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Abstract 

Metastasis, the spread of a tumor or cancer from the primary site of the body to a secondary site, is a multi-step 
process in cancer progression, accounting for various obstacles in cancer treatment and most cancer-related deaths. 
Metabolic reprogramming refers to adaptive metabolic changes that occur in cancer cells in the tumor microenviron-
ment (TME) to enhance their survival ability and metastatic potential. Stromal cell metabolism also changes to stimu-
late tumor proliferation and metastasis. Metabolic adaptations of tumor and non-tumor cells exist not only in the TME 
but also in the pre-metastatic niche (PMN), a remote TME conducive for tumor metastasis. As a novel mediator in cell-
to-cell communication, small extracellular vesicles (sEVs), which have a diameter of 30–150 nm, reprogram metabo-
lism in stromal and cancer cells within the TME by transferring bioactive substances including proteins, mRNAs and 
miRNAs (microRNAs). sEVs can be delivered from the primary TME to PMN, affecting PMN formation in stroma rewrit-
ing, angiogenesis, immunological suppression and matrix cell metabolism by mediating metabolic reprogramming. 
Herein, we review the functions of sEVs in cancer cells and the TME, how sEVs facilitate PMN establishment to trigger 
metastasis via metabolic reprogramming, and the prospective applications of sEVs in tumor diagnosis and treatment.
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Background
Tumor metastasis is a process whereby tumor cells 
migrate from a primary site to distant organs and tissues 
progressively, resulting in the majority deaths among 
tumor patients [1]. The establishment of the pre-metas-
tasis niche (PMN), a favorable tumor microenvironment 
(TME) in a distant metastatic organ, is a prerequisite to 

sustain the remote settlement of tumor cells and acceler-
ate metastasis [2]. TME is a highly complicated and het-
erogeneous ecosystem that is composed of tumor cells, 
fibroblasts, adipocyte cells, endothelial cells (ECs), mes-
enchymal stem cells (MSCs), and extracellular matrix [3]. 
Extensive communication between cancer cells and other 
stromal cells including autocrine and paracrine signal 
transduction in TME could regulate apoptosis inhibition, 
immunosuppression, angiogenesis, and metabolic repro-
gramming, thereby affecting tumor malignant progres-
sion like metastasis [3, 4].

Metabolic reprogramming refers to the process 
wherein the glucose, lipid and amino acid metabolism 
of cancer cells change adaptively to help them quickly 
proliferate and survive under the high pressure of envi-
ronment whether in the primary TME or PMN [5]. As 
tumor cells reprogram metabolism in every step of tumor 
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progression, metabolic reprogramming can be regarded 
as a core hallmark of cancer [6]. In a TME, the metab-
olism of non-cancer cells is also impacted by cancer 
cells and facilitates cancer cell growth and metastasis in 
return [3]. Small extracellular vesicles (sEVs), which have 
a diameter of 30–150  nm, as one of three subtypes of 
extracellular vesicles, mediate intracellular communica-
tion in TME [7]. As influential constitutes in TME, sEVs 
are released by various cells (containing tumor and stro-
mal cells), via multivesicular bodies to enhance the cross-
talk between these cells and induce metabolic changes 
in them by transferring biologically active constituents 
including protein, mRNA, and miRNA to recipient cells 
[3, 8]. Except for local signaling within the primary TME, 
sEVs may circulate to spread the “seeds” that qualify the 
“soil” at distant niches to facilitate metastasis [9]. Owing 
to their abundant cargoes, sEVs from animal cells, body 
fluids and even plant cells are used for ideal carriers of 
substances or drugs to target tumor metabolism, inhibit-
ing tumor progression [10].

Herein, we review how sEVs mediate the metabolism 
of tumor and stromal cells in TME and promote the 
PMN formation via metabolic reshaping as well as their 
potential applications in tumor diagnosis and anti-tumor 
therapy.

sEVs are involved in the metabolic reprogramming 
of cancer cells
The metabolic process of any cell, including cancer cells, 
is inseparable from the function of crucial enzymes. 
Many key oncogenic signaling pathways and factors 
such as KRAS, inositol phospho3-kinase/AKT (PI3K/
Akt), c-Myc, p53, and hypoxia-inducible factor-1 (HIF-1) 
influence the regulation of cancer cell metabolism [11]. 
sEVs as the significant medium of intercellular commu-
nication, secrete bioactive substances to interact with 
key metabolic enzymes as well as carcinogenic signal-
ing pathways and factors, thus providing a potential 
mechanism for metabolic reprogramming of tumor cells. 
Furthermore, metabolic changes in cancer cells were 
reported to influence sEV secretion to promote lung can-
cer metastasis [12].

sEVs regulate glucose metabolic reprogramming in cancer 
cells
Glycolysis or aerobic glycolysis is increased in tumors to 
facilitate quick proliferation, and helps cancer cells sub-
sist under the high pressures, which is called the “War-
burg effect” [5]. sEVs act on glycolytic-related enzymes, 
oncogenic factors and signaling pathways, enhancing the 
Warburg effect of tumors (Fig. 1).

sEVs interact with oncogenic factors to reshape cancer cell 
metabolism
The oncogenic transcription factor c-Myc and HIF-1 are 
primary metabolic reprogramming proteins [5]. c-Myc is 
a crucial controller of several glycolytic genes by directly 
increasing the expressions of hexokinase 2 (HK2), lac-
tate dehydrogenase A (LDHA) and others to enhance 
aerobic glycolysis [13]. HIF-1 serves as another critical 
factor modulating glucose metabolism, contributing to 
the genetic transcription associated with glucose trans-
porter (GLUT) and enzymes associated with glycolysis 
including HK and pyruvate kinase M (PKM) [14]. sEVs 
enhance the stability of c-Myc and HIF-1 through their 
secretomes including miRNA and long non-coding RNA 
(lncRNA), thus reshaping cancer cell metabolism.

