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The immunosuppressive status of the tumor microenvironment (TME) remains poorly

defined due to a lack of understanding regarding the function of tumor-associated

macrophages (TAMs), which are abundant in the TME. TAMs are crucial drivers of

tumor progression, metastasis, and resistance to therapy. Intra- and inter-tumoral

spatial heterogeneities are potential keys to understanding the relationships between

subpopulations of TAMs and their functions. Antitumor M1-like and pro-tumor M2-like

TAMs coexist within tumors, and the opposing effects of these M1/M2 subpopulations

on tumors directly impact current strategies to improve antitumor immune responses.

Recent studies have found significant differences among monocytes or macrophages

from distinct tumors, and other investigations have explored the existence of diverse TAM

subsets at the molecular level. In this review, we discuss emerging evidence highlighting

the redefinition of TAM subpopulations and functions in the TME and the possibility

of separating macrophage subsets with distinct functions into antitumor M1-like and

pro-tumor M2-like TAMs during the development of tumors. Such redefinition may relate

to the differential cellular origin andmonocyte andmacrophage plasticity or heterogeneity

of TAMs, which all potentially impact macrophage biomarkers and our understanding

of how the phenotypes of TAMs are dictated by their ontogeny, activation status, and

localization. Therefore, the detailed landscape of TAMs must be deciphered with the

integration of new technologies, such as multiplexed immunohistochemistry (mIHC),

mass cytometry by time-of-flight (CyTOF), single-cell RNA-seq (scRNA-seq), spatial

transcriptomics, and systems biology approaches, for analyses of the TME.

Keywords: tumor microenvironment, tumor-associated macrophages, multiplexed immunohistochemical

staining, single-cell sequencing, spatial transcriptomics

INTRODUCTION

The tumor microenvironment (TME), which refers to the structure of tumor tissue containing
stromal cells (including immune cells, connective tissue cells, and vascular components), is crucial
in tumor progression and metastasis. A close association between inflammation and the TME has
been established in recent years, although the link was first noted in the nineteenth century (1).
Currently, inflammation in the TME is generally considered a hallmark of cancer (2), reflecting
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that inflammatory cells interact with tumor cells to influence
the progression of tumors. Among the diverse inflammatory
cells infiltrating the TME, macrophages, which are termed
tumor-associated macrophages (TAMs), including both resident
macrophages and circulating monocytes recruited to the TME,
are predominant elements (3).

The role of TAMs in the TME, which is critical to current
TAM-targeted strategies, remains to be uncovered due to the
intricate heterogeneity of macrophages. Preclinical and clinical
data show a close relationship between high infiltration of TAMs
and a poor prognosis in most types of tumors (4), such as
pancreatic ductal adenocarcinoma (PDAC) (5), glioblastoma (6),
and bladder cancer (7). On the other hand, TAM infiltration has
also been found to be associated with a favorable prognosis in
some cases, such as in ovarian cancer (8) and colorectal cancer
(9). Such different outcomes can be attributed to not only the
distinct cancer types but also some intra-tumoral factors, such
as the TAM distribution in the TME. For example, some studies
on non-small cell lung cancer (NSLSC) reported that increased
infiltration of TAMs in tumor islets was associated with a good
prognosis, whereas increased levels of TAMs in the tumor stroma
were found to be associated with a poor prognosis (10, 11). These
findings may indicate the inter- and intra-tumoral heterogeneity
of TAMs, whichmay relate to the ontogeny, activation status, and
localization of TAMs in the TME. To discriminate the distinct
roles of TAMs among various conditions, TAM subsets and their
functions in the TME urgently need to be redefined.

In this review, we will summarize the current understanding
of the dual roles that TAMs play in the TME and highlight
the inter- and intra-tumoral heterogeneity of TAMs, thus
emphasizing the necessity of further investigating and redefining
TAM subpopulations with distinct functions. The integration of
some novel and powerful technologies as a work flow to analyze
the heterogeneity of TAMs will also be discussed, including
multiplexed immunohistochemistry (mIHC), mass cytometry by
time-of-flight (CyTOF), single-cell RNA-seq (scRNA-seq), and
spatial transcriptomics.

CHARACTERISTICS OF TAMs

Signals in the TME may impact the diversity and function of
TAMs, leading to dual roles for TAMs in tumor progression that
can be summarized as tumor-promoting and tumor-suppressing
activities (12). In accordance with the commonly accepted theory
proposed by Mills’ team, TAMs can be mainly classified into the
antitumorM1 phenotype (classically activated state) and the pro-
tumorM2 phenotype (alternatively activated state), reflecting the
Th1-Th2 polarization of T cells (13, 14). Once TAMs derived
from peripheral blood monocytes are recruited to the TME by
tumor-secreted attractants, they undergo M1-like or M2-like
activation in response to various stimuli (Figure 1).

