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a b s t r a c t

In contrast to conventional cancer treatment modalities, cancer immunotherapy has increasingly emerged

as one of the most promising therapeutic approaches for cancer, owing to its capacity to elicit long-lasting

immune memory and its favorable safety profile. However, the immunosuppressive tumor microenviron-

ment (ITME) significantly hinders its progression. While tumor stromal cells play a crucial role in the

formation of the ITME, they also offer several potential targets for interventions aimed at reshaping this

suppressive milieu. In clinical practice, the modulating of tumor stromal cells overcomes resistance mech-

anisms, exhibits broader therapeutic potential, and allows for more manageable toxicity profiles. Owing

to the capacity of nanodrug delivery systems (nano-DDS) to facilitate accurate targeting and integrate

multiple functions, a growing number of researchers are employing nano-DDS in the immunotherapy

modulated to tumor stromal cells. This review begins by elucidating the roles played by different tumor

stromal cells in the formation of the ITME. Subsequently, we provide the nanodelivery strategies modu-

lating distinct tumor stromal cells. Finally, we propose the current challenges and discuss potential future

development directions in this field.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As the worldwide incidence of cancer escalates, a range of novel

therapeutic approaches is being developed. Among these, cancer

immunotherapy functions by stimulating the host’s immune sys-

tem to eradicate malignant tumors [1,2]. In comparison to con-

ventional treatment methods, it offers multiple benefits, includ-

ing the enhancement of long-lasting immune memory and a re-

duction in related toxicity. Its development has transpired over a

century, transitioning from empirical methodologies to more pre-

cise regulation [3]. In 1891, William Coley administered Coley’s tox-

ins directly into the lesions of patients with sarcoma, resulting in

observable tumor regression. This event represents the initial ev-

idence supporting the notion that immune activation can effec-
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tively counteract tumors [4]. In 1957, Burnet proposed the concept

of “immune surveillance”, positing that the immune system pos-

sesses the capability to identify and eradicate nascent tumors [5].

Subsequently, in 1975, Köhler and Milstein advanced the field by

developing hybridoma technology, which facilitated the generation

of monoclonal antibodies [6]. Between 1995 and 2000, James Alli-

son and Tasuku Honjo elucidated the pivotal functions of cytotoxic

T lymphocyte-associated antigen 4 (CTLA-4) and programmed cell

death receptor 1 (PD-1) in the immune suppression, thereby estab-

lishing a novel domain of immune checkpoint inhibitors (ICIs) [7].

These seminal researches provided a foundational for contempo-

rary cancer immunotherapy. As the 21st century commenced, tu-

mor immunotherapy began to gain more prominence, culminat-

ing in the approval of sipuleucel-T, a therapeutic cancer vaccine

for prostate cancer, by the Food and Drug Administration in April

2010, marking it as the first therapeutic cancer vaccine to achieve

such approval [8]. In 2018, the contributions of ICIs were recog-

nized with the Nobel Prize in Physiology or Medicine [9]. The

CTLA-4 antibody ipilimumab, along with anti-PD-1/programmed
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cell death ligand 1 (PD-L1) antibodies such as pembrolizumab and

nivolumab, exhibited remarkable clinical efficacy [10–12]. Further-

more, cell therapies, including chimeric antigen receptor T-cell im-

munotherapy (CAR-T) and CAR-natural killer (NK), have demon-

strated significant benefits in the treatment of specific cancer types

[13].

Despite significant advancements in tumor immunotherapy, the

response rate for cold tumors remains below 20% [14,15]. Unlike

hot tumors, cold tumors are characterized by a lack of immune

cell infiltration, resulting in an immune desert state [16,17]. A pri-

mary challenge is the presence of the immunosuppressive tumor

microenvironment (ITME). The formation of ITME can be attributed

to three key mechanisms: (1) Physical barriers: The aberrant ac-

tivation of cancer-associated fibroblasts (CAFs) leads to the syn-

thesis of a dense extracellular matrix (ECM), which directly ob-

structs the migration of T cells. Additionally, CAFs anchor T cells

within the matrix through the secretion of chemokines, such as C-

X-C motif chemokine ligand 12, thereby inhibiting their access to

the tumor microenvironment (TME) [18]. (2) Immunosuppressive

networks: The accumulation of immunosuppressive cell types, re-

sults in the secretion of substantial quantities of immunosuppres-

sive molecules such as transforming growth factor beta (TGF-β),

interleukin (IL)-10, and arginase (Arg). These molecules directly in-

hibit T cell functionality and promote T cell exhaustion [19]. (3)

Metabolic dysregulation: Tumor cells and associated stromal cells

produce elevated levels of lactate via the Warburg effect, leading to

the acidification of the microenvironment [20]. Additionally, tumor

cells and myeloid-derived suppressor cells (MDSCs) exhibit high

expression of indoleamine 2,3-dioxygenase (IDO), which catalyzes

the degradation of tryptophan, while MDSCs express Arg 1, result-

ing in the depletion of arginine. These metabolic alterations con-

tribute to T cell inactivation or functional impairment [20,21].

The establishment of the ITME is fundamentally linked to the

biological activities of tumor cells, immune cells, and tumor stro-

mal cells. In the initial phases of immunotherapy research, a sig-

nificant emphasis was focused on modulating or killing tumor cells

[22,23], T cells [24], or NK cells [25], which are considered the di-

rect contributors to the TME. However, as investigations into can-

cer immunotherapy have progressed, it has become evident that

this strategy is fraught with limitations, including high mutation

rates of targets, readily acquire resistance, and the difficulty of

overcoming physical barriers. Consequently, there has been a shift

towards the development of immunotherapies that modulate tu-

mor stromal cells [26–28]. These tumor stromal cells encompass

CAFs, tumor-associated macrophages (TAMs), MDSCs, regulatory T

cells (Tregs), cancer-associated adipocytes (CAAs), and pericytes,

etc., all of which play critical roles in the formation of the ITME

[29–31]. The strategies for modulating tumor stromal cells can be

broadly categorized into five principal types to reverse the im-

munosuppressive state: (1) Breaking the physical barrier, (2) re-

ducing the recruitment of immunosuppressive cell populations, (3)

directly eliminating immunosuppressive cells, (4) improving the

metabolic environment within the ITME, and (5) synergistically

augmenting existing immunotherapeutic strategies [32–35].

The emergence of nanotechnology has significantly transformed

the development of drug delivery systems (DDS) [36–38]. The in-

tegration of nano-DDS with modulated tumor stromal cell im-

munotherapy has the potential to enhance delivery efficiency, in-

cluding improved tumor permeability, retention, and bioavailabil-

ity, while simultaneously minimizing adverse effects [39,40]. Fur-

thermore, these nano-DDS facilitate precise targeting and the in-

corporation of multiple functions [41–43]. nano-DDS can exploit

characteristics of the ITME as internal stimuli, such as mildly acidic

pH [44], elevated glutathione (GSH) levels [45,46], hypoxia [47],

and specific enzymatic activities [48], to initiate drug release. Fur-

thermore, nano-DDS can achieve precise spatiotemporal control

by responding to external stimuli, including laser irradiation [49],

ultrasound [50], magnetic fields [51], and temperature variations

[52]. More significantly, by integrating multiple responsive stim-

uli, multi-responsive nano-DDS can be engineered to mitigate off-

target effects, address heterogeneity within lesions, and facilitate

sequential therapeutic responses [53–55].

Biomimetic nano-DDS not only reduce systemic clearance but

also leverage homing mechanisms to traverse tissue barriers ef-

fectively [56,57]. Charge-reversal nanoparticles minimize clear-

ance while enhancing tumor penetration [58], whereas shape-

transforming and size-modulating nanoparticles maintain effi-

cient tumor penetration and simultaneously increase tumor reten-

tion [39,40,59]. Self-propelled nanomotors overcome mobility con-

straints inherent to the TME [60], and DNA-based nanorobots of-

fer precise targeting capabilities, high programmability, and deep

tissue penetration [61]. Collectively, these ongoing innovations in

nano-DDS have substantially advanced the progress of cancer im-

munotherapy.

