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ABSTRACT
Tumor-associated macrophage (TAM) phagocytic activity 
is emerging as a new mechanism to harness for cancer 
treatment. Currently, many approaches are investigated at 
the preclinical level and some modalities have now reached 
clinical trials, including the targeting of the phagocytosis 
inhibitor CD47. The rationale for increasing TAM phagocytic 
activity is to improve innate anticancer immunity, and to 
promote T-cell mediated adaptive immune responses. In 
this context, a clear understanding of the impact of TAM 
phagocytosis on both innate and adaptive immunity is critical. 
Indeed, uncertainties persist regarding the capacity of TAM to 
present tumor antigens to CD8 T cells by cross-presentation. 
This process is critical for an optimal cytotoxic T-cell immune 
response and can be mediated by dendritic cells but also 
potentially by macrophages. In addition, the engulfment 
of cancer cells affects TAM functionality, as apoptotic 
cell uptake (a process termed efferocytosis) promotes 
macrophage anti-inflammatory functions. Because of the 
abundance of TAM in most solid tumors and the common use 
of apoptosis inducers such as radiotherapy to treat patients 
with cancer, efferocytosis potentially affects the overall 
immune balance within the tumor microenvironment (TME). 
In this review, we will discuss how cancer cell phagocytosis 
by TAM impacts antitumor immunity. First, we will focus 
on the potential of the phagocytic activity of TAM per se to 
control tumor progression. Second, we will examine the 
potential of TAM to act as antigen presenting cells for tumor 
specific CD8 T cells, considering the different characteristics 
of this process in the tumor tissue and at the molecular 
level. Finally, we will see how phagocytosis and efferocytosis 
affect TAM functionality and how these mechanisms impact 
on antitumor immunity. A better understanding of these 
aspects will enable us to better predict and interpret the 
consequences of cancer therapies on the immune status of 
the TME. Future cancer treatment regimens can thereby be 
designed to not only impact directly on cancer cells, but also 
to favorably modulate TAM phagocytic activity to benefit from 
the potential of this central immune player to achieve more 
potent therapeutic efficacy.

INTRODUCTION
Tumor-associated macrophage (TAM) are an 
abundant part of the immune infiltrate in most 
solid tumors.1 2 They can derive both from 
blood monocytes attracted by chemokines such 
as CCL2 or CSF-1, and from tissue-resident 
macrophages.3 The tumor microenvironment 

(TME) impacts TAM functionality and 
promotes a wound healing-like response, which 
in the context of cancer actively promotes 
tumor growth. The interactions between tumor 
and TAM and their roles in tumor growth have 
already been discussed in excellent reviews.3–7 
The most explored and described mecha-
nisms encompass TAM secretion of growth 
factors, promotion of tumor-associated angio-
genesis, and induction of an immunosuppres-
sive or anti-inflammatory microenvironment. 
To achieve this, TAM secrete different anti-
inflammatory cytokines, such as Transforming 
growth factor (TGF)β and interleukin (IL)-
10, express different immune checkpoint 
ligands including programmed death-ligand 
1 (PD-L1), and starve cytotoxic CD8 T cells 
by depleting essential amino acids through 
arginase expression. In addition, TAM recruit 
regulatory T cells (Treg) that participate in 
antitumor immune response inhibition.4 In 
this context, TAM accumulation correlates 
with an unfavorable prognosis in many cancer 
types, such as melanoma, breast, pancreatic, 
ovarian, head and neck, bladder and renal 
cell cancer.8 Notwithstanding the evidence for 
these protumor characteristics, the plasticity of 
macrophages and their potential to phagocy-
tose cancer cells raise the interesting possibility 
that TAM could indeed manifest antitumor 
activities if appropriately re-educated.5 Indeed, 
a significant body of work has been undertaken 
to understand how TAM phagocytic activity 
and antigen presentation might contribute to 
TAM antitumor characteristics.

In this review, we will discuss the impact 
of cancer cell phagocytosis by TAM on anti-
tumor immunity. We will focus on the poten-
tial of this phagocytic activity of TAM per se 
to control tumor progression, on the poten-
tial of TAM to act as antigen presenting cells 
(APC) for tumor-specific CD8 T-cell activation 
(through cross-presentation), and on how 
phagocytosis affects TAM functionality. We 
will discuss the existing evidence regarding 
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these different mechanisms and the unresolved issues 
that should be addressed.

TAM SHARE CERTAIN CHARACTERISTICS WITH DENDRITIC 
CELLS
The functional and phenotypical similarities between 
TAM and dendritic cells (DC) force us to interpret the 
literature on TAM with caution. Indeed, TAM share 
their phagocytic proprieties with the other cells of the 
mononuclear phagocyte system present in solid tumors: 
DC and monocytes.9 Although monocytes do not have 
a strong phagocytic activity, they are precursors of TAM 
and monocyte-derived DC. It is beyond the scope of this 
review to present in detail the functions of the different 
DC subsets; these have already been addressed in other 
reviews.10 Nevertheless, it is important to stress that DC, 
and mainly classical type 1 DC (cDC1), have a central 
role in T-cell induction against tumors by presenting anti-
gens and secreting IL-12, a key cytokine promoting CD4 
Th1 and CD8 T-cell activity,11 and that a specific deple-
tion of these cells prevents CD8 T-cell mediated immu-
nity.12 Importantly, DC have a well-documented capacity 
to cross-present tumor antigens to CD8 T cells.13 In addi-
tion to TAM, monocytes and DC, another mononuclear 
immune cell population was reported in the TME: the 
monocytic myeloid-derived suppressor cell (M-MDSC).14 
The phenotype and functions of M-MDSC greatly overlap 
with TAM and monocytes. Consequently, it is not always 
clear whether published findings can be attributed to 
M-MDSC or to TAM. We therefore do not specifically 
discuss M-MDSC in this review, but we remain open to 
the possibility that future research will address whether 
the different mechanisms described herein also apply to 
this cell type.

