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Hematological malignancies express high levels of CD47 as a mechanism of immune evasion. 

CD47-SIRPα triggers a cascade of events that inhibit phagocytosis. Preclinical research supports 

several models of antibody-mediated blockade of CD47-SIRPα resulting in cell death signaling, 

phagocytosis of cells bearing stress signals, and priming of tumor-specific T cell responses. Four 

different antibody molecules designed to target the CD47-SIRPα interaction in malignancy are 

currently being studied in clinical trials: Hu5F9-G4, CC-90002, TTI-621, and ALX-148. Hu5F9-

G4, a humanized anti-CD47 blocking antibody is currently being studied in four different Phase I 

trials. These studies may lay the groundwork for therapeutic bispecific antibodies. Bispecific 

antibody (CD20-CD47SL) fusion of anti-CD20 (Rituximab) and anti-CD47 also demonstrated a 

synergistic effect against lymphoma in preclinical models. This review summarizes the large body 

of preclinical evidence and emerging clinical data supporting the use of antibodies designed to 

target the CD47-SIRPα interaction in leukemia, lymphoma and multiple myeloma.
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Introduction

Cluster of Differentiation 47 (CD47) is a heavily glycosylated, ubiquitously expressed cell 

surface protein in the immunoglobulin superfamily that has characterized roles in important 

cellular functions like proliferation, adhesion, migration, apoptosis and phagocytosis. Its 

molecular structure includes an extracellular immunoglobulin variable (IgV)-like domain, a 

transmembrane spanning domain, and a short, alternatively spliced cytoplasmic tail1. CD47 

has been shown to interact in cis with integrins, and in trans with both thrombospondin 

(TSP-1) and signal regulatory protein alpha (SIRPα)23. Research shows that it mediates 

vascular smooth cell proliferation and migration4, platelet activation and spreading5, and 

recruitment of granulocytes and T cells to sites of infection6, 7.

Apoptosis or programmed cell death (PCD) is a physiologically important mechanism for 

maintaining homeostasis. It can be divided into type I, type II and type III PCD; the first two 

are caspase dependent and type III is caspase-independent8. CD47 also functions as a 

marker of “self” on host cells within an organism. When expressed, CD47 binds to SIRPα 
on the surface of circulating immune cells to deliver an inhibitory “don’t eat me” signal9. 

SIRPα encodes an Ig-superfamily receptor expressed on the surface of macrophages and 

dendritic cells, whose cytoplasmic region contains immunoreceptor tyrosine-based 

inhibition motifs (ITIMs) that can trigger a cascade to inhibit phagocytosis. CD47-SIRPα 
binding results in phosphorylation of ITIMs on SIRPα, which triggers recruitment of Src 

homology phosphatases, SHP1 and SHP2. These phosphatases can in turn inhibit 

accumulation of myosin II at the phagocytic synapse, preventing phagocytosis10.

Phagocytosis of target cells by macrophages is ultimately regulated by a balance of 

activating signals (FcγR, CRT, LRP-1) and inhibitory signals (SIRPα-CD47) (Reviewed 

in11). This balance is tipped by cancer cells, which co-opt the “self” signal and upregulate 

CD47 expression to evade immune surveillance and subsequent destruction. Elevated 
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expression of CD47 has been observed in ovarian carcinoma cell lines12, 13, murine myeloid 

leukemias14, leukemic stem cells14, 15 and several solid tumors16.

Specifically, CD47 expression of human acute lymphoblastic leukemia (ALL) samples was 

measured as two-fold increased compared to normal bone marrow samples and expression 

level was predictive of survival and refractoriness to primary treatment in pediatric 

populations17. Flow cytometry revealed high surface expression of CD47 on 73% of samples 

collected from the bone marrow of multiple myeloma (MM) patients18. These results 

corroborate earlier findings by microarray analysis19 and were also mirrored in high CD47 

expression of several MM cell lines18. Goto et al (2014) revealed high CD47 expression on 

six different primary effusion lymphoma (PEL) cell lines compared to peripheral blood 

mononuclear cells (PBMC)20. Additionally, in acute myeloid leukemia (AML), ALL, and 

several non-Hodgkin’s lymphoma (NHL) subtypes, increased CD47 expression is correlated 

with adverse clinical outcomes15, 16, 21.

