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Abstract

Tumor-associated myeloid cells (TAMCs) are among the most important immune cell populations in the tumor micro-
environment, and play a significant role on the efficacy of immune checkpoint blockade. Understanding the origin of
TAMCs was found to be the essential to determining their functional heterogeneity and, developing cancer immuno-
therapy strategies. While myeloid-biased differentiation in the bone marrow has been traditionally considered as the
primary source of TAMCs, the abnormal differentiation of splenic hematopoietic stem and progenitor cells, erythroid
progenitor cells, and B precursor cells in the spleen, as well as embryo-derived TAMCs, have been depicted as impor-

tant origins of TAMCs. This review article provides an overview of the literature with a focus on the recent research
progress evaluating the heterogeneity of TAMCs origins. Moreover, this review summarizes the major therapeutic
strategies targeting TAMCs with heterogeneous sources, shedding light on their implications for cancer antitumor

immunotherapies.
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Introduction

Recently, immunotherapy has emerged as a new pil-
lar of cancer treatment. Immune checkpoint blockade
(ICB) therapies such as anti-PD-1/anti-PD-L1 have dra-
matically improved outcomes in patients with melanoma,
non-small cell lung cancer, and other tumor types, mak-
ing them one of the most promising therapies in the field
of cancer treatment. However, despite the notable effect
of these new immunotherapies on cancer treatment, a
method to achieve a durable clinical response in most
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patients with cancer has not yet been developed. In this
direction, numerous obstacles must be addressed, such
as the low objective response rate, inevitable drug resist-
ance, and limited survival benefit of patients.

Growing evidence suggests that a high infiltration of
immunosuppressive cells into the tumor microenviron-
ment (TME) correlates with poor prognosis and has a
profound effect on the antitumor efficacy of ICB treat-
ment in a variety of patients with cancer [1-3]. Tumor-
associated myeloid cells (TAMCs) are the most abundant
immune cells in the TME, accounting for up to 50% of
the total tumor mass in solid tumors. Generally, TAMCs
are mainly represented by two populations: tumor-asso-
ciated macrophages (TAMs) and myeloid-derived sup-
pressor cells (MDSCs), which promote tumor growth
either directly by favoring tumor cell proliferation and
survival or indirectly by creating an immunosuppressive
microenvironment [4—6]. Most importantly, given their
abundance and strong T-cell suppression potency, a large
body of evidence has shown that TAMCs exert profound
effects on resistance to ICB treatment. TAMC infiltration
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is closely correlated with CD8* T-cell exhaustion and
negatively correlated with ICB efficacy [7]. The dual
inhibition of TAMs and granulocytic MDSCs can signif-
icantly enhance the efficacy of ICB [8]. Although combi-
nation immunotherapy strategies targeting TAMCs have
been widely developed, the results have been modest.
Hence, it is crucial to understand the characteristics of
TAMCs.

A major challenge in developing TAMCs target strat-
egies is that TAMCs are highly heterogeneous in their
functions and origins. Recently, a more holistic analysis
of TAMCs using single-cell RNA sequencing revealed the
diversity of TAMCs in a wide range of cancers, includ-
ing lung, breast, and ovarian cancers [9-12]. Recent
studies have revealed significant functional differences
among TAMCs derived from different sources, indicat-
ing that TAMCs’ origin is the key to determining func-
tional heterogeneity. In addition to the classical origin of
bone marrow (BM), the spleen and embryo have recently
emerged as non-negligible sites for TAMCs production.
The abnormal differentiation of hematopoietic stem and
progenitor cells (HSPCs), erythroid progenitor cells, B
precursor cells, and embryo-derived TAMCs are also an
important origins of TAMCs. These myeloid cells exhib-
iting origin heterogeneity have unique phenotypes and
functional characteristics. Moreover, they acquire multi-
ple mechanisms to impair the efficacy of ICB (Table 1).
Understanding the origin and functional heterogeneity
of TAMC:s is important for developing precisely targeted
intervention strategies, providing new ideas for overcom-
ing myeloid immunosuppression, restoring protective
T-cell immunity, and enhancing the efficacy of ICB syn-
ergistic therapy in patients with cancer.

In this review, we summarize the critical progress
in understanding the origin of TAMCs via tumor-
trained myelogenesis and the role of these hetero-
geneous TAMCs in inducing immune evasion and
immunotherapeutic resistance. Finally, we propose pro-
spective targeting strategies that could be exploited to
enhance anticancer immunotherapy.

Origin of classical TAMCs

Tumor-trained myeloid-biased differentiation in BM
Steady-state hematopoiesis in the BM is a strictly regu-
lated process of step-by-step lineage commitment that
ensures the continuous generation of all blood line-
ages. Conventionally, myelopoiesis is initiated at the first
branching point when an HSPC makes the binary choice
to become either a common myeloid progenitor (CMP)
or a common lymphoid progenitor (CLP). CMPs lose
their differentiation potential after commitment to gran-
ulocyte—macrophage progenitors (GMPs) or megakaryo-
cyte-erythroid progenitors (MEPs). GMPs are known to
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differentiate into neutrophils, macrophages, and MDSCs.
As for MEPs, they simultaneously produce megakaryo-
cytes and erythrocytes [13]. However, in carcinogenesis,
steady-state hematopoiesis is perturbed and is character-
ized by the preferential differentiation of myeloid cells
at the expense of erythrocytes and lymphocytes [14—16]
(Fig. 1).

Tumor-trained myeloid-biased differentiation of HSPC
has been widely reported. A four- to seven-fold increase
in the levels of circulating GMPs was observed in 133
patients with seven different types of tumors, exhibiting
a generalized myeloid bias of HSPCs with a skew toward
granulocytic differentiation. The main mechanisms of
myeloid bias include impaired differentiation into mature
myeloid cells and targeted reprogramming of myeloid
differentiation from an early hematopoietic compart-
ment, which results in the accumulation and persistence
of immature myeloid cells [14, 17, 18]. Specifically, a reg-
ulatory network including stem cell factor, granulocyte—
macrophage colony-stimulating factor (GM-CSF), IL-6,
and prostaglandins drives the expansion of heterogene-
ous immature myeloid cells and blocks their maturation
[19-22]. In addition, the upregulation of transcription
factors, such as cEBP-B, STAT3, p50, and Ror-f, also
contributes to myeloid-biased differentiation. Clinical
data have also confirmed that in colorectal cancer and
hepatocellular carcinoma (HCC), myeloid-biased differ-
entiation, such as an elevated preoperative neutrophil-
to-lymphocyte ratio, is a poor prognostic predictor of
colorectal cancer and HCC [23, 24].

Macrophages, MDSCs, neutrophils, and dendritic cells
derived from tumor-trained myeloid-biased differentia-
tion migrate to local tumors under the action of differ-
ent chemokines and perform specific biological functions
(Fig. 4).