Induced by interferon-γ (IFN-γ) (15), tumor necrosis factor α

(TNF-α) and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (16, 17), M1-like TAMs are involved in activating
Th1-type immune responses as they have a high capacity for
antigen presentation. They produce nitric oxide (NO), reactive

oxygen species (ROS) and pro-inflammatory cytokines such as
interleukin (IL)-1β, IL-6, IL-12, IL-23, C-X-C motif chemokine
(CXCL) 9, CXCL10, TNF-α, and major histocompatibility
complex (MHC) molecules (18–24). The expression of surface
proteins, including CD68, CD80, and CD86 (25), and the
intracellular protein suppressor cytokine signaling 3 (SOCS3)
can also be upregulated (26). Through secretion of the described
factors, M1-like TAMs function as the main forces in innate host
defense and kill tumor cells, thus suppressing tumors.

In contrast, M2-like TAMs, which are generated under the
influence of several cytokines such as IL-10 and transforming
growth factor (TGF)-β, activate Th2-type immune responses
and promote tumorigenesis and development (27). They
may mainly promote upregulation of the expression of anti-
inflammatory cytokines and chemokines, including IL-10,
TGF-β, CC chemokine ligand (CCL) 17, CCL18, CCL22, and
CCL24 (24). Such secretion is involved in tumor invasion and
metastasis. Surface proteins, such as CD206 (mannose receptor-
1), CD204 and CD163 (macrophage scavenger receptors), are
also overexpressed (28). These M2-like TAMs have critical
roles in facilitating epithelial-mesenchymal transition (EMT),
angiogenesis and immunosuppression (29, 30). Moreover, M2-
like TAMs are one of the factors hampering the efficacy of
chemotherapy and radiotherapy through suppression of CD8+

T cell function, leading to tumor progression and poor outcomes
(28, 31, 32). Additionally, we summarize several current markers
linked with clinical outcomes that appear in studies of TAMs in
different tumor types (Table 1).

However, the characteristics of TAMs summarized in Figure 1
mostly correspond to conditions in vitro, and TAMs are not
precisely divided into the M1 and M2 phenotypes in vivo,
reflecting the insufficiency of this principle in understanding
the comprehensive functions of TAMs due to the heterogeneity
defined to date. Markers of the M1 and M2 phenotypes can
be co-expressed on an individual cell (55). These markers also
show defects when applied to differentiate the antitumor M1-
like and pro-tumor M2-like phenotypes. For example, CD163
and CD206 are common M2-associated markers, but TAMs
highly expressing CD163 and CD206 in gastrointestinal tumors
or ovarian ascites were found to be functionally equivalent
to M1-like TAMs with regard to stimulating T cell activity
(56). The explanation for the link between TAM definition and
function relies heavily on the M1-M2 paradigm, which may
have greatly distorted our perception. Using current widely
accepted biomarkers, whether TAMs actually exert pro-tumor
or antitumor functions is unclear (57). Our understanding of
functional markersmay be far too simple to decipher the complex
activation of TAMs in the TME.

EXPLORING THE MARKED DIVERSITY OF
TAMs

Ontogeny of Monocytes and TAMs
Historically, macrophages in the TME were thought to originate
from circulating monocyte precursors in the bone marrow
(BM), responding to various tissue damage signals. In the
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FIGURE 1 | The polarization of TAMs and their characteristics. The figure displays a general principle of polarized M1-like and M2-like phenotypes. M1-like and

M2-like phenotypes represent two extremes of TAM polarization and display distinct functions. In response to different stimuli in the TME, TAMs undergo M1-like, or

M2-like activation. M1-like TAMs are stimulated by IFN-γ, TGF-α, or GM-CSF, express CD68, CD80, and CD86, secrete IL-1β, IL-6, IL-12, IL-23, CXCL9, and

CXCL10, and exert anti-tumor effects. In contrast, M2-like TAMs are activated by IL-10 or TGF-β, express CD163, CD204, and CD206, secrete IL-10, TNF, CCL17,

CCL18, CCL22, and CCL24 and promote tumor progression.

search for TAM progenitors in mouse mammary tumors,
studies show that tumor-infiltrating monocytes are almost
exclusively distinguished by high expression of Ly6C, which
serves as a principal marker of mouse monocytes. These
Ly6Chigh monocytes contribute to TAMs continuously and
renew all non-proliferating TAM populations, constituting a
heterogeneous myeloid fraction including M1-like MHC-IIhigh

and M2-like MHC-IIlow TAM subpopulations (58–60). Recent
studies argued that recruited macrophages originated from
both the BM and the spleen and suggested a minor splenic
contribution to the main proportion of TAMs derived from
the BM by utilizing a lineage-tracing analysis of fluorescent
spleen- and BM-derived monocytes (61, 62). However, several
studies have revealed that a group of macrophages reside
in tissues beginning in the early embryonic phase (63, 64),
further validating the coexistence of macrophages with different
origins (65).