NEDD4L, a well-known regulator dominating the sta-
bilization of c-Myc and M2 macrophage-derived sEVs, 
delivers overexpressed miR-3679-5p to down-regulate 
the levels of NEDD4L in lung tumor cells, hence ena-
bling the stabilization of c-Myc, which can enhance the 
levels of HK2 and LDHA and promote glycolysis. M2 
macrophage-derived sEVs also mediate this signaling axis 
to induce chemoresistance in lung cancer via metabo-
lism controlling [15]. Tumor-associated macrophages 
(TAMs) increase glycolysis and apoptotic resistance in 
tumor cells through sEVs. Mechanistically, sEV-pack-
aged HIF-1α-stabilizing lncRNA (HISLA) suppresses the 
function of PHD2 to block the degradation of HIF-1α, 
whose expression is positively related with the expres-
sion levels of GLUT1, GLUT3 and HK2, thus allowing 
the ability of cancer cells to metabolize glucose in a con-
dition without oxygen to survive for an extended period 
of time [16]. Interestingly, lactic acid produced by tumor 
aerobic glycolysis was found to increase the expression 
of HISLA in TAMs, which further improved glucose 
metabolism ability of cancer cells, thereby producing the 
integrated feedback loop between TAMs and tumor cells 
[16]. Indeed, HIF-1α could influence c-Myc by inducing 
the high expression of exosome cargos. HIF-1α upregu-
lated circPDK1 expression under the hypoxia condi-
tion by transcriptionally activating its host gene PDK1 
and hypoxia-induced exosome circPDK1 sponged miR-
628-3p to release BPTF, which is required for c-Myc 
transcriptional activity, indicating that circPDK1 acti-
vated the BPTF/c-Myc axis to enhance pancreatic cancer 
(PC) glycolysis by downregulating miR-628-3p expres-
sion. Besides, circPDK1 functioned as a frame to pro-
mote the binding of BIN1 proteins (a tumor suppressor 
limiting c-Myc transcriptional activity) and UBE2O (a 
ubiquitin-conjugating enzyme), enhancing the effects of 
UBE2O on ubiquitin-dependent degradation of BIN1 and 
increasing c-Myc transcriptional activity eventually. As 
the shared goal of two no cross-talk pathways activated 
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by HIF1α-reduced exosome circPDK1, c-Myc enhanced 
the expression of glycolytic genes LDHA to promote aer-
obic glycolysis and migration. In all, HIF-1α upregulated 
circPDK1, which stimulated c-Myc by regulating miR-
628-3p/BPTF signaling and lowering BIN1 to enhance 
glycolysis and tumor progression [17]. These findings 
suggest that the interaction between sEVs and carcino-
genic factors reprograms tumor cell metabolism and fur-
ther enhances tumor survival ability as well as promotes 
cancer progression.

sEVs act on key glycolytic proteins and enzymes that regulate 
cancer glucose metabolism
sEVs act on glucose transporters and abundant enzymes 
to strikingly influence the metabolism of cancer cells. 
GLUT1 switches on the first step of glycolysis by trans-
porting glucose to the cytoplasm for glucose metab-
olism. Mutant KRAS sEVs contain overexpressed 
GLUT-1, contributing to enhanced glucose absorption 
and the acquisition of the metabolic change [18]. HK is the 

first rate-limiting enzyme in the glucose metabolism. HK2 
has been identified as a key participant in the Warburg 
effect and put forward as a metabolic target for cancer 
therapy owing to its solid position as a major isoenzyme 
that is overexpressed in tumors [19]. IL-6 is a pro-inflam-
matory cytokine and activator of signal transducer and 
activator of transcription 3 (STAT3, a transcriptional acti-
vator for HK2). Chronic inflammation is a main backer to 
the occurrence of cancers and pro-inflammatory cytokine 
IL6 could boost glycolysis in cancer cells via serum sEV-
derived miR-155 [20, 21]. Mechanistically, exosome miR-
155 turns on the STAT3 switch through the up-regulation 
of IL-6 to promote HK2 transcription to enhance aerobic 
glycolysis. Besides, miR-155 was demonstrated to inhibit 
mir-143, an adverse manager of HK2, via pointing at C/
EBPβ (a transcriptional activator for mir-143), thereby 
leading to the up-regulation of HK2 at the post-transcrip-
tional level to realize metabolic reprogramming [21].

PKM2 is a subtype of PKM, another rate-limiting 
enzyme in glycolysis. MiR-122 effectively suppresses 

Fig. 1 sEV-mediated metabolic reprogramming of glucose. The figure was created using Figdraw (www. figdr aw. com). ALODA: Aldolase A; LDHA: 
Lactate dehydrogenase A; HK2: Hexokinase 2; GLUT: Glucose transporter; HIF-1α: Hypoxia-inducible factor-1α; PKM2: Pyruvate kinase M2; mTOR: 
Mammalian target of rapamycin; HISLA: HIF-1α-stabilizing lncRNA; SNHG3: Small nucleolar RNA host gene 3; STAT3: Signal transducer and activator 
of transcription 3

http://www.figdraw.com


Page 4 of 15Jiang et al. Cell Communication and Signaling          (2023) 21:116 

protein and mRNA levels of PKM2 expression to reduce 
lactate production significantly [22]. sEVs carry ciRS-122 
to sensitive cells to enhance glycolysis and oxaliplatin 
resistance via miR-122 sponge targeting PKM2. Accord-
ingly, exosome transport of si-ciRS-122 could alter drug 
resistance by controlling the ciRS-122-miR-122-PKM2 
axis in  vivo [23]. The sEV-packaged circ-RNF121 was 
found to enhance the expressions of HK2 and PKM2 via 
the down-regulation of miR-1224-5p and the up-regu-
lation of FOXM1 in colorectal cancer (CRC) [24]. Thus, 
circ-RNF121 regulates tumor glucose metabolism and 
progression via miR-1224-5p/FOXM1 axis in tumor tis-
sues. The sEV-derived lncRNA small nucleolar RNA host 
gene 3 (SNHG3) could participate in metabolic changes 
within tumor cells after absorbing sEVs. SNHG3 knock-
down suppressed breast tumor growth by the increased 
expression of miR-330-5p and decreased expression of 
PKM. SNHG3 is a molecular sponge for miR-330-5p in 
breast cancer cells to positively control PKM levels, thus 
suppressing oxidative phosphorylation (OXPHOS) and 
enhancing glycolysis to promote cancer proliferation 
and progression [25]. Except for HK2 and PKM2, the 
major enzyme aldolase A(ALDOA) transferred by sEVs 
may act as vital signal transduction elements to regulate 
the motility of recipient cells and promote metastasis 
by accelerating the glycolysis process [26]. These results 
showed amply that the complex interplay between sEVs 
and crucial protein and enzymes modifies the cancer 
cells glucose metabolism to enhance tumor migration.

