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Abstract Tumor metastasis is the leading cause of high mortality in most cancers, and numerous

studies have demonstrated that the malignant crosstalk of multiple components in the tumor microenvi-

ronment (TME) together promotes tumor metastasis. Cancer-associated fibroblasts (CAFs) are the major

stromal cells and crosstalk centers in the TME of various kinds of tumors, such as breast cancer, pancre-

atic cancer, and prostate cancer. Recently, the CAF-induced pro-tumor metastatic TME has gained wide

attention, being considered as one of the effective targets for tumor therapy. With in-depth research, CAFs

have been found to promote tumor metastasis through multiple mechanisms, such as inducing epithelial

emesenchymal transition in tumor cells, remodeling the extracellular matrix, protecting circulating tu-

mor cells, and facilitating the formation of a pre-metastatic niche. To enhance the anti-tumor metastasis

effect, therapeutic strategies designed by combining nano-drug delivery systems with CAF modulation

are undoubtedly a desirable choice, as evidenced by the research over the past decades. Herein, we intro-

duce the physiological properties of CAFs, detail the possible mechanisms whereby CAFs promote tumor

metastasis, categorize CAFs-based nano-drug delivery strategies according to their anti-metastasis func-

tions and discuss the current challenges, possible solutions, as well as the future directions in order to

provide a theoretical basis and reference for the utilization of CAFs-based nano-drug delivery strategies

to promote tumor metastasis therapy.

*Corresponding authors.

E-mail addresses: stella_ni2021@163.com (Shuting Ni), chenlei2114@shutcm.edu.cn (Lei Chen), kaili-hu@163.com (Kaili Hu).
yThese authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2025.02.040

2211-3835 ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.e lsev ier.com/ loca te /apsb
www.sc iencedi rec t .com

Acta Pharmaceutica Sinica B 2025;15(4):1841e1868



ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tumor metastasis, the leading cause of high mortality in most
cancers, is a tremendous challenge that urgently needs to be
overcome in cancer therapy1‒3. Crucially, a large number of
studies have shown that tumor metastasis is not an autonomous
process of tumor cells but rather a result of the combined effects
of various components in the tumor microenvironment (TME)4.
The TME can be regarded as a complex and highly structured
ecosystem, mainly composed of cellular components (tumor cells,
multiple immune cells, fibroblasts, etc.) and non-cellular compo-
nents (cytokines, proteins, extracellular matrix, etc.)5,6. The
crosstalk between tumor cells and multiple components in the
TME changes dynamically throughout tumor progression, which
is the primary contributor to tumor growth, invasion, and metas-
tasis7. Therefore, identifying different targets and exploring stra-
tegies to regulate TME is currently a hot research direction in anti-
tumor metastasis.

Cancer-associated fibroblasts (CAFs) are the most abundant
stromal cells in the TME of desmoplastic tumors8. For example,
CAFs account for 50%e70% of the total cells in the breast cancer
TME9, whereas in pancreatic cancer they can even reach 90% of
the tumor mass10, often acting as a crosstalk center in the TME11‒

13. Recently, a study stated that CAFs could promote lung cancer
metastasis through mitophagy and mtDNA transfer14, indicating
that CAFs are closely associated with tumor metastasis and are
now a hot research topic. Specifically, CAFs can be activated from
various precursor cells, such as tissue-resident fibroblasts, quies-
cent stellate cells, epithelial cells, etc., via different signaling
pathways15,16. It is well established that CAFs can inhibit the
function of immune cells in the TME and modulate the extra-
cellular matrix (ECM) by secreting a variety of cytokines or
metabolites, thus facilitating the formation of a “tumor hospitable”
TME, which provides an immunosuppressive environment and
hinders drug permeation for tumor cell survival4,17. Afterward, the
crosstalk between CAFs and tumor cells will exert pro-metastatic
effects by inducing epithelialemesenchymal transition (EMT) of
tumor cells, remodeling ECM, protecting circulating tumor cells
(CTCs), and facilitating the formation of a pre-metastatic niche18‒
20. Interestingly, the effects of CAFs on tumor metastasis are
mostly focused on hematogenous metastasis at this stage21‒24.
Therefore, the term “tumor metastasis” in this article refers to
hematogenous metastasis. Moreover, tumor tissues tend to
generate richer blood vessels to meet the more intense prolifera-
tion needs of tumor cells, with this also offering more opportu-
nities for CAFs to promote hematogenous metastasis of tumor
cells25. In this context, CAFs have become a major target for anti-
tumor metastasis based on TME modulation.

Nano-drug delivery systems (NDDS) are an emerging product
of utilizing nanotechnology in drug delivery to improve drug ef-
ficacy and reduce side effects26. Anti-tumor strategies with the
assistance of NDDS can be used in the diagnosis, treatment, and
prevention of tumors, which have received increasing atten-
tion27,28. Over the past 30 years, various NDDS such as nano-
particles, liposomes, micelles, and nanoemulsions have been

developed for tumor treatment based on different therapeutic desires
and drug properties, bringing new light to anti-tumor metastasis and
showing remarkable progress29‒31. By optimizing their physico-
chemical properties, NDDS can improve the solubility, membrane
permeability, and pharmacokinetic behavior of loaded drugs32. In
addition, specific nano-sized drug delivery systems can be passively
accumulated at the tumor site due to the enhanced permeability and
retention (EPR) effect in tumor tissues33. On the other hand, with the
incorporation of functionalmolecules, the drug delivery efficacy can
be further enhanced, such as by achieving targeted delivery, slow or
sustained release, and improving the deep penetration of drugs at the
tumor site34. However, merely inhibiting tumor cells is not sufficient
to achieve the desired anti-tumor metastasis effect due to the pres-
ence of CAFs-enriched TME35. Thus, recent studies have shifted
their attention to the suppression of CAFs. Most of the CAFs-based
NDDS studies at this stage are comprehensive treatment strategies,
which usually exhibit better anti-tumor metastasis effects36. This is
mainly due to the comprehensive treatment strategy that can inhibit
the direct promoting effect of CAFs on tumor metastasis37. In
addition, it can also enhance the effects of chemotherapeutic agents
on tumor cells in combination therapy by inhibiting the CAFs-
mediated unfriendly TME, ultimately reducing the risk of tumor
metastasis and hindering the malignant progression of tumors38,39.

This review focuses on the specific mechanisms by which
CAFs promote tumor metastasis and the current CAF-based nano-
drug delivery strategies. Different from most of the current re-
views concerning the effects of anti-CAF nanomedicine on tumor
growth, we paid more attention to “tumor metastasis” and sum-
marized the latest research cases. More importantly, we have
screened the classic studies of anti-CAF NDDS against tumor
metastasis. We elaborate on the role of CAFs in the key stages of
tumor cell metastasis and, for the first time, summarize the
detailed functions and anti-tumor metastasis efficiency of CAFs-
based NDDS in terms of suppressing CAF activation, depleting
CAFs, normalizing CAFs, modulating CAF effects, and turning
CAFs into “friends”. We have attempted to summarize the prog-
ress of CAFs-based NDDS in the field of anti-tumor metastasis
from a novel perspective in detail. In addition, we propose the
challenges and possible solutions in the current studies of CAFs-
based NDDS, as well as the promising research directions in the
future, aiming to provide a reference for the research of CAFs-
based NDDS for anti-tumor metastasis.

2. Cancer-associated fibroblasts (CAFs)

2.1. Definition and features of CAFs

Defining CAFs first requires a clear understanding of fibroblasts.
The history of fibroblasts can be traced back to 1858 when the
German pathologist Rudolf Virchow first described fibroblasts as a
distinct cell type called “spindle cells of connective tissue”. Later,
Ernst Ziegler first used the term “fibroblast” to identify this type of
cell that produces new connective tissue after healing in 189540.
Nowadays, fibroblasts are referred to canonically as cells that
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create and maintain an anatomically diverse array of ECM-rich
connective tissues to support a broad range of essential organ
functions41. In such conditions, CAFs can be defined as spindle-
shaped fibroblasts located in or near tumor tissues that lack line-
age markers for epithelial cells, endothelial cells, and hemato-
poietic cells, which functionally contribute to the promotion of
tumor malignant behavior42. For these features, CAFs are distin-
guished from normal fibroblasts by both their appearance and their
biological properties. In terms of appearance, CAFs are usually
larger in morphology, with an indented nucleus and a cell cyto-
plasm with more branching structures43,44. As for biological
properties, CAFs have greater proliferation, migration, and
secretion abilities. Compared with normal fibroblasts, CAFs are
more metabolically active and can secrete more ECM factors,
such as envelope growth factor, secreted protein acidic and rich in
cysteine (SPARC), and tenascin, etc. In addition, CAFs produce
more collagen, with a rigid and constricted pattern of collagen
deposition45.

2.2. Origins and biomarkers of CAFs

CAFs originate from various cells through the activation of diverse
signaling pathways (Fig. 1). There is now a great deal of evidence
confirming the existence of a variety of cellular precursors of
CAFs46. For example, tissue-resident fibroblasts and stellate cells
(e.g., pancreatic and hepatic stellate cells) can be recruited and
activated into CAFs by cytokines such as TGF-b47‒49, platelet-
derived growth factor (PDGF)15,50, fibroblast growth factor
2 (FGF-2)51,52, stromal-derived factor 1 (SDF-1/CXCL12)53, and
reactive oxygen species (ROS)54. The mesenchymal stem cells
(MSCs) are also one of the origins of CAFs; cytokines such as TGF-

b, the chemokine ligand family (SDF-1/CXCL12, CXCL16, CCL2,
CCL5), and other cytokines are involved in the transformation of
MSCs to CAFs16,55. Adipocytes can also be transformed into CAFs
with high expression of fibroblast-specific protein-1 (FSP-1) under
the stimulation of TGF-b156,57. With further studies, more potential
sources of CAFs were identified, such as epithelial and endothelial
cells that can be activated and differentiated into CAFs through the
processes of epithelialemesenchymal transition (EMT) and
endothelialemesenchymal transition (EndMT), respectively58,59.
Pericytes and smooth muscle cells can be transformed into CAFs in
response to TGF-b1 and WNT3A60, and monocytes can be trans-
formed into CAFs through monocyte myoblast trans-differentiation
(MMT) induced by ROS through the p38 neutrophil-activated pro-
tein kinase signaling pathway61.

