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Abstract
CD47, a transmembrane protein, acts as a “do not eat me” signal that is overexpressed in many tumor cell types, thereby 
forming a signaling axis with its ligand signal regulatory protein alpha (SIRPα) and enabling the tumor cells to escape from 
macrophage-mediated phagocytosis. Several clinical trials with CD47 targeting agents are underway and have achieved 
impressive results preliminarily. However, hematotoxicity (particularly anemia) has emerged as the most common side effect 
that cannot be neglected. In the development of CD47 targeting agents, various methods have been used to mitigate this 
toxicity. In this review, we summarized five strategies used to alleviate CD47 blockade-induced hematotoxicity, as follows: 
change in the mode of administration; dual targeting bispecific antibodies of CD47; CD47 antibodies/SIRPα fusion proteins 
with negligible red blood cell binding; anti-SIRPα antibodies; and glutaminyl-peptide cyclotransferase like inhibitors. With 
these strategies, the development of CD47 targeting agents can be improved.

Keywords CD47/SIRPα · Anemia · Phagocytosis checkpoint · Macrophages · Immunotherapy

Abbreviations
ADCC  Antibody-dependent cell-mediated cytotoxicity
ADCP  Antibody-dependent cellular phagocytosis
CD19  Cluster of differentiation 19
CD20  Cluster of differentiation 20
CD47  Cluster of differentiation 47
CTLA-4  Cytotoxic T lymphocyte-associated molecule-4
DLBCL  Diffuse large B-cell lymphoma
EGFR  Epidermal growth factor receptor
HER2  Human epidermal growth factor receptor-2
MTD  Maximum tolerated dose
PD-1  Programmed cell death receptor-1

PD-L1  Programmed cell death ligand-1
QPCT  Glutaminyl-peptide cyclotransferase
QPCTL  Glutaminyl-peptide cyclotransferase like
RBC  Red blood cell
SIRPα  Signal regulatory protein alpha
SIRPβ  Signal regulatory protein beta
SIRPγ  Signal regulatory protein gamma
TAA   Tumor-associated antigens

Introduction

Immunotherapy, particularly targeting with immune check-
point inhibitors, is the most significant advancement in 
antitumor therapy (Sharma and Allison 2015). Blocking T 
cell inhibitory pathways (such as CTLA-4, PD-1, PD-L1, 
and others) to activate effector T cell and enhance anti-
tumor immune responses has been successfully used in 
clinic. However, due to the low response rate, the majority 
of cancer patients still cannot benefit from them. Besides, 
many patients who initially responded to these treatments 
ultimately developed drug resistance and progressive dis-
ease (Ribas and Wolchok 2018). Although research works 
focused on promoting adaptive immune antitumor responses, 
an increasing number of studies are exploring approaches 
that activate innate immune cells, such as macrophages. 
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Macrophages engulf and eliminate tumor cells, and this 
process is known as phagocytosis (Freeman and Grinstein 
2014). After phagocytosis, macrophages can also activate T 
cells by presenting antigen and bridging innate and adaptive 
immunity. CD47, a glycosylated five-transmembrane pro-
tein, also known as integrin associated protein, was recently 
found to be involved in a range of cellular process, including 
apoptosis, proliferation, adhesion and migration (Liu et al. 
2020). Furthermore, CD47 functions as a “don’t eat me” 
signal and is highly expressed in many tumors. After the 
extracellular segment of CD47 combines with the ligand 
signal regulatory protein alpha (SIRPα) expressed on mac-
rophages, the immunoreceptor tyrosine-based inhibitory 
motifs in cytoplasmic domain of SIRPα are phosphorylated. 
Then the Src homology region 2-domain-containing phos-
phatase-1 and -2 are recruited and activated. Finally, tumor 
cells send inhibitory signals to macrophages and prevent 
phagocytosis and tumor antigen presentation (McCracken 
et al. 2015; Feng et al. 2019). Therefore, targeting CD47 is 
a new and important strategy in antitumor immunotherapy.