The origin and maintenance of these tissue-resident
macrophages (TRMs) is controversial. TRMs were initially
thought to originate from circulating monocytes. Recently, adult
TRMs have been shown to derive from the continuous wave of

embryonic and adult haematopoiesis, and the contribution to
each TRM population is tissue specific (66, 67). Using parabiosis
and genetic fate-mapping methods, studies have reported that
TRMs in some tissues, such as the brain, are maintained locally
and continue to undergo self-renewal throughout adult life
with minimal contributions from circulating monocytes, while
research on BM-derived mononuclear cells has indicated that
TRMs in other tissues may have a relatively high monocyte
contribution characterized by distinct increases at a tissue-
specific speed under steady- and inflammatory-state conditions
(66, 68–70). These observations suggest that the origin of
TRMs is controlled under both inflammatory and stable
conditions, exhibiting tissue-specific and inflammation-specific
characteristics. To further identify themonocytic source of TRMs
in various conditions, a study used a fate-mapping model with
Ms4a3 as the specific gene expressed by granulocyte/monocyte
progenitor cells to effectively track monocytes and granulocytes
but not lymphocytes or tissue dendritic cells. As a result, the
contribution of monocytes to the TRM pool was quantified,
showing variations during homeostasis and inflammation in
different models (71).
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TABLE 1 | TAMs markers correlated with clinical outcomes and functions.

TAM

marker

Tumor type Level Overall function Clinical outcome Function References

CD68 Breast High Pro-tumor Reduced OS

Increased tumor stage

and size

Promote invasion and lymphatic

metastasis of breast cancer

(33)

CD68 Gastric High Pro-tumor Reduced OS

Lymph node metastasis

Higher TNM stage

Enhance tumor growth

and aggressiveness

(34)

CD68 Colorectal High Anti-tumor Improved OS

Reduced tumor budding

Counter the aggressive tumor

budding phenotype

(35)

CD68 Prostate High Anti-tumor Improved DFS

Lower TNM stage

Express NOS2 and TNF-α

Contribute to tumor cell cytotoxicity

(36)

CD163 Breast High Pro-tumor Reduced RFS and DSS Promote cancer cells migration and

intravasation into both blood and

lymphatic vessels

(37)

CD163 HNSCC High Pro-tumor Poor OS and PFS Promote tumor progression (38)

CD163 Pancreatic High Pro-tumor Reduced OS Upregulate CD59 expression on

cancer cells

Protect cancer cells from

complement-dependent cytotoxicity

(39)

CD163 Colorectal High Anti-tumor Lower tumor grade

Reduced lymph

node metastasis

Counter cancer cell invasion (35)

CD204 Breast High Pro-tumor Poor OS, RFS and DMFS Promote tumor cell proliferation,

migration and invasion

(40)

CD204 LADC High Pro-tumor Reduced DFS

Advanced tumor stage

Lymphovascular invasion

Lymph node metastasis

Associated with

tumor aggressiveness

(41)

CD204 Oesophageal High Pro-tumor Reduced OS Elevate the PD-L1 expression in

cancer cells

Promote tumor cell invasion

and migration

(42)

CD206 Ovarian High Pro-tumor Lymphatic invasion Upregulate expressions of MMP-2,

MMP-9 and MMP-10

Enhance ovarian cancer cells invasion

via TLRs signaling pathway

(43)

CD206 OSCC High Pro-tumor Reduced DSS and PFS

Higher clinical stage

Cervical nodal metastasis

Promote proliferation and invasion in

OSCC via EGF production

(44)

Folate

receptor β

Pancreatic High Pro-tumor Reduced OS Promote angiogenesis,

hematogenous metastasis

Upregulate expression of VEGF

(45)

Wnt5a+CD68+/

CD68+

Colorectal Ratio high Pro-tumor Reduced RFS and OS

Higher TNM stage

Secrete IL-10 to induce M2

polarization Promote tumor

proliferation, migration and invasion

(Wnt5a+CD68+ macrophages)

(46)

Galectin-9

and CD68

Bladder High

coexpression

Pro-tumor Poor OS and RFS Correlated with increasing numbers of

Tregs and decreasing numbers of

CD8+T cell

Related to reduced cytotoxic

molecules, enhanced immune

checkpoints or

immunosuppressive cytokines.