Clarifying the biomarkers of CAFs can help to distinguish
CAFs from other stromal cells in TME, which is more conducive
to the subsequent precision therapy against CAFs. Previous
studies have shown that fibroblast activation protein (FAP)62, a-
smooth muscle actin (a-SMA)63, fibroblast-specific protein (FSP-
1/S100A4)64, platelet growth factor receptor a/b (PDGFR
a/b)45,65, TENASCIN-C66, PERIOSTIN67, and chondroitin sulfate
proteoglycan (NG2)68 can be considered as a set of biomarkers to
define CAFs. Although these biomarkers are not specific to CAFs,
a combination of them can help identify CAFs. In addition, some
mesenchymal markers such as VIMENTIN, FIBRONECTIN, type
I collagen, prolyl 4-hydroxylase, and fibroblast surface proteins
can also be used as markers to aid in the identification of
CAFs45,69,70. A recent study found that the membrane receptor
protein ITGA5 could serve as a novel biomarker for CAFs, and its
expression showed good agreement with the classical CAF
markers FAP and a-SMA71. CAFs with different biomarkers may

Figure 1 The possible origins of CAFs in the TME.
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have specific biological functions; for example, a-SMA and FAP-
positive CAFs can produce and regulate ECM, promote cell-ECM
adhesion, exert immunosuppressive effects, and increase the
alignment and stiffness of ECM, which is closely associated with
the invasion and metastasis of tumor cells72,73. Further, the
fibroblast-specific protein S100A4 exists relatively specifically on
CAFs, and the S100A4-positively expressed CAFs can perform a
unique tumor-protective role in immune surveillance by producing
collagen17,74. With increasing research, CAVEOLIN-1 and G
protein-coupled receptor 77 (GPR 77) have been found to act as
biomarkers for a subgroup of pro-tumorigenic CAFs, which play a
key role in promoting the malignant progression of tumor
cells75,76. There are commonly used biomarkers of CAFs and their
characteristics, as shown in Table 1 77‒107.

3. Mechanisms of CAFs in promoting tumor metastasis

A great deal of evidence demonstrates that CAFs are present in
different tumor types and behave as the primary stromal cells in
the TME to construct a favorable environment for tumor devel-
opment, which ultimately promotes the malignant progression of
tumors to evolve into metastatic cancers through interactions with
tumor cells108,109. According to the steps for tumor cells under-
going metastasis, CAFs were found to promote tumor cell inva-
sion and metastasis by inducing EMT of tumor cells, regulating
ECM, protecting CTCs that entered the blood circulation, and
forming pre-metastatic ecological niches (Fig. 2).

3.1. Inducing EMT of tumor cells

EMT, the process by which tumor cells acquire a migratory and
invasive phenotype in their primary location, is the mechanism by
which tumor cells initiate invasion, and it provides epithelial cells
with stem cell-like properties such as self-renewal, which in turn
accelerates the metastatic process of tumor cells110. CAFs have
been confirmed to be critical for the EMT process in desmoplastic
tumors such as breast cancer, pancreatic cancer, prostate cancer,
and lung cancer (Fig. 2A). A recent investigation of breast cancer
patients revealed that the high CAFs patient group was signifi-
cantly enriched in EMT-related signaling pathways111. Generally,
tumor cells undergoing the EMT process will lose epithelial
markers such as E-CADHERIN and gain the mesenchymal marker
N-CADHERIN, and Matsumura et al.112 suggested that CAFs
induce the formation of breast tumor cell clusters in a hybrid
epithelial/mesenchymal state (E-CADHERIN Lo ZEB1 Hi), which
leads to collective invasion113.

Previous studies have found that CAFs can induce EMT in
tumor cells by secreting a variety of cytokines, including TGF-b18,
epidermal growth factor (EGF), PDGF, hepatocyte growth factor
(HGF)114, and SDF-1/CXCL12115. In addition, Giannoni et al.116

noted that CAF-secreted MMPs induce EMT in prostate cancer
cells via the cyclooxygenase-2 (COX-2)/nuclear factor-kB
(NF-kB)/hypoxia-inducible factor 1 (HIF-1) signaling pathway. A
recent study found that collagen triple helix repeat protein 1
(CTHRC1), secreted by CAFs isolated from breast cancer tissues,
can activate the WNT/b-catenin signaling pathway, in turn pro-
moting EMT and the invasiveness of tumor cells117. According to
Chen et al.118, microfibril-associated protein 5 (MFAP5) secreted
by CAFs activated NOTCH1 signaling, which upregulated the
expression of intracellular activation structural domain (NICD1)
and the transcription factor SLUG, thereby facilitating the EMT of

tumor cells. Moreover, CAFs were proven to promote the
expression of YES-associated protein 1 (YAP1), VIMENTIN, and
CD44 in tumor spheroids, and high expression of YAP1 was
associated with a more severe EMT status and stromal index119.
Further, CAFs can secrete exosomes that are loaded with proteins,
lipids, and RNAs to affect TME and play an important role in
tumor invasion and metastasis120. For example, it has been found
that miR-181d-5p-containing exosomes released by CAFs down-
regulate CDX2 and HOXA5, and the downregulation of HOXA5
decreases the levels of E-CADHERIN and VIMENTIN and in-
creases the levels of N-CADHERIN, SLUG, SNAIL1, TWIST1,
ZEB1, and ZEB2, which accelerates the EMT process in MCF-
7 cells121. It has also been noted that exosomal miR-625e3p from
CAFs may promote migration, invasion, and EMTof CRC cells by
inhibiting the CELF2/WWOX pathway122. In addition, CAFs
activated from breast adipose tissue-derived mesenchymal stro-
mal/stem cells could highly upregulate the gene expression of
EMT transcriptional factors, including ZEB1, TWIST1, SNAIL1,
and SNAIL2, with an associated increase in VIMENTIN as well
as a decrease in CDH1 (coding for the calcium ion-dependent cell
adhesion molecule E-CADHERIN)123,124.

3.2. Remodeling the ECM

The ECM of tumors is a highly dynamic, three-dimensional su-
pramolecular entity composed of a range of molecules, including
collagen, elastin, proteoglycans, laminin, and glycosaminogly-
cans125,126. As a central part of the TME, the ECM not only
provides support and protection for tumor cells but also contrib-
utes to tumor cell metastasis by regulating cell motility and
mediating intercellular signaling127. Usually, the ECM is classified
into two major types: the interstitial and pericellular matrices.
Basement membrane (BM) is a type of pericellular matrix found
between epithelial cells and connective tissue128. In the early
stages of tumor progression, the BM separates the tumor cells
from the surrounding stromal cells, forming a physical barrier that
prevents tumor cells from spreading129,130. As the tumor further
develops into the metastatic stage, tumor cells break through the
BM to enter the mesenchyme and invade the surrounding tissues;
this process is accompanied by ECM remodeling131. It was found
that the invasion of tumor cells through the BM involves both
protein hydrolysis-dependent and protein hydrolysis-independent
routes, and CAFs have a critical effect on both of them
(Fig. 2B). For the invasion of tumor cells in a protein hydrolysis-
dependent pathway, it has been extensively demonstrated that
CAFs secrete broad-spectrum matrix metalloproteinase (MMP)
such as MMP-1, -2, -3, -9, -11, -13, -14, -19, and fibrinogen
activator that can directly degrade the ECM, and the higher MMP
secretion contributes to the disruption of the BM and facilitates
the breakthrough of tumor cells132,133. For the pathway that is not
dependent on protein hydrolysis, CAFs exert mechanical force on
the ECM through integrin a3, a5, and Rho signaling-mediated
myosin-ECM interactions, thereby aligning collagen fibers from
a random mesh-like appearance to a parallel pattern45,134,
providing a more convenient “tunnel” for tumor cells to traverse
the ECM. Similarly, Cannone et al.135 also noted that tumor cells
connect with CAFs through the BM layer, utilizing their con-
tractile properties to exert physical forces on the BM and enlarge
the existing pores to complete invasion in a protein hydrolysis-
independent manner. In addition, Papanicolaou et al.136 used
temporal proteomic analyses of cellular tumor exfoliation and
discovered that XII-type collagen secreted by CAFs alters the
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structure of I-type collagen, thereby creating an invasive micro-
environment that supports tumor metastasis, which provides new
insights into the mechanisms by which CAFs remodel the ECM.
Another study has shown that full-length collagen VI from the

ECM of obese mammary glands is a novel driver of TNBC cell
invasion, and the mechanism was identified to promote TNBC cell
invasion through NG2-EGFR crosstalk and MAPK signaling
pathways137.

Table 1 Commonly used biomarkers of CAFs and their characteristics.

Expression

site

Biomarker Cross-expressed cell Cancer with CAFs that

express the marker

Biological function Ref.

Cell

membrane

FAP � Reactive stromal fibroblasts

� Resting mesoderm cells

� CD45-positive immune cells

Breast cancer, lung cancer,

colorectal, renal cancer, and

ovarian cancer, etc.

Promoting tumor

metastasis, immune

evasion, and ECM

remolding

77‒79

PDGFRa/b � Normal fibroblasts

� Pericytes

� Vascular smooth muscle cells

� Skeletal muscle cells

� Cardiomyocytes

� Tumor cells

Breast cancer, colorectal

cancer, and cervical cancer,

etc.

Promoting tumor

metastasis, M2

macrophage polarization,

angiogenesis

80,81

CAVEOLIN-1 � Adipocytes

� Endothelial cells

� Normal fibroblasts

� Type I alveolar cells

� Tumor cells

Pancreatic cancer, breast

cancer, and gastric cancer,

etc.

Promoting tumor

invasion

82,83

CD10 � Pre-B lymphocytes Breast cancer, colorectal

cancer, and gastric cancer,

etc.

Promoting tumor cell

stemness

84‒86

GPR77 � Polynuclear neutrophilic

leukocytes

Breast cancer, gastric cancer,

and ovarian cancer, etc.

Promoting tumor

progression

87,88

ITGA5 � Lung squamous cell Breast cancer, colorectal

cancer, and glioblastoma, etc.

Promoting tumor

metastasis, tumor cell

stemness, and

angiogenesis

89,90

NG2 � Normal fibroblasts

� Neuroglia

� Tumor cells

Breast cancer, melanoma,

squamous cell cancer,

neuroblastoma, mesothelioma

Promoting tumor cell

migration

91‒93

Cytoplasmic a-SMA � Normal fibroblasts

� Pericytes,

� Smooth muscle cells

� Cardiomyocytes

Pancreatic cancer, breast

cancer, lung cancer, liver

cancer, colon cancer, and

renal cancer, etc.

Promoting tumor cell

proliferation, ECM

remodeling, and tumor

cell stemness

94,95

VIMENTIN � Epithelial cells

� Endothelial cells

� Neurons

PDAC, breast cancer, prostate

cancer, lung cancer, gastric

cancer, etc.

Promoting tumor cell

growth, invasion, and

migration

96‒98

S100A4/FSP-1 � Normal fibroblasts

� Epithelial cells

� Macrophages

� Tumor cells

Breast cancer, lung cancer,

gastric cancer, endometrioid

adenocarcinoma, etc.

Promoting tumor

metastasis, immune

evasion

99

DESMIN � Skin fibroblasts

� Pericytes

� Myocytes

Colorectal cancer, and gastric

cancer, etc.

Promoting tumor cell

growth, invasion, and

migration

100,101

ECM protein TENASCIN-C � Normal fibroblasts

� Tumor cells

� Endothelial cells

Pancreatic cancer, breast

cancer, prostate cancer, and

cervical cancer, etc.

Promoting tumor

metastasis and

angiogenesis

102‒104

PERIOSTIN � Normal fibroblasts,

� Tumor cells

� Mesenchymal stem cells

Breast cancer, lung cancer,

prostate cancer, and

esophageal squamous cell

cancer, etc.

