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ABSTRACT
Macrophages are the immune cells that accumulate 
the most in the majority of established tumors and this 
accumulation is associated with a poor prognosis. Tumor-
associated macrophages (TAMs) produce inflammatory 
cytokines and growth factors that promote tumor 
expansion and metastasis. TAMs have recently emerged 
as targets of choice to restore an efficient antitumor 
response and to limit tumor growth. Many molecules 
targeting TAMs are actually evaluated in clinical trials, 
alone or in combination. While these molecules induce 
tumor regression and stimulate cytotoxic responses in 
mouse models of tumor development, results from early 
clinical trials are less impressive. In this review, we list 
the biological differences between human and mouse 
macrophages that help explain the different efficacy of 
antitumor strategies targeting TAMs between human 
and animal studies. Differences in the impact of survival 
and polarization factors and in the cytokines produced 
and markers expressed as well as the limitations of 
extrapolations based on in vitro models of TAM-like 
generation should be considered in order to improve the 
design and efficacy of antitumor drugs targeting TAMs.

INTRODUCTION 

Macrophages, which are the most abundant 
infiltrating immune cells in the majority of 
solid tumors, facilitate tumor growth and 
metastasis. Indeed, tumor-associated macro-
phages (TAMs) participate in most of the 
mechanisms involved in tumor growth, 
namely cell proliferation, angiogenesis, 
metastasis, immune suppression and smol-
dering inflammation. TAMs have thus 
emerged as targets and different strategies, 
such as functional reprogramming or inhibi-
tion of their recruitment, gave encouraging 
results in several preclinical models of tumor 
development. Nevertheless, the results in 
humans may be less impressive.1 2 Considering 

the biological differences between human 
and mouse macrophages and the limits of 
the models and markers used to assess their 
functions should improve the design and 
effectiveness of antitumor strategies based on 
targeting/manipulating TAMs. In this review, 
we highlight the differences between human 
and murine TAMs (summarized in table  1) 
that need to be considered in the design of 
clinical trials.

MACROPHAGES, A HETEROGENEOUS AND 
MULTIFUNCTIONAL CELL POPULATION
Macrophages are myeloid cells of the innate 
immune system, present in almost all tissues. 
They perform diverse and essential functions. 
In addition to their antimicrobial activity, they 
ensure the maintenance of tissue homeostasis 
and control all phases of healing and tissue 
repair. They are also involved in the initiation 
and resolution of the inflammation and can 
present antigens to memory (but not naive) 
T cells.3

Resident macrophages exhibit highly 
specialized functions (eg, Kupffer cells in 
the liver or microglia in the central nervous 
system). Monocytes can also be recruited 
to inflamed or injured tissues, where they 
undergo local differentiation into macro-
phages. This process is a critical step in their 
functional polarization, as the phenotype they 
acquire is driven by the nature of the differen-
tiation signals present in their environment. 
Moreover, macrophages are plastic, meaning 
that they continuously adapt their phenotype 
to the demands of the tissue, as they perma-
nently screen their environment.4 5 A multi-
tude of factors/signals, such as microbes, 
cytokines, changes in nutrients or metabolite 
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concentrations, extracellular pH, oxygen tension and 
pressure alteration, induces metabolic and epigenetic 
modifications that are associated with their functional 
adaptation. Depending on the factors they encounter, 
macrophages can thus adopt a multiplicity of pheno-
types, which makes it difficult to classify them according 
to their phenotype.6 However, and although incomplete 
and simplifying, the classification of proinflammatory M1 
versus reparative M2 macrophages remains widely used.

As detailed later in this review, the M1/M2 classifica-
tion was originally defined by in vitro generated murine 
macrophage subsets and is based on well characterized 
phenotypic signatures. However, such signatures are 
rarely, if ever, observed in human macrophages. In order 
to circumvent this limitation, and despite being simplistic, 
a classification of human macrophages into M1-like and 
M2-like subtypes has been proposed. In this review, we 
will use these terms as a functional classification (anti-
tumor M1-like vs protumor M2-like cells).

TAMS: A COMPLEX DIVERSITY
In the majority of established tumors, macrophages accu-
mulate in larger numbers than the other immune cells7–10 
and their accumulation is associated, in most cancers, 

with a poor prognosis.7 11 12 TAMs favor tumor growth 
and metastasis, angiogenesis and lymphangiogenesis and 
tumor-associated inflammation, and decrease effector 
CD8+ T-cell recruitment and function13–16 (figure 1).

