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Abstract

Cancer immunotherapies that target adaptive immune checkpoints have significantly improved 

patient outcomes for multiple metastatic and treatment-refractory cancers. Recent studies, 

however, have demonstrated that innate immune checkpoints, which interfere with the detection 

and clearance of malignant cells and suppress innate sensing, also play a critical role in tumour-

mediated immune escape and may be potential targets for cancer immunotherapy. In this review, 

we highlight the current understanding of how cancer cells evade the immune system by disrupting 

phagocytic clearance and the implications of phagocytosis checkpoint blockade on the activation 

of antitumour immune responses. A better understanding of the tumour-intrinsic processes that 

inhibit essential immune surveillance processes such as phagocytosis and innate sensing could 

pave the way for developing more effective combination immunotherapy strategies that 

incorporate both innate and adaptive immune responses to treat patients with cancer.

INTRODUCTION

T cell immune checkpoint inhibitors have drastically improved patient outcomes for multiple 

metastatic and treatment-refractory cancers.1–14 Although immune checkpoint inhibitors 

have demonstrated survival benefits for cancers previously considered terminal, patient 

response rates to these treatments remain suboptimal. As a result, there is a growing interest 

in finding a combination immunotherapy, where multiple immune checkpoint blockers or 
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co-stimulatory agonists are given together in the hope of generating more potent antitumour 

responses.15–19 Although most of the effort thus far has focused on identifying the right mix 

of agents that can boost adaptive antitumour immune responses, agents that can stimulate 

innate immune cell activities are also increasingly being explored.20–22

As a major branch of the body’s immune defense, the innate immune system serves as the 

first line of defense against infection and malignant cell transformations.23 The cells of the 

innate immune system—such as monocytes, macrophages, and dendritic cells (DCs), all of 

which act as professional antigen presenting cells (APCs), and natural killer cells (NKs)—

rely on germline-encoded pattern recognition receptors and other cell surface molecules to 

quickly detect microbial proteins or membrane molecules on tumour cells to orchestrate 

downstream inflammatory reactions.24 The innate immune response is also critical for 

activating the adaptive immune system through the processing and cross-presentation of 

antigens to T cells by APCs.23 Integral to this bridging of innate and adaptive immunity is 

APCs’ ability to engulf tumour cells through phagocytosis, a multi-step cellular process 

involving target cell recognition, cellular engulfment, and lysosomal digestion, regulated by 

receptor-ligand interactions between the target cell and the phagocyte (Figure 1).25 Although 

healthy normal tissues and cells have inherited the ability to avoid self-elimination by 

phagocytes through the expression of antiphagocytosis molecules,26–28 cancer cells depend 

even more on similar mechanisms to evade immune eradication.29 Therefore, identifying 

and targeting phagocytosis checkpoints in cancer will provide a new avenue for developing 

cancer immunotherapies to eliminate tumour immune escape.

This review focuses on recent advances in the identification of phagocytosis checkpoints and 

stimulatory signals, as well as preclinical and early clinical evidence supporting the use of 

phagocytosis checkpoint blockade in cancer treatment (Box 1). We discuss the mechanistic 

processes governing innate and adaptive antitumour responses in the setting of phagocytosis 

checkpoint blockade and highlight how bridging the two branches of the immune system is 

critical for generating optimal antitumour immunity.

PHAGOCYTOSIS CHECKPOINTS

CD47-Signal-regulatory protein α (SIRPα)

The first member identified in the signal-regulatory protein (SIRP) family, SIRPα, is 

expressed on myeloid cells, including all different types of macrophages.30–32 SIRPα has an 

immunoglobulin (Ig) domain in the extracellular region for ligand binding and a cytosolic 

domain that includes an immunoreceptor tyrosine-based inhibitory motif (ITIM) that allows 

association with Src homology-2 (SH2)-containing protein tyrosine phosphatases (SHP) for 

signal transduction.30,31 The other two members of the SIRP family, SIRPβ and SIRPγ, 

which are mainly expressed in macrophages and lymphocytes, respectively, also have Ig 

domains in the N-terminal regions with shorter cytosolic tails.30,33–35 SIRPβ binds to 

immunoreceptor tyrosine-based activation motif (ITAM)-containing protein DNAX 

activation protein 12 (DAP12) to transduce activating signals; SIRPγ is not directly involved 

in recruiting signaling proteins.35–38
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CD47 was first cloned from ovarian cancer cells using a monoclonal antibody, OVTL3, that 

recognizes an epitope that is abundant in ovarian carcinomas but rarely expressed on normal 

tissues.39 At the same time, CD47 was also purified and cloned as a cell surface protein, 

named Integrin Associated Protein (IAP), that binds to αvβ3 integrin in the placenta and 

platelets.40 The interaction between CD47 and SIRPα, however, was not identified until 

later, when a monoclonal antibody, CC2C6, that inhibits the adhesion of hematopoietic cells 

to SIRPα was found to recognize CD47 as well, thus identifying CD47 as a potential ligand 

for SIRPα.41 Another study that probed a mouse brain cDNA library expressed in COS7 

cells with murine SIRPα recombinant proteins also revealed CD47 as a SIRPα binding 

partner.42

The role of CD47 in phagocytosis and immune recognition was discovered when red blood 

cells (RBCs) from CD47−/− mice transfused into wild-type (WT) recipients were rapidly 

cleared, which was reversed when macrophages were depleted using clodronate liposome.26 

Red pulp macrophages in the spleen were responsible for most of the RBC elimination 

through phagocytosis. Macrophage contact with WT but not CD47−/− RBCs triggered 

SIRPα phosphorylation, and blockade of SIRPα led to phagocytosis of WT RBCs, 

indicating that the CD47-SIRPα axis plays a key role in self-protecting RBCs from 

indiscriminate destruction in the circulation.26 CD47’s role in protecting against immune 

recognition and attack on self-tissues seems to be a conserved function across species. An 

M128L myxoma virus gene encoding a membrane protein that shares similar amino acid 

sequences with bovine CD47 is dispensable for replicating the myxoma virus but essential 

for inducing a lethal infection through the inhibition of phagocyte activities in the host.43

In addition to regulating normal tissue homeostasis, CD47 is also critical for cancer cells to 

evade immune clearance. Elevated expression of CD47 has been observed in a wide range of 

human cancers, including those from malignant hematopoietic and non-hematopoietic 

tumours.44,45 CD47 does not seem to be directly involved in regulating cell proliferation and 

viability for cancer cells, and CD47 knockout (KO) cancer cells are indistinguishable from 

their parental CD47-expressing cells in in vitro cell culture. Blockade of CD47 using 

monoclonal antibodies resulted in increased tumour cell phagocytosis by professional 

phagocytes and inhibited tumour engraftment and growth in mice that lack T, B and NK 

cells. Depletion of macrophages however, restore tumor growth, indicating that CD47 is 

critical for cancer cells to escape from macrophages attack and phagocytes play essential 

roles in immunosurveillance against cancer cells.44–48

At the transcriptional level, two upstream and downstream super enhancers, which consist of 

a set of constituent enhancers that are differentially expressed in different types of cancer 

cells, regulate the expression of CD47. Stimulating the tumour necrosis factor (TNF) 

inflammatory pathway activates NF-κB, which directly binds to a constituent enhancer of 

CD47 to regulate its expression in breast cancer cells.49 Hypoxia-inducible factor-1 (HIF-1) 

also binds to a CD47 promoter in breast cancer cells, and an analysis of a cohort of 1,040 

primary human breast cancer specimens revealed a significant correlation between HIF-1 

and CD47 expression.50 In melanoma cells, extracellular signal-regulated kinase (ERK) 

signaling upregulates transcriptional activation of CD47 through the transcriptional factor 

Nuclear respiratory factor 1 (NRF1).51 In human leukemia and lymphoma, the Myc 
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oncogene directly binds to the promotors of CD47 genes in mouse and human tumour cells 

to regulate CD47 expression.52 Myc inactivation leads to inhibited CD47 expression, which 

is associated with an increased recruitment of CD4+ T cells and macrophages into tumours 

and improved survival.52 These effects were reversed when CD47 expression was restored. 

Taken together, these results suggest that oncogenic activation of CD47-SIRPα signaling 

enables cancer cells to evade immune detection and clearance by inhibiting phagocytosis by 

professional phagocytes.

