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Abstract 

Solid cancer contains a complicated communication network between cancer cells and components in the tumor 
microenvironment (TME), significantly influencing the progression of cancer. Exosomes function as key carriers 
of signaling molecules in these communications, including the intricate signalings of tumor-associated macrophages 
(TAMs) on cancer cells and the TME. With their natural lipid bilayer structures and biological activity that relates to their 
original cell, exosomes have emerged as efficient carriers in studies on cancer therapy. Intrigued by the heterogeneity 
and plasticity of both macrophages and exosomes, we regard macrophage-derived exosomes in cancer as a double-
edged sword. For instance, TAM-derived exosomes, educated by the TME, can promote resistance to cancer therapies, 
while macrophage-derived exosomes generated in vitro have shown favorable potential in cancer therapy. Here, 
we depict the reasons for the heterogeneity of TAM-derived exosomes, as well as the manifold roles of TAM-derived 
exosomes in cancer progression, metastasis, and resistance to cancer therapy. In particular, we emphasize the recent 
advancements of modified macrophage-derived exosomes in diverse cancer therapies, arguing that these modified 
exosomes are endowed with unique advantages by their macrophage origin. We outline the challenges in translating 
these scientific discoveries into clinical cancer therapy, aiming to provide patients with safe and effective treatments.

Keywords  Exosomes, Tumor-associated macrophages, Macrophage-derived exosomes, Modified exosomes, Cancer 
therapy

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Journal of Nanobiotechnology

†Long Liu, Siying Zhang, Yuqing Ren and Ruizhi Wang contributed equally 
and are co–first authors.

*Correspondence:
Zaoqu Liu
liuzaoqu@163.com
Xinwei Han
fcchanxw@zzu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03321-1&domain=pdf


Page 2 of 30Liu et al. Journal of Nanobiotechnology          (2025) 23:319 

Introduction
Exosomes, with a general size range of 40 to 150  nm 
(average 100  nm) in diameter, are a subset of 
extracellular vesicles (EVs) [1]. All types of cells are 
capable of secreting exosomes as one of the critical 
operators in intercellular communications. Exosomes 
contain diverse bioactive constituents, including 
proteins, RNA, and DNA, which are packaged within 

their lipid bilayers [2]. These constituents are released 
by the cells of origin and taken up by recipient cells [3]. 
Through these constituents, exosomes mediate plenty 
of physiologic and pathologic processes, resulting in 
the maintenance of cellular, tissue, and whole-body 
homeostasis as well as the generation or promotion 
of various diseases [2]. Given these structural and 
functional characteristics, exosomes can serve as a 
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targeted delivery platform for drugs and therapeutic 
molecules [4].

In cancer, macrophages are one of the main sources 
of the exosomes in the tumor microenvironment 
(TME) and pivotal innate immune cells characterized 
by heterogeneity and plasticity. The classical M1/
M2 polarization model has been used to illustrate 
the heterogeneity of  tumor-associated macrophages 
(TAMs) [5, 6]. In this model, M1 TAMs  contribute to 
the phagocytosis of cancer cells and activation of the 
immune system, while M2 TAMs boost tumor growth 
and metastasis, angiogenesis, and immunosuppression 
[7, 8]. Although the heterogeneity of TAMs is undoubted, 
a higher TAM proportion is generally related to a worse 
prognosis, indicating pro-cancer TAMs may be the major 
types of TAMs [8, 9]. Accordingly, TAMs and TAM-
derived exosomes have been found to exert multifaceted 
pro-cancer functions, including maintaining the 
malignant phenotypes in cancer cells, inducing immune 
suppression, and reshaping the extracellular matrix 
(ECM) [7, 10].

However, the heterogeneity of macrophages makes 
the anti-cancer role of macrophage-derived exosomes 
possible. In the absence of cancer context education, 
macrophage-derived exosomes generated in  vitro, 
especially M1-macrophage-derived exosomes (M1-exos), 
exhibit significant anti-cancer phenotypes when applied 
to multiple mouse models of cancer. For instance, 
M1-exos stimulate anti-cancer inflammation, relieve 
immune suppression, and reprogram pro-cancer TAMs 
to anti-cancer TAMs [11–13]. Therefore, macrophage-
derived exosomes, these natural bioactive vesicles, 
are receiving increasing attention owing to their 
biocompatibility and multiple anti-cancer functions. 
After modification, macrophage-derived exosomes can 
act as unique drug delivery systems for various cancer 
therapies and overcome existing challenges in these 
therapies, such as lack of targeting, treatment resistance, 
and limited effect [14–16]. Considering the double-edged 
role of macrophage-derived exosomes, a comprehensive 
review of these exosomes in cancer is urgently needed, 
as it could facilitate the advancement and clinical 
translation of targeting and harnessing macrophage-
derived exosomes in cancer therapies.

In this review, we focus on the roles of macrophage-
derived exosomes in cancer, especially the potential 
in cancer therapy. First, we give an overview of the 
processes of exosome biogenesis. We also explore the 
reasons for the heterogeneity of TAM-derived exosomes, 
exposing the regulators of TAM-derived exosomes in 
multilayers. Then, we address the crucial roles of TAM-
derived exosomes in cancer progression, metastasis, and 
resistance to cancer therapy. In particular, modified M1 

macrophage-derived exosomes in cancer therapy are 
highlighted, with emphasis on their therapeutic potential 
and challenges in clinical translation.

The biogenesis of exosomes
Classic exosomes originate from the endocytic pathway 
and revolve around multivesicular bodies (MVBs) 
(Fig. 1).

Within MVBs, intraluminal vesicles (ILVs), widely 
recognized as precursors for classic exosomes, are 
generated and transported [1, 2]. Throughout exosome 
biogenesis, MVBs undergo formation, cargo sorting, 
fusion with the plasma membrane, and ultimately 
release ILVs as exosomes [1]. Functioning as carriers for 
ILVs, MVBs play a crucial role in the whole process of 
exosome generation and participate in determining the 
fate of exosomes. In different circumstances, exosomes 
are formed through a more direct pathway. For example, 
exosomes can be directly generated from the plasma 
membranes of erythroleukemia cell lines and T cells 
[17]. Moreover, activated neutrophils can even release 
exosomes derived from the nuclear envelope [18]. In 
this section, we will focus on the biogenesis of the classic 
exosomes.

MVB formation
The formation of MVBs primarily involves the generation 
of early endosomes and ILVs. Typically, early endosomes 
are formed by the fusion of endocytic vesicles derived 
from the endocytic pathway [19]. These pathways are 
mediated by several proteins, such as clathrin and 
caveolin, which respectively form clathrin and caveolin-
coated endocytic vesicles with actin cytoskeleton [20, 
21]. Furthermore, the uptake of exosomes is also related 
to clathrin- and caveolin-mediated endocytic pathways 
[22].

ILVs are generated through the inward budding of the 
early endosome membrane, leading to the transformation 
of early endosomes into MVBs that contain multiple 
ILVs [2]. Mechanisms regulating ILV formation involve 
both the endosomal sorting complex required for 
transport (ESCRT)-dependent pathway and the ESCRT-
independent pathway. The ESCRT comprises ESCRT-0, 
-I, -II, and -III subcomplexes, and the ATPase vacuolar 
protein sorting 4 (VPS4). In the classic ESCRT-dependent 
pathway, each subcomplex recruits the subsequent one. 
ESCRT-0 captures ubiquitylated cargo proteins with 
ubiquitin-binding sites. ATPase VPS4 works together 
with ESCRT-III to drive constriction and scission of 
the membrane [23]. Notably, cargo proteins can also 
be sorted into exosomes via a ubiquitin-independent 
pathway [24]. Additionally, certain components are 
capable of recruiting ESCRT-III and ATPase VPS4. These 
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Fig. 1  Overview of exosome biogenesis. a. Exosome biogenesis starts with the formation of endocytic vesicles, the process whereby the plasma 
membrane locally invaginates, and is regulated by proteins such as clathrin and caveolin. Endocytic vesicles fuse to form the early endosome, which 
matures towards MVBs, also known as late endosomes. This progression involves the inward budding of early endosomes, leading to the formation 
of MVBs that contain ILVs. b. During MVBs maturation, cargoes including proteins, RNA, and DNA are sorted into ILVs. These interactions enrich 
MVBs with components from multiple intracellular organelles and substances, which is fundamental for the functional heterogeneity of exosomes. 
c. The fate of MVBs has two potential outcomes: 1. MVBs may be transported to the plus end of microtubules (left) by motor proteins. Following 
the transport, MVBs bind to the cell membrane and release ILVs as exosomes under the regulation of the SNARE complex. 2. Alternatively, they 
can be transported towards the minus end of microtubules (right) by motor proteins, bind to lysosomes, and degrade subsequently. MVBs 
multivesicular bodies, ILV intraluminal vesicles, ER endoplasmic reticulum, TGN trans Golgi network, HOPS homotypic fusion and protein-sorting, 
Arl8b Rab7-to-Arf-like GTPase 8, SKIP SifA- and kinesin-interacting protein, RILP Rab7-interacting lysosomal protein, BORC BLOC one-related 
complex, SNARE soluble N-ethylmaleimide-sensitive fusion attachment protein receptor, RBP RNA-binding protein
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components such as apoptosis-linked gene 2-interacting 
protein X (ALIX) and his domain protein tyrosine 
phosphatase (HD-PTP) are the central part of their 
respective noncanonical ESCRT-dependent pathways. 
For instance, Syntenin, the adaptor protein of Syndecan, 
binds to ALIX with LYPX(n)L motifs. After that, ALIX 
recruits ESCRT-III and ATPase VPS4 to generate ILVs 
[25]. As for the ESCRT-independent pathway, lipid 
rafts with high contents of cholesterol, sphingolipids, 
phosphatidylserine, flotillin, and ceramide are usually 
involved [26]. For example, active Rab31 drives the 
formation of ILVs containing epidermal growth factor 
receptor (EGFR) via the flotillins in lipid rafts, facilitated 
by cholesterol and ceramide, rather than relying on 
ESCRT components [27].