TAMs derive from both resident tissue macrophages 
and newly recruited monocytes.17 18 In a mouse model of 
lung cancer, lineage tracing experiments revealed that 
TAMs are initially composed of resident macrophages 
that acquire protumor functions and proliferate, and 
that, in later phases of tumor development, TAMs are 
predominantly composed of recruited monocytes that 
have differentiated locally.18 While the proliferation of 
murine macrophages has been widely reported,19–21 that 
of human macrophages remains poorly documented.22–24 
In humans, the importance of monocyte recruitment in 
maintaining pools of TAMs was recently demonstrated in 
patients with cancer after bone marrow transplantation.25 
Moreover, it appears obvious that the density of TAMs 
in a fast-growing tissue may probably result from the 
recruitment of monocytes rather than a massive expan-
sion of resident macrophages whose proliferative capacity 
remains questionable in humans.

Many molecules targeting TAMs are currently in clin-
ical trials, either alone or in combination with chemo-
therapy, radiotherapy or immunotherapy (especially 
immune checkpoint inhibitors (ICI)).26–29 TAM-targeting 
approaches, described in recent reviews, are of two types: 
those preventing TAM accumulation and/or survival 
(eg, by inhibiting the macrophage colony-stimulating 
factor (M-CSF)/CD115 or C-C motif chemokine ligand 
2 (CCL2)/CCR2 axis)30 31 and those making use of the 
phagocytic properties of TAMs (eg, blocking the SIRP1α/
CD47 interaction) or of their cytotoxic activity.30–33 These 
strategies decrease tumor growth and stimulate cytotoxic 
CD8+ T-cell responses in combination with chemotherapy, 
radiotherapy, or ICI in different mouse models of tumor 
development. Based on these results, clinical trials aiming 
to evaluate the impact of strategies targeting TAMs are 
currently underway. Here, we provide an overview of 
some of the key observations that need to be considered 
when extrapolating results obtained in mouse models to 
humans.

Differences in the processes of generation and functional 
polarization of mouse and human macrophages
Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
induces the generation of dendritic cells in mice and macrophages 
in humans
As discussed earlier, the accumulation of TAMs in estab-
lished tumors results principally from monocyte recruit-
ment induced by attracting molecules, including mainly 
M-CSF (CSF-1) and CCL2 (also known as MCP-1). This 
process can be also induced by other chemokines, such as 
C-X-C chemokine receptor type 4 (CXCR4) and CXCR5 
ligands.13–15 A number of clinical trials are assessing 
neutralization of CD115 (or c-fms), the receptor for 
M-CSF and interleukin (IL)-34, as a means of preventing 
TAM accumulation. In mouse models, neutralization 

Figure 1  Protumor roles of tumor-associated 
macrophages (TAMs). TAMs secrete factors into the tumor 
microenvironment and express membrane molecules that 
promote tumorigenesis by favoring tumor cell proliferation, 
angiogenesis/lymphoangiogenesis, metastasis and 
immunosuppression. TAMs mediate immunosuppression 
through induction of regulatory T cells (Treg), inactivation of 
effector T cell function and inhibition of dendritic cell (DC) 
maturation. EGF, epithelial growth factor; IL, interleukin; M-
CSF, macrophage colony-stimulating factor; MMP, matrix 
metalloprotease; PDGF, platelet-derived growth factor; 
TGF-β, transforming growth factor-β; TNF, tumor necrosis 
factor; VEGF, vascular endothelial growth factor.
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of the M-CSF–IL-34/CD115 axis acts in synergy with 
chemotherapy and ICI to reduce tumor growth and to 
favor CD8+ T-cell responses.26 34 However, clinical trials 
in humans have given disappointing results1 35 and some 
TAM subsets seem resistant to this approach.22 It also 
seems likely that in vivo neutralization of the M-CSF–
IL-34/CD115 axis amplifies the impact of GM-CSF (also 
known as CSF-2) on myeloid cells.36

Importantly, GM-CSF has different effects on myeloid 
cell differentiation in human and mice.37 M‐CSF is consti-
tutively expressed in many tissues, whereas GM-CSF is 
present principally at sites of inflammation, including 
tumor sites, as it is produced by activated immune and 
non-immune cells and by some tumors.37–39 GM-CSF trig-
gers the differentiation of murine myeloid precursors 
into mature dendritic cells,40 41 and favors antitumor 
responses by facilitating dendritic cell recruitment and 

activation.37 42 For example, in a murine melanoma model, 
vaccination with irradiated melanoma cells engineered to 
secrete GM-CSF stimulates robust and long-lasting anti-
tumor immunity.43 44 Conversely, GM-CSF neutralization 
affects murine dendritic cell recruitment in vivo.45 Based 
on these observations, GM-CSF has been used in dendritic 
cell-based tumor vaccine trials as an inducer of dendritic 
cell maturation, and is currently included in antitumor 
immunotherapies.42 However, in humans, both M-CSF 
and GM-CSF promote monocyte survival and differentia-
tion into macrophages (figure 2A, left panel). M-CSF trig-
gers in vitro the generation of regulatory macrophages 
that maintain tissue homeostasis, whereas GM-CSF 
induces the generation of macrophages that produce 
inflammatory cytokines (including IL-6, IL-1β and tumor 
necrosis factor α) on stimulation (figure 2B), the produc-
tion of these mediators being upregulated by interferon 