Programmed death 1 (PD-1) – Programmed death-ligand 1 (PD-L1)

In addition to the CD47-SIRPα axis, other phagocytosis checkpoints that promote tumour 

cell evasion of phagocytic clearance have been discovered. Traditionally viewed as a T cell 

immune checkpoint,53–55 the PD-1/PD-L1 axis was recently found to play a role in 

regulating the phagocytic ability of tumour-associated macrophages (TAMs) as well.56 

Similar to monocytes or macrophages from normal tissues such as spleen and peripheral 

blood, TAMs in early stage human and mouse tumours express minimal levels of PD-1. 

However, the expression of PD-1 in TAMs exponentially increases as the tumour grows.56 

Phenotypically, most PD-1+ TAMs are M2-like macrophages, which constitute the 

predominant macrophage population in late-stage mouse and human colon cancers. 

However, the PD-1- macrophage populations displayed a greater phagocytic ability than 

PD-1+ TAMs against tumour cells. Disrupting the PD-1/PD-L1 axis using either an anti-

mouse PD-1 antibody or a PD-L1 blocker (which lacked the Fc-domain) resulted in 

antitumour responses in mice that lacked T, B, and NK cells but still retained functional 

macrophages, indicating that the inhibition of the PD-1/PD-L1 axis in TAMs is responsible 

for the antitumour efficacy.56 When analyzing TAMs’ phagocytosis abilities against both 

PD-L1 over-expressing and KO tumour cells, no inhibition in the phagocytosis capacity of 

PD-1- TAM was noted. In contrast, PD-L1 KO significantly increased tumour cell 

phagocytosis by PD-1+ TAMs. Therefore, these observations strongly support the ideas that 

PD-L1 expression on cancer cells enables them to evade macrophage phagocytosis and that 

blockade of the PD-1/PD-L1 axis may induce both phagocyte- and T cell-mediated 

antitumour immunity.56 It is important to note that while the role of PD-1 in cytotoxic T 

lymphocyte (CTL) exhaustion is well-proven in mice, the demonstration that human 

responders have activated/amplified tumour-specific CTL clones is less clear, as is the 

evidence that such presence distinguishes responders from non-responders. It is therefore 

difficult to separate out as to whether the phagocytic system and/or the exhausted T cells are 

responsible for determining therapeutic outcomes. At the present time, the precise signaling 

events that promote the antiphagocytic function of PD-1 in TAMs are not well understood. It 

is worth noting that the macrophage receptors for tumour cell ‘don’t eat me’ signals 

identified to date - SIRPα, LILRB1, and PD144,56,57 - contain an ITIM domain which when 

activated, mediate signaling via their phosphorylation and activation of two tyrosine 

phosphatases, SHP1 and SHP2. It is however, unclear if both are stimulated in T cells and 

macrophages, as well as which factors promote the upregulation of PD-1 in TAM. Recent 

studies have suggested that cancer cell-derived exosomes from advanced tumours promote 

the differentiation of monocytes into PD-1+ TAMs with immune suppressive properties that 

impair effector T cell functions.58 However, it remains to be elucidated whether the 
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induction of PD-1 expression follows a mechanistic pathway similar to exosome-mediated 

PD-L1 upregulation in monocytes.

MHC I-LILRB1

Major histocompability complex class I (MHC I) is expressed on many nucleated cells and 

presents antigens to T cells. Recently, it was discovered that the expression of MHC I on 

cancer cells correlates with their resistance to phagocytosis because of MHC I’s interaction 

with the leukocyte immunoglobulin-like receptor (LILRB1) on macrophages.57 LILRB1 is 

the most widely distributed member of the LILRB family, with expression on monocytes/

macrophages, eosinophils, basophils, dendritic cells, certain NK cells, subsets of T cells, B 

cells,59–63 progenitor mast cells64 and osteoclasts.65 LILRB1 expression is also particularly 

abundant on TAMs. Further analysis revealed that the β2 microglobulin (B2M) subunit of 

the MHC I complex defines a species-specific interaction between MHC I and LILRB1. 

Disrupting the MHC I-LILRB1 interaction through genetic manipulation made cancer cells 

more vulnerable to phagocytic clearance. Co-implantation of MHC I+ and MHC I- cancer 

cells in immunocompromised mice showed a selective pressure against MHC I- cells in the 

engrafted tumour, despite the lack of adaptive immune cells. Deleting both MHC I and 

CD47 synergized to yield a stronger tumour inhibition in immunocompetent hosts that 

depend on the presence of macrophages.57 Given that antigen presentation by MHC I is 

required for T cell recognition of cancer cells and that MHC I downregulation has been 

commonly observed to render tumour cells resistant to T cell elimination,66–68 how cancer 

cells emerge by immunoselection given the pro- and anti-immunogenic role of MHC I 

remains an important yet unexplored question. Not all cancers or cancer types express high 

levels of B2M or PD-L1. Extensive testing of a full set of ‘don’t eat me’ signals on patient 

tumor cells as well as their cognate receptors on the TAM pools will enable the prediction of 

whether a patient will be more likely to respond to blockade of CD47 or other ‘don’t eat me’ 

signals. MHC I may be differentially regulated at different stages of tumour development or 

adapted to tumour microenvironments with a distinct composition of immune cells. 

Therapeutically, agents that block B2M without interfering with MHC I-T cell receptor 

binding or that inhibit LILRB1 may be explored to overcome phagocytosis resistance in 

tumour cells.

Another member of the LILBR family, LILRB2 was reported to be expressed on monocytes, 

macrophages, dendritic cells, basophils, hematopoietic stem cells,63,69–71 mast cell 

progenitors,64 activated endothelial cells,72 osteoclasts65 and activated CD4+ T cells.73 

Therapeutic antibodies blocking LILRB2, which like LILRB1, also binds to HLA class I, 

promote the maturation of macrophages and enhanced their pro-inflammatory activation.74 

Blockade of LILRB2 with monoclonal antibodies also increased the phagocytosis activities 

of TAMs and demonstrated enhanced antitumour effects when combined with anti-PD-L1 

antibodies in transgenic mice that express human LILRB2 on CD11b+ cells. 

Mechanistically, it appears that LILRB2 blockade suppresses SHP1/2 phosphorylation, thus 

promoting M1-polarization of macrophages through the activation of ERK and p38 by 

suppressing SHP1/DUSP-mediated direct or indirect dephosphorylation (ERK at Y204 and 

p38 at Y182). This leads to the activation of NF-κB/STAT1, while suppressing the activities 

of the PI3K/AKT pathways downstream of M-CSF.74 At this point, it is unclear whether 
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LILRB2 antagonism promotes phagocytosis activities directly or indirectly through 

phenotypic changes in macrophages. Although both LILRB1 and LILRB2 bind to HLA-I/

MHC-I,69,75 whether the interaction for the latter also acts as a phagocytosis checkpoint 

remains to be seen. It is also unclear whether the reported enhanced Th2 response through 

Semaphorin-4A binding to LILRB4 on activated CD4+ T cells could have contribute to the 

in vivo effect of antagonist anti-LILRB2 antibodies.73

Finally, LILRB4 is another receptor that is well known to be expressed on monocytes, 

macrophages, dendritic cells,76–78 as well as plasmablasts,79 certain Tregs,80 activated 

endothelial cells72 and osteoclasts.65 Crosslinking of LILRB4 and other receptors, such as 

HLA-DR, CD11b, FcγRIII or FcγRI, inhibits monocyte activation.76,81 Naturally, LILRB4 

is expressed on immunosuppressive myeloid cells such as myeloid-derived suppressor cells 

(MDSCs),82 tolerogenic DCs83 and TAMs,84 and inhibits T cell activity through LILRB4/

SHP2/NFkB signaling axis in monocytic leukemia cells. Anti-LILRB4 antibodies reactivate 

T cells and blocked development of monocytic leukemia.77 Although it was demonstrated 

that ApoE binding can activate LILRB4,77 and LILRB4 interaction with CD166 mediates its 

inhibitory effect on tumor cells,85 further investigations are needed to clarify whether 

LILRB4 on monocytic cells can directly bind and act on a surface protein (ideally an 

immune inhibitory receptor) on T cells.

PHAGOCYTOSIS ACTIVATING PATHWAYS

Calreticulin

In many cancers, malignant cells express antiphagocytosis signals at higher levels than 

normal cells do, potentially to counter-balance the increased expression of prophagocytic 

“eat me” signals generated from oncogenic stresses.44,45

Calreticulin (CRT) and calnexin are members of the ER “lectin chaperone” family, and they 

bind to newly synthesized proteins to assist their folding and glycosylation.86–88 CRT plays 

important roles in inducing phagocytosis as well as downstream immune responses through 

different mechanisms where CRT can be resourced by target cells or macrophages. 