Hu5F9-G4 (magrolimab) is the first CD47 antibody which 
has entered clinical development and produced encouraging 
results preliminarily. Of the patients with relapsed or refrac-
tory non-Hodgkin’s lymphoma, 50% had objective response, 
and 36% had complete response (Advani et al. 2018). In 
myelodysplastic syndrome, magrolimab in combination with 
azacitidine had 91% objective response, with 42% achieving 
complete remission (Sallman et al. 2019). Based on this, the 
FDA granted breakthrough therapy designation for magroli-
mab. Recently, the SIRPα-IgG1 Fc, TTI-621 also exhibited 
promising prospects in patients with relapsed or refractory 
hematologic malignancies; for DLBLC patients, the objec-
tive response rate was determined to be 29% (Ansell et al. 
2021). Moreover, several other approaches targeting the 
CD47/SIRPα pathway were implemented. At present, more 
than 20 CD47/SIRPα targeting agents (Table 1) have pro-
ceeded to active phase I/II/III clinical trials, which involved 
hematological malignancies and solid tumors. However, 
with the release of safety profiles, anemia has emerged as 
the most common dose-related toxicity when these agents 
were used as monotherapy or in combination, exactly as 
preclinical studies indicated (Buatois et al. 2018; Liu et al. 
2015; Olsson and Oldenborg 2008). Mechanistically, CD47 
is overexpressed in tumor cells (Willingham et al. 2012; 
Jaiswal et al. 2009), and expressed in normal cells, such 
as red blood cells (RBCs) and blood platelets; it represents 
a self-signal to protect normal cells from phagocytosis by 
macrophages (Oldenborg et al. 2000). Blocking CD47 would 
result in macrophage engulfing the RBCs. Moreover, admin-
istration of CD47 antibodies targeting RBCs induced anti-
body-dependent cellular phagocytosis (ADCP). A reaction 
known as hemagglutination also plays an important role in 
CD47 antibody-induced anemia. Hemagglutination is a form 

of RBCs agglutination that is caused by antibodies, lectins, 
and viral proteins (Muramatsu et al. 2014; Rizzo et al. 2014). 
In the presence of CD47 antibody, random binding to CD47 
could occur on the membrane of different RBCs, thereby 
further accelerating their clearance (Fernandes et al. 2011) 
(Fig. 1). Therefore, balancing the improvement of antitu-
mor efficacy and mitigating the potential toxicity of hema-
tology, especially anemia, is among the critical concerns in 
the development and clinical application of CD47 targeting 
agents. In this review, we summarized and discussed the 
five most promising strategies to diminish CD47 blockade-
induced hematotoxicity. 

The change in the mode of administration

A low priming dose of CD47 antibody, which induces com-
pensatory reticulocytosis (an increase in reticulocytes due 
to the increase in marrow activity) to replace RBCs loss, 
could effectively alleviate anemia (Fig. 2A). Hu5F9-G4, a 
CD47-blocking monoclonal antibody with humanized IgG4, 
has been successfully applied at a low priming dose of 1 mg/
kg and a higher maintenance dose of 30–45 mg/kg to miti-
gate anemia. In preclinical toxicology studies, the major 
dose-limiting toxicity was anemia; this could be alleviated 
using a low priming dose and a higher maintenance dose. 
The results indicated that non-human primates could toler-
ate Hu5F9-G4 doses up to 300 mg/kg, but no maximum 
tolerated dose (MTD) was reached (Liu et al. 2015). In a 
phase I clinical trial that evaluated safety, pharmacokinet-
ics, and pharmacodynamics, Hu5F9-G4 was used alone in 
patients with advanced cancers, including solid tumors and 
lymphoma. No MTD was reached in 62 patients. Hemato-
logic toxicities occurred as follows without apparent clinical 
consequences: transient anemia (fall in hemoglobin 1–2 g/
dL) in 57% of patients; and hemagglutination on peripheral 
blood smear in 36% of patients (Sikic et al. 2019). In another 
phase Ib clinical trial, the use of Hu5F9-G4 synergizing with 
rituximab for the treatment of relapsed or refractory non-
Hodgkin’s lymphoma resulted in an objective response rate 
of 50% with 36% complete response, this administration 
caused predictable and transient mild anemia of grade 1 or 2 
primarily in the first week of the priming dose (Advani et al. 
2018). The results of a phase Ib clinical trial to assess toler-
ability and efficacy of magrolimab plus azacytidine in mye-
lodysplastic syndrome and acute myeloid leukemia patients 
also indicated that the safety of the combo was similar to 
that of azacytidine alone (Sallman et al. 2020). Moreover, a 
randomized, double-blind, placebo-controlled multicenter 
phase III study is being conducted to compare the effects 
of treatment with magrolimab plus azacitidine and placebo 
plus azacitidine in untreated patients with myelodysplastic 
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syndrome; results would further confirm efficacy and safety 
of the treatment (NCT04313881).

Mechanistically, a lower priming dose leads to prior 
clearance of aged RBCs by macrophages. However, rapid 
compensatory reticulocytosis immediately follows, and 
younger RBCs are released into the blood circulation. 
These young RBCs do not express significant pro-phago-
cytic signals that have accumulated on older RBCs and are 
thus less affected by Hu5F9-G4 (Arias and Arias 2017). 
Therefore, despite higher continued Hu5F9-G4 dosing, 
hemoglobin levels remained stable or declined slightly 
after the first week. Moreover, broadly expressed CD47 
in RBCs indicates that large doses or frequent adminis-
tration may be required, i.e., the so-called “antigen sink” 
effect and may promote the metabolization of CD47 anti-
body. The phase I clinical trial data of Hu5F9-G4 showed 
that even the dose of 10 mg/kg also exhibited nonlinear 
PK, indicating that the administration of a high dose was 
necessary to achieve 100% receptor occupancy (Agoram 
et al. 2018). In most patients, anemia gradually allevi-
ated and the level of hemoglobin returned to baseline, as 
the circulating RBCs shifted to a younger age. Moreover, 
a novel process called RBC pruning may also illustrate 
the schedule of administration. The initial lower priming 
dose of Hu5F9-G4 rapidly reduced CD47 expression on 
the surface of RBCs, and then these pruned RBCs were 
unaffected by subsequent Hu5F9-G4 dosing. However, the 
specific mechanism is unclear and needs to be further stud-
ied (Chen et al. 2018).