Cargo sorting and MVB maturation
During the generation of ILVs, cargoes including 
proteins, amino acids, lipids, RNA, DNA, and 
metabolites are sorted into MVBs, some membrane 
proteins and molecules are also included [2]. The cargoes 
secreted by exosomes serve as carriers of the information 
and function in intercellular communication, among 
which the non-coding RNAs (ncRNAs), including 
microRNA (miRNA), long non-coding RNA (lncRNA), 
and circular RNA (circRNA), are most well-studied in 
various physiologic processes and diseases [17, 28–30]. 
RNA-binding proteins (RBPs) are involved in many 
mechanisms of RNA sorting. For instance, Y-box binding 
protein 1 (YBX1) binds miR-223 with ‘cold shock’ 
domain and drives miR-223 into exosomes. Notably, 
miR-223 is enriched in mitochondria and another 
RBP called YBAP1 mediates the miR-233 transport 
from mitochondria to exosomes [31]. Heterogeneous 
nuclear ribonucleoproteins (hnRNPs), a class of RBPs 
implicated in various stages of cancer progression, are 
also associated with exosome biogenesis. In colorectal 
cancer (CRC), a hnRNP called hnRNP-Associated with 
Lethal Yellow (RALY), an important member of hnRNPs, 
promotes exosome secretion by enhancing the MVB 
formation. Increased exosome levels driven by RALY 
induce M2 macrophage activation, thereby facilitating 
CRC metastasis, highlighting RALY as a promising target 
for inhibiting CRC metastasis [32]. The protein sorting is 
mediated by many components of the ESCRT-dependent 
and ESCRT-independent pathways, such as ESCRT-III, 
RAB coupling protein, ALIX, syntenin-1, and ceramides 
[19]. The ALIX just mentioned stimulates the sorting 
of the tetraspanins CD9, CD81, and CD63 to MVBs 
with the presence of lysobisphosphatidic acid (LBPA). 
Additionally, ALIX, CD9, CD81, and CD63 are widely 
accepted biomarkers for exosomes [33]. Tetraspanins are 
also implicated in loading cargoes to MVBs. In ovarian 

cancer cells, micronuclei collapse introduces nuclear 
contents including genomic DNA and histone H2B to 
MVBs, which is proved to be mediated by CD63 [34].

Apart from mitochondrion and micronucleus, MVBs 
also interact with other organelles and substances. The 
G protein-coupled receptor class C group 5 member B 
(GPRC5B) can be trafficked to exosome after the L-type 
lectin LMAN2-limited and adaptor protein GGA1-
dependent transport of endoplasmic reticulum (ER) to 
the trans Golgi network (TGN) [35]. Inflammasome 
proteins can also be found in exosomes of stroke patients 
and traumatic brain injury patients [36, 37]. Through the 
processes above, MVBs gradually enrich in content and 
finally mature. More interestingly, in the same type of 
cells. The exosomes from different organelles of origin 
can exert different effects, potentially due to variations 
in membrane protein composition. For example, 
ER-derived exosomes exhibit better pro-inflammatory 
and anti-cancer functions than plasma-derived exosomes 
(Fig.  1) [38]. It provides a new factor to consider when 
designing exosomes for cancer therapy. The different 
types and levels of cargoes, along with extensive 
intracellular interactions, jointly build the foundation for 
the heterogeneity of exosomes.

MVB transport and ILV release
After maturation, MVBs have the potential to transport 
to and fuse with either lysosomes for degradation or the 
plasma membrane for the release of ILVs as exosomes 
[2]. There are many regulators of MVB transport, 
among which Rab7 serves as a conserved and crucial 
component. Rab7 is a member of the Rab small GTPases 
family, which recruits effector proteins and mediates the 
fate of vesicles by switching between an inactive GDP-
bound (Rab-GDP) and an active GTP-bound (Rab-GTP) 
state [39].

The transport of MVBs to the plasma membrane 
involves a Rab7-to-Arf-like GTPase 8 (Arl8b) switch. 
Arl8b recruits SifA- and kinesin-interacting protein 
(SKIP), which subsequently recruits the kinesin-1 motor 
to transport MVBs to the cell periphery (the plus end 
of microtubules) [40]. Kinesin-3, directly recruited by 
Arl8, also exerts the same action [41]. Both Arl8b and 
SKIP are involved in the recruitment of the homotypic 
fusion and protein-sorting (HOPS) to MVBs. The Arl8b/
SKIP/HOPS complex recruits TBC1D15 to inactive and 
removes Rab7 from MVBs [40]. Active Rab7 interacts 
with its effector proteins Rab7-interacting lysosomal 
protein (RILP) and oxysterol-binding protein-related 
protein 1L (ORP1L) to recruit dynein-dynactin motor 
complexes, which transport MVBs to the juxtanuclear 
organizing center (the minus end of microtubules) and 
lysosomes [42]. Notably, HOPS and Arl8 mediate the 
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transport of MVBs to lysosomes as well. It has been 
reported that HOPS drives the fusion of MVBs and 
lysosomes via connecting the Rab2a of MVBs and the 
BLOC one-related complex (BORC)-anchored Arl8 of 
lysosomes [41, 43]. The suppression of this fusion can 
inhibit the degradation of MVBs and promote exosome 
secretion, which could be used to improve the yield of 
exosomes in clinical translation [43].

Rab GTPase also coordinates the docking and the 
fusion with membranes of MVBs. Slp4 (synaptotagmin-
like 4 = SYTL4), is one of the effectors of Rab27a for 
docking MVBs to membranes and interacting with 
soluble N-ethylmaleimide-sensitive fusion attachment 
protein receptor (SNARE) complex on the plasma 
membrane [44]. In hepatocellular carcinoma cells, the 
highly expressed lncRNA HOX Transcript Antisense 
RNA (HOTAIR) promotes the docking of MVBs to the 
plasma membrane by regulating Rab35 and induces 
SNARE complex formation [45]. SNARE complex is 
thought to be the main contributor to the fusion of 
MVB and plasma membrane, known as the last step of 
exosome release. SNARE protein family comprises the 
Qa-SNARE, Qb-SNARE, Qc-SNARE, and R-SNARE, 
distributed on the vesicle membrane (v-SNARE) and 
the target membrane SNARE (t-SNARE) [46, 47]. The 
v-SNARE from MVB membranes and the t-SNARE from 
plasma membranes assemble to form parallel four-helix 
bundles that drive two membranes into close proximity 
[48]. SNARE complex in different cells can be assembled 
by the same or different SNARE family members. In 
breast cancer cells, HeLa cervical cancer cells, and 
melanoma cells, syntaxin-4, SNAP-23, and VAMP-7 are 
responsible for exosome secretion [49]. As for prostate 
cancer epithelial cells, SNAP29 contributes to exosome 
release [50].

In the course of exosome biogenesis, ILVs, which 
are hosted in MVBs, capture diverse cargoes and are 
released as an intercellular communication tool. This 

is a complicated multi-step process involving plenty of 
molecules and mechanisms. The basic outline and classic 
molecules of the process are mostly illustrated above, 
but more precise and comprehensive details are still 
under-explored.

TAM‑derived exosomes heterogeneity
Exosome heterogeneity
Exosomes are heterogeneous extracellular vesicles that 
vary substantially in size, content, and function [2]. The 
heterogeneity of exosomes arises out of influencing 
factors from different biological scales, ranging from 
systemic intrinsic and extrinsic determinants to cellular 
factors (Fig. 2).

Systemic determinants can be broadly classified as 
either intrinsic or extrinsic. The systemic intrinsic 
determinants, such as species, sex, and genetics shape 
the basal characteristics of exosomes [51–53]. For 
instance, the yield, size distribution, and antioxidant 
capacity of plant-derived exosomes vary across different 
species, providing distinct medicinal value [51]. 
Moreover, these system intrinsic determinants partly 
dictate how exosomes react to system extrinsic signals 
as sensitive responders. A study on Helicobacter pylori 
(Hp)-infected mice clearly illustrates this phenomenon, 
showing that exosomes from male, but not female mice, 
induce a selective increase in reactive oxygen species 
(ROS) production and endothelial dysfunction. This 
selective effect is associated with atherosclerosis (AS) 
development and progression [54]. In addition, other 
systemic extrinsic factors such as senescence, exercise, 
and diseases, also contribute to the changes in quantities 
and contents of exosomes [55–57]. For example, older 
individuals secrete significantly fewer exosomes and 
muscle health-associated miRNAs, compared to young 
individuals, and the disparity in expression levels of 
these miRNAs can be decreased after resistance exercise 
training [55]. The upregulated exosomal miR-4732-5p 

(See figure on next page.)
Fig. 2  Multilevel factors that influence exosome heterogeneity. a. Influences on exosomes can be categorized as systemic intrinsic-/extrinsic-, 
cellular-, and cellular molecular factors, which shape the heterogeneity of exosomes in their sizes, contents, yield, and ultimately, functions. 
Notably, influences from distinct biological layers are not isolated, as intrinsic factors are involved in regulating how exosomes respond to extrinsic 
factors. For example, exosomes derived from Hp-infected mice exhibit gender differences. Exosomes derived from male mice show higher levels 
of ROS compared to those from female mice. These higher levels of ROS are associated with the development of AS. b. TAMs are one of the key 
sources of exosomes in the TME. Cancer type determines the features of the TME context, as well as the heterogeneity of TAM-derived exosomes. 
Specifically, the same kind of microRNA, as an example, miR-223, functions differently in distinct cancer types. MiR-221-3p serves as another 
example illustrating the significance of cancer context, as it induces similar malignant phenotypes in different cancer types via distinct pathways. 
Hp Helicobacter pylori, ROS reactive oxygen species, AS atherosclerosis, TAM tumor-associated macrophages, TME tumor microenvironment, GBM 
Glioblastoma, PDCD4 programmed cell death factor 4, STAT3 signal transducer and activator of transcription 3, GC gastric cancer, PTEN phosphatase 
and tensin homolog deleted on chromosome ten, PI3K phosphoinositide 3-kinase, FBXW7 F-box and WD repeat domain containing 7, BC breast 
cancer, Mef2c myocyte enhancer factor 2C, OS osteosarcoma, SOCS3 suppressor of cytokine signaling 3, JAK2 Janus Kinase 2, EOC epithelial ovarian 
cancer, CDKN1B cyclin-dependent kinase inhibitor 1B
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in epithelial ovarian cancer (EOC) patients could be 
exploited for distinguishing EOC patients from healthy 
individuals [56]. Similarly, the serum-derived exosomal 
programmed death-ligand 1 (PD-L1) levels in patients 
with initially diagnosed osteosarcoma are positively 
associated with cancer metastasis and death [57]. These 

differentially expressed cancer-associated biomarkers 
substantiate exosomes as a promising target in cancer 
liquid biopsy for early diagnosis, monitoring of cancer 
progression, and prognosis prediction [58].

