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Abstract: Given the crucial role of tumor-associated macrophages (TAMs) in cancer development, nano-immunotherapy targeting
TAMs represents a pivotal strategy for reversing the immunosuppressive tumor microenvironment (TME) and inhibiting cancer
progression. Nano-drug delivery systems have evolved into multimodal platforms that utilize multi-drug synergy and integrated
physical energy interventions, showing considerable potential for enhancing drug targeting and biocompatibility. The core objective of
TAM-targeted nano-immunotherapy lies in the precise regulation and functional remodeling of TAMs, as well as the synergistic
reversal of the immunosuppressive TME. This review addresses the knowledge gaps and challenges in nano-immunotherapy targeting
TAMs and explores recent advances in TAM-targeted immunotherapy using various strategies and nanocarriers, with particular
emphasis on the relevant cell surface receptors and downstream signaling pathways. Nano-immunotherapeutic strategies targeting
TAMs include reprogramming TAMs, influencing TAM polarization, regulating TAM-secreted mediators, inducing TAM exhaustion,
enhancing TAM phagocytosis, modulating TAM metabolism, inhibiting TAM recruitment, and blocking PD-L1 expression on TAMs.
The innovations of nanocarriers involve the entire chain intelligent design from inorganic nanocrystals, organic polymers to organic-
inorganic hybrid systems, and the precise “Trojan horses” constructed using biodegradable polymers and biomimetic membrane
vesicles. Intelligent nanorobots targeting TAMs, as autonomous diagnostic and therapeutic systems integrating sensing, decision-
making, and execution, represent an effective approach to enhancing the precision and intelligence of anti-tumor strategies.
Keywords: tumor-associated macrophages, immunotherapy, targeting, nanocarrier, cancer

Introduction

Tumor-associated macrophages (TAMs) are among the most abundant immune cells in the tumor microenvironment (TME)
and play a core role in tumor progression (Table 1).! Ghamangiz et al classified macrophage populations into the following
phenotypes: M1, M2 (M2a—d), M3, M4, M17, Mreg, Mmox, Mhem, M(Hb), and HA-Mac.? The functional subgroups of
TAMs include IFN-TAMs (CXCL9'/ISG"), Reg-TAMs, Inflam-TAMs, LA-TAMs, Angio-TAMs, RTM-TAMs, Prolif-
TAMs, FCN1" TAMs, SPP1" TAMs, C1Q" TAMs, TREM2" TAMs, and CCL18" TAMs.>* TAMs are functionally plastic,
exhibiting both anti-tumor (M1) and pro-tumor (M2) functions during cancer progression.”'® M1 TAMs exhibit pro-
inflammatory properties, characterized by their potent antigen presentation capability and secretion of pro-inflammatory
cytokines (IL-1, IL-6, IL-12, IL-18, IL-23, and TNF-a)."' M2 TAMs are characterized by weak antigen presentation ability
and anti-inflammatory effects and secrete anti-inflammatory cytokines to create an immunosuppressive environment, facil-
itating tumor growth and neovascularization.'®'" You et al and Jiang et al demonstrated that M1 TAMs can exhibit pro-tumor

properties.'*'* Therefore, anti-tumor and pro-tumor phenotypes are currently primarily used to define functional TAM
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Graphical Abstract

subtypes. Given the crucial role of TAMs in cancer development, nano-immunotherapy targeting TAMs represents a pivotal
strategy for reversing the immunosuppressive TME and inhibiting cancer progression.

Nano-drug delivery systems (NDSs) are a class of advanced drug delivery platforms that encapsulate, adsorb, conjugate,
or disperse therapeutic agents within nanoscale carriers, thereby enabling precise control over their in vivo fate (absorption,
distribution, metabolism, and excretion). With the continuous innovation of nanotechnology, NDSs have evolved into
multimodal platforms that utilize multidrug synergy and integrated physical energy interventions, showing considerable
potential to enhance drug targeting and biocompatibility. Current nano-immunotherapies targeting TAMs focus mainly on
the precise regulation of their recruitment, polarization, phagocytosis, exhaustion, and reprogramming. Key interventional
mechanisms involve multiple signaling pathways and molecular interactions, including STAT3, TREM2, FLT3L, CD47-
SIRP-a, CCL2/CCR2, the CCL5/CCRS5 axis, and CSF-1/CSF-1R."*'® Furthermore, engineered macrophages (either
directly or indirectly modified as carriers), dual-targeting strategies (for both TAMs and cancer cells), and combination
therapies have been developed.'* *° The core objective of TAM-targeted nano-immunotherapy lies in the precise regulation
and functional remodeling of TAMs, as well as the synergistic reversal of the immunosuppressive TME.

This review addresses the knowledge gaps and challenges associated with nano-immunotherapy targeting TAMs and
explores recent advances in TAM-targeted immunotherapy using various strategies and nanocarriers (Figure 1), with
a particular emphasis on the relevant cell surface receptors and downstream signaling pathways. TAM heterogeneity,
ECM-mediated physical barriers, and multi-agent therapeutic synergy have drawn significant attention, providing
a unique perspective for nano-immunotherapy targeting TAMs.

Challenges in Nano-Immunotherapy Targeting TAMs

Nano-immunotherapy targeting TAMs still faces formidable knowledge gaps and challenges, including TAM hetero-
geneity, the barrier effect of extracellular matrix (ECM), compensatory immunosuppression of the TME after interven-
tion, and metabolic symbiosis between TAMs and cancer cells.

TAM Heterogeneity

TAM heterogeneity arises from cellular origin, education and reprogramming of the dynamic microenvironment, spatial
distribution, cancer type specificity, and influence on tumor progression and therapeutic intervention.?'*> TAMs can be
derived from adult bone marrow-derived monocytes and embryonic-derived tissue-resident macrophages. VSIG4™ TAM
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Table | List of Abbreviations

Abbr. Full Term Abbr. Full Term Abbr. Full Term

NDSs Nano-drug delivery systems PI3K Phosphoinositide 3-kinase ECM Extracellular matrix

TME Tumor microenvironment Akt Protein kinase B PAMP Pathogen-associated molecular pattern

TAMs Tumor-associated macrophages Gbp2 Guanylate-binding protein 2 TAA Tumor-associated antigen

ATIR Anti-tumor immune responses Pinl Peptidyl-prolyl cis-trans isomerase NIMA- PLAG Poly (lactic acid-co-glycolic acid)
interacting |

ROS Reactive oxygen species AMPK AMP-activated protein kinase HNSCC Head and neck squamous cell carcinoma

OSCC Oral squamous cell carcinoma AFP Alpha-fetoprotein REG Regorafenib

iNOS Inducible nitric oxide synthase PD-I Programmed cell death protein | SHP099 SHP2 inhibitor

MMP Matrix metalloproteinase CTLs Cytotoxic T lymphocytes TR Transferrin receptor

LA- Locally advanced non-small cell lung cancer STING Stimulator of interferon genes NMs Nanomicelles

NSCLC

CSF-1 Colony-stimulating factor | cGAS Cyclic GMP-AMP synthase IFN-y Interferon gamma

CSF-IR | Colony-stimulating factor | receptor NLRP3 NLR family pyrin domain containing 3 GOx Glucose oxidase

CCL2 C-C motif chemokine ligand 2 MAPK Mitogen-activated protein kinase CHA Chlorogenic acid

CXCR2 | C-X-C motif chemokine receptor 2 JNK c-Jun N-terminal kinase MPNs Metal-phenolic networks

CCRS5 C-C motif chemokine receptor 5 NF-xB Nuclear factor kappa B UIONPs Ultra-small iron oxide nanoparticles

CCL5 C-C motif chemokine ligand 5 STAT6 Signal transducer and activator of transcription 6 | IKK( Inhibitor of nuclear factor kappa-B kinase beta

CD47 Cluster of differentiation 47 HIF-1a Hypoxia-inducible factor I-alpha IkBa Nuclear factor of kappa light polypeptide gene enhancer in

B-cells inhibitor alpha

SIRP-a Signal regulatory protein alpha VEGF Vascular endothelial growth factor FVIO Ferrimagnetic vortex-domain iron oxide

TREM2 | Triggering receptor expressed on myeloid cells 2 | FasL Fas ligand DLC Material candidate

FLT3L Fms-like tyrosine kinase 3 ligand Bax BCL2-associated X protein SnSe Tin selenide

STAT3 Signal transducer and activator of transcription 3 | SHP2 Src homology region 2-containing protein NSs Nanosheets
tyrosine phosphatase 2

IFN Interferon SIRPa Signal regulatory protein alpha scFv Single-chain variable fragment

TNF Tumor necrosis factor DC Dendritic cells Lipo Liposome

TLR Toll-like receptor MDSCs | Myeloid-derived suppressor cells Zol Zoledronic acid

IL-4 Interleukin 4 Treg Regulatory T cells AeroNP Aerosolized nanoparticle

IL-13 Interleukin 13 ICD Immunogenic cell death CDN Cyclic dinucleotide

IL-1 Interleukin | PDT Photodynamic therapy SINPs Silicon nanoparticles

IL-6 Interleukin 6 PTT Photothermal therapy RPST Polymer system

IL-12 Interleukin 12 SDT Sonodynamic therapy IMQ Imiquimod

IL-18 Interleukin 18 MHT Magnetothermal therapy LyP-1 Targeting peptide

1L-23 Interleukin 23 CSF-1Ri | CSF-I receptor inhibitor CuS Copper sulfide

TNF-a Tumor necrosis factor alpha IDO Indoleamine 2,3-dioxygenase DMXAA 5,6-dimethylxanthenone-4-acetic acid

M2pep M2-targeting peptide DHA Docosahexaenoic acid LOX Lysyl oxidase

(Continued)
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Table | (Continued).

Abbr. Full Term Abbr. Full Term Abbr. Full Term
CCL3 C-C motif chemokine ligand 3 CPT Camptothecin Ceb Chlorin e6é
scRNA- | Single-cell RNA sequencing Tpl a-Tocopherol Tf Transferrin
seq
PEG Polyethylene glycol Tcc Toyocamycin IL-10 Interleukin 10
GO Graphene oxide ER Endoplasmic reticulum IL-12 Interleukin 12
PEI Polyethylenimine IFN-B Interferon beta OMV Outer membrane vesicles
MAN Mannose PGE2 Prostaglandin E2 Cr Chromium
MOF Metal-organic framework GM- Granulocyte-macrophage colony stimulating CTS Chitosan
CSF factor
DOX Doxorubicin Argl Arginase | siYTHDFI | Small interfering RNA against YTHDFI
FA Folic acid TGF-B Transforming growth factor beta m6A N6-methyladenosine
RHPs Rhodiola rosea polysaccharides LAP LC3-associated phagocytosis STATI Signal transducer and activator of transcription |
SA Sodium alginate PA Palmitic acid MS Mesoporous silica
MTX Methotrexate caspase- | Cysteinyl aspartate specific proteinase 3 CTPP Targeting peptide
3
PPT Podophyllotoxin aCD47 | Anti-CDA47 antibody IMD Imidazoquinoline
APS Astragalus polysaccharide aPD-LI Anti-PD-L1| antibody CcD Cyclodextrin
CMA Carboxymethylated alginate PLL Poly-L-lysine Ada Adamantane
R848 Resiquimod DMMA | Dimethylmaleic anhydride GMNPs Gold nanoparticles
GC Gastric cancer MA Maleic anhydride DFMO Difluoromethylornithine
DEX Dexamethasone Ab Antibody ICG Indocyanine green
TLR7 Toll-like receptor 7 ™Z Temozolomide shRNA Short hairpin RNA
HCC Hepatocellular carcinoma MMR Mannose receptor ACODI Aconitate decarboxylase |
CpG Cytosine-phosphate-guanine CaNP Calcium nanoparticle CMSN Mesoporous silica nanoparticles
TLR9 Toll-like receptor 9 NGs Nanogels GsE Ginseng exosomes
IRF3 Interferon regulatory factor 3 PTX Paclitaxel TLR2 Toll-like receptor 2
DDC Diethyldithiocarbamate CUR Curcumin TLR4 Toll-like receptor 4
GPC3 Glypican-3 PLA Polylactic acid TNFRI Tumor necrosis factor receptor |
BSG Brainstem glioma GEM Gemcitabine IL-17R Interleukin 17 receptor
Pd Palladium CS Chitosan CD40 Cluster of differentiation 40
HA Hyaluronic acid ANXS5 Annexin V RAGE Receptor for advanced glycation end products
R837 Imiquimod MyD88 Myeloid differentiation 88 Ccw Cell wall
GBM Glioblastoma Met Metformin PSS Poly (sodium 4-styrenesulfonate)
TNBC Triple-negative breast cancer MPs Microparticles PEI Polyethylenimine
PLGA Poly (lactic-co-glycolic acid) M Imipramine
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Figure | Overview of nano-drug delivery systems targeting TAMs. Nano-drug delivery systems targeting TAMs can be classified through the following approaches, different
drugs, carriers, effects and combination therapies. “+” indicates combination therapy. The figure was drawn using Biorender.

subpopulations derived from tissue-resident macrophages have been identified in various solid tumors such as testicular,
hepatic, and lung cancer.”® In the regulation of dynamic microenvironments, metabolites, and cytokine signals in the
TME precisely guide the phenotypic differentiation and spatial localization of TAMs.** Moreover, the epigenetic
suppression of GM-CSF-induced MHC-II expression leads to the spatial segregation of these functionally distinct
TAM subsets within the TME.?* The functional state of TAMs is closely associated with their spatial distribution within
tumors. CD68+SHP2+ immunosuppressive TAMs are enriched within tumor nests compared with the stroma in non-
small cell lung cancer (NSCLC), and their density is correlated with poor patient survival.>> There are significant
differences in the dominant TAM subpopulations among different cancer types and even different immune subtypes of
the same cancer type. Furthermore, the composition and functional status of TAMs undergo dynamic evolution across the
temporal dimensions of tumor progression and therapeutic interventions.?® To address TAM heterogeneity, strategies now
emphasize subpopulation-specific identification and intervention. Single-cell RNA sequencing and spatial omics can be
used to identify functional TAM subsets and their unique markers, enabling nano-targeted delivery systems that can
distinguish tissue-resident TAMs (eg, VSIG4") from monocyte-derived ones.”’

Barrier Effect of ECM

The dense ECM within the TME acts as a critical physical barrier that impedes the penetration of both nano-drugs and
immune cells, thereby limiting the efficacy of TAM-targeted nano-immunotherapy. The ECM restricts nanoparticle
diffusion and compresses tumor blood vessels, thereby reducing drug delivery efficiency and creating a hypoxic
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microenvironment that further promotes M2-like TAM polarization.”® ° The current strategies for overcoming the ECM
barrier include mainly inhibiting ECM formation, promoting ECM degradation, and remodeling the ECM, as well as
altering the size of NDSs and applying surface modifications.”® ** However, the degradation of the tumor ECM may
inadvertently promote the migration of cancer cells and subsequent metastasis, and the improper accumulation of these

agents to overcome the ECM barrier in normal tissues can trigger adverse effects.?*

Other Challenges

A variety of immunosuppressive cells, such as MDSCs, TANs, and Tregs, are widely present in the TME, and form
a functionally redundant suppressive network with TAMs.**** When nano-immunotherapy eliminates or reprograms M2-
type TAMs, the tumor can rapidly recruit MDSCs or TANs via chemokine signaling as a compensatory mechanism,
thereby diminishing therapeutic efficacy. Nano-strategies that simultaneously modulate TAMs and MDSCs have demon-
strated synergistic effects in overcoming compensatory immunosuppression in hepatocellular carcinoma models, indicat-
ing that targeting a single cell population is insufficient to fully reverse immunosuppression and underscoring the need
for multi-target regulatory strategies.>*

In terms of metabolic symbiosis, tumor cells abundantly secrete lactate, which, upon uptake by TAMs, drives their
polarization toward an M2 phenotype through histone lactylation. Polarized M2-TAMs, in turn, increase tumor cell
glycolysis, establishing a positive feedback loop that perpetuates malignancy.®® As a counterstrategy, GHB NPs disrupt
the lactate metabolic coupling by blocking MCT1/MCT4 transporters, thereby reprogramming the TME.*® Moreover, the
intrinsic metabolic vulnerabilities of TAMs, such as impaired glutamine metabolism, can be exploited to augment their
antitumor functions.’’