Dual targeting bispecific antibodies of CD47

Dual targeting bispecific antibodies can be designed to 
target both tumor-associated antigens (TAA) and CD47, 
thereby reducing the binding of CD47 expressed in normal 
cells (Fig. 2B). TAA and CD47 bispecific antibodies with 
Fc-dependent killing function, can effectively kill tumor 
cells and prevent damage on erythrocytes that express 
CD47, thereby improving the safety of CD47 blocking 
therapy.

CD19 is a B cell-specific marker and is widely 
expressed in B cell malignancies (Katz and Herishanu 
2014). TG-1801, a CD47/CD19 bispecific antibody with 
humanized IgG1 developed by TG Therapeutics, is now 
undergoing phase I clinical trial in B cell lymphoma 
(NCT03804996). Dheilly et al. (2017) developed a CD47/
CD19 bispecific antibody that showed higher binding affin-
ity to B cell lymphoma than CD47 monoclonal antibody. 
The better efficacy of CD47/CD19 bispecific antibody in 
phagocytosis experiments was demonstrated using human 
macrophages and in vivo experiments in mice. Even at 
the highest concentration of 150 μg/mL, the CD47/CD19 Ta
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bispecific antibody rarely bound to erythrocytes. Incuba-
tion of the bispecific antibody with whole blood showed 
that the plasma concentration of the antibody was not sig-
nificantly reduced by cell adsorption, confirming the low 
possibility of interacting with human erythrocytes. The 
antibody also maintained its blood concentration instead 
of being cleared quickly in cynomolgus monkeys. The lat-
ter studies further indicated that the appropriate weaken-
ing of the binding capacity of the CD47/CD19 bispecific 
antibody to CD47 could reduce the binding to CD19 nega-
tive cells and improve the safety of the bispecific antibody 
(Buatois et al. 2018; Dheilly et al. 2018). To be specific, 
the CD47/CD19 bispecific antibody that weakly binds to 
CD47 showed less binding to mouse erythrocytes in vitro 
and exhibited less effect on mouse RBCs value in vivo. In 
cynomolgus monkeys, the CD47/CD19 bispecific antibody 
with strong and weak CD47 binding ability had clearance 
values of 18.24 and 12.24 mL/day/kg, respectively. The 
bispecific antibody with weak CD47 binging ability also 
showed a higher initial serum concentration.

Anti-CD47/CD20 is another type of bispecific anti-
body that is used in the treatment of B cell lymphoma, 
it corresponds to the clinical application of anti-CD20 
monoclonal antibody rituximab (Mohammed et al. 2019). 
IMM0306, a CD47/CD20 bispecific antibody with IgG1 
developed by ImmuneOnco, is now undergoing phase I 
clinical trial in lymphoma (CXSL1900097). Piccione et al. 
(2015) reported that the CD47/CD20 bispecific antibody 
selectively bound to dual positive B lymphoma cells, 

promoted phagocytosis of various B lymphoma cells by 
macrophages and inhibited tumor growth in mouse. When 
CD20 positive tumor cells are mixed with excess eryth-
rocytes and incubated with the bispecific antibodies, the 
antibodies selectively bind to the tumor cells, but not to 
the erythrocytes. A similar design is shown in the fusion 
of the SIRPα protein targeting CD47 with the rituximab 
targeting CD20 to generate a bispecific antibody, that is 
selectively bound to tumor cells and to reduce the tumor 
burden in mouse xenograft lymphoma models (Piccione 
et al. 2016). Binding to erythrocytes of human or cyn-
omolgus monkey was not detected at a bispecific antibody 
concentration of up to 500 μg/mL in vitro. The single dose 
of 3, 10, or 30 mg/kg bispecific antibody in cynomolgus 
monkey did not cause the obvious reduction of erythro-
cytes and hemoglobin within 2 weeks. Ma et al. (2020) 
developed a CD47/CD20 bispecific antibody consisting of 
anti-CD47 nanobody and rituximab. This bispecific anti-
body showed more preferential binding to lymphoma cells 
in the competition binding assay that involved Raji cells 
and erythrocytes.