Promoting tumor cell

stemness, invasion and

metastasis

105‒107

‒, not applicable. CAFs, cancer-associated fibroblasts; FAP, fibroblast activation protein; CD, cluster of differentiation; ECM, extracellular matrix;

PDGFRa/b, platelet growth factor receptor a/b; GPR77, G protein-coupled receptor 77; ITGA5, integrin alpha5; NG2, chondroitin sulfate pro-

teoglycan; a-SMA, a-smooth muscle actin; PDAC, pancreatic ductal adenocarcinoma; EMT, epithelialemesenchymal transition; FSP-1, fibroblast-

specific protein-1.
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3.3. Protecting circulating tumor cells

Circulating tumor cells (CTCs) generally refer to these tumor cells
derived from primary or metastatic tumors that acquire the ability
to detach from the BM and invade the blood vessels138. It was

found that CAFs play an important role in this process (Fig. 2C).
Mitsui et al.139 stated that the release of prostaglandin E2 (PGE2)
by CAFs may be essential for promoting tumor cell migration into
the blood vessels. In addition, CAFs can promote angiogenesis
through secreting VEGF, which provides more opportunities for

Figure 2 The specific mechanisms by which CAFs promote tumor metastasis. (A) Induction of EMT in tumor cells. CAFs can promote EMT in

tumor cells by secreting TGF-b, MMP, MFAP5, CTHRC1 and exosomes containing miR-181d-5p. (B) Remodeling of ECM. CAFs promote tumor

cell crossing the basement membrane via “tunnel” formation and ECM degradation, which in turn promotes tumor distant metastasis (C) Protection

of CTCs. CAFs acquire an invasive phenotype and increased vascular permeability enables CAFs to better form CAFs-CTC clusters with tumor

cells, thereby protecting CTCs from fluid shear forces and the immune system in the blood circulation (D) Facilitating the formation of PMN. CAFs

facilitate PMN formation via ECM remodeling, pro-inflammatory effects, pro-angiogenesis, immune suppression and metabolism regulation.
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invasive tumor cells to infiltrate blood vessels and develop he-
matogenous metastasis140. Moreover, chemokines such as
CXCL12 secreted by CAFs could increase the vascular perme-
ability of local microvascular analogs through paracrine signaling
and promote vascular endothelial infiltration of breast cancer
cells141,142.

CTCs may participate in blood circulation in two forms, either
by circulating alone or in clusters with other cells, and clustered
CTCs have a higher metastatic potential than individual
CTCs143,144. Importantly, the direct physical interactions between
CAFs and tumor cells may mediate the formation of heterotypic
clusters of CAFs and CTCs (CAFs-CTC clusters), so that CAFs
can travel with tumor cells in the blood circulation145‒148. Be-
sides, CAFs acquire an invasive phenotype that also contributes to
their accompanying CTCs entering the circulation, and it has been
pointed out that IL11 can modulate ICAM-1 and ITGA5 signaling
pathways to promote the migratory and invasive features of CAFs,
which consequently facilitates the formation of metastatic CAFs-
CTC clusters149. Subsequent findings confirm that CAFs-CTC
clusters have a higher in vivo metastatic potential than homolo-
gous CTC clusters. The formation of this heterogeneous cluster
may be related to the adhesion and stemness marker CD44 in a
subpopulation of CTCs and CAFs150.

After entering the circulation, CTCs tend to be exposed to
more fluid shear stress than the primary site, and CAFs that
accompany CTCs into the blood circulation will act as bodyguards
for CTCs to enhance their survival in the blood stream144,151.
Specifically, CAFs in the CTCs-CAFs clusters have been proven
to induce shear resistance in tumor cells via strong cellular ad-
hesions and soluble factors (CCL2, CCL7, and CXCL5), which
promote stable cell aggregates and can activate signaling path-
ways involved in cell survival and immune evasion, respec-
tively148,152‒155. In summary, the protective effect of CAFs on
CTCs in the blood circulation effectively promotes tumor cell
metastasis, and the identification of CAFs-CTC clusters has
become a powerful indicator for monitoring cancer progression in
clinical practice156,157.

3.4. Facilitating the formation of pre-metastatic niche

The metastasis of tumor cells to distant tissues or organs and their
colonization at the target site to start a new round of unrestrained
growth can be understood as the process of “seeding in the soil”.
The “seeds” usually refer to the CTCs that invade the blood
vessels after crossing the ECM, while the “soil” is the microen-
vironment formed by the primary tumor through the release of
exosomes, cytokines, and other signaling molecules to remotely
recruit immune cells and stromal cells to alter the ECM of the
distant organs, making it suitable for the colonization and growth
of CTCs. Such a “hospitable” microenvironment is also known as
the pre-metastatic niche (PMN)158‒160. PMN facilitates the for-
mation of metastatic foci, which is a critical stage in the malignant
progression of cancer. It is well established that CAFs are
important stromal components of PMN, which can assist in the
development of PMN that is suitable for tumor growth through
remodeling the ECM at the metastatic site, regulating metabolism,
and immunosuppression (Fig. 2D), thereby promoting the meta-
static process of tumor cells20,161.

Initially, tumor cells could activate normal fibroblasts in the
host organ to form new CAFs by deriving a series of soluble
mediators and extracellular vesicles (EVs) carrying tumor infor-
mation162. For example, tumor cells could secrete Hsa-miR-141-3p

(miR-141)-containing exosomes that target YAP1, a critical
effector of the Hippo pathway, and reduce the intranuclear YAPA/
TAZ ratio, which may reprogram stromal fibroblasts into pro-
inflammatory CAFs and enhance the expression of growth-
regulated oncogene a (GROa) in CAFs163,164. Tumor cell-
derived Evs rich in integrin beta-like 1 (ITGBL1) from rectal
cancer (CRC) can activate fibroblasts through NF-kB signaling,
ultimately promoting PMN formation and rectal cancer metas-
tasis165. In addition, Wu et al.166 found that epstein-barr virus
(EBV)-encoded latent membrane protein 1 (LMP1) could also
activate the NF-kBeP65 signaling pathway through extracellular
vesicular transport and upregulate the expression of MCT4 proteins
in CAFs, which promoted PMN formation and tumor proliferation.

Thereafter, the CAFs activated from the host organ and the
CAFs accompanying CTCs will promote PMN formation by
remodeling the ECM at the metastatic site, such as secreting large
amounts of collagen to increase the stiffness of the ECM167,168.
Notably, the increased ECM stiffness promotes tumor cells to
secrete exosomes carrying tumor-promoting molecules, which in
turn increases the risk of cancer metastasis169. A recent study
indicated that activin A, a member of the TXGF-b superfamily,
upregulates the expression of pro-fibrotic factors in CAFs, leading
to collagen deposition in the pre-metastatic ecological niche of the
lungs and facilitating the process of lung metastasis in breast
cancer170. In addition, hyaluronic acid (HA) with a high molecular
weight that ranges from 500 to 6000 kDa secreted by CAFs is an
essential component of the ECM in PMN, and the secretion of HA
is often accompanied by an increase in the levels of type I collagen
as well as a-SMA, an EMT marker, which also contributes to the
formation of PMN and promotes cancer metastasis171.

In addition, CAFs can promote angiogenesis in the PMN
through the secretion of VEGF, PDGF, etc. to meet the initial
growth requirements of newly colonized tumor cells140,172. On the
other hand, Shu et al.173 found that CAFs exposed to exosomes
from human melanoma increased oxidative phosphorylation of
aerobic sugar degradation, leading to extracellular acidification,
which in turn promoted glycolysis in tumor cells and facilitated
PMN formation through metabolic regulation. Additionally, the
colorectal cancer cell-derived exosome HSPC111 has been
observed to alter the lipid metabolism of CAFs by phosphory-
lating ATP-citrate lyase, favoring PMN formation and CRC liver
metastasis174. Another important fact is that CAFs can promote
the formation of PMN by mediating the inflammatory microen-
vironment. Shani et al.175 reported that up-regulation of IL33 in
CAFs from breast cancer patients with spontaneous lung metas-
tasis altered the immune microenvironment of the metastatic PMN
towards type 2 inflammation and facilitated lung metastasis of
breast cancer, showing us a novel type of interaction axis between
CAFs and immune cells. In addition, numerous studies have
demonstrated that CAFs can recruit immunosuppressive cells such
as myeloid-derived suppressor cells (MDSC) into the PMN by
secreting cytokines like TGF-b176, IL-6 and IL-8177, CCL2178, and
complement factors179 to reduce T-cell infiltration and prevent the
killing of tumor cells by the immune system180. Further, a similar
study revealed that CD38þ CAFs can inhibit M1 macrophage
activation and T cell proliferation, thereby fostering the formation
of immunosuppressive PMN181.

3.5. Other functions of CAFs in fostering tumor metastasis

In addition to the aforementioned role of CAFs in promoting
tumor cell metastasis, several studies have reported that CAFs
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may facilitate the malignant behavior of tumors via other mech-
anisms. Hypoxia occurs in most growing solid tumors, and a
recent study showed that breast cancer-associated fibroblasts
BrC4f undergo mesenchymal-epithelial transformation induced by
“pulsed hypoxia” to become more aggressive epithelioid tumor
cells, which ultimately accelerates the metastasis of breast can-
cer182. CAVEOLIN-1 is a scaffolding protein and a major
component of the caveolae/lipid rafts. Huang et al.183 showed that
CAFs lacking CAVEOLIN-1 expression enhanced the secretion of
TGF-b1, which activated the TGF-b1/SMAD signaling pathway
in the tumor cells, thereby promoting cancer metastasis. Inter-
estingly, a previous study mentioned that CAFs may promote
tumor cell expansion, invasion, and metastasis through mechanical
stress, which simply manifested as CAFs exerting pressure on the
invasive front of the tumor due to their movement across from the
tumor periphery to the core, encouraging the invasive growth of
tumor cells in the forked finger model184. Further, it is well known
that the interaction between cancer cells and surrounding fibro-
blasts significantly influences cancer growth, metabolism, metas-
tasis, and progression, based on which it has been noted that the
secretion of hydrogen peroxide by tumor cells to the TME induces
neighboring stromal cells, mainly CAFs, to undergo aerobic
glycolysis and produce large amounts of energy-rich “fuels” (e.g.,
pyruvate, ketone bodies, fatty acids, and lactic acid), which serve
as the “nutrients” for tumor cells, thus promoting their prolifera-
tion and metastasis185.

4. Strategies of nanomedicine to modulate CAFs for anti-
metastasis therapy

With the deepening research on nanotechnology, suppressing the
pro-tumor functions of CAFs by constructing NDDS such as
nanoparticles, liposomes, micelles, and nanoemulsions loaded
with active ingredients has become a hot topic in the field of anti-
tumor metastasis (Fig. 3). NDDS has been confirmed to improve
the solubility and stability of drugs, alter the in vivo pharmaco-
kinetic behavior of drugs, enhance the targeting of drugs, and thus
strengthen the therapeutic efficacy and reduce the systemic
toxicity of drugs186,187. In recent decades, CAF modulation stra-
tegies based on NDDS have shown great potential in mitigating
the risk of tumor metastasis38,188. As discussed earlier, CAFs are
critical in all steps of tumor cell metastasis, and therefore,
developing a series of anti-CAF strategies with the assistance of
NDDS may provide promising therapy for tumor metastasis.
Recent studies related to CAFs-based NDDS include depleting
CAFs (Fig. 3A), suppressing activation or normalizing CAFs
(Fig. 3B), modulating CAFs effects on tumor cells and ECM
(Fig. 3C), and even turning CAFs into “friends” (Fig. 3D).

