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Functional Subtypes of Macrophages in the Tumor Microenvironment

from a Single-Cell Perspective
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Abstract The initiation and progression of tumors were closely associated with the tumor microenviron-
ment. TAM (tumor-associated macrophage), serving as key immune cells within this milieu, exhibited significant
heterogeneity. This rendered the conventional M1/M2 binary classification inadequate for accurately delineating
their functional profiles. Leveraging single-cell RNA sequencing technology, this review refined the classification of
TAMs into six distinct subtypes based on functional modules across multiple tumor types, including hepatocellular
carcinoma, colorectal cancer, and pancreatic cancer. The subtypes were categorized as follows: pro-angiogenic/tumor-
metastatic, immunosuppressive, immunostimulatory, proliferative, metabolic, and a minor group of other specialized
subtypes. Furthermore, the review provided the marker genes and signature gene sets specific to each TAM subtype
and evaluated the translational potential of several key indicators in clinical settings. Considering the limitations
and shortcomings inherent in current research, new perspectives were proposed on how single-cell RNA sequencing
technology could contribute to advancing precision medicine in oncology.
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Table 1 Functional subtypes of macrophages and their signature gene sets in various TMEs
A bR HE A FRIESE R 4R AR Z2E R
Subtype Marker gene Signature gene set Cancer type References
Pro-angiogenesis/ SPP1 AIBG, APOE, CCL7, CCRI1, CD14, CD74, CEBPB, CSTB, NPC, HCC, [13-15,17,24,
metastasis subtype CXCL3, CXCLS, FABPS, FCERIG, FCGR34, FTL, GPNMB, LUNG, THCA, 33,49,63]
HAVCR2, IFNGRI, ILIB, ILIRN, ITGAX, ITGB2, LDHA, CRC, BRCA,
MARCO, MIF, MMP19, MMP9, NEATI1, NUPRI, OLRI, PAAD, OV-FTC
PPIA, RGCC, S10048, S10049, SH3BGRL3, TREM1, TREM?,
VCAN, VEGFA
THBS1 BCL3, FCNI, NR4A1, RXRA, S10048, S10049, TCF25, VCAN ~ HCC [12]
FNI CD52, PDLI, VIM KIDNEY [13]
INHBA CXCLS, IL6 ESCA, STAD [13]
VCAN FCNI, MMP2, S10048, S10049, THBS1, TGFB1 MEL, BRCA [13,37]
Immunosuppressive FOLR?2 CIQB, CD163, CD206, HESI, NRIH3, SEPPI, SPIC HCC [49]
subtype GRN APOCI, C34R1, C54AR1, CCL3, CCRI, CD209, IL18, ITGAX, ~PAAD [24]
ITGB2, PDL2, PSAP
SLC40A41 CDI163, FOLR2 BRCA [37]
LYVEI CDI163, FOLR2, MRC1 HCC, CRC [13]
Immunostimulatory C104/C APOE, C10B, CD14, CD163, CD169, CD68, CD74, CD80, HCC, CRC, [12-15,17,37,63]
subtype CXCL10, CXCLY, FCERIG, GPNMB, HLA-DRA, HLA-DRBI, ~BRCA, ESCA,
HLA-DRBS, ID3, ITGB2, MAF, MERTK, MITF, MS4A44, STAD, PAAD
MSRI, PPIA, RUNX2, SELENOP, SLAMFS, SLC40A41,
TREM?2
NLRP3 AQPY, CASPI, GPR132, IL1B, IL18, METRNL, PTGS?2 LUNG, BRCA [13,17]
CXCLI11 CXCLY, CXCLI10, ISG15 BRCA [37]
ILIB CCL3, CCL3LI1, CXCL3, CXCL8 BRCA
ISG15 CXCLY9, CXCLI10, IFIT1, IFITM1, IL1B, TNF MEL, LYM [13]
Proliferative subtype MKI67 CIQA, CIQB, CIQC, CD14, CD68, CD74, CDK1, CCNBI, CRC, PAAD [14-15,33]
HLA-DRA, ITGB2, KIAA0101, OLRI, PCNA, PPIA, STMNI,
TMSB4X
TUBAIB APOCI, C1QB, C1QC, HMGBI, TMSB10, TMSB4X BRCA [37]
Metabolic subtype APOE CD163, CD169 HCC [12]
APOCI ACPS5, APOE, SPP1 BRCA [37]
Other subtypes MTIG CTSB, LAMPI1, MT1X, MT2A, STSD HCC [49]
monocyte-like ~ CDI14, CD164, CD68, CD74, CD83, CXCR4, FCERIG, CRC, PAAD [15,17]
FCGR34, FCNI, FTL, HLA-DRA, HLA-DRBI, ITGB2, OLRI,
PPIA, TMSB4X
TUBB3 ALDH9A1, ANO1, CACNAIA, CACNAIB, DAGLA, MAPIB, LUNG [70]