In this review, we not only elucidated the benefits of modulat-

ing tumor stromal cells and employing nanodrug delivery systems

but also established a precise structural framework for designing

compatible nano-DDS by thoroughly detailing the immunosuppres-

sive mechanisms linked to each distinct type of tumor stromal cell.

We provided a comprehensive summary of tailored nano-DDS de-

signed to utilize these mechanisms, encompassing approaches such

as clearance, reprogramming, and inhibition of immunosuppressive

cell recruitment. Moreover, we highlighted the integrated paradigm

of utilizing nano-DDS to simultaneously modulate multiple cellular

populations. Clinically, this review underscored the significance of

these strategies as core solutions to overcoming drug resistance in

“cold tumors”, effectively alleviating immunosuppression, enhanc-

ing the efficacy of existing immune therapeutics such as PD-1/PD-

L1 inhibitors, and thereby expanding the patient population that

may benefit from immunotherapy. Moreover, this review exempli-

fied the profound interdisciplinary integration of materials science,

nanotechnology, immunology, and clinical medicine. Beyond sum-

marizing recent progress, we candidly proposed current challenges,

including delivery efficiency, scalability of production, and tumor

heterogeneity, identifying critical technical obstacles that must be

surmounted by researchers and engineers. This review aims to ac-

celerate the translation of these innovations from laboratory re-

search to clinical application.

2. The role of tumor stromal cells within the ITME

Tumor immunity is generally categorized into three distinct

phases: elimination, equilibrium, and escape [62]. The develop-

ment of a tumor immunosuppressive microenvironment predom-

inantly occurs during escape and the later stages of equilibrium.

The initial phase of tumor immunity involves the immune system’s

recognition and eradication of tumor cells that express new anti-

gens (elimination phase). Subsequently, under persistent immune

pressure, tumor cells with low immunogenicity are preferentially

selected for survival, entering the equilibrium phase. In this phase,

these cells are subject to immune surveillance while continuing to

evolve at a gradual pace. Ultimately, tumor cells may undergo mu-

tations, such as the loss of antigens and the upregulation of PD-L1

expression, and actively recruit or polarize surrounding tumor stro-

mal cells, thereby collaboratively establishing a robust ITME (es-

cape phase) [63–65].

Key characteristics of this ITME include the presence of CAFs

that form a dense ECM, creating physical barriers and releasing

inhibitory cytokines [66]; the formation of abnormal blood ves-

sels that contribute to hypoxia and nutrient deprivation [67,68];

and significant infiltration by immunosuppressive cells [69]. Collec-

tively, these elements impede the infiltration of immune cells, sup-
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Fig. 1. Illustrative schematic depicting diverse tumor stromal cell types and their

respective roles within the ITME.

press their functionality, and induce a state of exhaustion, thereby

facilitating evasion of immune detection. Modulating tumor stro-

mal cells presents a promising strategy to dismantle physical bar-

riers, enhance immune cell infiltration, reverse inhibitory signals,

and remodel the ITME, ultimately improving the effectiveness of

immunotherapy. Next, we will elucidate the roles of various tumor

stromal cells in the establishment of the ITME, which is essential

for the development of compatible therapeutic strategies (Fig. 1).

2.1. TAMs

Macrophages, a category of phagocytic cells, function as the ini-

tial defense line against pathogenic damage to tissues. TAMs rep-

resent a specific subtype of macrophages that infiltrate the ITME,

constituting over 50% of tumor stromal cells and being the pre-

dominant immune cell type in the majority of solid tumors [70].

Some TAMs are derived from circulating Ly6C+C-C-Motif Recep-

tor 2 (CCR2)+ monocytes, which migrate from the bloodstream to

tumor tissues in response to specific chemokine signals [71,72].

Others originate from locally resident macrophages within the

tumor that are derived from CX3C chemokine receptor 1+Kit+

myeloid progenitor cells [73]. Upon receiving signals from the tu-

mor, these macrophages undergo activation and are subsequently

reprogrammed into TAMs. During elimination phase, the major-

ity of TAMs exhibit the M1 phenotype, which is associated with

anti-tumor activity. However, as immune editing progresses, M1

phenotype TAMs polarize into the pro-tumor M2 phenotype, in-

fluenced by cytokines secreted by the tumor, including IL-4, IL-10,

and macrophage colony-stimulating factor 1 (CSF-1) [74,75]. Re-

cent research has indicated that elevated expression of LSM1 (a

part of the cytoplasmic protein complex Lsm1–7-Pat1) in tumors is

positively correlated with increased infiltration of M2-type TAMs,

thereby identifying it as a key accomplice in tumor immune eva-

sion [76].

The primary mechanisms through which TAMs facilitate the de-

velopment of the ITME are delineated as follows: (1) Direct sup-

pression of adaptive immunity: TAMs exhibit elevated levels of PD-

L1, which interacts with PD-1 on T cells, resulting in the down-

regulation of co-stimulatory molecules such as CD80/CD86 [77,78].

This interaction leads to T cell dysfunction or inactivation. Addi-

tionally, TAMs impair T cell CD3ζ chain functionality by secreting

Arg 1, degrade tryptophan via IDO to generate kynurenine, which

activates the aryl hydrocarbon receptor pathway, thereby inhibiting

T cell proliferation [79–82]. Furthermore, they secrete cytokines

such as TGF-β and IL-10, which suppress the activation of NK cells

and the maturation of dendritic cells (DCs) [83–85]. (2) Recruit-

ment of suppressive immune cells: TAMs are capable of secreting

chemokines such as C–C motif ligand (CCL) 22 and IL-10 to at-

tract Tregs [86,87]. They also release IL-10 and TGF-β to promote

the proliferation of MDSCs [88–90]. Through the positive feedback

loop of CCL2, TAMs continuously recruit monocytes, which subse-

quently differentiate into M2-type TAMs [91]. (3) Remodeling of

the physical barriers: TAMs contribute to aberrant angiogenesis

by secreting cytokines such as vascular endothelial growth factor

(VEGF), fibroblast growth factor, and platelet-derived growth factor

(PDGF), which culminates in the establishment of a hypoxic mi-

croenvironment. This process is associated with the upregulation

of PD-L1 and Arg 1 expression on TAMs [92]. Additionally, TAMs

uptake tumor-derived lactate, which activates G protein-coupled

receptor 132 signaling, promoting the secretion of VEGF and IL-

10 [93,94]. TAMs can also stimulate fibroblasts to differentiate into

CAFs, thereby creating a dense physical barrier that obstructs T

cell infiltration [94,95]. (4) Epigenetic stabilization of pro-tumor

phenotypes: TAMs inhibit anti-tumor genes by upregulating his-

tone deacetylases and stabilize M2 phenotype epigenetic memory

through DNA methylation modifications [96–98].

2.2. Tregs

Tregs represent a specialized subtype of immunosuppressive T

cells, distinguished by the expression of CD4+ and CD25+ markers,

as well as the upregulation of the pivotal regulatory transcription

factor forkhead box protein P3 (FoxP3). The primary role of Tregs

is to uphold immune homeostasis by mitigating excessive immune

responses. The classification and nomenclature of Tregs have been

standardized, encompassing two principal populations: (1) natural

Tregs (nTregs), which are generated in the thymus and differen-

tiate into nTregs upon exposure to self-antigens, constituting ap-

proximately 5%–10% of the total Treg population; and (2) induced

Tregs, which are derived from FoxP3+ cells through stimulation

with TGF-β in conjunction with IL-2 or IL-10, representing over

90% of Tregs infiltrating tumors [99,100].

The intricate mechanisms through which Tregs facilitate ITME

primarily encompass the following components: (1) Direct contact-

mediated immune suppression: Tregs inhibit the activation of ef-

fector T cells by engaging with antigen-presenting cells (APCs)

via the high expression of CTLA-4, which subsequently suppresses

CD28 signaling. Furthermore, Tregs can directly release perforin,

forming pores in the membranes of effector T cells, and deliver

granzyme B, thereby inducing apoptosis in these cells. (2) Secre-

tion of immunosuppressive cytokine: Tregs produce cytokines such

as TGF-β , IL-10, IL-35, and adenosine, which collectively inhibit

the proliferation and differentiation of effector T cells. (3) Induc-

tion of metabolic exhaustion: Tregs, characterized by the expres-

sion of high-affinity IL-2 receptors (CD25), effectively compete for

IL-2 uptake, consequently suppressing the activation and survival

of effector T cells. Additionally, Tregs promote the expression of

IDO, which depletes tryptophan in the TME, further obstructing T

cell proliferation. (4) Recruitment or polarization of immunosup-

pressive cells: Tregs can enhance the expansion of MDSCs through

the secretion of immunosuppressive cytokines, and they can also

upregulate IDO expression in APCs via CTLA-4, leading to the po-

larization of macrophages towards the M2 phenotype [101–103].