In tumors, where DC and TAM share many similar-
ities regarding their origins (both partially deriving 
from monocytes), as well as their tissue localization 
and their functions, it is critical to define them accu-
rately. Different cell markers are expressed in mice and 
human DC and TAM (figure 1). In mice, TAM is usually 
defined by CD11b and F4/80, while DC are identified by 
expression of CD11c. However, it was shown that some 
DC also express F4/80,15 while CD11c has been detected 
on macrophages in vitro.16 More specific markers for 
macrophages exist, such as MerTK and CD64,17 but they 
are much less frequently used than CD11b and F4/80. 
In humans, the distinction between macrophages and 
DC is made with relatively specific markers such as CD68 
for macrophages and BDCA1 and BDCA3 for cDC2 and 
cDC1, respectively. However, it was noted that, in breast 
cancer, CD68 expression was not fully specific for TAM.18 
Whether these findings also apply to other tumors has 
not been reported. Overall, since phenotypic markers 
used to characterize TAM and DC do not always perfectly 
discriminate between these lineages, our interpretation 
of functional data must take this into account.

IS TAM PHAGOCYTIC ACTIVITY ALONE ABLE TO CONTROL 
TUMOR PROGRESSION?
Balance between “eat-me” and “don’t eat-me” signals 
orchestrates phagocytosis initiation
A central mechanism by which TAM can affect cancer 
progression is through phagocytosis of tumor cells. Most 
eukaryotic cells can engulf small particles by endocytosis, 
but only professional phagocytes, including macrophages 
and DC, uptake particles bigger than ~0.5 µm by phagocy-
tosis.19 Molecular mechanisms of phagocytosis have been 
reviewed in detail elsewhere20; in this review, we focus on 
the factors modulating phagocytic activity and its impact 
on tumor control.

Interactions between tumor cells and TAM that regu-
late phagocytosis are the result of “eat-me” ligands (eg, 
calreticulin, SLAMF7, opsonizing antibodies, phospha-
tidylserine (PtdSer)) and “don’t eat-me” ligands (eg, 
CD47, PD-L1, major histocompatibility complex (MHC) 
I)21 expressed on the surface of tumor cells, which bind 
to specific receptors on macrophages (see figure  2 for 
details). The balance between these different functional 
classes of molecules exposed on cancer cells dictates initi-
ation of phagocytosis. If “eat-me” signals prevail, they 
induce the rearrangement of the actin cytoskeleton in 
phagocytes, driving cell engulfment. Among the “don’t 

Figure 1  Mononuclear phagocytes present in tumors and 
common markers used to distinguish them. HSC give rise 
to the different subclasses of DC (cDC1, cDC2), monocytes 
and monocyte-derived DC (MoDC). This common origin 
causes an overlap regarding the different markers they 
express. TAM derive from both HSC via monocytes and from 
tissue-resident macrophages originating from embryogenic 
precursors. cDC, classical dendritic cells; DC, dendritic 
cells; HSC, hematopoietic stem cell; MDP, macrophage 
DC progenitor; MoDC, monocyte-derived DC; TAM, tumor-
associated macrophages.
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eat-me” ligands, CD47 binding to its receptor signal-
regulatory protein α (SIRPα) on macrophages inhibits 
myosin II conformational changes and thereby inhibits 
phagosome formation.22 Inhibition of CD47 or SIRPα 
with antagonistic antibodies increases the phagocytic 
activity of TAM and decreases tumor growth in various 
preclinical models such as glioblastoma,23 melanoma,24 
lymphoma,25 breast26 and colorectal cancer.27 Encour-
aged by these promising results, more than a dozen of 
phase I clinical trials are ongoing.28 However, it is still 
unknown whether TAM alone are sufficient to control 
tumor growth or whether an involvement of T cells is 
required, as we will now discuss.

