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Abstract: Hypoxia, as a prominent feature of the tumor microenvironment, has a profound impact on the multicomponent changes
within this environment. Under hypoxic conditions, the malignant phenotype of tumor cells, the variety of cell types within the tumor
microenvironment, as well as intercellular communication and material exchange, undergo complex alterations. These changes provide
significant prospects for exploring the mechanisms of tumor development under different microenvironmental conditions and for
devising therapeutic strategies. Exosomes secreted by tumor cells and stromal cells are integral components of the tumor micro-
environment, serving as crucial mediators of intercellular communication and material exchange, and have consequently garnered
increasing attention from researchers. This review focuses on the mechanisms by which hypoxic conditions promote the release of
exosomes by tumor cells and alter their encapsulated contents. It also examines the effects of exosomes derived from tumor cells,
immune cells, and other cell types under hypoxic conditions on the tumor microenvironment. Additionally, we summarize current
research progress on the potential clinical applications of exosomes under hypoxic conditions and propose future research directions in
this field.
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Introduction

As research on the tumor microenvironment advances, the dynamic release and consumption of oxygen, as one of its
characteristics, is gradually being recognized by researchers.' In solid tumors, hypoxia is often considered a hallmark of
the tumor microenvironment and is believed to be one of the reasons for poor patient prognosis and treatment
outcomes.”* The essence of tumor hypoxia lies in the imbalance between the oxygen demand of cancer cells and the
inadequate oxygen supply caused by dysfunctional tumor blood vessels, leading to a hypoxic state in virtually all areas of
the tumor microenvironment.*> This not only induces proliferation, invasion, or resistance characteristics in tumor cells
but also causes immune cell dysfunction or stimulates the stromal environment to further promote tumor development.*
There is no confirmed threshold for hypoxia standards in solid tumors, but they can be roughly classified into normoxic
areas with functional blood vessels, hypoxic areas with oxygen partial pressures less than 10 mmHg, and necrotic zones
with very low oxygen concentrations.”® Under such conditions, the communication and changes among various
components of the tumor microenvironment generate complex mechanisms that regulate tumor occurrence and devel-
opment. For example, tumor-associated macrophages (TAMs) tend to appear in hypoxic areas.”'° Controlled by the
mode of communication between cells in the tumor microenvironment, macrophages gradually polarize into the M2
subtype and exert functions that promote tumor progression.'' In addition, under the influence of hypoxia, M2 TAMs can
drive tumor invasiveness, severely limiting the effectiveness of immunotherapy and other treatments. ' Hypoxia has been
proven to be the most important influencing factor in such cell-to-cell communication, involving factors like chemokines

and extracellular vesicles.'> Similarly, other components in the tumor microenvironment, especially tumor cells
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themselves, undergo changes or progression due to chemokines and extracellular vesicles in the hypoxic environment. In-
depth research on cell-to-cell communication in hypoxic environments can provide promising strategies for under-
standing the mechanisms of tumor occurrence and development, as well as potential targets for future therapies.
Increasing evidence suggests that extracellular vesicles, including exosomes, play a crucial role in complex hypoxic
processes by acting as signaling transport proteins.'*

Extracellular vesicles, a diverse family of membrane-bound structures originating from cells, encompass both
exosomes and microvesicles.'> These vesicles arise either from the endocytic pathway or through budding from the
plasma membrane. Far from being mere cellular debris, extracellular vesicles have garnered significant attention in recent
years for their remarkable capacity to facilitate intercellular communication. By trafficking various molecular cargo,
including nucleic acids, lipids, and proteins, these vesicles play a pivotal role in maintaining normal cellular homeostasis
and can also influence pathological processes.'®!” Among the different types of extracellular vesicles, exosomes stand
out with their distinct size range of approximately 30—150 nm in diameter.'® In the past decade, research on exosomes
has rapidly advanced, especially in their involvement in promoting various tumor activities through the exchange of
functional contents between cells, such as anti-apoptosis, metastasis, angiogenesis, immune evasion, and chemotherapy
resistance.'”?” Many studies have shown that hypoxic environments promote the biogenesis of exosomes and increase
both local and distant cell-to-cell communication based on exosomes.'>** The generation of exosomes is a complex,
multistep process that commences with the invagination of the plasma membrane, progresses through the development of
multivesicular bodies (MVBs), and culminates in the release of exosomes into the extracellular space. MVBs are
specialized organelles that originate from the inward budding of endosomal membranes, resulting in the formation of
intraluminal vesicles (ILVs) within their lumen. These ILVs, which are the precursors of exosomes, accumulate within
the MVBs until they are secreted via the fusion of MVBs with the plasma membrane. This fusion event allows the ILVs
to be released as exosomes, enabling them to engage in various signaling cascades and facilitate the intercellular
transport of diverse molecular cargo.?’*' Exosomes have emerged as a promising drug delivery vehicle in clinical
therapy due to their low toxicity, low immunogenicity, and high biocompatibility. However, their biological toxicity is
a critical factor ensuring their safety in therapeutic applications. For instance, although stem cell-derived exosomes can
minimize the inherent drawbacks of their parent stem cells (such as tumorigenic complications and fusion toxicity), the
potential pro-tumorigenic activity of these exosomes (eg, promoting angiogenesis) still warrants careful consideration.
Excluding the carcinogenic effects of tumor-derived exosomes (or the pathogenic functions of bacteria-derived exo-
somes) is essential for their use as therapeutic vehicles.** *

This review aims to further summarize the mechanisms underlying the increased production and release of exosomes in
hypoxic conditions and their impact on the malignant biological behavior of tumors, as well as the effects of exosomes on
tumor therapy. To address the biological characteristics of tumor-derived exosomes under hypoxic conditions, communication
with other cells, clearance from circulation, and cargo loading capabilities, future research directions should be proposed.

Hypoxia Promotes Exosomes Release

The biogenesis of exosomes encompasses multiple steps and intricate cellular mechanisms. Initially, the endoplasmic
reticulum and Golgi apparatus are responsible for synthesizing and modifying proteins and lipids, which serve as the
cargo for future exosomes. The cell membrane forms endosomes through endocytosis, whereby various molecules and
substances are encapsulated within vesicles and transported into the cell. These vesicles are known as early endosomes.
Early endosomes undergo a series of transformations and maturation processes within the cell, gradually transitioning
into late endosomes. During this process, inward budding of the endosomal membrane occurs, resulting in vesicles rich
in specific proteins, lipids, and nucleic acids. Late endosomes gradually accumulate numerous inward-budding vesicles,
forming multivesicular bodies (MVBs). These vesicles encapsulate substances destined for extracellular release. Upon
maturation, MVBs migrate towards the cell membrane. Under the regulation of various proteins and signaling molecules,
the MVBs fuse with the cell membrane. As the membranes of the MVBs and the cell fuse, the internal vesicles are
released into the extracellular environment. These extracellular vesicles are exosomes, which contain a plethora of
bioactive molecules including proteins, lipids, and nucleic acids such as mRNA and miRNA'>2°%¢ (Figure 1).

8212 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

Qg O
MlcrovesmlesQ

Lysosome

mRNA
miRNA
Proteins
Lipid

Late
endosome

Recipient
cell

Figure | Diagram of the exosome formation process.
Note: By Figdraw.

Tumor-related cells, due to their abnormal proliferation and increased intercellular communication behaviors, secrete
more exosomes compared to normal cells.?”-*® The hypoxic tumor microenvironment promotes the synthesis and release
of tumor cell-derived exosomes. In common prostate cancer, ovarian cancer, and breast cancer cell lines, the concentra-
tion of exosomes in hypoxic conditions is significantly increased compared to normoxic conditions.?****° Research also
suggests that high oxygen levels can reduce the number of exosomes in colon cancer.®' Furthermore, exosomes derived
from non-tumor cells in the tumor microenvironment can also increase in response to hypoxia.32 Studies in these two
directions demonstrate the important role of hypoxia in increasing the number of exosomes in the tumor microenviron-
ment due to intercellular information exchange and nutrient exchange. Mechanistically, research has further explored the
molecular mechanisms underlying the increased synthesis of exosomes under hypoxia and the sorting, transport, and
plasma membrane fusion of exosomal contents.