Apoptotic cells express calreticulin on their surface as a recognition ligand, which forms a 

bridging complex with C1Q and low density lipoprotein receptor-related protein 1 (LRP-1 or 

CD91) expressed on phagocytes to initiate phagocytic clearance.89–91 Cancer cell death may 

trigger an immune response during which dead or dying cancer cell proteins or antigens are 

taken up by DCs to process tumour antigens to activate adaptive immunity. While certain 

chemotherapies or radiotherapies, such as anthracyclines and gamma irradiation, induce 

immunogenic cancer cell death, other DNA damaging agents do not. In these cases, pro-

apoptotic agents induce CRT translocation to the cell surface in dying cancer cells and 

enhanced cell surface CRT expression enables phagocytosis of these cells by DCs and 

trigger immunogenicity.92–95 Cell surface CRT, secreted ATP, and released high mobility 

group protein B1 define the damage-associated molecular patterns (DAMPs) for 

immunogenic cell death.96,97

Cell surface CRT is also found on living cells, and it mediates macrophage phagocytosis and 

elimination of these cells.98,99 For clearance of the living cells, activated macrophages are 
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the major resources for CRT for recognition of target cells, including damaged, aged and 

malignant cells. During inflammation, neutrophils mature after infiltrating into the 

inflammation sites and are cleared by macrophages. While neutrophils undergo apoptosis 

before their clearance, the neutrophils from transgenic mice expressing anti-apoptotic 

protein Bcl2 become resistant to cell death but are as susceptible to phagocytosis as the 

apoptotic neutrophils, which suggests that their clearance by macrophages does not rely on 

the induction of cell death.100,101 Stimulating Toll-like receptor pathways in macrophages—

especially TLR3, 4, and 7—activates and phosphorylates Bruton’s Tyrosine Kinase (BTK), 

which in turn phosphorylates CRT and activates its translocation to the cell surface on 

macrophages.47,102 How CRT, a soluble protein, is associated to macrophage cell surface 

remains to be explored. LPR-1 was identified to be a cell surface receptor for CRT but 

LRP-1 knockout mice need to be examined to fully understood its role in mediating this 

process. CRT interacts with its ligands on target cells to mediate their recognition and 

phagocytosis. This might be achieved by ligating cell surface CRT on macrophages with 

ligands on target cells, or by secreting CRT to directly decorate target cells for recognition.
103 Therefore, phagocytosis of live cancer cells may not solely rely on CRT expression on 

cancer cells per se, but rather correlated with cell surface CRT exposure and secretion by 

macrophages. Importantly, altered patterns of carbohydrate expression were observed on 

apoptotic cells and a wide range of human cancer cells, including abnormal expression of 

glycans and branching of glycoproteins.104–107 The lectin-like domain in CRT enables its 

binding to an asialoglycan Tri-antennary and multivalent type II (Galβ1→4GlcNAc) chain 

epitopes (Tri-m/II) that are widely expressed on malignant cells as well as neutrophils with 

enforced expression of BCL2.103 This interaction enables recognition of these cells and 

stimulates phagocytosis by macrophages.103

Signaling lymphocytic activation molecule family (SLAMF) and Macrophage-1 (Mac-1)

The signaling lymphocytic activation molecule (SLAM) family receptors may be involved in 

mediating phagocytosis of hematopoietic malignant cells.108 SLAMF comprises nine 

receptors, seven of which are expressed in macrophages: CD48, Ly9, CD244, CD84, 

SLAMF7, SLAMF8, and SLAMF9.108–110 SLAMF receptors are single-pass 

transmembrane proteins with two to four extracellular Ig domains and tyrosine-rich 

intracellular tails.108 Knockout of SLAMF7 in the mice compromised the phagocytotic 

abilities, induced by CD47 blockade, of mouse bone marrow-derived macrophages against 

many B cell- and myeloid cell-derived cancer cell lines.111 SLAMF7-mediated cancer cell 

phagocytosis is independent of signaling lymphocyte activation molecule-associated protein 

(SAP) adaptors. Instead, SLAMF7 interacts with Mac-1 antigen, a heterodimeric 

complement receptor comprised by integrin CD11b and CD18 expressing on many innate 

immune cells including phagocytes. Mac-1 plays an essential role in phagocytosis of C3bi-

opsonized pathogens and apoptotic cells112,113. SLAMF7 associates to Mac-1 to form a 

protein complex on the cell surface of macrophages. Through Mac-1, SLAMF7 interacts 

with two ITAM-motif containing receptors, FcRγ and DAP12, in macrophages to transmit 

an activation signaling cascade mediated by Src, Syk and Btk kinases to induce phagocytic 

machinery in macrophages.111 Importantly, while Mac-1 is a required component for 

SLAMF7-mediated phagocytosis of hematopoietic cancer cells, there is no evidence that 

SLAMF7 is reciprocally involved in the phagocytosis mediated by Mac-1 and C3bi.111
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As a homotypic receptor, SLAMF7 on macrophages might interact with SLAMF7 on cancer 

cells for their recognition and phagocytosis. However, as showed in a recent study, the 

expression of SLAMF7 is missing from many diffuse large B-cell lymphoma (DLBCL) cell 

lines and primary cells, despite their susceptibility to anti-CD47 antibodies-induced 

phagocytosis by allogeneic human macrophages. In addition, the expression of SLAMF7 on 

different macrophage subpopulations in the tumor microenvironment is not correlated with 

their phagocytic ability against DLBCL cells induced by clinically relevant CD47 targeting 

antibodies.114 Since different macrophage models were used in these studies, further 

investigation needs to be performed to examine the molecular mechanisms of SLAMF7 in 

mediating tumor cell phagocytosis and it remains to be seen whether additional “eat me” 

signals are involved in binding to SLAMF7 to activate phagocytosis.

Fc Receptors

Fc receptors belong to a family of cell surface receptors that bind to the Fc domain of 

immunoglobulins and activate downstream signaling in different types of immune cells 

including macrophages, dendritic cells and granulocytes.115,116 Although classically known 

to exert antitumour effect via antibody-dependent cellular cytotoxicity (ADCC), IgG 

receptors (FcγR) also play a major role in mediating antibody-dependent cellular 

phagocytosis (ADCP) of tumour cells by professional phagocytes. Within the human FcγR 

family, FcγRIIB is the only inhibitory receptor and the others (FcγRI, FcγRIIA, FcγRC, 

FcγRIIIA, FcγRIIIB) are activating receptors.115–118 The FcγRs bind to immunoglobulin 

IgG1, IgG3 and IgG4, with the exception of FcγRIIIB, which does not bind to IgG4, and 

FcγRIIA, is the major receptor for IgG2.117 Binding of IgG induces phosphorylation of 

ITAM motifs which locate in the ligand-binding a-chain in FcγRIIA and FcγRIIC or in the 

signaling g-chain in FcγRI and FcγRIIIA.115 Phosphorylation of tyrosines in the ITAM 

motif by Src family kinases leads to the recruitment and activation of the Syk-family 

tyrosine kinases which in turn phosphorylate and activate downstream targets, including the 

Rac-GEFs (Guanine Nucleotide Exchange Factors).119,120 Rac-GEFs activate GTPases such 

as RhoA, Rac1 and Cdc42, leading to actin cytoskeleton rearrangement via actin-regulatory 

proteins to enable phagocytosis.120,121 FcγRIIB which is conserved in human and mice, 

contains an ITIM motif in its ligand-binding a-chain whose phosphorylation and activation 

result in the recruitment of phosphatases including SHP1 and SHIP1 (SH2-domain-

containing inositol polyphosphate 5’ phosphatase 1) and thus transduce inhibitory signals.
115,121 In addition, FcγRIIB promotes the cellular internalization of antibody-antigen 

complex on target cells to inhibit the interaction between antibodies and the activating 

FcγRs.122–124

Therapeutic antibodies targeting cancer cells engage both activating and inhibitory FcγRs on 

phagocytes. Antitumour effects of antibodies were largely diminished in FcγR−/− mice but 

were significantly enhanced in FcγRIIB−/− mice, indicating a direct role of FcγRs in 

mediating cytotoxicity of antibodies against cancer cells125. ADCP has been reported in 

many different types of cancers, which depends on activating FcγRs and was abolished 

when macrophages are depleted. Kupffer cells (liver macrophages) were shown to 

phagocytize cancer cells in circulation upon antibody treatment, in a FcγRI and FcγRIV 

dependent manner.126 Daratumumab, an anti-CD38 antibody, induced macrophage 
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phagocytosis of multiple myeloma cells.127 In small cell lung cancer models, antibodies 

targeting several highly-expressing antigens enabled direct phagocytosis of the cancer cells 

by macrophages.48 On the other hand, antibodies engineered to have enhanced binding to 

activating FcγRs and diminished binding to FcγRIIB showed to improve the efficacy of 

cancer cell phagocytosis in mouse models of lymphoma and leukemia.128 In addition, 

antibodies that block FcγRIIB enhanced ADCP and therapeutic efficacy of rituximab129. 