sEVs activate signaling pathways in cancer cells that regulate 
cancer glucose metabolism
sEVs reprogram metabolism in cancer cells not only by 
acting on enzymes associated with glycolysis but also 
through the activation of different signaling pathways. 
KRAS mutations occur in various cancer types and 
mutant KRAS sEVs comprise overexpressed GLUT-1 to 
facilitate glycolysis [18]. As previously mentioned, the 
STAT3 pathway can increase the expression of HK2, 
inducing the inflammatory environment supporting can-
cerogenesis and exosome miR-155 boosts the expres-
sion of STAT3 [21]. The mammalian target of rapamycin 
(mTOR) pathway is a crucial pivot in cancer promotion 
and the mTOR-miR-143/HK2 axis could accelerate tumor 
proliferation and formation by promoting glucose metab-
olism in lung cancer [27]. sEV-derived miR-100 could 
directly inhibit mTOR and eliminate its inhibitory effect 
on miR-143 (a negative regulator of HK2) to increase the 
level of miR-143. Meanwhile, miR-143 may be increased 
directly through sEVs transfer. The miR-143 high expres-
sion downregulates the downstream key molecules of 
the mTOR signaling pathway including HK2 and KRAS, 

thus influencing cancer cells metabolism reprogramming 
[28]. Besides, Wnt signaling up-regulated LDHA,HK2 
and PKM2 to enhance glycolysis in cancer cells and bone 
marrow mesenchymal stem cells (BM-MSCs) activated 
Wnt signaling in tumors via targeting SFRP1 due to the 
delivery of BM-MSC-derived exosome miR-1180 [29]. In 
conclusion, sEVs can rewrite the glucose metabolism of 
cancer cells through interactions with glycolytic-related 
enzymes, oncogenic factors and oncogenic signaling 
pathways, providing sufficient energy for tumor prolifera-
tion and metastasis.

sEVs modulate the reprogramming of fatty acid 
metabolism in cancer cells
Except for aerobic glycolysis, lipid synthesis has been 
recognized as another prominent metabolic abnormality 
essential for carcinogenesis [30]. Cancer cells obtain lipid 
molecule by virtue of two major mechanisms: the inter-
nalization of exogenic lipids from local environment and 
de novo lipogenesis of endogenic lipids [31]. Contrary to 
normal cells utilizing exogenous fatty acids (FA), prolifer-
ating tumor cells tend to supplement FA via de novo lipo-
genesis [32]. Like glycolysis, sEV-mediated cancer cell 
metabolic reprogramming is realized by affecting crucial 
enzymes associated with de novo lipogenesis (Fig. 2).

sEVs affect lipid anabolism in cancer
ATP citrate lyase (ACLY) is the first rate-limiting enzyme 
participating in the production of new FA, linking glucose 
and FA metabolism by transforming citrate to oxaloacetic 
acid and acetyl-CoA, which enters cytoplasmic FA syn-
thesis [33]. sEV lncRNA X inactive specific transcripts 
(XIST) promotes cells proliferation and progression in 
osteosarcoma tissues through a novel miR-655/ACLY 
signaling. In regard to the mechanism, XIST was shown 
to down-regulate the miR-655 expression, bringing about 
the increased ACLY levels, thereby increasing the lipid 
deposition in cancer cells [34]. Acetyl-CoA carboxylase 
(ACC) and fatty acid synthase (FASN) are major lipo-
genic enzymes in lipid anabolism that were observed to 
be enhanced by CD147, a transmembrane glycoprotein 
enriched in sEVs from patients with hepatocellular carci-
noma (HCC) [35, 36]. Lipogenic enzyme genes including 
ACC and FASN are trans-activated by sterol regulatory 
element binding proteins (SREBPs) in the regulation of 
FA synthesis [37]. Furthermore, sEV CD147 promotes 
the expression levels of SREBP1c by stimulating the Akt/
mTOR signaling route, which, in turn, activates the tran-
scription of lipogenic genes FASN and ACC1 to enhance 
de novo lipogenesis [36].

Acetyl-CoA is a precursor of FA synthesis that is 
derived primarily from glucose under the conditions 
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of adequate nutrition and oxygen. Nevertheless, in 
hypoxia, glucose-derived pyruvate is shunted to pro-
duce lactic acid instead of being used to produce 
acetyl-CoA, thus affecting the synthesis of FA, but 
the contribution rate of glutamine to acetyl-coA is 
increased to make up for the production of acetyl-CoA 
[38]. sEVs from cancer associated fibroblasts (CAFs) 
shift the carbon source from the oxidative glucose 
pathway to reductive glutamine metabolism, which can 
generate α-ketoglutarate to produce citrate, increas-
ing acetyl-CoA synthesis in tumor cells [38]. Acetate 
is a significant fountain of acetyl-CoA, especially faced 
with the absence of oxygen [39]. CAF-derived sEVs car-
ried numerous acetates to facilitate the contribution of 
acetate to promote FA synthesis, allowing cancer cells 
acquire enough energy to grow and metastasize [38]. 
These results demonstrated that sEVs rewrite cancer 
cells de novo lipogenesis by influencing the related 
enzymes.

sEVs influence the catabolism of lipids in cancer
Unlike the definite FA synthesis pathways, FA oxida-
tion in tumor cells (FAO; also known as beta oxidation) 
remains unknown to a great extent [32]. sEVs from adi-
pocytes transferred FAO-related proteins (including 
ECHA, HCDH, HCD2, etc.) and FAO substrate (FA) 
to melanoma cells, driving FAO to realize metabolic 
remodeling in tumor [40]. Polymerized immunoglobu-
lin receptor (PIGR) is an sEV-associated glycoprotein, 
whose increased expression is concerned tightly with 
liver metastasis and poor prognosis in patients with 
colon cancer [41]. Abnormally expressed PIGR in CRC 
may be comprised in the modulation of signal pathways 
related to the FA metabolism, such as mitochondrial FA 
beta oxidation, thus reprogramming cancer cells meta-
bolically [42]. Peroxisome proliferator-activated receptors 
(PPARs) are members of the nuclear receptor superfamily 
that are responsible for fat and carbohydrate metabolism 
and homeostasis and are expressed in many human solid 