In addition, CD47 bispecific antibodies have been studied 
in solid tumors. The CD47/EGFR bispecific antibody could 
target human epidermoid carcinoma A431 cells, thereby 
promoting the phagocytosis of macrophages and improv-
ing the treatment in xenograft tumor models (Yang et al. 
2018). Meanwhile, the significant reduction of RBCs was 
not obvious in mice after CD47/EGFR bispecific antibody 
treatment at a dose of 10 or 40 mg/kg. The dual-targeting 

Fig. 1  Anti-CD47 antibodies induce hematotoxicity. A Anti-CD47 antibodies activate phagocytosis of RBCs by macrophages. B Anti-CD47 
antibodies bind to different RBCs to cause RBC agglutination. Ab antibody, MΦ macrophage
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fusion proteins formed with PD-L1 antibody and SIRPα 
recombinant protein can target CD47 and PD-L1, simul-
taneously blocking the two inhibitory signaling pathways 
of CD47/SIRPα in innate immune and PD-1/PD-L1 in 

adaptive immunity. The dual-targeting fusion proteins could 
bind to several solid tumor cells and inhibit the growth of 
colon cancer MC38 cells in the mouse tumor model (Liu 
et al. 2018a,b). In terms of safety, the dual-targeting fusion 

Fig. 2  Strategies to diminish CD47 blockade induced hematotoxicity. 
A The priming low dose of CD47 antibody is administered to elimi-
nate aged RBCs and lead to compensatory of reticulocytes. A higher 
maintenance dose is administered for better treatment. B Dual-target-
ing bispecific antibodies that target both tumor-associated antigen and 
CD47 can reduce RBCs binding while ensuring the binding to tumor 
cells. C CD47 antibodies/SIRPα fusion proteins with negligible RBC 

binding can reduce hematotoxicity. D Anti-SIRPα antibody does not 
eliminate RBCs while blocking the CD47/SIRPα pathway. E QPCTL 
inhibitors block the CD47/SIRPα pathway by altering the post-trans-
lational modification of CD47 and do not cause hematotoxicity. Ab 
antibody, MΦ macrophage, TAA  tumor-associated antigen, Fp fusion 
protein, w/o pGlu without pyroglutamate modification
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proteins showed weak binding to erythrocytes in vitro. Thus, 
it did not induce a significant decrease in erythrocytes and 
hemoglobin, thereby maintaining blood concentrations 
in mice. Shi et al. (2020) designed the humanized CD47 
antibody h4C1. Based on this, the CD47/PD-L1 bispe-
cific antibody was further constructed; it displayed safety 
in hemagglutination assay, which is an in vitro assay that 
reflects in vivo hematotoxicity. More specifically, the RBCs 
that link together form a diffuse lattice instead of precipitat-
ing at the bottom of the container to form a red dot in the 
assay (Killian 2014). Compared with the high concentra-
tion of h4C1 which induced agglutination of human eryth-
rocytes, the bispecific antibody did not cause hemagglutina-
tion at the concentration range of 5.65 ng/mL to 1 mg/mL 
(Shi et al. 2020). Innovent Biologics developed the CD47/
PD-L1 bispecific antibody—IBI322, and this antibody 
is now undergoing phase I clinical trials (NCT04338659 
and NCT04328831). In non-human primate studies, RBCs 
reduction rate was less than 20% when IBI322 was used at 
10 mg/kg. However, the same dose of Hu5F9 led to a 35% 
reduction, which indicated that IBI322 had lower hemato-
toxicity than Hu5F9 (Wang et al. 2020a).

For dual targeting bispecific antibodies of CD47, some 
points are worth noting. The weak binding of the bispecific 
antibody to CD47 seems to be important for reducing hema-
totoxicity, but whether it reduces the efficacy of the drug or 
not should be considered. In addition, the differential affinity 
between the CD47-binding arm and the TAA-binding arm 
that enables the bispecific antibody to preferentially bind to 
TAA to achieve specific phagocytic function still needs fur-
ther study. Therefore, maintaining the balance of the binding 
ability of bispecific antibodies to CD47 during drug develop-
ment is necessary. Whether bispecific antibodies cause more 
side effects due to dual targeting needs further elucidation.

CD47 antibodies/SIRPα fusion proteins 
with negligible RBC binding

Some CD47 antibodies can avoid erythrocyte binding and 
selectively bind to tumor cells, thereby reducing hemato-
toxicity (Fig. 2C). TJC4 (TJ011133) is a CD47 antibody 
developed by I-Mab that has differential erythrocytes bind-
ing property. It is a fully human monoclonal antibody with 
IgG4; it is undergoing phase I/II clinical trials in acute mye-
loid leukemia (NCT04202003) and phase I clinical trials 
in lymphoma and solid tumors (NCT03934814). Scientists 
of I-Mab screened CD47 binders from phage libraries and 
transformed them into antibodies. Through a series of func-
tional experiments, TJC4, which has minimal erythrocytes 
binding ability and does not cause hemagglutination, was 
selected (Meng et al. 2019). TJC4 enhances the macrophage 
phagocytosis of Raji cells and human primary acute myeloid 

leukemia cells. The studies in mouse xenograft models of 
Raji B cell lymphoma, HL60 leukemia, WSU-DLCL2 
DLBCL, and patient-derived liver cancer showed that TJC4 
had antitumor ability in vivo. TJC4 showed weak binding of 
human erythrocytes, and the concentrations in the range of 
0.003–100 μg/mL did not cause hemagglutination. In cyn-
omolgus monkeys, a single intravenous injection of TJC4 at 
15 mg/kg did not induce an obvious reduction of erythro-
cytes, hemoglobin and platelets. Even 10–30 mg/kg TJC4 
intravenous injection (once per week for five times) also 
showed minimal decreases in erythrocytes and hemoglobin 
(Meng et al. 2019).