Hypoxia-inducible factors (HIFs) are a group of cell transcription factors induced by hypoxia. At the transcriptional
level, HIFs mediate the reprogramming of cell transcriptomes to cope with decreased O, availability. HIF1, the pivotal
component of the HIF family, is a heterodimeric protein consisting of HIFla and HIFIf subunits. In normoxic
environments, HIF 1a is rapidly degraded. Conversely, under hypoxic conditions, HIF la evades degradation, translocates
to the nucleus, and dimerizes with HIF1p, thereby activating the transcription of target genes involved in the cellular
response to low oxygen levels.>® HIFs are directly and indirectly involved in the release of exosomes, with the increase in
exosomes in various tumors, including breast cancer, colon cancer, and pancreatic cancer, under hypoxic conditions being
linked to HIF-la-mediated mechanisms.** >’ Additionally, under hypoxic conditions, the activation of HIF1 and
pyruvate kinase M2 (PKM2) promotes glucose uptake and lactate production. HIF1 also enhances the expression of
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PKM2 mRNA, and PKM2, when upregulated and phosphorylated in tumors, can control the release of tumor-derived
exosomes. In the process of exosome release, PKM?2 in its phosphorylated state functions as a protein kinase, targeting
synaptosomal-associated protein 23 (SNAP-23) for phosphorylation. This modification of SNAP-23 contributes to the
assembly of the synaptosome/SNARE complex, which plays a crucial role in promoting the secretion of exosomes from
the cell.*®*° HIF-la can also interact with miR-210, affecting exosome release, demonstrated by the high levels of
exosomes and miR-210 released by breast cancer cells in a HIF-1o-dependent manner under hypoxic conditions.***
SHP2, a widely expressed non-receptor protein tyrosine phosphatase in the cytoplasm, has been shown to interact with
HIF.*' SHP2 negatively controls exosome synthesis by dephosphorylating tyrosine 46 of synthesized proteins.*> The
protein phosphatase has important research prospects in regulating exosome release under hypoxic conditions through its
interaction with HIF. Head and neck squamous cell carcinoma (HNSCC) is one of the most hypoxic tumor types.*
Research by Wang et al confirmed an increase in exosomes quantity in HNSCC cells under hypoxic conditions, attributed
to the acidic environment induced by hypoxia impairing lysosomal function in HNSCC cells, leading to reduced EV
degradation. Mechanistic investigations have uncovered that HIF-1a interacts with the promoter region of ATP6V1A,
a subunit of the lysosomal v-ATPase complex. This interaction leads to an imbalance in lysosomal pH, causing impaired
lysosomal function and a decrease in the fusion of lysosomes with multivesicular bodies (MVBs). As a consequence, the
release of extracellular vesicles (EVs) is significantly enhanced.**

Rab proteins, a subset of the small GTPase Ras family, are positioned at distinct locations on the cytoplasmic face of
the plasma membrane. These proteins play a crucial role in orchestrating various membrane trafficking routes within the

cell.®

Under hypoxic conditions, tumor cells upregulate Rab27a, downregulate Rab7, LAMP1/2, NEU-1, and increase
the release of exosomes significantly by promoting a more secretory lysosomal phenotype. Mechanistically, reducing the
expression of STAT3 in tumor cells decreases exosome release by altering Rab family proteins Rab7 and Rab27a.?® The
gene Rab22a can also have increased expression in a HIF-dependent manner, leading to an increase in microvesicle (MV)
production. Wang et al confirmed through dual immunofluorescence localization that Rab22a protein is directly
associated with budding MV in hypoxic cancer cells, further validating this process.>”

GABARAPLI, belonging to the GABARAP family, participates in autophagy, receptor trafficking, and other cellular
processes. It maintains cellular homeostasis and is crucial for releasing angiogenic exosomes under hypoxic conditions.*®
Keulers et al found that GABARAPLI is a key factor required for the secretion of exosomes and growth factors during
hypoxia, with increased expression under severe hypoxia. Additionally, GABARAPLI is necessary for sorting cargo into
endosomes and facilitating endosome maturation. Upon silencing GABARAPLI, early endosomes enlarge, Rab7 activity
decreases, endosomal pathway function is impaired, and cargo sorting into endosomes is reduced. Correspondingly, cells
with silenced GABARAPLI gene sort fewer protein cargoes into secretory exosomes.*’ In a separate investigation, a lack
of GABARAPLI offset the impact of hypoxia on exosomal miRNA loading, resulting in reduced levels of miR-148b-3p,
miR-24-3p, miR-130b-3p, miR-345-5p, and miR-101-3p within exosomes*® These miRNAs are known to promote
cancer cell migration, invasion, and metastasis. The findings imply that exosomes derived from cells deficient in

GABARAPLI possess properties that hinder the metastatic potential of tumors.

The Role of Tumor Cell-Derived Exosomes Under Hypoxic Conditions

Every decade, top oncology scholars Hanahan D and Weinberg RA summarize the hallmarks of cancer, laying the
foundation for future generations to study cancer. As we enter 2022, the hallmarks of cancer have been updated to
include 14 categories. These include the ability to maintain continuous cell division, circumvent growth-limiting factors,
and resist apoptosis. Additionally, cancer cells acquire the capacity for unlimited replication, stimulate the formation of
new blood vessels, and initiate the processes of invasion and metastasis. Furthermore, they reprogram their energy
metabolism, escape immune system surveillance, exhibit genomic instability and increased mutation rates, and foster
inflammation that supports tumor growth. Moreover, cancer cells unlock phenotypic plasticity, undergo epigenetic
changes independent of mutations, harbor a diverse microbiome, and evade immune-mediated destruction.**>' In
a hypoxic microenvironment, different tumor cells can secrete exosomes containing proteins, RNA, and lipids, which
are taken up by various cells, triggering different cancer hallmarks.’’ When tumor cell-derived exosomes in hypoxic
microenvironment are taken up by other tumor cells in the microenvironment, they can promote malignant biological
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Figure 2 Provides an overview of the role of tumor cell-derived exosomes in tumor development in a hypoxic microenvironment, including tumor proliferation, migration,
invasion, angiogenesis, metastasis, drug resistance, changes in the immune microenvironment, and activation of cancer-associated fibroblasts (CAFs).
Note: By Figdraw.

behaviors such as proliferation, migration, invasion, and metastasis.”> When taken up by endothelial cells, they can
enhance angiogenesis, and when taken up by immune cells, they can promote macrophage polarization and create an

t52

immune-suppressive microenvironment.”~ This section will detail how hypoxia-induced exosomes act on other cells to

promote tumor progression (Figure 2).

Proliferation, Migration, and Invasion

Non-coding RNAs are a class of RNA molecules that do not have the ability to be translated into proteins, playing
important regulatory roles within cells. Non-coding RNAs can regulate gene expression, cell signaling, and metabolic
pathways through various mechanisms, participating in cellular differentiation, proliferation, and apoptosis. Among
them, microRNAs, long non-coding RNAs, and circular RNAs are important representatives of non-coding RNAs. >
Numerous studies have shown that non-coding RNAs can enter exosomes and exert functional effects on target cells
through the exosome pathway.?'~*° In bladder cancer, hypoxia-derived exosomes containing IncRNA-UCA 1 modulate the
expression of EMT markers. These exosomes upregulate E-cadherin while downregulating vimentin and MMP9 in tumor
cells. This alteration in gene expression induces EMT, leading to enhanced tumor cell proliferation, invasiveness, and
migratory potential.’” In renal cell carcinoma (RCC), exosomes derived from hypoxic cancer cells contain IncHILAR,
which can be internalized by normoxic RCC cells. Acting as a ceRNA, IncHILAR sponges miR-613/206/1-1-3p,
resulting in the increased expression of Jagged-1 and CXCR4. The upregulation of the Jagged-1/Notch/CXCR4 signaling
pathway promotes tumor cell invasion and metastasis under normoxic conditions.”® In pancreatic cancer, hypoxia-
induced HIF1A activation upregulates circPDK1 expression in both cancer cells and their secreted exosomes.
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Exosomal circPDK1 functions as a miR-628-3p sponge, activating the BPTF/c-myc pathway and promoting aerobic
glycolysis. Moreover, circPDK1 facilitates the interaction between UBE20 and BIN1, leading to UBE20-mediated BIN1
ubiquitination and degradation, thus enhancing tumor cell proliferation.” Pancreatic stellate cells (PSCs), a crucial
component of the pancreatic cancer microenvironment, play a significant role in cancer progression®® PSC-derived
exosomes containing miR-4465 and miR-616-3p target PTEN in pancreatic cancer cells, leading to the activation of the
AKT pathway. This, in turn, enhances tumor cell proliferation, migration, and invasive potential.®!

