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Abstract

fundamentally shaping local immunity and tissue adaptation. Primarily derived from the embryonic yolk

TRMs (tissue-resident macrophages) are cornerstone cells of the innate immune system,

sac, these self-maintaining populations are integral to adult tissue homeostasis. As critical components of the
TME (tumor microenvironment), TRMs exhibit profound phenotypic plasticity and functional heterogeneity,
orchestrating complex effects that range from tumor immune surveillance to promoting malignant progression.
The challenge of modulating TRMs stems from their high adaptability and complex ontogeny-function linkages.
While early therapeutic strategies relied on non-specific depletion or blockade of monocyte recruitment, the field
has rapidly advanced toward precision functional reprogramming. Current leading approaches focus on multi-
modal interventions, including targeted metabolic and epigenetic modulation, sophisticated cellular engineering,
and the use of small molecules to attenuate or reverse pro-tumorigenic phenotypes. Achieving effective clinical
translation requires overcoming major bottlenecks: establishing a deeper, single-cell resolution understanding of
the mechanisms governing TRM plasticity and subset identity, and developing robust, subset-specific targeting

modalities. The rational design of sophisticated combination therapies remains the critical frontier for maximizing

the clinical efficacy of macrophage-based cancer immunotherapy.
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In mice, mesoderm-derived KDR*CXCR4™ multipotent progenitors emerge by E6.5 (embryonic day 6.5). By E7.0, these cells differentiate into PDAPs
(prodefinitive angio-hematopoietic progenitors; KDR*CXCR4") independently of the RUNX1, NOTCHI1, and Myb signaling pathways. At E8.5,
PDAPs within the yolk sac give rise to EMPs (erythro-myeloid progenitors) in a RUNX1-dependent manner. EMPs then differentiate into macrophage
precursors, which seed various embryonic tissues by E12.5. These precursors ultimately mature into adult tissue-resident macrophages, including mi-
croglia, Kupffer cells, and Langerhans cells. The homeostasis of these mature macrophages is maintained by CSFIR (colony-stimulating factor 1 recep-
tor) signaling, and they possess in situ self-renewal capacity. Additionally, microglia can also arise via direct differentiation from yolk sac EMPs.
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Fig.1 Schematic diagram of macrophage differentiation and development
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Table 1 Markers of tissue-resident macrophages in different organs

HLBHRAY PRI Bt br ) WA R

Tissues Developmental origin Markers Lineage-tracing mouse models

Brain (microglia) EMP P2RY 12, TREM2, CX3CR1 Cx3crl-CreERT2;Rosa26-LSL-YFP
Salll-CreERT2;Rosa26-LSL-tdTomato

Liver (Kupffer cell) EMP CLECA4F, TIMD4, CD163 Clec4f-Cre;Rosa26-LSL-tdTomato
Csflr-Mer-iCre-Mer,;Rosa26-LSL-YFP

Lung (alveolar macrophage) EMP Siglec-F, CD11c, MARCO Csflr-Mer-iCre-Mer,;Rosa26-LSL-YFP

Intestine (lamina propria macrophages) EMP and ES

Bone (osteoclast) EMP and ES

CX3CRI1, CD64, MHC-11""
TRAP, CTSK, RANK

Csflr-Mer-iCre-Mer,;Rosa26-LSL-YFP
Csflr-Mer-iCre-Mer,;Rosa26-LSL-YFP
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Tumor cells

167 FH i T #4299 K UKL (lipid nanoparticle, LNP) &L #5470 B 52 AR FImRNA, 1 L SEILEE fr) P43 12 28 44 P I s DA 0 I 20 R, - 7 200
FIRETmRNA, {87 15 W 4 i B PR A 18 2 A2 B S 3 AL A B R B J5E 32 A4 ) S W 4 i (chimeric antigen receptor macrophage, CAR-M), CAR
FIE R BT AT BE A TLR . CDA0SE M A5 43k, (L (RIS IR0 A SR DA B G T (R Dy, 3 11 16 e e % A1 e

LNP (lipid nanoparticle)-encapsulated CAR (chimeric antigen receptor) mRNA enables targeted in vivo delivery to macrophage populations. Upon

cytoplasmic release, the mRNA directly reprograms macrophages in situ into CAR-M (chimeric antigen receptor macrophage). By incorporating intra-

cellular signaling domains such as those from TLR and CD40 into the CAR structure, these engineered macrophages acquire targeted recognition, pro-

inflammatory polarization, and immune activation functions, thereby enhancing their anti-tumor activity.
B2 AR B LR BURLIE & HUE B Ik 4 AR E

Fig.2 Schematic diagram of macrophage activation by LNP-mediated delivery
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