Is phagocytic activity of TAM sufficient to control tumor 
growth?
The use of antagonistic anti-CD47 antibody to control 
growth of human tumors xenografted in NOD/SCID/γ 
(NSG) mice lacking T cells was efficacious for medulloblas-
toma and pediatric glioblastoma,23 adult glioblastoma,29 
as well as ovarian, bladder, colorectal and breast tumors.30 

These different studies confirmed the effect in immuno-
competent mice, without, however, formally excluding 
the involvement of T cells. Using an antagonistic SIRPα 
antibody in the Raji lymphoma model,25 a synergy with 
rituximab was observed, resulting in increased phagocy-
tosis, highlighting the key role of antibody-dependent 
cell phagocytosis (ADCP) in the context of CD47-SIRPα 
inhibition. Similar involvement of ADCP was reported in 
the context of direct CD47 blockade.31 Of note, in the 
aforementioned xenograft models, antihuman anti-CD47 
antibody was used, enabling administration of high anti-
body doses without on-target off-tumor toxicity. The latter 
would be expected in a syngeneic setting because of ubiq-
uitous CD47 expression by normal murine cells, such as 
erythrocytes. Xenograft studies therefore potentially 
over-estimate the efficacy of this approach. To limit the 
impact of anti-CD47 on healthy tissues, Dheilly et al have 
developed bispecific antibodies, one arm targeting CD47 
and the other a tumor specific antigen.32 In patients, this 
approach should provide a better specificity of anti-CD47 

Figure 2  Signals modulating phagocytosis initiation. From left to right: tumor-specific IgG antibodies opsonize cancer cells by 
binding to tumor antigens. Fcγ receptors (FcγR) expressed on macrophages recognize the constant region of these antibodies 
and initiate antibody-dependent cell phagocytosis.103 In humans, the intracellular portion of FcγRI, IIa, IIIa and IIIb possess an 
immunoreceptor tyrosine-based activation motif (ITAM) that leads to pro-phagocytic activity. In mice, FcγRI, III and IV possess 
an ITAM. Calreticulin translocation to the surface is induced by cellular stress and DNA damage.104 Once on the surface of 
cancer cells, it is stabilized by glycoproteins and glycans and binds to the lipoprotein receptor-related protein 1 (LRP1) on 
phagocytes. The exact mechanism of action of signaling lymphocytic activation molecule family member 7 (SLAMF7) is 
unclear, but it promotes cytoskeletal reorganization required for phagocytosis105 through interaction with macrophage antigen 
1 (MAC1) on phagocytes. Phosphatidylserine (PtdSer) is specifically expressed by apoptotic cells and binds to many different 
receptors among which those of the tumor-associated macrophage (TAM) family (TYRO3, AXL, MerTK) are the best described. 
It induces efferocytosis, which is a phagocytic process specific for the uptake of apoptotic cells. Eat-me receptor activity is 
counterbalanced by don’t eat me receptors. First, in both humans and mice, FcγRIIb possesses an immunoreceptor tyrosine-
based inhibition motif (ITIM) that negatively regulates initiation of phagocytosis. In humans, IgG4 binds with the highest affinity 
to FcγRIIb. However, as IgG4 has much greater affinity to the pro-phagocytic FcγRI, the exact role for FcγRIIb expression in 
vivo is still unknown. In mice, IgG1, IgG2a and IgG2b all bind with low affinity to FcγRIIb.103 CD47 is the most important “don’t 
eat me” ligand. SIRPα, its receptor on macrophages, inhibits myosin II polymerization, which is a critical step in initiation of 
cell engulfment. Major histocompatibility complex class I (MHC I) expression by cancer cells also confers protection against 
phagocytosis. Leukocyte immunoglobulin-like receptor 1 (LILRB1) binding to the β2-microglobulin component of MHC I 
prevents phagocytosis.106 Finally, programmed cell death protein 1 (PD-1) expression on macrophages is correlated with a lower 
phagocytic activity, which is restored in PD-1 deficient macrophages. Thus, PD-1 activation by its ligand PD-L1 expressed by 
cancer cells is another inhibitory signal for phagocytosis.35 Overall, the balance of signaling through eat-me and don’t eat-me 
receptors will determine initiation of the phagocytic process.
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for cancer cells and reduce side effects. Besides CD47 
inhibition, other strategies increasing TAM phagocytic 
activity have been tested. In an immunocompetent model 
of pancreatic ductal adenocarcinoma (PDAC), the toll-
like receptor (TLR) 9 agonist CpG impacted TAM lipid 
metabolism and thereby their membrane deformity, 
resulting in increased phagocytic activity and inhibition 
of tumor growth.33 Consistent with a CpG-mediated 
promotion of macrophage phagocytosis, the effect was 
conserved in T-cell deficient Rag2−/− mice and after DC 
depletion using CD11c-DTR mice. Overall, these studies 
suggest that, in certain mouse models, the phagocytic 
activity of TAM alone is sufficient to eradicate tumor cells, 
or at least inhibit tumor growth. In humans, CD47 expres-
sion by cancer cells is correlated with poor prognosis,30 
suggesting that constitutive phagocytosis might impact 
immunosurveillance. However, direct quantification of 
phagocytic activity in patient samples is not feasible using 
the techniques used in mice (principally quantification of 
fluorescently labeled cancer cell uptake by macrophages). 
Therefore, no definitive evidence exists regarding TAM 
capacity to phagocytose cancer cells without anti-CD47 or 
other phagocytosis inducers in patients.