Moreover, in colorectal cancer (CRC), hypoxia-derived exosomes enhance tumor growth, motility, and invasiveness
via multiple pathways. One mechanism involves hypoxic CRC cell-derived exosomes reducing mitotic duration, thereby
accelerating cancer cell proliferation.®” Additionally, the activation of intracellular STAT3, which is associated with
proliferation, is upregulated by hypoxia-induced exosomes in colon cancer cells.®* Furthermore, two different miRNAs in
exosomes exert their effects through different pathways. In cells, miR-361-3p is significantly upregulated under the
influence of HIF 10, and exosomal miR-361-3p enters tumor cells targeting TRAF3 protein to activate the non-canonical
NF-kB2 signaling pathway, promoting tumor proliferation and reducing apoptosis.®> HIF1a also regulates the expression
of miR-4299, and exosomes carrying miR-4299 target the tumor suppressor gene ZBTB4 in normoxic cells, thereby
promoting colorectal cancer proliferation and metastasis.>® Exosomes released by glioma cells under hypoxic conditions
carry miR-1246 and miR-10b-5p, targeting two tumor suppressor genes, FRK and FAP2A, to enhance neuroglial tumor
migration and invasion.®* Neuroblastoma, a prevalent neuroectodermal malignancy in young children, can be influenced
by hypoxic conditions. Exosomes secreted by hypoxic neuroblastoma cells contain miR-210-3p, which promotes tumor
cell migration and invasion in vitro. Furthermore, these exosomes can induce the migratory and invasive potential of
xenografted tumor cells in zebrafish embryo models.®> However, the specific mechanism by which miR-210-3p functions
remains to be explored. In lung adenocarcinoma, hypoxic tumor cells secrete exosomes enriched with miR-31-5p, which
targets SATB2 and activates the MEK/ERK pathway. This promotes cancer cell invasion and migration in vitro and
enhances lung metastasis in vivo. Notably, exosomal miR-31-5p levels are significantly elevated in the blood of lung
adenocarcinoma patients compared to healthy individuals, suggesting its potential as a diagnostic biomarker for this
malignancy.®® Proteomic analysis of exosomes derived from hypoxic triple-negative breast cancer reveals increased
protein abundance and diversity compared to exosomes from normoxic conditions, with a high enrichment of compo-
nents involved in promoting invasion signaling pathways. Phenotypic analysis shows that exosomes from hypoxic
conditions induce MDA-MB-231 cells under normoxic conditions to adopt a migratory phenotype, develop invasive
pseudopods, and exhibit behaviors such as ECM degradation and matrix metalloproteinase (MMP) secretion to promote
invasion.®” Unfortunately, this study did not analyze the key proteins within exosomes that mediate invasion, and the
authors acknowledge certain limitations regarding the use of a single cell line in this research (Table 1) (Figure 3).

Table | The Effect of Exosomes Under Hypoxic Conditions on Tumor Cell Proliferation, Invasion, and Migration

Tumor type Cargo Mechanism Effect References
Bladder tumor IncRNA-UCAI EMT Proliferation, invasion and [57]
migration
Renal cell carcinoma IncHILAR Activate Jagged- |/Notch/CXCR4 Invasion and metastasis [58]
Pancreatic cancer circPDK Activate miR-628-3p/BPTF axis and degrade Proliferation [59]
BINI
Pancreatic cancer miR-4465 and miR- Target PTEN and activate AKT Proliferation, invasion and [68]
616-3p migration
Colon cancer Not mentioned Shortening mitotic time and stat3 Proliferation [62]
phosphorylation
(Continued)
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Table | (Continued).

Tumor type Cargo Mechanism Effect References

Colon cancer miR-361-3p Targeting TRAF3 to activate NF-k B2 signaling | Proliferation [63]
pathway

Colon cancer miR-4299 Targeting ZBTB4 Proliferation and metastasis [36]

Glioma miR-1246 and miR- Targeting FRK and FAP2A Invasion and migration [64]

10b-5p

Neuroblastoma miR-210-3p Not mentioned Invasion and migration [65]

Lung adenocarcinoma miR-31-5p Targeting SATB2 and activating MEK/ERK Invasion and migration [66]
signaling

Triple-negative breast Not mentioned Not mentioned Invasion [67]

cancer

Angiogenesis and Metastasis

Metastasis, the most lethal aspect of cancer, occurs when cancer cells proliferate in organs far from the primary tumor

site. It is the leading cause of cancer-related deaths, rather than the primary tumor itself. The metastatic process involves

a sequence of biological steps, during which primary tumor cells progressively gain the capacity to invade deeper tissues

through the mucosa, disseminate via the bloodstream, lymphatic system, or direct infiltration of nearby structures, and

finally colonize distant organs by proliferating anew. Each step is orchestrated by tumor cells adopting distinct
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Figure 3 Provides an overview of the impact of exosomes derived from tumor cells in a hypoxic microenvironment and their cargo on tumor proliferation, migration,

invasion, angiogenesis, and metastasis.

Note: By Figdraw.
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phenotypic states and recruiting surrounding immune and stromal cells within the tumor microenvironment to support
their growth and immune evasion.®®”"

Judah Folkman’s seminal paper in 1971 revolutionized cancer research by suggesting that angiogenesis is essential for
tumors to fulfill their growing oxygen and nutrient requirements.’”> Tumor angiogenesis is a complex process involving
the cooperation of multiple cell types within the tumor microenvironment (TME). These include vascular endothelial
cells, which form tight junctions to maintain vascular integrity; perivascular cells, which cover the vessels and regulate

vascular maturity; and bone marrow-derived progenitors, whose recruitment is influenced by hypoxic conditions.”*’*

The hypoxic tumor microenvironment has been shown to promote angiogenesis, leading to tumor metastasis.””’°
Therefore, exosomes derived from hypoxic tumor cells also play a role in angiogenesis and metastasis. As early as
2010, Siu Kwan Sze et al discovered that under hypoxic conditions, tumor cells exhibit various phenotypes that promote
metastasis, such as reduced adhesion, increased invasiveness, and enhanced angiogenic activity.”” Moreover, proteomic
studies reveal that hypoxic tumor cells release proteins that participate in angiogenesis, focal adhesion formation,
interactions between the extracellular matrix and cell surface receptors, and the recruitment of immune cells to the
tumor site. Moreover, protein enrichment analysis of exosome-related proteins, including CD81, CD9, and Alix,
extracted from the supernatant of cells centrifuged at high speeds, suggested for the first time that exosomes derived
from hypoxic tumor cells may be involved in angiogenesis and metastatic potential, laying the foundation for subsequent
comprehensive research.”” Furthermore, Mattias Belting et al revealed the presence of hypoxia-regulated mRNA and
proteins (such as matrix metalloproteinases, 1L-8, PDGF, caveolin 1, and lysyl oxidase) in exosomes derived from
hypoxic glioblastoma multiforme (GBM) cells, with these proteins being associated with tumor angiogenesis and poor
prognosis. Furthermore, exosomes secreted by hypoxic glioblastoma multiforme (GBM) cells can reprogram endothelial
cells, inducing them to release a variety of growth factors and cytokines. This, in turn, activates the PI3K/AKT signaling
pathway and promotes migration in nearby cells, ultimately increasing their vascular coverage.”®

In addition to the mRNA and proteins mentioned in the above studies, miRNAs in exosomes derived from hypoxic
glioblastoma cells also play a role in promoting angiogenesis. Under hypoxic conditions, the upregulation of transcription
factor SOX9 in glioblastoma cells promotes the transcription of miR-204-3p. Concurrently, hypoxic conditions lead to
increased SUMOylation of hnRNP A2/Bl1, facilitating its translocation from the nucleus to the cytoplasm. As a crucial
factor in loading miR-204-3p into exosomes, hnRNP A2/B1 enables the transfer of this microRNA to endothelial cells.
Once internalized, miR-204-3p promotes endothelial tube formation via the ATXN1/STAT3 signaling pathway.”® These
findings shed light on the potential mechanisms underlying glioblastoma angiogenesis and suggest that the SUMOylation
inhibitor TAK-981 may serve as a promising therapeutic option for this aggressive brain tumor. In oral squamous cell
carcinoma, exosomes rich in miR-21 derived from low oxygen conditions significantly promote EMT, and the level of
circulating exosomal miR-21 is closely associated with lymph node metastasis in OSCC patients, serving as a marker of
poor prognosis.*® Additionally, exosomal miR-1825 from hypoxic conditions can promote angiogenesis by targeting
TSC2 in endothelial cells to activate the mTOR pathway.®' Esophageal cancer, also a squamous cell carcinoma, shows
enhanced effects on proliferation, migration, invasion, and tube formation of endothelial cells when exposed to exosomes
derived from low oxygen conditions. Furthermore, exosomes from low oxygen conditions significantly enhance tumor
growth and lung metastasis in a nude mouse model, although the specific mechanisms require further exploration.® In
nasopharyngeal carcinoma, exosomal MMP13 levels from hypoxic NPC cells increase in a HIF-1a-dependent manner,
and exosomal MMP-13 enhances EMT levels in tumor cells, promoting tumor metastasis.®> Furthermore, exosomal miR-
455 from hypoxic nasopharyngeal carcinoma cells can promote vascular permeability and angiogenesis by targeting the
tight junction component ZO-1, contributing to nasopharyngeal carcinoma metastasis.** Likewise, lung cancer-derived
exosomes containing miR-23a can modulate vascular permeability and endothelial cell migration by targeting ZO-1.
Additionally, exosomal miR-23a directly suppresses prolyl hydroxylase 1 and 2 (PHD1 and PHD?2), resulting in the
accumulation of HIF-1a in endothelial cells, which further promotes angiogenesis.®> This mechanism has been validated
in multiple myeloma (MM), where exosomal miR-135b from hypoxic sources directly targets endothelial cells to inhibit
factor inhibiting HIF-1 (FIH-1), enhancing HIF-la expression and promoting angiogenesis.*® In pancreatic cancer,
exosomes derived from hypoxic cells are enriched with the long non-coding RNA UCAL. Upon transfer to human
umbilical vein endothelial cells (HUVECs), UCA1 sponges miR-96-5p, thereby derepressing its target gene AMOTL2
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and activating the ERK1/2 pathway, ultimately promoting angiogenesis.®” Furthermore, hypoxic exosomes can directly
deliver miR-30b-5p to endothelial cells, downregulating gap junction protein (GJA1) and enhancing tube formation and
migration.®® Notably, serum levels of exosomal IncRNA UCA1 and miR-30b-5p are significantly elevated in pancreatic
cancer patients compared to healthy individuals, suggesting their potential as biomarkers for early detection and
diagnosis. Similarly, in hypoxic thyroid cancer, exosomal miR-181a promotes HUVEC proliferation and capillary-like
network formation through a dual mechanism: downregulating DACT2 by targeting MLL3, and upregulating YAP and
vascular endothelial growth factor (VEGF).* In terms of promoting angiogenesis, there is a certain crosstalk between
exosomes and autophagy. Increased expression of the LC3/GABARAP protein family member GABARAPLI1 is essential
for endosome maturation, cargo sorting, exosome secretion, and GABARAPLI1-positive exosomes exhibit angiogenic
properties. Targeting antibodies against GABARAPL1 may serve as a key to blocking exosome-mediated angiogenesis
and inhibiting tumor metastasis*’ (Table 2) and (Figure 3).