Fig. 2 The potential mechanisms of sEV-mediated metabolic reprogramming of amino acids and lipid metabolism. The figure was created using 
Figdraw (www. figdr aw. com). ACLY: ATP citrate lyase; FA: fatty acid; XIST: X inactive specific transcripts; ACC: Acetyl-CoA carboxylase; FASN: Fatty 
acid synthase; SREBPs: Sterol regulatory element binding proteins; FAO: Fatty acid oxidation; PIGR: Polymerized immunoglobulin receptor; PPARs: 
Peroxisome proliferator-activated receptors; CPT1A: Carnitine palmitoyltransferase 1; ACOX1: Acyl-coenzyme aoxidase 1; circ-SFMBT2: circRNA 
Scm-like with four malignant brain tumor domains 2; ENPP1: Ectonu nucleotide pyrophosphatase/phosphodiesterase 1

http://www.figdraw.com
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tumors [43]. Carnitine palmitoyltransferase 1 (CPT1A) 
and acyl-coenzyme aoxidase 1(ACOX1) are the targets 
of PPARs and critical enzymes involved in FAO path-
way. sEV CD147 could suppress FAO by suppressing p38 
MAPK signaling to down-regulate the expressions of 
PPARα and its target genes of CPT1A and ACOX1, which 
consequently reprogrammed cancer cell lipid metabo-
lism except for its functions in de novo lipogenesis [36]. 
Ectonu nucleotide pyrophosphatase/phosphodiester-
ase 1(ENPP1) is a type II transmembrane glycoprotein, 
a decrease in which is connected with poor prognosis in 
HCC patients [44, 45]. Down-regulated sEV-associated 
ENPP1 and FA fatty acid degradation and PPAR signaling 
pathways are the signaling pathways for the enrichment 
of sEV ENPP1 co-expression molecules [46]. Addition-
ally, ENPP1 may take part in the supervision of other 
lipid metabolic routes, including FA ω-oxidation [45]. 
The above studies confirmed that sEVs reprogram can-
cer metabolism in the anabolism and catabolism of lipids 
through their cargos, thus promoting the occurrence and 
development of tumors.

sEVs regulate amino acid metabolic reprogramming 
in cancer cells
Improved metabolism of glutamine is a common meta-
bolic change in tumors, and its importance only second 
to glucose in cancer metabolism [33]. sEVs play a criti-
cal role in amino acid metabolism changes by transfer-
ring various molecules. Glutamine is transported to the 
cytoplasm by glutamine transporters, and the catabolism 
of glutamine begins with the conversion of glutamine 
to glutamate. sEVs from BMSCs contain glutamic acid 
and lactic acid, which can directly provide nutrition 
for cancer cells and promote the malignant develop-
ment in breast cancer [47]. sEVs from CAFs may supply 
a “ready” metabolite cargo such as glutamine and argi-
nine to promote cancer progression in nutrient-poor 
conditions [38]. The CAF-derived sEV lncC01614 medi-
ates enhanced glutamine absorption in cancer cells by 
interacting with ANXA2 and p65 to promote ANXA2-
dependent p65 phosphorylation, which, in turn, activates 
the NF-κB pathway to increase glutamine transporters 
SLC38A2 and SLC7A5, ultimately enhancing the inflow 
of glutamine into tumor cells [48]. SLC1A5 is another 
glutamine transporter that works as a cancer-promot-
ing factor in esophageal cancer (EC). Exosome circRNA 
Scm-like with four malignant brain tumor domains 2 
(circ-SFMBT2) use the miR-107/SLC1A5 cascade to 
induce the malignant phenotype of EC. Mechanistically, 
circ-SFMBT2 reduced the consumption of glutamine and 
the synthesis of glutamate or α-ketoglutarate by down-
regulating miR-107 to increase the levels of SLC1A5 

[49]. Glutamine can be reduced to α-ketoglutaric acid in 
chondriosomes as an intermediary in the TCA cycle and 
provide carbon for lipogenic acetyl-CoA in two different 
pathways. Cells can oxidatively metabolize glutamine-
derived αKG in the TCA cycle and generate pyruvate 
[50]. However, hypoxic cells rely almost exclusively on 
reductive carboxylation of αKG to generate citrate for de 
novo lipogenesis [51]. In reductive glutamine metabo-
lism, α-ketoglutaric acid generates M5 citrate, which is 
further catalyzed to M3 fumarate and M3 malate [38, 
52]. The addition of CAF-derived sEV in cultured can-
cer cells increased the M3 fumarate and M3 malate in 
them, suggesting that sEVs enhanced glutamine entry 
into the TCA cycle through reductive pathway to change 
cancer cell metabolism [38]. Besides glutamine, arginine 
is the major amino acids critical for tumor cell division 
and sEVs from human amniotic epithelial cells (hAEC), 
which significantly modulated amino acid metabolism 
by fueling the Warburg effect and running out arginine 
to exert anti-cancer functions [53]. However, most of the 
studies mainly focus on glycolysis, and the mechanism of 
how sEVs influence the amino acid metabolism in can-
cer cells should be explored as an emerging development 
direction in the future.