Tumor-associated macrophage (TAM)

M1-TAM and M2-TAM

Several molecules such as CCL2, CCL5, colony-stimu-
lating factor 1 (CSF-1), transforming growth factor-beta
(TGE-B), vascular endothelial growth factor (VEGEF),
and platelet-derived growth factor can recruit mono-
cytes into TME and promote their differentiation into
TAM [25, 26]. Macrophages are classified into two cat-
egories based on their surface receptor expression and
secreted products: classically activated macrophages
(M1) polarized by IFN-y and lipopolysaccharide, and
alternatively activated macrophages (M2) polarized by
IL-4 and IL-13 [27]. Interestingly, the polarization state
of TAM is plastic. High levels of proliferator receptor
gamma (PPARy), enhancement of the NF-kB signaling
pathway, and a weakly acid or hypoxic TME promote
the polarization of TAM from the M1 phenotype to



Page 3 of 21

(2023) 16:71

Cheng et al. Journal of Hematology & Oncology

JNL ol

sbai] pue sabeydoioew aniday
SISeISeIaW

pue UOISeAUI JOWN) 9}0WO.J
uoRsuNny |92 1 48d>D HqIyu|
sisausbolbue 310Wold
sisoydode |22 Jouwny 1qiyu| :zN

219 (9-490) N
'S|182 1 @D 'S|[22 DLPUSP 81RANDY (Uosapaul | 9dAY) |IN (esnow) ,5941,G1 LdD ‘(Uewny) MOLRW
Apoau1p s|jo0 Jownd iy LN /170D 710D :uonezlie|od —71d2499902491dD4+51AD auog ul siosindaid dnAdo|nueln NVL
euwons
o1ua|ds ay1 Ag UOIIEDNPS [BDO| PUB
sjeubis 45D-ND snousbopu3 (q) (192 -NINd “DSAW d1us|ds
[4D) (3snow) 4, D9A1,9941,91LAD
/210D ©IA SDJSH d4159ds 1InIday () ‘(vewny) ,q99ad>
sbail 9dnpuj (3) DYPads-DSAN dudlds  /,.51AD_#1dD4qLLAdD DSAW-NING ua3|ds pue molieu suog
uoldUNY |19 dIIpUSP 1YY ‘0dl '739d 'SOY d-491L 01119711 (asnow) Ul s1osindaud 1]-211Ad0U0W ‘SI0S
‘sopeydoinew ‘S92 YN HGIyu| (Q) DSAW-NWG :uoisuedxe pue uoleINWNDY (q) ;_uoj|ooi+g 1 1dD ‘(uewny) -Inda.d 53400|nueID DSAW-NING
S[l°2 140 g-491'01L-11"1D¥Y ‘SON! OL-1"EL-11 P11 ‘A-N4I '6-8Y00LS ~S1dD0,4A-VIH4¥1AD4ALLAD usa|ds pue mollew auog
ALAIIDE JOWNI-1UE 93 20NPayY (B) DSAW-N '9-7) ‘g L -1 :uonenualayiq (e) DSAW-W Ul siosindaid 2Ad0uo DSAN-IN JSAW
SABM J1E|
10 Aj1ea ayy wouy a1enualayig (p)
JEN[PIe]
3NSSI1 JIUOAIqUID 3y 9Z1Uoj0D) (J)
wnilsylopus
285 %|0A U1 Wl spng sding (9)
21301qY-01d DYpads-oAiquil uonuslal
JNL o3l sBa1| 1INId3Y (P) SDSH 2seaul i |41 OV-IBUY (B)
uoISeAUl DyPads-0Aiquig
pue yimolb Jowni a10wold (2) aulsouspe woP6¥AD
sisauafolbue aonpu (q) pue 4SD-IND :uoieialjold (9) mol8 L LAdDyey LEDEXD
uollIAIIDe (€171 '7-11) 2N “(epieyddes Dypads-oAiqui
SI[92 )N Pue s||93 1 UgIyu| (8) TN dWW 493N 'g-491°0L-11'1DYY  -Alododi ‘A-N4|) LW :uoneziie|od (q) +902aD4911dD4+08/74
S|190 | TN 10128} TN
DIX0J01AD pUE S||92 YN 1AV () A-NHI‘ZL-T1 0-4NL g L1 'SOY ‘SON! Uimoib panusp-19j21e(d 4HIA 49800491 1dD4+08/t4 oAiquis pue usa(ds ‘Mol
S[[@2 Jowny || (8) LN W ‘J-491 '1-4SD :uonenuaIaliq (e) I -Jew auoq Ul si0sindaid dADoUON VL
$3.N3}e34 uonouny adfjousydounwiwy wsjueyda|y L10le|nbay I ewolg uibug adAy 13>

DWWV SN02uab01213Y JO SONSLSIORIRYD 3| | djqeL



Page 4 of 21

(2023) 16:71

Cheng et al. Journal of Hematology & Oncology

Aujige onA>obeyd buons ()
suonduny A1oy

-eulweul pue dljogelaw anbiun (q)
Baul

9dNpul pue (193 1, ¥dD Hgiyul (e)

UOISeAUL PUB YImolD Jowny a1owoid
‘uononpoid A-N4| pue uonessyljoid
(122 1,80D Hqiyut 01 Ajige buong

S|]92 Jowny
[ 03 []92 1 480D =10WO0Id :HJoW
S|192 L 470D 31eARdY 17D
JWLOUL S| 1 80D HNIO9Y

1190 YN 181Dy

S|[92 | @D S1eAIIR pue 3zlie|od
uoneIuasaId-ssol) 11 DD

sbai] 9dnpu|

uonsuny |92 1 ,8dD uqiyul -Dad

233 g-4oL
‘0d1eN ‘€H-/9 'T1-Ad 40 [9A3] YBIH

LRERNOY
'SONI'L-B1v 1 7-Ad JO 93] YBIH

4ANL'10¥aD ‘ZSON Daow

€211 2L 9 gL 12Da?
0LTOXD

610XD ‘7111811911 0-ANL:1DAD
g oseso|

-nuesb ‘1 71-ad 15001 ‘0al Dad

45D-IN BuIsn sjaAg)

GXVd 252109p Siown] :S211s1910P
-1eyd pIoJaAW Jo uonisinbdy (q)
u99|ds sy Ul uolle|NWINdde
g-a1d |\ g 9zIj1gow siown] (e)

UO[1R1IUIYIP-SUR.) PIOj2AW
-91A001y1Au3 31eIpaW " 4SD-ND (Q)
$Dd3 +5¥AD

40 Aemyied UOI1eIIUBIBYIP 93AD01
Y1413 1neJap ay3 3ojq siouwny (e)

Zp|1siuobelue uoid 3:5D32 ()
(-3 10184

uondpdsuesn upyold 3:5Had (e)
:adAjousyd

Jo 9durUIUIRW pue JuswdoPAsg

WYL Wbl e6/aD,610D

(@snow) 4 119, gL 1dD4L£AD461 1IsL
‘(uewiny) _ya
VIH4E£€AD4+91 1A+ 1£AD4SECAD

D@2 wiody 3|geysinbunsipul :Dgow
421D, 1YDAg :7Da?

eyl 1AD4EVDAd 11002

(snow) ye2L LD

+H-23910IS /1 €0DHSYAD

‘(uewny) _d11dD
+BYETI47-YDAadg,.¢-vDag Dad

Jowna |edo| Ul g-aid 4IN-9

(ua3|ds Aje>adss) uebio

Asejinpawenxs Ui sd3 4 Sydd DWQ3
MOLIeW
auoq uj si0sindaid |19 d1pusg Oavil

soinjeo4 uoidung

adfjousydounwiwy

wisiueyd3|\ L103e|nbay

14ewolg

uibuog adAy @3>

(panunuod) | sjqel



Cheng et al. Journal of Hematology & Oncology (2023) 16:71

Normal condition:
Steady-state hematopoiesis
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Tumor condition:
Myeloid-biased differentiation hematopoiesis
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Fig. 1 The origin and regulatory mechanism of classical TAMCs. Normally, there is a steady-state myelopoiesis in the bone marrow, producting
mature erythrocytes, lymphocytes, and myeloid cells. However, tumors induce myeloid-biased differentiation via upregulation of some transcription
factors and action of various regulatory factors. On the basis of downregulating CLP ratio, GMP level increases significantly and immature myeloid