(47)

CD163+CD204+ OSCC High Pro-tumor Reduced PFS Promote T-cell apoptosis and

immunosuppression via IL-10

and PD-L1

(48)

CD68++CD163+Gastric High* Anti-tumor Increased OS and RFS Clear dead cells and remodel tissue (49)

CD68 and

HLA-DR

NSCLC High

coexpression

Anti-tumor Increased survival time Prevent progression of NSCLC (50)

(Continued)
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TABLE 1 | Continued

TAM

marker

Tumor type Level Overall function Clinical outcome Function References

CD68 and

HLA-DR

NSCLC High

coexpression

Anti-tumor Increased DSS Exhibit antitumoral functions (51)

CD68 and

NOS2

Gastric High

coexpression

Anti-tumor Preferent survival Immuno-stimulatory (52)

CD86 ICC High Anti-tumor Longer median overall OS Promote tumor cytotoxicity

Amplify Th1 responses

(53)

NOS2 Colorectal High Anti-tumor Increased RFS

Improved survival in a stage

dependent manner

Provide a positive feedback loop in

anti-tumor response

Tumor prevention

(54)

Wnt5a, Wnt family member 5A; NOS2, nitric oxide synthase-2; HNSCC, head and neck squamous cell carcinoma; LADC, lung adenocarcinoma; OSCC, oral squamous cell carcinoma;

NSCLC, Non-small cell lung cancer; ICC, intrahepatic cholangiocarcinoma; OS, overall survival; TNM, tumor-node-metastasis; DFS, disease-free survival; RFS, relapse free survival; DS

S, disease-specific survival; PFS, progression-free survival; DJ’v:IFS, distant metastasis survival.

*Only in the effective density (effective density: the number of TAM that had a tumor cell within a 10 f!m radius).

The relative contributions of monocyte-derived TAMs and
TRMs in tumor models have also been revealed. Recent cell
tracking studies have illustrated at the molecular level that
recruited macrophages predominate in the TME because a
significant decrease in TAM abundance is often followed by
blockade of CC chemokine receptor 2 (the receptor for CCL2,
which plays a pivotal role in the recruitment of TAMs) in
most cases (72). In research on glioblastoma, inflammatory
monocytes/macrophages have been revealed to express both
CCR2 and CX3CR1, but microglia express only CX3CR1. Due
to such distinct molecular identification, multiparameter flow
cytometry analyses have further validated that the relative
proportion of more than 85% of the TAMs within tumors are
BM-derived macrophages, whereas resident microglia account
for the remaining approximate proportion of 15% (73). For
the purpose of future functional studies, more evidence for
definitive identification of monocyte-derived TAMs and TRMs
is required.

Moreover, attention has been gradually drawn to the
questionable dictation of functions driven by multiple origins
of TAMs. The interplay between TAMs with different origins
remains to be elucidated, but studies in mouse models can
provide evidence to some extent. Notably, several studies
have discussed TRMs and monocyte-derived TAMs in terms
of distinct overall functions and genomic differences. TRMs
in a mouse model of PDAC were shown to promote
PDAC progression with fibrosis-modulating functions, while
impairment of circulating monocytes alone had limited impacts
(74). Monocyte-derived TAMs have also been suggested to
play a stronger role in antigen presentation, whereas TRMs
exhibit a profibrotic transcriptional signature, indicating their
role in the production and remodeling of molecules in
the extracellular matrix (74). Such distinct functions were
confirmed in another case of lung cancer, where TRMs were
significantly correlated with tumor cell growth in vivo, while
accumulation of monocyte-derived TAMs led to enhanced tumor
dissemination (75). To evaluate differences at the genomic level,
a study on glioma using transgenic mice models validated that
glioma TAMs expressed Arg1 (an M2 marker) shortly after

trafficking into tumors, the expression of which was stimulated
relatively later by microglia (76), which may reveal different
responses of TAMs with distinct origins to tumor growth.
Collectively, these findings may jointly suggest a potential
influence of TAM origin on functional changes, which requires
further exploration.

However, the differences between mouse and human
monocytes, such as the repertoire of surface receptors, must
be emphasized (14). The classification of mouse monocyte
subsets relies on the differential expression of Ly6C, while
human monocytes can mainly be characterized by the
expression of CD14 and CD16 into distinct subpopulations
of CD14+CD16−and CD14loCD16+ monocytes (60, 77, 78).
CD14+CD16− monocytes have been proposed to share
similarities with Ly6Chi mouse monocytes in the expression
patterns of certain molecules. Meanwhile, CD14loCD16+ human
monocytes are counterparts to Ly6Clo mouse monocytes (79).
A study compared the gene expression profiles of monocyte
subsets and found some conversely expressed molecules between
matched subsets of the two species, such as CD36, CD9, and
TREM-1. Peroxisome proliferator activated receptor (PPAR)
has also been validated to be prominently expressed in mouse
monocytes, which is absent in humans (80). Additionally,
specific cytokines regulating cells vary in mice and humans,
which also contribute to the differences between the two species
(81). Considering the functional differences in monocyte subsets
in phagocytic capacity, which is regarded as one of the cardinal
features of blood monocytes, patterns of receptors involved in
the uptake of apoptotic cells and other phagocytic cargo were
also shown to differ in monocyte subsets of humans and mice
(80). Most of our current knowledge depends on mouse models,
and whether the origins of human TRMs match those of mice
remains to be considered. Comparisons of distinct types of
monocyte-derived macrophages with TRMs in humans revealed
a lack of specific markers indicative of the subset of origin,
resulting in incomplete knowledge of their functions among
various cancer types (24, 82, 83), which may indicate the need for
further investigation to address the possible different monocyte
lineages in humans.
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Plasticity of TAMs
TAMs can further display remarkable plasticity within the TME
and switch from one phenotype to another (84). However,
the M1/M2 paradigm represents two extreme activation states
of TAMs, which may neglect that the adaption driven by
environmental signals in the TME is flexible rather than static.
These environmental cues are mainly stimulated by tumor
cells, immune cells, and the extracellular matrix (85). TAMs
show the ability to reversibly respond to specific stimuli in
the TME, transforming antitumor M1-like and pro-tumor M2-
like phenotypes during the immune response under certain
conditions. Such plasticity also results in diverse subpopulations
of TAMs.