Finally, glycoengineered CD20 antibody obinutuzumab induced phagocytosis of chronic 

lymphocytic leukemia (CLL) cells by neutrophils through binding to FcγRIIA and 

FcγRIIIB.130

TARGETING PHAGOCYTOSIS CHECKPOINTS

CD47-SIRPα axis

CD47 has a long N-terminal extracellular domain and five transmembrane domains, as well 

as a short cytosolic domain, which differs among CD47 isoforms. The extracellular V-type 

Immunoglobin-like (IgV-like) domain in CD47 is responsible for its interaction with SIRPα, 

as it binds to the N-terminal IgV-like domain in SIRPα.131,132 This interaction transduces a 

negative signal through the phosphorylation of two tyrosine residues in the intracellular 

ITIM motif of SIRPα.30,131,132 Tyrosine phosphorylated sites of SIRPα recruit and activate 

SHP-1 and SHP-2 phosphatases, which are hematopoietic-dominant and ubiquitously 

expressed, respectively.31,133,134 This negative signaling cascade leads to dephosphorylation 

of myosin-IIA and, thus, inhibits cytoskeleton rearrangement, which is a necessary step for 

macrophages to engulf target cells.135 A disulfide bond forms between Cys33 in the 

extracellular Ig domain and Cys263 in the loop between the fourth and fifth transmembrane 

domains of CD47.136 Disrupting this disulfide bond compromises SIRPα binding. A recent 

haploid genetic screen using a CC2C6 antibody that is known to bind to the SIRPα 
recognition site identified glutaminyl-peptide cyclotransferase-like protein (QPCTL) as a 

critical regulator for the CD47-SIRPα interaction.137 An N-terminal pyroglutamate in the 

CD47 protein, a posttranslational modification catalyzed by QPCTL, is dispensable for cell 

surface expression of CD47 but a necessary component for SIRPα binding. Deletion of 

CD47, inhibition of QPCTL, and blockade of the IgV-like domain in CD47 showed 

comparable effects in abolishing SIRPα binding and inducing target cell phagocytosis, 

indicating that the integrity of the IgV domain and the N-terminal pyroglutamate is 

necessary for maintaining SIRPα binding.

Blocking the CD47-SIRPα interaction leads to phagocytosis of live cancer cells and can be 

achieved in several ways: 1) CD47 or SIRPα antibodies that target their binding sites to 

block the CD47-SIRPα interaction44,45,138; 2) recombinant proteins of the extracellular 

regions of CD47 or SIRPα, which, when they reach the threshold concentrations, compete 

with the endogenous proteins for binding139–141; and 3) agents that target pathways that 

regulate the CD47 transcriptional/trafficking regulatory program to suppress cell surface 

expression of CD47 on cancer cells.49 In addition, while tumor specific monoclonal 

antibodies are able to target tumor cells and induce macrophage phagocytosis to some extent 

through IgG-FcγR interaction, therapies targeting CD47-SIRPα lower the threshold of 

macrophage activation142 and thus amplify the efficacy of ADCP induced by various 
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therapeutic antibodies,143 which have shown to be effective in preclinical models of patient-

derived cancer xenografts,44–46,139,143,144 fibrotic disorders,145 and atherosclerosis.146 It is 

worth noting that in mouse xenograft models of glioblastoma, anti-CD47 antibody treatment 

resulted in the polarization of TAMs towards a M1-like phenotype,147 suggesting that CD47-

SIRPα pathway is likely involved in additional intracellular processes that regulate pro-

tumour functions of TAMs. Interestingly, although M1 macrophages were reported to 

possess relatively stronger phagocytosis upon CD47 blockade,45,147 M2 macrophages which 

are considered as the major TAM population in established tumours, also maintain 

phagocytic ability against tumor cells. Therefore, more specific classification of subgroups 

of TAMs and functional assessments through genetic modulation including cell ablation or 

lineage tracing at the single cell level are required to better define the role CD47-SIRPα 
pathway play in TAM polarization.

In addition to macrophages and DCs, blockade of CD47-SIRPα interaction was found to 

promote neutrophil-mediated ADCC towards breast cancer cells induced by anti-HER2 

antibody.148 similarly, SIRPα blockade induced macrophage- and neutrophil-mediated 

phagocytosis of several types of human cancer cells in vitro, and promoted neutrophil and 

macrophage infiltration in the lymphoma xenograft and augmented their antitumor effects.
149 Recent evidence also suggest that CD47-SIRPα axis is involved in the regulation of 

neutrophil-mediated trogoptosis of cancer cells. Using high-power scanning electron 

microscopy, neutrophils were found to form intimate interactions with cancer cells coated by 

antibodies, allowing them to disrupt cancer cell plasma membrane to induce lytic cell death. 

Blockade of CD47-SIRPα axis was found to augment antibody-opsonized cancer cells 

trogoptosis by neutrophils both in vitro and in vivo.150

Clinically, CD47-SIRPα blocking agents are currently being evaluated in multiple ongoing 

trials as a monotherapy or in combination with other therapies for leukemia, lymphoma, and 

solid tumours (Table 1). Although majority of the studies are non-randomized phase I trials 

aimed at determining maximal tolerated dose and dose-limiting toxicities of the treatment 

regimen, early evidences suggest that CD47-SIRPα blockade is well tolerated in patients, 

despite the fact that CD47 is widely expressed on normal tissue. Severe toxicity from CD47-

SIRPα blockade has not been reported from extensive preclinical testing and in clinical 

trials, unless the anti-CD47 reagent is of an immunoglobulin isotype that fixes complement 

proteins or activates ADCC (Box 2). The primary reason for this observation is that most 

CD47+ normal cells lack ‘eat me’ signals such as surface bound calreticulin.47,99,103 In 

addition, TTI-621, a protein that fuses the IgV domain of human SIRPα with the Fc region 

of human IgG1 and that is currently being tested in clinical trials, reported minimal binding 

to RBCs.141 This is probably due to different binding mechanisms between the blocking 

agents, as SIRPα preferentially binds to clustered CD47, while CD47 on RBCs is trapped by 

spectrin, resulting in limited mobility that prevents SIRPα binding.141,151 Another strategy 

is to take advantage of differential expression levels of phagocytosis checkpoints on “aged” 

and “young” RBCs. Administering a low, “priming dose” of anti-CD47 antibody leads to 

loss of less than 20% of RBC, likely those with calreticulin bound to their surface. This is 

followed by reticulocytosis process which generates new RBC that are more resistant to 

CD47-blockade mediated self-clearance by phagocytes.
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BRIDGING INNATE AND ADAPTIVE ANTITUMOUR IMMUNITY

The ability to recognize pathogen associated molecular patterns (PAMPs) is characteristic 

of the innate immune system, which employs germline-encoded receptors to detect 

molecular patterns associated with extracellular or intracellular pathogens.152 Extracellular 

pathogens are mainly recognized by toll-like receptors (TLRs) or C-type lectin receptors 

(CLRs) anchored on the plasma membrane or within phagolysosomes (Figure 2).153 These 

transmembrane receptors contain a ligand-binding domain that detects conserved PAMPs 

and a signal transduction domain that projects into the cytosol, and they are responsible for 

initiating inflammatory responses by activating multiple pathways, including NF-κB, 

mitogen-activated protein kinases (MAPKs), JUN N-terminal kinases (JNKs), and interferon 

regulatory factor (IRF3, IRF5, and IRF7) (Figure 2).154 In the case of cancer, increased 

cellular turnover or stress might result in an increased release or exposure of endogenous 

molecules by tumour cells. These DAMPs are also picked up by pattern recognition 

receptors on phagocytes to initiate immune and inflammatory responses.155

In contrast to extracellular signals, intracellular pathogens are detected by soluble proteins in 

the cytosol. Pattern recognition receptors, such as NOD-like receptors (NLRs) and retinoic 

acid-inducible gene-I-like receptors (RLRs), detect bacterial- and viral-derived signals, such 

as proteoglycans and double-stranded RNAs (dsRNA), to activate NF-κB and IRF, resulting 

in Type 1 interferon (IFN) induction.156,157 Recognition of intracellular DNA from 

microbes, by contrast, is mediated by the cytosolic DNA sensor cyclic GMP-AMP synthase 

