enhances tumor cell antibody
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human CD47  cytotoxicity
can induce against cancer
leukemia cell ~ cells
apoptosis

Figure | The timeline of the key discoveries.

Table | Targeted CD47/SIRPo Antibody Research in Recent Years

interaction of CD47 anpti-CD47 blocking
inhibitory role in  With SIRPa
combined with NK cell-mediated Pprevents the
phagocytosis of
macrophage

experiments proved that the
blocking of CD47-SIRPa
interaction enhanced the
phagocytic activity of
phagocytes toward tumor
cells in vitro

antibody can induce
phagocytosis of
leukemia cells in vitro
by macrophages

Year Product Ab Diseases

2015 Hu 5F9-G4 Anti-CD47Ab(IgG4) Solid tumors, non-Hodgkin’s lymphoma, acute myeloid leukemia, myelodysplastic syndrome

2017 CC-90002 Anti-CD47Ab(IgG4) Solid tumors, non-Hodgkin’s lymphoma, acute myeloid leukemia, myelodysplastic syndrome
TTI-621 SIRPa-Fe(IgG1) Solid tumors, acute myeloid leukemia

2018 ALX148 Anti-SIRPa(IgG | Fc) Solid tumors, hematopoietic malignancies

2019 AO0-176 Anti-CD47Ab(IgG4) Solid tumors, hematopoietic malignancies

2020 HuNbl-1gG4 Anti-CD47Ab(IgG4) Lymphoma, Ovarian cancer
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Anti-Tumor-Related Research

CD47 works as a “don’t eat me” signal to inhibit phago-
cytic function by binding to SIRPa on phagocytes. SIRPa
is particularly abundant on macrophages, while the expres-
sion of CD47 is ubiquitous in normal cells and increases
significantly in cancer cells to evade immune surveillance
(Figure 2). Studies have shown that the blockade of CD47-
SIRPa interaction enhances the phagocytic activity of
macrophages and other phagocytes in tumor,>* such as
microglia, the innate immune effector cell in the central
nervous system, is activated after the use of CD47 inhibi-
tors, and participates in tumor suppression. However, the
mechanism of targeting CD47 is not well understood.
Antibody-dependent cell-mediated cytotoxicity (ADCC)
and Fc-independent CD47 intrinsic functions are the

most recognized mechanisms involved in anti-CD47 ther-
apy, but which of the two factors predominates has not
reached a consensus. Given the wide expression of CD47,
if ADCC is predominant, then the possibility of on-target
toxicity to healthy cells increases. A tolerable toxicity in
anti-CD47 therapy may be achieved with a compromise in
efficacy. In addition, targeting SIRPa may provide a way
to overcome on-target toxicity to healthy cells due to the
limited tissue expression of SIRPa.?>?® If Fc-independent
CD47 intrinsic functions predominate, then ADCC should
be separated from CD47 blockade and CD47 Abs, which
has minimal ADCC, should be combined with other Abs
that function depending on strong ADCC effects.

Since performing bone marrow transplantation has
become possible, leukemia has changed from being an

A
[}
SIRP a
——aw
CD47
Macrophage Cancer cell
B Phagocytosis
-~ =TEESSL
L ~
7 NS
’ N
: !
Anti- CD47 Ab
SIRP a %
Anti-SIRP a Ab cD47 O
Macrophage Cancer cell

Figure 2 (A) CD47-SIRPa interaction blocks macrophage phagocytosis of cancer cells. (B) Treatment of cancer cells treated with anti-CD47/SIRPa Ab induces phagocytosis

by macrophage.
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incurable disease to a treatable one, and the cure rate has
increased significantly. However, bone marrow resources
are very scarce, and a large number of patients fail to find
a suitable donor that has bone marrow that matches to
human lymphocyte antigens. Even if bone marrow trans-
plantation is successful, the recurrence rate is as high as
70% within 5 years. All these limitations on treatment of
leukemia have led scholars to focus on leukemia immu-
notherapy; as such, CD47-mediated immunotherapy has
received considerable attention in recent years. Elevated
expression of CD47 has been observed in murine myeloid
leukemia, human acute lymphoblastic leukemia, acute
myeloid leukemia, and multiple myeloma and is consid-
ered to be related to the progression and deterioration of
these diseases.”> Several experiments showed that anti-
CD47 monoclonal antibodies stimulate the preferential
phagocytosis of leukemia stem cells by mouse macro-
blocking of CDA47-SIRPa may be
a potential therapeutic approach for leukemia (especially

phages; hence,
acute myeloid leukemia).?®2° Moreover, the blockade of
SIRPa may enhance the Ab-dependent cellular phagocy-
tosis (ADCP) activity of mouse macrophages on Burkitt’s
30-32 CD47-SIRPa triggers
a cascade of events that inhibit phagocytosis, and using

lymphoma cells. Overall,
anti-CD47 Abs may become a novel approach for treat-
ment of hematological malignancies.*