The pro-inflammatory M1-like phenotype in the TME may
evolve into the M2-like phenotype following tumor progression,
thus exerting a tumor-supporting influence (86). Chemokines
such as CXCL12 can be highly secreted from monocytes
during tumor progression and then facilitate the transition
from M1-like to M2-like TAMs, forming a proangiogenic and
immunosuppressive response with upregulation of M2 inducers
(87). Recently, the adaptative ability of TAMs has been further
validated in pre-clinical models and clinical trials, and the
regulation of TAM polarization to enhance antitumor functions
has been successfully stimulated. The PI3K-γ pathway and
colony-stimulating factor 1 (CSF-1)/colony-stimulating factor 1
receptor (CSF-1R) expression are generally considered important
in the polarization of M2-like TAMs (88, 89). A study reported
that dual blockade of the PI3K-γ pathway and CSF-1/CSF-
1R resulted in a switch from an M2-like state to an M1-
like state in PDAC models (90), leading to a reduction in
immunosuppressive macrophage numbers and stimulation of a
CD8+ T cell response. Inhibition of CSF-1/CSF-1R alone has
achieved similar effects in other models of glioblastoma (91),
melanoma (92), and rhabdomyosarcoma (93). A CD40 agonist
has also been reported to stimulate the transformation of a
pro-tumor M2-like state into an antitumor M1-like state in a
PDAC mouse model, enhancing antitumor immune responses
(94). Signal transducer and activator of transcription (STAT)
3/STAT6 can reportedly direct tumor-promoting macrophage
polarization. A small-molecule inhibitor of STAT3 significantly
reducedM2-like polarization in a case of malignant glioma, while
TAMs in STAT6-deficient mice displayed an M1-like phenotype,
enhancing antitumor immunity (95). Additional targets, such
as CCL5-CCR5, IL-12, histone deacetylases (HDACs), and
tyrosine-protein kinase receptor 2 (TIE2), have been explored
to reprogramme TAMs to suppress tumor growth (96). Taken
together, these results suggest that suppressing the tumor-
promoting functions of TAMs can elevate antitumor activities
and reverse the immunosuppressive status in the TME.

The plasticity of macrophages highlights macrophage
reprogramming as an attractive therapeutic strategy to inhibit
tumor progression, enabling these cells to adapt their function
to meet the needs of antitumor defense. To better understand
the activated status of TAMs within the TME, further studies
on specific markers to differentiate the distinct functions of
antitumor and pro-tumor TAMs are in high demand.

Intra-Tumoral Heterogeneities of TAMs
In addition to inter-tumoral heterogeneity, several factors may
contribute to the intra-tumoral heterogeneity of TAMs, especially
tumor hypoxia and the distribution of TAMs in the TME.

Hypoxia, which often develops within the TME due to
an imbalance between oxygen supply and demand caused
by abnormal vasculature, acts as a powerful attractant of
TAMs (97). TAMs can be continuously elicited to hypoxic
regions through elevated expression of hypoxia-inducible factor
(HIF)-1α, a key transcription factor that regulates hypoxia-
induced gene expression. HIF-1α upregulates CXC receptor 4
(CXCR4) in monocytes/macrophages and the specific ligand
CXCL12 and also induces the chemotactic responsiveness among
these reactants (98, 99). Moreover, TAM migration may be
inhibited under the influence of hypoxia, resulting in TAM
accumulation (98). Consequently, TAMs are recruited and
maintained in hypoxic compartments with increased expression
of chemoattractants, thus fostering tumor progression (100).
Strong tumor hypoxia and high-density hypoxic TAMs have
been associated with poor survival, highlighting the clinical
significance of hypoxia (101).