(cGAS), which, upon DNA binding, catalyzes the synthesis of cyclic GMP-AMP (cGAMP) 

from ATP and GTP.158 The cGAMP then acts as a second messenger to bind and activate the 

ER-membrane adaptor, stimulator of interferon genes (STING), resulting in the activation of 

IRF3 and NF-kB to induce the expression of type 1 IFN, TNF, IL-1b, and IL-6, among 

others (Figure 2).159 In addition to foreign DNA, the cGAS-STING pathway is also critical 

for detecting self-nucleic acid within the cytosol. As DNA is bound within the confines of 

the nucleus and mitochondria in eukaryotic cells, self-DNA can accumulate within the 

cytosol during tumour cell phagocytosis by professional phagocytes, triggering the 

activation of cGAS-STING and antitumour immunity.159

Therefore, both extracellular and intracellular innate immune sensing pathways provide 

potential mechanisms for innate immune activation within APCs upon tumour cell uptake in 

the setting of phagocytosis checkpoint blockade. The subsequent production of type I IFNs 

through TLR or cGAS-STING activation may enhance the maturation of APCs and their 

ability to cross-present tumour-derived antigens by MHCs, to upregulate co-stimulatory 

molecules, and to prime effector T cell responses (Figure 3). In fact, cross-presentation of in 

vitro human tumors expressing transfected cytoplasmic ovalbumin can, in the presence of 

blocking anti-CD47, lead to massive phagocytosis and cross-presentation of the SIINFEKL 

peptide via MHC I to CTL precursors that express OT1 TCR that bind and are activated by 

this MHC I:SIINFEKL H2b complex.160 This bridging of innate and adaptive antitumour 

immune responses could be critical for generating long-term tumour control and provides a 

rationale for combining phagocytosis checkpoint blockade with other therapeutic 

approaches.
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Generation of antigen-specific T cell responses

Although the initial observation of phagocytosis checkpoint blockade using an anti-CD47 

antibody largely attributed its effect to direct elimination of tumour cells by phagocytes, a 

growing body of evidence has emerged to support the idea that the adaptive immune system, 

particularly CD8 T cells, is also critical for the antitumour effect of CD47 blockade.160–163 

Disrupting the SIRPα–CD47 interaction using monoclonal antibodies enhanced the 

phagocytosis activities of macrophages against human colon cancer cells. These 

macrophages also exhibited enhanced cross-presentation of tumour-derived antigens by 

MHC-I molecules on their surface, and they primed antigen-specific CD8+ T cell, but to 

date, not CD4+ T cell, responses in vitro and in vivo (Figure 3).160 Similarly, CD47 

blockade was also shown to promote tumour cell phagocytosis by DCs, resulting in more 

efficient T cell cross-priming and antitumour effects.162 In this case, depleting CD8+ T 

cells, rather than CD4+ T cells, in vivo largely diminished the therapeutic response of CD47 

blockade, suggesting an essential role of the adaptive immune system in mediating CD47 

blockade’s antitumour effect.162 Finally, against syngeneic B16F10 melanomas, antibodies 

targeting both CD47 and TRP-1 synergized with an anti–PD-L1 antibody to produce a 

durable antitumour response, which was not achieved using CD47 blockade either alone or 

in combination with the anti–TRP-1 antibody.164 While these data further support the fact 

that CD47 blockade’s antitumour effect might also involve a functional adaptive immune 

system, the recent finding that PD-1 also serves as a phagocytosis checkpoint on tumour-

associated macrophages complicates the conclusion, as PD-L1 and CD47 blockade provided 

better tumour control and longer survival in immunocompromised tumour-bearing mice than 

either treatment alone.56

Toll-like receptor (TLR) pathway

As the best characterized pattern recognition receptors, TLRs can detect tumour-associated 

DAMPs released within the tumour microenvironment or cancer cell engulfed within 

phagosomes, resulting in the activation of downstream inflammatory pathways.155 TLR 

activation in professional APCs is essential for key immunological processes, including 

processing and cross-presentation of antigens, upregulation of co-stimulatory molecules 

including CD80 and CD86, and T cell recruitment and activation.155 However, the role of 

TLR activation in determining the antitumour responses of phagocytosis checkpoint 

blockade is less defined. Anti-CD47 antibody treatments in MC38 tumours implanted in 

mice deficient in Myd88 and Trif, both of which are cytoplasmic Toll/Interleukin-1 receptor 

(TIR) domain-containing adaptor proteins,154 resulted in growth inhibition comparable to 

that in wild-type animals.162 Similarly, CD47−/− RBCs sufficed to activate splenic CD4+ 

DCs in Myd88−/− and Trif−/− mice, and they need to interact with CD18 (Integrin β2).165 

Whether this holds true for non-hematopoietic cells or tumour cells is unclear. Although the 

TLR pathways may not be essential for generating antitumour adaptive responses, their 

activation nevertheless may augment the phagocytotic effect of CD47 blockade. Adding 

agonists to TLR-3, −4, and, −7 enhanced the antitumour activities of CD47 blockade in vivo. 

Activation of TLRs result in the phosphorylation of Btk in phagocytes, which then 

phosphorylates the ER chaperon CRT to promote its translocation to the plasma membrane.
47 The CRT can be secreted by the macrophages or it may interact with other yet 
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unidentified receptors expressed on tumour cells to promote their phagocytosis with CD47 

blockade. However, it is unclear whether CRT upregulation by TLR occurs in other 

hematopoietic cell populations that express Btk. The potential for increased hematological 

toxicities with CD47 blockade is also unclear.

cGAS-STING pathway

Interferon production in host APCs can be triggered not only by TLRs, but also by the 

activation of the cytosolic DNA sensing cGAS-STING pathway. In tumour cells, increased 

genomic instability results in the formation of micronuclei, because DNA is mis-segregated 

during cell division.166,167 Breakdown of the micronuclear envelope associated with 

chromothripsis exposes the self-DNA to the cytosol, leading to rapid accumulation of cGAS,
168 which binds to and is activated by the exposed nucleic acids,169 resulting in STING 

phosphorylation and interferon induction.169,170 Alternatively, tumour-derived DNA can 

activate cGAS-STING in host APCs after tumour cell phagocytosis.162 The T cell priming 

and antitumour effects of CD47 blockade appear to depend on the activation of cGAS-

STING in APCs such as DCs. Treating MC38 tumours with an anti-CD47 antibody 

increased type I IFN production and antitumour responses in WT, but not STING-deficient, 

Tmem173GT mice.162 Similarly, DCs isolated from these animals showed a differential 

ability to prime CD8+ T cells ex vivo when co-cultured with tumour cells and anti-CD47 

antibody. These results suggest that, at least in the context of CD47 blockade, host cell 

activation of the cGAS-STING pathway is critical for IFN production and antitumour 

adaptive immunity.162

Currently, it is unclear through which process tumour DNA escapes from phagosomes and 

enters the cytoplasm of APCs to trigger the cGAS-STING pathway. However, it appears that 

the origin of the DNA matters. After CD47 blockade-induced phagocytosis, an increase in 

the abundance of tumour-derived mitochondrial DNA (mtDNA), but not nuclear DNA 

(nDNA), in the cytosol of DCs was detected, despite the overall enrichment of both nucleic 

acids.171 The tumour mtDNA is recognized by cGAS in the cytosol, which leads to STING 

activation and type I IFN induction (Figure 2). Depleting mtDNA in tumour cells 

significantly reduced both type I IFN production and CD8 T cell priming capacities of DCs 

in the setting of CD47 blockade. This suggests that mtDNA, rather than nDNA, is the 

primary activator of innate immune sensing pathways in APCs after CD47 blockade-induced 

tumour cell phagocytosis.171 Mechanistically, it appears that CD47 blockade enabled the 

activation of NADPH oxidase NOX2 in DCs, which in turn inhibited phagosomal 

acidification and reduced the degradation of tumour mitochondrial DNA (mtDNA) in DCs. 

mtDNA was recognized by cyclic-GMP-AMP synthase (cGAS) in the DC cytosol, 

contributing to type I IFN production and antitumour adaptive immunity. The increase in 

cytosolic mtDNA content applied only to DCs, not to macrophages, despite the latter being 

more efficient in phagocytizing tumour cells after CD47 blockade. This discrepancy seems 

to be a result of the preferential inhibition of NOX2 within DCs and macrophages. The 

binding of CD47 with SIRPα recruits SHP-1 to dephosphorylate p47phox, which results in 

NOX2 inhibition. Blockade of CD47 restored the activities of NOX2 in DCs but not in 

macrophages, which de-acidify the phagosomes via reactive oxygen species (ROS)-mediated 

proton consumption to reduce DNA degradation. However, questions remain about which 
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processes regulate NOX2 in macrophages, as phosphorylation of p47phox did not change in 

macrophages as it did in DCs after CD47 blockade.171 Similarly, it is unclear why CD47 

blockade increased mtDNA, but not nDNA, content within the cytosol of DCs, though the 

linear structure of nDNA, which is more prone than circular mtRNA to enzymatic 

degradation, may have contributed to this effect.172 Finally, in addition to phagosomal 

degradation of DNA, cytosolic exonucleases including Trex1 can also dampen cGAS-

STING activation and IFN induction.173 IFNγ stimulation upregulated Trex1 expression in 

macrophages but not in DCs, but IL4 had no effect. The upregulation of Trex1 not only 

increases DNA degradation in the cytosol, but also severely restricts antigen cross-

presentation and T cell priming of macrophages.174 Therefore, multiple phagosomal and 

cytosolic regulators that perform unique functions within distinctive APC subpopulations 

probably determine the activation of innate immune sensing after tumour cell phagoytosis. A 

deeper understanding of these pathways should enable the development of more effective 

therapies that bridge innate and adaptive antitumour responses.