cells accumulate in the bone marrow

the M2 phenotype. When these conditions are sup-
pressed, M2 can be repolarized into M1 [28]. Function-
ally, M1 (F4/80TCD11b*CD86%) can kill tumor cells by
expressing inducible nitric oxide synthase (iNOS), reac-
tive oxygen species (ROS), and cytokines such as IL-1f,
tumor necrosis factor-alpha (TNF-a), IL-12 and IFN-y.
Moreover, M1 also triggers the activity of natural killer
(NK) cells and prime cytotoxic T-cells. Conversely, M2
(F4/80"CD11b*TCD206™) inhibits the activity of T-cells
and NK cells by expressing ARG-1, IL-10, and TGF-f,
induces angiogenesis and promotes tumor growth and
invasion by expressing VEGF and matrix metal protein
(MMP), and can also generate chemokines such as CCL2
and CCL5 to recruit regulatory T-cells (Tregs). In the
TME, the phenotypic change of TAM is characterized by
a significant increase in the proportion of M2 with tumor
progression, which is associated with poor prognosis in
many malignancies [29]. M2-TAMs have been shown to
be largely responsible for PD-1/PD-L1 blockade resist-
ance by inducing T-cell exclusion within tumor sites and
secreting indoleamine 2, 3-dioxygenase (IDO) to inhibit
T-cell functions [30]. However, increasing evidence indi-
cates that there are many macrophages with overlapping
M1 and M2 characteristics between pro-inflammatory
M1 and anti-inflammatory M2 cells [31]. Therefore, the

heterogeneity of TAM in the TME is more complex than
what we previously thought of as a binary classification.
For example, Peng et al. used scRNA-seq to redefine five
TAM subtypes based on gene expression profiles rather
than on phenotypes. Genes involved in Class II antigen
presentation (HLA and CD74), genes related to extracel-
lular matrix (ECM) deposition and remodeling (COL1A),
genes for the recruitment of myeloid cells (CCL2),
chemokine genes responsible for cytotoxic T-cell infil-
tration (CXCL9 and CXCLI0), and genes that generate
pro-inflammatory cytokines (S100A8 and S100A9) were
highly expressed in the five cell clusters [32].

Proliferating TAM in local tumors

Emerging evidence indicates that after site transition
from the periphery to the TME, TAMs can still accumu-
late through tumor-trained proliferation. Recent studies
using mouse models have indicated that the proliferative
capacity of TAMs is higher than that of mammary tissue
macrophages in breast cancer tissues, promoting tumor
growth [33]. Furthermore, analysis of clinical liver can-
cer tissues has revealed a high level of TAM prolifera-
tion [34]. However, the precise mechanisms that regulate
TAM self-renewal remain unclear.
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Wang et al. found that adenosine, produced by aden-
osine monophosphate (AMP) and catalyzed by CD73
in hepatoma cells, is an essential element in the induc-
tion of TAM proliferation. Simultaneously, autocrine
GM-CSF released by tumor-stimulated TAMs enhances
A2A receptor expression in TAMs. Moreover, they dem-
onstrated that GM-CSF functions synergistically with
adenosine to activate the downstream AKT/ERK signal-
ing pathway, inducing TAM proliferation and promoting
tumor progression. Therefore, their findings further sup-
port the hypothesis that TAMs exhibit increased prolifer-
ation, which is an important mechanism contributing to
TAMs accumulation in human HCC. These self-replicat-
ing TAMs (Ki67t TAM) exhibit an immunosuppressive
phenotype and are inversely correlated with the density
of CD8* T cells, playing a role in promoting tumors and
predicting a poor prognosis. Kaplan—Meier analysis
showed that local TAM replication was correlated with
reduced overall survival (OS) and recurrence time in
patients with HCC [34]. Expression levels of the adeno-
sine receptor ADORA2B were negatively correlated with
the OS of patients with HCC [35]. Therefore, through
this mechanism, self-proliferation may be a potential
target for future antitumor immunotherapy, providing a
new strategy for inhibiting TAM accumulation in HCC.

MDSC

Chemokines such as CCL2, CXCL5, and CXCLS recruit
immature myeloid cells to the tumor stroma [36]. Imma-
ture myeloid cells become immunosuppressive MDSC
under the combined influence of tumor-derived IL-1(,
IL-6, and S100A8-9, as well as IFN-B, IL-4, IL-13, and
IL-10 released by activated T cells [37]. Cytokines, such
as IL-6, IL-10, and TGF-p, promote the accumulation
and expansion of MDSC by activating the JAK/STAT1
and JAK/STAT3 signaling pathways [38].

MDSCs are divided into two main subpopulations based
on their direction of differentiation: monocytic (M-MDSCs)
and polymorphonuclear (PMN-MDSCs). In mice,
M-MDSCs were defined as CD11b*Ly6GLy6CM, whereas
PMN-MDSCs were defined as CD11b*Ly6G*Ly6C®. In
humans, M-MDSCs are CD11b"CD14*HLA-DR°CD15™,
whereas PMN-MDSCs are CD11bTCD14~CD15%/CD66b™.
Although M-MDSCs and PMN-MDSCs appear to develop
along divergent pathways, studies have shown that histone
deacetylase 2 (HDAC-2) can mediate transcriptional silenc-
ing of the retinoblastoma gene in myeloid cells to enable
M-MDSCs to acquire the PMN-MDSC phenotype, which
is an important reason for PMN-MDSC accumulation
in patients with tumors [39]. Upon entry into the TME,
MDSCs impair the antitumor activity of T cells; inhibit the
function of NK cells, macrophages, and dendritic cells; and
induce Tregs by producing ARG-1, iNOS, TGE-, IL-10,
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cyclooxygenase-2 (COX-2), and IDO [40]. Accumulating
evidence demonstrates that high MDSC infiltration is nega-
tively associated with the efficacy of ICBs in multiple tumor
types. Therefore, therapeutic strategies targeting MDSC in
combination with ICBs have been extensively tested [41].

Tumor-associated neutrophil (TAN)

The CXCL2-CXCR2 axis and cytokines such as GM-CSF,
TNF-«, and IFN-y attract neutrophils into TME, where
neutrophils are trained into TANs. In mice, TANs are
defined as CD11b*Ly6G*, while in humans, they are
defined as CD15TCD16"CD66b*CD14™. Similar to mac-
rophages, TANs are classified into a functionally distinct
antitumorigenic phenotype (N1) and a protumorigenic
phenotype (N2). Studies have shown that TGF-p alters
neutrophilic phenotype into N2, while type 1 interferon
alters neutrophilic phenotype into N1 [42, 43]. The key
mediator of N2 carcinogenesis is MMP-9, which plays
an important role in inhibiting tumor cell apoptosis and
promoting angiogenesis. Additionally, N2 inhibits the
function of CD8" T cells, contributes to tumor inva-
sion and metastasis, and promotes tumor progression by
recruiting macrophages and Tregs via CCL2 and CCL17.
N1 plays an antitumor role by killing tumor cells directly
or by activating dendritic cells, CD4* T cells, and other
immune cells [44]. Although the TME polarizes TAN to
N2, angiotensin-converting enzyme inhibitors (ACEIi)
and angiotensin II type 1 receptor (AGTR1) antagonists
can polarize it toward N1 to attenuate tumor growth
[45]. Studies have confirmed that higher TAN densities
after ICB treatment result in poorer OS [46]. Moreover,
targeted TAN therapy has been reported to improve the
efficacy of ICB therapy. However, accurate targeting of
N2 without destroying N1 to protect normal immune
function remains a critical challenge [47].