Therapeutic Resistance

In the clinical treatment of tumors, besides surgical intervention, chemotherapy and radiotherapy are commonly used
methods for the treatment of malignant tumors. They can be used individually or in combination to treat cancer.
Chemotherapy involves the use of chemical drugs to kill tumor cells or prevent their growth. Chemotherapeutic drugs
enter the patient’s bloodstream, reaching throughout the body to kill disseminated tumor cells and prevent or delay tumor
recurrence and metastasis. On the other hand, radiotherapy uses high-energy radiation to irradiate the tumor area, causing
destruction of tumor cells to achieve therapeutic goals. Radiotherapy is primarily used for localized treatment, aiming to
reduce tumor volume, alleviate symptoms, and control tumor growth.’®® Resistance to radiotherapy and chemotherapy

Table 2 The Effect of Exosomes Under Hypoxic Conditions on Tumor Cell Metastasis

Tumor type Cargo Mechanism Effect References
Glioblastoma multiforme Matrix metalloproteinases, | Endothelial cells secrete growth Angiogenesis [78]
IL-8, PDGFs, caveolin |, factors and cytokines, stimulating
and lysyl oxidase pericellular PI3K/AKT signaling
Glioblastoma miR-204-3p Activation of ATXNI/STAT3 pathway | Angiogenesis [79]
in endothelial cells

Oral squamous cell carcinoma miR-21 EMT Metastasis [80]

Oral squamous cell carcinoma miR-1825 Targeting TSC2 to activate mTOR Angiogenesis [81]

Esophageal squamous cell carcinoma | Not mentioned Not mentioned Angiogenesis [82]

Nasopharyngeal carcinoma MMP-13 EMT Metastasis [83]

Nasopharyngeal carcinoma miR-455 Targeting ZO-1 Angiogenesis and [84]
increased vascular
permeability

Pancreatic cancer IncRNA UCAI miR-96-5p/AMOTL2/ERK 1/2 Angiogenesis [87]

Pancreatic cancer miR-30b-5p Targeting GJAI Angiogenesis [88]

Multiple myeloma miR-135b Targeting FIH-1 Angiogenesis [86]

Lung cancer miR-23a Targeting ZO-1 Angiogenesis and [85]
increased vascular
permeability

Papillary thyroid cancer miR-181a Targeting MLL3/activating YAP-VEGF Angiogenesis [89]

Pan-cancer GABARAPLI Not mentioned Angiogenesis [47]
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Figure 4 Provides an overview of the impact of exosomes derived from tumor cells in a hypoxic microenvironment and their cargo on tumor radiotherapy and
chemotherapy resistance.
Note: By Figdraw.

is a major contributor to the poor prognosis observed in cancer patients. This section will focus on the role of hypoxia-
derived exosomes in promoting tumor resistance to these therapeutic modalities (Figure 4).

Chemotherapy Resistance

Exosomes derived from hypoxic glioblastoma cells can enhance temozolomide resistance in glioblastoma by carrying
miR-106a-5p. Mechanistically, temozolomide increases the levels of PTEN, Bax, and p53 while decreasing p-Akt levels
in glioblastoma cells to inhibit tumor growth and promote apoptosis. However, the drug effects of temozolomide can be
reversed by exosomes from hypoxic glioblastoma cells.”* Proteomic analysis of exosomes derived from ovarian cancer
under hypoxic and normoxic conditions revealed that hypoxic exosomes carry a variety of proteins potentially related to
drug resistance. Co-culturing experiments showed that hypoxic exosomes significantly reduce dsDNA damage in ovarian
cancer cells and increase cell survival rates after cisplatin treatment.”’ Hypoxic conditions enhance the secretion of
exosomes from bone marrow-derived mesenchymal stem cells (BMSCs). RNA sequencing reveals that these exosomes
are enriched with miR-140-5p and miR-28-3p. Acting in concert, these miRNAs target SPREDI1, leading to the activation
of the MAPK pathway and diminishing the sensitivity of multiple myeloma cells to bortezomib treatment.”” In pancreatic
cancer, exosomes derived from hypoxic conditions exhibit multiple mechanisms inducing resistance to gemcitabine.
Firstly, hypoxic exosomes carry circZNF91 into normoxic pancreatic cancer cells, competitively binding to miR-23b-3p
to relieve the inhibition of the deacetylase enzyme Sirtuinl (SIRT1). Elevated SIRT1 levels increase the deacetylation-
mediated stability of HIF-1a, promoting glycolysis and gemcitabine resistance in pancreatic cancer cells.>’ Additionally,
exosomal IncROR derived from hypoxic conditions suppresses the activation of the Hippo/YAP pathway in pancreatic
cancer cells, further contributing to gemcitabine resistance.”® Finally, hypoxic pancreatic stellate cells secrete exosomes
containing IncRNA UCA1, which are taken up by pancreatic cancer cells. Once internalized, IncRNA UCAI1 recruits
EZH?2 to the SOCS3 promoter region, leading to increased histone methylation and suppressed SOCS3 transcription. This

ultimately contributes to enhanced gemcitabine resistance in pancreatic cancer.”’
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Radiation Resistance

Under hypoxic conditions, the highly expressed miR-301a in glioblastoma tumor tissues is released via exosomes and
taken up by normoxic glioblastoma cells. MiR-301a specifically targets TCEAL7, which has been identified as a tumor
suppressor in GBM malignancies. TCEAL7 negatively regulates the Wnt/B-catenin pathway activation by blocking the
translocation of B-catenin from the cytoplasm to the nucleus. Furthermore, activation of the Wnt/B-catenin pathway
reduces the sensitivity of glioblastoma to radiation therapy.”® Similarly, exosomal miR-340-5p derived from hypoxic
esophageal squamous cell carcinoma enhances radioresistance by targeting KLF10/UVRAG. Interestingly, metformin
can increase the expression of KLF10, thereby counteracting the radioresistance induced by exosomal miR-340-5p. This
provides a potential combination therapy option of metformin with radiotherapy for improving radioresistance in
0OSCC.”” ANGPTLA4 protein, a secreted glycoprotein, is widely considered a crucial regulator of angiogenesis and an
inflammatory carcinogenic mediator. ANGPTL4 protein is enriched in hypoxic lung cancer tissues and exosomes derived
from lung cancer cells, leading to radiotherapy resistance in lung cancer through two parallel mechanisms. Firstly,
ANGPTL4 protein in hypoxic cells induces radioresistance in a GPX4-dependent manner, with GPX4 being a key
protein in ferroptosis, a type of iron-dependent cell death linked to radioresistance. Secondly, uptake of hypoxic
exosomal ANGPTL4 by normoxic cells promotes resistance to radiation therapy by enhancing GPX expression and
inhibiting cell ferroptosis, thereby causing radioresistance in adjacent normoxic cells'® (Table 3).