Hematological malignancies, even at onset, present with widespread bone marrow and 

peripheral blood involvement and many are still without effective systemic curative 

therapies22. Several anti-CD47 antibodies have been studied in vitro and in vivo with 

promising results using cell lines and mouse models of hematological malignancy. From this 

body of research, three different mechanisms of action of anti-CD47 antibodies have been 

proposed including: initiation of type III PCD of tumor cells, blockade of tumor cell anti-

phagocytic signaling, and stimulation of cytotoxic T cell priming against tumor cells. Thus 

far it is understood that CD47 blockade on normal cells does not trigger phagocytosis 

without a pro-phagocytic stress signal, such as calreticulin or phosphatidylserine, which 

induces phagocytosis by binding to its receptor, low density lipoprotein-receptor related 

protein (LRP), on phagocytic cells2324. In addition to interfering with CD47/SIRPα 
interactions, function-blocking CD47 antibodies may target cancer stem cells25, 26 and 

enhance tumor sensitivity to radiation therapy while providing protection to normal 

tissue27, 28. The goal of this review is to provide a systematic and comprehensive overview 

of the published preclinical data to support the use of anti-CD47 antibody therapies in 

clinical trials to treat hematological malignancies.

Methods

To perform a comprehensive survey of the available preclinical literature on anti-CD47 

antibody treatment in hematological malignancies, we searched literature using key words: 

“CD47” OR “CD47 antibody” OR “anti-CD47” AND “Lymphoma” OR “Leukemia” OR 

“hematological malignancy” OR “Hematological malignancies”. A systematic literature 

search was performed using the databases: PubMed, Embase, SCOPUS, Web of Science, 

identifying a total of 521 records (Table 1). References from all identified studies were 

investigated further to eliminate duplicates. Abstracts from 237 records were retrieved and 

two reviewers (Hua and Russ) independently applied the inclusion and exclusion criteria 

(Table 2), yielding 38 records. Full articles of potentially relevant studies were reviewed 

before confirming their inclusion. Any disagreement was resolved by consensus with third 

author (Anwer). 24 full text articles were independently read by two reviewers, and data was 

extracted using a standardized form (Figure 1). Additional articles were suggested by 
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independent peer reviewers and two were in turn incorporated into the manuscript after 

review.

Results

1. Anticancer effects through Apoptosis

1.1 Leukemia—Early studies on the efficacy of anti-CD47 antibodies proposed that 

malignant cells were eliminated via type III PCD. Mateo et al (1999) utilized the first anti-

CD47 antibody in an in-vitro B cell chronic lymphocytic leukemia (B-CLL) model and 

showed that the induction of caspase-independent PCD in B-CLL by CD47 ligation using an 

unspecified anti-CD47 monoclonal antibody was not inhibited by a broad-spectrum caspase 

inhibitor (zVAD-fmk) or the presence of exogenous rescuing cytokines (IL-4 or IFN-

gamma)29. CD47 ligation was shown to induce cell shrinkage, exposure of 

phosphatidylserine and decrease of mitochondrial membrane potential, all without the 

disruption of nuclear integrity29.

Utilizing mouse L1210 cells transfected with CD47 cDNA, Uno et al (2007) generated a 

monoclonal antibody against CD47, denoted as mAb-MABL30. F(ab1)2 of mAb-MABL 

demonstrated no apoptotic effect on CD34+ hematopoietic stem cells or human endothelial 

cells in-vitro. Furthermore, the monoclonal antibody had no effect on CD47-negative L1210 

cells. They were found to bind to and induce apoptosis in CD47-positive L1210 cells, as 

well as CCRF-CEM cells and JOK-1 cells. In-vivo, the F(ab1)2 fragment of mAb-MABL 

also markedly prolonged survival of CCRF-CEM xenograft mice and JOK-1 xenograft 

mice30. Together, these data suggested that mAb-MABL, and anti CD47 monoclonal 

antibodies in general, could be developed as anti-leukemia therapy.

Using normal B cells, B lymphocytes from CLL patients, and monoclonal antibody B6H12, 

Bras et al (2007) demonstrated that CD47 ligation triggers caspase-independent type III 

PCD via DRP-1 translocation from cytosol to mitochondria without involvement of 

apoptotic effectors31. In addition, the results in Jurkat cells were DRP-1 independent, 

suggesting that overexpression of DRP-1 positively modulates cell death response, while 

DRP-1 down regulation confers resistance to CD47-mediated cell death. The identification 

of DRP-1 as a downstream death effector of CD47-mediated PCD revealed CD47 as a 

potential therapeutic target in CLL treatment.