Notably, hypoxia contributes significantly to the pro-tumoral
functions ofMHC-IIlo M2-like TAMs by altering gene expression
profiles rather than directly influencing TAM differentiation
(102). TAMs are prone to develop a pro-angiogenic phenotype
under the influence of hypoxia, which is involved in metabolism,
angiogenesis, and metastasis. When assessing intra-tumoral
localization depending on the level of hypoxia, a study selectively
labeled MHC-IIlo M2-like TAMs and MHC-IIhi M1-like TAMs
and found that MHC-IIlo TAMs predominated in hypoxic
regions, while MHC-IIhi TAMs resided in less hypoxic areas.
These hypoxia-oriented TAMs achieve a proangiogenic response
not only by directly upregulating angiogenicmolecules, especially
VEGF-A, which is a potent pro-angiogenic factor (60), but
also through upregulation of angiogenic modulators such as
matrix metalloproteinase (MMP) 7 (103). Additionally, hypoxia-
oriented TAMs may also suppress T cell activation through
upregulation of IL-10 and negative checkpoint regulators such
as PD-L1 (104). A recent study also showed an increased
level of indoleamine 2, 3-dioxygenase (IDO) when co-culturing
macrophages with hepatoma cells under hypoxic conditions,
limiting the proliferation of cytotoxic T cells as well as expanding
Treg cells (105). In contrast, impeding TAM migration to
hypoxic areas may result in a more antitumoral macrophage
phenotype and reduced tumor growth. A study established that
the Sema3A/Neuropilin-1 signaling axis controlled the entry
of TAMs into hypoxic regions, and that specifically blunting
this pathway enhanced antitumor immunity and alleviated
angiogenesis, thus inhibiting tumor growth and metastasis
(104). This phenomenon demonstrates the interaction between
TAMs and tumor hypoxia, highlighting the partial intra-tumoral
heterogeneity determined by hypoxia.

Similar to hypoxia, different histological distributions of
TAMs have also been correlated with distinct tumor progression
according to a large number of experimental studies in
mice, which are usually divided into the tumor nest (TN),
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tumor stroma (TS) and invasive tumor margin (TM). In a
study evaluating the distribution of TAMs and the associated
survival rate in gastric cancer (GC), increased CD163+ TAM
accumulation in the TS and TM was found to be closely related
to tumor progression, whereas the relationship between CD163+

TAMs in the TN and tumor progression was not as close as that
between CD163+ TAMs and the TS or TM (106). The prominent
role that TAMs in the TS play in tumor progression over those
in the TN has also been validated in other types of tumors
(107, 108). Moreover, specific localization of TAMs may also
impact how they affect tumor growth; for instance, TN-associated
macrophages are more pro-angiogenic than macrophages in the
TS in breast cancer (109). These functional variations of TAMs
may be attributed to their histological locations within the TME
and the intra-tumoral heterogeneity of TAMs.

Overall, the functions of TAM subsets exhibit significant intra-
heterogeneity in the TME. TAM subsets with distinct functions
in the TME must be redefined. An improved understanding of
howTAM subsets are influenced by intraregional conditions such
as hypoxia and histological distributions will certainly benefit
related therapeutic approaches.

EMERGING TECHNOLOGIES FOR
ANALYZING FUNCTIONAL BIOMARKERS
IN SUBSETS OF TAMs

To further analyze functional biomarkers of TAMs in the
TME, high-resolution information is needed to investigate
distinct TAM subtypes, which can be obtained by utilizing
some distinctive, newly emerging technologies, including
mIHC, CyTOF, high-throughput scRNA-seq, and spatial
transcriptomics (28).

mIHC
Along with downstream quantitative image analysis, mIHC
represents a powerful tool to visualize and analyze complex cell-
to-cell and cell-to-stroma interactions within tumors (110). An
increasing number of automated digital pathology systems are
being designed for mIHC analysis, such as HALO from Indica
Labs (Corrales, NM), which enables tissue segmentation with
artificial intelligence and quantifies various histopathological
changes as an outstanding image analysis platform (111).
Updated information regarding recent technological advances
can be found in some reviews (112).

Mass Cytometry
CyTOF is a next-generation platform for single-cell assessment
that overcomes the spectral limitation by replacing fluorophores
with metal isotope labels for probes (such as antibodies and
RNA probes) (113). Despite its dependence on preselected
markers and loss of spatial information, CyTOF contributes
substantially to a more comprehensive understanding of
cellular phenotypic signatures with the quantification of
multiple surface and intracellular proteins, which has been
widely applied to explore the phenotypic complexity of
microenvironments, such as those of lung adenocarcinoma

(114) and diffuse astrocytomas (115). Useful protocols
for CyTOF analysis can be referenced in several detailed
reviews (116, 117).