Changes in Tumor Immune Microenvironment

The complex interplay between tumor cells and the surrounding tumor microenvironment (TME) plays a crucial role in
cancer progression. The TME is a multifaceted system primarily consisting of tumor cells, infiltrating immune cells (eg,
macrophages, dendritic cells, and lymphocytes), cancer-associated stromal cells (eg, cancer-associated fibroblasts or
CAFs), endothelial cells, adipocytes, extracellular matrix (ECM), and a variety of signaling molecules.'®"'%* Exosomes,
as mediators of intercellular communication, not only deliver substances and information to tumor cells but also to other
stromal cells in the TME. This chapter will review the impact of hypoxia-derived exosomes from tumor cells on other
immune cells in the microenvironment (Figure 5).

Table 3 The Effect of Exosomes Under Hypoxic Conditions on Tumor Treatment Resistance

Tumor type Cargo Mechanism Effect References

Glioma miR-106a-5p Targeting PTEN Temozolomide [94]
resistance

Ovarian cancer Not mentioned Decreased dsDNA damage Cisplatin resistance | [20]

Multiple myeloma miR-140-5p and miR-28-3p | Targeting SPRED| and activating MAPK | Bortezomib [95]
resistance

Pancreatic cancer circZNF91 Sponge miR-23b-3p to relieve inhibition | Gemcitabine [37]

of SIRTI resistance

Pancreatic cancer IncROR Inhibition of Hippo/YAP pathway Gemcitabine [96]
resistance

Pancreatic cancer IncRNA UCAI Inhibition of SOCS3 Gemcitabine [97]
resistance

Glioma miR-301a Targeting TCEAL7 Radiation resistance | [98]

Oesophageal squamous cell miR-340-5p Targeting KLF10/UVRAG Radiation resistance | [99]

carcinoma

Lung cancer ANGPTL4 Inhibiting ferroptosis Radiation resistance | [100]
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Figure 5 Summarizes the interaction between tumor cells in a hypoxic microenvironment with cancer-associated fibroblasts (CAFs), immune cells, and stem cells through exosomes.
Note: By Figdraw.

Macrophages

Macrophages in tumors are important immune cells that play a crucial role in the development and progression of tumors.
Macrophages can be divided into two different subtypes: M1 and M2. M1 macrophages are pro-inflammatory cells
whose main function is to clear foreign bodies, pathogens, and abnormal cells in the tumor. They can release various
inflammatory mediators, activate other immune cells, and promote the occurrence of anti-tumor immune responses. M1
macrophages play a crucial role in the early stages of tumors, inhibiting tumor progression. In contrast, M2 macrophages
are anti-inflammatory cells whose main function is to promote the resolution and repair of inflammation. They can
secrete growth factors and cytokines, promoting the proliferation of tumor cells and angiogenesis, thereby facilitating
tumor growth and metastasis. M2 macrophages play a major role in the late stages of tumors, promoting tumor growth
and metastasis.'®* %> Exosomes in the hypoxic microenvironment have a dual role in regulating macrophage polariza-
tion, closely related to the different contents in different types of tumors. In hypoxic glioblastoma, the high expression
levels of NEDDAL can inhibit the activation of the PI3K/AKT pathway by increasing the ubiquitination degradation of
PIK3CA. Exosomal miR-10b-5p can target NEDD4L, activating the PI3K/AKT pathway and leading to increased
polarization of M2 macrophages.'’ Furthermore, exosomal IL-6 and miR-155-3p carried in hypoxic exosomes induce
macrophage autophagy by activating the STAT3 pathway, resulting in an increased polarization of M2 macrophages.'’
Lastly, exosomal miR-1246 targets TERF2IP to activate the STAT3 signaling pathway and inhibit the NF-kB signaling
pathway, mediating the polarization of M2 macrophages induced by hypoxic exosomes.'” In lung cancer, exosomes
under hypoxic conditions can carry various miRNAs to induce macrophage polarization towards the M2 phenotype. For
example, exosomal miR-103a targets PTEN to activate the classical AKT-STAT3 pathway, exosomal miR-1290 induces

8222 e International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

M2 macrophage polarization by activating the SOCS3/STAT3 pathway in macrophages, and exosomal miR-21 promotes
M2 polarization in macrophages by targeting IRF1, thereby promoting tumor progression.'®*~'!'! Additionally, exosomes
from hypoxic lung cancer cells can directly carry PKM2 to induce M2 polarization in macrophages by activating the
AMPK pathway.'®® Overexpression of miR-101 can polarize macrophages towards a pro-inflammatory state by targeting
CDKS. However, under hypoxic conditions, the decreased levels of miR-101 in exosomes derived from lung cancer fail
to suppress CDKS, preventing macrophages from polarizing towards a pro-inflammatory phenotype, thus leading to
increased tumor immune evasion.''? Hypoxic conditions lead to a significant enrichment of miR-301a-3p in both
pancreatic cancer cells and their secreted exosomes. The levels of circulating exosomal miR-301a-3p in patients strongly
correlate with the extent of pancreatic cancer invasion, lymph node metastasis, TNM stage, and poor prognosis. Once
internalized by macrophages, hypoxic exosomal miR-301a-3p promotes their polarization towards an M2 phenotype by
activating the PTEN/PI3Ky signaling pathway, ultimately facilitating pancreatic cancer metastasis.''> In epithelial
ovarian cancer (EOC), hypoxia induces the exosomal transfer of three miRNAs (miR-21-3p, miR-125b-5p, and miR-
181d-5p) to macrophages. These miRNAs target SOCS4/5, promoting STAT3 phosphorylation and driving macrophage
polarization towards an M2 phenotype, which enhances EOC cell proliferation and migration.'"* Similarly, in hepato-
cellular carcinoma (HCC), hypoxia-induced HIF-la binds to the promoter of IncRNA HMMR-ASI, increasing its
transcription and exosomal secretion. Once taken up by macrophages, exosomal HMMR-AS1 sponges miR-147a,

preventing ARID3A degradation and promoting M2 polarization, thereby accelerating HCC progression.''?

T Cells

In the tumor microenvironment, there are various types of T cells, including cytotoxic T cells (Tc cells) responsible for
attacking and killing tumor cells, helper T cells (Th cells) that activate and regulate the activities of other immune cells to
promote the generation of immune responses, and regulatory T cells (Treg cells) that suppress excessive immune
responses to prevent the immune system from attacking normal tissues. In tumors, tumor cells can escape T cell attacks
through various mechanisms, leading to immune evasion and tumor development, with exosomes playing a significant
role in this process. For example, tumor-derived exosomes can promote CD8" T cell exhaustion or induce Treg cell
differentiation to advance tumor progression.''*"'"®*The impact of exosomes on T cells in hypoxic environments requires
further investigation. Nasopharyngeal carcinoma-derived exosomal miR-24-3p directly targets FGF11, increasing the
expression of P-ERK, P-STAT1, and P-STAT3 while decreasing P-STATS levels. This inhibits T cell proliferation, Thl
and Th17 differentiation, and Treg cell induction. Hypoxia further enhances the inhibitory effect of these exosomes on

T cell proliferation and differentiation by increasing cellular and exosomal miR-24-3p levels.'"’

v6 T cells, a unique
T cell subset with either antitumor or protumor functions depending on the cancer type, can also be influenced by
exosomes. In hypopharyngeal squamous cell carcinoma, exosomal miR-21 targets PTEN in myeloid-derived suppressor

cells (MDSCs), upregulating PD-L1 expression and strengthening the inhibitory effect on v T cells.'*

Mdsc

MDSCs primarily impact tumor immune responses in two ways: first, by inhibiting the activity of T cells (as mentioned
earlier); and second, by promoting tumor-related inflammation and angiogenesis. MDSCs can enhance the production of
tumor-related inflammatory factors and angiogenic factors, creating a suitable microenvironment for tumor growth and
spread.'*! Exosomes released by hypoxic glioblastoma cells can carry miR-10a and miR-21 to target RORA and PTEN,
respectively, activating the IkBa/NF-xB and PI3K/AKT pathways to induce the expansion and activation of MDSCs,
thereby promoting tumor progressionlzz(Table 4).