2.3. MDSCs

MDSCs represent a subtype of myeloid cells that are typically

generated and released by the bone marrow in an immature form

in response to local inflammatory stimuli, such as infection or tis-

sue injury. This response aims to mitigate excessive inflammation

3



J. Sun, L. Huang, W. Jia et al. Chinese Chemical Letters 37 (2026) 112036

and safeguard the host from autoimmune reactions. Tumors ex-

ploit this physiological mechanism by enhancing the production

and recruitment of MDSCs, thereby establishing the ITME that can

inhibit host immune responses, facilitate the formation of new

blood vessels, and remodel surrounding tissues with components

that support tumor stroma [104,105]. MDSCs are generally catego-

rized into two distinct subpopulations: polymorphonuclear MDSCs

(PMN-MDSCs), which constitute approximately 80%–90% of the to-

tal MDSCs population and exhibit a phenotype akin to neutrophils

(CD11b+ Gr1high/Ly6G+ Ly6Clow), characterized by elevated expres-

sion of Arg [106]; and monocytic-like MDSCs (M-MDSCs), which

account for 10%–20% of MDSCs and display a phenotype similar

to monocytes (CD11b+ Ly6G− Ly6Chigh), with high levels of in-

ducible nitric oxide synthase (iNOS) [107]. The abnormal expansion

of these cells is mediated through the signal transducer and acti-

vator of transcription 3/5 (STAT3/STAT5) signaling pathway within

the bone marrow, thereby contributing to the establishment of an

immunosuppressive network [21].

The intricate mechanisms through which MDSCs facilitate the

establishment of an ITME can be delineated into several key com-

ponents: (1) Metabolic reprogramming: PMN-MDSCs exhibit el-

evated expression of Arg 1, which catalyzes the degradation of

arginine, a critical amino acid for T cell functionality, thereby

contributing to T cell dysfunction [108]. M-MDSCs synthesize ni-

tric oxide via iNOS, which obstructs the mitochondrial respira-

tory chain in T cells, ultimately leading to T cell apoptosis [109].

Additionally, the depletion of cysteine and the activity of nicoti-

namide adenine dinucleotide phosphate oxidase result in the ac-

cumulation of reactive oxygen species (ROS), which inflict dam-

age on T cell chemokine receptors, culminating in T cell inacti-

vation or death [110]. (2) Cellular cooperation: The pronounced

expression of PD-L1 and galectin-9 facilitates direct interactions

with T cell receptors PD-1 and TIM-3, thereby collaborating with

Tregs and TAMs to promote T cell exhaustion [111,112]. Further-

more, MDSCs secrete TGF-β and IL-10, which drive the differ-

entiation of naïve CD4+ T cells into Tregs and skew TAMs to-

wards the M2 phenotype, ultimately establishing an immunosup-

pressive axis involving MDSCs, Tregs, and TAMs [21]. (3) Syner-

gistic neutrophil extracellular traposis (NETosis): Within the ITME,

the processes of NETosis and PMN-MDSCs contribute to immuno-

suppression and tumor progression through a mutually reinforc-

ing cycle. Upon activation by tumor-derived factors such as IL-8

and granulocyte-CSF, PMN-MDSCs can either directly activate neu-

trophils or undergo NETosis themselves, driven by elevated levels

of ROS and granzyme (myeloperoxidase/neutrophil elastase). The

damage-associated molecular patterns and pro-inflammatory me-

diators released from neutrophil extracellular traps (NETs) serve to

recruit, amplify, and activate PMN-MDSCs [113–115]. This synergis-

tic interplay engenders a self-perpetuating cycle that exacerbates

immunosuppression, fosters tumor progression, and induces tissue

damage, thereby emerging as a pivotal factor in tumor immune

evasion.

2.4. CAFs

Fibroblasts play a crucial role in maintaining the structure and

functionality of normal tissues by synthesizing the ECM and facil-

itating tissue repair processes [116]. Within the ITME, CAFs repre-

sent a highly activated stromal cells that arise from either cellu-

lar transformation or phenotypic activation. These CAFs predomi-

nantly originate from the aberrant activation of previously quies-

cent fibroblasts at the tumor site, the differentiation of recruited

mesenchymal stem cells following their migration to the tumor,

the transformation of epithelial or endothelial cells, and the dif-

ferentiation of adipocytes or the tumors. CAFs contribute to ECM

formation by secreting components such as collagen I, collagen III,

fibronectin, and hyaluronic acid, with collagen cross-linking signif-

icantly impeding T cell migration by as much as 90% [117]. Fur-

thermore, CAFs secrete various immunosuppressive cytokine, in-

cluding TGF-β , IL-6, CXCL12, CSF-1, and IL-34, which collectively

suppress T cell and NK cell activity, hinder DCs maturation, pro-

mote the expansion of Tregs and MDSCs, and facilitate the po-

larization of TAMs towards the M2 phenotype. Additionally, CAFs

can deplete arginine and tryptophan in the ITME via the action

of Arg 1 and IDO, which inhibits T cell proliferation and dimin-

ishes T cell cytotoxicity through lactate secretion [66,118]. Notably,

myosin light chain 9 expressed in CAFs has been shown to mod-

ulate the immune microenvironment in colorectal cancer and to

promote tumor progression in an autocrine fashion. CAFs also ex-

press a variety of immune checkpoint molecules, including upreg-

ulated PD-L1/2, CD73/NT5E, and fibroblast activation protein (FAP),

all of which effectively inhibit T cell activity [119–121].

2.5. CAAs

CAAs represent atypical adipocytes that undergo differentiation

in response to stimuli from tumor cells within the ITME. These

cells are predominantly found in adipose tissue infiltrative ma-

lignancies, including breast, ovarian, and colorectal cancers. The

defining features of CAAs encompass a transformation from large

unilocular lipid droplets to smaller multilocular lipid droplets, akin

to brown adipose tissue, a decrease in fatty acid synthesis, an in-

crease in lipolysis and fatty acid oxidation, and the secretion of

pro-inflammatory mediators, adipokines, and matrix metallopro-

teinases (MMPs) [122]. This results in a diminished capacity for

normal energy storage, with their role shifting towards nutrient

provision for tumors and the suppression of antitumor immunity.

CAAs primarily arise from the white adipose tissue that surrounds

tumors and undergo phenotypic alterations induced by tumor-

derived factors [123]. Specifically, VEGF and PDGF secreted by tu-

mors recruit preadipocytes to the invasive tumor front, where they

differentiate into CAAs under hypoxic conditions. Adipose stem

cells are influenced by an imbalance in leptin and adiponectin lev-

els, leading to aberrant differentiation into a pro-cancer pheno-

type via peroxisome proliferator-activated receptor gamma signal-

ing [124–126].

CAAs contribute to the establishment of an ITME through

various mechanisms, including the elevated expression of fatty

acid binding protein 4 (FABP4), which facilitates the transport

of free fatty acids (FFAs) to tumor cells, thereby supplying

them with β-oxidation substrates that enhance their prolifera-

tion and metastatic potential [127,128]. Additionally, CAAs upreg-

ulate lipophagy-related genes, such as autophagy-related gene 5,

through hypoxia-inducible factor 1-alpha (HIF-1α), enabling the

breakdown of their lipid droplets to release cholesterol for tumor

membrane synthesis. They secrete IL-6, TGF-β , and leptin, which

promote the expansion of Tregs, and exhibit high levels of PD-

L1, which directly induces T cell exhaustion [122,129]. Further-

more, CAAs attract MDSCs via chemokines such as CCL2 and CCL5,

thereby inhibiting the cytotoxic activities of NK cells and T cells.