4.1. Depletion of CAFs

Depletion of CAFs is the most direct way to block the effect chain
of CAFs, which is a hot research topic in inhibiting the function of
CAFs. The depletion of CAFs can directly silence all the down-
stream pro-tumorigenic effects regulated by CAFs, thus reducing
the risk of tumor metastasis. To deplete CAFs, NDDS are often
designed to enable the loaded active drug to target as many CAFs
as possible and then promote CAF depletion through direct killing
effects. The NDDS targeting CAF depletion is mainly classified
into two types: passive targeting and active targeting. Specifically,
passive targeting is usually based on the TME and the

physiological properties of CAFs, while active targeting-mediated
CAF depletion is usually realized through ligand-receptor-based
targeting.

4.1.1. Depletion of CAFs mediated by passive targeting
Passive targeted depletion of CAFs is primarily achieved based on
the physiological configuration and properties of the TME
enriched with CAFs. It is well recognized that nanoparticles of
appropriate size can penetrate the tumor blood vessels via the EPR
effect to be passively enriched in the tumor tissue189‒191. Since
CAFs tend to localize near the BM of tumor blood vessels in most
tumors, drug-loaded nanoparticles come into contact with CAFs
earlier compared to the tumor cells after crossing the tumor blood
vessels38, and this property can be exploited to simplify the design
of the nano-formulation, which is one of the advantages of
passively targeted CAF depletion. On the other hand, prolonging
the circulation time of the NDDS is also a means to enhance their
passive targeting via the EPR effect190,192. In previous studies,
polymeric nanoparticles of a conjugate of PEGylated carboxy-
methylcellulose and docetaxel (Cellax-DTX) were fabricated with
a particle size of 120 nm, which exhibited a distinctive long-
circulation behavior. In a metastatic pancreatic cancer model,
more than 90% of Cellax-DTX nanoparticles were able to
aggregate in CAFs through the enhanced EPR effect, leading to
long-term depletion of CAF cell populations and significantly
reducing the metastatic risk of pancreatic cancer193,194. On the
other hand, tumor cells utilize glycolysis rather than oxidative
phosphorylation as the primary means of energy release, which
leads to an increase in lactate loading in the extracellular envi-
ronment and thus makes an acidic TME195. Therefore, Li et al.196

synthesized doxorubicin (DOX)-loaded dendrimers and co-loaded
them with R848 (a toll-like 7/8 receptor agonist) and losartan
(LOS) into pH-responsive liposomes. The liposomes were
enriched in tumors and then disassembled in the acidic TME to
release the loaded drug, where LOS could effectively antagonize
the angiotensin type 1 receptor and inhibit the proliferation of
CAFs. In combination with chemotherapeutic agents, liposomes
can induce immunogenic cell death (ICD) of tumor cells, recruit
and promote the maturation of dendritic cells (DCs), which in turn
improves antigen presentation and activates T-cell responses, and
inhibit lung metastasis of breast cancer by depleting CAFs. In
another study, acid-responsive nanoparticles were constructed
using random copolymers of hexyl methacrylate (HMA), dimethyl
aminoethyl methacrylate (DMAEMA), and methacrylic acid
(MAA). The results demonstrated that this system was able to
disrupt the cell membranes of tumor cells and CAFs, exhibiting
undifferentiated cytotoxicity. In the in vivo study, the nanoparticles
inhibited the expression of ECM components by depleting the
CAFs and rendered the originally dense pancreatic tumor tissues
more permeable, which effectively inhibited the distant metastasis
of pancreatic cancer cells in the lung and liver197.

4.1.2. Depletion of CAFs mediated by active targeting
FAP is highly upregulated on CAFs, therefore, FAP-targeted
NDDS is a classical targeting strategy for actively targeting CAFs
and a popular research direction for depleting CAFs198. It has been
reported that FAP-a monoclonal antibodies (anti-FAP-a mAb)
modified on cell-penetrating peptide nanoparticles loaded with
CXCL12-siRNA were able to significantly enhance the targeting
of CAFs and specifically down-regulate the expression of
CXCL12 in CAFs, which effectively inhibited the metastasis of
prostate tumors by depleting CAFs199,200. The results showed that
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Figure 3 Strategies of CAFs-based NDDS against tumor metastasis. (A) Depleting CAFs. NDDS can directly deplete CAFs by passive or

active targeting and in turn reduce the promote effect of CAFs on tumor metastasis. (B) Suppressing CAFs activation or normalizing CAFs. NDDS

can suppress the activation of CAFs or normalize CAFs via reprogramming, thereby inhibiting the pro-metastatic function of CAFs. (C)

Modulating the effects of CAFs on tumor cells and the ECM. NDDS can inhibit the secretion of pro-tumor cytokines by CAFs to suppress the

malignant behavior of tumor cells or inhibit the collagen secretion of CAFs to reduce the ECM stiffness, ultimately exerting anti-tumor metastatic

effects. (D) Turning CAFs into “friends”. NDDS can be designed to reprogram CAFs to act as drug delivery tools or to secrete anti-tumor

molecules to activate immunity and induce apoptosis of tumor cells, manifesting as turning CAFs into “friends”.
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the metastasis inhibition rate was as high as 86% compared with
the control group (Fig. 4200). In addition, FAP-mediated targeting
of CAFs can also be combined with vaccine delivery. In a study,
two computer-predicted immunodominant FAP-specific epitope
peptides obtained by ex vivo antitumor efficacy screening were
modified on lipid nanoparticles loaded with the Toll-like receptor
9 agonist CpG to obtain a nano vaccine, and immunization can be
achieved by depletion of FAP-overexpressed CAFs, which
induced antigen-specific CD4þ T-cell responses in addition to
CD8þ T-cell responses. HE staining of lung tissues revealed that
the nano-vaccine substantially reduced lung metastasis from
subcutaneously implanted primary T-lymphoma cells compared
with untreated controls201. Apart from the FAP, CAFs have also
been reported to highly express N-CADHERIN protein on the cell
surface. Shen et al.202 prepared poly (lactic-co-glycolic) acid
nanoemulsions capable of targeting CAFs based on
N-CADHERIN aptamers (NC3S) for the delivery of DOX and
HGF-targeted siRNA, which was highly specific for CAFs and
was effective in inducing their apoptosis, thus reducing ECM
deposition caused by collagen secretion from CAFs. Interestingly,
the delivered siRNA could prevent the propagation of CAFs

through the autocrine closure of HGF. Therefore, the invasion and
metastasis of colorectal cancer cells were significantly inhibited
under these synergistic effects. Besides, a study designed telmi-
sartan (TEL)-grafted glycolipid micelles loaded with DOX, in
which TEL has a high affinity to the angiotensin II type I receptor
overexpressed on CAFs, thus facilitating the targeted depletion via
inducing CAF apoptosis. In contrast, Tel-CSOSA/DOX eliminates
the “finger-like” ECM caused by the apoptosis of CAFs, which
contributes to a more uniform and deeper penetration after drug
delivery. Notably, the elimination of CAFs inhibited the secretion
of MMP-9, which ultimately suppressed the invasion and metas-
tasis of breast cancer cells203. More detailed information on the
studies of NDDS is available for CAFs targeting depletion is
summarized in Table 2193,196,197,200‒203.

4.2. Suppress activation or normalization of CAFs

It is noteworthy that the direct depletion of CAFs may promote the
proliferation of cancer stem cells and thus increase the invasive-
ness and metastasis of tumors204,205. Therefore, other than the
depletion of CAFs, an NDDS can be designed to suppress CAF

Figure 4 Representative cases of NDDS against tumor metastasis by depleting CAFs. (A) Construction of the PNP/siRNA/mAb nanosystem

through supramolecular assembly. (B) Proposed mechanism of PNP/siCXCL12/mAb-mediated metastasis inhibition and CPP-mediated trans-

fection of CXCL12 siRNA in CAFs. (C) Images of prostate tumors with testicles. Yellow dashed lines represent the locations of the primary

tumor. (D)Weight of isolated tumors (without prostate and testicles) in each group. (E) Ex vivo bioluminescence images of metastasis foci on

major organs on Day 14. H, heart; Lu, lung; Li, liver; S, spleen; K, kidney; I, intestines. Yellow dashed lines enclosed the locations of the

metastatic tumors. (F) Numbers of tumor metastases in main organs observed by bioluminescence imaging. Reprinted with permission from

Ref. 200. Copyright ª 2019 American Chemical Society.
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activation or normalize CAFs, which can simply and efficiently
reduce their promotion effect on tumor metastasis.

During the process of CAF activation, TGF-b is the most
common cytokine that activates other cells into CAFs, and it is
involved in the transformation of nearly all cells into CAFs.
Moreover, TGF-b is also a key cytokine in maintaining the
phenotype of CAFs, and suppression of TGF-b in the TME could
reverse CAFs to a quiescent state206,207. Therefore, nano-drug
delivery strategies that inhibit CAF activation or normalize CAFs
by modulating TGF-b and, in turn, reduce tumor metastasis have
gained extensive research. In this regard, Wu et al.208 prepared
hyaluronic acid-modified pH-sensitive liposomes co-loaded with
capsaicin (CAP) and TEL (GTHLs), which enable targeted de-
livery through the affinity between hyaluronic acid and CD44 re-
ceptor that is highly expressed on CAFs. Thereafter, CAP could
obviously inhibit the activation of CAFs from hepatic stellate cells
by blocking the TGF-b/SMAD signaling pathway, with a signifi-
cantly smaller a-SMA-positive area, thereby disrupting the “CAFs-
ECM” axis and inhibiting the metastasis of liver cancer in the lung.
Meanwhile, by detecting the expression levels of EMT-related
proteins after the treatment, it was found that the expressions of
VIMENTIN and E-CADHERIN were significantly reduced and
elevated, respectively, indicating that the liposomes could effec-
tively reverse EMT induced by CAFs. Similarly, a study conju-
gated human relaxin-2 (RLX) with superparamagnetic iron oxide
nanoparticles (PLX-SPION) to exert a targeting effect on pancre-
atic stellate cells via the binding of RLX to the extracellular

structural domain of relaxin family peptide receptor 1. The results
showed that PLX-SPION inhibited the TGF-b-induced differenti-
ation of pancreatic stellate cells into CAFs, thereby inhibiting the
invasion and migration of tumor cells via suppressing the pSMAD2
signaling pathway209. In addition, Xu et al.210 developed a novel
aminoethyl anisamide (AEAA)-modified and puerarin (PUE)-
loaded nanoemulsion for targeting purposes by binding to the
sigma receptor expressed by CAFs, and it significantly reduces the
highly expressed a-SMA phenotype of CAFs in breast cancer by
about 6-fold compared to the PBS group. RT-PCR results showed
that TGF-b was more than 10-fold reduced after nanoemulsion
treatment, ultimately improving the chemotherapeutic efficacy of
paclitaxel (PTX) and suppressing breast cancer metastasis in the
lung to some extent. Moreover, a study designed silybin (SIL)-
loaded biomimetic nanoparticles coated with anisamide (AA)-
modified red blood cell membrane, which could significantly
reduce the expression of TGF-b and suppress the a-SMA þ CAFs
in tumor tissues. The mechanism study found that the nanoparticles
decreased breast cancer cell metastasis by affecting the TGF-b/
Twist/EMT pathway211. A recent study developed self-assembling
nanoparticles (FPC@S) loaded with a photosensitizer (protopor-
phyrin IX, PR4) and an antifibrotic drug (SIS3), which enabled
targeted delivery by modifying an amphiphilic chimeric peptide,
Fmoc-K(PpIX)-CREKA (FPC), to bind specifically to FN that is
highly expressed in CAFs. It was found that SIS3 restored the low
a-SMA and FN phenotypes of CAFs by inhibiting the phosphor-
ylation of SMAD3 in the TGF-b pathway rather than killing CAFs.