Tumors in the digestive tract of humans have become
increasingly prominent given the prolonged average life
span of humans and the combined effect of various factors,
such as dietary habits. Approximately 300,000 people
worldwide die from esophageal cancer (EC) each year;
EC is a common gastrointestinal tumor and the leading
cause of cancer-related death. Current standard treatments
include the combination of surgery, chemotherapy, and
radiation therapy; however, the five-year survival rate of
patients with advanced EC remains poor.* The use of
CD47 Abs can block CD47 signaling and enhance the
phagocytosis of phagocytes; as such, CD47 Abs provides
new opportunities for treatment of EC.*> In addition,
scholars have focused on the application of CDA47-
mediated immunotherapy to other digestive system
tumors, such as pancreatic cancer, colon cancer, and virus-
driven gastric cancer.’>*¢

As environmental pollution becomes increasingly ser-
ious, the incidence of skin cancer also increases. When
traditional treatment is ineffective for highly malignant and
metastasized skin cancer (such as cutaneous squamous cell
carcinoma and cutaneous T-cell lymphoma), the blockage of

CDA47-SIRPa by anti-CD47 Abs or anti-SIRPa Abs has been
regarded as target for therapeutic strategy.’’ *

Ovarian cancer, which is the most lethal gynecological
malignancy, is usually asymptomatic at the early stages of
the disease but is only diagnosed at advanced stages.
Ovarian cancer usually spreads intraperitoneally due to
the unique anatomical characteristics of the ovary.
Several experiments showed that CD47 may be a reliable
biomarker for predicting the progression of ovarian pre-
cancer and ovarian cancer.*' Macrophages are silenced by
CD47 molecules expressed in tumor cells, allowing them
to escape the killing effect of the immune system. This
phenomenon may be one of the mechanisms of immune
tolerance and the reason for the occurrence and sustainable
development of tumors. Therefore, breaking the immune
signal between tumor cells and macrophages and improv-
ing the ability of macrophages to recognize and kill tumor
cells are research hotspots and cause difficulty in tumor
immunotherapy research; elucidating these processes is the
key to the overall efficacy of immunotherapy.

CD47 participates in tumor immune escape by combin-
ing with SIRPa in other cancers, such as glioblastoma,42

1eiomyosarcoma,43 osteosarcoma,44

24,45

malignant

46 cervical

mesothelioma, non-Hodgkin’s lymphoma,
cancer, ovarian cancer, renal cell carcinoma,*’*° and blad-
der tumor.’® Given that CD47 is widely expressed in
various cancer types, it represents a potential and widely
applicable target for immunotherapy. Using the mechan-
ism of CD47-SIRPa interaction has achieved some success

in anti-tumor research.

Perspectives

Phagocytosis requires simultaneous activation of “eat me”
signals (such as calcium reticulum protein) and disruption
of “don’t eat me” signals. Either of the two events is
insufficient to trigger a phagocytic response against cancer.
CD47, the fundamental “don’t eat me” signal, inhibits
phagocytosis by binding to SIRPa in phagocytes. A large
number of studies have shown that CD47 plays an impor-
tant role in assessment of the diagnosis, treatment, and
prognosis of many tumors (Figure 3).