The cell of origin and its state are important 
determinants of exosome heterogeneity. To some extent, 
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exosomes can be viewed as a functional carrier of their 
original cell. Studies of exosomal programmed cell death 
protein 1 (PD-1)/PD-L1 indicate that exosomes may 
serve as respective arms for the war between cancer 
cells and immune cells. Hepatocellular carcinoma 
(HCC) cells have the potential to release exosomes with 
upregulated PD-L1, which is transported to TAMs via 
exosomes and suppressed CD8+ cells [59]. In contrast, 
activated T cells generate exosomal PD-1 that binds to 
PD-L1 on the cell surface and exosomal PD-L1, thereby 
competitively inhibiting the immunosuppressive effects 
of PD-L1 [60]. Furthermore, exosome origin is found to 
be associated with its targeting cell. A study involving 
several different cancer models demonstrates that TDEs 
tend to be uptaken by organ-specific cells to prepare the 
pre-metastatic niche, inducing organ-specific metastasis 
via corresponding integrins [61]. These examples above 
underline that the cell of origin plays a dominant role 
in exosome heterogeneity. However, a certain cell type 
can exist in different states due to external and internal 
regulators, resulting in heterogeneity of exosomes. TAM 
can serve as a presentative example for this and will be 
discussed further in the next two subsections.

All levels of determinants mentioned above affect 
the biogenesis of exosomes. Although the biogenesis 
of exosomes in most types of cells is roughly similar as 
previously described, the specific regulatory molecules 
and their functions may vary with the cell types and 
states, inducing the heterogeneity of exosomes in 
quantities, structures, and functions. Some regulators 
may play similar or distinct roles in different cell 
types. For instance, one of the most critical molecules 
involved in controlling exosome release is Rab27a, the 
downregulation or deletion of which significantly reduces 
exosome levels in various cells [62–64]. However, in 
hepatocellular carcinoma cells, Rab27a is the one that 
induces the decrease in exosomes [59]. In fact, our 
understanding of the regulators in the biogenesis of 
exosomes is still in its infancy, additional studies will be 
required to unravel these mysteries.

Exploring the definition of TAM heterogeneity
Macrophages are guardians of homeostasis in all organs 
with shared responsibilities of phagocytosis and tissue 
repair. Moreover, macrophages respond to different 
signals and broadly adapt to varying physiological and 
pathological circumstances in their ontogeny, resulting in 
distinct macrophage subsets that differ in phenotype and 
function between and within tissues [65]. For example, 
alveolar macrophages in the lung eliminate inhaled 
particles and pulmonary surfactant, whereas skeletal 
muscle macrophages facilitate muscle growth and 
regeneration [66]. Many other functions such as immune 

surveillance, antigen presentation, and tissue injury 
repair, are essential responsibilities for macrophages 
as well [67]. TAMs are converted from bone marrow-
derived macrophages (BMDMs) and tissue-resident 
macrophages (TRMs) through tumor-mediated 
re-education [5]. Consequently, TAMs display the 
signature of heterogeneous phenotypes and functions, 
consistent with the cells they originate from.

Researchers have been trying to define the 
heterogeneity of macrophages and TAMs for years. 
Two decades ago, Mills et  al. proposed the M1/M2 
macrophage polarization paradigm based on different 
arginase metabolism. They termed macrophages that 
primarily metabolize arginase to nitric oxide (NO) or 
ornithine as M1 (tumor-suppressing) or M2 (tumor-
promoting), respectively [68]. After that, the M1/
M2 paradigm was intermingled with the concept of 
different activation states of macrophages, which had 
been defined earlier. By definition, macrophages are 
classically activated in response to interferon-γ (IFN-γ) 
and lipopolysaccharide (LPS), and alternatively activated 
in response to IL-4 and IL-13 [8]. Over the years, with a 
greater understanding of macrophages, the implications 
of M1/M2 paradigm have been constantly replenished. 
Macrophages are considered to exhibit a continuum of 
phenotypes from M1 to M2. M1 (classically activated) 
macrophages that are generally stimulated by IFN-γ 
and LPS, subsequently activate signal transducer and 
activator of transcription 1 (STAT1) and interferon 
regulatory factor 1 (IRF1), which results in the production 
of IFN-γ, IL-1β, and tumor necrosis factor-α (TNF-α). 
As for M2 (alternatively activated) macrophages, the 
exposure to IL-4 and IL-13 increases the production 
of IL-10 and transforming growth factor-β1 (TGF-β1) 
through the activation of STAT6 and IRF4 [69]. In short, 
M1 macrophages exhibit a pro-inflammatory and anti-
tumor phenotype, whereas M2 macrophages inhibit 
inflammation and promote tumor progression.

Although the M1/M2 paradigm has a certain value in 
understanding, discussing, and applying the pre-existing 
studies, it also has limitations that should be recognized. 
The M1/M2 paradigm was established on several single 
in vitro stimuli, and both the TME and the macrophage 
complexity could not be recapitulated. Specifically, 
M1-like TAM could show a tumor-promoting 
phenotype. For instance, M1-like TAMs are capable 
of promoting the invasion and metastasis of ovarian 
cancer cells through secreting TNF-α which activates 
the nuclear factor-kappa B (NF-κB) signaling pathway 
[70]. In oral squamous cell carcinoma (OSCC), M1-like 
TAMs induce growth differentiation factor-15 (GDF-
15)-mediated erythroblastic leukemia viral oncogene 
homolog 2 (ErbB2)-phosphorylation, thus enhancing 
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the survival and invasive potential of OSCC cells [71]. 
M1-like TAMs also significantly contribute to the 
epithelial-mesenchymal transition (EMT) process and 
cancer cell stemness via the IL6/STAT3/THBS1 feedback 
loop in OSCC [72]. Furthermore, M2-like TAMs have 
been verified to contribute to prostate cancer progression 
through upregulated IL-6, which is associated with highly 
expressed Yin Yang 1 (YY1) [73]. More surprisingly, the 
co-expression of M1 and M2 marker genes and a positive 
correlation between them in TAM have also been 
discovered in single-cell studies [74, 75].

In recent years, advances in single-cell technologies 
have enabled researchers to detect individual TAMs of 
distinct transcriptome, epigenome, spatial omics, and so 
on, and thus identify TAMs of different states and spatial 
distributions (Table 1) [76].

.
A review that focuses on TAMs in recent major 

studies of single-cell omics proposed a new model with 
seven conserved subsets of TAMs across almost all 
types of cancers according to their gene expression, 
signaling pathway, and biological functions in the 
TME. Of these subsets, interferon-primed TAMs and 
immune regulatory TAMs are paralogs of M1-like and 
M2-like macrophages, respectively, but both of them 
limit anti-tumor immune response in  vivo. Conversely, 
inflammatory cytokine-enriched TAMs recruit immune 
cells and promote inflammation. In addition, TAMs 
that are associated with tumor angiogenesis, tumor 
cell proliferation, EMT, and so on are illustrated in the 
model as well [99]. The review cited above excellently 
summarized the main types of TAMs, but cancer-specific 
subsets are not included. For example, scar-associated 
macrophages are specific TAMs in liver cancer with gene 
signatures distinct from that of Kupffer cells [100]. More 
recently, Bill et  al. propose defining TAMs polarization 
by CXC chemokine ligand 9 (CXCL9) and secreted 
phosphoprotein 1 (SPP1) expression, which is mostly 
mutually exclusive in TAMs. Their results suggest that 
the CXCL9 and SPP1 (CS) ratio, instead of M1 and M2 
markers expression, are strongly positively associated 
with a better prognosis. Additionally, CS polarity in 
TAMs is related to immune cell infiltration and gene 
expression in largely all cell types in tumors, both of 
which regulate tumor control or progression [101]. 
Taken together, as a precise dichotomy, CS polarity 
may be a better choice to elaborate TAM heterogeneity. 
It provides a new approach for designing in  vitro 
experiments of TAMs. Currently, there is a lack of studies 
that are based on CS TAM polarity, whereas the M1/M2 
paradigm has been used for years. Thus, in this review, 
the M1/M2 paradigm will only be invoked to refer to the 
experimental design and results in those previous studies.

Factors influencing TAM‑derived exosome heterogeneity 
in cancer
The heterogeneity of TAM-derived exosomes arises from 
many factors in cancer, such as cancer types (Fig. 2), and 
the TME. Different tissue or organ origins and mutations 
characterize cancer types and define how they respond 
to exosomes. Therefore, the same cargo derived from 
TAMs in different cancer types may exert different 
functions, as miR-223 confers invasiveness on breast 
cancer cells through the Mef2c-β-catenin pathway, but 
induces resistance to distinct chemotherapeutic drugs in 
EOC and gastric cancer (GC) through different pathways 
[102–104]. Likewise, miR-21 elicits resistance to 
cisplatin resistance in GC while promoting resistance to 
temozolomide in glioblastoma [105, 106]. Furthermore, 
the same cargo from TAM-derived exosomes can induce 
similar phenotypes in different cancer types through 
distinct mechanisms. Studies focused on M2 TAM-
derived exosomal miR-221-3p suggested that miR-221-3p 
binds to cyclin-dependent kinase inhibitor 1B (CDKN1B) 
and promotes G1/S transition in EOC cells, but targets 
suppressor of cytokine signaling 3 (SOCS3) and activates 
JAK2/STAT3 in osteosarcoma (OS) cells. Though miR-
221-3p in both two cancer types contributes to cancer 
cell proliferation and migration, the distinct mechanisms 
underline the effect of cancer-specific contexts on TAM-
derived exosome heterogeneity in signaling pathways 
[107, 108].