They also release IL-8 and monocyte chemoattractant protein-1, fa-

cilitating the polarization of TAMs towards a M2 phenotype [130–

132].

Moreover, Wang et al. elucidated a novel mechanism whereby

FFAs are released from CAAs following lipolysis stimulated by

tumor-derived secretions. These FFAs are subsequently transferred

into tumor cells, enhancing FFA β-oxidation and thereby facil-

itating tumor progression [133]. CAAs produce lactate and ke-

tone bodies, further contributing to ITME acidification and impair-

ing the functionality of effector immune cells. They downregulate

adiponectin, a factor that typically exerts tumor-suppressive ef-

fects, thereby alleviating its inhibitory influence on the nuclear fac-

4
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Table 1

The table to summarize relevant content includes different modulatory cells and therapeutic mechanisms for various cells.

Nano-DDS Modulatory or targeting cells Therapeutic mechanisms Ref.

M2NP TAMs Elimination of M2-type TAMs [147]

V(Hb)@DOX TAMs Elimination of M2-type TAMs [148]

M@SINPs TAMs Transition of M2-type TAMs to the M1 phenotype [149]

BisCCL2/5i TAMs Reducing TAMs recruitment [150]

ME@C TAMs Targeting M2-type TAMs and activating CD8+ T cells [151]

tLyp1-hNPs Tregs Targeting Tregs and inhibiting the phosphorylation of STAT3 and STAT5 [152]

NPsiCTLA-4 Tregs Targeting Tregs and diminished the ratio of CD4+ FoxP3+ Tregs [153]

SNPs Tregs Targeting Tregs while simultaneously blocking CTLA-4 and PD-1 [154]

Anti–CTLA-4×SIRPα heterodimer Tregs Exposing Tregs to macrophage-mediated phagocytosis [155]

Nb-Fc1B Tregs Selectively elimination of CCR8+ ti-Tregs [156]

BDM MDSCs Enhancing targeting and mitigating the myelotoxic effects of drugs [157]

I-4-P@PssP MDSCs Inhibiting MDSCs recruitment [158]

dLy-6C-LAMP MDSCs Utilizing the intrinsic homing properties of M-MDSCs to traverse the BBB [159]

Immunecare-DISC MDSCs Eliminating MDSCs and activating Toll-like receptor 3 [160]

IEVs-PFD/138 CAFs Suppressing CAFs proliferation, migration, and secretion of profibrotic factors [161]

JQ1&PFD@CTL CAFs Metabolic reprogramming and ECM degradation [162]

oP@ALG CAFs Diminishing ECM deposition [163]

PEG-SAB-Lip CAFs Induction of CAF quiescence and ECM degradation [164]

DT-GM1 TAMs, GSCs Eliminating or repolarizing M2-type TAMs and eradicating GSCs [165]

NICER CSCs, tumors Activation of CD8+ T cells and suppression of YTHDF1 expression [166]

HPA/AS/CQ@Man-EM TAMs, tumors Repolarizing M2-type TAMs and elevating ROS levels and reducing VEGF expression [167]

tor kappa-light-chain-enhancer of activated B cells (NF-κB) path-

way, resulting in an excess of pro-inflammatory mediators. Addi-

tionally, CAAs secrete exosomes containing non-coding RNA, such

as miR-144 and miR-126, which convey pro-tumor signals to im-

mune cells. They also release MMPs that degrade the ECM, thereby

facilitating tumor invasion. Similarly, CAAs can induce the enzyme

IDO and secrete Arg, leading to the depletion of tryptophan and

arginine, which inhibits T cell proliferation and function. As a piv-

otal contributor to the tumor progression and metastasis, CAAs fos-

ter the development of the ITME through multiple mechanisms,

including nutrient provision, cytokines secretion, matrix remodel-

ing, and direct immune cell suppression. Consequently, modulat-

ing CAAs with agents such as FABP4 inhibitors, diacylglycerol acyl-

transferase 1 inhibitors, and leptin receptor antagonists may repre-

sent a novel strategy for tumor immunotherapy [133–136].

3. Nano-DDS modulating tumor stromal cells

In tumor immunotherapy, conventional DDS encounter consid-

erable obstacles, including the rapid clearance of drugs, inadequate

accumulation at tumor sites, poor penetration to dense barriers,

and the off-target effects. In response to these challenges, nano-

DDS have emerged as a promising strategy that can significantly

improve drug delivery efficiency and enable precise targeting [137–

139]. These systems offer several advantages, including responsive-

ness to the ITME, ease of functional modification for the integra-

tion of multiple functions, biodegradability, and the potential to

overcome drug resistance [140–142]. As researchers gain a more

comprehensive understanding of the ITME and the role of tumor

stromal cells, numerous innovative nano-DDS have been developed

to specifically modulate tumor stromal cells (Table 1) [143–167].

3.1. Nano-DDS for modulating TAMs

In the ITME, the M2-type TAMs represent the predominant cat-

egory. They possess the capability to shield tumors from the in-

hibitory influences of adaptive immune responses by means of

their expression or secretion of proteolytic enzymes, immunosup-

pressive agents, and growth factors. Consequently, M2-type TAMs

are identified as a primary target for therapeutic interventions

aimed at modulating ITME. Common mechanisms for modulating

TAMs to reshape the ITME include: eliminating M2-type TAMs, in-

hibiting TAMs recruitment, reprogramming TAMs towards the M1

phenotype, and mitigating metabolic suppression.

Qian et al. introduced a dual-targeting peptide-lipid nanoparti-

cle (M2NP) specifically designed to target M2-like TAMs by bind-

ing to the scavenger receptor (Fig. 2A) [147]. Initially, a bispe-

cific construct was generated by conjugating the α-peptide, a GSG

linker, and M2pep, resulting in the compound designated as α-

M2pep. Subsequently, leveraging the amphiphilic properties of the

α-peptide, α-M2pep was effectively incorporated with phospho-

lipids and a near-infrared dye core to assemble a core–shell fluo-

rescent lipid nanoparticle targeting M2-type TAMs, herein referred

to as M2NPs. Moreover, they modified an anti-CSF-1R siRNA with

cholesterol (chol-siCD115) to mimic the endogenous delivery pat-

terns of cholesterol by high-density lipoprotein to enhance its in

vivo trafficking. M2NPs facilitates the delivery of siRNA aimed at

silencing the CSF-1 receptor, leading to the selective eradication

of M2-type TAMs within tumors. This intervention significantly di-

minishes immunosuppressive cytokines, enhances the infiltration

of CD8+ T cells, and prolongs survival in melanoma models. Sim-

ilarly, Wang et al. developed a biomimetic red blood cell nano-

DDS (V(Hb)@DOX) that targets the M2-type TAMs marker receptor

CD163 to deliver doxorubicin (DOX) (Fig. 2B). This approach effec-

tively eliminates M2-type TAMs, markedly reduces levels of IL-10

and TGF-β , and inhibits metastasis in breast cancer as well as re-

currence in colon cancer [148].

Compared to elimination strategies, polarization strategies aim

to reconfigure the immune microenvironment, fostering long-

lasting immunological memory and synergizing with ICIs to elicit

a more robust and enduring anti-tumor response. Gong et al. cre-

ated a nano-DDS utilizing albumin nanoparticles (M@SINPs) for the

concurrent delivery of the photosensitizer IR820 and the src ho-

mology 2 domain-containing protein tyrosine phosphatase (SHP2)

inhibitor SHP099 (Fig. 2C) [149]. This system is capable of gener-

ating ROS within TAMs upon laser irradiation, thereby facilitating

the transition of M2-type TAMs to the M1 phenotype. Furthermore,

the inhibition of SHP2 disrupts the CD47-signal regulatory protein

alpha signaling pathway, thereby restoring the phagocytic activity

of M1-type macrophages.

Wang et al. developed a method to encapsulate the mRNA of

the BisCCL2/5i antibody within a clinically approved lipid nanopar-

ticle platform, which selectively binds to and neutralizes CCL2 and

CCL5. This intervention significantly reduces TAMs recruitment and

effectively mitigates immune suppression (Fig. 2D) [150]. When
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Fig. 2. The examples of nano-DDS for modulating TAMs. (A) Design of the M2NP for M2-like TAM-specific molecular-targeted immunotherapy. Copied with permission [147].