Biomimetic and metabolic modulation strategies are employed to resolve compensatory immunosuppression and
metabolic symbiosis. Drug-free macrophage membrane-mimetic nanoparticles modulate TAM behavior without trigger-
ing compensatory immunosuppression, whereas the neutralization of acidic pH or lactate depletion alleviates macrophage
dysfunction and prevents compensatory recruitment.

Nano-Immunotherapy Targeting TAMs

Nano-immunotherapeutic strategies targeting TAMs include reprogramming TAMs, influencing TAM polarization,
regulating the expression of TAM-secreted mediators, inducing TAM exhaustion, enhancing TAM phagocytosis, mod-
ulating TAM metabolism, inhibiting TAM recruitment, and blocking PD-L1 expression on TAMs (Figure 2). The
regulation of the pro-tumor phenotype of TAMs and the TAM-mediated immunosuppressive TME relies on the
coordinated intervention of multiple pathways rather than a single target. The core design concept of NDSs lies in
their ability to load drugs with different mechanisms (such as reprogramming agents, phagocytic signal regulators,
immune checkpoint inhibitors, etc) onto a single platform, achieving spatiotemporal coordination. Accordingly, classi-
fication on the basis of drug quantity (single, dual, or multiple agents) directly reflects the complexity of the treatment
strategy, the hierarchical integration of the underlying mechanisms, and the engineering difficulty of nanocarrier design.
This logic transcends the differences in the pathways of TAMs among different cancer types and highlights synergistic
immune regulation through nanotechnology.

Reprogramming TAMs

Single Drug

Inorganic Carriers

Inorganic carriers, such as graphene oxide and iron-based nanoscale metal-organic frameworks, enable single-drug
delivery for TAM reprogramming. The mannose-modified graphene oxide nanosystem PEG-GO-PEI-MAN
@LDN193189 (PGPML) repolarizes TAMs from the M2 to M1 phenotype through ROS-mediated activation of NF-
kB p65, MAPK p38, and JNK phosphorylation, thereby potentiating therapeutic efficacy in patients with HCC.*® Via the
hepcidin/ferroportin-mediated reduction in iron efflux, Dic@M2pep-Fe-MOF, a nanoscale metal-organic framework,
reprogrammed TAMs to the M1 phenotype and remodeled the immunosuppressive TME, generating long-term anti-
tumor immune memory and promoting immunotherapy in hepatoma and breast cancer.’* The PGPML exploits a dual-
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Figure 2 Nano-immunotherapeutic strategies targeting TAMs. Nano-immunotherapeutic strategies targeting TAMs include reprogramming TAMs, influencing TAM
polarization, regulating TAM-secreted mediators, inducing TAM exhaustion, enhancing TAM phagocytosis, modulating TAM metabolism, inhibiting TAM recruitment, blocking
PD-LI expression on TAMs. “1” indicates upregulation, while “|” indicates downregulation. The figure was drawn using Biorender.

targeting design to eliminate cancer stem cells and simultaneously reprogram immunosuppressive macrophages, thereby
potentiating antitumor immunity in hepatocellular carcinoma. The synthetic complexity and potential immunogenicity of
the graphene oxide backbone may impede scalable manufacturing and clinical translation. Functionalizing the platform
with tumor-specific neoantigens could transform it into a broadly applicable personalized cancer vaccine.

Organic Carriers

DOX@FA-RHPs-SA transits TAMs from the MO and M2 phenotypes to the M1 phenotype, promoting anti-tumor
immune responses (ATIR) in breast cancer.** MTX-PPT-micelles shift M2 to M1 TAMS via a traditional Chinese
medicinal herb, astragalus polysaccharide (APS), improving tumor immunosuppression in ovarian cancer.*’ CMA-R848
reprograms M2 TAMs to M1 cells via the activation of TLR7/8, reducing the secretion of IL-10 and increasing the
secretion of IL-12, thereby increasing the response of gastric cancer (GC) to chemoimmunotherapy.*” SDEX-0509R
(D-TAC) reprograms M2 to M1 TAMs via the TLR7 agonist DSP-0509, further inhibiting Treg recruitment, induction,
and expansion and enhancing ATIR.** BEA-C(sic)N-DOX-M reprograms M2 to M1 TAMs, promoting ATIR in HCC.**
SLNP@CpG reprograms M2 to M1 TAMs by activating the TLR9 pathway, thereby enhancing phagocytosis and antigen
presentation function and promoting ATIR in T lymphoma and melanoma.*> FDI9R-GW/siIRF3 reprograms M2 to M1
TAMs by downregulating the cooperative suppression of IRF3 and exosome release, promoting ATIR in breast cancer.*®
Alb/LF NP albumin/lactoferrin hybrid nanoparticles carrying DDC/Cu-Fe reprogrammed M2 T cells to M1 TAMs
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via disulfiram, which inhibited FROUNT—chemokine receptor interactions and activated ATIR in glioma cells.*” P/PB/N/
R nanoparticles reprogram M2 to M1 TAM phenotypes via the RP-182 peptide combined with the mannose receptor
(MMR) CD206, promoting tumor immunotherapy of BSG.* Pd-HA + Pd-M@R NPs, a bidirectional anisotropic
palladium nanozyme, induces TAM transformation into the M1 phenotype and reprograms the immunosuppressive
TME via ROS combined with R837 (agonist of TLR), promoting tumor immunotherapy in colon cancer.*’ CpG-AS leads
to TAM re-education via TLR9 agonists, ultimately reversing the tumor immune microenvironment in breast cancer and
melanoma.”® Npgsa, which uses a PEG polymer as a carrier, repolarizes the immune-suppressive M2 subtype to anti-
tumor M1 macrophages, promoting ATIR in melanoma and neuroblastoma.’’ MG5-S-IMDQ converts M2 into the M1
phenotype via the use of a potent agonist of TLR7/8, imidazoquinoline (IMDQ), subsequently increasing the phagocytic
activity of tumor cells, increasing the cytotoxic effects, increasing tumor antigen cross-presentation ability, and inducing
macrophages to secrete TNF-a, IL-12p70, and IL-6 to combat GBM.>* The R848-GNE nanoemulsion reprograms M2 to
M1 TAMs via R848, promoting ATIR of osteosarcoma.’> CSF-1Ri-loaded PMs ~400 nm in diameter reprogram M2 to
M1 TAMs via CSF-1Ri, promoting tumor immunotherapy in TNBC.>* PTX@Arg-CD-Bio/BM-HA-Man reprograms M2
to M1 TAMs, promoting ATIR in breast cancer.”> PLGA(H)-DOX@M/R837 reprograms M2 to M1 TAMs via R837 to
further activate NF-kB signaling. They then secrete TNF-a and IL-6 to trigger direct tumor cytotoxicity and a CTL-
mediated immune cascade, respectively, promoting tumor immunotherapy in patients with breast cancer.>®
Polysaccharides, lipids, proteins, and nucleic acids have been designed to deliver single-agent therapies that repolarize
TAMs from the M2 phenotype to the M1 phenotype, resulting in reversing immunosuppression and preventing tumor
growth. Nevertheless, CSF 1R inhibitors induce systemic toxicity, peptide-based or natural product systems have poor
stability or unclear processes, and TLR agonists run the danger of cytokine storms while having well-defined mechanisms.

Biological Carriers

Biological carriers can be classified according to the order of integrity of the organism: first, active intracellular
substances such as enzymes; second, parts of cells such as exosome vesicles; and, third, the cell membrane to form
the carrier plus some special ones last. MoS,@Pd-Man-mediated reprogramming of M2 to M1 TAMs and the
immunosuppressive TME via catalysis of the in situ synthesis of the histone deacetylase inhibitor (HDACi) vorinostat
enhances tumor growth inhibition and promotes tumor immunotherapy in patients with colon cancer.’’ Repolarization of
TAMs by M2Pep-Exo (pIC) via the TLR3 agonist poly(I:C) results in proliferation inhibition and apoptosis of breast
cancer tumor cells.’® Lar@NP-OMYV, which uses bacterial vesicles as carriers, reprograms M2 to M1 TAMs, resulting in
nerve injury, and then counteracts GEM-induced neurogenesis in pancreatic cancer.’® The following two nanocarriers are
characterized by their utilization of cancer cell membranes, which enables them to inherit the surface antigenic profile of
host cells and enhance tumor targeting. DL@NP-M-M2pep-mediated reprogramming of M2 to M1 TAM phenotypes via
modulation of the PI3K/Akt pathway promotes tumor immunotherapy in HCC.®® The PLGA-CpG@ID8-M nanovaccine
leads to M1 polarization by increasing the expression of Gbp2 and promoting the recruitment of Pinl, which activates the
NF-kB signaling pathway (Gbp2-Pinl-NF-kB pathway), promoting ATIR in ovarian cancer.®’ HMMDN-Met@PM,
which uses the macrophage membrane as a carrier, reprograms M2 to M1 TAM phenotypes via metformin, activating
AMPK-NF-«B signaling, promoting tumor immunotherapy and inhibiting tumor growth and metastasis of subcutaneous
breast tumors.*> Abs-CpG polarizes macrophages to the M1 type, and via CpG (a TLRY agonist), a large amount of TNF-
a is produced, which then activates cell division control protein 42 (Cdc42), enhancing the phagocytosis of adjacent
macrophages and promoting tumor immunotherapy in breast cancer.®> R848@M2pep-MPs (AFPs) reprogram immuno-
suppressive M2 cells into the M1 TAM phenotype via the TLR7/8 agonist R848 and then present the AFP antigen to
prime CD8" T cells, thus providing an intratumoral niche that sustains and differentiates stem-like CD8"
T cells, enhancing anti-PD-1 therapy in patients with HCC and melanoma.®* PLGA NPs@PR-M reprogrammed M2 to
M1 TAMs via the activation of TLR7 by R848, which regulates the secretion of cytokines, including IL-12, IFN-y, TNF-
o and IL-10, ultimately inducing ATIR in colorectal carcinoma.®® At present, it is mainly via the Gbp2-Pin1-NF-kB
pathway and the PI3K/Akt/NF-«kB pathway that a single drug is carried to reprogram TAMs with bioactive substances as
carriers. Interestingly, Wei et al used bioorthogonal nanozymes for immunotherapy, and Zhao et al used apoptotic cancer
cell bodies as carriers and cascade amplification to alleviate immunosuppression (Table 2).
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Table 2 Single Drug Delivery Nano-Immunotherapy Targeting TAM Reprogramming

Tumor Nano-Drug Delivery Mechanisms TAMs Regulation Tumor Refs.
System Progression
Hepatocellular carcinoma PEG-GO-PEI-MAN NA Reprogramming Growth| [38]
@LDN193189 (PGPML)
Hepatoma and breast cancer | Dic@M?2pep-Fe-MOF NA Reprogramming Growth| [39]
Memory?
Breast cancer DOX@FA-RHPs-SA NA Reprogramming Growth| [40]
Ovarian cancer MTX-PPT-micelles NA Reprogramming Growth| [41]
Gastric cancer CMA-R848 NA Reprogramming Growth| [42]
IL-10], IL-121
Colon cancer SDEX-0509R(D-TAC) NA Reprogramming Growth| [43]
Hepatocellular carcinoma BEA-C(sic)N-DOX-M NA Reprogramming Growth| [44]
T lymphoma and melanoma SLNP@CpG NA Reprogramming Growth| [45]
Breast cancer FD9R-GW/silRF3 NA Reprogramming Growth| [46]
Glioma DDC/Cu-Fe@AIb/LF NP NA Reprogramming Growth| [47]
Brainstem glioma P/PB/N/R NA Reprogramming Growth| [48]
Colon cancer Pd-HA + Pd-M@R NPs NA Reprogramming Growth| [49]
Hypoxia|
Breast cancer and melanoma | CpG-AS NA Reprogramming Growth| [50]
Melanoma and nPGSA NA Reprogramming Growth| [51]
neuroblastoma
Glioblastoma MG5-S-IMDQ NA Reprogramming Growth| [52]
TNF-af, IL-121, IL-6]
Osteosarcoma R848-GNE nanoemulsion NA Reprogramming Growth| [53]
Triple-negative breast cancer | CSF-IRi-loaded PMs NA Reprogramming Growth| [54]
Breast cancer PTX@Arg-CD-Bio/BM-HA- NA Reprogramming Growth| [55]
Man
Colon cancer MoS2@Pd-Man NA Reprogramming Growth| [57]
Breast cancer M2Pep-Exo (pIC) NA Reprogramming Growth| [58]
Pancreatic cancer Lar@NP-OMV NA Reprogramming Growth| [59]
Hepatocellular carcinoma DL@NP-M-M2pep PI3K/Akt, NF-xB Reprogramming Growth| [60]
Ovarian cancer PLGA-CpG@ID8-M Gbp2-Pin|-NF-xB Reprogramming Growth| [61]
pathway
Breast cancer Abs-CpG NA Reprogramming Growth| [63]
Subcutaneous breast tumor HMMDN-Met@PM NA Reprogramming Growth| [62]
Metastasis |
Hepatocellular carcinoma R848@M2pep-MPs (AFP) NA Reprogramming Growth| [64]
and melanoma
Colorectal carcinoma R848@PLGA/PVA@MO NA Reprogramming Growth| [65]
Regulating secretion of
cytokines IL-12, IFN-y, TNF-a
and IL-10
Breast cancer PLGA(H)-DOX@M/R837 TLR7-NF-kB Reprogramming Growth| [56]
TNF-at, IL-6]

Notes: “1” indicates an enhancing or promoting effect, while “|” indicates an inhibiting or interfering effect.

Exosomes, cell membrane structures, and apoptotic bodies are examples of biological carriers that provide high
biocompatibility, minimal immunogenicity, and homologous targeting. TLR agonists that activate NF-kB or modify the
PI3K/Akt and AMPK pathways are primarily responsible for reprogramming TAMs, through cascade reactions, a number
of novel designs, such as bioorthogonal nanozymes, enhance immunological effects. The physical barrier to the ECM,
heterogeneity of TAMs, and long-term in vivo safety have been completely overlooked by these systems, which also
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have limited scalability, high batch variability, and isolation challenges. To overcome physical obstacles and increase
selectivity for TAM subsets, future approaches should integrate ECM modulation, smart responsive release, and genetic
engineering of carriers.

Dual Drugs

Inorganic Carriers

An MOF-based caspase-1 nanoreporter (MCNR) (Caspase-1+R848) induces TAM reprogramming via R848-TLR7
/8-NLRP3 and Fe-MAPK-NLRP3, enhancing T cell infiltration, which leads to tumor inhibition and improved survival
rates in patients with breast cancer.’® This nanoplatform integrates real-time imaging feedback with immune-stimulating
payload delivery, enabling visualized monitoring of the conversion of immunosuppressive macrophages into tumoricidal
effectors. The inherent instability of metal-organic framework structures in physiological environments may cause premature
drug leakage before reaching the intended tumor regions. Incorporating targeting ligands that respond to multiple micro-
environmental cues could refine its diagnostic precision and broaden its applicability to heterogeneous solid tumors.