Table 2 NDDS for CAFs targeting depletion.

Targeting mechanism Loaded drug Delivery system and

typical feature

Tumor metastasis

model

Mechanism of

anti-metastasis

Effectiveness of

anti-metastasis

Ref.

EPR effect Cellax-DTX Nanoparticles;

materials and drugs

coupled by

chemical bonds

Total primary

human pancreatic

xenografts tumor

metastasis in

peritoneal tissues

Inhibit the ECM

remodeling of

CAFs

60% metastasis

reduction

compared to the

control group

193

R848, LOS, DOX Liposomes; pH-

responsive

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of

CAFs

90% metastasis

reduction

compared to the

control group

196

HMA, DMAEMA,

MAA

Nanoparticles; pH-

sensitive

Long-circulating

Pancreatic cancer

metastasis in lung

and liver

Inhibit the ECM

remodeling of

CAFs

e 197

Affinity of anti-FAP-a

mAb and FAP-a

CXCL12-siRNA Nanoparticles; self-

assembly

Prostate tumors

metastasis in major

organs

Reduce EMT

induced by CAFs

86% metastasis

reduction

compared to the

control group

200

Affinity of FAP-

specific epitope

peptides and

FAP-a

CpG Nanoparticles;

peptides with

dominant epitopes

on the surface

T-lymphoma lung

metastasis

Inhibit the ECM

remodeling of

CAFs

73% metastasis

reduction

compared to the

control group

201

Affinity of N-cadherin

aptamers and

N-cadherin

DOX, HGF-siRNA Nanoemulsions;

surface aptamer

modification

Colorectal cancer

lung metastasis

Inhibit the ECM

remodeling of

CAFs

90% metastasis

reduction

compared to the

control group

202

Affinity of TEL and

angiotensin II type

I receptor

TEL, DOX Micelles; self-

assembly

Sequential targeting

Breast cancer

metastasis

Inhibit the ECM

remodeling of

CAFs

e 203

‒, not applicable. DTX, docetaxel; ECM, extracellular matrix; CAFs, cancer-associated fibroblasts; EPR, enhanced permeability and retention;

R848, Resiquimod; LOS, losartan; DOX, doxorubicin; HMA, hexyl methacrylate; DMAEMA, dimethyl aminoethyl methacrylate; MAA, meth-

acrylic acid; FAP, fibroblast activation protein; CXCL12, CeXeC motif chemokine ligand 12; EMT, epithelialemesenchymal transition; HGF,

hepatocyte growth factor; TEL, telmisartan.

NDDS affecting CAFs to reduce tumor metastasis 1851



In addition, by combining with photodynamic therapy, the natural
physical barrier formed by the dense ECM in fibrotic breast cancer
is eliminated, thus allowing drugs and immune cells to penetrate
deeper into the tumor for better efficacy, while FPC@S can be used
in combination with immune checkpoint blockade therapy to
effectively suppress primary, distant and metastatic tumors
(Fig. 5212).

In addition to TGF-b, there are many other mechanisms
involved in the activation and phenotype maintenance of CAFs.
For example, CAFs are highly dependent on the cystine trans-
porter SLC7A11 for cystine uptake and glutathione synthesis.
Therefore, Sharbeen et al.213 developed SLC7A11-small inter-
fering RNA (siRNA)-Star 3 nanoparticles via gene editing tech-
nology and improved their passive targeting ability by
modification with PEG, which reduced SLC7A11 protein levels in
pancreatic tumors in situ, inhibited the proliferation of
SLC7A11high CAFs, and finally decreased the incidence of
metastasis in PDAC214. The endothelin-1 (ET-1) axis consists of
ET-1 ligands and their receptors, which are involved in various
physiological and pathological processes such as cell prolifera-
tion, migration, and invasion215. Son et al.216 prepared macitentan
(MAC)-loaded polymeric nanoparticles with passive targeting
capability, which inhibited breast cancer lung metastasis by
blocking the ET-1 axis and inhibiting the activation of CAFs,
resulting in a decrease in fibrosis markers such as a-smooth
muscle actin (aSMA), fibronectin, and collagen. In addition,
Wang et al.217 developed a nano-hydrogel for the controlled
release of a potent CAF suppressor (NOX4 inhibitor, NOX4i) and
liposomal DOX (L-Dox). The results indicated that NOX4i
effectively countered CAF activation, improved the effect of
L-Dox on tumor cells, and finally inhibited lung metastasis of
osteosarcoma. More detailed information on the studies of NDDS
for inhibiting CAF activation or normalizing CAFs is summarized
in Table 3208‒213,216,217.

4.3. Modulating the effect of CAFs on tumor cells and the ECM

As described above, tumor cells and ECM have been reported as
the main targets regulated by CAFs; therefore, for CAFs that are
already exerting pro-tumorigenic effects, blocking their effects on
tumor cells and ECM is also a common nano-drug delivery strat-
egy targeting CAFs. More detailed information on the studies of
NDDS for modulating the effects of CAFs on tumor cells and the
ECM is summarized in Table 4 218,219,221‒223,227,228,230,231,233,234.

4.3.1. Blocking the effects of CAFs on tumor cells
As one of the highly abundant components of TME, CAFs can
promote the malignant process of tumor cells by secreting a series
of cytokines. For example, a study prepared resveratrol-loaded
polymer nanoparticles (RES-NPs) and found that they reduced the
conversion of quiescent HFB cells to CAFs-like phenotype (high
expression of FAP, a-SMA, and VIMENTIN) and inhibited the
secretion of CXCL12 and IL-6 by CAFs. The treatment of RES-
NPs cuts off the regulatory effects of CAFs on tumor cells by
secreting cytokines, reducing the growth and proliferation of
cancer stem cells, and ultimately decreasing the metastasis risk of
oral cancer218. Similarly, Liu et al.219 prepared AA-modified
nanoparticles loaded with mitoxantrone (MIT) and celastrol
(CEL). The results showed that the nanoparticles were able to
reduce the secretion of TGF-b, CXCL12, and IL-6 by CAFs,
effectively eliminate the immunosuppressive microenvironment,
empower immunogenic cell death, and restore the tumor antigen

recognition, trigger the overall anti-tumor immunity, and thus
significantly inhibit the metastasis of melanoma in the liver and
lung. In addition, WNT16 has been confirmed to be secreted by
CAFs and leads to drug resistance, which promotes tumor cell
malignant behavior220. A study has prepared MMP-2 responsive
nanoparticles loaded with gemcitabine dendritic polylysine-
conjugated small nanoparticles (DGL-GEM) and 18b-glycyr-
rhetinic acid (GA). The nanoparticles would release DGL-GEM in
response to the MMP-2, and due to the small particle size, they
can penetrate deeply and kill the tumors, while the larger GA-
loaded nanoparticles accumulate around the tumor vasculature
and are absorbed by the CAFs, where GA can regulate the
secretion of WNT16 in the CAFs and inhibit breast cancer
metastasis in major organs221. Besides, Duan et al.222 constructed
quercetin (QUE) and PTX co-loaded liposomes modified with the
neovascular-targeting peptide NGR. The nanoparticles released
QUE upon interaction with MMP-2 that is highly expressed in
TME and were uptaken by CAFs, which then down-regulated the
WNT16 expression of CAFs, resulting in significant inhibition of
chemoresistance and breast cancer lung metastasis. It has been
reported that glycolytic metabolites produced by CAF, such as
lactate, pyruvate, and ketone bodies, enter the tricarboxylic acid
cycle of neighboring cancer cells to rapidly and efficiently pro-
duce adenosine triphosphate (ATP), which enables cancer cells to
grow and proliferate rapidly in a nutrient-poor TME. Therefore,
Zang et al.223 prepared hybridized membranes of CAFs and breast
cancer cells, which were modified on the surface of solid lipid
nanoparticles loaded with PTX and the glycolysis inhibitor
PFK15. Modification of the fibroblast membrane confers the
nanoparticles with homologous targeting ability. The results
showed that PFK15 can prevent the glycolysis of CAFs and block
the metabolic support of CAFs to tumor cells. In addition, lactate
contributes to the histone lactylation in macrophages that regulates
gene transcription, which is related to tumor growth and metas-
tasis. Therefore, the decrease in lactate caused by this nanoparticle
could potentially reduce breast cancer metastasis173.

4.3.2. Blocking the regulation of CAFs on ECM stiffness and
degradation
Numerous studies have shown that both stiffness and degradation of
the ECMcan promote tumor cell invasion andmetastasis224‒226. On
the one hand, collagen secreted by CAFs is an important contributor
to the increased stiffness of the ECM.Therefore, a study prepared an
injectable peptide hydrogel loaded with LOS, which was injected
intratumorally and could be retained in the tumor for 9 days, thereby
increasing its uptake by CAFs, and found that this system signifi-
cantly inhibited the secretion of collagen by CAFs and blocked the
pro-ECM communication network of CAFs, ultimately enhancing
the chemotherapeutic effect of DOX-loaded PEGylated liposomes,
which suppressed the growth and lung metastasis of breast can-
cer227. In addition, Chen et al.228 electrospun a mixture of LOS and
TEL into fiber fragments, and the sustained release of LOS and TEL
more strongly inhibited collagen synthesis by CAFs, down-
regulated hypoxia-inducible factor a (HIF-a) expression, and
reduced breast cancer metastasis in the lung. Carbon dots, a new
class of fluorescent carbon materials with diameters of less than
10 nm, have emerged as potential materials for biosensing, drug
delivery, and bioimaging due to their excellent optical properties,
high biocompatibility, and low toxicity229. Hou et al.230 developed
AEAA-modified CAFs responsive to honeycomb carbon dots
(CDs), where DOX and immunotherapeutic enhancers (ferric ions)
were immobilized on the surface of the CDs and LOS loaded within
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the mesopores. The drug-loaded nanocomposites aggregated in the
tumor tissue and decomposed into individual CDs, releasing LOS
that could alleviate the hypoxic environment caused by CAFs and
reduce the expression of collagen, at which time individual drug-

loaded CDs and iron ions could effectively penetrate into the
tumor depth and enhance ICD, as well as promote T-cells, NK-cells
infiltration and down-regulation of immune-cells recruitment (Treg
and MDSC), and increase the pro-inflammatory cytokine secretion