Copyright 2017, American Chemical Society. (B) Schematic illustration of engineered endogenous TAM-targeted biomimetic nano-RBC to reprogram ITME for enhanced cancer

chemo-immunotherapy. Copied with permission [148]. Copyright 2021, Wiley-VCH GmbH. (C) Schematic illustration of M@SINPs-mediated M2-to-M1 repolarization and

phagocytosis restoration of TAMs for improved cancer immunotherapy. Copied with permission [149]. Copyright 2025, BioMed Central Ltd. (D) The percentage of macrophages

and M2-type macrophages in the total immune cells following treatment (n=6). Copied with permission [150], Copyright 2021, Wiley-VCH GmbH.

BisCCL2/5i mRNA was combined with PD-1 ligand inhibitors, it re-

sulted in prolonged survival in murine models of primary liver

cancer, colorectal cancer, and pancreatic cancer. Nevertheless, these

therapeutic strategies frequently neglect the potential role of M2-

type TAMs as APCs. Cui et al. demonstrated that M2-type TAMs

possess elevated lysosomal cysteine protease activity compared to

other APCs, and they discovered that inhibiting this enzymatic ac-

tivity could substantially enhance antigen cross-presentation and

activate CD8+T cells [168]. Building on this finding, Qiao et al.

employed mesoporous silica nanoparticles loaded with the cys-

teine protease inhibitor E64, which were coated with galactose

ligand-modified cancer cell membranes derived from surgical tu-

mors, for postoperative cancer immunotherapy [151]. This innova-

tive nano-DDS specifically targets M2-type TAMs and facilitates the

release of E64 within lysosomes, thereby enhancing antigen cross-

presentation and directly activating CD8+ T cells, which in turn

inhibits the proliferation of B16-OVA melanoma. Following syner-

gistic interaction with ICIs, this method also effectively curtailed

postoperative tumor recurrence in 4T1 tumors, offering novel in-

sights into TAMs-modulated immunotherapy.

3.2. Nano-DDS for modulating Tregs

While Tregs are crucial for sustaining immune homeostasis and

mitigating autoimmunity, their immunosuppressive effects within

the ITME are recognized as a significant mechanism facilitating tu-

mor immune evasion. Consequently, Tregs are regarded as a crit-

ical target for nano-DDS designed to reverse immunotherapeutic

strategies. Current immunotherapeutic strategies modulating Tregs

include various approaches: the direct elimination of Tregs, and in-

hibiting Tregs recruitment.

Ou et al. have developed a hybrid nanoparticle conjugated with

the tLyp1 peptide, specifically designed to target Tregs (Fig. 3A)

[152]. This nanoparticle enhances the downregulation of Tregs-

mediated suppression by imatinib through the inhibition of phos-

phorylation of STAT3 and STAT5. Furthermore, CTLA-4 is an-

other prevalent target for Tregs modulation. Li et al. synthesized

nanoparticles (NPsiCTLA-4) capable of encapsulating CTLA-4 small

interfering RNA utilizing biocompatible and biodegradable PEG-PLA

copolymers and BHEM-Chol (Fig. 3B) [153]. The NPsiCTLA-4 signifi-

cantly diminished the ratio of CD4+ FoxP3+ Tregs and effectively

inhibited tumor growth in murine models of melanoma, thereby

extending survival time. Zhang et al. developed hybrid spherical

nucleotide nanoparticles (SNPs) loaded with a CTLA-4 siRNA ap-

tamer (cSNP) and PD-1 siRNA (pSNP) (Fig. 3C) [154]. These hy-

brid SNPs demonstrated a synergistic immune-stimulating effect

by targeting Tregs while simultaneously blocking CTLA-4 and PD-

1, which elicited a robust anti-tumor immune response that ulti-

mately suppressed the growth of melanoma tumors and colorectal

adenocarcinomas in mice.

Notably, some researchers have engineered a nanodrug that

precisely targets Tregs by exploiting the overexpression of CD47

(the “don’t eat me” signal) and CTLA-4. Zhang et al. designed a

molecular clamp structure comprising an anti-CTLA-4×signal reg-

ulatory protein α (SIRPα) heterodimer [155]. This molecular clamp

effectively binds to tumor Tregs via the CTLA-4 antibody, while

SIRPα inhibits the CD47, thereby exposing Tregs to macrophage-

mediated phagocytosis. The Fc region on the connecting arm acti-

vates Fc receptors on macrophages, initiating phagocytosis and ul-

timately leading to the clearance of Tregs, thereby simultaneously

dismantling their “don’t eat me” defense and activating the “eat

me” signal in macrophages. This approach enhances the suppres-

sive tumor immune microenvironment, inhibits tumor growth at

only low doses, and fosters long-term immune memory.

The presence of the aforementioned targets in not only Tregs

but also in other critical immune cell types, such as effector T cells,

may result in significant adverse effects. In addition to the previ-

ously discussed molecular clamp strategy, researchers have identi-

fied a subset of highly activated Tregs (ti-Tregs), which exhibit the

most potent immunosuppressive properties in murine tumor mod-
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Fig. 3. The examples of nano-DDS for modulating Tregs. (A) Schematic illustration of tLyp1-hNPs. Copied with permission [152]. Copyright 2018, Published by Elsevier B.V.

(B) The Structural Characteristics and Functional Mechanism of NPsiCTLA-4. Copied with permission [153]. Copyright 2016, Elsevier B.V. (C) Illustration of the hSNP enhanced

synergistic anti-tumor effect mechanism of CTLA-4 and PD-1 blockades. Copied with permission [154]. Copyright 2020, The Royal Society of Chemistry. (D) s.c. MC38 tumor

growth in mice treated with isotype (black, closed circle), anti-PD-1 (black, open circle), anti-CCR8 (green, closed circle) or the combination of anti-PD-1 and anti-CCR8

(ADCC) (green, open circle) (n=10). Copied with permission [156]. Copyright 2020, The Royal Society of Chemistry.

els (including lung cancer, colon cancer, and melanoma) as well as

in human tumor samples (notably non-small cell lung cancer and

melanoma). These ti-Tregs are characterized by the elevated ex-

pression of the CCR8 receptor protein, which is upregulated via the

NF-κB signaling pathway. In light of this, Damme et al. conducted

a screening for nanobodies that target various epitopes of the CCR8

extracellular domain, utilizing immunized llamas [156]. They sub-

sequently developed two bispecific tetravalent Nb-Fc therapeutic

nanoproducts, designated Nb-Fc1A and Nb-Fc1B. Nb-Fc1A is de-

signed solely to inhibit CCR8 signaling, whereas Nb-Fc1B addition-

ally facilitates NK cell-mediated cytotoxicity. The findings demon-

strate that Nb-Fc1B can selectively eliminate CCR8+ ti-Tregs within

the ITME with a clearance efficiency exceeding 90%, without ad-

versely affecting peripheral Tregs or CD4+FoxP3− T cells. Further-

more, when combined with anti-PD-1 therapy, Nb-Fc1B was ca-

pable of completely eradicating tumors and establishing long-term

immune memory in the MC38 model (Fig. 3D).

3.3. Nano-DDS for modulating MDSCs

MDSCs play a crucial role in the immune suppression associated

with tumors. These cells are capable of inhibiting the activity of

various immune cells, including CD8+ T cells, NK cells, and B cells.

Furthermore, MDSCs can recruit Tregs and induce the polarization

of TAMs towards the M2 phenotype. They also contribute to tumor

angiogenesis, facilitate the process of epithelial-mesenchymal tran-

sition, secrete MMPs, and can differentiate into osteoclasts, all of

which enhance the invasion and metastasis of tumor cells. Con-

sequently, a variety of immunotherapeutic strategies modulating

MDSCs have been developed. These strategies can be broadly clas-

sified into four categories: (1) Inhibiting the functional activity of

MDSCs; (2) directly eliminating MDSCs; (3) preventing the recruit-

ment of MDSCs; and (4) inducing the differentiation of MDSCs into

mature myeloid cells.