COMBINATION THERAPY WITH PHAGOCYTOSIS CHECKPOINT 

BLOCKADE

Therapeutic antibodies

Cytotoxicity towards cancer cells from blockade of the CD47-SIRPα axis occurs primarily 

through phagocytosis, instead of ADCC, as supported by the evidences that F(ab’)2 of 

CD47-blocking antibody induce effective phagocytosis and CD47 deficient cancer cells 

were dramatically more susceptible to phagocytosis as compared to the CD47-expressing 

counterparts.47,48,143 Blockade of the CD47-SIRPα axis can synergize with therapeutic 

antibodies to enhance the effect of ADCP or vice versa. An early example of this successful 

combination therapeutic strategy is when CD47 blocking antibody were given together with 

the anti-CD20 antibody Rituximab for the treatment of B cell non-Hodgkin’s lymphoma 

(NHL). In both localized and disseminated xenotransplantation models of NHL in NSG 

mice, combined Rituximab and CD47 blocking antibody inhibited tumour engraftment and 

growth, with 60% of mice achieving cancer elimination and long-term survival.143 

Expanding on these results, a bispecific antibody that co-targets CD47 and CD20 also 

demonstrated improved efficacy and phagocytosis induction against lymphoma cells.175 

Beyond hematological cancers, CD47-blocking reagents have also demonstrated enhanced 

phagocytosis induction and antitumour effects when combined with therapeutic antibodies in 

breast cancer (with trastuzumab),139 melanoma (with anti-CD271 antibody),176 small cell 

lung cancer (with anti-CD56 antibody),48 and colon cancer (with anti-EGFR or anti-EpCAM 

antibody).139

Cytokine therapy

Because phagocytosis checkpoint blockade relies on APCs to engulf cancer cells to generate 

antitumour responses, it may be complemented by strategies that either improve the 

phagocytosis process or enhance downstream immune activation. While the former can be 

accomplished by targeting multiple phagocytosis checkpoints or with co-stimulatory 

receptors, it may also be accomplished by modifying the properties of phagocytes. This 
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hypothesis is supported by the observation that SIRPα−/− and CD47−/− mice, which exhibit 

minimal engulfment of normal self-cells, develop severe anemia in the setting of 

inflammation. Macrophages from these mice treated with IL-17, LPS, IL-6, IL-1β, and 

TNFα, but not IFNγ, initiated potent phagocytosis towards self-cells that is only restrained 

by CD47-SIRPα.177 In human glioma models, anti-CD47 treatment resulted in more 

prominent tumour cell phagocytosis by M1- than M2-polarized macrophages.147 Similarly, 

TTI-621, a soluble SIRPαFc fusion protein that blocks the CD47 signal, increased 

phagocytosis of lymphoma cells by multiple polarized macrophage subpopulations, with the 

greatest effect from macrophages stimulated by IFNγ, IFNγ + LPS, and IL-10 + TGFβ.140 

Even the macrophages that have lower initial phagocytic capacities could be repolarized into 

more potent phagocytic phenotypes through the stimulation of cytokines or TLR agonists.140 

Taken together, these results suggest that strategies that alter phagocyte phenotypes using 

cytokines, TLR agonists, chemokines or other growth factors may be combined with CD47 

or other phagocytosis checkpoint blockades to induce tumour cell clearance.

Chemotherapy

Despite its potential toxicities, chemotherapy remains the backbone of the standard-of-care 

for many cancers, especially in the locally advanced and metastatic settings.178 With the 

emergence of immunotherapy, efforts have increasingly focused on identifying the optimal 

combination or ideal clinical scenarios in which chemotherapy can synergize with cancer 

immunotherapy to produce the maximal therapeutic benefit.179–182 However, this is 

complicated by the fact that many chemotherapeutic agents cause myelosuppression and are 

highly toxic to immune cells within the body.183 At the same time, chemotherapy can induce 

DNA damage in tumour cells, resulting in immunogenic cell death, which is associated with 

the translocation of the prophagocytosis signal CRT to the plasma membrane (Figure 4).
92,184 As a result, chemotherapy administered after CD47 blockade was found to be 

detrimental to generating antitumour memory responses, whereas initiating chemotherapy 

before CD47 blockade improved the antitumour activities of anti-CD47 antibodies and 

preserved the host memory response against relapsing tumours.162 A separate study found 

that the synergistic antitumour effect of chemotherapy doxorubicin with SIRPα and PD-L1 

dual blockade was abrogated when mice bearing MC38 tumours were first treated with Z-

VAD-FMK, a caspase inhibitor that reduces the expression of membrane CRT.185 These 

results suggest that the induction of the prophagocytosis signal CRT is critical for 

synergizing chemotherapy with phagocytosis checkpoint blockade to produce antitumour 

effects. Regardless, the therapeutic responses of chemotherapy and phagocytosis checkpoint 

blockade will probably depend on multiple factors, including the type, timing, and dose of 

the agents used, the tumour types targeted, and perhaps the immunological status of the 

patients. A deeper understanding of the mechanisms that govern the potential synergism 

between cytotoxic agents and phagocytosis checkpoint blockers will provide a clearer 

insight into developing effective combination regimens for cancer treatment.

Radiation therapy

CD47 blockade has also been investigated in combination with ionizing radiation to enhance 

antitumour effects. CD47 was found to interact with thrombospondin-1 (TSP-1) to limit 

recovery of normal tissues from cellular stress induced by radiation exposure. Accordingly, 
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blockade of CD47 exerted a radioprotective effect on human endothelial cells and T cells in 

irradiated mice.186 In both endothelial and T cells, CD47 blockade promoted their survival 

in concert with the upregulation of autophagy pathways.187 In syngeneic B16 melanoma-

bearing mice, CD47 blockade directly increased effector T cell infiltration into the tumour 

microenvironment and sensitized CD47-expressing tumours to ionizing radiation in a CD8+ 

T cell-dependent manner.161 Beyond promoting T cell recruitment and survival, radiation 

can also directly facilitate the phagocytosis of tumour cells by APCs.188 Exposure to 

ionizing radiation can promote the translocation of CRT within tumour cells from the ER to 

the plasma membrane where it acts as a prophagocytosis signal to phagocytes.189,190 

Although radiation was found to upregulate the expression of MHC-I, which contains the 

B2m subunit via increased production of IFNβ, on tumour cells,191,192 it also makes tumour 

cells more recognizable to cytotoxic T cells.192 Furthermore, increased DNA damage from 

ionizing radiation can activate the cytosolic DNA sensing cGAS-STING pathway in both 

tumour cells169,170,173 and host APCs.193 Although the production of inflammatory 

cytokines after STING activation can induce tumour necrosis, it can also facilitate adaptive 

changes in tumours to promote immune resistance. TNFα, for example, through the 

activation of NF-κB, increases CD47 expression in at least in some breast cancers by 

promoting NF-κB binding to enhancers associated with the gene locus (Figure 4).49 

Therefore, radiation-induced inflammatory responses may further sensitize tumours to 

phagocytosis checkpoint blockade, thus justifying further investigation of this combinatorial 

regimen for cancer treatment.