The obligatory involvement of T cells in the context of 
CD47-SIRPα inhibition has been shown in other synge-
neic models. In the MPA/DMBA-induced breast cancer 
model, the positive impact of anti-CD47 on survival was 
abolished when CD4 and CD8 T cells were depleted.26 In 
B16F10 melanoma, inhibition of CD47 was efficient only 
when associated with PD-L1 targeting, suggesting that 
both an increase of phagocytosis by TAM and reinvigora-
tion of T cells are required for optimal tumor control.34 
However, this interpretation has to be considered with 
caution, since PD-L1 binding to programmed cell death 
protein 1 on macrophages also inhibits phagocytosis,35 
potentially ruling out the need for T cells in this anti-
CD47/anti-PD-L1 combination. Nevertheless, another 
study using the same melanoma model demonstrated 
synergistic effects between anti-CD47 and CTLA-4.36 As 
CTLA-4 is not a regulator of phagocytosis, this confirms 
that, in melanoma, efficient antitumor immunity requires 
not only TAM phagocytic activity, but also T cells. Finally, 
in a fibrosarcoma model, efficient control of tumor 
growth by combining irradiation and CD47 blockade was 
CD8 T cell-dependent.37

Overall, while the increase of TAM phagocytic activity 
in T-cell deficient NSG mice was sufficient to control 
tumor growth, a T-cell dependency was observed in some 
immunocompetent models, highlighting the importance 
of understanding the interactions between these cell 
populations. Indeed, TAM can favor T-cell responses by 
not only secreting proinflammatory cytokines, but also by 
presenting tumor antigens on MHC I and II to CD8 and 
CD4 T cells, respectively.38 It is established that macro-
phages efficiently present engulfed exogenous antigenic 
material on MHC II,39 while antigen presentation on MHC 
I was initially described for endogenous cytosolic antigens 
in every nucleated cell. However, APC have the ability to 

load engulfed antigens on MHC I through a mechanism 
called cross-presentation. This latter pathway is critical 
for CD8 T-cell mediated antitumor immunity, but it is not 
clearly established whether it is only promoted by DC or 
whether TAM also play a role.

ARE TAM ABLE TO EFFICIENTLY CROSS-PRESENT TUMOR 
ANTIGENS TO CD8 T CELLS?
Evidence for cross-presentation by TAM
The importance of cross presentation for CD8 T-me-
diated immunity in cancer was shown by Huang et al,40 
but without identifying the specific role of DC or TAM. 
In recent years, the balance of evidence points to DC 
as being the most efficient cross-presenting cells in vivo 
(as reviewed in Cruz et al41), although macrophages also 
possess cross-presentation potential. A key role of cross 
presentation is to prime naïve T cells, which takes place 
principally in the draining lymph node (LN).42 While DC 
migration and CCR7-mediated LN homing is well docu-
mented, the limited migration capacity of TAM and their 
low CCR7 expression prevent their trafficking to draining 
LN.10 Thus, the activity of TAM as APC takes place exclu-
sively in the TME, where the evidence of naïve T-cell 
priming is controversial. In LN-deficient mice implanted 
with different tumors, T-cell activation in the TME was 
observed, but appeared to be TAM independent,43 whereas 
another study showed the capacity of CD11c+ F4/80+ cells 
to prime naïve T cells in the TME.44 Tertiary lymphoid 
structures play a key role for naïve T-cell priming directly 
in the TME,45 but the participation of TAM in this process 
has not been described. In this context, the role of TAM 
as APC in the TME seems to be primarily for T-cell reac-
tivation, and any capacity to prime naïve T cells remains 
to be documented. For immunotherapy, the importance 
of T-cell reactivation in the TME was suggested in the 
context of adoptive T-cell transfer, where tumor specific 
T-cell retention46 and proliferation47 in situ were depen-
dent on cross-presentation, without, however, an explora-
tion of the exact involvement of DC or TAM. Recently, the 
importance of reactivating T cells in the TME has been 
highlighted by the demonstration that tissue-resident 
memory T cells are important for robust antitumor 
immunity.48 Regarding TAM, several studies have shown 
that cross-presentation function can be revealed using 
different approaches, as will be discussed. Indeed, in 
view of the abundance of TAM in many solid tumors and 
the clinical opportunities to manipulate their function, 
it is timely to reconsider evidence for and against their 
involvement in this process.

Several studies have shown the importance of DC and 
the dispensable role of TAM in CD8 T-cell priming. In the 
immunogenic GL261-OVA GBM model, Malo et al showed 
that a tumor-specific T-cell response was dependent on 
DC but not on TAM.49 In mice with conditional MHC I 
knock-out (KO) in DC (under the CD11c promoter) 
or in macrophages (under the lysozyme M promoter), 
T-cell infiltration in tumors was abolished in DC MHC I 
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KO mice after ovalbumin vaccination, but not in macro-
phage MHC I KO mice. An important study by Xu et al 
showed that anti-CD47 treatment of MC38 colon cancer 
promoted preferential cross-presentation by DC rather 
than by TAM, although the latter showed enhanced 
phagocytosis.50 The mechanism involved activation of the 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase NOX2 in the phagosome, thereby limiting 
phagosome acidification and facilitating cytosolic trans-
location of proteins and DNA. Cytosolic DNA activated 
the cyclic GMP-AMP synthase (cGAS)/stimulator of 
interferon genes (STING) pathway and promoted cross-
presentation of tumor antigens by CD11c+ DC. In a PDAC 
model, TAM activation promoted a proinflammatory 
response, but T-cell activation was cDC1 dependent.51 In 
one of the rare studies in patients addressing the role of 
TAM versus DC, moDC and TAM isolated from perito-
neal ascites of patients with cancer were used as APC to 
present the Melan-A/MART1 melanoma antigen to CD8 
T cells; only moDC could efficiently activate T cells by 
secretion of the proinflammatory cytokine IL-12, which 
was not secreted by macrophages.52