Organic Carriers

The coloaded liposome (CNLP) IDO-IN-7+cabozantinib reprograms M2 to M1 TAMs and the immunosuppressive TME
via IDO-IN-7 and cabozantinib, promoting tumor immunotherapy in TNBC.®” PTX/DHA-FA-LNs reprogram M2 to M1
TAMs and restrict tumor growth in breast cancer.’® MAPDCs (CPT+R848) repolarize M2-GAMs to M1-GAMs via R848,
increasing the expression of proinflammatory cytokines (IP-10, IL-12, and IL-6) to increase immune responses and
resensitize tumors to chemotherapy, yielding a superior anti-GBM effect.®” SPADS, which combines a-tocopherol (Tpl)
and toyocamycin (Tcc), reprograms M2 to M1 TAMs through the dual inhibition of the endoplasmic reticulum and
oxidative stress via the synergistic inhibition of ROS and ER stress (STAT1 and STAT3) to induce the secretion of
specific anti-tumor cytokines (TNF-a, IL-12, and Argl expression), thereby increasing macrophage phagocytic capacity
and tumor-killing ability and suppressing cancer cell growth and migration.”® PIL-12+PLX@cR-PssPD promotes the
repolarization of TAMs by blocking CSF-1/CSF-1R signaling and thus inhibits melanoma growth and metastasis.”' The
meo-PEG-Dlink,-PLGA copolymer (sorafenib+R848) reprograms M2 to M1 TAMs via R848-mediated repolariza-
tion, promoting tumor immunotherapy in HCC.”> GPCuD NPs (Cu+DOX) reprogram M2 to M1 TAMs and ITM and
then enhance ATIR and the secretion of IL-6 and TNF-o by macrophages in breast cancer.”> PLGA-PA-DOX
NPs reprogram M2 to M1 TAMs via a caspase-3-independent pathway and reduce the suppression of breast cancer
cell viability and migration.”* Ultra-pH-sensitive NCPA reshapes macrophages to transform into tumoricidal M1-like
cells via aCD47/aPD-L1 dual blockade, promoting ATIR in lung cancer.”” PPD/MPC (PEG-PLL-DMMA/MA-PEI-CpG)
reprograms TAMs by activating TLR9 pathways, regulating the cytokine secretion of immune suppressive cells,
alleviating intricate immune tolerance and remodeling the tumor immunosuppressive microenvironment, strengthening
the immune response and evoking immune memory in melanoma.”® ST-NP@AS&ADb (AS+Ag9) reprograms M2 to M1
TAMs and the immunosuppressive TME via an AS-loaded nano-drug inhibiting signal transducer and activator of
Transcription 6 (STAT6), promoting tumor immunotherapy in TNBC.” PCPA&PPM@TR&PPM@TR (R848
+TMZ) reprograms M2 to M1 TAMs via R848 (a TLR7/8 agonist), reducing GBM resistance to TMZ treatment.”®
D&R-HM-MCA (DOX+R848) reprograms M2 to M1 TAMs by recognizing MMR on TAMs and releasing R848,
leading to reprogramming of the immunosuppressive TME-enhancing ATIR of gliocytoma.”” CaNP@cAD-PEG com-
posed of cAD loaded on CaNP enveloped with DSPE-PEG2000 could reprogram TAMs by simultaneously activating
multiple inflammation-related signaling pathways (MAPK and NF-«kB signaling pathways), as well as the NLRP3
inflammasome pathway, in melanoma and rectal cancer.** R6RGD-CMB CD@DOX NPs and M2pepCMCS@R848
NPs (RCNPDOX+MCNPR848 NPs) reprogram M2 to the M1 TAM phenotype and immunosuppressive TME by
activating TLR7/8 and subsequently increasing the secretion of TNF-a to reshape the immunosuppressive tumor
microenvironment, enhancing the effect of immunotherapy in breast cancer.®’ R@rHP"-M2pep (OX
+R837) reprograms M2 to M1 TAMs via imiquimod (R837, a hydrophobic TLR7 agonist), promoting the secretion of
proinflammatory cytokines, activating CD8" T cells, suppressing orthotopic tumor growth, and preventing lethal lung
metastasis of TNBC.*? Au/Toy@G3 NGs, a dendrimer nanocarrier system, reprogram M2 to M1 TAMs via Au NPs,
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increasing the secretion of TNF-o as an effective anticancer therapy in pancreatic cancer.®? GD@PP/Wtmn (Wtmn
+GEM), a raspberry-like nanocarrier system, reprograms M2 to M1 TAMs by inhibiting the PI3K pathway, synergizing
with GEM to inhibit pancreatic tumor growth.** PTX+CUR-loaded PLA/shellac-FA dimer NPs, a snowman-like
nanocarrier system, reprograms M2 to M1 TAMs, promoting ATIR in pancreatic cancer.®

Dual-drug organic carriers co-load immune agonists with chemotherapeutics to achieve multidimensional TAM
reprogramming and overcome resistance to single agents. Their translation is hindered by challenges in synchronizing
release kinetics, optimizing drug ratios, and mitigating additive systemic toxicity, in addition to complex fabrication
workflows. Future strategies should integrate sequential release schedules that match TAM polarization dynamics with
ECM-degrading modules to enhance intratumoral penetration, thereby addressing functional heterogeneity and physical
barriers simultaneously.

Biological Carriers

Biological carriers such as enzymes, cancer cell membranes, macrophages, exosomes, and bacteria can deliver dual drugs
that precisely target TAMs as a result of their biocompatibility and subsequently reprogram them. BMCL nanozymes
(pcCAT+pcLOX) reprogram M2 to M1 TAMs by inhibiting the activation of NF-«kB, inducing tumor cell apoptosis and
activating ATIR in colon cancer.*® CCM@HMON@CS-P(IV)@ANXS5, which uses cancer cell membranes as carriers,
reprograms M2 to M1 TAMs by initiating the TLR9/MyD88/NF-kB pathway and then suppresses efferocytosis, con-
tributing to the activation of the innate immune response of GC.*’ The following two nanocarriers are implemented using
engineered macrophages as carriers, creating integrated systems that combine cellular motility with therapeutic payload
delivery. Met@Man-MPs (Metformin+DOX) efficiently reprogrammed Doxil-enhanced M2 to M1 TAMs via doxil-
induced activation of stimulator IFN genes (STING), facilitating macrophage maturation and antigen presentation to
activate CD8" T cells. It subsequently generates strong ATIR and long-term immune memory against tumor recurrence
in liver cancer and breast cancer.*® Mam@NPs (IM+aCD47) effectively reprogram M2 to M1 TAMs by increasing
CCL3 secretion via a combination of IM and aCD47, which further secretes inflammatory and anti-tumor cytokines,
promoting ATIR in gliomas.®* The next two nanocarriers are exosome-based. CpG-EXO/TGM reprograms M2 to M1
TAMs, releasing related anti-tumor cytokines (TNF-a, IL-6, and IL-12) during this process, thereby inducing a series of
ATIRs in GBM.”® SN/Mn@gHE (SN38+MnO,) reprograms M2 to M1 TAM phenotypes, promoting tumor immunother-
apy in murine and murine colorectal cancer.”! OMV-CD47/GPC3 (anti-CD47 nanobodies + anti-GPC3 scFv), which uses
bacterial vesicles as carriers, repolarizes TAMs to the M1 phenotype via PAMPs of OMVs, presenting TAAs to T cells
and activating them, consequently initiating T-cell-specific tumor killing in HCC, thus providing a promising strategy for
HCC immunotherapy.”* Among these varied approaches, the TLR9/MyD88/NF-kB signaling pathway represents one of
the mechanisms through which TAM reprogramming is facilitated. Zhang, L. et al adopted the double-punch strategy,
and Chen et al used a novel biomimetic nanocomposite containing copper and platinum.

Dual-drug biological carriers leverage enzymes, cell membranes, and engineered vesicles to co-deliver two agents
that synergistically reprogram TAMs through multipathway engagement. Their clinical translation is constrained by the
phenotypic instability of living carriers, risks of immunogenicity upon repeated dosing, and the absence of methods to
independently control the release kinetics of each payload. Future approaches could integrate patient-derived avatars for
prescreening to guide personalized dual-drug combinations and improve therapeutic precision.

Nanogels and Nanomicelles

D@HPMNG (metformintDOX) reprograms TAM phenotypes via the inherited immunomodulatory effect of metfor-
min, reshing the tumor immune microenvironment of melanoma.”® PP-RC-H reprograms M2 to M1 TAMs via the TLR7
agonist, R837, and increases the pH, promoting ATIR in head and neck squamous cell carcinoma (HNSCC).’* Gel/(REG
+NG/LY) reprograms M2 to M1 TAMs, inhibiting tumor growth and liver metastases in colon cancer.”> ChiP-RS
(SHP099+R848) reprograms M2 to M1 TAMs via R848, activating TLR7/8 and promoting tumor immunotherapy in
mammary carcinoma.’® TfR/TATH7/PTX/R837 NMs promote M1 polarization of TAMs and reduce the immunosup-
pression phenomenon via R837 (an agonist of TLR7); they then regulate the secretion of cytokines (increasing TNF-a

and IFN-y and decreasing TGF-B), promoting tumor immunotherapy in normotensive glioma.’’
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Hydrogels have a significant benefit in that they can be administered intratumorally or peritumorally, which enhances

drug retention and minimizes systemic toxicity. However, the in vivo disintegration of hydrogels is difficult to control

and may cause burst or incomplete drug release, and micelles are limited by short circulation times and unresolved

biosafety concerns. If the release pattern and rate are appropriately regulated, a dual-drug platform with hydrogels and

micelles is promising as a successful immunotherapeutic method for locally progressed or postoperative recurring

malignancies (Table 3).

Table 3 Dual Drug Delivery Nano-Immunotherapy Targeting TAM Reprogramming

Tumor Nano-Drug Delivery System Mechanisms TAMs Regulation Tumor Refs.
Progression
Breast cancer MNCRs (MOFs-based Capase-| TLR7/8-NLRP3, MAPK- Reprogramming Growth| [66]
Nanoreporter) NLRP3
Triple-negative breast cancer Cabozantinib/IDO-IN-7@CNLP NA Reprogramming Growth| [67]
Breast cancer PTX/DHA-FA-LNs NA Reprogramming Growth| [68]
Glioblastoma MAPDCs NA Reprogramming Growth| [69]
IL-10], IL-121, IL-6]
Breast cancer SPADS(Tcc@RCPATpI/RCPA) NA Reprogramming Growth| [70]
Metastasis |
Melanoma plIL-12+PLX@cR-PssPD NA Reprogramming Growth| [71]
Metastasis|
Hepatocellular carcinoma Meo-PEG-Dlinkm-PLGA NA Reprogramming Growth| [72]
Breast cancer GPCuD NPs NA Reprogramming Growth| [73]
Breast cancer PLGA-PA-DOX NPs caspase-3-independent Reprogramming Growth| [74]
pathway Metastasis |
Lung cancer NCPA NA Reprogramming Growth| [75]
Melanoma PPD/MPC (PEG-PLL-DMMA/MA- NA Reprogramming Growth| [76]
PEI-CpG) Memory?
Triple-negative breast cancer ST-NP@AS&Ab NA Reprogramming Growth| [77]
Glioblastoma PCPA&PPM@TR&PPM@TR NA Reprogramming Growth| [78]
Gliocytoma D&R-HM-MCA NA Reprogramming Growth| [79]
Melanoma and rectal cancer CaNP@cAD-PEG NA Reprogramming Growth| [80]
Breast cancer RCNPDOX+MCNPR848 NPs NA Reprogramming Growth| [81]
TNF-at
Triple-negative breast cancer R@rHDP-M2pep NA Reprogramming Growth| [82]
pro-inflammatory
cytokines?
Pancreatic cancer Au/Toy@G3 NGs NA Reprogramming Growth| [83]
Pancreatic cancer GD@PP/Wtmn NA Reprogramming Growth| [84]
Pancreatic cancer PTX+CUR-loaded PLA/shellac-FA NA Reprogramming Growth| [85]
dimer NPs
Colon cancer BMCL Nanozymes NA Reprogramming Growth| [86]
Liver cancer and breast cancer | Met@Man-MPs NA Reprogramming Growth| [88]
Memory?
Gliomas Mam@NPs NA Reprogramming Growth| [89]
Hepatocellular carcinoma OMV-CD47/GPC3 NA Reprogramming Growth| [92]
Glioblastoma CpG-EXO/TGM NA Reprogramming Growth| [90]
TNF-af, IL-6|, IL-121
Breast cancer and colorectal SN/Mn@gHE NA Reprogramming Growth| 9o
cancer
Gastric cancer CCM@HMON@CS-Pt(1V) TLR9/MyD88/NF-xB Reprogramming Growth| [87]
@ANXS5 signaling pathway
Melanoma D@HPMNG NA Reprogramming Growth| [93]
(Continued)
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Table 3 (Continued).

Tumor Nano-Drug Delivery System Mechanisms TAMs Regulation Tumor Refs.
Progression

Head and neck squamous cell | PP-RC-H NA Reprogramming Growth| [94]

carcinoma

Colon cancer Gel/(REG+NGI/LY) NA Reprogramming Metastasis | [95]
Growth|

Mammary carcinoma ChiP-RS NA Reprogramming Metastasis | [96]
Growth|

Normotopia glioma TfR/TATH7/PTX/R837 NMs NA Reprogramming Growth| [97]

Notes: “1” indicates an enhancing or promoting effect, while “|” indicates an inhibiting or interfering effect.

Multiple Drugs
Certain NDSs have been engineered to co-deliver multiple therapeutic agents that produce synergistic effects, thereby
enabling more effective TAM reprogramming through coordinated multipathway modulation. LPZ/DOX@M/
R837@MPs reprogram M2 to M1 TAMs and alleviate the TME via activation of the NF-«B signaling pathway,
regulating cytokine secretion (increasing IL-12 and decreasing IL-10), and promoting tumor immunotherapy in breast
cancer, melanoma and colon tumors.”® Gox/CHA@MPNs reprogram M2 to M1 TAMs and the TME, promoting tumor
immunotherapy and inhibiting tumor growth and metastasis in human breast carcinoma.’” Interestingly, Li et al used
a multidrug, targeted local delivery system to sustainably remodel the acidic TME and enhance cancer immunotherapy.
Multi-agent co-delivery strategies counter compensatory resistance through synergistic mechanisms, offering advan-
tages for highly heterogeneous and immunosuppressive solid tumors. Their clinical progress is limited by low manu-
facturing reproducibility during scale-up and a scarcity of preclinical models that recapitulate TAM diversity for rational
multi-drug ratio optimization. Future development should integrate ECM-normalizing modules to improve intratumoral
perfusion and employ single-cell spatial profiling to guide the design of TAM subset-discriminating delivery, and
programmable sequential release systems that align with the dynamic evolution of TAM phenotypes are also essential.

Magnetothermal Therapy (MHT)

As a noninvasive physical modality, MHT reprograms TAMs through its unique capacity for spatially targeted thermal
intervention, thereby altering the immunosuppressive tumor microenvironment. M-PUNC:s relieve the ITM by repolariz-
ing TAMs into the M1 phenotype via the UIONP moiety, promoting tumor immunotherapy in patients with breast cancer
and melanoma.'®® ZCMF@PEG-AF (ZCMF-AF) reprograms M2 to M1 TAMs via the IKKp/IkBo/NF-kB pathway and
subsequently induces lung cancer cell damage.'”" FVIO reprograms M2 to M1 TAMs by interfering with the SIRPa
pathway, promoting tumor immunotherapy in HCC.'"> Among these varied approaches, the IKKp/IkBa/NF-kB pathway
represents one of the mechanisms through which TAM reprogramming is facilitated.

Compared with conventional drug delivery systems, MHT offers several advantages, including noninvasiveness, deep
tissue penetration, remote controllability, and the avoidance of drug related toxicity. However, mechanistic investigations
are still fragmented, and key issues such as thermal dosage, targeting precision, and the impact on the extracellular matrix
remain poorly understood. The future potential is substantial, If combined with smart thermosensitive materials or
immune agonists, MHT is expected to become a novel physical immunotherapy approach for modulating TAMs.