Adaptive checkpoint blockade

The observations that phagocytosis checkpoint blockade, including anti-CD47 therapy, 

stimulate both the innate and adaptive immune systems to generate antitumour responses 

provide a strong rationale for combining it with existing cancer immunotherapy strategies, 

such as T cell checkpoint inhibitors. The potential for such combinations was initially 

demonstrated when anti-CD47 antibody synergized with PD-L1 blockade to improve the 

therapeutic response rate against melanoma established in a syngeneic host.164 Similarly, 

using a fusion bispecific anti–PD-L1–SIRPa antibody that blocks both innate and adaptive 

checkpoints on tumour cells enhanced antitumour response.193 The generation of a 

bispecific antibody that simultaneously targets CD47 and a tumour-associated antigen 

increases the specificity and tolerability of CD47 blockade.194 While CD47 blockade can 

improve T cell priming and activation through IFN production, inhibiting PD-1 may also 

enhance the phagocytosis capabilities of intratumoural macrophages.56 It would be 

interesting to investigate the effect of CD47 blockade on the antitumour capabilities of T 

cells, as previous studies have suggested that CD47 negatively regulates the differentiation 

of Th1 CD4+ T cells195 and interacts with TSP-1 to inhibit T cell proliferation.196 Similarly, 

it is unclear what effect, if any, PD-1 blockade-induced tumour cell phagocytosis has on 

innate immune sensing pathway activation within APCs. Nonetheless, these results confirm 

the notion that the conventional divide between innate and adaptive checkpoints is becoming 

less obvious, as more of these checkpoints are found to function at both the innate and 

adaptive levels.
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EARLY CLINICAL EVIDENCES

Malignant cells utilize multiple processes to evade host immune detection and clearance. 

Early clinical trial results have already generated exciting results for phagocytosis 

checkpoint blockade-based cancer immunotherapy. A phase 1b trial of treatment-refractory 

or relapsed non-Hodgkin’s lymphoma treated with 5F9, a humanized antibody that blocks 

CD47, and rituximab, an anti-CD20 monoclonal antibody, resulted in a 50% objective 

response and a 36% (~ 72% of objective response) complete response rate.197 Within the 

subset of patients with more aggressive, diffuse large B cell lymphoma, over 30% of patients 

had a complete response. Although promising, a longer follow up and larger numbers of 

patients are needed to confirm these findings. The concurrent administration of anti-CD47 

antibody with rituximab also appeared to be well tolerated, with most of the toxicities 

reported as Grade 1–2 and anemia as the most common Grade 3 adverse event, which is 

expected given the expression of CD47 on red blood lifespan (Box 2).138 The severity of 

adverse reactions, however, can be reduced through a priming strategy, where a smaller dose 

of 5F9 is given one week before to remove aged RBC from circulation and to allow 

compensatory reticulocytosis to replenish the blood pool. This priming regimen, followed by 

a maintenance dose of 5F9, was also employed in a recent clinical trial in solid tumours.198 

This trial also observed mild anemia in 50% of the patients, but they quickly recovered with 

no need for intervention. Though only two of the 62 patients (3%) had a partial response to 

5F9 monotherapy, both patients had ovarian/fallopian tube primaries, which equates to a 10–

15% overall response rate for these types of cancer. The generally favorable toxicity profile 

of anti-CD47 therapy, thus, offers promise for ongoing clinical trials of phagocytosis 

checkpoint blockade in multiple hematological and solid tumours, either as a single agent or 

in combination with other monoclonal antibodies or T cell immune checkpoint inhibitors 

(Table 1).

Blockade of CD47-SIRPα axis using the soluble SIRPαFc fusion protein TTI-621 has also 

demonstrated promising result in patients with Sézary syndrome, a leukemic variant of 

cutaneous T cell lymphoma.199 In this study, it was found that circulating Sézary cells have 

elevated expression of CD47, which is correlated with worse patient prognosis.199 Treatment 

with TTI-661 promoted phagocytosis of Sézary cells by macrophages, and significantly 

reduced tumour burden as measured by the level of lactate dehydrogenase in blood, 

decreased absolute lymphocyte counts and clinical involvement in skin erythema.199 

Although the trial only included a very limited number of patients (n=5), these results 

nevertheless offer encouraging support for CD47-SIRPα blockade in the treatment of highly 

aggressive T cell malignancies.

CONCLUSION

It is becoming increasingly clear that tumour cell phagocytosis and subsequent immune 

recognition are governed by multiple inhibitory and stimulatory signals that must be 

considered to generate optimal antitumour responses. Innovative methods to identify key 

regulators of phagocytosis using genetic screening strategies under physiological conditions 

and non-neoplastic pathologies can potentially be expanded to the oncological setting. 

Recently studies using genome-wide CRISPR screens for example, have identified 
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previously unknown regulators of phagocytosis with significant implications in amyloid-β 
clearance in Alzheimer’s disease.200 How these phagocytosis regulators work in concert to 

modulate tumour cell clearance by professional phagocytes, during various stages of 

tumourigenesis, among different cancer types, remains to be elucidated. From a clinical 

perspective, how phagocytosis checkpoint blockers/stimulators are to be incorporated into 

the current cancer immunotherapy paradigm needs to be further evaluated. At the onset, 

targeting phagocytosis checkpoints should complement existing T cell immune checkpoint 

inhibitors to maximize antitumour responses. For example, tumours with low levels of PD-

L1, which are less sensitive to blockade of PD-1/PD-L1 axis, may in fact be more responsive 

to CD47-SIRPα disruption.56 Similarly, whereas adaptive immunotherapy relies on the 

generation of specific T cell clones that can recognize tumour-associated neoantigens, which 

is associated with the degree of genomic alterations in tumour cells, phagocytosis 

checkpoint blockade appears to be effective even against cancers with low mutational 

burdens such as AML.44,201 Therefore, phagocytosis checkpoints may provide an alternative 

strategy to treat tumours that are unresponsive or refractory to conventional cancer 

immunotherapies, or given concurrently with adaptive immune checkpoint inhibitors to 

improve the overall response rate in patients. Finally, it is also important to strike a balance 

between potency and toxicity.202 Unlike adaptive immune responses, which to a certain 

extent are bound by the limit of self-tolerance, innate responses are less specific and, thus, 

are more prone to normal tissue damage. This is especially important, as phagocytosis 

checkpoint inhibitors are likely to be used in conjunction with other immune modulators, 

such as TLR or STING agonists, cytokines, or systemic chemotherapies. Nevertheless, 

targeting phagocytosis checkpoints presents a new avenue to gain important insights into the 

mechanisms underlying tumour-mediated immune evasion and to develop more effective 

therapies that bridge the innate and adaptive immune systems to benefit patients with cancer.
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Glossary

Adaptive immune system
A major branch of the overall immune system that consists of highly specialized immune 

cell populations that recognize specific antigens to produce immune memory responses.

Antigen presenting cells (APCs)
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A collection of different immune cell populations that activate cellular immune responses by 

processing and presenting antigens that can be recognized by T cells. Classical professional 

APCs include dendritic cells and macrophages.

Innate immune system
A major branch of the overall immune system that provides non-specific defense against 

pathogens immediately after an attack. The innate immune system is also responsible for 

educating the adaptive immune system through cross-priming.

Cross-priming
The process by which naive T cells are activated by antigen presenting cells through antigen 

cross-presentation.

Damage-associated molecular patterns (DAMPs)
Host cell derived biomolecules that can be recognized by pattern recognition receptors 

(PRRs) to initiate inflammatory responses.

Fc-domain
The stem region of an antibody that interacts with the cell-surface–bound Fc receptors and 

proteins of the complement system.

MHC class I (MHC I)
A complex of cell membrane proteins that is expressed by all nucleated cells to present 

antigens to be recognized by T cells.

Pathogen associated molecular patterns (PAMPs)
Small molecular motifs derived from microbes that can be recognized by specialized pattern 

recognition receptors (PRRs).

Phagocytosis
A cellular process by which cells or debris are engulfed by phagocytes.

Phagolysosome
Cytoplasmic vesicular bodies formed by the fusion of a phagosome with a lysosome during 

the phagocytosis process.