Unlike the above-mentioned studies excluding TAM 
cross-presentation, others have shown that, by manipu-
lating TAM phagocytic activity, tumor-derived antigens 
were efficiently presented to CD8 T cells. Using a human 
colon cancer cell line transfected with ovalbumin, Tseng 
et al showed in vitro that anti-CD47 antibodies promoted 
phagocytosis by murine macrophages and presentation 
of the ovalbumin-derived peptide to MHC I restricted 
OT-1 T cells53; similar results were achieved with murine 
GBM cells in vitro.54 In other in vitro studies using human 
cells, Barrio et al showed that interferon (IFN) γ activated 
human macrophages presented the Melan-A/MART-1 
antigen to T cells, resulting in activation.55 In a fibrosar-
coma model, Muraoka et al used a cholesteryl pullulan 
nanogel to target tumor antigen to TAM, which then 
induced proliferation of specific CD8 T cells ex-vivo.56 
However, TAM were defined as CD11b+ F4/80+, which 
would also be compatible with cDC2. Recently, Klichinsky 
et al developed chimeric antigen receptor macrophages 
targeting the HER2 tumor antigen that efficiently phago-
cytosed cancer cells, cross-presented tumor antigens in 
vitro, and prolonged NSG mouse survival in lung metas-
tasis and peritoneal carcinosis models,57 opening new 
perspectives for TAM manipulation in cancer therapeu-
tics. These different observations, mostly in vitro, suggest 
that macrophages have the capacity to cross-present 
tumor antigens to CD8 T cells, when their phagocytic 
activity is appropriately enhanced.

Overall, macrophages have a constitutively lower 
capacity than DC to cross-present tumor antigens. 
However, since the cross-presenting machinery exists 
in macrophages, it is possible that in some conditions 
or after therapeutic targeting, they could play a role in 
enhancing T-cell responses.

Molecular mechanisms of cross-presentation
The details of the intracellular cross-presentation pathway 
have been mostly elucidated in vitro with DC. We will 
discuss the general features and highlight those that differ 
in macrophages (figure 3). A better understanding of the 
limited capacity of macrophages for antigen processing at 
the molecular level could provide new targets to unlock 
the cross-presentation capacity of TAM.

Cross-presentation of tumor antigens relies on the 
capacity of APC to engulf cancer cells or cancer cell 
debris, mainly by phagocytosis, then to process their 
protein content in order to generate peptides of 8–10 
residues in length that can be loaded on MHC I. The 
proteolytic activity of the phagosome is initiated rapidly 
after cell engulfment when its fuses with early endosomes, 
inducing acidification to pH 6.5. Then, the phagosome 
fuses with late endosomes and lysosomes to mature into a 
phagolysosome, a step that induces further acidification 
(to pH 5), mainly due to the recruitment of the V-ATPase 
proton pump.20 This low pH promotes activity of proteo-
lytic enzymes that start to cleave large proteins into smaller 
peptides. Besides low pH, proteases are also activated 
through oxidation by the NADPH oxidase NOX2 located 
on the phagolysosome membrane.58 Importantly, proteo-
lytic activity was shown to be higher in macrophages than 
in DC.59 This would be consistent with longer antigen 
persistence in DC, a feature that was detected particularly 
in cross-presenting DC subsets.60 Thus, higher proteol-
ysis that reduces antigen persistence is the first antigen 
processing limitation that is encountered for efficient 
cross-presentation by macrophages.

Once proteolysis is initiated in the phagosome, peptides 
are processed to a length that is compatible with MHC 
I loading. Here, two different mechanisms have been 
described: the cytoplasmic and the vacuolar pathways, 
the former being dominant for cross-presentation during 
cancer immunosurveillance in vivo.61

The cytoplasmic pathway is characterized by the trans-
location of ingested and partially proteolyzed peptides 
from the phagolysosome to the cytoplasm. The endo-
plasmic reticulum (ER)-associated degradation (ERAD) 
machinery that normally facilitates retro-translocation of 
misfolded proteins from the ER lumen into the cytosol 
plays an important part in this process. Indeed, the 
ERAD proteins SEC61 and p97 are required for cross-
presentation in DC,62 suggesting that ER components are 
recruited in the phagosome. In addition, the heat-shock 
protein HSP90 plays a central role by refolding proteins 
in the cytoplasm after their translocation through the 
phagosome membrane.63 Interestingly, cytosolic trans-
location appeared be less efficient in macrophages than 
in DC,64 providing a second mechanism limiting their 
cross-presentation capacity. In the cytoplasm, proteasome 
cleavage finalizing antigen processing was shown to be 
essential for cross-presentation by macrophages in in vitro 
studies.65 Proteasome-generated peptides then follow 
the classical MHC I pathway, generally through translo-
cation to the ER lumen but also via retro-translocation 
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in the phagosome, as the latter compartment was shown 
to possess the machinery required for MHC I-antigen 
complex generation.66 This step is dependent on the 
transporter associated with antigen processing (TAP) 
1 and TAP2 proteins, as their loss of function prevents 
peptide loading on MHC I.65 Finally, once in these 
compartments, proteasome generated peptides are 
trimmed by amino-peptidases to be loaded on MHC I, 
ER-associated aminopeptidase 1 (ERAP1) in the ER67 and 
endosomal insulin-responsive aminopeptidase (IRAP) 
in the phagosome.68 Once loaded with antigens, MHC I 
molecules are translocated to the cell surface to be recog-
nized by CD8 T cells.