Moreover, the conditions and contents within the 
TME, such as hypoxia and lactate, can affect TAM 
states and their exosomes. Regions of hypoxia are due 
to the rapid and uncontrolled proliferation of tumors 
that outgrow the oxygen supply of their surrounding 
vasculature [109]. Hypoxic TAMs are similar to M2-like 
phenotype and release exosomes with higher levels of 
miR-155-5p, which could bind to human antigen R (HuR) 
in renal cell carcinoma (RCC) cells, thus increasing 
insulin-like growth factor 1 (IGF1R) mRNA stability. 
Overall, hypoxia activates IGF1R/PI3K/AKT cascades 
to promote RCC proliferation and migration through 
increasing TAM-derived exosomal miR-155-5p [110]. 
Additionally, in EOC cells, hypoxic TAMs have been 
found to secrete higher levels of exosomes compared 
to normoxic TAMs. These exosomes also exhibit an 
enhanced ability to induce proliferation and resistance 
to apoptosis in EOC cells [103]. Regardless of whether 
oxygen is present or not, cancer cells metabolize glucose 
to lactate by glycolysis, a phenomenon commonly known 
as the Warburg effect. More interestingly, TAMs are 
proved to be the most dominant consumers of glucose 
in the TME, thereby promoting lactate accumulation 
similarly [111]. Lactate has the potential to upregulate 
the hypoxia-inducible factor (HIF)−1α-stabilizing 
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long noncoding RNA (HISLA) in both TAMs and their 
exosomes. In breast cancer cells, HISLA suppresses the 
hydroxylation and degradation of HIF-1α by binding to 
prolyl hydroxylase domain 2 (PHD2) and inhibiting the 
interaction between PHD2 and HIF-1α, which boosts 
aerobic glycolysis and induces apoptosis resistance in 
breast cancer cells [112].

Effects of TAM‑derived exosomes on cancer 
progression and metastasis
Solid cancer forms an intricate ecosystem comprising 
diverse tumor-infiltrating cells and non-cellular 
components, and interactions among these elements play 
a crucial role in cancer [113]. In the previous section, we 
have already discussed the impact of cancers on TAM-
derived exosomes. Likewise, recent studies have revealed 
that TAM-derived exosomes influence cancers directly 
by interacting with cancer cells, or indirectly, through 
remodeling the cells and tissue in the TME (Fig. 3). The 
advances in this area that embody the multifaceted role 
of TAM-derived exosomes are briefly summarized below. 
This diverse range of functions suggests that in cancer 
therapy aiming at suppressing the function of TAMs, 
directly targeting TAMs could be a better option than 
targeting TAM-derived exosomes.

TAM‑derived exosomes facilitate the malignant 
phenotypes of cancer cell
TAM-derived exosomes mostly modulate cancer cells 
by changing gene expression with their ncRNA cargos 
including miRNA, lncRNA, and circRNA [114]. MiRNAs 
post-transcriptionally suppress the expression of target 
genes through binding to target mRNAs and mediating 
mRNA degradation or translation inhibition [115]. For 
example, exosomal miRNA lethal-7a (let-7a) released by 
TAMs targets and downregulates chromosome 15 open 
reading frame 41 (C15orf41) in OS, thereby promoting 
the migration and invasion of OS cells. In addition, 
inhibition of C15orf41 expression activates the PI3K/
AKT pathway, which promotes the proliferation of OS 
cells [116]. LncRNA is a multifunctional regulatory 
molecule that interacts with DNA, RNA, and proteins 
to engage in multilevel regulation, encompassing 
epigenetic modification, transcriptional control, and 
post-transcriptional regulation [117]. In glioma cells, 
TAM-derived exosomal lncRNA LINC01231 binds to 
E2F transcription factor 2 (E2F2) and transports E2F2 
to the nucleus, inducing an increase in the neighbor of 
breast cancer 1 gene (NBR1). NBR1 binds to MHC-I and 
promotes MHC-I degradation in autophagolysosomes. 
This leads to the downregulation of MHC-I expression 
on glioma cells surface and subsequently contributes 
to the immune escape of glioma cells [118]. The 

most well-established and characteristic function of 
circRNA is to serve as miRNA sponges that inhibit 
corresponding miRNAs suppressing their target 
mRNAs by binding and sequestering miRNAs [119]. An 
illustrative instance of this phenomenon is TAM-derived 
exosomal circ_0020256. E2F3, a target of miR-432-5p, 
is upregulated in cholangiocarcinoma (CCA) cells as a 
result of circ_0020256 specifically sponging miR-432-5p. 
E2F3 overexpression accounts for why TAM-derived 
exosomal circ_0020256 enhances the proliferation, 
migration, and invasion of CCA cells [120].

TAM‑derived exosomes remodel immune cells and tissue 
in the TME
Besides direct interactions, TAM-derived exosomes 
also regulate cancer progression and metastasis via the 
effect of remodeling TME, such as altering the tumor 
immune microenvironment and inducing vasculature 
formation. Recent studies illustrate that TAM-derived 
exosomes exert both promoting and suppressive 
activities in anti-tumor immunity. Guo and colleagues 
confirmed that levels of circulating exosomal PD-L1 in 
melanoma patients were significantly higher than those 
in healthy donors, as a result of melanoma cells releasing 
exosomal PD-L1 [121]. Following this discovery, they 
also demonstrated that the transition of macrophages 
to TAMs results in a significant increase in exosomes 
secretion, along with elevated PD-L1 expression on 
exosomes [122]. Both types of exosomes collaborate 
to affect CD8+ T cells through the presence of PD-L1, 
leading to the inhibition of CD8+ T cell proliferation and 
activation, thereby suppressing their cytotoxic effects on 
cancer cells. Added to the direct suppression of antitumor 
immunity, TAM-derived exosomes also mediate the 
imbalance among immune cell subsets. Naïve CD4+ 
T cells have the potential to differentiate into various 
subsets including T helper 1 (Th1) cells, Th17 cells, and 
regulatory T cells (Treg) [123]. The cytokines produced 
by Th1 cells trigger inflammation and promote the anti-
tumor immune response, whereas Tregs suppress T cell 
activation and hinder the anti-tumor immune response 
in the context of cancer [124, 125]. Whether Th17 cells 
are pro-tumorigenic or tumor-restraining are context-
dependent [126]. In the case of ovarian cancer, the 
levels of infiltrating Th17 cells and IL-17 they produced 
predict a favorable prognosis [127]. The Treg/Th17 ratio 
is verified upregulated in EOC and positively correlated 
with higher EOC malignancy grades, which can be 
induced by TAM-derived exosomal miR-29a-3p and 
miR-21-5p. These miRNAs regulate the differentiation 
of CD4+ T cells by suppressing the signal transducer and 
activator of transcription 3 (STAT3), which is pivotal 
for immunomodulation, including the differentiation 
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and development of immune cells and maintenance of 
immune homeostasis [128, 129]. Similarly, in malignant 
pleural effusion of cancer patients, the overexpressed 
macrophage-derived exosomal miR-4443 triggers CD4+ 

T cells to differentiate into Treg cells instead of Th1 cells 
[130]. While these findings suggest that TAM-derived 
exosomes contribute to shaping an immune-suppressive 
microenvironment that facilitates cancer progression and 

Fig. 3  The contribution of TAM-derived exosomes in cancer progression and metastasis. TAM-derived exosomes contribute to the malignant 
behavior of cancer cells through ncRNAs such as miRNA, CircRNA, and LncRNA. For instance, miRNA facilitates cancer cell proliferation 
and metastasis by targeting mRNA to regulate gene expression, while CircRNA functions as a miRNA sponge that modulates gene expression 
by interacting with miRNA. Moreover, LncRNA LINC01232 facilitates the evasion of cancer cells from CD8 + T cell-mediated immunity attack 
through degrading and downregulating MHC-I. Furthermore, PD-L1 within exosomes from both TAMs and tumor cells leads to immune 
suppression by limiting CD8 + T cell activation and proliferation. TAM-derived exosomes also alter the differentiation of naïve CD4 + T cells 
and the balance of CD4 + T cell subsets, thus aggravating immune suppression. Additionally, TAM-derived exosomes promote the formation 
of the vascular system through various means, including enhancing vasculogenic mimicry and angiogenesis. ncRNAs non-coding RNA, let-7a 
lethal-7a, C15orf41 chromosome 15 open reading frame 41, E2F3 E2F transcription factor 3, NBR1 neighbor of breast cancer 1 gene, TCR T cell 
antigen receptor, PD-L1 programmed death-ligand 1, PD-1 programmed cell death protein 1, Treg Regulatory T cell, Th1 T Helper 1 cell, TIMP2 tissue 
inhibitor of metal protease 2
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metastasis, an interesting observation emerges in CRC: 
TAM-derived extracellular vesicles, including exosomes, 
exhibit an M1-like phenotype that induces CD8+ T cells 
proliferation and activation. In addition, this phenotype 
is significantly associated with a favorable clinical 
outcome. More surprisingly, the TAMs that release these 
EVs display an M2-like signature which is uncorrelated 
with either a benign or poor prognosis [131].