In recent years, black phosphorus (BP) has garnered signifi-

cant attention due to its distinctive electronic structure and broad

absorption peak within the visible light spectrum, which confer

strong singlet oxygen generation capacity and superior photother-

mal properties. Lan et al. synthesized BP nanosheets with 200nm,

subsequently loading them with the chemotherapeutic agent gem-

citabine (GEM). The nanosheets were then coated with MDSCs

membranes, resulting in a composite denoted as BP@decitabine

(Dacogen)@MDSCs (BDM) (Fig. 4A) [157]. Membrane proteins de-

rived from MDSCs confer upon BDM the capability to enhance

targeting and mitigate the myelotoxic effects of decitabine (Daco-

gen). Concurrently, the photothermal and photodynamic proper-

ties of BP facilitate hyperthermia and ROS-induced mitochondrial

damage, while also enhancing antitumor immunity through im-

munogenic cell death. Furthermore, the localized administration of

decitabine (Dacogen) promotes tumor cell demethylation and in-

duces cell cycle arrest. The results demonstrated a substantial re-

versal of ITME alongside a notable decrease in tumor progression

(Fig. 4B). This integrative multi-modal therapeutic strategy, com-

bining photothermal therapy, photodynamic therapy, chemother-

apy, and immunotherapy, offers a promising avenue for effective

cancer treatment.

Hypoxia is known to induce HIF-1α, which subsequently up-

regulates ENTPD2, facilitating MDSCs maturation, while also en-

hancing the production of GM-CSF and IL-6 to promote the dif-

ferentiation of bone marrow granulocyte-macrophage progenitor

cells into MDSCs. This underscores tumor hypoxia as a critical

factor driving MDSCs recruitment. In response, Yang et al. de-

veloped a GSH-responsive amphiphilic polymer nanoparticle (I-

4-P@PssP), which comprises a tumor GSH-responsive mPEG-ss-

poly(lactic-co-glycolic acid carrier, the photothermal drug IR-1048,

the oxygen-carrying contrast agent perfluorooctyl bromide (PFOB),

and 4-methylumbelliferone (4-MU), which inhibits hyaluronic acid

synthesis (Fig. 4C) [158]. I-4-P@PssP enhances the hypoxic ITME

through direct oxygen delivery from PFOB and sustained oxy-
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Fig. 4. The examples of nano-DDS for modulating MDSCs. (A) Schematic overview illustrating the preparation and the anti-tumor therapy of BDM. (B) The percentage of

tumor-infiltrating CD11b+ Gr-1+ MDSCs, CD11b+ F4/80+ Macrophages. The MFI of tumor-infiltrating CD86+ CD11b+ F4/80+ M1-like Macrophages and CD206+ CD11b+ F4/80+

M2-like Macrophages, the percentage of tumor-infiltrating CD11b+ CD11c+ DCs and CD103+ CD11b+ CD11c+ matured DCs. Copied with permission [157]. Copyright 2025,

BioMed Central Ltd. (C) Schematic illustration of synthesis and working principle of I-4-P@PssP NPs. Copied with permission [158]. Copyright 2024, Wiley-VCH GmbH. (D)

αLy-6C-LAMP targeting peripheral, especially splenic, M-MDSCs and eliciting antitumor immune responses. Copied with permission [159]. Copyright 2025, Elsevier B.V. (E)

FACS analysis demonstrating infiltrating MDSCs (CD11b+Gr1+) on day 7 and CD8+ and CD4+ T cells on days 7 and 14 in recurring tumors and the spleen. Copied with

permission [160]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

gen delivery resulting from 4-MU-induced vascular normalization,

thereby significantly inhibiting MDSCs recruitment. Following com-

bined treatment with photothermal therapy, the primary tumor

volume was reduced by 90%, and metastatic nodules in the lungs

and liver were decreased by 85%, resulting in a 2.3-fold increase

in survival.

Moreover, Yu et al. have innovatively developed a dLy-6C-

LAMP nano-DDS that actively recruits and enriches M-MDSCs post-

radiotherapy and chemotherapy (Fig. 4D) [159]. This system effec-

tively targets peripheral M-MDSCs, leveraging their inherent hom-

ing capabilities to deliver therapeutic genes directly into glioblas-

toma (GBM). It facilitates the delivery of a secretory PD-L1 Trap

protein that broadly inhibits the PD-1/PD-L1 pathway, thereby ef-

fectively activating anti-tumor immunity, significantly reducing re-

currence, and prolonging survival. The approach of utilizing en-

dogenous cells as carriers to traverse biological barriers for tar-

geted delivery offers novel insights for the treatment of other brain

diseases that are protected by the blood-brain barrier (BBB).

Lim et al. have engineered a three-dimensional scaffold,

termed immuneCare-DISC, aimed at enhancing anti-tumor immu-

nity through dual mechanisms [160]. Firstly, GEM is utilized as an

agent to eliminate MDSCs, thereby mitigating immune suppression

within the ITME. Secondly, the system employs whole tumor lysate

antigens in conjunction with nano-adjuvants that carry Toll-like re-

ceptor 3 agonists, functioning as a cancer vaccine to bolster im-

mune stimulation. Additionally, a nano-gel containing poly(I:C) has

been introduced as a nano-adjuvant to elicit a robust cellular im-

mune response. The findings demonstrated that immuneCare-DISC

effectively eliminates both tumor and splenic MDSCs via GEM, al-

leviates T cell suppression, activates DCs maturation through the

vaccine, promotes the secretion of inflammatory cytokines such

as interferon-γ and tumor necrosis factor-α, and significantly in-

creases the populations of CD4+ and CD8+ T cells in both the tu-

mor and spleen (Fig. 4E). In the 4T1 model, 25% of the mice ex-

hibited no tumor recurrence, 100% survived beyond 30 days, and

60% showed no metastatic nodules.

3.4. Nano-DDS for modulating CAFs

Compared to other tumor stromal cells, CAFs have emerged as

crucial therapeutic targets for modulating the ITME due to their

spatial heterogeneity, metabolic reprogramming capacity, and dy-

namic plasticity [169]. Strategies modulating CAFs typically reverse

the ITME through three primary mechanisms: disrupting physi-

cal barriers, inhibiting the secretion of immunosuppressive factors,

and regulating metabolic reprogramming.

Bone marrow mesenchymal stem cells (BMSCs) possess inher-

ent antifibrotic properties are readily taken up by CAFs. Zhou et

al. developed engineered extracellular vehicles (EVs) derived from

BMSCs, which were surface-modified with an integrin α5-targeting

peptide to enhance their specific enrichment in CAFs [161]. They

were co-loaded with miR-138–5p (a miRNA inhibiting CAFs acti-
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Fig. 5. The examples of nano-DDS for modulating CAFs. (A) Schematic representation of engineered BMSCs-derived EVs for the co-delivery of miR-138–5p mimic and PFD

to pancreatic CAFs. Copied with permission [161]. Copyright 2025, Springer Nature Limited. (B) The synthesis of JQ1&PFD@CTL, along with its role in inhibiting CAFs and

the formation of the stromal barrier, enhancing drug delivery, improving the hypoxic tumor environment, inhibiting tumor glycolysis, and simultaneously increasing the

sensitivity of JQ1. Copied with permission [162]. Copyright 2023, The Authors. Advanced Science published by Wiley-VCH GmbH. (C) Schematic illustration of the preparation

process of oP@ALG and the mechanism of oP@ALG after intratumoral injection. Copied with permission [163]. Copyright 2025, Elsevier B.V. (D) Illustrative schematic depicting

the antitumor mechanisms of PEG-SAB-Lip and PEG-DTX-Lip. Copied with permission [164]. Copyright 2025, Elsevier B.V.

vation) and pirfenidone (PFD, an antifibrotic small-molecule drug),

forming IEVs-PFD/138 (Fig. 5A). Results demonstrated that integrin

α5 peptide modification doubled the enrichment efficiency of miR-

138–5p in CAFs, significantly suppressing CAFs proliferation, mi-

gration, and secretion of profibrotic factors (TGF-β , IL-6, CXCL12),

while reducing tumor stiffness and solid stress. Furthermore, the

released PFD directly inhibited TGF-β expression, augmenting the

antifibrotic effect. IEVs-PFD/138 combined with GEM significantly

enhanced therapeutic efficacy across three mouse models (sub-

cutaneous, orthotopic, patient-derived tumor xenograft), providing

strong evidence for clinical translation.