Tumor-associated dendritic cell (TADC)

TADC populations are composed of three major sub-
groups: plasmacytoid DC (pDC), conventional DC
(cDC1 and cDC2), and monocyte-derived DC (moDC)
[48]. Tumors recruit pDCs from lymphatic organs to
the TME by secreting CXCL12. pDCs were identified
as BDCA-2"BDCA-4'1L-3RatCD11c” in humans and
CD45R*CD317*Siglec-H*CD11c®  in  mice. pDCs
express high levels of IDO, ICOSL, and PD-L1. Moreo-
ver, they produce granulosase B to inhibit CD8" T cells
and induce Tregs, thus promoting tumor progression.

In contrast, cDCs play an antitumor role. cDCs migrate
from the peripheral tissue to the TME under the action
of the chemokines CCL5 and XCL1 and are mainly
divided into ¢DCls (BDCA3*CD141"8") and c¢DC2s
(BDCA1*CDI1c"). ¢DCI1 is the main DC subgroup that
migrates to lymph nodes for cross-presentation. At the
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same time, cDC1 also produces inflammatory cytokines
such as TNF-q, IL-6, IL-8, and IL-12 to promote CD4*
T cell polarization and NK cell activation and generates
CXCL9 and CXCL10 to recruit CD8' T cells into TME.
¢DC2 produces various cytokines, such as IL-1p, IL-6,
IL-12, and IL-23, to activate CD4" T cells.

MoDCs are derived from monocytes and have a phe-
notype similar to ¢cDC2, making them difficult to dis-
tinguish. The expression of NOS2, CD40 L, and TNF
in MoDGC:s is closely related to the destructive effects of
CD8™ T cells in the TME [49].

TADCs, which are rich in PD-L1 expression, are an
important target of PD-L1 blocking antibodies. There-
fore, ICBs can reinvigorate DC function to generate
effective antitumor T-cell immunity [50]. Notably, stud-
ies using scRNA-seq analysis have further clustered this
activated DC population as ¢cDC1 [51].

Next, we summarized non-BM-derived TAMCs, which
are critical components of TAMC heterogeneity that may
have been overlooked in previous studies.

Splenic HSPCs mediated tumor-promoting
myelopoiesis

Myeloid cells are usually short-lived and require constant
replenishment by HSPCs as cancer progresses [52]. In
addition to the BM, HSPCs exist in the spleen and play
an important role in supplying myeloid cells to promote
tumor progression. Previously, the spleen was considered
an important extramedullary reservoir of myeloid cells,
specifically monocytes, which are fundamentally impor-
tant for tumor-induced tolerance. However, a growing
body of research has shown that tumor-trained myeloid-
biased differentiation also occurs in the spleen, which is
the main lymphoid organ that undergoes myeloid cell
expansion during tumor development. There is strong
evidence that splenectomy can significantly decrease the
number of TAMCs, restore protective T-cell immunity,
and induce tumor regression when synergized with ICB.
Splenic CD11b*Gr-1""Ly6C™" cells with myeloid progeni-
tor features expand in the marginal zone of the spleen,
induce the cross-presentation of tumor antigens, and
cause CD8™ T cell tolerance [53].

In recent years, extramedullary hematopoiesis (EMH)
in the spleen, which is important for the production of
myeloid suppressor cells in the tumor state, has received
extensive attention. With the increasing demand for
hematopoiesis and damage to the hematopoietic function
of the BM, the tumor-bearing host activates extramed-
ullary organs, particularly the spleen, to supplement
hematopoietic function. Heightened splenic myelopoiesis
in cancer can be linked to a large accumulation of HSCs
and GMPs within the splenic red pulp of tumor-bearing
hosts. These progenitor cells locally produce monocytes

Page 7 of 21

and granulocytes [53]. Researchers have revealed that
splenic EMH is not only a quantitative supplement to
BM hematopoiesis in tumor-bearing hosts but also has
a unique and important function in generating immu-
nosuppressive myeloid cells [54]. They found that the
splenic stromal cells of tumor-bearing mice recruited
specific subsets of HSPCs into peripheral circulation via
the CCL2/CCR2 axis. Endogenous GM-CSF signaling
and local education through the splenic stroma, such
as the production of IL-6, synergistically drive the mye-
loid commitment of HSPCs to differentiate into potent
immunosuppressive myeloid cells. Therefore, the selec-
tive recruitment of circulating HSPCs and splenic niche
signals is an integral and essential process that promotes
the systemic myeloid response (Fig. 2). Moreover, Cor-
tez-Retamozo et al. [55] discovered a special mechanism
for the retention of this particular group of HSPCs in the
spleen, which strongly proved that this extramedullary
source could sustain a sufficient supply of TAMCs. They
found that a fraction of the angiotensinogen produced by
tumors may be locally converted into Ang II in a mouse
model of lung adenocarcinoma. AnglI depends on AnglI-
AGTRIA signal transduction in hematopoietic cells to
suppress the signaling between sphingosine-1-phosphate
receptor 1 and sphingosine-1-phosphate and significantly
increases the retention of HSCs in the spleen, thus ampli-
fying the macrophage progenitor response in vivo and
consequently facilitating the supply of TAM in the spleen
during cancer progression. Therefore, the reprogram-
ming of Angll-dependent HSPC trafficking expanded
splenic HSPCs in tumor-bearing mice and increased the
number of TAM in the tumor tissue at its source (Fig. 3).

Although circulating HSPCs are an important source of
splenic HSPCs, splenic HSPCs are characterized by their
ability to support stress-induced myelogenesis. Splenic
HSPCs include primed progenitors of potent myeloid
suppressors that readily respond to endogenous GM-CSF
signals and produce highly inhibited myeloid descend-
ants. Thus, they can directly inhibit the proliferation
and antigen-induced cytotoxic activity of anti-CD3 and
anti-CD28 stimulated T cells, regardless of the presence
of tumors. Splenic HSPCs are considered negative clini-
cal indicators, and a higher frequency of CD133 expres-
sion is associated with poorer patient prognosis [54]. As
tumor-generated angiotensinogen is indicative of splenic
HSPCs retention, the angiotensinogen level in human
patients is associated with clinical prognosis and has ref-
erence value [55].

Collectively, splenic HSPCs are critical for the genera-
tion of TAMCs and the impairment of antitumor immu-
nity, providing promising antitumor immunotherapy
strategies to restrain systemic tumor-promoting mye-
lopoiesis at its source.
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Fig. 2 The origin of non-classical TAMCs. BM, spleen and embryo are the main sites of TAMCs differentiation, and the local tumor is the functional
site of TAMCs. (1) TRMs constitute embryo-derived TAM. TRMs are derived from EMPs, which form in the yolk sac during embryogenesis. (2) Tumors
induce splenic EMH, generating splenic MDSC & TAM (sMDSC, sTAM). (3) CD45* EPCs accumulate in spleen. The red blood cell differentiation
pathway of CD45" EPC is blocked by tumors, thus it trans-differentiates into EDMC. (4) Pre-B doesn't differentiate into B cell, but migrates from BM
to the spleen and eventually trans-differentiates into B-MF in the tumor microenvironment

Tumor-induced erythroid precursor-differentiated
myeloid cells

Previous studies on TAMCs have mainly focused on the
leukocyte immune system; however, the role of erythroid
cells in tumor immunity has been neglected. Evidence
suggests that erythroid cells have both immunosuppres-
sive and immunomodulatory properties [56—59]. In addi-
tion to splenic HSPCs, erythroid progenitor cells in the
spleen are directly involved in the generation.