PAX6, POU4F 1, RBFOX3, SHANK, SYT13, SYT14, TRPCI,
TRPVI, TRPV4, WNT5A

NPC: &M{JE; HCC: HF 4 s ; LUNG: FilijE; THCA: HURARE; CRC: £

KIDNEY: ' i#; ESCA: f1#; STAD: HJ; MEL: 2 € 308; LYM: k258
NPC: nasopharyngeal cancer; HCC: hepatocellular carcinoma; LUNG: lung cancer; THCA: thyroid carcinoma; CRC: colorectal cancer; BRCA: breast

=

45 H e ; BRCA: FLIRE; PAAD: IR, OV-FTC: P S5 /4 U1 & s

T

cancer; PAAD: pancreatic adenocarcinoma; OV-FTC: ovarian or fallopian tube carcinoma; KIDNEY: kidney cancer; ESCA: esophageal carcinoma;

STAD: stomach cancer; MEL: melanoma; LYM: lymphoma.
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Cell-cell interactions associated with
VESGP?? \éiijm Stg(élﬁial Immunostimulatory TAM
Immunosuppressive TAM
CXCR4 CXCL12

Pro-angiogenic/metastasis TAM ——

DC: AR NK: H AR R i VEAR; Stromal cell: J /5t 40 U ELAF 2T 4R 40 AN LT P B2 A TLSE); CD28/44/47/80/86: 43 (L 1%28/44/47/80/86;
PD-1/PD-L1: F& 5 PR U T 52 44 1/8% 5 PE SR TS A& 15 CTLA-4: 40 #E VETh CR 40 JRAH 5% 28 194; ANXAL/FPR1/3: LI 2R 17 AL/FF Ik Mk 32 145 1/3;
SIRPo: {5 5 % 8 Fa; KLRF1/CLEC2B: %1 48 Uk 5 2 R 32 447 SCRF Al 3 1 /CHRL AR B2 45 MR IR 2 B B4 B IL-1B/ILIR: AL 31 -1B/
M 2R -1 4K, LGALSY/HAVCR2: - FLNHEEAE R o/ AT S0 B4 32 142, CXCL9/10/12: C-X-CIE PR b 1B #429/10/12; CXCR3/4: C-X-
C LR 132 4R35 /47; VEGFA/VEGFR2: U A A A B 1 AV EY 3 B2 2B TR 1 52 44525 TNEFSFO/TNFRSFO: iR SR FE AL 188 Sk 1 B2 9/ R
SRBER T 32 A B 5 A 519; ICOS/ICOSLG: 75 5 PETAN BRI 7r T/ S PETA M 3L 7y T IC 4k

DC: dendritic cell; NK: natural killer cell; Stromal cell: including fibroblast and vascular endiothelial cell; CD28/44/47/80/86: cluster of differentiation
28/44/47/80/86; PD-1/PD-L1: programmed death 1/PD-ligand 1; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; ANXA1/FPR1/3: annexin A1/
formyl peptide receptor 1/3; SIRPa: signal regulatory protein alpha; KLRF1/CLEC2B: killer cell lectin-like receptor subfamily F, member 1/C-type
lectin domain family 2 member B; IL-1B/IL1R: interleukin-1 beta/IL-1 receptor; LGALS9/HAVCR2: galectin 9/hepatitis A virus cellular receptor 2;
CXCL9/10/12: C-X-C motif chemokine ligand 9/10/12; CXCR3/4: CXC receptor type 3/4; VEGFA/VEGFR2: vascular endothelial growth factor A/
VEGEF receptor 2; TNFSF9/TNFRSF9: tumor necrosis factor superfamily, member 9/TNF receptor SF9; ICOS/ICOSLG: inducible T-cell co-stimulator/
ICOS ligand.

E1 MBHMIFEFIARTETAMs 5 b 4MAEA B ERC A 5t
Fig.1 Ligand-receptor pairs mediating crosstalk between different subtypes of TAMs and other cells in the TME
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