Metabolic reprogramming in cancer cells promotes sEV 
secretion
The oxygen demand of tumor quickly increases owing to 
their rapid growth and hypoxia is the critical character-
istic of solid tumors [54]. The recent research shows that 
hypoxia enhances sEV secretion by tumor cells and deliv-
ers sEV cargos like miR-301a-3p, which can induce the 
M2 polarization of macrophages and accelerate tumor 
progression [55, 56]. As a critical pathway in hypoxia, the 
function of HIF-1 can be elevated by metabolic changes 
in tumor cells, which stimulates the gene expressions of 
glycolysis-related proteins including glucose transporters 
and glycolytic enzymes, which absorb glucose and trans-
form it into lactate in the rewriting of cancer metabo-
lism [57]. The lactate from tumor glycolysis creates an 
acidic environment and facilitates the release of sEVs 
due to their acidophilic nature [58]. In brief, the meta-
bolic changes of cancer cells may increase the secretion 
of tumor-derived sEVs carrying different molecules men-
tioned before, which speed up tumor metastasis.

sEV‑mediated metabolic reprogramming 
of the TME communicates cancer cells and stromal 
cells
sEVs carry biologically active substances to shuttle 
between tumor cells and stromal cells in the TME, con-
sequently affecting tumor progression. The feedback 
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loop between stromal cells and cancer cells facilitates the 
growth of cancer cells by altering metabolism via sEVs [3] 
(Table 1).

sEV‑mediated metabolic reprogramming connects CAFs 
with tumor cells
CAFs are well accepted as critical part of the abundant 
stromal cells located in the TME [73]. CAFs regulate 
cancer progression by stimulating cell proliferation, pro-
moting immune escape, and stimulating angiogenesis 
and resistance to treatment [74]. CAFs can modify the 
metabolism of cancer cells by undergoing aerobic glyco-
lysis to produce high fuels (like lactic acid) to feed cancer 
cells so that their proliferation ability can be enhanced. 
The metabolic cooperation phenomenon is the ‘reverse 
Warburg effect’, being similar to the ‘Warburg effect’ in 
tumors [75]. CAFs with the catabolic phenotype gener-
ate and release a quantity of lactate through monocar-
boxylate transporter 4(MCT4), while neighboring tumor 
cells could enhance lactate uptake through MCT1 and 
oxidize it to supply energy [76]. These results suggest the 

existence of tight metabolic junctions between fibroblasts 
and tumor cells.sEVs have been proven to create a shared 
metabolic environment and mediate important commu-
nication between CAFs and cancer cells. Triple-negative 
breast cancer cell-derived sEVs provide ITGB4 protein 
to CAFs, thus inducing autophagy and the production 
of lactic acid in CAFs [59]. Bladder cancer-derived sEVs 
mediate the process of TGFβ transportation to normal 
fibroblasts, thereby promoting the transformation of 
fibroblasts to CAFs [60]. Besides, the tumor-derived exo-
some miR-105 makes CAFs appear in different metabolic 
patterns when faced with high or low nutrient levels, by 
activating MYC signaling. Glucose and glutamine metab-
olisms are increased in CAFs to feed contiguous cancer 
cells when nutrient levels are high and these CAFs are 
capable of transforming metabolic wastes into energy-
rich metabolites when lacking nutrition [61]. Apart from 
glucose metabolism, sEV-mediated metastasis suppres-
sors NME1 and NME2 downregulate the expression of 
FA and cholesterol metabolism-related genes meaning-
fully to modify lipid metabolism in fibroblasts [64].

Table 1 Overview of sEV-mediated metabolic reprogramming in the TME

sEVs cargoes Donor cells Recipient cells Function Ref

ITGB4 Triple-negative breast cancer cells CAFs Induces autophagy and the production of lactic acid 
in CAFs

[59]

TGFβ Bladder cancer cells Promotes the transformation of fibroblasts to CAFs [60]

miR-105 Breast cancer cells Reprograms metabolic patterns of CAFs to fuel cancer 
cells

[61]

LMP1 CM cells Activates autophagy and glycolysis in CAFs [62]

HSPC111 Colorectal cancer cells Reprograms lipid metabolism in CAFs [63]

NME1 /2 Invasive breast carcinoma cells Modify Lipid metabolism in Fibroblasts [64]

miR-155, miR-210 Melanoma cells Increases glycolysis and decreases OXPHOS in fibro-
blasts

[65]

SNHG3 CAFs Breast cancer cells Inhibits OXPHOS and increases glycolysis in tumor [25]

Amino acids, lipids Prostate and pancre-
atic cancer cells

Directly provide metabolites to cancer cells [38]

PKM2 Hypoxic lung cancer cells Macrophages Induces M2 macrophage polarization [66]

HMGB-1 Lung cancer cells Enhances glycolysis to induce immunosuppressive 
macrophages

[67]

HISLA TAMs Breast cancer cells Promotes the glycolysis and apoptotic resistance of 
cancer cells

[16]

miR-155 Breast cancer cells CAAs Promotes beige/brown differentiation and revise 
metabolic characteristics in adipocytes

[68]

AM Pancreatic cancer cells Promotes adipocyte lipolysis [69]

FAO enzymes and FA CAAs Melanoma cells Stimulate FAO in order to enhance aggressiveness of 
cells

[40]

miR-100 MSCs Colorectal cancer cells Inhibits cancer cells glycolysis to induce the apoptosis [28]

Lactic acid and glutamic acid Breast cancer cells Support tumor growth [47]

PKM2 Hepatocellular carcinoma cells Monocytes Leads to monocyte-to-macrophage differentiation 
and tumor microenvironment remodeling

[70]

VEGF/VEGFR Acute myeloid leukemia cells ECs Enhances ECs glycolysis and proliferation [71]

CAT1 Colorectal cancer cells Supports amino acid metabolism in ECs [72]
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Meanwhile, CAF-derived sEVs are also dominant con-
tributors to metabolic remodification in cancer cells. In 
breast cancer, CAF-derived sEV lncRNA SNHG3 was 
found to up-regulate the levels of PKM1/M2 as a molecu-
lar sponge of miR-330-5p, thus suppressing OXPHOS 
and enhancing the tumor cell proliferation [25]. Further-
more, CAF-derived sEVs shift the carbon source from the 
oxidative glucose pathway to glutamine with the help of 
the reductive carboxylation pathway in the TCA cycle, 
boosting the level of glutamine in tumor cells [38]. Intra-
exosome metabolomics also shows that CAF-derived 
sEVs provide substances like amino acids, lipids, and 
TCA-cycle intermediates for tumor cells to realize meta-
bolic reprogramming [38]. In conclusion, sEV-associated 
metabolic modification is a crucial means of intercellular 
communications between cancer cells and CAFs, pro-
moting tumor cell growth.