AO-176 is another CD47 antibody that can preferen-
tially bind to tumor cells. It is a humanized monoclonal 
antibody with IgG2 and is developed by Arch Oncology. 
AO-176 is undergoing phase I clinical trial in solid tumors 
(NCT03834948). Puro et al. (2020) reported that AO-176 
promoted the phagocytosis of human macrophages to sev-
eral solid and hematologic tumor cells, thereby inducing the 
apoptosis of tumor cells. Findings showed the in vivo antitu-
mor capability of AO-176 in mouse tumor models. In terms 
of safety, the binding ability of AO-176 to human normal 
cells expressing CD47 was weaker than the binding ability 
to the tumor cells. Binding to RBCs was particularly negli-
gible. AO-176 at 0.017–1000 μg/mL did not cause hemag-
glutination in vitro. In cynomolgus monkeys, the RBCs and 
hemoglobin values were stable after the intravenous injec-
tion of AO-176 (Puro et al. 2020). Moreover, the affinity 
of AO-176 to CD47 under acidic conditions at pH 6.5 was 
much stronger than that at physiological pH (Bouchlaka 
et al. 2018). The pH-dependent binding of AO-176 may 
enhance its targeting to tumor cells rather than erythrocytes 
in vivo due to the acidic conditions in the solid tumors 
microenvironment.

Similar to the CD47 antibody, some SIRPα fusion pro-
teins that target CD47 can also distinguish tumor cells from 
erythrocytes. TTI-621, developed by Trillium, is a fusion 
protein of the CD47-binding domain of wild type SIRPα and 
human IgG1 which is undergoing phase I clinical trials in 
hematologic malignancies and solid tumors (NCT02663518 
and NCT02890368). According to the early clinical trial 
results, TTI-621 showed 36% objective response rate in 
advanced DLBCL and reduced tumor burden in Sézary syn-
drome (a leukemic variant of cutaneous T-cell lymphoma) 
(Ansell et al. 2017; Johnson et al. 2019). Preclinical experi-
ments results indicated that TTI-621 promoted the phago-
cytosis of various human hematological or solid tumor cell 
lines by macrophages, and the phagocytosis of primary 
blood tumor cells (Petrova et al. 2017). The in vivo experi-
ments demonstrated that TTI-621 inhibited acute myeloid 
leukemia and B-cell lymphoma in mouse tumor models. 
Although TTI-621 bound to cynomolgus monkey's eryth-
rocytes and caused anemia in monkey, it was safe to human 
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erythrocytes. TTI-621’s binding ability to human erythro-
cytes was weak, and 0.04–2000 nmol/L of TTI-621 did not 
cause human hemagglutination (Petrova et al. 2017). Stable 
hemoglobin levels and transient thrombocytopenia without 
clinical sequelae were observed in patients infused with TTI-
621 (Ansell et al. 2016, 2017). IMM01, a SIRPα and IgG1 
fusion protein developed by ImmuneOnco, also has minimal 
binding to the CD47 of erythrocytes and is undergoing phase 
I clinical trials in lymphoma (CTR20191531).

Regarding the mechanism of selective binding of the 
CD47 antibodies or SIRPα fusion protein to tumor cells and 
normal cells, TJC4 was able to recognize a unique CD47 
epitope through the crystal structure analysis. This binding 
epitope was masked on erythrocytes due to glycosylation 
modification and could not be fully exposed; thus, TJC4 
did not bind to erythrocytes (Meng et al. 2019). Multiple 
sites in CD47 extracellular IgV domain can be modified 
by glycosylation, which affects its function (Lindberg et al. 
1993; Kaur et al. 2011). Some differences in CD47 glyco-
sylation may be present in different cells, which results in 
the selective binding of CD47 antibodies. Another hypoth-
esis of the differential binding property of CD47 antibod-
ies is as follows. The membrane mobility of erythrocytes 
CD47 is reduced because of its association with the spectrin 
cytoskeleton; thus, CD47 cannot be effectively clustered, 
thereby resulting in the ineffective binding of the antibod-
ies to erythrocytes CD47 (Mouro-Chanteloup et al. 2003; 
Subramanian et al. 2006). In addition, CD47 possibly has 
different binding partners or interacting proteins in differ-
ent cells, which may affect the antibody binding epitopes 
and results in binding differences (Bruce et al. 2002; Barazi 
et al. 2002; Velliquette et al. 2019). However, current stud-
ies on the mechanisms underlying the differential binding 
property of CD47 antibodies are still insufficient. At present, 
the development of CD47 antibodies/SIRPα fusion proteins 
with negligible RBC binding is only based on the large-scale 
screening. Further study of the specific difference of CD47 
between tumor cells and normal cells is still needed to guide 
the development of CD47 targeting reagents.