Figure 5 Representative cases of NDDS against tumor metastasis by normalizing CAFs. (A) The formation of FPC@S through the self-

assembly of FN targeting chimeric peptide (Fmoc-K(PpIX)-CREKA) and anti-fibrotic drug (SIS3). (B) By remodeling ECM and reprogram-

ming CAFs, FPC@S broke the physical barrier of fibrotic BRCA to facilitate drug penetration, immune cell infiltration, and improve hypoxia,

thereby enhancing photodynamic immunotherapy. (C) Images of scratch healing experiment on fibrotic BRCA after treatment with different drugs

for 24 h. In which, #1�#6 meant blank, SIS3, FPC, FPC@S, FPC þ Light, and FPC@S þ Light treatment. (D) H&E-stained images of mouse

lung sections after various treatments. Black arrows pointed to metastatic tumor lesions, and dashed boxes showed magnified views of selected

metastatic tumor lesions. In which, #1�#6 meant blank, aPD-L1, FPC@S, FPC@S þ aPD-L1, FPC@S þ Light, and FPC@S þ aPD-L1 þ Light

treatment. Reprinted with permission from Ref. 212. Copyright ª 2024 American Chemical Society.
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(IFN-g, IL-6, and TNF-a), ultimately preventing lung metastasis of
breast cancer (Fig. 6230). In addition, a study encapsulated the pre-
cursor of triptolide (TPL), triptolide-naphthalene sulfonamide
(TPL-nsa), in amphiphilic SN38 polymeric micelles based on the
principle of precursor design and found that TPL could significantly
reduce the expression of collagen, FAP, and a-smooth muscle actin
(a-SMA) in tumors. Meanwhile, due to the high esterase concen-
tration in tumor tissues, PSN38 polymer containing phenolic ester
structure with esterase-responsive properties could achieve tumor-
specific drug release231,232. In another study, Zhang et al.233 pre-
pared dasatinib (DAS, CAF modifier)-loaded dendritic poly (oligo
(ethylene glycol) methyl ether methacrylate) (POEGMA)-based
nanomedicines with cathepsin B (CTSB) responsiveness (P-DAS),
which can reverse the phenotype of CAFs to reduce collagen by
downregulating collagen anabolism and energy metabolism,
thereby reducing the ECM deposition. The in vivo study revealed
that this nanomedicine, combined with epirubicin, effectively
inhibited breast cancer lung metastasis. Besides, as mentioned
earlier, MMP secreted by CAFs leads to degradation of the ECM,
providing tumor cells with “tunnels” for metastasis. For example,
MMP-14, a member of the MMP family, promotes tumor invasion
by degrading collagen. Zheng et al.234 prepared TNBC cell
membrane-modified poly (lactic acid)-glycolic acid (PLGA) bio-
mimetic nanoparticles loaded with artesunate (ART) to enhance the

accumulation of ARS in different mouse tumor models through
homologous targeting and found that the nanoparticles could inhibit
the secretion of MMP-14 by CAFs, which may ultimately reduce
distant metastasis of breast cancer.

4.4. Turning CAFs into “friends”

In addition to the above strategies, many studies have also been
conducted to modulate CAFs to become our “friends” and perform
anti-tumor functions. Specifically, the turn-foe-into-friend strategy
mainly focuses on utilizing the characteristics of CAF distribution
and function in tumor tissues to further facilitate anti-metastasis
nano-drug delivery.

In a recent study, Yuan et al.235 prepared an AEAA-modified
lipid-polymer hybrid drug delivery system (PI/JGC/L-A) that
could create a CAF “barrel” with JQ1, stimulating the secretion
of gemcitabine (GEM)-loaded exosomes from the CAF “barrel”
to the deep tumor site, and leveraging the CAF “barrel” to
secrete IL-12, realizing effective drug delivery and inhibiting
PDAC metastasis. In addition, a study has prepared lipid-coated
protamine DNA complex nanoparticles loaded with a plasmid
encoding a secretable TNF-associated factor, sTRAIL, in which
the loaded plasmid was delivered to CAFs by taking advantage
of the feature of off-target distribution of anticancer

Table 3 NDDS for inhibiting the CAFs activation or normalizing CAFs.

Targeting

mechanism

Involved

signaling

pathway

Loaded

drug

Delivery system and

typical feature

Tumor metastasis

model

Mechanism of anti-

metastasis

Effectiveness of

anti-metastasis

Ref.

Affinity of HA

and CD44

TGF-b/SMAD CAP, TEL Liposomes; pH-

sensitive

Liver cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

and reduce EMT

induced by CAFs

86% metastasis

reduction

compared to the

control group

208

Affinity of RLX

and RXFP1

RLX Nanoparticles;

magnetic responsive

Pancreatic cancer

metastasis

Inhibit the ECM

remodeling of CAFs

Cell migration

was reduced by

about 50% after

treatment

compared to the

control group

209

Affinity of AEAA

and sigma

PUE Nanoemulsion;

long-term stability

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

e 210

Affinity of AA

and sigma

SIL Nanoparticles;

biomimetic

Breast cancer

metastasis

Inhibit the ECM

remodeling of CAFs

and reduce EMT

induced by CAFs

e 211

Affinity of FPC

and FN

SIS3, PR4 Nanoparticles; self-

assembly, acid

responsive

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

and reduce EMT

induced by CAFs

86% metastasis

reduction

compared to the

control group

212

EPR effect SLC7A11 SLC7A11-

siRNA

Nanoparticles; self-

assembly

PDAC metastasis in

liver, lung, spleen,

and lymph node

Inhibit the ECM

remodeling of CAFs

50% metastasis

reduction

compared to the

control group

213

EPR effect ET-1 axis MAC Nanoparticles;

highly stable

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

e 216

In situ

administration

NOX4 NOX4i Sequential drug

release

Osteosarcoma lung

metastasis

Inhibit the ECM

remodeling of CAFs

e 217

‒, not applicable. HA, hualuronic acid; CD, cluster of differentiation; CAP, capsaicin; TEL, telmisartan; ECM, extracellular matrix; CAFs, cancer-

associated fibroblasts; EMT, epithelialemesenchymal transition; RLX, relaxin-2; RXFP1, relaxin family peptide receptor type 1; AEAA, amino-

ethyl anisamide; TGF-b, transforming growth factor-beta; PUE, puerarin; AA, anisamide; SIL, silybin; FPC, Fmoc-K(PpIX)-CREKA; SIS3, Sugar

insensitive 3; PR4, protoporphyrin IX; EPR, enhanced permeability and retention; SLC7A11, solute carrier family 7 member 11 Gene; PDAC,

pancreatic ductal adenocarcinoma; ET-1, endothelin-1; MAC, macitentan; Nox4, NADPH oxidase 4; Nox4i, NADPH oxidase 4 inhibitor.
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nanoparticles to CAFs. After three doses in a mouse xenograft
model of bladder cancer, it could make approximately 70% of
CAFs turn into sTRAIL-producing tools, and sTRAIL secreted
by CAFs can induce apoptosis of tumor cells, thereby inhibiting

liver and lung metastasis of pancreatic cancer236. Inspired by the
finding that CAFs have similar processing abilities to profes-
sional antigen-presenting cells (APCs), turning CAFs into
“friends” can also be combined with immunotherapy. Geng

Table 4 NDDS for modulating the effects of CAFs on tumor cells and the ECM.

Targeting

mechanism

Effect on CAFs Loaded

drug

Delivery system and

typical feature

Tumor metastasis

model

Mechanism of anti-

metastasis

Effectiveness of

anti-metastasis

Ref.

EPR effect Reduce the

secretion of

CXCL12 and IL-6

RES Nanoparticles;

prepared by single

emulsion solvent

evaporation method

Oral cancer

metastasis in

kidney, liver,

brain, neck lymph

nodes and lung

Inhibit the ECM

remodeling of CAFs

and reduce EMT

induced by CAFs

75% metastasis

reduction

compared to the

control group

218

Affinity of AEAA

and sigma

Reduce the

secretion of

TGF-b, CXCL12,

and IL-6

MIT, CEL Nanoparticles;

TME-responsive

(pH and GSH)

Melanoma

metastasis in liver

and lung

Inhibit the ECM

remodeling of CAFs

e 219

Affinity of MMP-

2 and TME,

spatial

targeting of

CAFs.

Reduce the

secretion of

Wnt16

GA, DGL-

GEM

Nanoparticles; size-

switchable, MMP-2-

sensitive

Breast cancer

metastasis in

major organs

Inhibit the ECM

remodeling of CAFs

e 221

Affinity of MMP-

2 and TME

QUE, PTX Liposomes;

MMP-sensitive,

sequential delivery,

dual-targeting,

hybrid micelle-in-

liposome

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

e 222

Homologous

targeting

Reduce the

secretion of

lactate

PFK15,

PTX

Nanoparticles; dual-

targeting,

Homologous

targeting,

biomimetic

Breast cancer

metastasis

Inhibit the ECM

remodeling of CAFs

e 223

Intratumoral

administration

Inhibit the

synthesis and

secretion of

collagen

LOS,DOX Hydrogel,

liposomes; self-

assembly

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

and reduce EMT

induced by CAFs

80% metastasis

reduction

compared to the

control group

227

Intratumoral

administration

LOS, TEL Fiber fragments;

sequential drug

release

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

90% metastasis

reduction

compared to the

control group

228

Affinity of AEAA

and sigma

LOS,

DOX,

ferric ions

Carbon dots;

CAFs-responsive;

sequential and

spatiotemporal

release

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

100% metastasis

reduction

compared to the

control group

230

Specific drug

release with

esterase-

responsive

properties

TPL Micelles; esterase-

responsive property

Gastric cancer

metastasis in the

peritoneal cavity

Inhibit the ECM

remodeling of CAFs

90% metastasis

reduction

compared to the

control group

231

Specific drug

release with

CTSB-

responsive

DAS,

epirubicin

Nanoparticles;

sequential delivery,

cathepsin

B-responsive,

pH-responsive

Breast cancer lung

metastasis

Inhibit the ECM

remodeling of CAFs

e 233

Homologous

targeting

Inhibit the

secretion of

MMP-14

ART Nanoparticles;

homologous

targeting,

biomimetic

Breast cancer

metastasis

Inhibit the ECM

remodeling of CAFs

e 234

‒, not applicable. CAFs, cancer-associated fibroblasts; ECM, extracellular matrix; EPR, enhanced permeability and retention; CXCL12, C-X-C

motif chemokine ligand 12; IL-6, interleukin- 6; RES, resveratrol; EMT, epithelialemesenchymal transition; AEAA, aminoethyl anisamide;

TGF-b, transforming growth factor-beta; MIT, mitoxantrone; CEL, celastrol; TME, tumor microenvironment; GSH,Glutathione; MMP-2, matrix

metallopeptidase 2; Wnt16, wnt family member 16; GA, glycyrrhetinic acid; DGL-GEM, dendrigraft poly-L-lysine-gemcitabin; QUE, quercetin;