The ideal situation is the use of monoclonal Abs or
similar molecules to block the CD47-SIRPa signaling
pathway and destroy the “don’t eat me” signal to restore
the phagocytosis of tumor cells by macrophages.”’ When
CD47-related therapeutic drugs kill tumor cells, they will
inevitably and accidentally damage red blood cells, lead-
ing to agglutination.’® In Phase I clinical trials of CD47,
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Figure 3 The value of CD47 in the diagnosis, treatment, and prognosis assessment of various tumors.

anemia and thrombocytopenia have become dose-limiting
toxicity factors. A large number of red blood cells in the
body will become the best covering for tumor cells, and
CD47 drugs will be depleted by red blood cells before
reaching the tumor cells. Therefore, protecting red blood
cells while maximally killing tumor cells is a problem to
be solved. To overcome this problem, different companies
have proposed different solutions. The mainstream prac-
tice represented by Forty-Seven,'* Celgene,*” and Surface
Oncology is to develop an IgG4-type CD47 antibody at
the Fc end, rather than an IgGl type antibody that can
elicit strong ADCC and CDC effects.”® This strategy will
reduce the effect of the antibody on red blood cells and
platelets; however, replacing IgG1 with IgG4 will greatly
impair the killing ability of CD47 monoclonal antibodies
against tumor cells, which may be the reason that Celgene
terminated the clinical trial of CC-90002.>*

The second solution is to reduce the ability of CD47
drugs to bind to red blood cells, thereby avoiding killing of

such cells. The Trillium’s product, TTI-621, is a fusion
protein of the SIRP protein and the Fc end of the antibody.
This protein has weak binding ability to red blood cells,
which may be related to conformational changes in CD47
in the erythrocyte membrane. However, TTI-621 can still
bind to human platelets and leukocytes, resulting in throm-
bocytopenia or leukopenia.®

Another idea is to completely abandon the potent
ADCC effect of CD47 antibodies and only use the biolo-
gical effects of CD47-SIRPa itself to release the anti-
tumor potential of macrophages. For example, ALX148
developed by ALX Oncology uses a Fc end that is not
biologically active;’® AO-176 induces macrophages to
engulf tumor cells by blocking CD47-SIRPa.”” HuNbl-
IgG4, an innovative anti-CD47 nanobody, can enhance the
macrophage-mediated phagocytosis of tumor cells.’® In
this case, CD47 drugs must be used in combination with
other drugs, especially drugs where the ADCC effect is the
main factor that determines the phagocytosis and anti-
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tumor activity of macrophages and natural killer cells, or
with systematic PD-1/PD-L1 inhibitor drugs that can reg-
ulate immunity. What is more, simultaneous blocking of
CD47 and PD-LI1 increases innate and adaptive cancer
immune responses and cytokine release.’® The evidence
is the positive clinical results of using the combination of
HuS5F9-G4 and Maebro announced by Forty-Seven. In
addition, bispecific Abs based on CD47 is a possible
development direction.

Given the specificity of the CD47 target, developing it
as an effective and safe drug is difficult. With the devel-
opment of nanomaterials, nanotechnology has been suc-
cessfully applied in the field of medicine, especially in
drug production and pharmacology. Nanotechnology can
directly employ the arrangement of atoms and molecules
to manufacture drugs with specific functions, leading to
sophisticated pharmaceutical production. Based on the
special properties of nanoparticles, their surface can be
modified to form a targeted, controlled-release, and easy-
to-detect sole drug delivery carrier, so the drug can be
easily transferred to the human body to kill cancer cells;
this strategy could be a new method for treating local
lesions in the body.

Nanoparticles synthesized with CD47mAb attached to
the surface have immunoglobulin targeting function and
high safety. CD47mAb blocks CD47-SIRPa by binding to
CD47, thereby activating macrophage immune activity
and mediating nanoparticles to enter into cells. In addition,
the nanoparticles are transformed into M1 type by indu-
cing tumor-associated macrophage M2 type. The dead
tumor cells release antigens, proteases, reactive oxygen
species, and cytokines to further attract and activate
macrophages.®

Conclusions

Collectively, CD47 is overexpressed widely across tumor
types and the blockade of CD47-SIRPa interaction
enhances the phagocytic activity of phagocytes on tumor
cells. Targeting CD47 may be a promising cancer treat-
ment. However, the existence of some factors has led to
overestimation of the efficacy of anti-CD47 treatment in
preclinical models, and due to heterogeneity, the efficacy
of different tumors varies greatly. At this time, the true
clinical effect may be difficult to compare with the results
of animal experiments, so it is necessary to carefully select
the appropriate patient based on the expression and aggre-
gation of CD47. Currently, researchers are also facing
huge challenges brought about by the CD47 target, such

as the challenge of blood toxicity on drug design and the
challenge of clinical dose tolerance of the target drug.
Further research is still needed to explore safer and more
effective anti-CD47-SIRPa antibody types.
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