Abnormal tumor-trained extramedullary erythro-
poiesis leads to the accumulation of a large number
of erythroid precursor cells (EPCs) in extramedullary
hematopoietic organs, specifically the spleen [60]. As
robust immunosuppressors, the CD45 subpopulation
of EPCs behaves similarly to MDSC-like cells, causing
systemic impairment of CD8" T cell-mediated immune
responses [61]. Recently, Long et al. showed that the tra-
ditional hematopoietic development model was disrupted
under tumor regulation and that tumors blocked the
default red blood cell differentiation pathway of CD45"
EPCs (Fig. 2). Under the effect of GM-CSF, they trans-
form into myeloid cells, becoming an important origin of
TAMC s in the TME, revealing a new production mecha-
nism for TAMCs [62]. This cellular "erythroid-myeloid

hybrid" population carries both erythroid and myeloid-
specific markers, named "erythroid-differentiated mye-
loid cells (EDMCs)" (Fig. 3). Moreover, this process
creates a feed-forward mechanism whereby sustained
anemia repeatedly triggers extramedullary erythropoie-
sis. However, the tumor diverts extramedullary eryth-
ropoiesis from red blood cells to EDMCs, ultimately
resulting in the continuous production of erythroid-
derived TAMCs.

Functionally, EDMCs are more effective in suppress-
ing CD8" T-cell proliferation and IFN-y production
by expressing high levels of PD-L1, ARG-1, and NOS2.
Although both classical MDSCs and EDMCs accelerated
tumor growth and attenuated the efficacy of anti-PD-L1
treatment, EDMCs mediated stronger suppression than
classical MDSCs (Fig. 4). Clinically, the number of intra-
tumoral EDMCs predicts T-cell exhaustion and a tolerant
microenvironment in the majority of tumor types. Addi-
tionally, high infiltration of EDMCs was negatively cor-
related with the therapeutic efficacy of the PD-1/PD-L1
antibody in patients with cancer, and its predictive ability
was significantly better than that of traditional immuno-
suppressive cells such as Tregs and MDSCs. Moreover, a
large number of CD45*CD71% erythroid cells, consistent
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Fig. 3 The regulatory mechanism of non-classical TAMCs. (1) Spleen EMH: Splenic CD11b*Gr-1"Ly6C" cells expand in the marginal zone of the
spleen. Spleen recruits specific HSPCs subpopulation from BM via the CCL2/CCR2 axis, and HSPC differentiates into TAMCs driven by endogenous
GM-CSF signals and splenic local education. The Angll-AGTR1A signaling pathway increases the retention of HSPCs in the spleen. (2) Tumors
block the default red blood cell differentiation pathway of CD45% EPCs in the spleen. Under the effect of GM-CSF, CD45% EPCs trans-differentiate
into EDMCs. (3) During embryogenesis, EMPs are formed in the yolk sac. TRMs are derived from both early wave and late wave EMPs. (4) Cancers
use thymic stromal lymphopoietin and G-CSF to mobilize BM pre-B accumulation in the spleen. In tumor microenvironment, pre-B responds to

cancer-secreted M-CSF and trans-differentiates into B-MF

with EDMCs in all features, were found in the HCC tis-
sues, although no definite detection of myeloid mark-
ers has been reported. These cells exhibited stronger
suppressive functions than MDSCs by producing ROS,
IL-10, and TGF-B, and the degree of infiltration predicted
disease-free survival and OS; its prognostic value was
better than that of the Cancer of the Liver Italian Pro-
gram score, which meant it may be a new clinical method
for predicting HCC tumor recurrence [63]. Because
extramedullary erythropoiesis and EDMCs produc-
tion are repeatedly triggered by anemia, anemia has also
been proven to be an effective indicator for predicting
the efficacy of clinical immunotherapy, which provides
strong guidance for screening the dominant population
of immunotherapy and lays a foundation for the formula-
tion of combination therapy strategies [62].

In conclusion, the lineage switching of EPCs caused
by tumor-trained extramedullary erythropoiesis is an
important origin of TAMCs. The above-mentioned stud-
ies provide new ideas for developing combined immuno-
therapy strategies targeting TAMCs and may provide an

effective combinational strategy to improve ICB thera-
peutic efficacy in the future.

Tumor-induced B precursor cells differentiated
macrophage-like cells

Similar to erythroid-myeloid transdifferentiation, B-lym-
phocyte-derived TAMs also challenge the traditional
HSPC differentiation model by adding a new cell-derived
feature to the heterogeneity and plasticity of TAMCs.
Studies suggest that under pathological conditions such
as inflammation and tumors, B-cell precursors (pre-B)
appear to retain macrophage differentiation potential as
an additional source of macrophages in vivo. Audzevich
et al. [64] found that, under the influence of the tissue
environment and inflammatory signals, macrophage
precursors with myeloid transdifferentiation potential
and functional plasticity exist within the BM early pro-B
cell compartment, and they co-express myeloid (GRI,
CD11b, and CD16/32) and lymphoid (B220 and CD19)
lineage markers. Moreover, cancer growth at distant
sites can remotely affect BM hematopoiesis by inhibiting
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Fig. 4 Functional characteristics of heterogeneous TAMCs. (1) Bone marrow and spleen derived TAM includes anti-tumor M1 and pro-tumor M2.
(2) TAN includes anti-tumor N1 and pro-tumor N2. (3) TADC populations mainly composed of three major subgroups, including pDC, cDC and
moDC. (4) Bone marrow and spleen derived MDSC can not only reduce the anti-tumor activity of T cells, but also inhibit the function of NK cells,
macrophages and dendritic cells, as well as induce Tregs. (5) EDMC shows strong immunosuppressive function by producing ROS, IL-10, TGF-3 and
inhibiting T cell production of IFN-y. (6) B-MF significantly inhibits CD4* T cells proliferation and IFN-y production, phagocytizes apoptotic cells, and
more effectively induces the production of Treg. (7) TRM induces Treg response, and also shows obvious pro-fibrotic transcriptional profile and has
a causative role in tumor metastasis and spread. And there are spatial interactions of TRMs with tumor cells. An indication with an arrow indicates
activation, induction, recruitment, apoptosisinhibition, cross-presentation, etc., while an indication without an arrow indicates inhibition, killing, etc.

B-cell lymphopoiesis and skewing the differentiation of
precursor cells toward myelopoiesis [65].

In addition, a growing body of research has reported
an increase in the total number of splenic B cells and an
elevated frequency of marginal zone B cells, which depend
on tumor burden. Chen et al. [66] recently reported that
tumors use thymic stromal lymphopoietin and granulocyte
colony-stimulating factor (G-CSF) to mobilize BM pre-B
accumulation in the spleen (Fig. 2). These cells responded
to cancer-secreted macrophage colony-stimulating fac-
tor (M-CSF) with downregulation of the transcription
factor Pax5 via CSFIR signaling and eventually trans-dif-
ferentiated into TAM (pre-B generate macrophage-like
cells, termed "B-MF”) in TME (Fig. 3). These cells express
markers such as CD19, CD79a, and IgM. This pre-B cell
transdifferentiation pathway is not unique to mice because
B-MF-like cells and their transcriptional characteristics
have also been detected in patients with cancer.

Consistent with significant upregulation of genes asso-
ciated with phagocytosis, M2-skewing, and immuno-
suppressive functions (PD-L2, B7-H3, Marco, TGF-p),

B-MF negatively regulated antitumor IFNytCD4*" T
cells. Compared to monocyte-derived macrophages,
B-MFs more efficiently induced the generation of Tregs
and increased cancer progression and metastasis. B-MFs
showed unique metabolic and inflammatory functions
and efficiently phagocytosed apoptotic cells. This sug-
gests that the cancer-induced pre-B cell transdifferentia-
tion pathway is biologically functional (Fig. 4).