Anti‑SIRPα antibodies

Antibodies that target the CD47 receptor-SIRPα can be used 
as a strategy to eliminate hematotoxicity (Fig. 2D). Anti-
SIRPα antibodies do not target erythrocytes and therefore 
do not cause hemagglutination (Voets et al. 2019). OSE-
172 (BI 765063) is an anti-SIRPα antibody developed by 
OSE Immunotherapeutics that is now undergoing phase I 
clinical trials in solid tumors in cooperation with Boehringer 
Ingelheim (NCT03990233). Moreover, the anti-SIRPα 
antibody CC-95251 developed by Celgene is undergoing 
phase I clinical trial in the solid and hematologic tumors 

(NCT03783403), and the anti-SIRPα antibody FSI-189 
developed by Gilead Sciences is undergoing phase I clini-
cal trials in non-Hodgkin’s lymphoma (NCT04502706). 
For the effectiveness of targeting SIRPα, the anti-SIRPα 
antibody ADU-1805 enhanced the macrophages phago-
cytosis and neutrophil trogocytosis [a process neutrophils 
kill tumor cells (Matlung et al. 2018)] on Raji cells when 
combined with rituximab (Voets et al. 2019). ADU-1805 
did not bind human erythrocytes and platelets at concentra-
tion up to 100 nM and did not cause hemagglutination at 
concentrations in the range of 0.1–400 nM. Pharmacoki-
netic studies in cynomolgus monkeys indicated that intra-
venous administration of 0.3–30 mg of ADU-1805 had the 
estimated half-life of 1.86–6.41 days, and did not obviously 
affect the hemoglobin levels of male and female cynomolgus 
monkeys. However, considering that ADU-1805 is an anti-
human SIRPα antibody, and SIRPα is expressed on immune 
cells, ADU-1805 still lacks the validity of antitumor animal 
experiments due to the species matching problem of the anti-
body and target. The results of experiments on mouse anti-
SIRPα antibody MY-1 provided supporting evidence for the 
effectiveness and safety of anti-SIRPα antibody. MY-1 com-
bined with rituximab significantly inhibited tumor growth in 
Raji tumor model mice (Yanagita et al. 2017). In addition, 
intraperitoneal injection of MY-1 in C57BL/6 mice had no 
obvious effect on RBCs, hemoglobin and platelets, suggest-
ing its safety.

The administration of anti-SIRPα antibodies to syngeneic 
mouse tumor models could significantly inhibit the growth 
of renal cell carcinoma RENCA cells and the metastasis of 
melanoma B16BL6 cells (Yanagita et al. 2017), and also 
reduce the tumor growth of breast cancer 4T1, mesothelioma 
AK-7 and colon cancer MC38 cells (Durand et al. 2018). 
However, anti-SIRPα antibody treatment alone could not 
significantly increase the phagocytosis of Raji, breast can-
cer SK-BR-3 and colon cancer DLD-1 cells by human mac-
rophages and could not inhibit the growth of Raji and CT26 
cells in mice (Yanagita et al. 2017; Ring et al. 2017; Sim 
et al. 2019). This finding is due to the fact that the CD47 
antibody targets tumor cells whereas the anti-SIRPα anti-
body targets immune cells, which usually does not induce 
the antibody-dependent cell-mediated cytotoxicity (ADCC) 
and ADCP against tumor cells. The effectiveness of anti-
SIRPα antibody alone in RENCA and B16BL6 cells is due 
to the high expression of SIRPα in renal cell carcinoma and 
melanoma (Yanagita et al. 2017). Based on this result, the 
application of anti-SIRPα antibody alone in other tumors 
is limited. One solution to this problem is to combine anti-
SIRPα antibodies with antibodies that target TAA. The 
combination of anti-SIRPα and anti-CD20 rituximab could 
significantly promote the phagocytosis of Raji cells by mac-
rophages and inhibit the growth of Raji cells in mice. The 
combinations of anti-SIRPα and anti-HER2 trastuzumab or 
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anti-EGFR cetuximab were also effective in breast cancer 
SK-BR-3 or colon cancer DLD-1 cells (Voets et al. 2019; 
Yanagita et al. 2017; Ring et al. 2017; Sim et al. 2019). 
Another solution is to activate adaptive immunity along with 
the activation of innate immunity using anti-SIRPα antibod-
ies. The combination of anti-SIRPα and anti-PD-1 or anti-4-
1BB showed antitumor ability in several syngeneic mouse 
tumor models (Yanagita et al. 2017; Durand et al. 2018).