PTX, paclitaxel; LOS, losartan; DOX, doxorubicin; TEL, telmisartan; TPL, triptolide; CTSB, cathepsin B; DAS, Dasatinib; ART, artesunate.
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et al.237 proposed a strategy to transform CAFs into APCs
through in situ engineering to reactivate immune activation. The
temperature-controlled NDDS is composed of molten eutectic
hybrids, fusion plasmids, and chitosan modified by AEAA. The
heat shock protein 70-initiated plasmid activated the expression
of CD86 on CAFs through non-destructive photothermal acti-
vation, at which CAFs could be regarded as APCs, thereby
presenting MHC IeAg and inducing the activation and prolif-
eration of antigen-specific CD8þ T cells. In addition, engineered
CAFs can also secrete PD-L1 capture proteins for ICB therapy.
The results of in vivo experiments showed that turning CAFs into
“friends” could lead to a tumor suppression rate of approxi-
mately 85% in highly fibrotic breast cancer and effectively
inhibit the tumor lung metastasis (Fig. 7237). As mentioned
earlier, tumor growth and metastasis are highly dependent on the
pericellular structure, and CAFs, as the main cell type for
collagen production in the tumor stroma, can prevent tumor cell
escape through collagen-mediated encapsulation. In this regard,
Liu et al.238 developed gadolinium fullerenol-containing nano-
particles. Under acidic conditions, the reduced size of the
nanoparticles would allow for better penetration into tumor
hypoxic tissues. At the same time, the nanoparticles could acti-
vate the TNFR2/p38 MAPK signaling pathway by promoting the
binding activity of tumor necrosis factor a (TNF-a) and its

receptor, which in turn enhanced the expression of cellular
collagen from CAFs and stimulated the formation of dense
fibrous cages to inhibit the metastasis of tumor cells in the form
of capture rather than toxicity, which provided a new idea for the
development of antimetastatic therapy based on CAFs.

5. Challenges and outlook

Although nano-drug delivery strategies designed with CAFs as
targets have shown great potential in anti-tumor metastasis, their
clinical translation is not as optimistic as the positive results ob-
tained in the laboratory. It is found that no CAFs-based NDDS has
entered the clinical trial stage so far, which indicates that the
relevant research still faces non-negligible challenges. This sec-
tion summarizes the primary challenges faced by CAF-based
NDDS and the possible solutions.

5.1. Qualitative, quantitative, and modeling studies of CAFs

Accurate identification, localization, and clarification of the
function and amount of CAFs are conducive to a clearer under-
standing of CAFs, which is the basis for designing CAF-based
nano-drug delivery strategies. However, the heterogeneity of

Figure 6 Representative case of NDDS against tumor metastasis by inhibiting the remodeling effect of CAFs on the ECM. (A) Schematic

illustration for the preparation of drugs-loaded nanoassemblies. (B) The transformation and enhanced antitumor immunity mechanism of Pep-

APCDs@Fe/DOX-LOS. (C) Images and H&E-stained sections of lungs collected from mice after various treatments. Tumor metastasis sites

are pointed out by arrows. (D) Number of metastatic lung nodules. Reprinted with permission from Ref. 230. Copyright ª 2023 Wiley.
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tumors, intercellular crosstalk, and their complex evolutionary
processes bring a lot of challenges for CAF-related research.

As mentioned earlier, CAFs have a wide range of origins,
leading to phenotypic heterogeneity and functional heterogeneity,
which poses a great challenge for researchers to accurately cate-
gorize newly discovered CAFs239,240. Currently, the function of
CAFs can be used to qualify CAFs, classifying them into the
appropriate categories. In fact, function should be linked to cell
surface biomarkers in future studies to facilitate further analysis of
CAFs when functional tests are not applicable, which requires that
researchers pay more attention to the expression of CAF bio-
markers80. If necessary, multiple biomarkers and their abundance

differences can be jointly applied to clarify the possible attribution
of CAFs. In addition, factors such as immune functions, lineage
history, and metabolic status should be taken into consideration in
classifying CAFs, which can comprehensively reflect the charac-
teristics of CAFs in order to accurately incorporate them into the
CAF subtypes that can be currently identified by cellular tran-
scriptome sequencing techniques, such as myofibroblasts, in-
flammatory CAFs, and antigen-presenting CAFs in pancreatic
cancer241. In addition, there are many deficiencies in quantitative
studies of CAFs in tumor tissues, and it is also a challenge to
clarify the amount and proportion of CAFs in tumor tissues after
identifying the possible properties and functions of CAFs.

Figure 7 Representative cases of NDDS against tumor metastasis by turning CAFs to “friends”. Schematic illustration of “turn foes to friends”

strategy for anti-tumor immunotherapy. (A) Process of preparation of TNP@CS-A/pDNA complexes. (B) Illustration of non-destructive pho-

toactivatable CAF engineering for reversing immune tolerance microenvironment to amplify immunotherapy. (C) Photographs and H&E staining

of lung metastatic nodules. (D) Quantitative analysis of lung metastatic nodules. Light irradiation (þ) was conducted with a 660 nm laser at the

power density of 2 W/cm2 for 30 min. Reprinted with permission from Ref. 237. Copyright ª 2023 Published by Elsevier.
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Currently, the quantitative status of CAFs is often determined using
CAF surface markers (e.g., a-SMA) in conjunction with antibody
recognition; however, high-quality antibodies targeting CAF sub-
type markers are very scarce, and the optimization process remains
challenging. In recent studies, it has been pointed out that
cytometry by time of flight (CyTOF) flow cytometry can utilize
mass spectrometry principles for high-dimensional single-cell
analysis of cells. Compared with traditional flow cytometry using
fluorescent dyes for cell labeling, CyTOF based on metal isotope
labeling and mass spectrometry has a higher resolution and a larger
analytical range242. This method can simultaneously detect dozens
of different protein markers at the same time, thus exhibiting great
potential in the quantitative detection of CAFs13,243.

On the other hand, the construction of in vitro and in vivo CAFs
research models that reflect the real TME is another challenge at
present since the function continuity is questionable as the culture
time of CAFs is prolonged, and a detailed characterization of the
functional changes during the long-term culture of CAFs is
therefore needed. Encouragingly, several studies have demon-
strated that the original phenotype of CAFs is better maintained
under 3D culture conditions, and combining this with the ever-
increasing ability to manipulate progenitor cells will allow ex-
periments to be performed with human cells that more closely
resemble the TME42. In addition, combining techniques from
other disciplines can further enhance the potential of the in vitro
CAF models. A recent study developed a novel high-throughput
screening platform in which a matrix produced by CAFs is
generated in 384-well plates, imaged with an automated confocal
microscope to clarify what changes have occurred in the ECM,
and analyzed with a customized MATLAB script to screen for
drugs and possible action targets that can effectively alter the
ECM. This platform enables assay miniaturization, which helps to
simplify experimental operations, save time and money, and ul-
timately enable high-throughput screening applications244.
Although a lot of CAF biological models have been designed and
constructed in vitro, it has been repeatedly shown that CAFs in
culture are not able to fully recapitulate the functional properties
of CAFs in vivo, so it is particularly essential to build suitable
in vivo CAFs models245. For the exploration of CAFs in vivo, a
commonly used method is to inject a mixture of CAFs and tumor
cells, allow them to grow naturally until tumor formation, and then
measure the functions of CAFs via the assay described above.
However, such a modeling approach skips the early stage of tumor
cell development, and the final models will include a mixture of
injected CAFs and fibroblasts from the host mouse, which will
affect the subsequent determination of CAF functions. Cre-lox
manipulation is an important tool widely used in mouse experi-
ments for selective expression or knockdown of genes of interest
in a cell-specific manner246. Transgenic manipulation of CAFs by
the Cre-lox system can address these issues, but the complexity of
the technology still leads to many challenges, such as the lack of a
Cre driver line specific for CAFs, which may play a counterpro-
ductive role in different tumor types. FLP is an enzyme that cat-
alyzes recombination between two short FRT DNA sequences and
is often used to excise genomic fragments flanking FRT sites to
activate or knock down gene expression. Combining Cre-lox and
FLP-FRT techniques seems to bring new horizons for manipu-
lating tumors and fibroblasts, allowing the measurement of various
indices related to CAF function once the tumor has formed, but
this method requires significant resources and time, which may be
an obstacle for many researchers42,247. In future studies, fate
mapping to assess CAFs and immune cell changes through tumor

progression, digital/multiple spatial analysis of tissue proteins and
RNA to assess spatial changes in the TME, spatial tran-
scriptomics, and digital pathology can be considered. In addition,
the use of techniques such as 3D tissue culture to explore the
characteristics of CAFs at different experimental stages (primary,
early isolation, and long-term) as well as different clinical stages
(pathological grading and staging), furthermore, penetrating mi-
croscopy can provide real-time visualization of in vivo cell-to-cell
interactions, which can also be helpful in the study of the longi-
tudinal progression of CAFs45,109.

5.2. The mechanism of CAFs-based NDDS against tumor
metastasis should be further elucidated

Although the CAFs-based NDDS shows great potential for anti-
metastasis therapy, no relevant NDDS has been clinically trans-
lated, which indicates that there are still potential problems in the
research process. The first problem of the CAFs-based NDDS is
“whether it works”, which is primarily focused on the anti-tumor
strategy of CAFs depletion. As mentioned earlier, many studies
have explained the mechanism by which the antitumor effect is
produced as the targeted depletion of CAFs. Indeed, it remains
controversial whether depletion of CAFs would achieve the
desired effect. For example, the study by Ozdemir et al.248 noted
that in the spontaneous PDAC mouse model of a-SMA-thymidine
kinase transgenic mice, depletion of a-SMAþ myofibroblasts
enhanced hypoxic and infiltration of immune-suppressing
CD3þFoxp3þ Treg cells in tumors, induced tumor EMT and
stem cell features, which ultimately accelerated the metastatic
progression of the tumor248. In addition, it has also been pointed
out that killing CAFs with toxic drugs leads to the production of
WNT16, resulting in drug resistance in adjacent tumor cells and
affecting subsequent tumor therapy210. This suggests that more
attention should be paid to future studies based on CAF depletion,
as well as verifying whether the depletion of CAFs produces
similar effects to those described above, to clarify the effective-
ness of the constructed NDDS. Further, it is recommended that the
normalization of CAFs mentioned above be considered as a
starting point, thereby avoiding the adverse effects that may arise
from CAF depletion.

On the other hand, most studies conclude that CAFs-based
NDDS have an anti-tumor metastasis effect based only on their
overall effect, and the influence of regulating CAFs alone on tumor
metastasis is always ignored. A number of related studies often
lacked the group of regulated CAFs alone in their experimental
design, thus affecting further research on the detailed mechanism
of tumor metastasis inhibition by regulating CAFs individually. In
addition, the deposition of ECM due to collagen secretion by CAFs
is often interpreted as a barrier to drug penetration. However,
collagen XII and collagen VI have been proved to have a direct
effect on tumor metastasis136,137, which is often ignored in most
current studies. This would affect the judgment of the direct role of
CAFs in tumor metastasis to a certain extent, therefore it is
necessary to pay more attention in subsequent studies.