Barbier et al (2009) conducted a study on the type III PCD pathway initiated by ligation of 

CD47 using either Thrombospondin (TSP-1) or an anti-CD47 antibody (B6H12) and 

demonstrated that cell death is modulated through F-actin disruption32. In particular, they 

elucidated a pathway in which ligation of CD47 triggers sequential activation of caspases 

and serine proteases (serpases), which in turn cause actin rearrangement, allowing for 

DRP-1 redistribution to the mitochondria and subsequent phosphatidylserine exposure in 

caspase-independent type III PCD. Additionally, they found that CD47 ligation was more 

effective than hydrocortisone at inducing cell death in cells with higher Bcl2/Bax ratio that 

are resistant to type I caspase-dependent PCD. Taken together, Barbier et al (2009) 

demonstrated that it is possible to initiate PCD in cells lacking a functioning classical 
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apoptotic (type I) mechanism, and suggested that type III PCD can be therapeutically 

triggered in CLL32.

Sagawa et al (2011) developed a new way to target CD47 by creating a disulfide-linked 

stabilized dimer of single chain antibody fragment MABL scFv (designated as S-S 

diabody)33. They showed that S-S diabody induced apoptosis in JOK-1 cells, MOLT-4 cells, 

and leukemia cells from B-CLL patients in a dose-dependent manner as compared to lack of 

apoptosis induction in control cells, UCB, HUVEC, and normal peripheral mononuclear 

blood cells. S-S diabody treatment prolonged median survival of transplanted mice by 9 

days compared to control mice (P < 0.0005)33. They also demonstrated the ability to repress 

this apoptotic induction with knockdown of HIF-1α in MOLT-4 cells, suggesting an 

apoptotic mechanism via the HIF-1α pathway33.

1.2 Multiple myeloma—Kikuchi et al (2004) developed and characterized a single-chain 

antibody fragment (scFv) of murine monoclonal antibody, MABL scFv-15, which formed 

both dimer and monomer to target leukemic cells34. They demonstrated that both dimer and 

monomer had binding activity for human CD47; however, only treatment with MABL 

scFv-15 dimer strongly induced apoptosis in human-CD47 introduced mouse leukemic cells 

in-vitro, and had anti-tumor effect on mouse models of human myeloma. The MABL 

scFv-15 monomer was non-active and unstable even at 4 °C, thus the antibody was unable to 

be used in whole form. Building upon this research, Kikuchi et al (2005) developed two 

stable single-chained Fv fragments: MABL scFv-5 by optimizing the linker, and MABL 

sc(Fv)2 by covalently linking two scFv fragments together.

They demonstrated that the antibodies strongly induced apoptosis in vitro. Administration of 

MABL ScFv-5 diabody or MABL sc(Fv)2 significantly reduced serum levels of IgG in a 

dose dependent manner and significantly prolonged the survival time of xenograft mice in 

comparison with the untreated control35.

2. Anticancer effect through Phagocytosis

Chao et al (2010b) confirmed earlier findings, showing apoptotic induction in NHL cells 

after treatment in vitro with immobilized anti-CD47 antibody36. However, when cells were 

incubated with soluble anti-CD47 mAbs, no induction of apoptosis was observed even after 

8 hours of incubation. Though several publications had previously suggested apoptotic 

induction as the mechanism responsible for the anti-CD47 antibody efficacy, this research 

suggested that apoptotic induction was perhaps an artifact of fixed antibody conditions in 
vitro. To discern whether lymphoblasts were undergoing apoptosis before being 

phagocytosed, Metayer et al (2017) demonstrated that anti-CD47 antibody induced 

macrophages to phagocytose live lymphoblasts rather than inducing cell death before 

engulfment. They demonstrated this using JC-1 mitochondrial membrane staining to assess 

intact membrane potential within lymphoblasts after their engulfment37.

2.1 Leukemia—Contrary to earlier reports, Majeti et al (2009) observed no apoptosis in 

primary AML leukemic stem cells (LSCs) after treatment with a CD47-blocking antibody15. 

Working under the hypothesis that high levels of CD47 on human AML LSCs interact with 

SIRPα to deliver an inhibitory signal for phagocytosis, they demonstrated that this effect can 
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be disrupted with monoclonal antibodies that block the interaction. Using both blocking 

antibodies (B6H12.2 and BRIC126) and nonblocking (2D3) antibodies designed against 

CD47 and SIRPα, they demonstrated in vitro that disruption of the CD47-SIRPα interaction 

enables phagocytosis of AML LSCs by macrophages. Normal hematopoietic progenitor 

cells, which also express CD47, were not phagocytosed when coated with CD47 antibody15.