Photothermal Therapy

Inorganic Carriers

The photothermal-therapeutic hybrid NDS effectively reprograms TAMs through spatially and temporally controlled,
unique photothermal effects. DLC-HA reprograms M2 to M1 TAMs via the ROS and cGAS-STING pathways,
enhancing the efficacy of breast cancer immunotherapy.'® SnSe@ABS NS, a metal nanosheet, reprograms M2 to M1
TAMs via sustained lactate consumption and elevated intracellular oxidation levels in TAMs by SnSe NSs-mediated
catalysis to amply ATIR in breast cancer.'™ Fe-PHCN@DOX reprograms M2 macrophages to the M1 TAM phenotype
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by efficiently catalyzing H,O, to produce O, and relieve tumor hypoxia, promoting tumor immunotherapy in colon
cancer.'” Some new NDSs, such as DLC-HA could exploit spatiotemporally controlled photothermal effects to
simultaneously provoke endoplasmic reticulum stress and mitochondrial dysfunction, synergistically reprogramming
the intratumoral immune landscape. The dual organelle-targeting approach risks collateral damage to peritumoral healthy
cells that also internalize silica-based carriers, potentially causing unintended metabolic disruption. Future engineering
efforts could harness its intrinsic photothermal property to generate in situ tumor lysates as personalized antigen
reservoirs for neoantigen-based vaccination strategies.

Organic Carriers

Lipo Zol/IR NPs reprogram M2 to M1 TAMs via the immunoregulatory activity of Zol, leading to tumor death and mild
immune activation in patients with breast cancer.'’® AeroNP-CDNs, combined with phototherapy, reprogram M2 T cells
to M1 TAMs by activating IFN gene stimulators in macrophages, mitigating the immunosuppressive TME of NSCLC'?’
M@SINPs transform M2 cells to the M1 TAM phenotype by generating intracellular ROS under laser irradiation, sig-
nificantly inhibiting tumor growth in colon cancer.'”® RPST@IMQ reprograms M2 to M1 TAMs by activating the TLR-7
pathway and enhancing phagocytosis, inflammation and antigen presentation in prostate cancer.'” PA1094T+ aCD47
polarizes TAMs to the M1 phenotype via CD47 inhibition, promoting macrophage-mediated phagocytosis of cancer cells
and activating the immune response against GBM and eventually preventing tumor recurrence in GBM.''® G5-PEG-LyP
-1-CuS-DMXAA NPs (GLCD NPs) repolarize M2-like macrophages to M1-like macrophages via DMXAA (a vascular
disrupting agent), reversing the immunosuppressive TME and inducing ATIR in breast cancer.''' ChiP-CeR polarizes
M2-type into M1-type TAMs via the TLR7/8 agonist imiquimod (R837), activating T-cell ATIR in combination with

immunogenic cell death (ICD) in breast cancer.''”

MCuLP nanosystems promote the repolarization of TAMs to anti-
tumor M1-type macrophages via LOX, exhausting the lactate in the TME (HIF-1a) and enhancing cancer photothermal
immunotherapy in patients with breast cancer.''? Ce6@PEIS-HA/Tf (CPHT) reprograms M2 to M1 TAMs to release
a large amount of H202 via the Fenton reaction and produces hydroxyl radicals, causing tumor death in breast cancer.''*
MCR reprograms M2 to M1 TAMs via the combined actions of ROS produced through photodynamic therapy (PDT) and
R848 (a TLR7/8 agonist), increasing the secretion of IL-6 and TNF-o and suppressing ATIR in colon cancer.''> M.
RGD@Cr-CTS-siYTHDF1 NPs reprogram M2 to M1 TAMs by depleting YTHDF1 and inhibiting STAT3 translation in
a m6A-dependent manner, shifting the STAT3-STAT1 equilibrium to increase STAT1 expression, suppressing IL-10
production, and increasing the expression of IL-12 and IFN-y, thereby remodeling TME and curbing HCC
development.''® AIPH@MS-CTPP reprograms M2 to M1 TAMs via the photothermal effect of melanin and thermo-
dynamic therapy of AIPH, enhancing systemic ATIR to combat breast cancer dissemination.''” DOX-PRO NPs and
IR808/R848-PRO NPs, which integrate PDT, hypoxia-activated chemotherapy and immunotherapy, reprogram M2 to M1
TAMs via a TLR7/8 agonist, R848, to regulate cytokine secretion (TNF-a, IFN-y, and IL-12p40 increase the decrease in
IL-10 levels) and subsequently facilitate tumor cell elimination in breast cancer.''® IMD@CD/Ada-GMNPs reprogram
M2 to Ml TAMs and TME through R837, leading to effective immunotherapy in breast cancer.'"’
R@L-MRS17 polarizes infiltrated macrophages into the M1 phenotype via the TLR7/8 agonist (R848), activating the
positive ATIR and suppressing primary tumor growth in distant and metastatic tumors in breast cancer.'*

Organic nanocarriers co-loaded with photosensitizers or photothermal agents and immunomodulators reprogram M2
macrophages to the M1 phenotype through light-triggered ROS or hyperthermia, which is reinforced by immunogenic
cell death. Clinical application is limited by loading leakage, poor laser penetration in deep tumors, and the neglect of the
phenotypic diversity of TAMs, which causes inconsistent polarization responses. Future designs should integrate ECM-
lytic modules into photo-responsive carriers to improve light distribution and nanoparticle access within the desmoplastic
stroma, and single-cell guided spatiotemporal light dosing that discriminates between tumor-promoting and homeostatic

macrophage subsets will further enable precise reprogramming.

Biological Carriers
DFMO + N-aP@ICG synergistic light therapy repolarizes TAMs by restraining the expression of aconitate decarboxylase
1 (ACOD1) and releasing aPD-L1, which binds to PD-L1 on TAMs, reversing immune suppression at the tumor site and
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inhibiting the proliferation of glioma.'?! ICG/CMSN@GSE repolarizes M2-like macrophages to the M1 phenotype by
entering the nucleus, mediated by a variety of membrane receptors, such as MyD88, TLR2/4, TNFR 1, IL-17R, CD40,
and RAGE, thereby increasing their transcription, upregulating the expression of upstream mediators (MyD88 and NF-
«B), and culminating the production of proinflammatory cytokines (TNF-a and IL-12), enhancing cancer immunotherapy
efficacy in breast cancer.'*> RB-OL@M reprograms M2 to M1 TAMs by activating TLR-7 in the NF-kB signaling
pathway, ultimately cooperating with phototherapy-driven ICD to increase therapeutic efficacy against breast cancer.'*
CW-camouflaged nanospores repolarize immunosuppressive TAMs via the activation of STING and can effectively
suppress the Rubicon—LAP—efferocytosis axis, thereby increasing the expression of IFN-B and the proliferation and
promotion of ATIR in melanoma and breast cancer.'**

The biocarriers described above, including microglial vesicles, ginseng exosomes, germs, and fungi, are loaded with
photosensitizers or photothermal agents in combination with drugs to reprogram TAMs with improved biocompatibility
and targeting capability. However, this approach still faces certain issues, such as biosafety concerns. In summary, in
combination with the photothermal effect, the aforementioned carriers achieved TAM reprogramming through various
mechanisms, including the induction of the (TLR2/4, TNFR 1, IL-17R, CD40, and RAGE)-MyD88-NF-«B, STING, and
TLR-7-NF-kB signaling pathways.

NDSs subsequently employ nanomotors or various cell membranes, including erythrocyte membranes, platelet
membranes, tumor cell membranes, and macrophage membranes, in combination with photothermal therapy to achieve
TAM reprogramming. HPA/AS/CQ@Man-EM reprograms M2 to M1 TAMs through p38 and NF-kB in response to
artemisinin derivatives, effectively suppressing tumor growth in colorectal cancer.'”® MOAP reprograms M2 to M1
TAMs via MnOx (a hydrogen peroxide nanozyme), alleviating hypoxia and suppressing postresection relapse and
dissemination in patients with breast cancer.'”° Au@Fe-PMs reprogram M2 to M1 TAMs via P38- and STATI-
mediated pathways, promoting ATIR mediated by NIR-II PTT in breast cancer.'”’” RNP@PNM-IR reprograms M2
macrophages into M1 macrophages via R848, thereby enhancing the phagocytic function of macrophages, which
effectively inhibits postsurgical tumor recurrence and metastasis in patients with breast cancer.'”® Rg3-Exos
/ATO@Ce6 reprograms M2 to M1 TAMs and the immunosuppressive TME via the immunomodulatory effects of
Rg3, promoting tumor immunotherapy in GBM.'?* SEx@Fc-NPs convert M2 macrophages via generation of ROS by the
type-I photosensitizer and blocking the immune checkpoint protein Siglec-10, further enhancing the ATIR of M1
macrophages in breast cancer.'*° CS-I/J@CM NPs repolarize M2 macrophages into the M1 phenotype by generating
high levels of ROS and oxygen through a Fenton-like reaction to relieve the suppression of the TME in GBM.'*!
P-I@M1E/AAL reprograms M2 to M1 TAMs by alleviating cancer hypoxia, releasing proinflammatory cytokines repro-
graming the TME, and augmenting PDT immunotherapy in TNBC."*> SPI@hEL-RS17 reduces TAM phenotypes, exert-
ing potent anti-tumor efficacy against both breast tumors and melanoma.'** IC@MSA JNM reprograms M2 to M1 TAMs
via ibrutinib (IBR), the secretion of proinflammatory cytokines, and the mobilization of T cells for tumor clearance,
collectively suppressing breast cancer progression.'** PA@ZIF-8/R848@M JNMs reprogram M2 to M1 TAMs via R848,
thereby converting the TME to activate ATIR and achieve immunotherapy in HCC."**> Sheng et al hybridized platelet
membranes and neutrophil membranes to obtain a new membrane system to better target and reprogram TAMs. Cell
membrane-camouflaged nanomotors combine prolonged circulation, homologous targeting, and autonomous motility to
reprogram TAMs via photothermal effects and the Siglec-1-BTK pathway. Their progress is limited by incomplete
in vivo degradation of motor components, potential thermal injury to peritumoral normal tissue, and the inability to
distinguish TAM subsets with opposing functions. Future strategies could harness the autonomous movement to generate
microfluidic perturbations that loosen the dense ECM and improve photosensitizer penetration into deep tumor regions,
while the development of motor materials undergoing disassembly triggered by endogenous enzymes or low pH would
facilitate gradual clearance of residual components and reduce long-term retention risk (Table 4).

Sonodynamic Therapy

The combination of sonodynamic therapy (SDT) with NDSs enables superior tissue penetration and precise spatiotemporal
control, thereby enhancing targeted reprogramming of TAMs. AIE/Biotin/Mannose-M, combined with SDT, reprograms M2
to M1 TAMs via low-dose SDT, generating ROS in macrophages and promoting ATIR in breast cancer.'** G5-CHC-R,
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Table 4 Photodynamic Therapy Nano-Immunotherapy Targeting TAM Reprogramming

Tumor Nano-Drug Delivery Mechanisms TAMs Tumor Refs.
System Regulation Progression
Breast cancer SiO2DLC-HA NA Reprogramming | Growth| [103]
Memory?
Breast cancer SnSe@ABS NSs NA Reprogramming | Growth| [104]
Colon cancer Fe-PHCN@DOX NA Reprogramming | Growth| [105]
Breast cancer Lipo Zol/IR NPs NA Reprogramming | Growth] [106]
Locally advanced ann- AeroNP-CDN NA Reprogramming | Growth| [107]
small cell lung cancer
Colon cancer M@SINPs NA Reprogramming | Growth] [108]
Prostate cancer RPST@IMQ NA Reprogramming | Growth] [109]
Glioblastoma Peptide-PLGA@A1094/TMZ | NA Reprogramming | Growth| [110]
(PA1094T) Memory?
Breast cancer G5-PEG-LyP-1-CuS-DMXAA | NA Reprogramming | Growth] [ren
NPs (GLCD NPs)
Breast cancer ChiP-CeR NA Reprogramming | Growth] [112]
Breast cancer mCulP NA Reprogramming | Growth] [113]
Breast cancer CPHT NA Reprogramming | Growth| [114]
Colon cancer MCR NA Reprogramming | Growth] [115]
IL-6] TNF-at
Hepatocellular carcinoma | M.RGD@Cr-CTS-siYTHDFI | NA Reprogramming | Growth| [116]
NPs
Breast cancer AIPH@MS-CTPP NA Reprogramming | Growth| [117]
Breast cancer DOX-PRO NPs and IR808/ NA Reprogramming | Growth| [118]
R848-PRO NPs
Breast cancer IMD@CD/Ada-GMNPs NA Reprogramming | Growth| [19]
Breast cancer R@L-MRSI17 NA Reprogramming | Growth| [120]
Regulating Metastasis |
CDA47/SIRPa.
Glioma DFMO + N-aP@ICG NA Reprogramming | Growth| [121]
Breast cancer ICG/CMSN@GsE (TLR2/4, TNFR 1, IL-17R, CD40, Reprogramming | Growth| [122]
RAGE)-MyD88-NF-xB TNF-at, IL-121
Breast cancer RB-OL@M TLR-7-NF-xB Reprogramming | Growth] [123]
Melanoma and breast PC-CW STING Reprogramming | Growth| [124]
cancer
Colorectal cancer HPA/AS/CQ@Man-EM NA Reprogramming | Growth] [125]
Breast cancer MOAP NA Reprogramming | Growth] [126]
Metastasis |
Memory?
Breast cancer Au@Fe-PM NA Reprogramming | Growth] [127]
Breast cancer RNP@PNM-IR NA Reprogramming | Growth| [128]
Metastasis |
Memory?
Glioblastoma Rg3-Exo/ ATO@Ceb NA Reprogramming | Growth| [129]
Breast cancer SEx@Fc-NPs NA Reprogramming | Growth| [130]
Glioblastoma CS-1/J@CM NPs NA Reprogramming | Growth| [131]
Triple-negative breast P-l@MIE/AAL NA Reprogramming | Growth| [132]
cancer
Breast tumor and SPI@hEL-RSI7 NA Reprogramming | Growth| [133]
melanoma
Breast cancer IC@MSA JNM Siglec-1-BTK Reprogramming | Growth| [134]
Hepatocellular carcinoma | Pd@ZIF-8/R848@M JNMs NA Reprogramming | Growth] [135]

Notes: “1” indicates an enhancing or promoting effect, while “|” indicates an inhibiting or interfering effect.
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combined with SDT, repolarizes TAMs and downregulates MDSCs via R848 (a potent TLR7/8 agonist), ultimately promoting
local and systemic cytotoxic T-cell function in pancreatic cancer.'*’ ICG@C3F8-R848 NBs, combined with SDT, reprogram
M2 to M1 TAMs via R848 (a TLR agonist), enhancing ATIR activity in HCC."*®* GNP@EXO-AP, combined with SDT,
reprograms TAMs in the ultrasound environment to an anti-tumor phenotype via US-induced TAM reprogramming, exhibiting
a tumor growth inhibition effect on oral squamous cell carcinoma.'** PATCM, combined with SDT, reprograms M2 to M1
TAMs via TMP195-induced immune responses in TNBC.'* Gal/Ce6@NCG reprograms M2 to M1 TAMs by blocking
phosphorylation, activating immunosuppressive Smad2/3 signaling, curbing MDSC differentiation, and promoting tumor
immunotherapy in colorectal cancer and liver metastasis.'*' Interestingly, Peng et al used dual-targeting aggregation-induced
emission polymer micelles to simultaneously target cancer cells and TAMs; Chen et al used nanobubbles to reprogram TAMs;
and Tang et al used macrophage exosomes as carriers. Gong et al fabricated a hybrid membrane consisting of a cancer cell
membrane and a macrophage membrane to form a nanocarrier system.