Although the mechanism of CAFs in promoting tumor
metastasis is well studied, there is still a lack of in-depth research
on how these CAFs-based NDDS exert anti-tumor metastasis ef-
ficacy based on CAF regulation. For the specific aspects of tumor
metastasis inhibited by CAFs-based NDDS, we found that these
aspects were basically distributed only in ECM remodeling and
EMT induction, while there were almost no studies about the ef-
fects of anti-CAFs NDDS on protecting CTC and facilitating the
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formation of PMN. Most of the conclusions are based on the
simple detection of metastatic foci characteristics or indirectly
reflecting the metastasis of tumor cells by determining the tumor
growth volume and plotting survival curves, which do not accu-
rately visualize the specific mechanisms of anti-tumor metastasis
of these CAFs-based NDDS. Meanwhile, there is a lack of
quantitative indexes for the evaluation of metastatic effects, which
makes it inconvenient to compare the anti-tumor metastatic effects
among different nano-drug delivery strategies. In the evaluation of
antitumor drug efficacy, the research content should be refined to
analyze the antitumor metastasis mechanism of NDDS as
comprehensively as possible, which is more beneficial to further
optimization and application. For example, a multilayer paper-
supported co-culture system developed by Lin et al.249 consists of
a tumor layer infiltrated with breast cancer cells, a layer infiltrated
with lung cells, and multiple invasive layers in between, offering
the possibility of studying breast cancer lung metastasis both
temporally and spatially. Clarifying the mechanism of “how it
works” related to CAFs will help determine future research
directions.

5.3. Difficulties in precise targeting and long-term efficacy of
CAFs-based NDDS

Another major challenge in the study of CAFs-based NDDS against
tumor metastasis is to achieve precise drug delivery to CAFs, of
which the main reason is the heterogeneity of CAFs and the lack of
specific biomarkers. As mentioned earlier, part of the NDDS has
inhibited tumor metastasis by affecting the function of CAFs
through targeted drug delivery. However, most of these targeting
strategies do not differentiate subtypes of CAFs, and the targets
chosen are not unique to CAFs, such as the commonly used target
FAP, which, in addition to being highly expressed in CAFs, is also
expressed in some tumor cells such as sarcomas, mesotheliomas,
and esophagus250. In addition, the sigma receptor, which is highly
expressed by CAFs, has also been reported to be expressed on
tumor cells as well251. Although these markers are expressed at
lower levels in other cells than CAFs, they still affect the efficiency
of drug delivery from NDDS to CAFs to some extent. Moreover,
the CAFs-targeted NDDS may have possible adverse effects on
normal cells that express the common CAF biomarkers. This sug-
gests that in future studies, we should avoid selecting markers with
high cross-expression levels as the target of NDDS in CAFs, which
can further improve the precise drug delivery of CAFs-based
NDDS and ultimately achieve the desirable anti-tumor metastasis
effect. In this regard, studies have been conducted to overcome
possible biomarker expression differences on the cell surface by
extracting CAF membranes and incorporating them into NDDS to
construct biomimetic homologous targeting-based NDDS. Notably,
the biomimetic CAFs-based NDDS poses higher safety re-
quirements. In the study of cell membrane-coated nanoparticle-
mediated CAF targeting, the ratio of the membrane to nucleus is
usually variable, which is more inclined to enhance the targeting
effect and ignores the discussion of its safety252. Therefore, it is
necessary to focus on safety while utilizing biomaterials to enhance
the targeting efficiency of CAF-based NDDS.

It is well known that the long-term use of chemotherapeutic
agents is prone to cause drug resistance and reduce drug effects253.
At present, a large number of CAFs-based NDDS are designed to
modulate CAFs and, at the same time, attenuate drug resistance,
ultimately achieving excellent anti-metastasis effects254. However,
the vast majority of CAFs-based NDDS studies have neglected to

examine the long-term effectiveness and drug resistance of the
formulations, which is another of the limitations of the research in
this field currently. Considering the advantages of natural prod-
ucts, the development of natural products as therapeutic agents,
along with the design of more precise targeted drug delivery
strategies, is expected to avoid potential drug resistance and
enhance the long-term effectiveness of CAFs-based NDDS, which
can be a direction for further exploration.

5.4. Combination therapy with CAFs-based NDDS against
tumor metastasis

In order to improve the antitumor efficacy, more and more
attention has been paid to combination therapies, which are ex-
pected to achieve better therapeutic effects by combining CAFs-
based NDDS with chemotherapy, immunotherapy, radiotherapy,
and photothermal therapy (Fig. 8)255. For example, Li et al.256 co-
loaded tretinoin with small-sized micelles containing betulinic
acid in liposomes (CL@BM) by thin-film hydration method, and
further introduced folic acid as the targeting fraction (F/CL@BM)
to achieve better targeting effect. The results demonstrated that by
sequential delivery of two drugs, specific removal of CAFs and
increased penetration of chemotherapeutic agents could effec-
tively inhibit tumor growth and metastasis in TNBC, providing a
new strategy for the chemotherapeutic treatment of TNBC
(Fig. 8A256). In addition, a report on the combination of CAFs-
based NDDS and immunotherapy claimed that a CAFs-triggered
structurally transformable nanoassembly (HSD-P@V) could
deliver valsartan (a CAFs regulator) and DOX directionally to
specific targets. Anti-tumor therapy was accomplished by
recruiting effector immune cells to remove senescent cells. The
results showed that the nanoassemblies significantly inhibited
tumor growth and lung metastasis, and prolonged the survival of
hormonal mice. This work provides a promising paradigm for
delivering multisite nanodrugs for cancer immunotherapy (Fig. 8B
257). Radiation resistance in breast cancer leads to residual or
recurrent lesions and is an important reason for radiotherapy
failure258. It has been found that CAFs can directly activate the
stem cell properties of tumor cells via paracrine exosomes, thus
affecting the sensitivity of tumor cells to radiation therapy259.
Therefore, Jian et al.260 triggered systemic anti-tumor immunity
by constructing an engineered cancer cell mimicry nanoplatforms
for dual-targeted clearance of CAFs, which resulted in improved
radiation resistance and the most total reduction of breast cancer
metastasis (Fig. 8C260). In addition, Cheng et al.261 developed a
dual-targeted nano-drug delivery system for CAFs and breast
cancer cells to deliver the LightOn gene expression system, which
spatiotemporally and spatially controllably expresses virulent
Pseudomonas aeruginosa exotoxin A under blue-light irradiation,
ultimately exhibiting potent antitumor, CAFs inhibition, and anti-
metastasis effect (Fig. 8D261).

Although various CAFs-based NDDS for anti-tumor metastasis
therapy have been widely studied and exhibited good anti-
metastasis effects in animal experiments, their clinical applica-
tions have not been reported so far. This is probably caused by the
fact that nano-formulations with complex structures are relatively
less favorable for industrial production, thereby limiting their
transition from the “Bench” to the “Bedside”262. According to the
previous summary of the tumor metastasis inhibition efficiency of
each delivery system, the best antitumor metastasis effect reported
as we know was achieved by the carbon dots-based formulation
with an inhibition rate of 100%230. However, liposomes,
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nanoemulsions, and nanoparticles based on CAFs also exhibited
excellent anti-tumor metastatic effects (inhibition rate of 86%e
90%). Moreover, considering the large proportion of currently
marketed nano-formulations, liposomes may have a more desir-
able cost and production ease. Therefore, liposomes may be the
most promising dosage for future CAFs-based NDDS develop-
ment263. With constant exploration, simpler and more potent
CAFs-based NDDSs will be designed and investigated in the
future, which can also be used in combination with other thera-
peutic approaches to suppress tumor metastasis in clinical.

6. Conclusions

As the crosstalk center of stromal cells in the TME, CAFs exert a
critical role in tumor metastasis, and nano-drug delivery strategies
designed based on CAF regulation demonstrate great potential in
suppressing tumor metastasis. This review summarizes the

mechanisms by which CAFs promote tumor metastasis, mainly
via inducing EMT in tumor cells, remodeling the ECM, protecting
CTCs, and facilitating PMN formation. In addition, this article, for
the first time, summarizes the anti-metastasis CAFs-based nano-
drug delivery strategies in terms of their functions, such as
depleting CAFs, suppressing the activation or normalizing CAFs,
modulating CAF effects on tumor cells and the ECM, and turning
CAFs into “friends”. These insights can help to further understand
CAFs and provide a reference for the design of subsequent NDDS.
Despite the promising research progress of these strategies at the
laboratory level, there has been no clinical translation of the for-
mulations so far, which suggests that there are still some chal-
lenges. The qualitative and quantitative issues derived from the
heterogeneity of CAFs and the effectiveness as well as safety of
the NDDS based on CAFs are the challenges that need to be
overcome urgently. In the future, it is essential to focus on the
linkage between the functions of CAFs and their biomarkers so as
to clarify the attribution and properties of CAFs, which is the basis

Figure 8 Typical cases of CAFs-based NDDS in combination with other therapeutic approaches for reducing tumor metastasis. (A) Assembly

and mechanism of folate-coated micelles-in-liposomes loaded with BA and CEL (F/CL@BM) to accumulate at tumor sites and induce apoptosis

in, respectively, tumor-associated fibroblasts (TAFs) and tumor cells. Reprinted with permission from Ref. 256. Copyright ª 2024 Dove Medical

Press Ltd. (B) Schematic illustration for the preparation and transformation of HSD-P@V and anti-tumor immune mechanism of HSD-P@V.

Reprinted with permission from Ref. 257. Copyright ª 2024 Shenyang Pharmaceutical University. Published by Elsevier. (C) Schematic

Illustration of FAP-CAR-CM@PLGA-AB NPs construction and dual-clearance of CAFs and SC CAFs to improve radiation resistance. Reprinted

with permission from Ref. 260. Copyright ª 2024 Wiley. (D) Dual-targeting, high-affinity nano delivery system for light controlled Pseudomonas

exotoxin A gene treatment of early breast cancer and lung metastasis. Reprinted with permission from Ref. 261. Copyright ª 2023 Published by

Elsevier.
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for the subsequent research. For the research of CAFs-based nano-
drug delivery strategies, an in vitro evaluation model that can
simulate the actual growth of tumors should be developed, and
emphasis should be placed on the cross-fertilization of multidis-
ciplinary specialties, such as pharmaceutics, materials science,
and medical image science, to combine the aforementioned de-
vices and approaches to determine “whether” and “how” CAFs-
based nano-drug delivery strategies reduced tumor metastasis.
At the same time, safety should be taken as an essential evaluation
index, thus decreasing the obstacles in the clinical translation of
these drug delivery systems. Additionally, CAFs-based nano-drug
delivery strategies might be combined with immunotherapy,
photodynamic therapy, and radiation therapy to achieve more
efficient anti-tumor metastasis effects in the future. It is believed
that with the improvement of basic theories and the breakthrough
of critical experimental techniques, CAFs-based nano-drug de-
livery strategies will achieve a more long-term development in
anti-tumor metastasis.
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