Unlike the cytoplasmic pathway, the vacuolar pathway is 
resistant to proteasome and TAP inhibition. On the other 

hand, antigen presentation is prevented by cathepsin S 
inhibition,69 highlighting the key role of phagosomal 
proteolysis in this pathway. With the presence of MHC I in 
this compartment, this suggests that antigen processing 
and MHC I loading can both occur in the phagolyso-
some. Once antigenic peptide is bound, the MHC I-pep-
tide complex can translocate directly to the cell surface.

In addition to protein antigens, DNA from phago-
cytosed cells can also escape into the cytosol where it 
activates the cGAS-STING pathway.70 cGAS is a cytosolic 
DNA sensor that catalyzes the formation of cyclic dinu-
cleotide guanosine monophosphate-adenine mono-
phosphate (cGAMP), which is recognized by the STING 
protein. Once activated, STING promotes the secretion 
of proinflammatory cytokines including type I IFNs 

Figure 3  Differences in antigen processing reduce the capacity of macrophages for cross-presentation. Two different cross-
presentation pathways have been described: the vacuolar pathway (left) and the cytoplasmic pathway (right). (1) Higher 
proteolytic activity in the macrophage phagolysosomes leads to a more rapid degradation of ingested antigens and limits 
their presentation on MHCI. (2) Macrophage capacity to translocate antigens from the phagosome to the cytosol is lower than 
in DC. As this step is critical for the cytoplasmic pathway, it limits cross-presentation in macrophages. (3) Finally, expression 
of the cytosolic exonuclease TREX1 is increased in macrophages in response to external stimuli such as irradiation or TLR4 
agonists. this limits cGAS-STING pathway activation and type I interferon secretion, which facilitate antigen persistence in 
phagolysosomes and cross-presentation. cGAS, cyclic GMP-AMP synthase; DC, dendritic cells; ER, endoplasmic reticulum; 
MHCI, major histocompatibility complex I; STING, stimulator of interferon genes; TAP, transporter associated with antigen 
processing; TLR, toll-like receptor; TREX1, three-prime repair exonuclease 1.
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and tumor necrosis factor (TNF)-α by DC and macro-
phages.71 Type I IFNs were shown to increase the pH of 
the phagolysosome of DC and to extend the persistence 
of ingested material, thus increasing the capacity of 
DC to cross-present.72 In T-cell mediated antitumor 
responses, cGAS-STING activation in DC is essential, as 
T-cell responses are abolished in STING-deficient mice, 
resulting in loss of tumor control.73 In this context, 
the activity of the cytosolic exonuclease three-prime 
repair exonuclease 1 (TREX1) induced by irradia-
tion dampens activation of cGAS-STING by degrading 
cytosolic DNA, and potentially placates the immune 
response.74 Besides irradiation, TLR4 agonists increase 
TREX1 expression to a greater extent in macrophages 
than in DC.75 Interestingly, this study also showed that 
TREX1 limits upregulation of the costimulatory mole-
cule CD86 in lipopolysaccharide-stimulated macro-
phages. Thus, increased degradation of cytosolic DNA 
in macrophages could be a third mechanism limiting 
their cross-presentation ability.

Overall, it appears that cross-presentation requires 
a low level of protein degradation in order to preserve 
antigens to be presented to CD8 T cells. With a higher 
proteolytic activity in the phagolysosome, antigen 
persistence in macrophages is reduced, thereby limiting 
cross-presentation.59 Furthermore, the translocation 
of antigen into the cytosol, a critical step for the cyto-
plasmic pathway, is less efficient in macrophages than 
in DC.64 Finally, the higher propensity of macrophages 
to increase TREX1 expression reduces the availability 
of cytosolic DNA for cGAS-STING activation, thereby 
limiting macrophage activation and capacity for efficient 
cross-presentation (figure 3).

The different studies presented earlier underline that 
constitutive cross-presentation by macrophages is less 
efficient than by DC, even though it can be enhanced 
using different approaches. The functional limitations of 
TAM might therefore be potentially counterbalanced by 
quantitative advantages. Indeed, in comparison with DC, 
TAM are generally more abundant9 and their phagocytic 
activity is generally higher.50 It would be of considerable 
interest to investigate whether the respective antigen-
presenting roles of DC and TAM are related to the rela-
tive abundance of these APC at the tumor site. Indeed, 
this ranges from the relatively DC-rich TME of melanoma 
or lung cancer76 77 to the DC-poor, but microglia-rich and 
TAM-rich TME of brain tumors,78 79 and we can there-
fore speculate that TAM may play a more important role 
in glioblastoma immune surveillance. Whether priming 
of naïve T cells by TAM in the TME is an important 
phenomenon in vivo remains to be demonstrated; it 
is more probable that T-cell reactivation occurs at this 
site, the former being a less stringent process. Thus, the 
capacity of TAM to cross-present tumor antigens could 
be a key mechanism for adoptive T cell transfer or when 
tissue resident memory T cells are harnessed for anti-
cancer immunity.