Figure 2  Differences in the generation and polarization of human and murine macrophages. (A) Left panel, human 
macrophages are usually generated in vitro from peripheral blood monocytes cultured in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF) (in the presence or absence of IFNγ) or macrophage colony-stimulating 
factor (M-CSF)/interleukin (IL)-34 (in the presence or absence of IL-4) to generate M1 and M2 cells, respectively. To reveal their 
phenotype, human macrophages must be activated. Right panel: Murine macrophages are primarily generated from bone 
marrow myeloid cell progenitors maintained in M-CSF. The use of GM-CSF leads to the generation of both dendritic cells 
and macrophages.87 (B) Left panel, human markers of macrophage polarization are shown. Right panel: murine markers of 
macrophage polarization. BMDC, bone-marrow derived dendritic cells; BMDM, bone-marrow derived macrophages; HIF-1α, 
hypoxia inducible factor; IFNg, Interferon-gamma; IRF, Interferon regulatory factor; LPS, lipopolysaccharide; MHC-II, major 
histocompatibility complex class II; STAT, Signal transducer and activator of transcription.
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gamma (IFNγ).37 38 46 47 Moreover, high concentrations of 
GM-CSF promote the recruitment of immunosuppres-
sive murine myeloid cells within tumors.39 48 This, and 
the opposite effects of GM-CSF on the differentiation of 
human and murine myeloid precursors into macrophages 
and dendritic cells, respectively, may provide some expla-
nation for the poor efficacy of GM-CSF as an adjuvant for 
antitumor vaccines in humans.42

Importantly, a recent study reported, in a mouse model 
of breast-to-brain metastasis, that the inhibition of CD115 
induced a compensatory increase of GM-CSF synthesis 
by pericytes that induced the acquisition by TAM of an 
inflammatory and tissue repair profile.49 One can thus 
suspect that, in vivo, the neutralization of the M-CSF–
IL-34/CD115 axis may exacerbate the role of GM-CSF, 
which would then promote the generation, in humans, of 
inflammatory macrophages favoring tumor recurrence.

Moreover, we have recently shown that the simulta-
neous presence of GM-CSF and lactic acid, a metabolite 
that accumulates in glycolytic tumors, induces the gener-
ation of macrophages producing inflammatory cytokines 
and tumor-promoting factors that display similarities to 
the ovarian cancer TAMs.50 Another study also reported 
that lactic acid increases the expression of VEGF by 
murine macrophages.51 These results suggest that some 
features of TAMs are induced independently of M-CSF, a 
prototypic M2 inducer, contributing to explain the lack of 
sensitivity to CD115 blockade of some TAM subsets, such 
as angiogenic TAMs.52

It could be argued that, in the presence of IL-4 and/
or IL-13, GM-CSF induces the differentiation of human 
monocytes into dendritic cells.53 While lactic acid is 
frequently found in cancers, the expression of IL-4 or 
IL-13 has only been reported in a restricted number of 
cancers, and mouse, but not human myeloid cells, express 
IL-4 and IL-13, excluding an autocrine role in the gener-
ation of human TAMs. Collectively, these results suggest 
that the role of IL-4 and IL-13 in the functional polariza-
tion of human TAM should be limited.54

It should be noted that other strategies aiming to reduce 
macrophage accumulation by neutralizing the CCL2/
CCR2, CXCL12 (or SDF1)/CXCR4 or IL-1/IL-1 receptor 
axes, together with strategies reducing the recruitment of 
neutrophil precursors, which exhibit suppressive proper-
ties (eg, by targeting the C5a receptor, by jointly neutral-
izing CCR2 and CCR5, or by using a CD11b agonist), are 
also currently evaluated in clinical trials.55 56

Given the difference in factors controlling dendritic 
cell and macrophage generation between humans and 
mice, the impact of these strategies on the recruitment 
and differentiation of precursors and/or activation of 
human macrophages (as well as of dendritic cells) should 
systematically be evaluated.