Angiogenesis is known as a prerequisite for the invasion 
and metastasis of solid tumors. Cancer cells in hypoxic 
niches recruit TAMs to release pro-angiogenic growth 
factors and degrade the extracellular matrix, which 
stimulates angiogenesis [132]. Recent studies indicate 
that TAM-derived exosomes have also been implicated 
in this process. A mouse model of pancreatic ductal 
adenocarcinoma (PDAC) reveals that miR-155-5p and 
miR-221-5p from M2 macrophages could decrease E2F2 
expression in endothelial cells to promote angiogenesis 
and growth, thereby enhancing PDAC progression [133]. 
There also exist other types of vasculature systems in 
tumors such as vasculogenic mimicry, known as an 
endothelial cells-independent tumor microcirculation 
model strongly correlated with tumor invasion, 
metastasis, and poor prognosis [134]. In a clear-cell renal 
cell carcinoma (ccRCC) mouse model, TAM-derived 
exosomal miR-193a-5p target tissue inhibitor of metal 
protease 2 (TIMP2) and limit its expression in ccRCC 
cells, thus enhancing vasculogenic mimicry and invasion 
of ccRCC [135]. This function greatly enhances the 
metastasis of cancer.

Generating and modifying macrophage‑derived 
exosomes in vitro: potential and challenges 
in cancer therapy
Advantages of macrophage‑derived exosomes in clinical 
application
An emerging research priority in exosomes is 
therapeutically exploiting exosomes as “Trojan Horses” 
for therapeutic molecule delivery [4]. As nano-sized 
vesicles from endogenous sources, exosomes are 
characterized by high biocompatibility, low cytotoxicity, 
and immunogenicity [136]. These advantages have drawn 
the attention of researchers towards loading therapeutic 
molecules into exosomes, aiming to directly target and 
eliminate cancer cells, boost the effectiveness of other 
cancer therapies, or modulate tumor immunity [137].

Considering different cell sources partly determine 
the functions and targets of exosomes as previously 
mentioned, macrophage-derived exosomes possess 
unique properties such as overcoming the blood–brain 
barrier (BBB), accumulating in the tumor site, and 
reactivating antitumor immunity [11–13, 138, 139]. 

Specifically, due to the presence of the BBB, some of 
the therapeutic molecules are prevented from arriving 
at brain lesions [140]. Nevertheless, macrophage-
derived exosomes loaded with protein cargo have 
been proven capable of crossing the BBB through the 
interaction between the integrin lymphocyte function-
associated antigen 1 (LFA-1) on exosomes and the 
intercellular adhesion molecule 1 (ICAM-1) on 
human cerebral microvascular endothelial cells [138]. 
After systemic injection, natural M1 macrophage-
derived exosomes (M1-exos) spontaneously home 
to and accumulate at tumor sites, mirroring the 
natural accumulation of M1 macrophage in tumors 
[11, 139]. In the meantime, natural M1-exos also 
enrich in the lung, liver, and spleen, indicating a lack 
of specificity for tumors [11]. Furthermore, M1-exos 
reactive antitumor immunity in various ways. For 
instance, M1-exos stimulate the activation of NF-κB 
and the production of inflammatory cytokines in 
macrophages to elicit inflammation within breast 
cancer. Meanwhile, these exosomes increase apoptosis 
in breast cancer cells via increasing caspase-3 activity 
[11]. Similarly, M1-exos reduce the PD-L1 expression 
in GC cells and enhance the anti-tumor immunity of T 
cells in GC by transferring miR-16-5p to GC cells and 
targeting PD-L1 [12]. In addition, M1-exos have been 
found capable of mediating the in situ re-polarization 
of M2-like TAMs to M1-like TAMs that highly 
express MHC class II and delay tumor growth in vivo 
[13]. In conclusion, these advantages underscore 
the therapeutic potential of macrophage-derived 
exosomes, especially M1-exos, warranting further 
exploration for their application in cancer therapy.

Other immune cell-derived exosomes also have their 
unique advantages. For example, dendritic cells (DC)-
derived exosomes contain abundant MHC class I/
peptide complexes, which can prime T cells and induce 
anti-tumor responses, making DC-derived exosomes 
a promising candidate for cancer vaccines [1]. In a 
mouse model of HCC, DC-derived exosomes modified 
by α-fetoprotein (AFP) can trigger antigen-specific 
immune responses and effective tumor suppression, 
thus providing a feasible approach for HCC 
immunotherapy [141]. However, some clinical trials 
using DC-derived exosomes have reported limited 
T-cell responses, potentially due to the suppression of 
Tregs, which must be addressed to improve the efficacy 
of DC-derived exosomes in cancer immunotherapy. 
Encouragingly, except for T cells, DC-derived exosomes 
also activate natural killer (NK) cells, highlighting 
the need for further exploration into their underlying 
mechanisms and therapeutic potential [142].
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Exosomes‑based strategies for cancer therapy
To prepare M1-exos for mice models, RAW264.7 or 
bone marrow cells that are isolated from mice are 
cultured with LPS or IFN-γ and then polarized to 
M1-macrophages [11, 16, 143]. After that, M1-exos 
are collect from the supernatant by ultracentrifugation 
in most cases. Other methods like ultrafiltration, 
precipitation, and immunoaffinity capture are also 
feasible [144]. However, using natural exosomes 
directly for cancer treatment is infrequent. To achieve 
multiple goals and maximize the efficacy of exosomes 
in the war on cancer, researchers have conferred 
different characteristics to exosomes through different 
strategies, such as engineered exosomes, hybrid 
exosomes, and exosome-like nanovesicles (Fig.  4). 
Notably, combining these strategies is preferred 
over using them individually, as it provides multiple 
improvements in efficacy and anti-tumor activity.

Engineered exosomes
Engineered exosomes refer to exosomes that are applied 
with surface modifications and/or internally loaded 
with therapeutic molecules [137]. After intravenous 
injection, exogenous natural exosomes from several 
sources are distributed mainly in the liver, spleen, lung, 
and gastrointestinal tract, where exosomes are actively 
cleared by macrophages [145]. Consequently, surface 
modifications to enhance targeting specificity and 
avoid phagocytosis are crucial. For example, AS1411, 
a type of aptamer, can efficiently recognize and bind 
to the nucleolin, which is upregulated on the surface 
of multiple cancer cells [146]. Thus, AS1411 aptamer-
modified exosomes possess the ability to target several 
cancer cells, such as CRC cells, glioblastoma (GBM) 
cells, and squamous cell carcinoma (SCC) cells [14, 
146, 147]. To resist macrophage-mediated immune 
phagocytosis, cancer cells overexpress various “don’t 
eat me” signals, like CD47, which binds to signal 
regulatory protein α (SIRPα) on the macrophage 
surface [148]. Likewise, CD47 modification on the 
surface of engineered exosomes contributes to a 
longer blood circulation time by invading phagocytosis 
[16, 149, 150]. Furthermore, CD47 on exosomes 
competitively binds to SIPRα, thereby repressing CD47/
SIPRα between cancer cells and macrophages, and 
consequently causing more cancer cells phagocytosed 
[16, 150]. Therapeutic molecules encapsulated within 
engineered exosomes mainly include chemotherapeutic 
drugs and nucleic acid [4]. These molecules will 
be further discussed later in the context of specific 
treatment modalities.

Exosome‑like nanovesicles
Exosome-like nanovesicles (ELNVs) are nanovesicles 
with exosome-like features such as size, structures, 
and contents [151]. ELNVs can be generated from 
the continuous sonication and extrusion of cell 
membranes. The functions of ELNVs are also consistent 
with their cells of origin, making ELNVs a suitable 
substitute for exosomes, whose yield is inadequate for 
therapeutic strategies [152]. Similar to M1-exos we have 
mentioned before, M1 macrophages-derived ELNVs 
can reprogram M2 TAMs to M1 TAMs and increase 
CD8+ T cell infiltration [152, 153]. The amelioration 
of immunosuppressive TME improve the efficacy of 
CD47 blocker, which enhances macrophage-mediate 
phagocytosis of cancer cells [154]. In this way, these 
ELNVs inhibit the recurrence and metastasis of 
malignant melanoma [152].

Hybrid exosomes
Hybrid exosomes are comprised of the fusion of 
exosomes from different sources, including the fusion 
of different types of exosomes or ELNVs, as well as 
the fusion of exosomes with plasma membranes or 
liposomes [155]. This fusion combines the advantages of 
multiple membranes. For instance, the hybrid exosomes 
of CD47-modified TDEs and macrophage-derived 
exosomes inherit the features of targeting cancer cells, 
promoting phagocytosis, and mediating repolarization 
of M2-like TAMs to M1-like macrophages [16]. 
Additionally, exosomes fused with ELNVs and liposomes 
compensate for the yield deficiency of natural exosomes 
[151]. Particularly, a type of hybrid cell is generated by 
introducing cancer cells nuclear to activated M1-like 
macrophages. These hybrid cells release exosomes (aMT-
exos) that accumulate in lymph nodes and tumor sites 
after subcutaneous injection, respectively consistent 
with the feature of macrophages and tumor cells. More 
importantly, aMT-exos effectively limit primary tumor 
growth, tumor metastasis, and postsurgical tumor 
recurrence, likely due to the aMT-exos-mediated 
immune activation in lymph nodes and the TME [156].