IMPACT OF EFFEROCYTOSIS AND PHAGOCYTOSIS ON TAM 
FUNCTIONS
There is differential expression of “eat-me” ligands by 
cancer cells depending on whether they are apoptotic 
or necrotic. Indeed, caspase 3 cleavage promotes PtdSer 
exposure at the cell surface, which binds to specific 
receptors on macrophages, such as TYRO3, AXL, MerTK, 
TIM4 and Stabilin2.80 Engulfment of apoptotic cells after 
engagement of these receptors is called efferocytosis and, 
unlike phagocytosis, promotes tolerogenic functions of 
macrophages. In cancer, over 50% of patients are treated 
with radiotherapy, which is a strong inducer of apoptosis 
subsequent to DNA damage.81 Irradiation also increases 
CXCL12 and CSF-1 secretion by cancer cells that promote 
monocyte infiltration.81 This common treatment modality 
is likely to impact TAM functions and reshape the TME 
landscape.

As mentioned previously (see figure  2), uptake of 
cancer cells expressing “eat-me” signals associated with 
stress or necrosis promotes macrophage capacity to func-
tion as APC.21 In contrast, efferocytosis induces a tolero-
genic response. Indeed, efferocytosis plays an important 
role during embryological development, negative selec-
tion of T cells, and clearance of apoptotic cells in the 
retina,82 where any unleashed inflammation could be cata-
strophic. The uptake of apoptotic neutrophils by macro-
phages has been particularly well studied; it promotes 
secretion of the anti-inflammatory cytokines IL-10 and 
TGFβ and decreases the secretion of proinflammatory 
IL-12.83 84 Binding of an apoptotic cell to MerTK counter-
balances activation by TLR agonists and decreases secre-
tion of type I IFNs (figure 4).85 In addition, it upregulates 
the E3 ubiquitin ligase suppressor of cytokine signaling 
(SOCS) 1 and SOCS3, thereby blocking signal transducer 
and activator of transcription 1 signaling and decreasing 
secretion of proinflammatory cytokines.86 The shifting of 
cytokine secretion towards those with anti-inflammatory 
functions impacts the TME by promoting the recruitment 
of other anti-inflammatory cells such as Tregs.87 Besides 
placating proinflammatory functions of macrophages, 
efferocytosis also restricts antigen presentation. Indeed, 
unlike phagosomes, efferosomes lack the machinery to 
load peptides onto MHC II for presentation to CD4 T 
cells.88 Instead, efferosomes recruit the recycling regu-
lator RAB17 that enables ingested antigens to bypass 
MHC II processing. Regarding CD8 T cells, antigens can 
be exported from efferosomes and presented on MHC I, 
but because of the absence of costimulatory molecules, 
the result can be tolerogenic.89 In addition, pH decrease 
in efferosomes is more rapid90 and more profound91 than 
in phagosomes, rapidly degrading antigenic material and 
limiting its persistence and availability for presentation 
to T cells. This is amplified by a block in TLR signaling 
by MerTK, limiting TLR-mediated promotion of antigen 
processing and presentation. Additional external factors 
can also facilitate efferocytosis initiation. IL-10 increases 
expression of MerTK in monocytes,92 potentiating a posi-
tive feedback loop between these two immunosuppressive 
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mechanisms. Moreover, corticoids, potent immunosup-
pressors widely used in oncology for patient supportive 
care, were reported to increase MerTK expression in 
macrophages.93

Targeting efferocytosis has been tested as an immu-
notherapy modality in the MC38 colon cancer model,94 
where efferocytosis blockade by MerTK receptor inhibi-
tion led to secondary necrosis of cancer cells, favoring 
phagocytosis rather than efferocytosis. TAM secreted 
more IFN-1β and tumor control was achieved in a CD8 
T-cell dependent manner. Thus, efferocytosis promotes 
an anti-inflammatory TME by impacting TAM functions 
directly, and by rapidly eliminating apoptotic cells that 

prevents damage-associated molecular pattern release 
associated with secondary necrosis.

Phagocytosis can also alter TAM functions through 
its impact on TAM metabolism7 95 (figure  4). Indeed, 
the engulfment of entire cells leads to an excess of 
lipids, cholesterol, proteins, carbohydrates and nucleic 
acids leading to metabolic stress for the phagocyte, 
regardless of the viability state of the cell engulfed. 
The important increase of cholesterol concentration is 
potentially cytotoxic for the phagocyte. This condition 
was studied in detail in atherosclerosis, where macro-
phages engulfed cholesterol-loaded apoptotic cells 
and became foam cells containing high quantities of 