Sonodynamic therapy achieves considerably deeper tissue penetration than photodynamic therapy, reaching several
centimeters, without ionizing radiation, and enables noninvasive treatment of deep-seated or large-volume tumors.
However, the tumor-targeting efficiency of sonosensitizers remains limited, and the long-term safety and in vivo
metabolic behavior of sonosensitizers are not yet well understood. The future potential is substantial, the development
of smart responsive sonosensitizers combined with spatially precise regulation could establish SDT as a novel physical
immunotherapy for modulating TAMs in deep tumors.

Others

Galactan-enriched nanocomposites (Gal-NCs) reprogram M2 to M1 TAM phenotypes by enabling selective and multivalent
pattern recognition (TLR4) on macrophage surfaces by activating NF-«B, inhibiting tumor growth, increasing the intratumoral
population of cytotoxic T cells, and promoting tumor immunotherapy in colon adenocarcinoma.'** N-M2T-gp100 HBc NVs
reprogram M2 cells to M1 TAMs, promoting the activation of Th and CD8+ T cells and reshaping the TME, thus curtailing the
growth of both local and distant tumors and triggering long-lasting immune memory protection in melanoma.'*
TDN@siCSF-1R, a DNA tetrahedron inspired by ancient mortise and tenon architectural principles, reprograms M2 to M1
TAM s via sustained inhibition of the CSF-IR signaling axis, promoting ATIR in breast cancer.'** FA-D27-tEV-miR-138,
which simultaneously targets tumor cells and TAMs, reprograms M2 to M1 TAMs, promoting ATIR in GBM.'** IFN-y in the
BBV reprograms M2 macrophages to M1 macrophages via NF-«B and JAK-STAT signaling, releasing the nitric elements IL-
12 and iNOS and promoting ATIR in colon cancer, breast cancer, and HPV.'*® FIhnDC VNP reprograms M2 to M1 TAMs
via the Arts—Heme complex, enabling sustained ROS generation, eliciting mitochondrial stress, and consequently NLRP3
activation, leading to inflammatory immune cell homing and reprogramming of the TME in patients with breast cancer and
melanoma.'*” CPMV-CD206s+CPMV-CD206 converts M2 macrophages to M1 macrophages via CPMYV, a triple TLR
agonist (TLRs 2, 4, and 7), inducing ATIR in melanoma.'*® Exosomes derived from MI-type macrophages (M1-Exos)
reprogram M2 to M1 TAMs via the RNA contained within them, including miR-27a, miR-125b, miR-155, and miR-199a,
which exerts significant anti-tumor effects in breast cancer.'*’

These specifically designed NDSs primarily achieve precise regulation of TAM-mediated phenotype reprogramming
by activating ROS-NLRP3 inflammatory bodies, modulating NF-kB signal transduction, and interfering with key
molecular mechanisms such as the JAK-STAT pathway. The system developed by Wang et al is based on virus-like
particles and the hepatitis B antigen, whereas Zhang et al were inspired by ancient mortise and tenon technology to
develop DNA tetrahedra without encapsulation. In addition, Kim et al used a macrophage vesicle in situ to reprogram
TAMs, and Xu et al developed nanoparticles that induced local tumor hemorrhage due to A, leading to TAM
reprogramming of artesunate and heme to form a complex. Cumulatively, these pioneering studies provide valuable
insights and a forward-looking roadmap for the future development of targeted TAM interventions (Table 5).

In summary, reprogramming strategies utilize nanocarriers to deliver therapeutic agents that convert M2 type TAMs
into the M1 phenotype, serving as a core cornerstone approach for reversing immunosuppression. The advantage lies in
fundamentally restoring the anti-tumor function of TAMs and potentially inducing long term immunological memory.
However, current challenges include suboptimal therapeutic efficacy due to TAM heterogeneity, as well as issues related
to the stability of the delivery system and its ability to penetrate the ECM.
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Table 5 Other Nano-Immunotherapy Targeting TAM Reprogramming

Tumor Nano-Drug Mechanisms TAMs Tumor Refs.
Delivery System Regulation Progression

Colon adenocarcinoma Gal-NC NA Reprogramming | Growth| [142]

Melanoma N-M2T-gp100 HBc NA Reprogramming | Growth| Metastasis| | [143]
NVs Memory?

Breast cancer TDN@siCSF-1R NA Reprogramming | Growth| Metastasis| | [144]

Glioblastoma FA-D27-tEV-miR-138 | NA Reprogramming | Growth| [145]

Colon cancer, breast cancer and IFN-y BBV NF-kB and JAK-STAT Reprogramming | Growth| [146]

human papillomavirus signaling pathways,

Breast cancer and melanoma FIhDC VNP ROS-NLRP3 Reprogramming | Growth| [147]

Melanoma CMPV-CD206 NA Reprogramming | Growth| [148]
+CMPV-CD206s

Breast cancer MI-Exo NA Reprogramming | Growth| [149]

Notes: “1” indicates an enhancing or promoting effect, while “|” indicates an inhibiting or interfering effect.

Influencing TAM Polarization
Promoting M| and Inhibiting M2 TAMs

NDSs can mediate a dual regulatory effect by potentiating the pro-inflammatory activity of M1 macrophages while
concurrently suppressing M2 macrophage function. ZNPs/I[@CML reduces M2 TAMs and promotes M1 TAMs
by restraining the 3-kinase (PI3K) pathway and subsequently enhancing the immune response in prostate cancer.'>”
FucSSeDHA (FSSeD)-CFZs reduce M2 TAMs and promote M1 TAMs polarization by downregulating HIF-1a expres-
sion and subsequently increasing the mature tumor antigen presentation of DCs to enhance immunogenic cell death-
induced immunoreaction, preventing metastasis formation in a comprehensive manner in breast cancer r.'>'
ACEA@CL(XGMA)-Fe(IlI) MSs, in combination with photodynamic therapy, increase the number of M1-like TAMs
and suppress M2 macrophage expression via activation of ACEA and MSs, leading to remodeling of the TME and
suppression of metastatic dissemination in colon cancer.'>* R-CM@MSN@BC, with both photodynamic and glutamine-
metabolic therapies, and synergistic light therapy reduce the number of immunosuppressive macrophages, particularly
M2 and CX3CR1 macrophages, and promote M1 macrophage infiltration via inhibition of glutamine metabolism (the
GLS! inhibitor BPTES), reversing the immunosuppressive cholangiocarcinoma (CCA) TME.'> Interestingly, Deng et al
and Zheng et al developed nanocarrier systems integrated with phototherapy, and the system engineered by Zheng et al
incorporated glutamine metabolism and demonstrated efficacy in inhibiting immunosuppressive CX3CR1-expressing
macrophages However, current studies have largely focused on the glutamine metabolic pathway, while systematic
investigations into other key metabolic routes, such as glucose metabolism and amino acid processing, are lacking.
Future potential lies in expanding combined interventions that target multiple metabolic pathways, including glycolysis

and fatty acid oxidation, thereby constructing a more precise platform for metabolic immunotherapy of TAMs.

Inhibiting M2 TAMs

At present, we mainly inhibit M2 subtype TAMs through SOCS3-STAT6-PPAR-y signaling to reverse immunosuppres-
sion. Man@pSiNP-erastin inhibits M2-type polarization and cause macrophage phenotypic shifting via SOCS3-STAT6-
PPAR-y signaling, increase the expression of PD-L1 in TAMs, and increases the efficacy of anti-PD-L1 therapy against
HCC."”* PCL/PTX@DSPE/ET can modulate fatty acid metabolism, blocking M2-like macrophage polarization in the
TME, and alleviating immune suppression via etomoxir, blocking the generation of IL-4-mediated M2 TAMs by
disrupting intracellular CoA homeostasis, promoting tumor immunotherapy, and suppressing lymphatic metastasis
in breast cancer.'> Compared with strategies that both inhibit M2 and promote M1, the advantage of this approach
lies in its well-defined mechanism and focused targets. However, this strategy has notable limitations, simply inhibiting
M2 macrophages without promoting M1 macrophages may not be sufficient to fully activate anti-tumor immunity.

Moreover, long-term inhibition of M2 may interfere with normal tissue repair functions.
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Promoting M| TAMs

Inorganic Carriers

Currently, iron and its derivatives, such as magnetite and magnetically loaded carbon nanoparticles, are primarily used to
deliver drugs that promote ml-type macrophage activation. FH-MPLA activates macrophages in an antitumorigenic
phenotype at clinically relevant concentrations via monophosphoryl lipid A (MPLA) against TLR4, promoting ATIR in
breast cancer.'>® Magnetic Sia-IMNP'® triggers the polarization of TAMs to the M1 phenotype via cytokine secretion and
ROS generation elicited by its silica—iron matrix, thus promoting ATIR of TAMs in breast cancer.'>” CM NPs, which
enable photoacoustic (PA)/magnetic resonance (MR) dual-mode imaging, polarize macrophages toward the M1 pheno-
type prompted by the tetrapeptide tuftsin, eliciting anti-tumor cytokine secretion (eg, TNF-a)) and potent anti-Rb immune
effects.'*® Notably, Zou et al combined photoinduced magnetoresistance imaging and successfully observed and inhibited
tumor growth However, nanocarrier systems that use other inorganic materials, such as copper and silicon, as carriers to
promote M1 TAMs are lacking. FH-MPLA delivers a translatable TLR4 agonist at clinically feasible doses, effectively
polarizing suppressive macrophages toward a tumoricidal state and sensitizing melanoma to monoclonal antibody
immunotherapy. Its therapeutic impact as a standalone treatment remains modest, with pronounced tumor regression
occurring only when combined with checkpoint blockade, revealing a dependence on complementary immune interven-
tions. Engineering the platform to achieve active tumor targeting and to co-incorporate neoepitopes could convert it into
a personalized in situ vaccine capable of eliciting broad-spectrum antitumor immunity.

Organic Carriers

A range of organic carriers, including lipids, nucleotides, carbohydrates, and other biomolecules, can effectively
encapsulate and deliver drugs to the M1 phenotype. Bosutinib-HDL increases the population of pro-inflammatory
TAMs via a combination of bosutinib-HDL NPs and radiation-promoted tumor immunotherapy in the ATCC."*” GM
NPs promote M1 macrophage polarization, thus yielding a synergistic therapeutic response against both primary tumors
and metastatic lesions in breast cancer.'®® A UIRN molecular targeting drug, a regorafenib-encapsulating nanoparticle
constructed with an amphiphilic inulin-ursodeoxycholic acid conjugate, induces the polarization of M1-type TAMs
via gut microbiota modulation and the function of regorafenib (REG), a multi-kinase inhibitor, to conquer immunosup-
pression and enhance ATIR in colorectal cancer (CRC).'®' The delivery of LCL-161, R84 and ruxolitinib by carbohy-
drate nanoparticles (CANDI) induces a distinctive M1-like TAM phenotype with high IL-12 production through the
activation of the TLR7/8 signaling pathway and inhibition of the JAK/STAT and NF-kB pathways, after which IL-12
mediates an effective anti-tumor T-cell response, promoting melanoma and colon cancer cell death.'®* It is worth noting
that Fredrich et al identified a novel TAM subset that exhibits a unique transcriptional profile distinct from that of
conventional M1/M2 polarization states and is characterized by exceptionally high IL-12 production The primary
advantage of organic carriers lies in their excellent modifiability and relative stability. Despite the inherent advantages
of proteins as drug carriers, their systematic development and application as core components in nanocarrier systems
remain underexplored.

Carbon Dots

RCD@DOX/BA-O induces the polarization of TAMs to M1 macrophages, further enhancing ATIR in liver and breast
cancer.'®® This NDS orchestrates a hierarchical delivery cascade of chemotherapeutic and immune-adjuvant payloads,
converting tumor-supportive macrophages into antitumor effectors and achieving amplified immune-mediated tumor
elimination in liver and breast cancers. The long-term biosafety and metabolic clearance pathways of the carbon-based
carrier remain poorly characterized, raising concerns about chronic tissue accumulation. Its theranostic architecture holds
clear promise for integrating real-time imaging modules to monitor macrophage repolarization kinetics and adapt dosing
schedules for patient-specific immunochemotherapy.

Biological Carriers
Telratolimod@adipocytes promote the polarization of tumor-suppressive M1-phenotype TAMs via TLR7/8 stimulation
of type-1 IFN-mediated immune responses, thereby suppressing tumor growth in patients with melanoma.'®* This living
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adipocyte carrier system leverages innate macrophage-recruiting capacity to drive sustained proinflammatory reprogram-
ming via TLR7/8-mediated type I interferon signaling, generating potent antitumor immunity against melanoma. The
requirement for autologous adipocyte isolation introduces substantial donor-dependent variability and a complex man-
ufacturing workflow that complicates standardization and scale-up. Engineering these cellular vehicles to co-deliver
complementary stimulatory signals could yield a modular personalized immunotherapy platform effective across a wider
range of solid tumors.

Photothermal Therapy (PTT)

When combined with photothermal therapy (PTT), NDSs can more effectively promote M1 polarization of TAMs by
inducing localized ATIR, thereby reshaping the immunosuppressive TME. M@P@HA polarizes TAMs into anti-tumor
MIl-type macrophages by activating cGAS STING signaling to further activate innate immunity in breast cancer.'®
DPTT-Mn Lipo NPs promoted M1 polarization of TAMs via PTT-mediated ICD and transactivation of the cGAS-STING
pathway, leading to efficient tumor suppression, induction of tumor clearance, and establishment of durable immunolo-
gical memory in breast cancer.'®® MImDDTF reprograms M2 to M1 TAMs, subsequently stimulating ICD and
enhancing immunotherapy in bone tumors.'®” Among these varied approaches, the ¢cGAS-STING signaling pathway
represents one of the mechanisms through which the M1 TAM phenotype is facilitated. Interestingly, the drug delivery
system developed by Wang et al uses M1 macrophage membrane camouflage to improve targeting and treatment. This
synergistic strategy provides a remotely and precisely triggered photothermal effect that overcomes resistance to
conventional immunotherapy by coupling physical hyperthermia with innate immune activation. Insufficient light
penetration depth, however, restricts its efficacy against deep-seated tumors. Future advances in more sensitive photo-
thermal materials and integrated ECM penetration strategies could enable precise and controllable synergistic photo-
thermal immune therapy for deep tumors.

Engineered Macrophages

Engineered macrophages can rapidly and precisely target TAMs by exploiting their native chemotactic pathways and
surface-displayed targeting ligands. MINS@M ® (MNC-ICG-NIG@SiO2 with MINS-loaded macrophages) promotes
MI polarization of macrophages via the release of Fe2" and CpG caused by self-pyroptosis of engineered macrophages,
resulting in the release of anti-tumor cytokines (IL-2, IL-6, and IFN-y), enhancing its efficacy against bladder cancer.'®
FUSION (ZGSO@MSN@R848 encapsulated by dipalmitoylphosphatidylcholine [DPPC]) achieves closed-loop macro-
phage engineering via a TLR7/8 agonist (R848), promoting ATIR in breast cancer.'® Interestingly, the NDS studied by
Xu et al focused on the ultrasound response and combined on-demand activation with feedback to form a closed loop.
Engineered macrophages exploit innate tumor-homing chemotactic pathways to achieve precise delivery of immunos-
timulatory payloads, with controlled self-pyroptosis enabling on-demand release of metal ions and nucleic acid adjuvants
that reshape the intratumoral cytokine milieu against bladder cancer. Premature or asynchronous pyroptotic death during
circulation risks off-target payload release and systemic inflammatory complications before these cellular carriers reach
the tumor bed. Incorporating external trigger-responsive genetic circuits into these living delivery platforms could enable
spatiotemporally tunable pyroptosis, substantially elevating their safety margin and therapeutic precision across multiple
cancer types.