A similar mechanism was elucidated by Jaiswal et al (2009)14. Using a xenograft mouse 

model, Jaiswal et al (2009) demonstrated that expression of high levels of mouse CD47 on a 

human leukemia cell line could protect from macrophage phagocytosis, facilitating tumor 

engraftment and growth. More specifically, low CD47 expressing MOLM-13 clone AML 

cells showed minimal engraftment in immunodeficient mice while high CD47 expression 

resulted in high levels of engraftment to bone marrow, spleen and liver. Engraftment of low 

CD47 expressing cells only reached levels equivalent to those of high expressing cells when 

macrophages were depleted using clodronate liposomes or macrophage SIRPα was inhibited 

with a SIRPα blocking antibody14. These experiments further demonstrated that CD47 can 

deliver a signal to inhibit phagocytosis through its interaction with SIRPα and that targeted 

antibodies can effectively block the interaction (Figure 1).

Chao et al (2011b) also demonstrated the effectiveness of antibody blockade of the SIRPα-

CD47 anti-phagocytic signal17. Two blocking anti-CD47 antibodies (B2H12.2 and BRIC 

126) and an anti-SIRPα antibody independently enabled ALL cell phagocytosis when 

compared to control antibodies in vitro. Treatment of B-ALL and T-ALL cells with a 

blocking anti-CD47 Ab (B6H12.2) significantly inhibited engraftment into bone marrow and 

peripheral blood of NSG mice, when compared to treatment with non-blocking control 

antibodies. Intraperitoneal injection of 100 μg of therapeutic anti-CD47 antibody for 14 days 

significantly reduced the level of T-ALL and B-ALL in peripheral blood of mice engrafted 

with human primary ALL cells, but showed varying levels of clearance of leukemic cells 

from bone marrow. Researchers observed that extremely high levels of leukemic 

engraftment were in the areas most refractory to therapeutic antibody treatment and 

hypothesized that insufficient numbers of host macrophages were present in those areas to 

mediate phagocytosis of ALL cells17.

In secondary transplant models of tumorigenic potential, cells from bone marrow of mice 

previously treated with anti-CD47 and control antibodies were re-transplanted into sub-

lethally irradiated NSG mice. After six weeks, the xenografts from mice previously treated 

with anti-CD47 blocking antibody had not engrafted compared to controls, suggesting that 

tumorigenic potential was abrogated long term with anti-CD47 Ab treatment17.

Using mice engineered to express several different SIRPα alleles with differential ability to 

bind CD47, Theocharides et al demonstrated that macrophage-mediated phagocytosis to 

clear AML stem cells is dependent on SIRPα signaling38. Specifically, experiments using 

NS-Idd13 mice that express a SIRPα variant that does not bind to human CD47, resulted in 

macrophage-mediated elimination of primary human AML cells on engraftment. The same 

researchers also used a fusion protein, SIRP-Fc, to disrupt the SIRPα-CD47 interaction and 

found that while phagocytosis of normal hematopoietic cells was not enhanced with SIRP-

Fc treatment, phagocytosis of AML cells (AML19) by both mouse and human macrophages 
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was significantly enhanced and leukemic engraftment of AML cells into NS mice was 

impaired compared to controls38. Curiously, their results also suggested that anti-CD47 

antibody B6H12 induces mouse macrophage-mediated phagocytosis of AML cells even in a 

SIRPα variant that fails to bind human CD47, possibly due to Fc recognition by the 

macrophage Fc receptor.38 Chao et al further investigated the role of Fc receptor; in their 

experiments, F(ab’)2 fragments lacking the Fc domain of the B6H12 antibody were able to 

induce phagocytosis of Raji cells, a Burkitt’s lymphoma cell line. However, other research 

suggests that antibody induced phagocytosis of cancer cells is dependent on an intact Fc 

domain. Metayer et al (2017) presented experiments suggesting that the Fc portion of the 

asnti-CD47 antibody is necessary for the anti-CD47 driven phagocytosis. This was 

accomplished with experiments comparing the isolated anti-CD47 antibody F(ab’)2 

fragment (lacking the Fc portion) to intact antibody and also by blocking antibody-induced 

uptake of lymphoblasts into macrophages by blocking the Fc portion with anti-Fc, F(ab’)2 

fragments37. They propose that anti-CD47 antibody kills cancer cells via antibody-

dependent cellular phagocytosis (ADCP). Metayer et al (2017) further suggest that induction 

of phagocytosis of cancer cells can be triggered with the use of any antibody that targets a 

highly expressed antigen on cancer cells coupled with a motif that activated phagocytosis Fc 

receptors, resulting in targeted phagocytosis of cancer cells37.