Biphenotypic pre-B with macrophage differentiation
potential is widely present in various tumors, which has
significantly advanced our understanding of heteroge-
neity [11, 67]. The discovery of this origin provides new
insights into the role of B cells in tumor progression.
To date, B cells have not been classified as good or bad
indicators of cancer. Even within the same tumor model,
different types of B cells can show different abilities to
promote or delay tumor escape. This subgroup, which
can differentiate into TAMCs, may be an important
component of the B cells that exert immunosuppressive
activity.



Cheng et al. Journal of Hematology & Oncology (2023) 16:71

Embryo-derived TAM

The aforementioned studies represent the main emerging
findings in recent years regarding the non-classical origin
of TAMCs. Notably, embryo-derived TAMs are the ear-
liest and most widely accepted specific origin and have
been confirmed in many studies (Fig. 2). This finding
reverses the traditional belief that all tissue macrophages
are derived from HSPCs in the BM. Normally, tissue-
resident macrophages (TRMs) remain in situ and receive
some degree of replenishment from circulating mono-
cytes throughout adulthood [68]. Studies have shown
that they can be divided into two categories depending
on when and how they are produced. The early wave of
erythro-myeloid progenitor (EMPs) buds from the yolk
sac endothelium between E7.0 and E8.25, differentiates
into yolk sac macrophages in the absence of monocyte
intermediates and colonizes the embryonic tissue. The
latter wave of EMPs buds from the yolk sac endothe-
lium at E8.25 colonizes the liver after the establishment
of embryo circulation, expands into monocytes, and dif-
ferentiates into macrophages in tissues [69]. In brief, it
has been confirmed that both embryo- and periphery-
derived macrophages constitute the TAM pool in tumor
tissues (Fig. 3).

Table 2 Technologies used for studying TAMCs
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Embryo-derived TAMs exhibit distinct phenotypes and
divergent functions. For example, in a pancreatic ductal
adenocarcinoma (PDAC) model, embryo-derived TAMs
expressed significantly higher levels of CX3CR1 and lower
levels of CD11a and CD49d. Moreover, self-renewing fetal-
derived TRMs, as more potent drivers of PDAC progres-
sion, exhibited a distinct pro-fibrotic transcriptional profile
compared with monocyte-derived TAMs and expanded
through in situ proliferation during tumor progression [70].
In the omentum, embryonic CD163*Tim4* TRMs exhibit
a unique transcriptional profile and have been reported
to play a causative role in ovarian cancer metastasis [9].
Besides, spatial interactions between TRMs and tumor cells
promote tumor invasiveness and induce a potent Treg cell
response for immune evasion [71] (Fig. 4). Studies have also
confirmed that the depletion of TRMs significantly inhib-
its tumor progression [70]. Collectively, these data suggest
that the embryonic origin of TAMs may differentially affect
tumor progression.

Further studies are needed to determine the molecular
markers of embryo-derived TAMs and their roles in tumor
progression. A deeper understanding of embryo-derived
TAMs will enable the identification of different targets for
selective targeting to activate antitumor immunity.

TAMCs Contents Technologies
TAM Origin Ms4a3™T, Ms4a3“"®, Ms4a3“**™2 mouse models to specifically dissect monocyte-differentiation pathways
Biomarkers F4/80, CD11b, CD86, CD206, etc
Chemotaxis Anti-CCL2 antibody, CCL5-KO mouse, etc,, used to block TAM recruitment
Regulation Anti-M-CSF antibody, anti-CSF-1R antibody, etc., used to interfere with TAM differentiation
Function Liposomal clodronate, CD11b-DTR mouse, etc,, used to verify the effect of TAM clearance
MDSC Origin Splenectomy is performed to determine the origin of splenic MDSC
Biomarkers CD11b, CD14, CD15, CD66b, HLA-DR (human) and CD11b, Ly6G, Ly6C (mouse), etc
Chemotaxis CXCR2 blockade, CXCR4 blockade, etc., used to inhibit MDSC recruitment
Regulation GM-CSF overexpression cell line (e.g. B16-GM), anti-GM-CSF antibody, etc,, used to explore the factors
regulating MDSC differentiation
Function (a) Anti-Gr-1 antibody, etc,, used to consume MDSC
(b) DR5 agonist, LXR agonist, etc., used to induce apoptosis of MDSC
TAN Origin Label by ™PPFC (mNP specifically bind to CD177) to follow TAN
Biomarkers CD15,CD16, CD66b, CD14, HLA-DR (human) and CD11b, Ly6G (mouse), etc
Chemotaxis CXCR2 blockade, etc., used to inhibit TAN recruitment
Regulation Anti-TGF-Bantibody, anti-IFN-yantibody, etc., used to explore the regulation of TAN polarization
Function (a) Clear by anti-Ly6G antibody
(b) Induce by G-CSF
TADC Origin Zbtb46-GFP mouse to track TADC
Biomarkers BDCA-1, BDCA-2, BDCA-3, BDCA-4, CD141, CD1c, CD11¢, IL-3Ra, CD45R, CD317, Siglec-H, etc
Chemotaxis Anti-CCL5 antibody, anti-CXCL12 antibody, etc,, used to block TADC recruitment
Regulation Anti-TGF-B antibody, anti-TPO antibody, etc., used to explore the factors regulating TADC differentiation
Function CD11¢-DTR mouse, Zbtb46-2A-CreERT2 mouse, etc,, used to conditionally remove TADC

Ms4a3 is the specific gene expressed by GMPs

mNP murine neutrophil-specific peptide, PFC perfluorocarbon, Zbtb46 (zinc finger and BTB domain-containing protein 46) is a transcription factor found in cDC, GFP

green fluorescent protein
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Technologies used for studying heterogeneous
TAMCs

The technologies used to study the origin, chemotaxis,
regulation, and function of the heterogeneous TAMCs
are shown in Table 2.

Therapeutic strategies based on TAMCs

Based on the diverse origins of TAMCs and their specific
functional properties, several therapeutic strategies have
been developed for antitumor immunotherapy. Herein,
we propose four major therapeutic strategies (Fig. 5): (1)
inhibiting tumor-promoting myelopoiesis, (2) blocking
the expansion and recruitment of TAMCs, (3) mitigat-
ing immunosuppressive ability, and (4) depleting TAMCs
directly. These strategies may provide feasible directions
for targeting TAMC:s of origin heterogeneity, and several
preclinical studies and clinical trials have reported prom-
ising results.

Inhibiting tumor-promoting
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Inhibiting tumor-promoting myelopoiesis

Anti-G-CSF and anti-GM-CSF antibody

G-CSF and GM-CSF are essential for various generations
of TAMC s, contributing to the myeloid-biased differen-
tiation of BM and splenic HSPCs, trans-differentiation
of erythroid precursors into myeloid cells, and induc-
tion of A2A receptor expression to promote TAM self-
proliferation. Many studies have shown that intervention
strategies targeting GM-CSF can reverse the differen-
tiation direction and restore the antitumor function of
TAMC s of diverse origins, which has great potential to
enhance the efficacy of antitumor immunotherapy. For
example, the combination of GM-CSF signaling block-
ade and gemcitabine suppressed MDSC generation and
reversed T-cell inhibition in pancreatic cancer [72]. In
addition, anti-GM-CSF antibodies can enhance the effi-
cacy of tumor-specific adoptive T-cell therapy as well as
combination therapy with anti-PD-1 and anti-CTLA4
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Fig. 5 Potential therapeutic strategies for heterogeneous TAMCs. (1) Inhibiting tumor-promoting myelopoiesis. Intervention strategies aganist
G-CSF and GM-CSF can reverse the direction of differentiation. Selectively eliminating tumor-promoting spleen EMH can inhibit the extramedullary
TAMCs generation. The function of the EPO requires further discussion. (2) Blocking expansion and recruitment of TAMCs. Inhibition of CCL2/