Modified macrophage‑derived exosomes‑based strategies 
for cancer therapy
In recent years, many new studies for exosomes have 
sprung up, as have related M1-exos-based therapies 
(Table  2). Modified M1-exos provide cancer therapies 
with specific targeting ability and stable delivery 
platforms, inducing higher safety and effectiveness 
(Fig.  4). Below, we discuss how modified macrophage-
derived exosomes facilitate current cancer therapies.
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Chemotherapy
Chemotherapeutic drugs, a conventional therapeutic 
molecule for cancer therapy, are faced with obstacles 
including the absence of targeting ability, the potential 
for side effects, and drug resistance after systemic 
administration [167]. To overcome these limitations, 

M1-exos loaded with chemotherapeutic drugs are 
modified in different ways. For instance, utilizing hybrid 
exosomes containing TDEs or M1-exos components, 
as well as biological modifications to endow M1-exos 
with the capacity to target tumor cells, to avoid the side 
effects of chemotherapy [11, 16, 157, 160]. Moreover, 

Fig. 4  Modified macrophage-derived exosomes hold promise for cancer therapy. Common exosome-based strategies (inner ring) encompass 
the engineered exosome with surface decoration and/or inner therapeutic molecules, the ELNV generated through continuous sonication 
and extrusion of cell membranes, and the hybrid exosome comprised of exosomes and other types of membranes. Existing studies have 
demonstrated that modified macrophage-derived exosomes possess unique advantages and functions in multiple cancer therapies (middle ring). 
The specific benefits that these therapies may obtain from modified macrophage-derived exosomes are also listed (outer ring). ELNV exosome-like 
nanovesicle, M1-exos M1 macrophage-derived exosomes, SIRPα signal regulatory protein
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the simultaneous loading of chemotherapy drug 
and molecule targeting its corresponding resistance 
mechanisms has been reported as an exceptional strategy 
to adverse drug resistance [161].

Targeted peptides are a type of biological modification 
that can be used to target triple-negative breast cancer 
(TNBC) cells. Specifically, the expression of cellular-
mesenchymal-epithelial transition factor (c-Met) is 
increased in TNBC cells. Thus, the c-Met binding 
peptide-modified and doxorubicin (DOX)-load M1-exos 
avoid damage to main organs and promote the anti-tumor 
efficiency of DOX [160]. The specific reasons why the 
anti-tumor efficiency of chemotherapeutic agents loaded 
to M1-exos is better than that of chemotherapeutic 
agents alone are manifold. For instance, M1-exos 
inherently trigger inflammation and activate anti-tumor 
immune response [11, 158, 163]. Additionally, in a 
breast cancer model, M0-exos-loaded docetaxel (DTX) 
also exhibits better anti-tumor ability than DTX alone, 

suggesting that the absorption efficiency of exosomes 
is higher than that of bare drug molecules [158, 162]. 
Another application of M1-exos-based chemotherapies 
is to reverse drug resistance. For example, to ameliorate 
the severe chemoresistance of pancreatic cancer to 
gemcitabine (GEM), GEM and deferasirox (DFX) are 
loaded to M1-exos at the same time. As an iron chelator, 
DFX can act as the inhibitor of ribonucleotide reductase 
M2 (RRM2), whose overexpression is associated with 
a low sensitivity to GEM and a poor prognosis of 
pancreatic cancer patients [161].

Radiotherapy
Radiotherapy-mediated cellular damage relies heavily on 
the DNA damage caused by ionizing radiation (IR) and 
IR-induced ROS [168]. However, the immunosuppressive 
TME, hypoxia, and DNA damage repair in solid tumors 
contribute to limitations in efficacy and resistance to 
radiotherapy [169]. Targeting of these mechanisms 

Table 2  Preclinical experiments of modified macrophages-derived exosomes for cancer therapy

sEV small extracellular vesicle, M1-exo M1 macrophage-derived exosomes, TNBC Triple-negative breast cancer, HSA human serum albumin, c-Met mesenchymal-
epithelial transition factor, PD-L1 programmed cell death-ligand 1, CAT catalase, NF-κB nuclear factor kappa-B, NV nanovesicle, P-NV platelet-derived NV, M1-NV M1 
macrophage-derived NV, SIRPα signal regulatory protein alpha, SαV-C-NV cancer cell-derived NVs overexpressing high-affinity SIRPα variants, SiPAK4 Small interfering 
RNA against p21-Activated kinase 4, ROS reactive-oxygen-species, ICG indocyanine green, TDE tumor-derived exosome, SN38 7-Ethyl-10-hydroxycamptothecin, STING 
stimulator of interferon gene, PDA polydopamine, MB molecular beacon

Clinical therapy Tumor model Membrane composition Surface modification Cargo References

Chemotherapy Breast cancer Macrophage-derived sEV 
and synthetic liposome

N/A Doxorubicin [157]

Breast cancer M1-exo N/A Docetaxel [158]

Breast cancer M1-exo N/A Paclitaxel [11]

Breast cancer Macrophage-derived 
exosome

N/A Platinum, HSA, and lecithin [159]

TNBC Macrophage-derived 
exosome

N/A Doxorubicin [160]

Pancreatic Cancer M1-exo N/A Gemcitabine and Deferasirox [161]

Bladder cancer M1-exo N/A Gemcitabine [162]

Lung cancer M1-exo C-Met binding peptide Cisplatin [163]

Radiotherapy Lung cancer M1-exo Anti-PD-L1 nanobody CAT and DNA damage repair 
inhibitor

[15]

Immunotherapy Breast cancer M1-exo IL-4R-binding peptide NF-κB p50 siRNA and miR-
511–3p

[143]

Breast cancer M1-exo N/A RSL3 [139]

TNBC P-NV, M1-NV, and SαV-C-NV SIRPα variants N/A [152]

Melanoma M1 macrophages-derived EV N/A SiPAK4 and photoactivatable 
ROS-sensitive polymer

[164]

Sonodynamic Therapy Glioblastoma Macrophage-derived 
exosome

AS1411 aptamer SiO2 encapsulated CAT 
and ICG

[14]

Chemo-immunotherapy Breast cancer TDE and M1-exo CD47 DNA-targeting agent (SN38) 
and STING-agonist (MnO2)

[16]

Chemo/gene/ photothermal 
therapy

Breast cancer Macrophage-derived 
exosome

PDA coated Fe3O4 
and miR-21-targeting 
MB

Doxorubicin [165]

Immuno/gas/ photodynamic 
therapy

Colorectal cancer M1-exo N/A Ce6-loaded upconversion [166]
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inspires engineering M1-exos to improve tumor 
sensitivity to radiotherapy. First, PD-L1 antibody-
modified outer surfaces and M1-exos-mediated 
repolarization ameliorate the immunosuppressive TME. 
Second, catalases that express on the inner surfaces 
of the membrane catalyze H2O2 to generate O2 and 
relieve hypoxia. Third, engineered M1-exos loaded 
DNA damage repair inhibitor to maintain cytotoxicity 
caused by radiotherapy. Furthermore, in  vitro and 
in vivo experiments prove the safety and effectiveness of 
M1-exos, which can thus act as a promising radiotherapy 
sensitizer [15].

Immunotherapy
Immunosuppression is a hallmark of the TME, which 
allows cancer cells to evade immune surveillance and 
attack. This immunosuppressive state also reduces the 
sensitivity of cancer cells to therapeutic interventions, 
arousing growing interest in immunotherapy. The 
immune regulation function of modified macrophage-
derived exosomes endows them with great potential 
in immunotherapy. TAMs, as key contributors to 
the immunosuppressive TME, have also attracted 
significant research interest, particularly in reversing 
their cancer-promoting functions to anti-tumor 
phenotypes [6]. Notably, the feature of M1-exos to 
repolarize cancer-promoting TAM to anti-cancer 
phenotype suggests that M1-exos-based strategies 
can serve as an emerging immunotherapy for cancer. 
For instance, IL-4-modified M1-exos selectively 
target IL-4R that is more highly expressed on cancer-
promoting TAM instead of anti-tumor macrophages. 
Moreover, engineered M1-exos are loaded with NF-κB 
p50 siRNA and miR-511–3p, thereby enhancing 
cancer-promoting TAMs reprogramming into anti-
tumor phenotype and suppressing cancer growth 
[143]. Furthermore, cyclic guanosine monophosphate-
adenosine monophosphate synthase/stimulator of 
interferon gene (cGAS/STING) can be loaded to 
M1-exos as well. The activation of STING drives 
the maturation of the dendritic cells and increases 
the infiltration of natural killer cells in tumors 
through releasing IFN [16]. In addition to targeting 
immune cells, another alternative for M1-exos in 
immunotherapy is to interact with cancer cells. 
Specifically, Rao et  al. have designed a hybrid NVs 
(hNVs) that are composed of M1-NVs, platelet-derived 
NVs (P-NVs), and SIRPα variant-overexpressed cancer 
cells-derived NVs (SαV-C-NVs). P-NVs confer hNVs 
the ability to bind to circulating tumor cells (CTCs) 
and injured tissue. As for SαV-C-NVs, the SIRPα 
variant promotes the phagocytosis of cancer cells. The 
specific mechanism is similar to that of overexpressed 

CD47. Taken together, hNVs target the operation site 
and regulate immunity, thus suppressing post-surgery 
recurrence and metastasis of melanoma. Notably, hNVs 
also successfully avoid immune-related adverse events 
[152].