Wang et al (2015) showed that individual and combination therapy of Ara-C (cytarabine) 

and anti-CD47 antibody decrease leukemic burden in peripheral blood and bone marrow and 

significantly prolong survival in a mouse model of AML, xenoplanted with human cell line, 

THP-139. Individual treatment of Ara-C or anti-CD47 antibody or a combination of the two 

decreased the leukemic burden and significantly prolonged survival compared to IgG 

control. This evidence presents combination treatment of cytarabine and anti-CD47 antibody 

as a novel option for therapeutic targeting of AML39.

Liu et al generated a humanized monoclonal antibody against human CD47, Hu5F9-G4, and 

demonstrated its induction effects on macrophage-mediated phagocytosis of HL60 AML 

cells and primary human AML cells40. Use of Hu5F9-G4 antibody in SU048 mice 

eradicated engrafted AML cells with no recurrence over 22 weeks. Anti-leukemic efficacy of 

the antibody in this mouse model was optimized at drug serum levels of 50-150 mcg/ml. 

Additionally, synergy of Hu5F9-G4 with rituximab was demonstrated, eliminating 

xenografted Raji cells in 3 of 4 mice modeling disseminated NHL. These results support 

Hu5F9-G4 humanized antibody as a candidate therapeutic and paved the way for its entry 

into clinical trial40.

2.2 Lymphoma—Researchers have proposed that a potent pro-phagocytic signal must be 

present in order for target cells to be phagocytosed in response to blockade of the SIRPα-

CD47 anti-phagocytic signal. Specifically, Chao et al (2010a) suggested blockade of CD47 

on normal cells does not trigger phagocytosis because a pro-phagocytic calreticulin signal is 

not present24. Cell surface calreticulin is understood to induce phagocytosis by binding to its 

receptor, low density lipoprotein-receptor related protein (LRP), on phagocytic cells. This 

occurs in normal physiology to mark cells undergoing DNA damage and serves as a 

phagocytic activating signal, resulting in engulfment of the damaged cell23, 41. Interestingly, 

high calreticulin expression correlates with increased CD47 expression in AML, CML and 
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ALL patient samples. Chao et al (2010a) also identified up to 20-fold increase in calreticulin 

expression on primary human cancer cells from several hematologic malignancies including 

NHL when compared to normal bone marrow and peripheral blood cells24. They also 

demonstrated that higher levels of calreticulin mRNA correlate with worse clinical outcomes 

in mantle cell lymphoma24.

To demonstrate the interplay between calreticulin and CD47 in cancer, they used a Burkitt’s 

NHL cell line (Raji cells) with high CD47 and calreticulin expression in phagocytosis 

assays. 2-fold shRNA-mediated knockdown of CD47 caused more robust phagocytosis by 

human macrophages when compared to wild type controls, an effect that was abrogated in 

the presence of a calreticulin blocking peptide24. Additionally, phagocytosis assays 

performed in the presence of anti-CD47 antibody (B6H12.2) showed similarly robust 

phagocytosis of tumor cells expressing calreticulin, without phagocytosis of normal cells. 

Phagocytosis of tumor cells treated with anti-CD47 antibody was again abrogated with the 

interruption of the calreticulin-LRP interaction24. Furthermore, treatment of cells with a 

calreticulin blocking peptide caused dose-dependent reduction of anti-CD47 antibody 

mediated phagocytosis. The authors concluded that calreticulin is necessary for anti-CD47 

antibody mediated phagocytosis24.

Utilizing anti-CD47 in combination with rituximab, Chao et al (2010b) demonstrated 

antibody synergy between rituximab and anti-CD47 mAb, B6H12.2 when used in xenograft 

mouse models of localized and disseminated NHL36. In NSG and SCID mouse models 

engrafted with Raji cells, treatment with anti-CD47 blocking antibody regimens reduced 

lymphoma burden and prolonged survival. Combination of Fc receptor activated, pro-

phagocytic signal (rituximab) and simultaneous blockade of the CD47-SIRPα anti-

phagocytic signal (B6H12.2) eliminated lymphoma in 60-86% of mice tested36.

In a primary human diffuse large B cell lymphoma (DLBCL) xenotransplant model, 8 out of 

9 mice treated with combined anti-CD47 antibody and rituximab were cured of lymphoma, 

with disease free survival extending greater than 4 months after the end of treatment. Further 

experiments in SCID mice found that depletion of macrophages, not NK cells or 

complement, abrogated the therapeutic effect, implicating macrophages as the critical 

immune cell effectors of antibody treatment36.