sEV‑mediated metabolic reprogramming triggers 
macrophage polarization
During pro-tumor inflammation, macrophages have 
been reported to play a vital role [8]. Typically, mac-
rophages are divided into two main phenotypes on the 
basis of their functions—the M1 phenotype manifest-
ing immunostimulatory peculiarities and M2 phenotype 
manifesting immunosuppressive peculiarities [77]. Accu-
mulating evidence suggests that as major constitutions of 
the TME, TAMs in tumor cells mainly exist as an M2-like 
phenotype [78]. Macrophage polarization depends on 
comprehensive intracellular metabolic alteration and 
usually, M1 macrophages are supported by aerobic gly-
colysis, while the M2 phenotype relies on OXPHOS [79]. 
Many experiments attempted to analyze the connection 
between macrophage polarization and sEVs in tumors. 
Hypoxic tumor-derived sEV PKM2 was reported to trig-
ger M2 polarization of macrophages via the AMPK path-
way to promote lung cancer progression and metastasis 
[66]. A study showed that although TAMs typically act 
as M2-like macrophages, their metabolic features are dif-
ferent from these cells. Instead, being analogous to M1 
macrophages to a large extent, TAMs perform glycolytic 
dominant metabolism to survive and sustain their func-
tions [79]. Tumor-derived sEVs increase macrophage 
glycolysis through TLR2-NF-kB signaling to make them 
obtain immunosuppressive phenotype, which was distin-
guished by abundant (programmed cell death ligand-1) 
PD-L1 expression and PD-L1 was positively relevant with 
levels of GLUT-1 from primary tumors [67]. TAMs also 
promote the glycolysis and apoptotic resistance in cancer 
cells through sEVs transferring HISLA to block the deg-
radation of HIF-1α. In contrast, glycolytic cancer cells 
release lactate to upregulate HISLA in TAMs to form a 
feed-forward loop [16]. Both these studies demonstrated 

that sEVs play a key role in the metabolic reshaping of 
TAMs and cancer cells, promoting macrophage polariza-
tion and tumor progression.

sEV‑mediated metabolic reprogramming stimulates CAA 
oxidation
In light of the fact that obesity is linked to cancer pro-
gression, adipocytes are recognized as key players in the 
TME [80]. Cancer-associated adipocytes (CAAs) produce 
adipokines, and adipocytokines to influence the migra-
tion, and growth of cancer cells [81]. In contrast, tumor 
secretions trigger lipolysis in nearby adipocytes, which is 
called cachexia [82]. When referring to tumors, massive 
delipidation occurs in CAAs, which can provide FA for 
the fueling of FAO in tumor cells [80]. sEVs are involved 
in the bidirectional metabolic cross-talk between CAAs 
and cancer cells. Breast cancer-derived sEVs can secret 
miR-155 to promote beige/brown differentiation and 
revise metabolic characteristics in resident adipocytes 
through the down-regulation of PPARγ expression [68]. 
Adipocyte‐derived sEVs stimulate melanoma FAO to 
enhance the aggressiveness of cells  with  melanoma by 
providing FAO enzymes and FA [40]. Besides, PC cells 
secrete sEV adrenomedullin to motivate ERK1/2 and 
p38 MAPK axis, thereby promoting adipocyte lipoly-
sis associated with early weight loss in PC patients [69]. 
Accordingly, it can be speculated that sEVs derived from 
adipocytes could enhance tumor development by reshap-
ing cancer cell lipids metabolism.

sEV‑mediated metabolic reprogramming mediate MSCs 
and tumor cell communication
MSCs are multipotent cells, generally presented in tis-
sues throughout the human body. In a TME, MSCs are 
educated as tumor-promoting phenotypes by tumoral 
factors, developing into cancer-associated mesenchymal 
stem cells (CA-MSCs) [83]. Specially, MSCs are capable 
of differentiating into CAAs as well as CAFs to affect the 
metabolism of cancer cells [83]. MSCs can evolve into 
CA-MSCs via microenvironment acidification arisen 
by the glycolysis of tumors [84]. In an HCC-mimicking 
microenvironment, MSCs glycolysis activity is enhanced 
because of mitochondrial dysfunction [47]. sEV-involved 
metabolic reprogramming features in the interaction 
between tumor cells and MSCs. MSC-derived sEVs 
secrete miR-100 to upregulate the expression of miR-143, 
thus repressing mTOR signaling, which can lead to the 
suppression of its downstream signaling molecule includ-
ing glycolysis enzyme HK2 to inhibit glycolysis [28]. 
Excluding the impacting signaling pathway, MSC-derived 
sEVs directly support tumor progression by providing 
metabolic substrates including lactic acid and glutamic 
acid to cancer cells [47]. In conclusion, sEV-mediated 
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metabolic reprogramming serves as a communication 
system between MSCs and tumor cells.

sEV‑mediated metabolic reprogramming 
in forming pre‑metastatic niches and promoting 
metastasis
Metastasis is the hallmark of cancer, being the continu-
ous challenge in cancer therapy resistance and mortality. 
Before cancer cells successfully disseminate to secondary 
organs, the tumor metastasis supporting environment, 
termed as the ‘pre-metastatic niche’ has already formed 
[8]. sEV-mediated metabolic reprogramming motivates 
the creation of advantageous microenvironment for 
tumor metastasis by being involved in critical procedures 
such as angiogenesis and immunosuppression (Fig. 3).

Shaping acidic tumor microenvironment
In cancer glycolysis, glucose is metabolized to lactate 
and it can be exported to the extracellular space through 
MCT, finally forming a high lactic acid TME [85, 86]. 
sEVs from hAEC could enhance the lactate secretion by 
potentiating the glycolysis pathway and inducing exces-
sive lactate formation in cancer cells [53]. Except for 
cancer cells, the reverse Warburg effect of CAFs contrib-
utes to the formation of acidic microenvironment, and 

high-glycolytic-activity fibroblasts could release lactic 
acid via MCT1 to the TME [87]. Exposure of fibroblasts 
to melanoma-derived sEVs is the reason for the enhanced 
glycolysis and reduced OXPHOS in these cells, which 
consequently induces the acidic microenvironment [65]. 
The low pH produced via lactic acid by modifying glu-
cose/glutamine metabolism is conducive to the exist-
ence of immunosuppressive cells in the PMN, leading 
to tumors escaping from immune surveillance and the 
increased survival ability of tumor cells under high pres-
sure [47, 86]. Besides, lactate can induce macrophages to 
overexpress vascular endothelial growth factor (VEGF), 
hence producing more blood vessels beneficial for the 
epithelial–mesenchymal transition of tumors [86]. The 
acidification of TME has been demonstrated to exacer-
bate the metastasis of cancer cells [88]. Another experi-
ment proposed that local acidification of stroma was 
conducive to the PMN formation [65]. Thus, the effects 
of sEVs promoting lactate production to shape acidic 
matrix pave the way for the PMN establishment.