Figure 4  Efferocytosis promotes anti-inflammatory functions while phagocytosis promotes proinflammatory functions 
of tumor associated macrophages. Specific receptors for efferocytosis inhibit the downstream signaling of TLR, decrease 
proinflammatory cytokine secretion through signal transducer and activator of transcription (STAT) 1 inhibition and promote 
IL-10 and TGFβ secretion. Efferosomes are more acidic than phagosomes, thereby rapidly degrading antigens and limiting 
the cross-presentation capacity of phagocytes. In contrast, phagocytosis receptors promote an immunogenic response by 
secreting proinflammatory cytokines and promoting antigen presentation on MHC I and MHC II. Efferocytosis promotes aerobic 
glycolysis using glucose from engulfed cells but also from the environment through upregulation of the glucose transporter 
GLUT1. This metabolism contributes to the immunosuppressive tumor microenvironment by depleting glucose and secreting 
the glycolysis by-product lactate. Potentially cytotoxic quantities of cholesterol are transported to the endoplasmic reticulum 
where they are esterified by acyl-CoA:cholesterol acyltransferase (ACAT). IFN, interferon; IL, interleukin; LRP1, lipoprotein 
receptor-related protein 1; NADH, nicotinamide dinucleotide; MAC1, macrophage antigen1; MHC, major histocompatibility 
complex; SOCS, suppressor of cytokine signaling; SLAMF7, signaling lymphocytic activation molecule family member 7; TGFβ, 
Transforming growth factor β; TLR, toll-like receptor.
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cholesterol. Ingested cholesterol was delivered to the ER 
where acyl-CoA:cholesterol acyltransferase transformed 
it to cholesterol-ester to limit its cytotoxic effect.96 This 
metabolic surcharge was also shown to increase the mito-
chondrial membrane potential, which regulated the 
fission of mitochondrial membrane and Ca2+ release to 
the cytosol.97 Whether cholesterol processing and mito-
chondrial modifications differ following efferocytosis or 
phagocytosis has not been reported, but this aspect has 
been studied for glucose metabolism. Comparing the 
impact of apoptotic cell uptake and antibody-mediated 
phagocytosis, Morioka et al observed that efferocytosis 
induced aerobic glycolysis, facilitated by higher glucose 
uptake through GLUT1 upregulation.98 This higher 
glucose consumption by TAM is potentially also immuno-
suppressive, as a glucose-depleted TME did not support 
efficient antitumor T-cell functionality.99 Finally, aerobic 
glycolysis increases the release of its by-product lactate, 
which was shown to contribute to the immunosuppres-
sive TME by promoting protumor M2-like TAM polariza-
tion,100 inhibiting effector T cells and promoting Treg.99 
In conclusion, metabolic modifications induced by the 
cytosolic surcharge after cell engulfment can profoundly 
impact TAM functions and lead to modifications of the 
TME.

CONCLUSION AND PERSPECTIVES
Taking into account many years of in vivo and in vitro 
experimentation on TAM and their phagocytic func-
tion, multiple outcomes are conceivable in the TME. 
When TAM are appropriately targeted (eg, with anti-
CD47 antibodies) they do have the capacity to impact 
on tumor progression, and can collaborate with T 
cells (when present in the TME) if their constitutively 
weak cross-presentation capacities can be reinforced. 
However, currently used cancer treatments such as radio-
chemotherapy furnish abundant apoptotic tumor cells 
that may stimulate predominantly anti-inflammatory and 
protumor properties of TAM through efferocytosis.

Promoting TAM cross-presentation can have multiple 
consequences for cancer immunotherapy. Indeed, TAM 
abundance in solid tumors could facilitate a compre-
hensive sampling of the whole tumor mass. As tumor 
heterogeneity, with the presence of antigenically distinct 
subclones, has been recognized as a limiting factor for 
an effective T-cell response,101 TAM sampling of multiple 
tumor regions could broaden the repertoire of T cells by 
presenting a wide range of tumor antigens more repre-
sentative of the tumor diversity. In this context, whether 
TAM have the ability to prime naïve T cells against new 
antigens or whether they can only reactivate T cells will 
be an important point to clarify. In line with this, the 
identified underlying causes of weak cross-presentation 
by TAM (high proteolysis of antigens, limited transloca-
tion of antigens from the phagosome to the cytosol and 
inhibition of cGAS/STING by TREX1), provide targets 
to modulate their APC functions and thereby promote 

T-cell reactivation or priming. Finally, the fate of cancer 
cells (apoptotic vs necrotic) after treatment and its impact 
on TAM functionality has to be better elucidated in vivo, 
for example, in the context of radio-chemotherapy. This 
should help clinical trial design, particularly in the case 
of combining TAM modulation with radio-chemotherapy.

To date, early-phase clinical trials have started to 
investigate anti-CD47 potentiation of TAM function in 
patients, with encouraging results for refractory B-cell 
non-Hodgkin’s lymphoma, in which complete responses 
were observed in 36% of patients.102 Future randomized 
controlled trials in lymphoma and other type of cancers 
are eagerly awaited. In the future, combinations of anti-
CD47 and efferocytosis inhibitors such as those targeting 
MerTK, and the manipulation of TAM function through 
modulation of the phagolysosome pH, or the cGAS-
STING pathway should be exploited in order to unleash 
the full potential of TAM phagocytic activity. These 
advances in fundamental immunology and encouraging 
preclinical results now provide the perspective for inno-
vative clinical trials.
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