Special Phenotypes
CANDI400 polarizes TAMs toward CXCL9 (an anti-tumor phenotype) via RBN2397-tank binding kinase 1-IRF3,
STING-I IFN, and TLR7/8-NFkB, promoting ATIR in colon cancer'’® (Table 6). The novel TAMs identified in his
study provide a new target for TAM-targeted nano immunotherapy and offer researchers a fresh perspective. In the
future, overcoming immunosuppressive resistance in solid tumors and advancing personalized precision immunotherapy
may become important breakthroughs.

Polarization modulation strategies intervene in microenvironmental signals to guide TAM differentiation toward the
M1 phenotype, thereby preventing M2 polarization at the source. These strategies are suitable for early-stage tumors or
postoperative adjuvant therapy and can synergize with immune checkpoint blockade. Compared with reprogramming
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Table 6 Nano-Immunotherapy of Promoting M1 and Inhibiting M2 TAMs

Tumor Nano-Drug Delivery System | Mechanisms TAMs Regulation Tumor Refs.
Progression
Prostate cancer ZNPs/I@CML NA Promote M| polarization and inhibit M2 Immune responset | [150]
polarization
Breast cancer FucSSeDHA (FSSeD)-CFZs NA Promote MI polarization and inhibit M2 Metastasis| [151]
polarization
Colon cancer ACEA@CL(XGMA)-Fe(lll) MSs NA Promote MI polarization and inhibit M2 Invasion| [152]
polarization
Cholangiocarcinoma R-CM@MSN@BC NA Promote MI polarization and inhibit M2 Growth| [153]
polarization
Hepatocellular carcinoma Man@pSiNPs-erastin SOCS3-STAT6-PPAR-gamma signaling | Inhibit M2 polarization Growth| [154]
Metastasis |
Breast cancer PCL/PTX@DSPE/ET NA Inhibit M2 polarization Growth| [155]
Metastasis |
Breast cancer FH-MPLA NA Promote MI polarization Immune responsef | [156]
Breast cancer Sia-IMNPFe, NA Promote MI polarization Growth| [157]
Retinoblastoma CMT NPs NA Promote MI polarization TNF-a1 Growth| [158]
Head and neck squamous cell carcinoma | Bosutinib-HDL NA Promote MI polarization Growth| [159]
Breast cancer GM NP(MTX@GN) NA Promote MI polarization Growth| [160]
Metastasis |
Colorectal cancer UIRN(REG@UDIN) NA Promote M| polarization Growth| [161]
Melanoma and colon cancer LCL-161/R848/ TLR7/8-TAK1-p38-NF-xB Promote MI polarization IL-121 Growth| [162]
ruxolitinib@CANDI NF-«xB-CD40-c|AP/TRAF-NIK-Nc-
NF-«xB
IL-10-JAK I/Tyk2-STAT3
Liver and breast cancer RCD@DOX/BA-O NA Promote M| polarization Growth| [163]
Melanoma telratolimod@adipocytes NA Promote MI polarization Growth| [164]
Breast cancer M@P@HA cGAS-STING Promote M| polarization Growth| [165]
Breast cancer DPTT-Mn Lipo NP cGAS-STING Promote MI polarization Growth| [166]
Memory?
Bone tumor MImDDTF NA Promote MI polarization Growth| [167]
Bladder cancer MINS@M @ NA Promote MI polarization Growth| [168]
Breast cancer ZGSO@MSN@R848@DPPC NA Promote M| polarization Growth| [169]
Colon cancer RBN2397/MSA-2/ NA Promote MI polarization Growth| [170]
R848@CANDI

Notes: “1” indicates an enhancing or promoting effect, while “|” indicates an inhibiting or interfering effect.
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approaches, polarization modulation has a slower onset of action but fewer side effects and requires sustained release to
maintain the direction of polarization. In addition, the ability to penetrate the ECM remains a challenge.

Regulating TAM-Secreted Mediators

Inorganic Carriers

By acting through macrophages, SPION-CCPMs elicit the production of RNS and cytokines (eg, IL-1p and TNFa),
which initiate a multifaceted mechanism against lung cancer cells, leading to functional impairment and cell death, which
is suppressed by the inhibitors QVD and 3MA.'”! MTCZC+cGAMP-CPS@Gel activates the STING pathway (STING-
TBK1-IRF3) and promotes the release of proinflammatory cytokines (IFN-I), triggering an IFN-I-driven inflammatory
program that reverses the TME and enhances ATIR in TNBC.'”? The advantage of this strategy lies in directly harnessing
the natural secretory function of TAMs, thereby avoiding the complexity of drug loading, while inorganic carriers can
integrate imaging or magnetothermal functions. However, the risk of excessive cytokine activation and the long-term
toxicity of inorganic materials remain challenges. Future potential lies in designing tumor microenvironment-responsive
inorganic carriers that enable spatiotemporally controlled release of cytokines, thereby converting secretory modulation
into a precise local immune activation strategy.

Organic Carriers

Organic carriers are readily internalized by TAMs through membrane fusion or receptor-mediated endocytosis, thereby
enabling targeted regulation of cytokine secretion profiles. LPS-PEC (DOX@LPS-PEC:Sirtinol 1:5 w/w) decreases
TAM-secreted IL6 levels by targeting the TLR4/SIRT2 axis and suppressing the metastatic capability of TNBC.'”?
ZnCDA increases systemic levels of IFN-B, TNF-o, IFN-y, IL-6 and CCL-2 through STING activation through the
phosphorylation of IRF3, potentiating the efficacy of radiotherapy and immune checkpoint blockade in immunosuppres-
sive pancreatic cancer and glioma.'”* IL-13-LCL-SIM targets the proangiogenic functions of TAMs via IL-13, suppres-
sing key mediators (VEGF, leptin, FasL) and increasing the susceptibility of the melanoma TME to PEG-EV-DOX,
ultimately triggering Bax-dependent apoptosis and oxidative stress in a potent anti-tumor response.'’> M*PDCs (CPT
+R848) reprogram GAMs from M2 to M1 via R848, increasing the secretion of proinflammatory cytokines (IP-10, IL-12
and IL-6), amplifying ATIR and restoring chemosensitivity, and yielding superior anti-GBM outcomes.®” SPADS, which
combines a-tocopherol (Tpl) and toyocamycin (Tcc), results in the distinct cytokine profiles of TAMs (increases in TNF-
a, IL-12, and Argl levels and decreases in TGF-f levels) via coinhibition of ER activity and oxidative stress (STAT1/
STAT3), potentiating their phagocytic function and tumoricidal activity, which collectively curb breast oncogenesis.”®
GPCuD NPs (Cu+DOX) increase the secretion of IL-6 and TNF-a by macrophages, promoting ATIR in breast cancer.”®
CaNP@cAD-PEG composed of cAD loaded on CaNP enveloped with DSPE-PEG2000 promoted IL-1f and IFN-y
secretion through the simultaneous activation of multiple inflammation-related signaling pathways (MAPK signaling
pathway and NF-kB signaling pathway), as well as the NLRP3 inflammasome pathway, in melanoma and rectal cancer.®’
M.RGD@Cr-CTS-siYTHDF1 NPs suppressed immunosuppressive IL-10 production, increased the expression of immu-
nostimulatory factors (IL-12 and IFN-y), improved the TME and inhibited tumor progression in patients with HCC.''®
MGS5-S-IMDQ converts M2 TAMs into M1 TAM phonotypes via a potent agonist of TLR7/8, imidazoquinoline (IMDQ),
subsequently increasing their phagocytic activity toward tumor cells, enhancing their cytotoxic effects, improving tumor
antigen cross-presentation ability and inducing macrophages to secrete TNF-o, IL-12p70 and IL-6 to combat GBM.>
Interestingly, by employing an innovative “double-punch” approach, Mahmoud et al designed a combinatorial nanofor-
mulation that concurrently targeted both TAMs and tumor cells, effectively overcoming compensatory resistance
mechanisms while achieving comprehensive tumor suppression through coordinated immune activation and direct
cytotoxicity. However, nanocarrier drug delivery systems with other organic substances, such as sugars or other natural
substances, are still lacking.

Biological Carriers
Biological carriers, such as enzymes, cancer cell membranes, macrophages, exosomes, and bacteria, can deliver drugs
that precisely target TAMs owing to their biocompatibility and subsequently regulate TAM secretion. Abs-CpG polarizes
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M1-type macrophages and, via CpG (TLR9 agonist), produces a large amount of TNF-a, which then activates cell
division control protein 42 (Cdc42), enhancing the phagocytosis of adjacent macrophages and promoting tumor
immunotherapy in breast cancer.”> CpG-EXO/TGM induce TAMs, releasing anti-tumor cytokines (TNF-o, IL-6, and
IL-12) in the process, thereby promoting ATIR in GBM.® CW-camouflaged nanospores increase the expression of IFN-
B, promoting ATIR in melanoma and breast cancer.'** PR-M can regulate the secretion of cytokines (IL-12, IFN-y, TNF-
o and IL-10), increasing ATIR levels in colorectal carcinoma.®® Mam@NPs could increase CCL3 secretion through the
combination of IM and aCD47, which further secreted inflammatory and anti-tumor cytokines, promoting ATIR
in gliomas.** MINS@M ® (MNC-ICG-NIG@SiO2 with MINS-loaded macrophages) promoted the release of anti-
tumor cytokines, including IL-2, IL-6 and IFN-y, enhancing its efficacy against bladder cancer.'®® Some researchers use
cancer cells as carriers, and some use fungi, which can better target and phagocytose TAMs. Interestingly, Zhang et al,
Guo et al, and Long Zhang used engineered macrophages to regulate mediators of TAM secretion

Compared with organic or inorganic carriers, biological carriers can mimic natural intercellular communication,
evade immune clearance, and actively bind to tumor sites However, this strategy still faces several challenges, including
complex preparation processes, off-target binding, and potential tumorigenic risks In the future, combining gene editing
technologies to modify these carriers, for example, by knocking out genes associated with immune rejection, could
transform secretion modulation into a precise and safe local immunotherapy strategy.

Others
Some carriers that combine magnetic thermal therapy, deliver multiple drugs, or use a motor that can regulate TAM
secretion in a unique way. M-PUNCs promote intratumoral IFN-f secretion by activating STING signaling in M1 TAMs
and then recruiting tumor-infiltrating CD8a/CD103 DCs to prime CTLs, promoting tumor immunotherapy in breast
cancer and melanoma.'® IC@MSA JNM facilitates the reprogramming of M2 to M1 macrophages via ibrutinib (IBR),
the production of pro-inflammatory cytokines and the recruitment of more T cells to kill tumor cells, ultimately inhibiting
breast cancer growth.'** LPZ/DOX@M/R837@MPs could regulate cytokine secretion (increase in IL-12 and decrease in
IL-10 levels) and promote tumor immunotherapy in breast cancer, melanoma, and colon tumors.”®

Strategies that modulate TAM-secreted mediators employ nanocarriers to deliver agents such as antibodies, antisense
oligonucleotides, or small molecules, thereby influencing cytokine release from TAMs. Their importance lies in the
relatively well-defined targets and the potential for synergy with anti-PD-1 therapy. Compared with comprehensive
reprogramming, modulating secreted mediators is more precise and results in lower systemic toxicity. However, the
complex cytokine network means that blocking a single mediator may easily induce compensatory upregulation,
necessitating multi-target co-delivery systems.

Inducing TAM Exhaustion

Inorganic Carriers

SIRNAQRGOpoy, combined with phototherapy, causes M2 TAM obliteration via site-specific shuttling of M2 TAMs via
SR-BI receptor recognition and apolipoprotein A-I crown binding with overexpressed scavenger receptors, blocking the
TGF-B-Snail pathway and reversing the expression of EMT-related proteins to rebuild the anti-metastatic niche in breast
cancer.'’® Man@pSiNPs-erastin causes the activation of intracellular ferroptosis via GPX4/RRM2 signaling regula-
tion, promoting ATIR in liver, lung, colon, and breast cancers.'>* Although metal-based carriers exhibit considerable
potential in biomedical applications, the current research landscape remains limited. The long-term in vivo accumulation
toxicity of metal-based materials remains unclear, and their biodegradability is poor. Future potential lies in developing
biodegradable metal organic frameworks or hybrid materials combined with tumor microenvironment responsive release,

thereby achieving a precise and safe strategy for TAM depletion.

Organic Carriers

A CSP-cationic folate nanoconjugate delivery system (glucose-based carbon nanospheres) targets and depletes SR-
expressing TAMs via the cationic lipid-conjugated neuropsychotic drug haloperidol (H8), promoting ATIR in gliomas
and GBM."”” PTX-SAL depletes TAMs via endocytosis mediated by SA receptors such as Siglec-1, promoting ATIR
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in sarcoma.'”® SA-CH modified liposomal ANB (ANB-SL) targets and eradicates TAMs via Siglec-1, effectively
terminating TAM-driven angiogenesis and tumor progression to promote vascular normalization, activate ATIR, and
reverse the immunosuppressive TME in sarcoma.'”” CML, a click chemistry-based liposome nanoplatform, causes M2
macrophage exhaustion via clodronate-mediated apoptosis, promoting ATIR in breast cancer.'®® M-H@lip-ZA, in com-
bination with SDT, depletes M2 TAMs via a combination of HMME-mediated SDT and ZA, thereby restraining tumor
growth, inducing vascular normalization to improve perfusion, and alleviating hypoxia to enhance ATIR in breast
cancer.'®! Man-LP@ZOL/DOX depletes M2 TAMs via ZOL-promoting tumor immunotherapy in TNBC.'®? THP-PSA
NPs effectively eliminate TAMs via a scavenger receptor-A (SR-A) mediated endocytosis pathway, and lipid-raft
/caveolae and clathrin-mediated endocytosis pathways, promoting tumor immunotherapy in breast cancer.'®® A-PER-
p(TMZ)29/CLo causes TAM exhaustion via clodronate (Clo), which inhibits tumor growth and markedly extends the
survival of brain astroblastoma and glioma.'®* IMNP (nCS(ALN + Bin)-Man) synergistically depletes TAMs via
interactions between mannose and MMR on the surface of TAMs and ALN released intracellularly, leading to the
apoptosis of TAMs, and promoting tumor immunotherapy in melanoma and breast cancer.'® Compared with metal-based
or biological carriers, organic carriers offer better biocompatibility and ease of surface modification; however, this
strategy is limited by the poor subtype selectivity of drugs such as clodronate, which may also deplete normal tissue
macrophages, and by the potential immunodeficiency or infection risks from long-term repeated administration. In
addition, the in vivo stability and burst drug release of organic carriers have not been fully resolved. Future potential lies
in developing prodrug strategies (as exemplified by Zhang et al), combining physical therapies, and designing smart
responsive release systems, thereby reducing systemic toxicity and enhancing anti-tumor immune efficacy

Biological Carriers
PROTAC (CRV-LLC membrane/DS-PLGA/dBET6) depletes M2 TAMs via BRD4, promoting tumor immunotherapy in

lung cancer'®®

DCC@M2 eliminates M2-type TAMs and disrupts their crosstalk with malignant cells by amplifying
ROS-induced immunogenic cell death and blocking CSF-1, thereby increasing ATIR in breast cancer.'®” Achieving
selective depletion without harming M1-type or homeostatic macrophages remains challenging due to shared surface
marker expression across myeloid lineages. Incorporating logic-gated dual-recognition modules could refine target cell
discrimination and extend this degradation-based strategy to other malignancies driven by tumor-supportive myeloid

compartments.