Tumour-associated macrophages (TAMs)
A class of macrophages found in high abundance in certain solid tumours that is often 

associated with immune suppressive properties within the tumour microenvironment.
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Box 1:

History of phagocytosis checkpoint blockade in cancer

The first phagocytosis checkpoint axis, CD47-SIRPa, was identified in the 1990s.41,42 

CD47 was then identified as a “marker of self” on red blood cells (RBCs).26 Cell surface 

calreticulin (CRT) was shown to be a key protein marker defining immunogenic cancer 

cell death.92–94 In 2009, CD47 was found to be highly upregulated on malignant 

hematopoietic and non-hematopoietic cells. Blockade of CD47 induces tumour cell 

phagocytosis in vitro and in vivo, and inhibits tumour engraftment and growth in 

preclinical models.44,45 Since then, several CD47 blocking antibodies and agents have 

been developed and are currently being evaluated in clinical trials.138,140,141,197,203 In 

2017 and 2018, PD-1 and LILRB1 were identified as additional regulators on 

macrophages for tumour cell phagocytosis through their interactions with PD-L1 and 

MHC I on tumour cells.56,57 In 2015, CRT generated by macrophages was found to be a 

critical effector for guiding macrophages for cancer cell recognition.47 Macrophage CRT 

was later found to interact with specific patterns of glycans on cancer cells to target them 

for phagocytosis.103 SLAMF7 was also shown to be a necessary component for 

phagocytosis of hematopoietic cancer cells during CD47 blockade, through not-yet-

elucidated receptor interactions that include SLAMF7 homo-dimers on both cancer cells 

and phagocytes.111
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Box 2:

Potential toxicities of phagocytosis checkpoint blockade

Because normal cells and tissues also employ phagocytosis checkpoints to evade immune 

clearance, there are concerns about potential toxicities associated with phagocytosis 

checkpoint blockade. This is especially the case for hematological tissues, where cells 

express CD47 to prevent programmed cell removal.26 As hematopoietic cells such as 

RBCs age, their expression of CD47 also declines, while prophagocytic signals increase, 

resulting in their eventual removal by tissue macrophages in the spleen, liver, and bone 

marrow. Administering a CD47-blocking antibody results in dose-dependent decreases in 

RBCs, hemoglobin, and hematocrit accompanied by reticulocytosis and recovery within 

2–3 weeks.138 The ensuing blood pool exhibits a shift towards younger cells that are 

resistant to the effects of subsequent CD47 blockade. The primary reason that most 

CD47+ cells are not affected by blocking anti-CD47 reagents is that they lack “eat me” 

signals, providing tumour or pathogenic cell specificity of programmed cell removal. 

Beyond the hematologic system, the long-term effects of macrophage activation in the 

setting of phagocytosis checkpoint blockade within other tissues are unclear, although 

many patients have received sustained effective doses of 5F9 anti-CD47 antibodies 

without therapy associated toxicities other than red cell loss in the priming dose only. 

Anti-CD47 antibodies appear to be able to cross the blood–brain barrier and disrupting 

the CD47-SIRPα interaction promotes the phagocytosis activities of both macrophages 

and microglia within the central nervous system. In models where the antibody passes 

into the brain, drug related toxicities were not observed.204,205 As the survival of cancer 

patients continues to improve, toxicities that take a long time to manifest must be 

monitored and carefully evaluated to assess the true risks and benefits of phagocytosis 

checkpoint blockade.
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Figure 1: Phagocytosis of cancer cells is regulated by pro- and anti-phagocytic signals.
Tumour cell phagocytosis by professional phagocytes is regulated by a host of 

prophagocytosis (“eat me”) and antiphagocytosis (“don’t eat me) signals through receptor-

ligand interactions after the cell-cell interface. Identified eat me signals expressed by tumour 

cells include tumour antigens which when bound by antibodies can be recognized by the Fc-

receptors (FcR) on phagocytes, as well as ER chaperon protein calreticulin and SLAMF7. 

On the other hand, tumour cells rely on the expression of PD-L1, CD47, β2 microglobulin 

and yet to be identified ligands that binds to LILRB2 to inhibit their phagocytotic clearance 

by phagocytes. Therapeutic antibodies targeting some of these receptor-ligand interactions 

have been investigated as potential immunotherapy for multiple types of cancers.
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Figure 2: Increased phagocytosis of tumour cells promotes activation of innate immune sensing 
pathways in APCs.
Following phagocytosis, degradation of tumour cells occur within phagolysosomes, which 

results in the recognition of tumour-derived DAMPs such as nuclear DNA (nDNA) and 

single stranded RNA (ssRNA) by TLRs, leading to subsequent activation of NFκB pathway. 

Alternatively, nucleic acids such as mitochondrial DNAs can escape from the phagosomes 

through a yet to be discovered mechanism into the cytosol, where they are detected by the 

cytosolic DNA sensor cGAS. cGAS then convert ATP and GTP into cGMP, which binds 

with STING to phosphorylate IRF3 and NFκB. This enables them to be translocated into the 
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nucleus, where they act as transcription factors to promote the transcription of inflammatory 

cytokine genes such as type I IFNs and TNFα.
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Figure 3: Increased phagocytosis of tumour cells promotes enhanced antigen cross-presentation 
and inflammatory cytokine release by APCs, both of which help prime effector cell responses 
against cancer cells.
In addition to induction of proinflammatory cytokines, phagocytosis of tumour cells also 

results in the release of neoantigens which are loaded onto MHCI molecules within the 

phagosomes. Alternative, tumour cell-derived proteins are degraded by proteasomes and 

shuttled back into the phagosomes or to the ER via transporter associated with antigen 

processing (TAP) for MHC loading. The antigen-loaded MHCs are then transported to the 

plasma membrane of the phagocytes, where they interact with T cell receptors (TCRs) 

expressed on T lymphocytes. With the help of inflammatory cytokines, the recognition of 

antigen-loaded MHC by TCR promotes the activation of T cells, thus enabling them to 

detect and eliminate tumour cells via cytotoxic responses.
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Figure 4: Combination therapy with phagocytosis checkpoint blockade.
Combined modality treatment can be utilized to promote more efficient tumour cell 

phagocytosis and innate immune sensing pathways to produce more potent antitumor 

responses. For example, ionizing radiation and certain classes of chemotherapeutic 

compounds, can enhance the translocation of prophagocytosis signal calreticulin from the 

ER to the tumour cell plasma membrane, where it may synergize with CD47 blockade. 

Radiation and chemotherapeutic agents can also induce nuclear DNA damage, thus induce 

cGAS-STING mediated type I IFN responses. Finally, in addition to acting as a T cell 

checkpoint, PD-L1 expression on tumour cells may also inhibit their phagocytosis by 

macrophages. Therefore, combination therapy of CD47 and PD-L1 blockade not only should 

improve the phagocytic clearance of tumour cells by phagocytes, but may also lead to more 

potent activation of antitumour T cell immunity through enhance priming effect.
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Table 1:

Current clinical trials investigation phagocytosis checkpoint blockade for cancer treatment

Clinical trial
number Phase Intervention Trial

design
Number of

patients Cancer type Primary
outcome

NCT02678338 I Anti-CD47 ab Dose escalation 20
Hematological 
malignancies

Tolerability

NCT03717103 I Anti-CD47 ab Dose escalation 92 Advanced malignancies Safety, tolerability

NCT03763149 I Anti-CD47 ab Dose escalation 42
Advanced malignancies, 

lymphoma
Safety, tolerability

NCT02216409 I Anti-CD47 ab Dose escalation 88 Solid tumors Safety, tolerability

NCT03248479 Ib
Anti-CD47 ab, 

Azacitidine
Non-randomized 96 AML, MDS Safety, tolerability

NCT02953782 I/II
Anti-CD47 ab, 

cetuximab
Single arm, non-

randomized
112

Solid tumour, advanced 
colorectal cancer

Safety, 
tolerability, 

efficacy

NCT02367196 I
Anti-CD47 ab, 

rituximab
Dose escalation 110

Advanced solid and 
hematologic 
malignancies

Tolerability, safety

NCT02663518 I
SIRPαFc, rituximab, 

nivolumab
Dose escalation 260

Relapsed/refractory 
hematologic and solid 

malignancies

Safety and 
tolerability

NCT03834948 I Anti-CD47 ab,
Dose escalation, 

expansion
90 Advanced solid tumours

Tolerability and 
safety

NCT02953509 Ib/II
Anti-CD47 ab, 

rituximab
Single arm, non-

randomized
72

Refractory/relapsed Non-
Hodgkin’s lymphoma

Safety, 
tolerability, 

efficacy

NCT03512340 I/Ib Anti-CD47 ab
Dose escalation, 

expansion
148

Advanced solid cancer, 
hematologic cancer

Safety, tolerability

NCT02890368 I
SIRPα-IgG1 Fc, anti-

PD1/PD-L1, PEGylated 
IFN, T-Vec, radiation

Non-randomized, 
parallel assignment

240
Solid tumour and 

mycosis fungoides
Optimal delivery 

regimen

NCT03013218 I High affinity SIRPα Dose escalation 142
Advanced solid tumours, 

lymphoma
DLT

MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; SIRPα, Signal-regulatory protein alpha; IFN, interferon; T-Vec, Talimogene 

laherparepvec; DLT, dose limiting toxicity.
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