CCR2, VEGF/VEGFR and CSF-1/CSF-1R signaling pathways, and S100A8/9 can prevent the recruitment and accumulation of TAMCs. (3) Mitigating
the immunosuppressive ability of TAMCs. In addition to PD-L1 inhibitor, inhibition of several myeloid receptor tyrosine kinases, and CDDO-Me,
celecoxib, etc,, can also mitigate the immunosuppressive ability of TAMCs. TLR agonists, anti-CD40 mAb, Car-M, and several small molecules can
promote the maturation of TAMs and MDSCs. (4) Depleting directly. Zoledronate, sunitinib and some chemotherapeutic drugs can directly deplete
TAMCs. Targeting scavenging receptor CD163 and S100A family proteins can selectively deplete TAMCs
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antibodies [73]. Moreover, the crucial role of anti-G-CSF
antibodies in promoting protective antitumor immu-
nity has been demonstrated. Therefore, the combination
of anti-G-CSF antibodies has important prospects for
improving immunotherapy [74].

Targeting EMH

Notably, splenic EMH is a common upstream link
between splenic HSPCs accumulation and the mass pro-
duction of erythroid progenitor cells. Therefore, selective
abrogation of tumor-promoting splenic EMH can inhibit
EMH-triggered extramedullary myelopoiesis, which is
particularly promising for restoring antitumor ability. For
example, a low-dose c-Kit inhibitor can act on splenic
HSPCs and reduce the expression of endogenous GM-
CSE, thereby synergistically enhancing ICB efficacy [54].
Moreover, the CCL2/CCR?2 signaling pathway plays a key
role in selectively recruiting splenic HSPCs and trigger-
ing EMH-mediated myelopoiesis. Targeting CCL2/CCR2
may also be a powerful measure for inhibiting tumor-
promoting myelopoiesis [54]. Other studies have shown
that icaritin decreases the tumor infiltration of MDSCs
and their immunosuppressive activity by blocking tumor-
induced splenic myeloid-biased hematopoiesis in tumor-
bearing mice, resulting in reduced tumor progression
[75]. Hou et al. [76] reported that both local tumor-ion-
izing radiation and anti-PD-L1 treatment significantly
decreased tumor-induced EPC abundance in the mouse
spleen in an interferon- and CD8" T cell-dependent
manner.

EPO

Erythropoietin (EPO), an important indicator and trig-
ger of EMH, is commonly used to treat anemia. Although
it promotes red blood cell growth and differentiation, it
does not improve the survival of patients with cancer or
anemia. Studies have reported that Recombinant EPO
promotes resistance to radiotherapy and anti-PD-L1
therapies by restoring the number of EPCs [76]. More
importantly, EphB4, an EPO receptor, promotes tumor
growth and progression [77]. Treatment with EPO-neu-
tralizing antibodies has been found to significantly reduce
tumor growth in B16-F10-bearing mice [78]. Therefore,
the functions of EPO require further investigation.

Blocking the expansion and recruitment of TAMCs

The CCL2/CCR2 signaling pathway contributes to
tumor-promoting myelogenesis by enhancing splenic
EMH and substantially promotes the migration and
accumulation of MDSCs in tumor tissues. Studies have
shown that immunosuppressive effects can be abrogated
by anti-CCR2 antibody treatment to improve radiother-
apy [79]. A Phase Ib study (NCT01413022) reported that
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patients with pancreatic ductal adenocarcinoma treated
with the CCR2 inhibitor PF-04136309 combined with
the chemotherapeutic regimen FOLFIRINOX showed a
favorable response (Table 3) [80]. Blocking this pathway
in combination with ICB therapy has yielded encourag-
ing results. Compared to monotherapy, the CCR2 antag-
onist CCX872 in combination with anti-PD-1 therapy,
can enhance the activation and reduce the exhaustion
of intratumoral T cells, resulting in the slow progression
of gliomas and a significant, durable survival advantage
[81]. Moreover, the co-inhibition or dual blockade of
CCL2 and PD-L1 can overcome the intrinsic resistance
to PD-1/PD-L1 inhibition, which is of great significance
for improving the clinical efficacy of ICB [82].

In addition to CCL2/CCR2, the VEGF/VEGER signal-
ing pathways can be successfully targeted in cancer to
prevent TAMCs recruitment and accumulation [83, 84].
More interestingly, targeting VEGF/VEGER reduced the
intratumoral infiltration of TAMCs and improved ICB’s
efficacy (Table 3). For example, selective VEGFR-1 inhibi-
tion enhances the efficacy of anti-CTLA-4 and anti-PD-1
mAbs [85]. The CSF-1/CSF-1R signaling pathway is also
a primary target for inhibiting MDSC recruitment to
tumor sites to constrain tumor progression. In preclini-
cal tumor models, improved effects were observed when
CSF1/CSE-1R blockade was combined with irradiation,
paclitaxel, anti-VEGFR antibody, and ICB [86, 87]. Addi-
tionally, CSE-1R inhibition and CXCR2 antagonism have
been combined to reduce TAM and PMN-MDSC popu-
lations and improve anti-PD-1 efficacy [88].

Mitigating the immunosuppressive ability of TAMCs
Common approaches
A common approach to restoring antitumor immune
function, regardless of TAMCs origin, is to mitigate
their immunosuppressive ability. Recent studies have
found that the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway activator CDDO-Me reduces intracel-
lular ROS production, decreasing tumor growth [89].
Moreover, the COX-2/PGE2/EP axis maintains suppres-
sive functions of myeloid cells, such as ARG-1 expression
[20, 90, 91]. Therefore, therapies targeting COX-2, such
as celecoxib, are of great interest, and the relevant clini-
cal trials are shown in Table 3 [92]. In preclinical mouse
models, PDE-5 inhibitors, such as sildenafil and tadalafil,
abrogate the immunosuppressive mechanisms of MDSCs
by downregulating iNOS and ARG-1 activities [93-95].
Clinical trials have also shown promising antitumor
effects in patients with head and neck squamous cell car-
cinoma and metastatic melanoma (Table 3) [96, 97].
However, reducing the inhibitory power of TAMC
alone is unlikely to completely eliminate tumors, and
its combination with ICB therapy is a promising cancer
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treatment strategy. For example, the antitumor mecha-
nism of histamine dihydrochloride (HDC) involves a
decrease in the ability of MDSC to inhibit CD8" T cell
proliferation by reducing the formation of NOX2-derived
ROS. HDC was particularly effective in combination with
PD-1/PD-L1 inhibition compared to PD-1/PD-L1 inhibi-
tion alone [98]. In addition, olaparib at sub-IC50 concen-
trations can block the expression of ARG-1, iNOS, and
COX-2 and reduce the inhibitory function of MDSC,
which is more effective in blocking tumor progression
when used in conjunction with anti-PD-1 [99]. Remark-
ably, several promising pharmacological targets exist,
such as the myeloid receptor tyrosine kinases TYRO3,
AXL, and MERTK. Studies have confirmed that inhibi-
tion of these targets can diminish the suppressive ability
of MDSC, slow the growth of tumors, and increase the
infiltration of CD8" T cells. In particular, the inhibition
of these targets has been shown to augment the efficacy
of anti-PD-1 immunotherapy, offering promising applica-
tions [100].