Bulk RNA-seq and scRNA-seq
Compared with bulk RNA-seq, scRNA-seq focuses more
on cell heterogeneity, which may address TAM complexity
via an unbiased analysis of cells based on transcriptomic
profiles and greatly revolutionizes transcriptomic studies. To
date, numerous scRNA-seq technologies have been developed
for single-cell transcriptomic studies, which are specifically
designed for full-length transcripts and the 3′-end or 5′-end
of the transcripts. Advanced scRNA-seq methods can provide
unprecedented opportunities to comprehensively explore the
expression dynamics of both protein-coding and non-coding
RNAs at the single-cell level (118). In addition to sequencing,
subsequent computational data analyses are critical because
scRNA-seq is associated with higher dropouts and nosier data
than bulk RNA-seq due to a lower amount of initial material
(119). Some reviews have summarized distinct software and
applications available for various research purposes (120, 121).

Spatial Transcriptomics
Recently developed spatial transcriptomics can be
complementary to provide detailed visualized spatial information
(122). This method can not only offer high-resolution in situ
gene expression profiles and reveal the molecular genealogy
of tissue lineages but also define continuous temporal and
spatial pluripotency states, thus identifying the networks of
molecular determinants driving lineage specification and
tissue organization. Relevant protocols are available in some
references (123), and several applications are specialized for
spatial transcriptomics, such as ST Spot Detector (124) and ST
viewer (125).

INTEGRATED STRATEGIES TO REDEFINE
THE SUBPOPULATIONS AND FUNCTIONS
OF TAMs

To overcome the limitations of applying a single method, the
integration of novel methods may provide a preferable solution
that may be complementary when characterizing TAMs. The use
of multiple techniques has already been applied to study cell
heterogeneity and highlight the utility of integrated strategies,
such as assessing all haematopoietic cells by scRNA-seq and
CyTOF (126), revealing the landscape of immune cells in
hepatocellular carcinoma with two different kinds of scRNA-seq
(127), and studying the infiltration of cells in PDAC with scRNA-
seq and spatial transcriptomics (128). We will further describe a
more detailedmethodology in proteomic, transcriptomic, spatial,
and functional dimensions to examine TAM diversity at the
single-cell level, thus generating a complete landscape of TAMs
in the TME (Figure 2).
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FIGURE 2 | Integrated strategies to redefine the classification of TAMs. High-dimensional analysis of TAMs supported by CyTOF and scRNA-seq, along with

bioinformatic approaches (including dimension reduction tools and cluster analysis), provides an overview of surface protein and gene expression, thus contributing to

the identification of TAM subsets at the proteomic and transcriptomic levels. Clusters of interest can then be selected depending on either different compositions or

distinct functions among identified TAM subpopulations, which are associated with their histopathological characteristics in tissue samples and clinical significance

confirmed by survival analysis. By combining bulk RNA-seq data obtained from TCGA and tumor-specific transcriptomic programme, the heterogeneity of TAMs can

be further analyzed to provide evidence for the selection of suitable TAM markers. Based on these markers, the spatial distribution in the TME obtained by mIHC and

spatial transcriptomics facilitate subsequent generation of the complete landscape in tumor tissues and deconvolution of cell-state relationships, benefiting a deeper

understanding of the associations between the functions and phenotypes of TAMs. The integrated use of these technologies strongly reveals the inter- and

intra-tumoral heterogeneity of TAMs, potentially redefining TAMs with valuable biomarkers.
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Identifying TAM Subtypes at the Proteomic
and Transcriptomic Levels With CyTOF and
scRNA-seq
To identify TAM subtypes at either the proteomic or
transcriptomic level, using CyTOF and scRNA-seq together
can reveal the diversity of TAMs in detail (126). The gene
expression profile generated by scRNA-seq can guide the
selection of specific markers of monocytes/macrophages
for CyTOF analyses to explore TAM subpopulations at the
proteomic level following similar data processing procedures.
This combined application also serves as an alternative to further
investigate whether any correlation exists between protein and
gene expression. The complementary integration of CyTOF and
scRNA-seq may potentially show an overlap, thus generating
meticulous and complete profiles of both the phenotypes and
transcriptomes of TAMs.

Analyzing Different Compositions or
Overall Functional Differences in Identified
TAM Subpopulations Among Varying
Histopathological Conditions
To distinguish TAM subpopulations with distinct functions,
analyses can be conducted based on either different compositions
or overall functions through functional enrichment
analysis, differential gene expression analysis and survival
analysis (126, 129).

Functional enrichment analysis annotates possible
immunosuppressive or antitumor functions and pathways
of the proteins or genes in highlighted clusters (130). An
analysis can be easily performed through the DAVID website,
which is one of the most frequently employed enrichment
analysis approaches (131). With identified survival-related
subpopulations of TAMs through survival analysis, we can then
highlight the markers of these clusters and conduct more specific
functional studies on them.

Examining the possible overall difference in functions among
diverse conditions is usually most feasible and may lead to the
discovery of clusters enriched in specific pathways associated
with functions of either tumor promotion or suppression.
Moreover, we may then explore and discuss the differentially
expressed biomarkers among these identified clusters, thus
contributing to research on potential biological differences.