Gas‑assisted phototherapy
Another interesting fact about M1-exos is that they 
can produce NO for gas therapy with inducible nitric 
oxide synthase (iNOS) on their membranes [145]. Gas 
therapy utilizes gaseous molecules, such as oxygen 
(O2) and NO, that exhibit therapeutic function or assist 
other therapies [170]. Among them, the combination of 
phototherapy and gas therapy can effectively improve 
phototherapy. Phototherapy for cancer includes two 
main methods. One is photodynamic therapy (PDT), 
which relies on the chemical damage, such as ROS, 
generated by light-activated photosensitizers. The other 
is photothermal therapy (PTT), in which photothermal 
agents convert the energy from external light into heat 
and cause thermal damage within the tumor [171]. One 
example of PDT in combination with macrophage-
derived exosomes-based gas therapy is M1-exos fused 
with upconversion nanoparticles which are loaded 
with Ce6, a type of photosensitizer for PDT [166]. 
Upconversion nanoparticles are capable of transforming 
near-infrared light to ultraviolet or visible light, thereby 
activating Ce6 to generate ROS to induce the damage 
and death of cancer cells [171]. The reaction between 
ROS and NO produced by M1-exos could generate 
reactive nitrogen  species (RNS), which mediates cancer 
cell death more efficiently than ROS via stronger 
peroxidation and nitrification effects [166]. Though 
the assistant of M1-exos-derived NO to PTT has not 
been reported yet, macrophage-derived exosomes are 
still suitable for being a PTT platform combined with 
other therapies. In a therapy model of breast cancer, 
macrophage-derived exosomes are loaded with DOX 
and modified by magnetic nanoparticles  that are coated 
with polydopamine (PDA), a type of photothermal agent. 
In the presence of an external magnetic field, magnetic 
nanoparticles target the tumor site, subsequently, near-
infrared radiation and PDA induce local heating and the 
release of molecular beacons and DOX, thereby realizing 
photothermal therapy-based targeted killing of cancer 
cells [165]. Gene therapy is also engaged in this model, as 
macrophage-derived exosomes are coated with molecular 
beacons that target and silence miR-21, which is engaged 
in tumorigenesis and development in multiple cancer 
types [165]. This chemo/gene/photothermal therapy 
integrates the advantages of various therapies, providing 
new ideas for future study.
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Challenges of modified macrophages‑derived exosomes 
for cancer therapy
Though preclinical experiments in mouse models have 
preliminarily confirmed the potential of macrophage-
derived exosomes-based strategies for cancer therapy, 
indeed, the application of macrophage-derived 
exosomes, as well as exosomes or EVs in general, is still 
in their early stages. There are still many challenges 
before clinical translation. So far, some exosome-based 
liquid biopsies and therapies have proven promising 
in clinical trials, whereas only one small clinical trial, 
which is still ongoing, is based on macrophage-derived 
exosomes (NCT05559177). Additionally, allogeneic 
macrophage-derived exosomes may be preferred 
in clinical translation to ensure the production of 
exosomes. However, it remains uncertain whether these 
exosomes could cause adverse effects, such as immune 
rejection, immune activation, or allergic reactions, as 
the immunogenicity and other possible risks of these 
exosomes have not been fully explored in existing 
preclinical studies. Characterization and standardized 
functional assays, with defined quantifiable metrics at 
the single exosome scale, are also essential to ensure the 
safety and effectiveness of macrophage-derived exosomes 
before clinical translation, considering they are highly 
heterogeneous even when derived from the same type 
of cells [172]. Moreover, achieving consistent results 
with macrophage-derived exosomes across different 
types of cancers is another challenge, considering 
there may be distinct responses due to differences 
in genetic expression, TME, and tumor locations. 
For example, M1-exos mediate the repolarization of 
M2-like macrophages to M1-like macrophages, M1-exos 
upregulate the ratio of M1-like/M2-like macrophages, 
which has been demonstrated beneficial for tumor-
suppressive activities in distinct mouse models. However, 
a recent study of head and neck squamous cell carcinoma 
has discovered that the correlation is absent between 
clinical outcome and M1 and M2 markers expression, 
suggesting that the swift of M2 to M1 does not apply to 
the therapy for all types of cancers [101]. Thus, to exploit 
modified macrophage-derived exosomes that are suitable 
for various types of cancers, it is essential to carefully 
design their modifications, administration routes, and 
dosage to target specific cancer types. Above all, more 
preclinical studies and clinical trials are required to 
evaluate the effectiveness, safety, and reproducibility of 
macrophage-derived exosomes in cancer therapy.

In addition to the challenges faced by macrophage-
derived exosomes in cancer therapy, the application of 
exosomes from all sources encounters several common 
hurdles, mainly including technical issues in standardized 
production and exploration of treatment regimens. 

Currently, low productivity, lack of high-purity isolation 
techniques, and instability in storage hinder exosomes 
from large-scale and low-cost production [173]. Despite 
the technical challenges associated with the clinical 
translation of exosomes, the rapid development of 
new technologies consistently builds our confidence in 
overcoming these challenges. Bioreactors and media 
supplements such as fetal bovine serum make large-
scale production possible [174]. The isolation technique 
of exosomes has always been a focus of research due 
to its significance to clinical translation and exosome 
characterization [175]. The conventional isolation 
methods, such as ultracentrifugation, ultrafiltration, 
and precipitation, are widely used, but they are time-
consuming and low in yield and purity, thus unsuitable for 
clinical applications [176]. In contrast, emerging methods 
like size-exclusion chromatography, show promise in 
clinical translation as they produce exosomes in large-
scale and high purity. For instance, a method termed size 
exclusion–fast protein liquid chromatography (SE-FPLC) 
enables rapid isolation of exosomes while effectively 
removing albumin and lipoprotein contaminants, 
providing a potential solution for high-quality exosome 
isolation in clinical settings [177].

TAM‑derived exosomes reduce the efficacy 
of cancer therapy
Though the macrophage-derived exosomes generated 
and modified in  vitro show tremendous potential for 
multiple types of cancer therapy, still some existing 
studies suggest that TAM-derived exosomes in vivo tend 
to diminish the efficacy of cancer therapy (Table 3). These 
studies focused on understanding the molecules and 
pathways responsible for the resistance to cancer therapy 
and provide promising biomarkers and therapeutic 
targets for cancers.

Chemotherapy
The most well-studied chemoresistance induced by 
TAM-derived exosomes is the cisplatin resistance 
regulated by the PI3K/AKT pathway. The aberrant 
activation of PI3K/AKT is prevalent in various cancer 
types, contributing to a range of pro-tumorigenic 
activities, such as uncontrolled proliferation, survival, 
and resistance to cancer therapy, depending on the 
specific downstream molecules of AKT, such as glycogen 
synthase kinase 3 (GSK3) and mammalian target of 
rapamycin (mTOR). As an essential upstream negative 
regulator of the PI3K/AKT pathway, phosphatase and 
tensin homolog (PTEN) dephosphorylates PI3P and turn 
it back to PI2P, which antagonizes PI3K-mediated PI2P 
phosphorylation and thus terminates PI3K signaling 
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Table 3  Tumor-associated macrophage-derived exosomes in cancer therapy resistance

Clinical therapy Cancer type Drug Key cargo Expression Mechanisms References

Chemotherapy GC Cisplatin miR-21 Up-regulated Activate PI3K/AKT signaling 
pathway by down-regulating 
PTEN to promote cisplatin 
resistance

[105]

GC Cisplatin miR-588 Up-regulated Target and down-regulate 
CYLD to promote cisplatin 
resistance

[178]

GC Cisplatin IncRNA CRNDE Up-regulated Activate PI3K/AKT signaling 
pathway by facilitating 
NEDD4-1-mediated PTEN 
ubiquitination to promote 
cisplatin resistance

[179]

GC Doxorubicin miR-223 Up-regulated Target FBXW7 to impair 
doxorubicin sensitivity, which 
may be induced by EMT 
mechanically

[104]

GC Oxaliplatin circ 0008253 Up-regulated Probably promote oxaliplatin 
resistance by up-regulating 
ABCG2 levels

[180]

EOC Cisplatin miR-223 Up-regulated Activate PI3K/AKT signaling 
pathway by down-regulating 
PTEN to promote cisplatin 
resistance under hypoxia

[103]

EOC Cisplatin miR-221-3p Up-regulated Activate AKT signaling 
pathway by down-regulating 
ADAMTS6 to promote EOC 
cell proliferation, adhesion, 
migration, and multidrug 
resistance

[181]

PDAC Gemcitabine miR-365 Up-regulated Up-regulate the triphospho-
nucleotide pool and induce 
the enzyme cytidine 
deaminase to inactivate 
gemcitabine

[182]

GBM Temozolomide miR-21 Up-regulated Activate STAT3/AKT signaling 
pathway by targeting 
and down-regulating PDCD4 
to promote temozolomide 
resistance

[106]

LC Cisplatin miR-3679-5p Up-regulated Suppress NEDD4L-mediated 
c-Myc ubiquitination 
to increase aerobic glycolysis 
and promote cisplatin 
resistance

[183]

Radiotherapy EC N/A Has_circ_0001610 Up-regulated Cyclin B1 levels that are 
up-regulated by miR-
139-5p prevent EC cells 
from arresting at the G2/M 
checkpoint thus decreasing 
the radiosensitivity

[184]

LC N/A lncRNA AGAP2-AS1 Up-regulated Weaken the radiosensitivity 
through down-regulating 
miR-296 and upregulating 
NOTCH2

[185]

Targeted therapy NSCLC Osimertinib lncRNA MSTRG.292666.16 Up-regulated Down-regulate miR-6836-5p 
and activate MAPK pathway 
to promote osimertinib 
resistance

[186]

NSCLC Gefitinib N/A N/A Promote gefitinib resistance 
through the aberrant 
activation of the AKT, ERK1/2, 
and STAT3 pathways

[187]
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[191]. After taken up by GC cells and EOC cells, miR-
21, LncRNA CRNDE, and miR-223 within TAM-derived 
exosomes cause downregulation of PTEN levels and 
subsequent hyperactivation of PI3K/AKT pathway, 
leading to cisplatin-resistance in cancer cells [103, 105, 
179]. In addition, increased miR-21 levels in GC cells 
upregulate the expression of B-cell lymphoma-2 (Bcl-
2), a decisive anti-apoptotic protein [105]. Evasion from 
apoptosis also contributes to resistance to treatment 
in cancer cells [192]. Additionally, it is verified that 
CD163+ TAM-derived exosomal miR-221-3p in ovarian 
cancer ascites decrease the level of a disintegrin and 
metalloproteinase with thrombospondin motifs 6 
(ADAMTS6) expression in the peritoneal metastatic sites 
in EOC patients. Downregulation of ADAMTS6 also 
increases the cisplatin resistance of EOC cells, probably 
resulting from the EMT induced by the activation of the 
EGFR/TGF-β/AKT pathway [181].