Angiogenesis
Angiogenesis, a complicated procedure whereby tumors 
obtain plentiful nutrients, is fundamental for tumor pro-
gression and finally promotes metastasis as a dominant 

Fig. 3 The functions of sEV-mediated metabolic reprogramming in the formation of a PMN. The figure was created using Figdraw (www. figdr aw. 
com). PMN: The pre-metastatic niche; CAFs: Cancer-associated fibroblasts; CAAs: Cancer-associated adipocytes; Tregs: Regulatory cells; NK cells: 
Natural killer cells; MDSCs: Myeloid-derived suppressor cells; MCT: Monocarboxylate transporter; ECs: Endothelial cells

http://www.figdraw.com
http://www.figdraw.com
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hallmark of the PMN [89]. sEVs carrying multiple pro-
angiogenic factors promote angiogenesis in physiologi-
cal and pathological conditions [90]. Recent research has 
evidenced that the crosstalk between autophagy and sEV 
secretion could influence angiogenesis by mediating the 
function of human ECs [91, 92]. Cancer-associated sEV 
is one of the potential mechanisms that accelerate ves-
sel formation [58]. sEVs could induce phenotypic and 
functional changes in ECs. Potentially, the affluent cargo 
including RNAs, miRNAs, and angiogenic proteins seems 
to be effective in phenotypic modulation of ECs and in 
contributing to angiogenesis [93]. Over the last few years, 
ECs have been reported to depend on aerobic glycolysis 
rather than oxidative phosphorylation to generate ATP 
during angiogenesis. The unique metabolic feature of 
ECs is crucial for tumor cell proliferation and migration 
[94]. VEGF is a well-known angiogenesis-related fac-
tor by which EC metabolism can be transformed from 
OXPHOS to the glycolysis pathway [95]. AML-derived 
sEVs contain VEGF, VEGF receptor (VEGFR) messen-
ger RNA, thus modulating VEGFR expression in ECs to 
enhance its glycolysis and proliferation [71]. Except for 
glucose metabolism, sEVs are able to carry high-affinity 
cationic amino acid transporter 1, which is identified as 
the main shipper of arginine to support arginine transfer 
and NO metabolism, hence promoting EC growth [72]. 
EVs were found to drive the formation of PMN by stimu-
lating angiogenesis [94].

Metabolically reprogramming stromal cells
sEVs could reprogram stroma cell metabolism espe-
cially CAFs in the PMN to accelerate metastasis. In 
breast cancer, Tumor-derived sEVs transport miR-122 
to decrease the glycolytic utilization in matrix cells 
by targeting PKM2, making tumor cells at pre-meta-
static sites use glucose to the maximum extent [96]. 
Moreover, CRC cell-derived sEV HSPC111 promotes 
PMN establishment by phosphorylating ACLY, which 
can reprogram lipid metabolism in CAFs [63]. sEVs 
miR-155 and miR-210 released by melanoma cells led 
to an increase in aerobic glycolysis and decrease in 
OXPHOS in fibroblasts to favor PMN formation [65]. 
Except for CAFs, metabolic changes have taken place in 
other important stromal cells well. sEV PKM2 induced 
metabolic reshaping in monocytes and STAT3 phos-
phorylation in the nucleus to overexpress differen-
tiation-associated transcription factors, resulting in 
monocyte-to-macrophage differentiation and TME 
remodeling, eventually promoting tumor progression 
[70]. Wu et al. [97] found that sEVs from the tumor-adi-
pocyte coupling provoked beige/brown differentiation 
and remodeled adipocytes metabolically to enhance 
metastasis. Additionally, sEVs carrying VEGF were 

reported to enhance EC glycolysis [98]. Altogether, 
noncancerous cell metabolism has been reprogrammed 
by rapidly internalizing sEVs secreted by cancer cells, 
making metabolic reprogramming the critical contribu-
tor to form PMN and exacerbate metastasis.

Immunosuppression
Immunosuppression may be the most significant char-
acteristic of the whole features of the PMN [99]. As 
mentioned above, sEVs could stimulate lactate produc-
tion and extracellular acidification arisen from lactate 
secretion, which could affect immune cells (natural 
killer cells [NK cells], effector T cells) and immuno-
suppressive cells (M2, regulatory cells [Tregs] and 
myeloid-derived suppressor cells [MDSCS]), building 
the immunosuppressive network in cancer cells [100]. 
Lactate could straight suppress the cytolytic activity of 
NK cells and mediately suppress their effects via raising 
the amounts of MDSCs, which hinder NK cytotoxicity 
[101]. PD-L1/programmed cell death receptor-1 (PD-1) 
signaling is classic tumor immune escape mechanism. 
M2-type macrophages are mostly engaged in immuno-
suppression because their overexpressed PD-L1 could 
bind with PD-1 on effector T cells to stop the function 
of T cells and abundant lactate in the TME caused by 
sEVs could induce M2-type polarization [86, 102]. Also, 
tumor-derived sEVs could polarize macrophages into 
an immunosuppressive phenotype within the PMN 
through TLR2-NF-kB-dependent, glycolytic domi-
nant metabolic rewriting by increasing the expression 
of PD-L1 in TAMs and lactate produced via glycolysis 
could act on NF-κB, further driving PD-L1 expression 
[67]. In an acidic TME, owing to the suppression of 
MCT-1 on T cells, T cells cannot banish accumulated 
lactate, causing suppression of function and metabo-
lism [103]. However, for Tregs, which can obstruct 
other immune cells like T cells, high concentration of 
lactic acid facilitates its proliferation, finally promot-
ing tumor immune escape [86]. In brief, sEVs could 
create an immunosuppressive environment by increas-
ing lactic acid to influence the functions of various 
immune-related cells. sEVs originated from pancreatic 
ductal adenocarcinoma cells with the missing SMAD4 
contribute to the MDSCs proliferation via increased 
glycolysis and calcium flux by means of transporting 
differentially expressed miRNA and protein relevant 
to SMAD4 [104]. Consequences of the above all dem-
onstrated that the potential effect of exosome-related 
metabolic reprogramming in immunosuppression of 
the PMN. In sum, secretions from sEVs function as 
tumor-supportive substances by promoting the estab-
lishment of the PMN via metabolic modification.
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The emerging application of sEV‑mediated 
metabolic reprogramming
As diagnostic and prognostic markers
sEVs are readily available in almost all body fluids, includ-
ing blood, urine, saliva and ascites. They can serve as a 
“liquid biopsy” allowing for non-invasive tumor real-time 
monitoring due to enriched bioactive molecules that 
reflect the pathologic state of the originating cell, thus pro-
viding a rich source of biomarkers [105, 106] (Table 2).