Piccione et al developed a bispecific antibody, with a DVD-Ig format, that targets both CD47 

and CD20 with a single antibody42. This antibody, CD20-CD47SL, was observed to 

selectively bind to dual antigen expressing lymphoma cells in the presence of an ‘antigen 

sink’ of RBCs and recapitulated the synergistic effects of anti-CD47 antibody + rituximab 

combinations in vitro. CD20-CD47SL eliminated detectable lymphoma and significantly 

extended survival relative to anti-CD47 antibody or rituximab alone in both localized and 

disseminated mouse models of NHL42.

Potentially secondary to effects on phagocytosis, CD47 has also been implicated as a 

regulator of dissemination in an NHL xenotransplant model. Raji cells with intact CD47 

expression injected subcutaneously into flank disseminated readily into the liver and other 

extranodal sites of NSG mice, while knockdown of CD47 significantly reduced liver 
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dissemination. Anti-CD47 antibody treatment of mice transplanted with subcutaneous Raji 

cells inhibited dissemination to major organs and CNS, while the same antibodies inhibited 

hematogenous dissemination of primary lymphoma cells as compared to controls43.

Experiments with CD47 knockdown and anti-CD47 antibody in mouse models of primary 

effusion lymphoma (PEL), an aggressive NHL subtype, recapitulated previous results, 

showing promotion of macrophage-mediated phagocytosis of PEL cells with disruption of 

CD47-SIRPα interaction20. When primary PEL cells were IP injected into NRJ mice, 

concurrent treatment with anti-CD47 antibody inhibited organ invasion and prevented ascites 

compared with control IgG treated mice. These preclinical results suggest that antibody 

targeting of CD47 could be an effective therapy in PEL, a disease that lacks CD20 

expression, conferring refractoriness to rituximab20. It has also been suggested that anti-

CD47 antibody therapies may be considered as an alternative to CNS prophylaxis with toxic 

chemotherapies in NHL in the future43.

2.3 Multiple Myeloma—Kim et al (2012) showed that macrophages derived from mouse 

bone marrow displayed increased phagocytosis of MM cell lines and primary human 

myeloma cells in vitro after incubation with blocking anti-CD47 antibody (B6H12.2) as 

compared to a non-blocking anti-CD47 antibody (2D3)18. Antibody therapy initiated two 

weeks after xenotransplantation of RPMI 8226 cells into mice resulted in reduced overall 

tumor burden compared to controls. Though tumor regression occurred in both anti-CD47 

and IgG treated mice, regression was significantly greater in anti-CD47 treated cohort and 

after stopping treatment, regressed tumors regrew in control treated, but not in previously 

anti-CD47 Ab treated mice. Researchers reported that sublethal irradiation of mice 2 weeks 

before antibody treatment abrogated the therapeutic effect, implicating radiation-sensitive 

cells as necessary effectors of the treatment, as irradiated mice had significant reduction of 

undifferentiated blasts, monocytes and macrophage progenitors18.

In a mouse model designed to study growth of myeloma in the human bone marrow 

microenvironment, treatment with anti-CD47 antibodies slowed the growth of patient 

myeloma cells engrafted into human fetal bone and reduced bone resorption in human bone 

bearing mice. These results suggest that CD47 is a promising target on myeloma cells and 

that CD47 antibody therapies have potential to increase quality of life for MM patients by 

not only reducing myeloma growth, but also reducing bone resorption18.

3. Anticancer effects through Cytotoxic T-cell priming

3.1 Lymphoma—Tseng et al (2013) revealed a new mechanism for anti-CD47 in a model 

of colorectal carcinoma by using immunocompetent mice44. Researchers found that 

macrophages phagocytosed cancer cells (DLD1) in the presence of B6H12.2 antibody, but 

not with a nonblocking antibody, 2D3, demonstrating that phagocytosis is dependent on 

blockade of CD47-SIRPα interactions and not opsonization effects. Importantly, researchers 

found that macrophages primed CD8+ cells after phagocytosis of cancer cells and in vivo 

experimentation showed that those CD8+ T cells primed by macrophages protected mice 

from subsequent tumor challenge44. These findings suggest that anti-CD47 antibody both 
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enables macrophage phagocytosis to clear cancer cells and initiates a secondary cytotoxic T-

cell immune response.