In addition, adaptability and specificity are critical for 
anti-SIRPα antibodies. The extracellular IgV domain of 
SIRPα that binds to CD47 is highly polymorphic. Human 
SIRPα has two allelic variants, namely, v1 and v2 (Sim et al. 
2019). The ability of various anti-SIRPα antibodies to bind 
to both v1 and v2 variants indicates that the current develop-
ment of anti-SIRPα antibodies has considered adaptability 
(Voets et al. 2019; Ring et al. 2017; Sim et al. 2019). SIRPα 
has a high degree of homology with SIRPβ and SIRPγ. Both 
SIRPα and SIRPβ are expressed in myeloid cells, whereas 
SIRPγ is expressed in T, NK, and NKT cells (Voets et al. 
2019; Sim et al. 2019). Non-selective targeting of SIRPα and 
SIRPγ reportedly impairs the normal function of human T 
cells (Gauttier et al. 2020). Therefore, anti-SIRPα has higher 
requirements in the specificity of antibodies that refrain from 
binding to SIRPβ and SIRPγ. Researchers who developed 
anti-SIRPα antibodies considered their specificity. For 
example, ADU-1805 showed stronger binding ability with 
SIRPα than SIRPβ and SIRPγ (Voets et al. 2019), and OSE-
172 had little effect on the function of T cells because it did 
not bind to SIRPγ (Gauttier et al. 2018).

Glutaminyl‑peptide cyclotransferase 
like (QPCTL) inhibitors

QPCTL inhibitors (SEN177 and PQ912) represent another 
promising approach for targeting CD47-SIRPα axis with 
good efficacy and tolerance (Fig.  2E). Several studies 
showed that QPCTL is an enzyme used to catalyze the cycli-
zation of N-terminal glutamine and glutamic acid residues 
on CD47 into an N-terminal pyroglutamate residue (Logten-
berg et al. 2019; Mair et al. 2019; Wu et al. 2019). High 
expression of QPCTL is associated with poor prognosis of 
patients with renal cancer and leukemia (Wu et al. 2019).

Logtenberg et al. (2019) reported that deletion or inhi-
bition of QPCTL limited the signaling transduction of 
CD47-SIRPα axis and enhanced the phagocytosis capacity 
of macrophages to eliminate tumor cells. In vitro phagocy-
tosis assays indicated that SEN177 treatment could increase 
the clearance of Raji cells. Similarly, SEN177 treatment or 
knockout of QPCTL also promoted the phagocytosis of 
A431 cells. Thus, QPCTL inhibitors increased the killing 
of tumor cells by both human neutrophils and macrophages 
by interrupting the CD47-SIRPα axis (Logtenberg et al. 

2019). Regarding safety, the result of the first-in-man oral 
dose study that evaluated the safety and pharmacokinetics 
of PQ912 in healthy subjects showed that PQ912 was safe 
and well-tolerated. The results of a phase IIa study also 
showed that no significant difference existed between PQ912 
(800 mg twice daily) and placebo in terms of the number of 
subjects with adverse events. Notably, no obvious hemato-
logical toxicity was observed in subjects treated with PQ912 
(Scheltens et al. 2018). Consistent with this, QPCTL knock-
out mice were also viable and healthy (Becker et al. 2016). 
However, the mechanism was not clear thus far. QPCTL 
mediated CD47 protein modification at the early stage of the 
protein life cycle. Post-translational modification of QPCTL 
cannot be conducted in mature RBCs that lack a nucleus and 
organelles, thus, these RBCs may be less affected by QPCTL 
inhibitors. Furthermore, given that QPCTL is an enzyme, 
QPCTL inhibitors would not suffer from the “antigen sink” 
problem of anti-CD47 therapy (Ingram et al. 2017). Finally, 
small molecule inhibitors of QPCTL have advantages in 
terms of delivery and bioavailability. Moreover, they don’t 
cause hemagglutination easily. However, due to nonspecific 
modification inhibition for CD47, whether QPCTL inhibi-
tors have other off-target effects such as the inhibition of 
glutaminyl-peptide cyclotransferase (QPCT) should be fur-
ther explored.

Discussion and conclusions

The five strategies that diminish CD47 blockade-induced 
hematotoxicity are mechanically different and possess spe-
cific advantages compared with others. From the aspect of 
efficacy, bispecific and discriminating antibodies are more 
promising. The activation of pro-phagocytic signals is criti-
cal for CD47 blocking therapy (Chen et al. 2017); bispecific 
and discriminating antibodies can be formed with Fc frag-
ments that potently activate pro-phagocytic signals, thereby 
generating single drugs that more effectively promote phago-
cytosis and kill tumor cells (Veillette and Chen 2018). These 
antibodies can more strongly promote innate immunity and 
enhance antigen presentation; they also exhibit better effi-
cacy when combined with PD-1/PD-L1 antibodies that acti-
vate adaptive immunity, thereby improving tumor treatment 
(Feng et al. 2019).