Photothermal Therapy

AuNH-2-Ab combined with phototherapy attenuates TAMs by blocking the immune checkpoint PD-L1 through the heat-
induced release of anti-PD-L1, eliminating local and metastatic HCC tumors.'®® DS-Ce6, combined with photother-
apy, induces apoptosis of M2-like macrophages via uptake by specific binding to SR-A and generating cytotoxic O2
under laser irradiation, inducing effective tumor cell death and regression of breast cancer.'® CBE combined with
phototherapy targets M2 TAMs and eliminates them via photodynamics and PTT in the presence of laser irradiation, pro-
moting ATIR in LLC cells."”® Upon light exposure, the mUNO-EB-ICG-Fc@Alb formulation mediated the full removal
of M2 TAMs. Light-triggered production of reactive oxygen species directly targets these cells. Simultaneously, an Fc-
catalyzed chemical reaction is initiated, which not only generates highly destructive hydroxyl radicals but also alleviates
low-oxygen conditions by producing oxygen gas, thereby increasing the effectiveness of phototherapeutic interventions
for treating breast cancer.'”!

Nanocarrier systems using biological carriers, or in combination with phototherapy, effectively deplete TAMs by
exploiting the favorable biocompatibility of biological carriers or by combining them with photothermal therapy to
achieve improved targeting and therapeutic efficacy. However, challenges in targeting specificity remain, as these agents
are still partially distributed to the liver and spleen after systemic administration, posing a risk of immunodeficiency, and
their ability to penetrate the ECM must be improved to achieve high therapeutic efficacy. Compared with reprogramming
strategies, depletion is more thorough but irreversible. Future efforts should aim for selective depletion that avoids the

elimination of normal tissue macrophages (Table 7).
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Table 7 Nano-Immunotherapy Targeting of TAM Exhaustion

Tumor Nano-Drug Delivery System Mechanisms | Influence on TAMs Tumor Refs.
Progression

Breast cancer SIRNAIRGOp ox TGF-B Necrotic apoptosis induced Growth| [176]
pathway by PTT

Liver, lung, colon and Man@pSiNPs-erastin GPX4/RRM2 Ferroptosis Growth| [154]

breast cancers signaling

Glioblastoma a CSP-cationic folate nanoconjugate NA Apoptosis Growth| [177]

delivery system
Breast cancer CML NA Caspase-independent cell Growth| [180]
necrosis

Sarcoma PTX-SAL NA Apoptosis Growth| [178]

Breast cancer M-H@lip-ZA NA Apoptosis Growth| [181]

Triple-negative breast Man-LP@ZOL/DOX NA Caspase-dependent Growth| [182]

cancer programmed apoptosis

Sarcoma ANB-SL NA Apoptosis Growth| [179]

Breast cancer THP-PSA NPs NA Apoptosis Growth| [183]

Brain astroblastoma and | A-PER-p(TMZ)29/CLo NA Caspase-independent cell Growth| [184]

glioma necrosis

Melanoma, breast cancer | IMNP (nCS(ALN + Bin)-Man) NA Caspase-dependent Growth| [185]

programmed apoptosis
Lung cancer PROTAC (CREATE (CRV-LLC membrane/ | NA Apoptosis Growth| [186]
DS-PLGA/dBETS))
Breast cancer DCC@M2 NA Apoptosis Growth| [187]
Metastasis |

Hepatocellular AuNH-2-Ab NA Necrotic apoptosis induced Growth| [188]

carcinoma by PTT

Lung squamous cell CEB NA Apoptosis Growth| [190]

carcinoma

Breast cancer DS-Ce6 NA Apoptosis and necrosis Growth| [189]

Breast cancer mUNO-EB-ICG-Fc@AIb NA Ferroptosis Growth| [191]

Note: “|” indicates an inhibiting or interfering effect.

Enhancing TAM Phagocytosis

Organic Carriers

Organic carriers, including lipids, nucleotides, carbohydrates, and other biomaterials, can effectively deliver agents that

specifically target the phagocytic function of TAMs by leveraging their inherent biocompatibility and biomimetic

properties to facilitate recognition and internalization. M@SINPs, combined with photothermal effects, restore M1

macrophage phagocytic activity by inhibiting SHP2 expression, blocking the CD47-SIRPa pathway and significantly

inhibiting tumor growth in colon cancer.'” ¢cGAMP@CaP@Abs, dual-target liposomes, enhances macrophage phago-

cytosis and promotes cross presentation of tumor antigen via blocking the CD47-SIRPa axis and activating the STING

pathway, respectively, resulting in tumor growth inhibition in breast cancer and melanoma.'”® cGAMP@CaP@Abs

reinstate phagocytic clearance of tumor cells by disrupting CD47-SIRPa interactions while simultaneously triggering

STING-dependent antigen cross-presentation, driving potent antitumor immunity in both breast cancer and melanoma.

The dependence on intratumoral injection and the risk of systemic STING-mediated inflammation constrain its transla-

tional safety and practicality for tumors that are difficult to access. Derivatizing the platform for systemic administration

with tumor-restricted STING activation could extend its therapeutic benefit to metastatic lesions and a wide range of

solid malignancies.
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Biological Carriers

Biological carriers can deliver drugs that precisely target TAMs owing to their biocompatibility and subsequently
promote the phagocytic function of these cells. ICG/CMSN@GsE enhances the phagocytic capacity of TAMs by entering
the nucleus through a variety of membrane receptors, such as MyD88, TLR2/4, TNFR 1, IL-17R, CD40, and RAGE,
thereby upregulating the expression of upstream mediators (MyD88 and NF-kB) and enhancing cancer immunotherapy
efficacy in breast cancer.'?* The subsequent four nanocarrier systems uniformly employ engineered bacterial OMVs as
their foundation platform, capitalizing on the inherent immunostimulatory properties and biocompatible nanostructure of
the vesicles to regulate the phagocytosis of TAMs. OMV-SIRP a@CaP/GM-CSF induces Fc-SIRPa-mediated phagocy-
tosis to present a tumor antigen to activate T cells, promoting ATIR in adenocarcinoma of the colon and melanoma.'**
OMV-CD47/GPC3 promotes the phagocytosis of tumor cells by macrophages by blocking CD47/SIRPa, thus providing
a promising strategy for HCC immunotherapy.”? CR/si@ab-OMV/PTX NPs increase macrophage phagocytosis of
tumors via TAMs repolarizing to the M1 type by delivering siRNAs to silence Arg-1 and blocking the “do not eat
me” signal with antibodies, subsequently activating ATIR in TNBC.'”* PEG/Se@OMV-CD47nb reprogrammed the
immunosuppressive TME, driving macrophages toward a proinflammatory state and neutralizing the “do not eat me”
signal, thus inducing T-cell-mediated ATIR to promote tumor immunotherapy in colon cancer and melanocytic
tumors.'”> The following two NDSs are based on engineered macrophages as carriers, leveraging their innate tumor-
homing capabilities and phagocytic functions to achieve precise spatial delivery of therapeutic agents and facilitate
profound remodeling of the TME. SIRP o-M@nanoPB restores macrophage phagocytosis and M1 polarization by
blocking the CD47-SIRPa checkpoint, triggering potent immune responses in osteosarcoma.'”® PMMNPs increase
macrophage-mediated cancer cell phagocytosis and antigen presentation by blocking CD47 and PD-L1 expression,
promoting anti-tumor synergy between T cells and macrophages in colon cancer.'®” Interestingly, Gu et al used ginseng
exosomes as carriers, whereas Li et al used multimodule nanocomplexes to reconcile the competitive cooperative
patterns between malignant and immune cells and activate ATIR in TNBC models Ji et al used engineered macrophages
to enhance the phagocytic function of TAMs, and the system developed by Moon et al promoted anti-tumor synergy
between T cells and TAMs.

The biological carriers described above, including plant-derived exosomes, bacterial outer membrane vesicles, and
engineered macrophages, exploit their natural biocompatibility and immunomodulatory properties to increase the ability
of TAMs to phagocytose tumor cells. Compared with organic or inorganic carriers, biological carriers offer the advantage
of mimicking pathogen-associated molecular patterns to activate innate immunity while also utilizing homologous
targeting and tumor-homing capabilities for precise delivery. However, the preparation processes for outer membrane
vesicles and engineered macrophages are complex, and the release of large amounts of inflammatory mediators following
enhanced phagocytosis carries the risk of triggering a cytokine storm, and most studies have not adequately evaluated
long-term safety.

Others
ChiP-RS (SHP099+R848) enhances macrophage phagocytosis via R848 by activating TLR7/8 and promoting tumor
immunotherapy in mammary carcinoma.”® By sensitizing tumors to aCD47 checkpoint inhibition, a supramolecular
hydrogel (PF) facilitates macrophage-mediated phagocytosis, thereby triggering a potent anti-GBM immune response.'*®
FVIO, incorporated with MHT, synergizes to increase macrophage phagocytosis by interfering with the CD47-SIRPa
checkpoint, resulting in a robust ATIR response against HCC.'*

Enhanced phagocytosis strategies directly mobilize innate immunity and synergize with antibody-dependent cellular
phagocytosis, resulting in few side effects. However, challenges include off-target effects and insufficient penetration
through the tumor extracellular matrix. Future efforts should focus on site-specific penetration of the tumor ECM to

achieve precise and efficient therapeutic outcomes.

Modulating TAM Metabolism

We targeted TAM ferroptosis, NO metabolism, glucose metabolism, gene expression regulation, and antigen cross-
presentation restoration to regulate TAM metabolism. CQ@MIL-GOX@PB perturbs the metabolism of neoplastic cells

26 https: International Journal of Nanomedicine 2026:21



Zhang et al

and TAMs via the release of a CQ autophagy inhibitor (chloroquine), which can drive the NO anabolism of TAMs to
further sensitize them to CDT in breast cancer.'” M-s/W-NP blocks the glycolysis of TAMs by suppressing GLUT]
through inhibition of PI3K expression to increase the intratumor glucose level for sustained effector functions of anti-
tumor immune cells in pancreatic tumors.?’® M/LM-Lipo causes mannose to suppress glycolysis in TAMs by recruiting
lysosomes to degrade M6P isomerase enzyme (MPI), thus achieving a prominent abscopal effect in metastatic lesions by

201 H-M@siS15/Cis-Asp® reverses tumor immunosuppression and inhibits osteoclast

potentiating ATIR in breast cancer.
differentiation via downregulation of Siglec15 expression in TAMs among lung adenocarcinoma cells.’** Cy5-D-PEG4-
SPDP has a gene knockdown effect on TAMs and achieves a gene silencing effect on GFP-expressing tumors
in glioma.”*> Man@pSiNP-erastin activates intracellular ferroptosis via GPX4/RRM2 signaling regulation, promoting
ATIR in liver, lung, colon and breast cancers."”* ME@C combined with anti-PD-L1 antibodies reshapes antigen cross-
presentation by M2 TAMs via CD302 receptor-mediated endocytosis targeting, releasing E64 to inhibit the activity of
cysteine proteases and then priming the clonal expansion of tumor-antigen-specific CD8" T cells in breast cancer and
melanoma.”®* The aforementioned carriers achieve TAM metabolic modulation through various mechanisms, including
the induction of the GPX4/RRM2 signaling pathway. Interestingly, the NDS studied by Gao et al targets a variety of
metabolites, and the study by Xiao et al not only regulates glucose metabolism but also regulates the extracellular matrix.
Currently, research on nanomaterial systems targeting other metabolic modes, such as lipid and protein metabolism, is
limited, and much room for development remains.

This metabolic modulation strategy precisely targets TAM-specific metabolic vulnerabilities while sparing normal
macrophages and offers greater sustainability compared with depletion or reprogramming approaches. Tumor metabolic
plasticity frequently activates compensatory pathways that demand co-delivery of multiple inhibitors, and clinical
translation is further constrained by the lack of long-term safety data and the limited ECM penetration of delivery
vehicles. Future advances in ECM-penetrating and safe delivery systems combined with multi-inhibitor co-delivery could
unlock the sustainable and selective metabolic reprogramming of TAMs.

Inhibiting TAM Recruitment

Nanocarrier systems can effectively inhibit tumor progression by precisely regulating TAM recruitment, which subse-
quently disrupts the establishment of an immunosuppressive TME. Telratolimod@adipocytes increased the recruitment
of TAMs and suppressed tumor growth in a melanoma model.'®* GENs induce the recruitment of M1 TAMs to the TME
via GENs, promoting ATIR in glioma.?’> NP-BUP suppresses norepinephrine (NE) release from adrenergic cells, thereby
curtailing NE-driven macrophage infiltration via neuroimmune signaling and enhancing ATIR in TNBC.?°® Interestingly,
Kim et al used ginseng-derived exosome-like nanoparticles to inhibit tumor progression by precisely regulating the
recruitment of TAMs Wu et al suppressed noradrenergic nerves in the TME to diminish the infiltration of TAMs targeting
TAMs via neuroimmune signaling, which represents a novel therapeutic avenue.

The strategy of inhibiting TAM recruitment holds significant value for postoperative recurrence prevention and early
intervention. Compared with reprogramming or depletion approaches, inhibition of recruitment results in fewer side
effects. However, it is ineffective against TAMs already present within the tumor and therefore often needs to be
combined with depletion or polarization modulation strategies.

Blocking PD-LI| Expression on TAMs

Nanocarriers can effectively deliver specialized therapeutic agents to precisely regulate PD-L1 expression on TAMs,
thereby reversing PD-L1-mediated immunosuppression. Man@pSiNPs-erastin increased PD-L1 expression in macro-
phages and increased the ATIR in anti-PD-L1 therapy.'>* AuNH-2-Ab alleviated PD-L1-expressing TAMs by blocking
the immune checkpoint PD-L1 through the heat-induced release of anti-PD-L1, eliminating local and metastatic HCC
tumors.'®® DFMO+N-aP@ICG, synergistic photothermal therapy, repolarizes TAMs by inhibiting the expression of
aconitate decarboxylase 1 (ACODI1) and releasing aPD-L1, which binds to PD-L1 on TAMs, reverses immune suppres-
sion at the tumor site, and inhibits the proliferation of glioma cells.'?' Interestingly, Tang et al used porous silicon
nanoparticles modified with mannose, whereas Zhang et al used microglial cell vesicles as carriers (Table 8).
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Table 8 Nano-Immunotherapy of Regulating PD-L| Expression on TAMs

Tumor Nano-Drug Delivery Mechanisms Influence on TAMs Tumor Progression | Refs.
System

Hepatocellular carcinoma | Man@pSiNPs-erastin GPX4/RRM2 signaling | Increases PD-L| expression in TAMs | Growth| Metastasis| [154]

Hepatocellular carcinoma | AuNH-2-Ab NA Increases PD-LI expression in TAMs | Growth| Metastasis| [188]

Glioma DFMO + N-aP@ICG NA Reverses immune suppression Growth| [121]

Note: “|” indicates an inhibiting or interfering effect.

The strategy of blocking PD-L1 expression on TAMs is critical because PD-L1 directly targets immune checkpoints.
However, the ability to penetrate the ECM and the stability of the delivery system remain significant challenges.
Compared with reprogramming, PD-L1 blockade is more specifically focused on adaptive immunosuppression.
Nevertheless, TAMs also evade immunity through other molecules, such as CD47; therefore, using this strategy alone
has limited efficacy, necessitating combination with phagocytosis enhancement or reprogramming approaches to achieve
comprehensive remodeling.