3.2 Leukemia—Research by Liu et al demonstrated that T cells were required for maximal 

therapeutic effect of CD47 blockade therapy45. Intratumoral treatment with anti-CD47 

antibody MIAP301 vs control had greater effects in wild type mice with established A20 

tumors than in T cell deficient nude mice with equivalent tumor burden, suggesting that 

robust anti-tumor response is dependent on the presence of an intact immune system. In 

these experiments, anti-CD47 antibody intratumoral treatment was combined with 

intraperitoneal delivery of anti-CD4 or anti-CD8 antibodies. Without the action of CD8+ T 

cells, effects of anti-CD47 Ab were abrogated, while antibody targeting of CD4+ cells had 

no effect. These results suggest that anti-CD47 mediated tumor targeting involves both an 

innate and adaptive immune response that elicits systemic immune memory to prevent 

relapse45. Researchers found that T cells were primed by dendritic cells45, not macrophages, 

as was suggested by Tseng et al (2013)44.

Discussion

There is a large body of preclinical evidence and emerging clinical data supporting the use 

of anti-CD47 antibodies in several hematological malignancies both as a monotherapy and 

as a combination strategy (Table 3). In hematological cancers, where tumor cells express 

high levels of CD47 as a mechanism of immune evasion, antibodies designed to block the 

SIRPα-CD47 interaction offer a compelling therapeutic strategy to prevent escape and 

promote innate and adaptive immune system clearance of cancer cells. The antibody-

mediated blockade of CD47-SIRPα results in phagocytosis of cells bearing stress signals 

and primes tumor-specific T cell responses (Figure 2B).

Four different antibody molecules designed to target the CD47-SIRPα interaction in 

malignancy are currently being studied in clinical trials: Hu5F9-G4, CC-90002, TTI-621, 

and ALX-148. Nine clinical trials of these drugs are actively recruiting participants (Table 

4). Hu5F9-G4, a humanized anti-CD47 blocking antibody46, is currently being studied in 

four different Phase I trials. Two clinical trials are investigating its safety profile and 

effective dose as a single therapy in relapsed or refractory AML (NCT 02678338) and in 

patients with solid tumors (NCT 02216409). Preclinical research using a mouse model of 

disseminated NHL demonstrated synergy of Hu5F9-G4 when used in combination with 

rituximab40. One trial is currently studying Hu5F9-G4 with rituximab for relapsed/refractory 

B-cell NHL (non-Hodgkin lymphoma, large B cell lymphoma, and diffuse indolent 

lymphoma) (NCT 02953509) and another trial is investigating combination with cetuximab 

for solid tumors or advanced colorectal cancer (NCT 02953782). A bispecific antibody 

fusion of anti-CD20 (rituximab) and anti-CD47 (CD20-CD47SL) also demonstrated a 

synergistic effect against lymphoma in preclinical models42. These studies may lay the 

groundwork for therapeutic bispecific antibody use in human cancer treatment.

In mouse models of leukemia, lymphoma, and myeloma, treatment with anti-CD47 blocking 

antibody B6H12 has demonstrated induction of stress signaling, macrophage phagocytosis, 

priming of T cells, and has shown synergy in combination with 
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rituximab15, 17, 18, 32, 36, 44, 47 (Table 3). CC-90002, a proprietary, humanized anti-CD47 

monoclonal antibody developed by Celgene, is currently under investigation in two Phase I 

clinical trials, one treating patients with AML and high risk MDS (NCT02641002) and 

another treating patients with advanced or refractory solid and hematological cancers (NCT 

02367196).

Anti-SIRPα antibodies have also been shown to block the SIRPα-CD47 interaction, 

successfully inhibiting the anti-phagocytic signal and inducing phagocytosis of tumor cells 

in several models of hematological cancer14, 38, 48. TTI-621 is a recombinant fusion protein 

of the CD47 binding domain of SIRPα linked to the Fc region of human IgG1 (SIRPαFc) 

that promotes phagocytosis of tumors by blocking CD47 and engaging the FcR on 

macrophages49. This decoy receptor is being studied in patients with relapsed or refractory 

hematologic malignancies (Hodgkin lymphoma, DLBCL, follicular, and mantle cell), AML, 

and MDS (NCT 02663518). Early results suggest that the drug is reasonably well-tolerated, 

with initial reports of dose dependent thrombocytopenia and minimal binding to 

erythrocytes as evidenced by stable hemoglobin levels in patients treated49. NCT 02890368 

is a dose escalation and dose expansion trial testing intratumoral injections of TTI-621 in 

patients with mycosis fungoides or relapsed or refractory tumors that are percutaneously 

accessible.