Regaining the antitumor ability of TAMCs is more
radical than simply reducing their immunosuppressive
ability. For example, TLR agonists efficiently skew TAM
from an M2-like state to an M1-like state, which has been
evaluated in many clinical trials (Table 3) [101, 102]. The
TLR7/8 agonists 3M-052 and NKTR-262, in combination
with PD-1 blockade, can prolong therapeutic efficacy
and duration [103]. Anti-CD40 mAbs promote TAM
transformation to the antitumor phenotype [104], and
synergistic treatment with anti-CSF-1R antibodies stimu-
lates the antitumor activities of TAMs and assists tumor
remission [105]. Additionally, several small molecules,
such as ATRA, vitamin D3, and curcumin, can induce
the differentiation of MDSCs and reestablish tumoricidal
immunity [106-110]. Interestingly, studies have shown
that the blockade of PD-1-mediated signals, as a repre-
sentative ICB therapy, can diminish the accumulation
of immunosuppressive and tumor-promoting MDSCs,
skewing the myeloid lineage fate to mature myeloid effec-
tor cells [111].

Chimeric antigen receptor macrophage (Car-M)

Car-M therapy, in which macrophages are modified with
a specific chimeric antigen receptor (CAR), converts the
TAM from M2 to M1. With its antigen-specific phago-
cytosis and tumor clearance abilities, Car-M can easily
invade the TME and enhance the antitumor activity of T
cells. Therefore, compared with CAR-T therapy, which is
difficult to use in the TME, CAR-M therapy has shown
great potential for treating solid tumors such as ovarian
cancer and has entered clinical evaluation [112]. How-
ever, CAR-M therapy has several limitations, including
possible cytokine release syndrome and weak antitumor
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ability in vivo. Therefore, further studies are needed to
fully elucidate the structure of CAR and the mechanism
of CAR-M therapy.

In addition, one of the serious obstacles to the clinical
application of CAR-related therapies is their high manu-
facturing cost. In this context, the recently proposed uni-
versal CAR (UniCAR), which targets different epitopes in
a modular design, can not only significantly reduce the
cost of CAR-T therapy but also avoid antigen escape and
use in relapsed or refractory cancers [113]. This research
progress is of great value for the clinical application of
Car-M therapy and may be a direction worth exploring
in the future.

Direct depletion

Several targeting strategies have been developed based
on TAMCs depletion to directly combat their negative
effects. For instance, the tyrosine kinase inhibitor suni-
tinib has been successfully used to deplete MDSCs in
patients with renal cell carcinoma by blocking VEGF and
c-kit signaling, which are involved in the generation of
MDSCs (Table 3) [36, 114, 115]. Moreover, chemother-
apy is effective in eliminating TAMCs. The antitumor
activity of trabectedin relies on the depletion of TAMs
via the induction of apoptosis [116]. In a clinical trial,
gemcitabine treatment of patients with pancreatic cancer
resulted in a dramatic decrease in PMN-MDSCs [117].
In addition, gemcitabine/5-FU can reduce immunosup-
pression by depleting MDSCs and increasing the intratu-
moral infiltration of CD4" and CD8" T cells [118]. One
clinical trial (NCT03189719) reported that cisplatin/5-
FU combined with a PD-1 inhibitor showed promis-
ing efficacy (Table 3). Zoledronate has been shown to
inhibit tumor progression by inducing TAM apoptosis
and reducing TAM infiltration in different preclinical
tumor models [119-122]. However, this strategy can lead
to the loss of beneficial macrophages. Thus, more selec-
tive strategies are being developed, such as targeting the
scavenging receptor CD163 to selectively deplete M2-like
TAMs and targeting S100A family proteins to selectively
deplete TAMCs [123, 124]. An important direction for
future research on TAMC:s of diverse origins is to iden-
tify additional biomarkers that can aid in developing spe-
cific intervention strategies for their elimination.

Conclusions

The limited effectiveness of clinical interventions target-
ing TAMCs in the field of cancer immunotherapy can
be attributed to the incomplete understanding of the
heterogeneity of TAMCs. In this review, we provide a
comprehensive summary of the mainstream views of the
heterogeneity of TAMCs. However, high-resolution ana-
lytical methods such as single-cell techniques continue
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to improve our understanding of heterogeneity. For
complex high-throughput data, some studies have con-
structed specific signaling maps of different cell types,
such as macrophages, dendritic cells, and myeloid sup-
pressor cells, revealing anti- or pro-tumor subpopula-
tions, supporting TAMC functional data visualization
[125]. Therefore, with continuous technological changes,
the heterogeneity of TAMCs will develop toward func-
tionality and refinement. At present, the discussion of
TAMCs heterogeneity still focuses on subgroups, such as
M1 and M2, M-MDSCs and PMN-MDSCs, N1 and N2,
pDC, cDC, and moDCs, while ignoring the origin as an
important part of heterogeneity. Therefore, the current
torsion strategy remains effective against classical BM-
derived TAMCs. In addition, the notion that TAMCs
are solely classified into antitumor and pro-tumor types
is insufficient to capture the extensive functional diver-
sity of TAMCs. Currently, research on EMH is still in its
infancy, and improving tumor immunotherapy from the
perspective of origin heterogeneity is a new topic.

Targeting TAMCs of heterogeneous origin to limit
the tumor-promoting myeloid response is an attractive
strategy, given that the origin may drive intrinsic phe-
notypic and functional differences in TAMC as well as
varying effects on tumor progression. In addition to the
classical origin of myeloid-biased differentiation in the
BM, advances have shown that the origins of TAMCs
include the abnormal differentiation of splenic HSPCs,
erythroid progenitor cells, and B precursor cells in the
spleen and embryo-derived TAMCs in local tumors.
More importantly, these non-classical TAMCs differ in
their immunosuppressive function when educated and
shaped in the TME, which greatly impacts ICB therapy’s
antitumor efficacy. Therefore, targeting TAMCs should
not be limited to classical TAMCs derived from the BM
but must consider the complex regulatory mechanisms of
origin and diverse phenotypic characteristics of TAMCs.
Targeted intervention strategies for TAMCs of het-
erogeneous origin, such as inhibiting tumor-promoting
myelopoiesis, blocking the expansion and recruitment
of TAMCs, mitigating immunosuppressive ability, and
depleting TAMCs directly, can overcome immunosup-
pression in the TME and enhance the antitumor effi-
cacy of ICB synergistic therapy, which has great clinical
prospects.

Future perspectives

At present, the heterogeneous composition, and the reg-
ulatory mechanism of origin and function of TAMCs are
not fully understood, the challenges in the future study
of TAMCs are mainly as follows: (1) beyond the above,
it is unclear whether TAMCs has other sources, and is
an excellent entry point for expanding the heterogeneity
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of TAMC: in the future; (2) the functions of heterogene-
ous TAMCs are not fully understood, so it is necessary
to reveal their independent effects and interactions with
other immune cells; (3) the phenotypes of non-classical
TAMCs are not well defined, and more biomarkers need
to be identified to distinguish different types of TAMCs
for better identification, tracking, and intervention; (4)
the regulation mechanism of TAMCs needs to be further
studied, and new molecules that promote the acquisi-
tion of inhibitory phenotypes of TAMCs may still remain
unidentified; (5) optimizing TAMCs targeting strategies
from the perspective of origin and combining with ICBs
to obtain better efficacy are both important directions
for the development of tumor immunotherapy, which
are worthy of further exploration; and (6) the above stud-
ies were mostly confirmed in animals, and in the future,
extensive human data are needed to demonstrate the
clinical translational feasibility of studies on TAMCs.

In conclusion, TAMCs of heterogeneous origin show
great promise for tumor immunotherapy. However, more
in-depth investigations are required to remodel the TME
by targeting TAMCs, thereby improving ICB efficacy.
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