Research has revealed that in pancreatic cancer, CAFs within the

ITME induce the formation of a dense stromal barrier (occupying

up to 50% of the tumor volume), which impedes drug penetra-

tion and promotes chemoresistance. Additionally, CAFs have been

shown to upregulate bromodomain-containing protein 4 expres-

sion, thereby diminishing the efficacy of the BET inhibitor JQ1. Con-

sequently, targeting CAFs within the pancreatic ITME holds poten-

tial not only to enhance the sensitivity of cancer cells to JQ1 but

also to improve drug perfusion and oxygen delivery, leading to re-

duced glycolysis and constrained energy supply. Building on this

premise, Zhang et al. developed a nano-DDS named CTL comprising

liposomes modified with TAT cell-penetrating peptides and coated

with CAFs-derived cell membranes, designed to co-deliver PFD and

JQ1 (Fig. 5B) [162]. The JQ1&PFD@CTL formulation exhibited ro-

bust CAFs-targeting capabilities both in vitro and in vivo. Through

mechanisms involving metabolic reprogramming and ECM degra-

dation, treatment with JQ1&PFD@CTL achieved a pronounced anti-

tumor effect, with an inhibition rate of 79.79%.

Oncolytic viruses (OVs) elicit immune responses through their

selective infection of tumor cells; however, following intratumoral

administration, they frequently disseminate into healthy tissues,

such as the liver, resulting in toxicity. Furthermore, the ECM pro-

duced by CAFs generates elevated stromal pressure, which impedes

both OVs penetration and immune cell infiltration. Addressing this,

Hou et al. developed a calcium ion-responsive sodium alginate

(ALG) hydrogel encapsulating a rapidly released small-molecule

(the FAP inhibitor PT-100, targeting CAFs) and a sustained-release

component (the oncolytic HSV-2 virus, oH2), forming oP@ALG (Fig.

5C) [163]. Their findings demonstrated that intratumoral injection

of oP@ALG induced calcium ion-mediated formation of a stable

porous matrix, enhancing intratumoral retention of oH2 by 18-fold,

while PT-100 effectively suppressed CAFs proliferation. In a subcu-

taneous tumor model, treatment with oP@ALG significantly dimin-

ished ECM deposition and inhibited tumor progression, achieving

a tumor inhibition rate of 73.5 %.

Bioactive compounds derived from traditional Chinese herbal

medicine are increasingly recognized for their role in cancer im-

munomodulation. Salvianolic acid B (SAB) exhibits multiple thera-

peutic properties, including anticancer, anti-inflammatory, antiox-

idant, and anti-fibrotic effects. Building on these attributes, Chen

et al. developed a PEGylated liposomal formulation encapsulating

SAB (PEG-SAB-Lip) aimed at modulating and inactivating CAFs (Fig.

5D) [164]. This strategy seeks to enhance nano-DDS efficiency, re-

model the ITME, and improve the efficacy of chemotherapy and

immunotherapy. Their findings demonstrated that PEG-SAB-Lip ef-

fectively inhibited TGF-β secretion and downregulated Smad 2/3

phosphorylation, leading to reduced α-smooth muscle actin ex-

pression and induction of CAF quiescence. Consequently, ECM de-

position was diminished, facilitating improved nanodrug penetra-

tion. Furthermore, the treatment significantly increased intratu-

moral infiltration of CD8+ and CD4+ T cells, M1-type TAMs, as

well as pro-inflammatory cytokines interferon-γ and tumor necro-

sis factor-α. Concurrently, there was a marked reduction in im-

munosuppressive populations, including MDSCs, Tregs, and the cy-

tokines IL-6 and IL-10, collectively indicating effective remodeling

of the ITME.

3.5. Nano-DDS for multicellular cooperative modulating

The ITME constitutes a complex, integrated system in which tu-

mor cells, stromal cells, immune cells, and their diverse signal-
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Fig. 6. The examples of nano-DDS for multicellular cooperative modulating. (A) Schematic illustration of DT-GM1/DOX composition and targeting of M2 TAMs and GSCs

across BBB to block PTN-PTPRZ1 signaling axis synergistically with DOX against GBM. Copied with permission [165]. Copyright 2025, Elsevier B.V. (B) Schematic illustration

on the design of Man-EM camouflaged HPA NPs encapsulating both AS and CQ (HPA/AS/CQ@Man-EM) for CRC treatment. Copied with permission [167]. Copyright 2025,

Elsevier B.V. (C) Schematic of CSA/TAA-integrated NICER nanovaccine, and the immune response against both CSCs and bulk tumors with improved antigen cross-presentation

of DCs in an epigenetic manner by limiting lysosomal degradation and enhancing cytosolic export of the internalized antigens. TCR, T cell receptor. Copied with permission

[166]. Copyright 2025, Springer Nature Limited.

ing molecules interact intricately rather than functioning in iso-

lation. Modulation of a single subtype of tumor stromal cells can

result in compensatory mechanisms by other tumor stromal cell

populations, which may upregulate alternative factors or signaling

pathways. This compensatory response can diminish the efficacy

of the therapeutic intervention and potentially contribute to the

development of treatment resistance. Consequently, by harness-

ing the synergistic mechanisms of multiple regulation, develop-

ing multifunctional nano-DDS capable of simultaneously modulat-

ing various cells can induce antitumor immune responses and ef-

fectively overcome treatment resistance to a degree that markedly

exceeds the outcomes attained through single-modulation thera-

peutic strategies. For instance, s(DGL)n@Apt effectively addresses

physical drug resistance and immune suppression associated with

the dense stromal environment of pancreatic cancer by concur-

rently modulating ECM and MDSCs [170]. Similarly, IR780-peptide

nanocomposites selectively target and modulate CAFs via a pho-

tothermal mechanism, thereby disrupting the cancer cell niche

and preventing tumor recurrence and drug resistance [171]. Ad-

ditionally, Wan et al. have developed a strategy that simultane-

ously delivers a STING agonist and a CCR2 antagonist, which acti-

vates the STING signaling pathway while inhibiting the CCL2/CCL7–

CCR2 axis. This dual modulation regulates DCs, TAMs, and MD-

SCs, ultimately overcoming the immune resistance of pancreatic

ductal adenocarcinoma [172]. The design of effective multicellu-

lar synergistic modulatory nano-DDS is guided by three funda-
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mental principles: (1) Synergistic modulating, wherein the selec-

tion of multiple modulatory sites is deliberate and based on their

biological synergism or sequential interactions, enabling bidirec-

tional amplification of therapeutic efficacy. (2) Spatiotemporally

controlled release, which necessitates that the nano-DDS can pro-

grammably and precisely release multiple therapeutic agents in

accordance with specific functional demands. For instance, incor-

porating responsive segments with varying response speed allows

for the initial release of ECM-degrading agents, followed by drugs

that modulate tumor stromal cells or stimulate immune responses,

thereby enhancing overall treatment outcomes. (3) Safety consid-

erations, emphasizing the use of biocompatible and biodegrad-

able materials to ensure that the nanocarrier can be safely me-

tabolized and eliminated post-therapy, thus minimizing risks of

inflammation or immune reactions associated with prolonged

retention.

Yang et al. engineered a dual-targeting nano-DDS (DT-

GM1) composed of self-assembled monosialotetrahexosylganglio-

side (GM1) and DSPE-PEG, designed as a carrier for the DOX (Fig.

6A) [165]. In both in vitro and in vivo models of GBM, DT-GM1

demonstrated the capacity to traverse the BBB passively, attributed

to its lipid-based characteristics. Furthermore, it exhibited precise

targeting of M2-type TAMs and glioblastoma stem cells (GSCs) via

the M2pep peptide and PTPRZ1 antibody, respectively. This strat-

egy effectively eliminates M2-type TAMs and GSCs, thereby inhibit-

ing the PTN-PTPRZ1 signaling pathway. Concurrently, it disrupts

the tumor-promoting feedback loop between these cell populations

and facilitates the polarization of TAMs from the M2 to the M1

phenotype. Such remodeling of the ITME presents a new direction

for targeted immunotherapeutic interventions against GBM.