Polarization and activation of human macrophages should be 
distinguished as two independent processes
Macrophages express different phenotypes, depending 
on the signals present in the environment. In vitro 

experiments with human monocytes have shown that this 
process, referred to as polarization, is time dependent.57 
Moreover, human macrophages require stimulation (via 
CD40 or using TLR agonists) to reveal their cytokine 
profile (except those constitutively produced, such as 
CCL2).46 50 For murine M1 and M2 cells, the terms polar-
ization and activation are not dissociated, and resting and 
activated cells are compared in studies using murine cells.

Myeloid cell activators, including TLR agonists, are 
currently evaluated in clinical trials as inducers of TAM 
reprogramming into antitumor cells.26 30 Importantly, 
TLR9 is expressed by murine but not human myeloid 
cells, a fundamental difference that may profoundly 
impact the consequences of TLR9 agonists on macro-
phage polarization.

TLRs and CD40 agonists induce dendritic cell matu-
ration and facilitate the generation of a protective anti-
tumor response. In contrast, the activation of TAM is 
likely to enhance the production of immunosuppressive 
cytokines and growth factors, thus strengthening their 
protumor phenotype. Thus, acting on both polarization 
and activation may be required to reprogram human 
TAMs into antitumor cells. Repolarization could be 
achieved by modulating the metabolic and/or cytokine 
microenvironment. Consistent with the view of tumors as 
a wound that never heals,58 we and others have shown 
that factors classically associated with tissue lesions, such 
as lactic acid, contribute to the phenotype of TAMs.50 51 
Various molecules affecting tumor cell metabolism (by 
inhibiting glycolysis or other metabolic pathways) are 
currently in clinical trials59 60; the impact of these mole-
cules, used alone or, preferentially, in combination with 
other TAM-targeting molecules, should also be studied 
on human TAMs. Combination treatments that repo-
larize TAMs and activate TAMs and dendritic cells should 
be beneficial.

Phenotypic differences between human and mouse 
macrophages/TAMs
Mouse and human macrophages differ in their capacity to produce 
IFNγ
IFNγ, which has an important role in immune surveil-
lance, facilitates the generation and activation of Th1 
lymphocytes and the initiation of cytotoxic T lympho-
cyte responses. IFNγ is also a potent activator of myeloid 
cells: it polarizes dendritic cells into IL-12-producing cells 
(known as DC1), thereby facilitating the generation of 
Th1 lymphocytes. Previously known as macrophage acti-
vating factor, IFNγ induces the generation of inflamma-
tory macrophages that are potentially cytotoxic to tumor 
cells. IFNγ may also have protumor effects through a feed-
back effect. For example, IFNγ helps to maintain periph-
eral tolerance by increasing PD-L1 expression by tumor 
cells.

Due to its potent antitumor activity, IFNγ has been 
used in the treatment of certain cancers and is currently 
being tested, in association with other antitumor mole-
cules, in clinical trials.61 It is currently thought that the 
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dose and duration of IFNγ treatment need to be estab-
lished, to optimize its beneficial effect when combined 
with antitumor therapies.61 Nevertheless, while murine 
macrophages are IFNγ-producing cells (figure 2B, right 
panel), human myeloid cells produce IFNγ at a very low 
level compared with lymphoid cells62 63 and, importantly, 
the combination IL-12 plus IL-18 appears as the most 
effective in inducing IFNγ production by human macro-
phages. Of note, IL-12, a prototypic antitumor cytokine,64 
is poorly expressed in most tumors and IL-18 exhibits 
protumor activity (favoring cancer progression, metas-
tasis, angiogenesis and immune suppression).65 This will 
make unlikely an in situ reprogramming of human TAM 
into antitumor cells in the absence of IFNγ-producing 
lymphoid cells. Moreover, the activation/reprogramming 
by IFNγ may lower the efficacy of anti-PD-1/-PD-L1 anti-
body treatment (consecutive to an upregulation of PD-L1 
expression by tumor cells), in contrast to the beneficial 
impact of combining TAM activation (that induces IFNγ 
production) and PD1 targeting in murine models of 
tumor development.66

The M1/M2 model does not reflect the phenotypic diversity of 
TAMs
Murine TAMs are commonly characterized by transcrip-
tome analysis, thanks to the specific expression of genes 
defined as ‘M2/protumor’ and ‘M1/antitumor’ cells, 
according to the M1/M2 classification which distin-
guishes macrophages differentiated in the presence 
of M-CSF with either IL-4 (M2) or IFNγ plus LPS (M1) 
(figure 2A, right panel).67