Weiskopf et al (2013 and 2016) engineered SIRPα variants with high affinity for CD47 that 

did not induce phagocytosis or reduce tumor growth when used alone, yet when combined 

with approved antibody therapies: trastuzumab, cetuximab, and rituximab, showed 

synergistic effects50, 51. ALX-148, is a fusion protein composed of two of these high affinity 

SIRPα variant CD47 binding domains linked to an inactive Fc region of human IgG, that 

can simultaneously block the CD47-SIRPα interaction, while providing an FcR docking site 

for macrophages50. Phase I NCT 03013218 is a dose escalation study currently underway 

examining ALX-148 treatment in patients with metastatic solid tumors or relapsed/

refractory non-Hodgkin lymphoma.

Given the nearly ubiquitous expression of CD47 at low levels in tissues, there has been some 

concern for off-target effects with anti-CD47 treatment. However, research has shown that 

without the expression of a stress signal or pro-phagocytic signal, such as calreticulin or 

phosphatidylserine, normal cells are minimally affected24. On the other hand, some studies 

have revealed high levels of surface calreticulin on circulating neutrophils52. Similarly, 

research has suggested that treatment with anti-CD47 blocking antibody leads to depletion 

of neutrophils15. Normal cells can upregulate calreticulin after stress, including radiation 

exposure and treatment with anthracycline based chemotherapy41, 53. These concerns 

regarding combination therapy bring to light the importance of nuanced timing of 

multifaceted treatment regimens, as the overlap of chemotherapy or radiation with anti-

CD47 antibody therapy may amplify off target effects. Likewise, synergy or even 

interference may be time dependent, as has been suggested by several researchers in the 

field24, 40. To further limit toxicity, design adjustments to capitalize upon antibody affinity 

differences may reduce off target effects of bispecific agents, as suggested by Weiskopf et al 

(2017) whereby a tumor-specific component could be engineered with a greater affinity for 

its target than the CD47 blocking component54.
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In following with the cancer stem cell (CSC) model, a cancer therapy must effectively 

eliminate all cancer stem cells (CSCs) to be considered curative. Antibodies targeting the 

CD47-SIRPα interaction may be well positioned to fulfill this role, given the preclinical data 

that supports their antigen specificity, minimal toxicity, and demonstrated ability to target 

CSCs. Higher expression of CD47 has been demonstrated in AML leukemic stem cells 

(LSCs) and they can be targeted in vivo with an anti-CD47 antibody that enables 

phagocytosis of macrophages and inhibits engraftment15. Anti-CD47 antibody treatment has 

also been shown to act synergistically with cytarabine (Ara-C) chemotherapy in a model of 

AML. While Ara-C effectively eliminated TSP-1 cancer cells in the proliferative phase, anti-

CD47 antibodies were putatively able to target quiescent LSCs that were not susceptible to 

Ara-C treatment, but highly expressed CD4739.
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PRACTICE POINTS

• A large body of preclinical evidence and emerging clinical data supports the 

use of anti-CD47 antibodies in several hematological malignancies both as a 

monotherapy and as a combination strategy.

• Anti-cancer effects of CD47-SIRPα are exerted via phagocytosis and 

cytotoxic T cell priming.

RESEARCH AGENDA

• Improved standard protocol for treating hematological malignancies with 

additional Phase I testing using antibody molecules designed to target the 

CD47-SIRPα interaction.

• Evaluation of testing in combination with immune-inhibitor and immune-

modulators.
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Figure 1. 
PRISMA Diagram for CD47 comprehensive review

Russ et al. Page 17

Blood Rev. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Anti-CD47 mechanisms of cancer cell killing. A. CD47-SIRPα interaction blocks 

macrophage phagocytosis of cancer cells. B. Treatment of cancer cells treated with anti-

CD47 Ab leads to type-III PCD (actin rearrangement, mitochondrial swelling and damage, 

exposure of phosphatidylserine on plasma membrane) along with induction of phagocytosis 

by macrophage.
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Table 1

Database Search Count

Database searched Date searched Citation count

PUBMED 3/7/2016 90

EMBASE 3/4/2016 151

SCOPUS 3/4/2016 164

WEB OF SCIENCE 3/7/2016 116

Blood Rev. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Russ et al. Page 20

Table 2

Inclusion and Exclusion Criteria Table

Inclusion criteria Exclusion criteria

-Studies of CD47/integrin-associated protein/anti-CD47 antibody
-Studies of hematological malignancies: [Non Hodgkin Lymphoma/Hodgkin Lymphoma/
Myelomas/Leukemias (ALL, AML, CLL, CML)]
-Methods include cell lines, animal models or human clinical trial
-Published in English language
-Date published 1990-2016

-No original data
-Case report
-No mechanism in hematological malignancy
-Published in language other than English
-Conference proceedings
-Poster presentation
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