Activate Cancer Associated Fibroblasts

Tumor-associated fibroblasts are a type of cell present in the tumor microenvironment that plays a crucial role.
Compared to normal fibroblasts, tumor-associated fibroblasts exhibit differences in morphology, function, and
expression characteristics. Tumor-associated fibroblasts are typically involved in regulating processes such as
tumor growth, metastasis, angiogenesis, and drug resistance.'**'?> Exosomes derived from hypoxic head and
neck squamous cell carcinoma (HNSCC) cells are enriched with miR-192 and miR-215. These microRNAs target
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Table 4 The Effect of Exosomes Under Hypoxic Conditions on Immune Cells

Tumor type Cargo Mechanism Effect References

Glioma miR-10b-5p Activating PI3K/AKT M2 macrophage [106]
polarization

Glioma IL-6 and miR-155-3p Activating STAT3 M2 macrophage [107]
polarization

Glioma miR-1246 Activating STAT3 M2 macrophage [108]
polarization

Lung cancer miR-103a Activating STAT3 or M2 macrophage [109-111]

miR-1290 targeting IRFI polarization
miR-21

Lung cancer PKM2 Activating AMPK M2 macrophage [123]
polarization

Pancreatic miR-301a-3p Activating PTEN/PI3Ky M2 macrophage [113]

cancer polarization

Epithelial miR-21-3p, miR-125b-5p and | Activating STAT3 M2 macrophage [114]

ovarian cancer miR-181d-5p polarization

Hepatocellular LncRNA HMMR-AS| Prevent the degradation of ARID3A M2 macrophage [I15]

carcinoma polarization

Nasopharyngeal | miR-24-3p Promote the expression of P-ERK, P-STAT I, and Inhibiting T-cell [119]

carcinoma P-STAT3, while reducing the expression of P-STAT5 | proliferation and
differentiation

Oral squamous miR-21 Enhancing PD-LI levels in MDSCs cells Inhibiting y8T cells [120]

cell carcinoma

Glioma miR-10a and miR-21 Targeting RORA and PTEN Inducing MDSC [122]
amplification and
activation

Caveolin-1, suppressing TGF-B/SMAD signaling and driving the differentiation of normal fibroblasts into cancer-
associated fibroblasts (CAFs).'*® Moreover, HIF 1o enhances miR-21 transcription and facilitates the secretion of
exosomes from HNSCC cells. These hypoxic tumor cell-derived exosomes, which are enriched with miR-21,
promote the transformation of normal fibroblasts into CAFs by targeting YODI.'?” Proteomic analysis of
exosomes derived from normoxic and hypoxic conditions revealed the highest increase in LOXL2 levels.
Exosomes derived from hypoxic cells promote the formation of pre-metastatic niches through a dual mechanism.
Firstly, hypoxia-derived exosomes carry a significant amount of LOXL2 to non-hypoxic HNSCC cells, inducing
epithelial-mesenchymal transition and promoting cancer cell invasion.'*® Additionally, these LOXL2-enriched
exosomes are internalized by distant fibroblasts, activating the FAK/Src signaling pathway. The resulting increase
in fibronectin production, mediated by the FAK/Src pathway, facilitates the recruitment of bone marrow-derived
suppressor cells, contributing to the formation of pre-metastatic niches.'*® In addition, exosomes derived from
hypoxic liver cancer cells activate lung fibroblasts and promote the formation of pre-metastatic niches.
Mechanistically, exosomal miR-4508 targets RFX1 to activate the p38 MAPK-NF-kB signaling pathway, indu-

cing fibroblast activation and PMN formation.'*’
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The Effect of Exosomes Derived from Other Stromal Cells on Tumors Under Hypoxic

Conditions

In the hypoxic conditions of tumors, exosomes originating from other components of the TME play a crucial role in
tumor progression. In this chapter, we will summarize the regulatory effects of exosomes derived from non-cancer cells
within hypoxic conditions (Figure 5).

CAFs

CAFs are the most prevalent stromal cells within the TME and significantly contribute to tumor initiation, progression,
and metastasis. The dysregulation of various genes in CAFs, such as the Ataxia Telangiectasia Mutated (ATM) gene, can
influence cancer progression. Under hypoxic conditions, oxidized ATM is activated in breast cancer CAFs, promoting
abnormal proliferation of breast CAFs. Oxidized ATM can phosphorylate BNIP3 and ATP6V1G1 in hypoxic breast
CAFs, inducing autophagosome accumulation and leading to lysosomal dysfunction, as well as fusion of autophago-
somes with multivesicular bodies (MVBs) instead of lysosomes to facilitate exosome release. Released exosomes from
hypoxic CAFs are enriched with autophagy-related GPR64, which activates the atypical NF-kB signaling pathway,
upregulating MMP9 and IL-8 expression in recipient breast cancer cells, enhancing their invasive capabilities.'** In
colorectal cancer, hypoxia-treated CAFs secrete more exosomes and circEIF3K. In vitro and in vivo experiments showed
that knockdown of circEIF3K in exosomes derived from CAFs led to reduced proliferation of CRC cells compared to
CRC cells treated with exosomes from control group. Mechanistically, the phenomenon of CAF-promoted malignant
biological behavior of tumor cells under hypoxic conditions mediated by circEIF3K can be rescued by miR-214, and PD-

L1 is a potential target of the circEIF3K/miR-214 axis in exerting these effects.'*'

Stem Cells

Stem cells are a type of cells with self-renewal and differentiation capabilities, continuously producing new cells and
possessing potential pluripotency, meaning they can differentiate into various cell types. In the TME, two types of stem
cells cannot be overlooked: tumor stem cells and mesenchymal stem cells. You et al found that under hypoxic conditions,
glioma stem cells upregulate the transcription of miR-30b-3p via HIF1a and STAT3, which can bind to hnRNPA2B1 and
promote its transfer to exosomes. Exosomal miR-30b-3p directly targets RHOB in glioma cells, leading to reduced
apoptosis and increased proliferation in vitro and in vivo, as well as increased chemoresistance in gliomas.'*? Xiong et al
found that under hypoxic conditions, glioma stem cells transfer Linc01060 to glioma cells via exosomes. Linc01060
directly interacts with and stabilizes MZF1, promoting its ability to enhance c-Myc transcription. In turn, c-Myc
increases HIF1a accumulation post-transcriptionally. HIF1a binds to the hormone response element in the Linc01060
promoter, upregulating its transcription and forming a positive feedback loop. Clinically, Linc01060 is overexpressed in
gliomas and strongly correlates with tumor grade and poor prognosis. Serum levels of exosomal Linc01060 are also
associated with tumor progression.'**> Exosomes from hypoxia-treated mesenchymal stem cells significantly increase the
proliferation, survival, invasiveness, and EMT of non-small cell lung cancer cells, as well as M2 polarization of
macrophages, with exosomal miR-21-5p mainly acting by downregulating PTEN, PDCD4, and RECK gene
expression.'** Likewise, the exosomal transfer of miR-193a-3p, miR-210-3p, and miR-5100 from mesenchymal stem
cells to lung cancer cells can induce epithelial-mesenchymal transition (EMT) by activating the STAT3 signaling
pathway, thereby promoting lung cancer invasion. These findings suggest that the aforementioned exosomal miRNAs
may serve as potential non-invasive biomarkers for metastatic lung cancer.'*> Furthermore, exosomes from mesenchymal
stem cells also exhibit anti-cancer effects, as hypoxia-induced HIF1la in mesenchymal stem cells increases the level of
microRNA let-7f and promotes cell autophagy, leading to increased motility and invasion abilities of mesenchymal stem
cells. Notably, hypoxic conditions lead to an increase in let-7f levels within exosomes derived from mesenchymal stem
cells. When these exosomes are internalized by recipient 4T1 tumor cells, the mesenchymal stem cell-derived exosomal
let-7f significantly suppresses tumor cell proliferation and invasion.'*® However, the precise mechanisms underlying this
effect require further investigation.
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Immune Cells

Contrary to the tumor-derived exosomes promoting M2 polarization of macrophages and expansion of MDSCs mentioned
in the previous chapter, MDSCs and M2-polarized macrophages also release exosomes to promote tumor progression.
Under hypoxic conditions, MDSCs promote exosome release in a HIF1a-dependent manner. Exosomal SI00A9 enhances
the stemness and growth of colorectal cancer cells, and the plasma levels of exosomal S100A9 in colorectal cancer patients
are significantly higher than in healthy individuals, making exosomal S100A9 a potential biomarker for diagnosing
colorectal cancer.’' Excessive expression of Hif-1a in macrophages under low oxygen conditions leads to its direct binding
to different regions of the Hsp90 promoter, resulting in elevated levels of Hsp90 protein both intracellularly and in
exosomes. The crucial interaction between exosomal Hsp90 and colorectal cancer cell Lats1 leads to Lats1 inactivation,
inhibiting Yap phosphorylation and ultimately inactivating the Hippo signaling pathway to promote colorectal cancer
progression.'*” Furthermore, under low oxygen conditions, exosomal miR-155-5p from macrophages can directly interact
with the HuR protein in renal cell carcinoma cells, increasing the stability of IGF1R mRNA and activating the PI3K/AKT
pathway to promote the progression of renal cell carcinoma.'*® With a variety of immune cell types, the direct or indirect
effects of exosomes from other immune cells on tumors remain an important direction for further exploration.