The treatment of colorectal cancer is often constrained by insuf-

ficient consideration of the ITME, particularly the M2-type TAMs.

The antimalarial agents artesunate (AS) and chloroquine (CQ) ex-

hibit broad-spectrum anticancer properties. AS exerts its antitumor

effects by inducing ROS, apoptosis, and ferroptosis, whereas CQ in-

hibits autophagy and facilitates the repolarizing of M2-type TAMs

into pro-inflammatory M1-type TAMs. Building on these mecha-

nisms, Peng et al. engineered a dual-modulated nanodelivery sys-

tem (HPA/AS/CQ@Man-EM), which encapsulated both AS and CQ

and effectively modulated tumor cells as well as TAMs (Fig. 6B)

[167]. Results in vitro and in vivo revealed that HPA/AS/CQ@Man-

EM impedes tumor cell proliferation and angiogenesis by elevat-

ing ROS levels and reducing VEGF expression. Concurrently, it pro-

motes the repolarization of M2-type TAMs to the M1 phenotype,

thereby remodeling the ITME. This work provides a promising

prospect in the development of clinical regimens for CRC treat-

ment.

A recent investigation highlights that postoperative recurrence

and metastasis of solid tumors constitute the principal factors con-

tributing to treatment failure, predominantly due to the persis-

tence of residual cancer stem cells (CSCs). To mitigate this chal-

lenge, You et al. introduced a dual-targeting nanovaccine approach

termed NICER (Nanovaccine with Integrated CSA/TAA and Epige-

netic Regulation) (Fig. 6C) [166]. This strategy concurrently targets

CSC-specific antigens (CSA) and tumor-associated antigens (TAAs),

thereby eliciting activation of both CSCs-specific CD8+ T cells and

conventional tumor cell-specific CD8+ T cells. Furthermore, upon

uptake by DCs, the siRNA targeting YTH N6-methyladenosine bind-

ing protein 1 (YTHDF1) effectively silences YTHDF1 expression,

which normally suppresses lysosomal protease activity in DCs,

thus enhancing antigen cross-presentation efficiency. The results

demonstrated a 90% reduction in tumor-infiltrating ALDH1A1high

CSCs and an over 80% decrease in tumor volume in the 4T1 model.

Moreover, in spontaneous metastasis tumor and postoperative re-

currence models, the NICER treatment group exhibited pronounced

anti-metastatic and anti-recurrence efficacy.

4. Conclusions and prospectives

Tumor stromal cells are widely recognized for their pivotal

role in modulating the ITME and contributing significantly to re-

sistance against anti-tumor immunotherapies. The application of

nano-DDS to modulate these stromal cells represents a strategi-

cally important approach in tumor immunotherapy. Nano-DDS not

only surmount immunosuppressive barriers and provide precise

spatiotemporal control but also facilitate the integration of multi-

targeted and multi-modulated therapeutic strategies, thereby im-

proving the efficacy of tumor immunotherapy. Recent advance-

ments in nanoengineering-based immunotherapeutic strategies

aimed at stromal cells and ITME reprogramming have yielded

promising outcomes, presenting numerous potential avenues for

clinical translation.

However, nanodelivery systems designed to modulate tumor

stromal cells continue to encounter multifaceted challenges. Con-

ventional nanocarriers predominantly depend on the enhanced

permeability and retention effect to facilitate tumor accumula-

tion, but clinical evidence indicates that merely 0.7 % of the ad-

ministered dose successfully localizes to the tumor site. Investiga-

tions in pancreatic cancer models reveal that only approximately

21% of endothelial cells engage in nanocarrier transport through

caveolae-mediated transcytosis, leading to heterogeneous drug dis-

tribution within the ITME. Furthermore, batch-to-batch variability

in nanomedicine production constitutes a significant challenge to

clinical translation. For instance, slight discrepancies during the

synthesis of mannose-modified nanoparticles (MnCNPs) can re-

sult in substantial alterations in nanoparticle properties, thereby

impacting their therapeutic efficacy and safety profiles. Achieving

consistent physicochemical properties of MnCNPs, particularly re-

garding particle size, surface functionalization, and drug encapsu-

lation efficiency, during large-scale manufacturing remains a crit-

ical challenge. Additionally, targeting ligands, which are essential

for specificity, are susceptible to degradation or detachment dur-

ing storage and transportation, raising concerns about the stability

and shelf life of these formulations.

Beyond the intrinsic limitations of the nanomedicines them-

selves, the heterogeneity of the tumor stroma cells and the ITME

further compromises the therapeutic effectiveness of the nano-

DDS. Considerable variability exists in the phenotypic character-

istics of stromal cells across different tumor types. For instance,

CD206+ M2-type TAMs are frequently observed in certain solid

tumors, whereas in gliomas, CD163+ M2-type TAMs constitute

the predominant infiltrating immune cell population. This phe-

notypic heterogeneity poses challenges for the development of

nanotechnology-based therapeutic systems with broad-spectrum

efficacy. Furthermore, the modulation of various stromal cell popu-

lations encounters several significant challenges. Approaches aimed

at targeting TAMs and Tregs often suffer from inadequate speci-

ficity. For instance, many receptors employed to identify M2-

polarized TAMs, such as CD206 and scavenger receptors, are also

expressed at low levels on other immune cells, including DCs, as

well as on certain non-immune cells. Similarly, principal targets

of Tregs, such as CTLA-4 and CD25, are also present on effector

T cells, particularly activated effector T cells. Consequently, inter-

ventions directed against these molecules risk inadvertently im-

pairing antitumor immune responses by affecting cells that are es-

sential for immune activation, thereby diminishing therapeutic ef-

ficacy. Moreover, Tregs are crucial for maintaining peripheral im-

mune tolerance and preventing autoimmune pathologies. Their de-

pletion or functional inhibition in non-target tissues can provoke

severe autoimmune adverse effects, including colitis, dermatitis,

and hypophysitis, representing a major barrier to the clinical trans-

lation of such therapies. The metabolic suppression mechanisms

employed by MDSCs are complex and redundant; thus, inhibition
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of a single metabolic pathway may induce compensatory upreg-

ulation of alternative pathways. Additionally, given the persistent

supply of MDSCs, selective elimination of these cells either in pe-

ripheral tissues or within the tumor microenvironment yields lim-

ited therapeutic benefit. Excessive disruption of CAFs can para-

doxically promote tumor metastasis and compromise the integrity

of the tumor vasculature. Although strategies involving the coor-

dinated modulation of multiple cell types may mitigate some of

these limitations, their inherent complexity and the potential for

unpredictable systemic toxicities pose significant challenges. In ad-

dition, interpatient variability further complicates the accurate pre-

diction of therapeutic responses. The limitations inherent in pre-

clinical models, such as discrepancies between animal models and

human disease pathology, as well as insufficient replication of the

ITME, have contributed to the unsuccessful clinical translation of

numerous promising nanomedicines.

Currently, nano-immunotherapy modulating tumor stromal

cells is at a pivotal juncture, transitioning from fundamental re-

search toward clinical implementation. The existing challenges rep-

resent both obstacles and opportunities for innovation within the

field. An optimal future nano-DDS should integrate efficient deliv-

ery mechanisms, ITME remodeling, and real-time monitoring capa-

bilities. The incorporation of computational science-assisted design

holds significant potential to accelerate the development time-

line. Overcoming heterogeneity barriers necessitates precise classi-

fication based on patient-specific stromal characteristics. The ap-

plication of artificial intelligence and big data analytics, in con-

junction with multi-omics profiling and radiomic features, to de-

velop personalized delivery strategies that inform clinical decision-

making constitutes a promising direction for future research. Fur-

thermore, from an industrial perspective, the advancement of in-

novative manufacturing processes aimed at cost reduction is im-

perative to enhance the accessibility of these advanced therapies

to a wider patient population. Achieving successful clinical transla-

tion demands multidisciplinary collaboration and the development

of novel methodologies. Additionally, synergistic cooperation across

diverse industries and scientific domains is essential to realize the

full therapeutic potential of this emerging technology for cancer

patients.
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