Relevant Receptors and Pathways

Reprogramming TAMs

Related receptors include CSF-1R, TLR3, TLR4/9, CD47, Siglec, TLR2/4, TNFR 1, IL-17R, CD40, and RAGE.
Receptors on the membranes of intracellular vesicles include TLR7/8. In HCC, DL@NP-M-M2pep reprograms TAMs
from the M2 to the M1 phenotype via the PI3K/Akt and NF-xB pathways. In ovarian cancer, PLGA-CpG@ID8-M
reprograms TAMs from the M2 to the M1 phenotype via the Gbp2-Pin1-NF-«B pathway. In breast cancer, PLGA(H)-
DOX@M/R837 and RB-OL@M reprogram TAMs from M2 to the M1 phenotype via the TLR7-NF-kB pathway. In
breast cancer, MNCRs reprogram TAMs from the M2 to the M1 phenotype via the TLR7/8-NLRP3 and MAPK-NLRP3
pathways. In melanoma and rectal cancer, CaNP@cAD-PEG reprograms M2 TAMs to M1 TAMs via the NLRP3-
inflammasome pathway and the AMPK, and NF-kB pathways. In GC, CCM@HMON@CS-Pt(IV)@ANXS reprograms
TAMs from the M2 to the M1 phenotype via the TLR9/MyD88/NF-«B signaling pathway. In breast cancer, ICG/
CMSN@GSsE reprograms M2 TAMs to the M1 phenotype via the (TLR2/4, TNFR 1, IL-17R, CD40, RAGE)-MyD88-NF
-kB pathway. In melanoma and breast cancer, PC-CW reprograms M2 TAMs to M1 TAMs via the STING pathway. In
breast cancer, IC@MSA JNM reprograms M2 TAMs to M1 TAMs via the Siglec-1-BTK pathway. In colon cancer, breast
cancer, and HPV, IFN-y BBV reprograms M2 TAMs to M1 TAMs via the NF-kB and JAK-STAT signaling pathways. In
breast cancer and melanoma, FThDC VNP reprograms M2 TAMs to M1 TAMs via the ROS-NLRP3 pathway. In lung
cancer, ZCMF@PEG-AF reprograms M2 TAMs to M1 TAMs via the IKKB/IkBa/NF-kB pathway. In HCC, M.
RGD@Cr-CTS-siYTHDF1 NPs reprogram M2 TAMs to M1 TAMs via the siYTHDF1-M6A-STAT3 pathway (Figure 3).

Influencing TAM Polarization

The relevant receptors include TLR7/8, TLR4, EGFR, and CB1. Receptors on the membranes of intracellular vesicles
include TLR7/8. We mainly promote the M1 TAM phenotype and inhibit the M2 TAM phenotype through the TLR7/
8-TAK1-p38-NF-KB, NF-kB-CD40-clAP/TRAF-NIK-Nc-NF-xB, IL-10-JAK1/Tyk2-STAT3, cGAS-STING, SOCS3-
STAT6-PPAR-y signaling and RelA/NF-kB/CSF-1 pathway (Figure 4).

Regulating TAM-Secreted Mediators

The relevant receptors include TLR4, TLR9, CSF-1R, SR-A, and IL-13R. Receptors on the membranes of intracellular
vesicles include TLR7/8. In TNBC, MTCZC + cGAMP-CPS@Gel regulated the expression of TAM-secreted mediators
via the STING-TBK1-IRF3 pathway. In TNBC, LPS-PEC (DOX@LPS-PEC:Sirtinol 1:5 w/w) regulates TAM-secreted
mediators via the TLR4/SIRT2 axis. In melanoma and rectal cancer, CaNP@cAD-PEG regulates TAM-secreted
mediators via the MAPK, NF-kB, and NLRP3 inflammasome pathways. In melanoma and breast cancer, CW-
camouflaged nanopores regulate TAM-secreted mediators by blocking the Rubicon-LAP efferocytosis axis. In breast
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Figure 3 Nano-immunotherapy targeting reprogramming TAMs. TAMs can be reprogrammed from M2 towards M| phenotype via PI3K/Akt, NF-kB, Gbp2-Pin|-NF-kB,
TLR7-NF-kB, TLR7/8-NLRP3, MAPK-NLRP3, NLRP3-inflammasome pathway, AMPK NF-«B, TLR9/MyD88/NF-kB, (TLR2/4, TNFR I, IL-17R, CD40, RAGE)-MyD88-NF-xB
pathway, STING pathway, Siglec-1-BTK, NF-kB JAK-STAT, ROS-NLRP3, IKKp/IkBa/NF-kB and siYTHDFI-M6A-STAT3 pathway. “1” indicates upregulation, while “|”
indicates downregulation. “+” indicates positive feedback regulation. The figure was drawn using Biorender.

cancer and melanoma, m-PUNCs regulate TAM-secreted mediators via the STING pathway. In breast cancer, melanoma,
and colonic tumors, LPZ/DOX@M/R837@MPs regulated the secretion of mediators by TAMs via the intracellular NF-
kB signaling pathway. Additionally, TAMs primarily secrete the following mediators: Arg-1, CCL2, CCL3, CXCL9,
IFN-B, IFN-y, IFN-I, TNF-a, TGF-B, IL-6, IL-10, IL-12, IL-1B, VEGF, leptin, FasL, and RNS (Figure 5).

Inducing TAM Exhaustion

The relevant receptors include Siglec-1, SR-A, CSF-1, PD-L1, MMR, and scavengers. In breast cancer, SiRNAaRGODOx
promotes exhaustion via the TGF-B-Snail pathway. In liver, lung, colon, and breast cancers, Man@pSiNPs-erastin
promotes TAM exhaustion via the GPX4/RRM?2 signaling pathway.

Enhancing TAM Phagocytosis

The relevant receptors included TLR2/4, TNFR 1, IL-17R, CD40, and RAGE. In breast cancer and melanoma,
cGAMP@CaP@Abs promote macrophage phagocytosis via the STING pathway. In breast cancer and melanoma, ICG/
CMSN@GSsE promotes macrophage phagocytosis via the (TLR2/4, TNFR 1, IL-17R, CD40, RAGE)-MyD88-NF-«kB pathway.
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Figure 4 Nano-immunotherapy targeting promoting M| and inhibiting M2 phenotype. Promoting the M| phenotype of TAMs and inhibiting the M2 phenotype of TAMs
could through TLR7/8-TAK|-p38-NF-kB, NF-kB-CD40-cIAP/TRAF-NIK-Nc-NF-«B, IL-10-JAK/Tyk2-STAT3, cGAS-STING, SOCS3-STAT6-PPAR-y signaling and RelA/NF-
kB/CSF-1 pathway. The figure was drawn using Biorender.

Nano-Immunotherapy of TAMs Through Tumor Cells

NDS can regulate the production and release of mediators (cytokines and metabolites) derived from tumor cells, and
these released mediators can target TAMs for intervention. More specifically, by internalizing the drug-loaded system
into tumor cells, these systems induce the secretion of CSF-1, ROS, mitochondrial DNA, DAMPs, and HIF-1a or inhibit
the LOX pathway to achieve therapeutic effects. FG-CD@Cu reprograms M2 to M1 TAMs by generating O-2,
effectively improving the hypoxic environment of the cells and leading to a reduction in HIF-1a expression, promoting
tumor immunotherapy, and restraining tumor growth in colon cells.?®” MT-NPs (siATP6), which use peptides and PEG
polymers as carriers, indirectly reprogram M2 to M1 TAMs via activation of the TLRY pathway (which involves
localizing siRNA within mitochondria to deplete proteins such as ATP6/CYB, increasing ROS levels, inducing organelle
damage, and culminating in the release of mtDNA into the tumor stroma), promoting tumor immunotherapy in BCa.?®
N-PB, when combined with photodynamic therapy, decreases M2 TAMs by downregulating CSF-1 expression by
antagonizing the RelA/NF-kB axis to elicit a systemic ATIR that suppresses metastatic breast cancer.”’’ In combination
with photodynamic therapy, PLNR840 reprograms M2 to M1 TAMs via the LOX pathway, reprogramming ATIR

210

metabolism in HCC and breast cancer.” ~ M@Au-D/B NCs, in combination with photodynamic therapies, reprogram
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Figure 5 Mediator molecules of TAMs. TAMs primarily secrete the following mediators: Arg-1, CCL2, CCL3, CXCL9, IFN-, IFN-y, IFN-I, TNF-a, TGF-B, IL-6, IL-10, IL-12,
IL-1B, VEGF, leptin, FasL, RNS. The figure was drawn using Biorender.

M2 to M1 TAMs via ROS generation and PTT, promoting ATIR in breast cancer.?'' Combining photodynamic therapies
with LASNEO triggers effective PDT and augments M1 macrophage polarization via ROS, resulting in excellent anti-
tumor effects on colon cancer and HCC.?'> MNP-RGD-TPP, combined with magnetic hyperthermia treatment, repro-
grams M2 macrophages to M1 TAMs through surface exposure to calreticulin and the emission of immunogenic DAMPs
(ATP/HSP70) from dying cancer cells, which triggers macrophage activation, promoting tumor immunotherapy
in HCC.?"® Interestingly, multiple research groups are actively pursuing photothermal combination therapy targeting
TAMs through tumor cells. Specifically, biological carriers have emerged as good choices for targeting TAMs because of
their intrinsic targeting capabilities, which are mediated by naturally occurring membrane proteins and surface markers
that enable precise recognition of and interaction with specific receptors overexpressed on TAMs. Wei et al developed
gold nanocages that mimic cancer cell membranes as carriers, whereas Zhang et al utilized exosomes from natural killer
(NK) cells. Additionally, Han et al integrated magnetic hyperthermia, not only by leveraging its physical ablation effects
but also by efficiently activating the body’s own ATIR by targeting and regulating TAMs.

Alternative Strategies for Nano-Immunotherapy Targeting TAMs

TME Modulation

NDSs indirectly affect TAMs mainly by reversing acidity in the TME. AL@O,-FMRC suppresses lactic acid production
and accumulation while neutralizing the acidic microenvironment shaped by lactic acid, thereby abrogating lactic acid-
driven immunosuppression.”?'* DMGTF NCs block MCT4-mediated lactate efflux and impair mitochondrial lactate
oxidation upon microwave triggering, converting metabolic fuel into inert waste to eliminate lactate-imposed immuno-

- 21
suppressive pressure on TAMs.?!?

ECM Targeting

The ECM acts as a physical barrier that restricts the penetration and distribution of nano-drug delivery systems into TAM-
enriched regions. Moreover, its composition and density can regulate the polarization state of TAMs. Therefore, overcoming
the ECM barrier is critical for improving the therapeutic efficacy of TAM-targeted nano immunotherapy. NFAPTX@Soluplus/
DG-pp-FA, a needleless jet injection system, employs a dual strategy combining “physical breakthrough” and “biological
modification” to overcome the barrier of the ECM, achieving efficient drug penetration and retention.”'® STAR preferentially
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releases the small molecule losartan to actively loosen the tumor matrix, reducing the density of the fiber network and thereby
creating permeable interstitial pathways for subsequent nanoparticles to carry TAM-modulating payloads.!” Biomimetic
oxidized mRNA lipid nanoparticles directly deliver collagenase-encoding mRNA into macrophages, enabling them to secrete
matrix-degrading enzymes while expressing chimeric antigen receptors, thus transforming engineered TAMs into mobile

ECM-degrading units that clear barrier matrices as they migrate.*'®

Drug Penetration

Drug penetration is now achieved mainly through charge-driven translocation, in situ synthesis, particle size modulation,
and surface modification. Cou/SN38 NPs rely on site-specific ultrasound to cleave coumarin bonds, switching the surface
charge from negative to positive and then driving iterative transcellular transport through Golgi-dependent transcytosis to
achieve deep penetration and deliver chemotherapeutics to TAMs in the core region.”'’ PL@mBIME exploits the acidic
tumor microenvironment to trigger charge reversal, efficiently crosses the blood-brain barrier, and expresses the
bispecific macrophage engager BIME in situ within the glioblastoma parenchyma, thereby establishing physical con-
nections between deep M2 macrophages and tumor cells through in situ protein synthesis.”?® LNP-panCAR achieves
efficient transvascular extravasation and intratumoral diffusion by modulating the particle size and hydrophilic-hydro-
phobic balance and delivering multiple chimeric antigen receptor-encoding mRNAs deep into macrophages and other

immune cells to accomplish in situ engineering of TAMs directly in the tumor core.*?!

Clinical Relevance

Nano-immunotherapeutic strategies targeting TAMs exhibit varying degrees of clinical maturity. TAM depletion using
CSF-1R inhibitors such as pexidartinib has received FDA approval for tenosynovial giant cell tumor.** Phagocytosis
enhancement with anti-CD47 antibodies has advanced to Phase II/III trials in both solid and hematologic tumors.***
Inhibition of TAM recruitment via CCR2 antagonists and reprogramming using TLR agonists has completed phase I/II
exploration in early stage solid tumors.*** In contrast, strategies including polarization modulation, regulation of secreted
mediators, blockade of PD-L1 expression on TAMs, and metabolic regulation remain predominantly at the preclinical or
early Phase I stage. Collectively, these strategies have shown the potential for clinical application by reversing the
immunosuppressive TME, overcoming drug resistance, and inhibiting metastasis. However, they face challenges such as
systemic toxicity, including cytokine storm, anemia, and immunodeficiency, as well as tumor heterogeneity and poor
delivery efficiency caused by the extracellular matrix barrier. The rapid update and iteration of NDSs aim to enhance safety
and efficacy through active targeting, intelligent response release, and local administration methods. Future efforts should
focus on combination therapies and multicenter randomized controlled trials to further validate their clinical value. Overall,
the clinical translation of nano-immunotherapy targeting tumor-associated macrophages still has a long way to go.

Conclusion

Nano-immunotherapy targeting TAMs adopts multi-modal collaborative intervention, aiming to break through the ECM
barrier, enhance drug penetration, precisely regulate TAMs, and reverse the immunosuppressive TME. The innovations
of nanocarriers involve the entire chain intelligent design from inorganic nanocrystals, organic polymers to organic-
inorganic hybrid systems, and the precise “Trojan horses” constructed using biodegradable polymers and biomimetic
membrane vesicles. These carriers not only enable precise antigen presentation through surface functionalization but also
achieve spatiotemporally controlled drug release by responding to the unique pH levels of TME, enzymatic activity, and
ROS. Therapeutic strategies have ushered in the era of multi-modal therapy characterized by “multi-drug synergy” and
“combined physical energy interventions”. Nanocarriers co-deliver reprogrammed drugs and immune checkpoint inhi-
bitors to reverse the M2 phenotype to the anti-tumor M1 phenotype. Physical energy is transformed into a “trigger” that
activates ATIR by integrating photothermal, sonodynamic, or magnetothermal therapies. This approach not only induces
ICD and in situ tumor vaccine generation but also enables the intelligently controlled release of TAMs to regulate drug
delivery. This temporal-spatial coordination of chemical-immunological-physical therapies generates potent distal and
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Current strategies to extend circulation time and enhance active targeting of nanomedicines rely primarily on
biomimetic cell membrane coating and ligand modification. Further conjugation of TAM-specific targeting peptides or
antibodies enables active receptor recognition.”*® Surface modification with TAM-specific ligands (eg, mannose, TLR4
agonists, or CRV peptides) drives receptor-mediated endocytosis, fundamentally shifting away from passive uptake.**
Moreover, engineered bacteria that colonize hypoxic tumor cores can continuously secrete reprogramming factors and
consume immunosuppressive metabolites, offering a solution to the limited durability of conventional drug delivery and
the difficulty of penetrating the ECM barrier.

NDSs can not only achieve targeting through pathological chemotaxis, but also synthesize and release reprogrammed
drugs in situ when recognizing M2-specific surface markers, enabling integrated “diagnostic-treatment” precision
strikes.?”**® Recent studies have revealed that tumor cells can remotely reshape myeloid generation in bone marrow by
inducing NRF2-mediated oxidative stress responses in myeloid progenitor cells, while continuously amplifying the immu-
nosuppressive program of the monocyte—macrophage lineage within the TME.?* These discoveries have brought about
a comprehensive revolution in future therapeutic strategies, spanning from treatment concepts to target design. Intelligent
nanorobots targeting TAMs, as autonomous diagnostic and therapeutic systems integrating sensing, decision-making, and
execution, represent an effective approach to enhancing the precision and intelligence of anti-tumor strategies.
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