Clinical Application

Liquid biopsy has emerged as a groundbreaking approach in cancer diagnosis and prognosis prediction, offering
a minimally invasive and more easily implemented alternative to traditional tissue biopsies. In recent years, the use of
liquid biopsy in cancer treatment has garnered significant attention. This technique can be applied to various body fluids,
including blood, urine, saliva, and cerebrospinal fluid. Among these, biomarkers isolated from plasma and serum in
peripheral blood have shown promising potential for cancer detection due to their ease of acquisition.'*” For blood
samples, common biomarkers include circulating tumor cells (CTCs) and CTC clusters, cell-free DNA (cfDNA) or
circulating tumor DNA (ctDNA), extracellular vesicles (EVs), and circulating non-coding RNAs. Among them, the
detection of blood exosomes as a liquid biopsy approach has its special advantages. Firstly, exosomes not only contain
DNA but also a variety of proteins, RNAs, carbohydrates, and lipids. Additionally, exosomes are detectable in almost all
body fluids, making them easily accessible. This makes exosomes an ideal biomarker for monitoring the dynamic
occurrence and progression of tumors, providing valuable clinical information for diagnosis and prognosis prediction.
Many studies have shown exosomes and their contents to be highly effective biomarkers for cancer diagnosis and
treatment. For example, in 2016, ExoDx™ Lung (ALK) was proposed for the first time. This method isolates and
analyzes exosomal RNA from blood samples, enabling the detection of EML4-ALK mutations in NSCLC patients with
a sensitivity of 88% and specificity of 100%. It is a more direct and sensitive method for gene fusion detection compared
to cfDNA. The heterogeneity of exosomes, including their size, origin, and the diversity of their cargo, poses challenges
for their use in liquid biopsy for cancer diagnosis and prognosis. However, exosome barcoding and single exosome
profiling aid in overcoming these limitations and play a significant role in precision oncology. Exosome barcoding
technology attaches unique molecular labels (such as DNA barcodes, RNA barcodes, or protein tags) to the surface of
each exosome, giving them a distinct “identity marker”. These labels can be detected and analyzed using high-throughput
sequencing or other molecular biology techniques. Zhang et al developed a method utilizing surface-enhanced Raman
spectroscopy (SERS) nanotags, enabling high-sensitivity, multiplexed analysis of multiple protein biomarkers on cancer-
derived small extracellular vesicles (EVs) in a single test through a sandwich immunoassay without complex separation
steps. This allows for non-invasive cancer diagnosis and monitoring of therapeutic responses.'*® Similarly, Zhuang et al
fabricated an innovative sandwich-type biosensor utilizing amino-functionalized Fe304 nanoparticles and two-
dimensional MXene nanosheets, achieving highly sensitive detection of exosomes.'*' SORTER, a dual-surface protein-
guided orthogonal recognition and microRNA in situ analysis technology for tumor-derived exosomes, enhances the
diagnostic accuracy of tumors by detecting exosomal miRNA. SORTER employs two aptamers targeting exosomal
marker CD63 and tumor marker EpCAM to create orthogonal barcode tags, enabling selective classification of tumor-
specific exosome subtypes.'*? Additionally, the nucleic acid lateral flow assay (NALFA) of DNA barcodes, combined
with stem-loop primer reverse transcription, generates a colorimetric signal only in the presence of target exosomal
miRNA. This system successfully detected overexpressed miR-92a and miR-141 in CRC exosomes, with sensitivity and
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specificity reaching 95.24% and 100.0%, respectively.'*® Single exosome analysis is an avant-garde technique aimed at
providing detailed molecular and functional analysis of individual exosomes. This method overcomes the limitations of
traditional bulk exosome analysis, offering more precise and profound biological insights. Proximity Barcode Analysis
(PBA) is used for the protein analysis of single exosome surfaces. This technique combines antibody-DNA conjugates
with next-generation sequencing technology, enabling the identification and quantification of surface protein composi-
tions from exosomes of different origins, thereby distinguishing and quantifying specific tissue-derived exosomes in
mixed samples.'** Song et al developed an integrated microfluidic platform consisting of a single-cell capturing chip and
a spatially encoded antibody barcode chip for multiplex profiling of single-cell exosomes. Using this platform, they
simultaneously analyzed five phenotypic exosomes from over 1000 single cells and inflammatory factor secretion from
the same single cells, identifying a special functional subpopulation of ovarian tumor cells with unique phenotypic
exosomes (HSP70", EPCAM").'* Furthermore, through single exosome analysis, Guo et al discovered two differentially
abundant exosome subsets in colorectal cancer: ITGB3" and ITGAM" exosome subpopulations. In vitro and in vivo
experiments demonstrated that ITGB3" exosomes promote CRC proliferation, migration, and invasion, whereas ITGAM

exosomes inhibit CRC development.'*¢

While multicenter, large-scale trials focusing on hypoxia-derived exosomes are
currently lacking, there is still great clinical potential for hypoxia-derived exosomes.

Kucharzewska et al discovered that hypoxia-derived exosomes can reflect the tumor status of glioblastoma (GBM). In hypoxic
experiments with glioma cells in vitro and patient samples, exosomes were found to be rich in hypoxia-regulated matrix
metalloproteases, IL-8, PDGFs, caveolin-1, and lysyl oxidase. Furthermore, hypoxia-derived exosomes from GBM cells can
modulate endothelial cells to secrete various potent growth factors and cytokines, stimulating the activation and migration of
pericytes through PI3K/AKT signaling, enhancing the induction of tumor vascularization, pericyte coverage, and GBM cell
proliferation. By monitoring exosomes, the hypoxic state of GBM, as well as the tumor’s invasiveness and prognosis, can be
closely observed.”® The potential of hypoxia-derived exosomes in cancer diagnosis and treatment can be further enhanced by
combining them with other materials engineering approaches. One such approach is magnetic particle imaging (MPI), an
emerging tracking imaging technology that utilizes superparamagnetic iron oxide (SPIO) nanoparticles as tracers. This method
enables close monitoring of in vivo tumor hypoxia models.'*’ Jung et al developed an exosome platform for targeted therapy of
tumor hypoxic regions. They modified exosomes derived from hypoxic breast cancer cells to carry superparamagnetic iron oxide
(SPIO) nanoparticles and Olaparib (a PARP inhibitor). By labeling the exosomes with a lipophilic fluorescent tracer DiO and
monitoring in vivo using MPI, they found that hypoxic cells preferentially took up exosomes released by hypoxic cells.
Furthermore, Olaparib-loaded exosomes increased tumor cell apoptosis and slowed tumor growth in vivo, demonstrating their
therapeutic efficacy. This method demonstrates the possibility of monitoring hypoxia-derived exosomes and delivering ther-
apeutic drugs through them.'*® Detecting hypoxia-derived exosomes to reflect tumor progression, improve the tumor micro-
environment’s hypoxic state, and achieve antitumor effects is a highly promising research direction in this field. Additionally, as
previously mentioned, hypoxia-derived exosomes from non-tumor cells, such as immune cell-derived exosomes, are also worth
investigating. Combining engineering methods with hypoxia-derived exosomes to improve the tumor immune microenvironment
and exert antitumor effects is another promising direction. There is great potential for research on how to effectively load drugs
into exosomes, enhance the stability of exosomes, ensure a longer half-life, and improve specificity and targeting.

Exosomal DNA, as a novel intercellular communication molecule, has been extensively studied and has demonstrated
significant clinical therapeutic and diagnostic potential. Exosomal DNA primarily comprises linear double-stranded DNA
(dsDNA), mitochondrial DNA (mtDNA), and circular DNA. These DNA molecules can span the entire genome,
covering all chromosomes and even including mutated genes. As a non-invasive biomarker, exosomal DNA holds
potential clinical diagnostic value. Through liquid biopsy to detect exosomal DNA in the blood, it is possible to achieve
early detection and monitoring of cancer and other diseases.'**'>® Franz L. Ricklefs et al, utilizing super-resolution
single EV microscopy, have demonstrated that DNA is encapsulated within EVs secreted by glioblastoma cells.
Methylation array analysis and targeted next-generation sequencing (NGS) revealed that EV-associated DNA mirrors
the comprehensive mutation landscape and copy number variations (CNV) present in the parental glioblastoma cells as
well as the primary tumor. By examining EV-DNA derived from glioblastoma cells, it is possible to accurately determine
the tumor’s methylation classification and the methylation status of the MGMT promoter.'>" This renders exosomal DNA
a potent tool for classifying brain tumors. Functionalized DNA engineered into hinges enables the anchoring of quantum
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dots (QDs) onto the exosomal surface, thereby achieving a moderately bio-compatible labeling strategy. Exosomes
labeled with QDs (exosome-DNA-QD complexes) can be rapidly internalized by tumor cells, indicating their potential
use as a specific reagent for tumor marking.'>? Moreover, exosome-packaged DNA has exhibited advantages in tumor
therapy. Bovine colostrum exosomes and polyethyleneimine matrix (EPM) can deliver small interfering RNA (siRNA) or
plasmid DNA (pDNA) to achieve effective gene therapy.'>® The advent of nano-flow cytometry (nFCM) allows for the
detection of single EVs as small as 40 nm in diameter and individual DNA fragments of 200 bp after SYTO 16 staining,
facilitating the study of EV-DNA within individual vesicles.'>* In the realm of hypoxia, research related to exosomal
DNA remains in its nascent stages, paving the way for future advancements in understanding tumorigenesis mechanisms
and developing diagnostic and therapeutic strategies under hypoxic conditions.