The neuronally expressed developmentally 
downregulated 4 (NEDD4) family is a group of E3 
ubiquitin (Ub) ligases that play an integral role in various 
ubiquitination-mediated pro-tumorigenic activities, 
including the chemoresistance regulated by TAM-
derived exosomes [193]. In GC, the previously mentioned 
LncRNA CRNDE facilitates NEDD4-1-mediated 
ubiquitination and subsequent degradation of PTEN, 
resulting in the activation of the PTEN/PI3K/AKT 
pathway and resistance to cisplatin [179]. Furthermore, 
miR-3679-5p found in M2 macrophage-derived exosomes 
maintains the stability of cellular-myelocytomatosis viral 
oncogene (c-Myc) and promotes aerobic glycolysis in 
lung adenocarcinoma. The effect is achieved by limiting 

NEDD4L expression and preventing NEDD4L-mediated 
ubiquitination of c-Myc. The increased aerobic glycolysis, 
in turn, reinforces the resistance to apoptosis and 
cisplatin in lung adenocarcinoma cells [183].

Radiotherapy
In addition, TAM-derived exosomes play a role in 
reducing the radiosensitivity of cancer cells. Hsa_
circ_0001610 transmitted from TAMs to endometrial 
cancer (EC) cells through exosomes directly targets and 
suppresses miR-139-5p, thereby upregulating cyclin 
B1 levels [184]. Overexpressed cyclin B1 prevents EC 
cells from arresting at the G2/M checkpoint of the 
cell cycle and avoids G2/M arrest-induced cell death, 
thus decreasing the radiosensitivity of EC cells [194]. 
Another study verifies that lncRNA AGAP2 antisense 
RNA 1 (AGAP2-AS1) enhances the radioresistance 
of lung cancer through downregulating miR-296 
and upregulating notch homologous protein 2 
(NOTCH2). This radioresistance can be mediated by 
the overexpression AGAP2-AS1 in M2 macrophage-
derived exosomes, suggesting that M2-like TAM may 
be implicated in weakening the radiosensitivity of lung 
cancer in this way [185].

Targeted therapy
Targeted therapy uses antibodies and small molecules 
to target the molecular drivers of cancer, such as 
osimertinib and gefitinib targeting the EGFR, a common 
mutation in non-small cell lung cancer (NSCLC) [195]. 
While effective, therapy involving epidermal growth 
factor receptor tyrosine kinase inhibitors (EGFR-TKIs) 

Table 3  (continued)

Clinical therapy Cancer type Drug Key cargo Expression Mechanisms References

Immunotherapy GC/CRC​ Anti-PD-1 antibody ApoE Up-regulated Down-regulating MHC-I 
expression on the cancer cells 
surface by suppressing BiP

[188]

TC Anti-PD-1 antibody miR-21-5p Up-regulated Down-regulate 
METTL3 and trigger 
the demethylation 
and stabilization of CD70 
mRNA, which promotes Tregs 
infiltration and induces CD8+ 
T cells exhaustion

[189]

Ferroptosis-based therapy CC Erastin miRNA-660-5p Up-regulated Target and inhibit 
the expression of ALOX15 
to suppress erastin-induced 
ferroptosis

[190]

GC gastric cancer, EOC epithelial ovarian cancer, PDAC Pancreatic ductal adenocarcinoma, GBM glioblastoma, LC lung cancer, EC endometrial cancer, NSCLC non-small 
cell lung cancer, CRC colorectal cancer, TC thyroid cancer, CC cervical cancer, PI3K Phosphatidylinositol-3-kinas, PTEN phosphatase and tensin homolog, FBXW7 F-box 
and WD repeat domain-containing 7, EMT epithelial-to-mesenchymal transition, CYLD cylindromatosis, NEDD4 neuronally expressed developmentally downregulated 
4, ABCG2 ATP binding cassette subfamily G member 2, ADAMTS6 a disintegrin and metalloproteinase with thrombospondin motifs 6, STAT3 signal transducer and 
activator of transcription 3, PDCD4 programmed cell death protein 4, c-Myc cellular-myelocytomatosis viral oncogene, NOTCH2 notch homologous protein 2, MAPK 
mitogen-activated protein kinase, ERK extracellular regulated protein kinases, ALOX15 arachidonic acid 15-lipoxygenase
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faces the challenges of drug resistance [196]. Some 
known mechanisms of these issues are associated with 
TAM-derived exosomes [186, 187]. For example, As a 
third-generation EGFR-TKI, osimertinib is frequently 
invoked to overcome the acquired resistance induced 
by first-generation EGFR-TKIs, such as through 
targeting the acquired T790M resistance mutation [196]. 
However, researchers have identified that the sensitivity 
to osimertinib in NSCLC can be decreased by lncRNA 
MSTRG.292666.16 from TAM-derived exosomes in 
NSCLC via downregulating miR-6836-5p and activating 
mitogen-activated protein kinase (MAPK) pathway 
[186]. Moreover, TAM-derived exosomes have been 
demonstrated to reduce the efficacy of gefitinib in NSCLC 
through the aberrant activation of the AKT, extracellular 
signal-regulated protein kinases 1 and 2 (ERK1/2), and 
STAT3 pathways [187]. However, the specific mediator 
within exosomes is still under-discovered.

Immunotherapy
Exosomes serve as key mediators employed by 
M2-like TAM to inhibit anti-tumor immunity and 
decrease sensitivity to immunotherapy. For instance, 
apolipoprotein E (ApoE) within exosomes derived from 
M2 macrophages has been identified as a contributor 
to immune checkpoint blockade (ICB) resistance. 
This occurs through its interaction with a crucial ER 
chaperone called binding immunoglobulin protein (BiP). 
The interaction between ApoE and BiP hinders BiP’s 
function in repairing and loading MHC-I, consequently 
downregulating MHC-I expression on the cancer 
cell surface. MHC-I downregulation diminishes the 
immunogenicity of cancer cells and leads to their escape 
from the recognition and attack of CD8+ T cells, resulting 
in weakening the efficacy of anti-PD-1 antibodies. 
Additionally, the finding that joint use of ApoE ligand and 
anti-PD-1 antibody ameliorates ApoE-induced anti-PD-1 
treatment resistance makes the point that exosomal 
ApoE can be regarded as a promising target to reverse 
anti-PD-1 treatment resistance [188].

Ferroptosis‑based therapy
Advances in ferroptosis, a regulated cell death induced 
by iron-dependent lipid peroxides accumulation, have 
made targeting ferroptosis a potential modality for 
cancer therapy [197]. In a mouse model of cervical 
cancer, ferroptosis inducers, such as erastin and RSL3, 
have exerted tumor-restraining activity; nevertheless, 
this effect can be suppressed by TAMs. Specifically, 
TAM-derived exosomal miRNA-660-5p is transferred 
to cervical cancer cells, where it targets and inhibits 
the expression of arachidonic acid 15-lipoxygenase 
(ALOX15) to suppress erastin-induced ferroptosis. 

Moreover, ALOX15 reduction has also been confirmed 
to be associated with shorter survival times in cervical 
cancer patients [190].

Conclusion and future outlook
Exosomes with distinct cell sources and biogenesis 
processes exhibit heterogenetic features and functions, 
contributing to the complexity of intercellular 
communication networks between the components in 
cancers. This complexity is partly reflected in the tumor-
restraining or pro-tumorigenic tendencies of exosomes 
from macrophages. To be specific, TAM-derived 
exosomes that are educated by the context of cancers 
play a crucial role in tumor progression, metastasis, and 
drug resistance by exerting a direct effect on tumor cells 
as well as indirectly influencing the fate of the tumor 
via remodeling the TME. In contrast, exosomes derived 
from externally generated and modified macrophages, 
particularly the modified M1-exos, have demonstrated 
promising as a novel modality for cancer therapy in 
preclinical studies. The natural advantages of M1-exos 
and the acquired modification endow the combination 
of M1-exos-based strategies and existing cancer 
therapies with distinct benefits. M1-exos inherently 
enhance anti-cancer immunity and target the cancer 
cells, even crossing the BBB. In the meanwhile, M1-exos 
are modified to load therapeutic molecules and target 
the characteristics of specific cancer therapy, aiming 
to improve the efficacy of various cancer therapies and 
reduce side effects.

Although preclinical studies have opened the door 
to therapeutically harnessing macrophage-derived 
exosomes, whether these modified exosome-based 
strategies can achieve the anticipated therapeutic 
efficacy requires additional clinical trials for validation. 
Additionally, the technical challenges encountered in 
large-scale production are shared obstacles in the field of 
exosome application. The regulation of specific molecules 
in the biogenesis of exosomes may help [43]. Moreover, 
the stability and safety of these modified exosomes also 
need further experiments to validate. There is an urge 
to tackle the above issues and continue exploring more 
favorable anti-tumor mechanisms based on macrophage-
derived exosomes, propelling the development of these 
modified exosomes. Furthermore, some emerging 
techniques, such as CRISPR/Cas9, have proven effective 
in other types of exosome-based cancer therapy, 
suggesting future research may explore the application 
of these promising modifications in macrophage-derived 
exosomes [198]. Modified macrophage-derived exosomes 
have the potential to deliver CRISPR/Cas9 to target cells 
steadily, which helps to overcome the off-target effects. 
These endeavors may boost the efficacy of current 
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cancer therapies and establish a highly flexible treatment 
strategy, ultimately improving the clinical prognosis for 
cancer patients.

Considering the heterogeneity of macrophages and 
exosomes, the research of TAM-derived exosomes still 
faces unsolved issues. Current insights derived from 
the model of CXCL9:SPP1 polarity and single-cell 
RNA sequencing techniques reveal the limitation of 
the classical M1/M2 paradigm. However, many studies 
regard the M2 macrophages that are induced in  vitro 
and subsequently co-cultured with cancer cells as TAM-
derived exosomes, probably owing to the difficulties in 
isolating TAM-derived exosomes from cancer tissues. 
This approach fails to replicate the intricacies of TME and 
incorporate the influence of macrophage heterogeneity. 
Yet, as potential biomarkers and targets in cancer, TAM-
derived exosomes may deserve further investigation with 
more precise models.
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TRM	� Tissue-resident macrophage
Ub	� Ubiquitin
VPS4	� Vacuolar protein sorting 4
YBX1	� Y-box binding protein 1
YY1	� Yin Yang 1
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