Associating With Bulk RNA-seq Profiles
From TCGA and Tumor-Specific
Transcriptomic Programme
Notably, scRNA-seq serves as a powerful tool to reveal TAM
heterogeneity but may be limited by insufficient specimens.
Bulk RNA-seq profiles provided by The Cancer Genome
Atlas (TCGA), which contains large cohorts of samples and
reports the averaged gene expression across a broad range of
cells in various tumor types, can supplement previous results
obtained by scRNA-seq, enabling further identification of TAM
subpopulations and validation of bulk transcriptomic data.
Scrutinizing previous findings with a wider range of statistics in

TCGA is essential to reach more reliable conclusions regarding
functional associations (132).

Moreover, a tumor-specific transcriptomic programme can
be applied to identify relationships between somatic mutation
alterations, which are considered a main cause of cancer
and differentially expressed genes within tumors. Such a
programme can also focus on networks of tumor-specific genes to
measure the activation status of corresponding pathways, further
indicating the inter- and intra-tumoral heterogeneity together
with previous approaches.

Mapping Distinct TAM Subpopulations and
Deconvolving Cell-State Relationships
Within the TME
Supplementary application of mIHC or spatial transcriptomics
can be employed to further determine how the local
microenvironment may impact cell functions and the cell
state. A computer-supported workflow can be generally followed
to quantitatively characterize the spatial heterogeneity of TAMs
in the TME with different metrics, including cell density,
cell/cluster, the mean distance, and the cluster area. In this
workflow, image analysis algorithms are first employed to
identify and locate TAMs in the patient tissue sample, mapping
out the coordinates of each cell of interest and facilitating
successive analysis of spatial point patterns and morphology. On
the one hand, intra-tumoral heterogeneity can be determined
directly through application of the spatial point process model
in the full-point mode sliding window. On the other hand,
morphological analysis extracts information to illustrate inter-
cellular interactions and related geometric properties of the
cell clusters. Moreover, calculated indicators of each cluster
further guide the establishment and validation of systems biology
models for immune-oncology research as well as their associated
prognostic outcomes.

Meanwhile, spatial transcriptomic technology is a favorable
alternative to spatial techniques designed to evaluate the gene
expression profile of single cells, which complements missing
spatial information in scRNA-seq. Using histological tissue
sections and spatial barcoding to analyze gene expression, as
well as downstream analysis, we can generate sample clusters
that correspond to well-defined morphological features and
unbiasedly detect the spatial distributions of marker genes in
tumor tissue samples.

Overall, the integrated application of high-throughput
techniques overcomes the limitations of each method and
results in a complementary profile on the basis of phenotype,
transcriptome, and infiltration status (133). Although TAMs have
been proposed as novel therapeutic targets and several treatments
to eradicate or modulate TAMs are being evaluated (134), a major
gap exists in our current understanding of diverse TAM subsets,
biomarkers, and their functions. This methodological strategy
focuses on examining specific TAM heterogeneity in primary
tumors as well as their metastases in multiple dimensions and
benefits researchers studying how ontogeny, activation status
and localization dictate macrophage biomarkers, undoubtedly
showing a promising ability to discriminate TAM subsets with
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specific biomarkers and to establish firm correlations between
particular TAMpopulations and clinical outcomes. Such research
into heterogeneous TAM biology will be highly relevant to the
design of new and specific antitumor therapies targeting TAMs
to achieve therapeutic effects as well as possible.

SUMMARY AND OUTLOOK

TAMs, the key components in the TME, are related to tumor
invasion and metastasis and have shown emerging potential as
new targets for cancer immunotherapy (135). As thoroughly
discussed, the ontogeny, plasticity, and inter- and intra-tumoral
heterogeneity of TAMs have complicated defining the exact
function of TAMs from the currently limited understanding of
TAM phenotypes, emphasizing the necessity of redefining the
subtypes and functions of TAMs in the TME.

In this review, we provide a framework to decipher differences
among TAM functional phenotypes and their composition in the
TME, establishing an all-encompassing analysis that includes the
phenotypes, transcriptomes, spatial distributions, and functions
of TAM subsets with the integration of novel techniques to offer
more detailed and complementary information. This approach
may show unique advantages that bypass the limitations of each
technique in studies.

Through our strategy, we (1) identify TAM subpopulations at
the phenotypic and transcriptomic levels in a single-cell solution;

(2) associate TAM subpopulations with histopathological
and clinical characteristics, identifying TAM subtype-
specific markers for spatial studies; (3) generate a complete
landscape of the TME and map TAM subpopulations to
deconvolve cell-state relationships; and (4) highlight valuable
TAM subpopulations. This review offers important insight
into redefinition of TAMs with functional biomarkers.
From a therapeutic standpoint, our strategy offers the
possibility of precisely targeting TAM subpopulations
with distinct antitumor functions. However, more joint
efforts are warranted to generate a common vision of
TAM heterogeneity.
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