In addition to the above-mentioned five strategies used to 
mitigate the hematotoxicity of CD47 blockade, some other 
notable approaches have the ability or potential to reduce the 
toxicity of CD47 blockade therapy, as follows. (1) ALX148, 
an engineered SIRPα fusion protein with high affinity yet 
insufficient pro-phagocytosis ability for tumor cells and 
erythrocytes, is used to block CD47. With the combina-
tion treatment of ALX148 and anti-TAA antibody such as 
anti-HER2 trastuzumab or anti-CD20 obinutuzumab, which 
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could promote phagocytosis of tumor cells, the tumor cell 
was effectively killed, whereas few erythrocytes were elimi-
nated (Kauder et al. 2018). (2) RRx-001 is a small molecule 
compound that reduces the CD47 and SIRPα expression. 
RRx-001 also did not cause hematotoxicity in clinical trials 
(Oronsky et al. 2021; Yu et al. 2020). (3) Pep-20, a peptide 
specifically targeting CD47, reportedly has no significant 
effect on RBCs in preclinical experiments (Wang et al. 
2020b). (4) Delivery by nanoparticles targeting the tumor 
microenvironment could reduce CD47 antibodies’ contact 
with erythrocytes and can reduce hematotoxicity (Chen et al. 
2019). (5) Antisense therapy targeting CD47 expression is 
also a promising strategy to decrease hematotoxicity due 
to the lack of CD47 transcription in mature erythrocytes 
(Schwartz et al. 2019).

Testing whether the CD47 blocking therapy significantly 
affects the human erythrocytes and platelets at the begin-
ning is preferable due to the unneglectable hematotoxicity 
of CD47 antibodies. For example, in the development of 
CD47 antibody TJC4, the researchers excluded the CD47 
antibodies that are highly bound to erythrocytes at an early 
step (Meng et al. 2019). Early detection of the potential 
toxicity during antibody development can help improve the 
drug development success rate. Performing safety assess-
ment in animal models is needed. However, the use of ani-
mal models for the safety evaluation of CD47 blockade still 
has some limitations. The difference in the binding of the 
SIRPα fusion protein TTI-621 to human and cynomolgus 
monkey erythrocytes (Petrova et al. 2017) suggested that 
the safety evaluation of CD47 blockade in non-human pri-
mate experiments may not correspond to that in humans. 
In addition, to evaluate CD47 blocking, the affinity of nude 
mouse SIRPα to human CD47 was 65 times that of other 
mice strains (Kwong et al. 2014).

Considering the differences of CD47 and SIRPα between 
human and animal models, using humanized CD47 and 
SIRPα transgenic animals for safety evaluation may be a 
feasible solution. Human SIRPα knock-in xenograft mouse 
models have been used to study human tumors to better 
mimic the human CD47-SIRPα axis (Jinnouchi et al. 2020). 
It may also be used for safety evaluation in future studies. 
However, transgenic animals still cannot completely imitate 
human CD47 and SIRPα due to post-translational modifi-
cations and different interacting proteins. As a compro-
mise method, safety evaluation is performed from multiple 
aspects to improve the safety of the CD47 blockade strategy.

In addition, the decrease of lymphocyte including T cells 
is another targeting CD47-related adverse event, which is 
neglected in the safety evaluation of CD47 blocking ther-
apy development. Sikic et al. (2019) reported that 33% of 
the lymphocyte count decrease occurred in patients treated 
with Hu5F9-G4 alone. Pettersen et al. (1999) demonstrated 
that under appropriate conditions, CD47 activation resulted 

in very rapid T cell death. Considering the critical role of 
T cells in antitumor immunity and the promising future of 
the combination of CD47 block therapy and T cell immune 
checkpoint inhibitors, the evaluation of T cell toxicity 
should be paid more attention. CD47 was also expressed 
on platelets and hematopoietic stem cells (Jaiswal et al. 
2009; Olsson et al. 2005). Thrombocytopenia was observed 
in the clinical research results of TTI-621, but it was tran-
sient and reversible, and was not associated with bleeding 
(Ansell et al. 2021). As for hematopoietic stem cells, CD47 
antibodies enabled phagocytosis of leukemia stem cells by 
macrophages while sparing normal hematopoietic stem cells 
in vitro (Majeti et al. 2009). Therefore, the toxicity of plate-
lets and hematopoietic stem cells may not be classified as 
serious side effects of CD47 blockade agents.

In conclusion, CD47 as a phagocytosis checkpoint is a 
promising target for tumor therapy. Although earlier anti-
CD47 antibody treatment might induce hematotoxicity, 
multiple strategies have been proposed to diminish such 
toxicity. Therefore, we demonstrated the important role of 
hematotoxicity-free CD47 blockade in tumor treatment.
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