The obvious increase in the four glycolysis-related 
proteins PKM1/2, enolase 1, aldolase and fructose-bis-
phosphate A in sEVs from patients with ovarian can-
cer recurrence circulating blood plasma can be used to 
predict cancer palindromia [107]. sEV circRNAs may 
be regarded as diagnostic and prognostic biomarker of 
tumors owing to their massive existence and significant 
effects in cancer progression [109]. Compared with the 
oxaliplatin-sensitive group, the expression level of ciRS-
122, which could target PKM2 to promote glycolysis, was 
higher in the oxaliplatin-resistant patient serum sEVs, 
revealing that the level of ciRS‐122 was positively associ-
ated with CRC oxaliplatin resistance [23]. We can there-
fore accept ciRS‐122 mediating metabolism as a possible 
predictor of cancer drug resistance. Serum-derived sEV 
PKM2, a glycolytic enzyme, from patients with either 
primary prostate cancer (PCa) or metastasis managed 
to create a PMN, suggesting that exosome PKM2 can be 
regarded as a novel clinical biomarker in PCa [108]. High 
expression of circPDK1 in serum was linked with a poor 
prognosis of pancreatic cancer patients and it could stim-
ulate c-Myc to enhance glycolysis. Thus, circPDK1 could 
be a novel diagnostic marker for early PC diagnosis [17]. 
These results demonstrate that the sEVs targeting meta-
bolic reprogramming can be regarded as prospective 
diagnostic and prognostic biomarkers.

As therapeutic targets
Therapy aimed at sEVs shall be now put on the agenda 
of cancer treatment in view of the emerging role of 
sEV-mediated metabolic reprogramming in tumor pro-
gression as described. CAF-derived sEVs carry SNHG3 
to facilitate tumor proliferation through enhancing 
glycolysis. These metabolic tendencies in CAFs were 
reversed by transducing to SNHG3 knockdown cells 

with sh-SNHG3-expressing lentivirus [25]. Moreover, 
the sEV inhibitor, GW4869 could inhibit the glycolysis 
and activation of cells by blocking the secretion of sEVs 
[110]. GW4869 may alter the metabolic alterations in 
breast tumors, subsequently generating the inhibition 
of the cancer progression [25]. We can anticipate that 
sEVs exploit the potential advantages to the full in future 
tumor treatment someday.

As drug‑delivery systems
sEVs have the ability to circulate in the body via blood 
and avoid immune responses, and the unique character-
istic of sEVs perforating the blood–brain barrier makes 
them function as drug-delivery systems targeting can-
cer cells [111, 112]. Hence, the direct engineering (load-
ing sEVs with curative agents) and indirect engineering 
(modifying parental cells to produce functional sEVs) of 
sEVs pave a new way for drug delivery [113]. MSCs and 
dendritic cells are two major cell sources for the engi-
neering use of sEVs, and sEVs from MSCs are ordinar-
ily utilized for delivery systems [114]. However, under 
the condition of tumor, the use of cancer-derived sEVs 
may bring more benefits owing to their targeted hom-
ing and immunactivation ability [114]. The application 
of short interfering RNAs represents a milestone per-
sonalized medicine development, and sEVs can trans-
port si‐ciRS‐122 to reverse resistance to oxaliplatin by 
suppressing the glycolysis pathway [23]. In view of this, 
we expect the engineering of sEVs and the use of tumor-
derived sEVs loading various substances to inhibit tumor 
growth by regulating metabolism widely.

Conclusions and perspectives
sEVs, the powerful mediators in cell-to-cell communi-
cation, alter the metabolism of cancer and stromal cells 
to enhance the growth of tumor. Furthermore, sEVs 
promote PMN formation in various aspects by mediat-
ing metabolic reprogramming. Hence, the engineering 
of sEVs and the therapy targeting sEV-mediated meta-
bolic reprogramming are regarded as novel approaches 
in cancer clinical treatment. sEVs can be regarded as 
potential diagnostic or therapeutic targets in cancers and 
function as drug-delivery systems to target tumor cells. 
Future studies are recommended to solve the following 

Table 2 Metabolism-associated sEVs from biofluids as cancer diagnostic biomarkers

Biomarkers Cancer types Biofluids Clinical value Ref

PKM1/2, ENO1, ALD, FBA Ovarian cancer plasma Prediction of epithelial ovarian cancer recurrence [107]

ciRS‐122 Colorectal cancer serum CiRS-122 overexpression is associated with chemoresistance [23]

PKM2 Prostate cancer serum A novel clinical biomarker in PCa [108]

circPDK1 Pancreatic cancer serum Diagnostic biomarker for early PC patients [17]
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questions.1) How to use reprogramming of amino acids 
and lipids mediated by sEVs to provide more fresh ideas 
for clinical treatment of cancers? 2) How to improve sEV 
separation and purification techniques to increase their 
yield and purity in large-scale clinical application? 3) 
How to increase the targeting effect of engineered sEVs to 
reverse the metabolic changes in recipient cells and pre-
vent the formation of PMN?4) Does the engineering of 
plant-derived sEVs present more advantages than human 
EVs due to the advantage of easily acquiring from natu-
ral plants or not? The current study about sEV-mediated 
metabolic reprogramming in PMN ushers in a promising 
new chapter in the future therapies for cancers.
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