Common Exosome Isolation Methods

There is an increasing focus on the role of exosomes in tumor diagnosis and therapy, and their isolation and purification
methods are being progressively proposed by numerous researchers. The bioactivity of exosomes largely depends on the
method of isolation. Ultracentrifugation is the most commonly used method for exosome extraction, considered the “gold
standard” for exosome isolation.'>> By adjusting centrifugation parameters, it effectively removes dead cells, cellular
debris, and apoptotic bodies, allowing for the acquisition of large-scale samples without the need for complex sample
preparation.'>® Furthermore, using density gradient media (such as sucrose or iodixanol) in conjunction with ultracen-
trifugation can enhance the purity of exosome isolation.'>” Ultrafiltration is another method that separates exosomes by
size, utilizing extremely small pores (diameter~100 nm).'*® This method increases the efficiency of exosome separation
compared to ultracentrifugation, but it may damage exosomes due to shear stress or cause exosome loss due to membrane
clogging from membrane adhesion and particle aggregation.'>® The precipitation method, using polymers like poly-
ethylene glycol to bind water molecules and achieve precipitation, is also employed for exosome isolation. Numerous
commercial kits based on this principle are widely used.'®® Currently, various engineering approaches such as micro-
fluidics and chromatography are also extensively applied for exosome isolation.'® The advantages and disadvantages of
these methods are briefly summarized in the Table 5 within this paper. Many studies have compared these methods for
exosome extraction and isolation, yet optimal protocols may vary depending on specific research requirements. Through
technological advancements, the challenges in exosome extraction and isolation are gradually being addressed, necessi-

tating further attention from researchers.'®*

Summary and Outlooks

The tumor microenvironment, as a complete system, consists of various components that interact with each other to
collectively drive tumor adaptive changes. Hypoxia, as a characteristic of the tumor microenvironment, leads to
epigenetic, immunometabolic, and other changes in multiple components of the tumor microenvironment, thereby
promoting tumor initiation and progression. Under hypoxic conditions, various signaling transduction factors and

Table 5 Common Exosome Isolation Methods and Their Advantages and Disadvantages

Isolation technique | Advantages Disadvantages Reference

Ultracentrifugation Cost-effective and suitable for large-scale Exosomes are prone to damage, the process is time- [163]
sample preparation. consuming, and the purity is low.

Ultrafiltration Rapid process and good purity Shear stress can damage exosomes, and clogging can lead | [159]

to exosome loss.

Precipitation High yield. Low purity, often necessitating combination with other [155,164]
methods.
Immunoaffinity Highly specific according to exosome Expensive and yields are low. [165,166]
Capture subtypes.
(Continued)
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Table 5 (Continued).

Isolation technique | Advantages Disadvantages Reference

Microfluidics Precision, high automation, and The technology is costly and suitable for small-scale sample | [167,168]
reproducibility. sizes.

Size-Exclusion It maintains integrity and bioactivity, with High demands on samples often necessitate pre-treatment. | [169,170]

Chromatography high yield.

pathways, including HIF-1, PI3K-mTOR, and NF-kB, undergo sequential alterations, influencing processes such as cell
metabolism, cell growth/death, cell proliferation, glycolipid metabolism, immune responses, and more. With increased
intercellular communication and material exchange, exosomes play a crucial role as key mediators in the communication
of multiple components in the tumor microenvironment under hypoxic conditions. Numerous studies have shown that
hypoxia promotes the synthesis and release of exosomes from tumor cells, stromal cells, and immune cells, with their
contents significantly contributing to intercellular communication, exacerbating the overall malignant behaviors of the
tumor microenvironment. This is manifested by increased tumor proliferation, migration, invasion abilities, angiogenesis,
and metastatic capabilities, as well as resistance to systemic anti-tumor therapies such as chemotherapy and radiotherapy.
As research in this field progresses, utilizing exosomes and engineered exosomes as targets for tumor therapy in hypoxic
environments shows promising research prospects and has the potential for clinical translation.

However, there are currently many limitations in the research in this field. Firstly, the investigation of the role of
hypoxia and HIF-1, HIF-2 in the tumor microenvironment has not received enough attention from researchers. Most
studies explore tumor cells, immune cells, stromal cells, etc. in the tumor microenvironment under normoxic conditions
in in vivo and in vitro models, neglecting the crucial influence of hypoxia. In particular, the impact of HIF factors on
various signaling pathways should not be overlooked as a factor in studying the mechanisms of tumor progression.'”!
Artificial inhibitors or natural inhibitors of HIF factors have great potential as therapeutic agents for improving malignant
tumors, and there are many clinical trials in this field that can be found on the ClinicalTrials website. Furthermore,
exosomes, with their ability to deliver cargo to target cells, can produce therapeutic effects by blocking or inhibiting
them, thereby improving the hypoxic characteristics of the tumor microenvironment and exerting anti-tumor effects.”’
This aspect also deserves further attention from researchers. Additionally, improving exosome-based therapeutic
approaches through materials engineering can enhance the clinical translation of this treatment strategy, addressing
issues such as drug loading, therapeutic efficacy, and treatment plan stability. For example, Creeden et al developed
“ExoSmart”, engineered exosomes displaying both RGD and CD47p110-130. ExoSmart binds to avp3 on pancreatic
ductal adenocarcinoma (PDAC) cells, increasing cellular uptake. CD47p110-130 interacts with signal-regulatory protein
alpha (SIRPa) on macrophages, inhibiting phagocytosis and significantly reducing the clearance rate of exosomes by the
liver and spleen. In therapy, this approach significantly improves the effectiveness of chemotherapy for PDAC.'"?

Overall, exosomes derived from hypoxic conditions exhibit numerous advantages and disadvantages. 1. Under
hypoxic conditions, the expression patterns of biomolecules such as proteins, mRNA, and miRNA within exosomes
undergo significant changes. These alterations can serve as specific biomarkers for disease diagnosis and prognosis
assessment. Given that many tumor environments are hypoxic, exosomes originating from such conditions can provide
valuable insights into the tumor microenvironment, aiding in the identification and progression of tumor types. 2. Owing
to their inherent cellular membrane structure, exosomes can protect encapsulated drugs and nucleic acids from degrada-
tion within the body. Exosomes derived from hypoxic conditions can serve as drug delivery vehicles, targeting and
delivering specific therapeutic substances to diseased tissues. 3. Exosomes under hypoxic conditions contain immuno-
modulatory molecules that can regulate immune responses. For instance, within the tumor microenvironment, these
exosomes can influence the immune escape mechanisms of tumors by modulating immune cell activity, potentially
becoming a target for combinatorial immunotherapy. Conversely, the drawbacks include: 1. The molecular composition

and function of hypoxia-derived exosomes are highly heterogeneous, posing challenges for standardization and
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consistency in research and clinical applications. This heterogeneity may lead to poor reproducibility of experimental
results. 2. The separation and purification of hypoxia-derived exosomes are complex and time-consuming since they are
often mixed with other types of exosomes and cellular debris. Current isolation techniques, such as ultracentrifugation
and immunocapture, have limited efficiency, making it difficult to obtain highly pure exosomes. 3. Although hypoxia-
derived exosomes exhibit numerous potential biological functions and applications, standardized methods to validate
these functions have yet to be established, limiting their clinical application. 4. Culturing cells under hypoxic conditions
and isolating exosomes is costly. Moreover, the storage and transportation of exosomes require special conditions,
increasing their economic burden. 5. While exosomes are considered to possess good biocompatibility as natural
nanocarriers, their immunogenicity and potential toxicity need further investigation, particularly concerning long-term
application and high-dose usage.

In conclusion, research in this field is fascinating and holds great potential to advance the current landscape of studies
on the tumor microenvironment, providing potential strategies for clinical treatment. Incorporating hypoxic conditions
and the downstream pathway changes into the research vision can deepen researchers’ understanding of the mechanisms
of tumor development. Additionally, combining the hot research topic of exosomes to specifically study intercellular
communication and material transfer in the hypoxic tumor microenvironment interactions can help researchers explore
the mechanisms in this field and provide more powerful solutions for clinical treatment translation.
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