Although IL-4 and IL-13 expressions have been detected 
in some cancers,68–70 the use of macrophages generated 
in the presence of IL-4 as a model for protumor macro-
phages is of little physiological relevance, as discussed 
earlier. The M1/M2 classification was based on the Th1/
Th2 dichotomy, itself derived from an analysis of the 
physiological mechanisms associated with autoimmune 
diseases in mice of different genetic backgrounds. The 
pathophysiology of autoimmune diseases is now char-
acterized by a Th1–Th17/Treg imbalance rather than a 
Th1/Th2 imbalance. Similarly, cancer development is 
associated with a sustained inflammation and profound 
immune suppression involving Th1, Th17 and Treg cells, 
rather than Th2 accumulation. Moreover, although the 
expression of IL-4 and IL-13 has been detected in some 
cancers, M2 cells generated in the presence of IL-4 are 
considered as prototypic tissue repair macrophages 
rather than bona fide protumor macrophages.

Macrophages play an essential role in controlling all 
stages of the tissue repair process,3 but the expression 
of IL-4 or IL-13 is not a characteristic of healing areas, 
and other factors present locally in the injured areas, 
such as IL-21, IL-25 and IL-33,71 may also confer a wound 
healing phenotype to macrophages.72–74 Thus, the study 
of genes associated with M2 cells generated in the pres-
ence of IL-4 are of more relevance in mouse models of 

allergic reactions or helminth infections than in cancers 
or wound-healing process.

Most of the prototypic murine M1 and M2 markers are not suitable 
for the characterization of human macrophages
The phenotypes of macrophage subsets drastically differ 
between human and mouse (figure 2B). Human M1-like 
macrophages are characterized by an elevated expression 
of membrane CD80 and CD86 and by the secretion of 
inflammatory cytokines and IL-12. In contrast, murine 
M1 macrophages express CD11c, CD11b and CD38 and 
produce nitric oxide in addition to proinflammatory 
cytokines. Human M2-like macrophages are character-
ized by an elevated expression of CD163 and CD206 and 
by the production of IL-10 and of several growth factors 
when murine M2 macrophages are defined as arginase 
1 (Arg1)-expressing and VEGF-expressing cells. More-
over, the genes overexpressed in the presence of IL-4 or 
IFNγ greatly differ between human and mouse macro-
phages.67 73 75 Either there are no human homologs of 
particular genes (eg, Ym1 and Fizz1) or their expression 
is differentially regulated. The most widely used signa-
ture is the expression of inducible nitric oxide synthase 
by murine M1 cells and of Arg1 by murine M2 cells, two 
molecules not expressed by human macrophages.67 76 
More generally, there is little correspondence between the 
genes upregulated by IL-4 in human and mouse macro-
phages.61 In addition, most of the genes used to charac-
terize murine M1 and M2 cells have no known function, 
making it difficult to extrapolate their protumor versus 
antitumor functions. Reinforcing this result, Zilionis et al 
nicely demonstrated that, in lung tumors, TAMs exhibit 
species-specific profiles,77 emphasizing the importance 
of characterizing human macrophages instead of extrap-
olating from mouse phenotypes. Finally, the transcrip-
tion factors involved in the polarization of M1-like and 
M2-like macrophages differ between human and mouse 
(figure 2B).

The most informative and reliable way to characterize 
the function of human macrophages is based on the 
profiling of soluble mediators, including growth factors, 
inflammatory cytokines and immunosuppressive mole-
cules. This approach is all the more relevant as cumulative 
single-cell analysis studies in different tumors revealed/
confirmed that human TAM exhibit mixed M1-like and 
M2-like signatures.50 78–82 Surface markers on human 
macrophages display lower levels of modulation than 
cytokine production, and, when modulated (eg, CD163, 
which reflects M-CSF consumption; CD206, which reflects 
IL-4 consumption), their expression is not predictive of 
their protumor or antitumor functions.

Concluding remarks
In conclusion, the different impacts of GM-CSF on human 
versus murine myeloid cell differentiation, the absence of 
IFNγ and TLR9 expression by human macrophages and 
the limits of models using IL-4 as an inducer of repair 
macrophages are all features that distinguish human 
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macrophages from mouse macrophages and that must be 
considered when translating from the preclinical to the 
clinical therapeutic application.

All these information have to be taken account to opti-
mize strategies that directly target TAM, especially with 
the emergence of promising new antitumor therapies 
that promote the phagocytic activity of macrophages by 
targeting the CD47/SIRPα axis, as recently reported for 
B-cell lymphoma and some solid tumors.83–86
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