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Progress of extracellular vesicles in tumor radiotherapy resistance regulation and

sensitization strategies

LIU Xuan? GUAN Chengnong'*
!(The First Dongguan Affiliated Hospital of Guangdong Medical University, Dongguan 523106, China)

*(Guangdong Medical University, Zhanjiang 524023, China)
ABSTRACT  Extracellular vesicles (EVs) exert dual roles in tumor radiation resistance (RR) and
radiosensitization. On one hand, tumor-derived EVs transport miRNAs (e.g., miR-1246, miR-21), long non-coding
RNAs (e.g., NORAD), and proteins (e.g., pATM, Survivin) to regulate DNA damage repair, cell cycle, and apoptosis
pathways, thereby promoting RR development. On the other hand, EVs, leveraging their inherent properties as
nanocarriers (biocompatibility, targeting capabilities, and blood-brain barrier penetration), serve as an ideal delivery
platform for radiosensitizers. Engineering strategies (e.g., surface modification, CRISPR/Cas9 loading) can further
enhance EVs' targeting and functionality. Additionally, EVs influence radiotherapy efficacy by modulating the
immune microenvironment (e.g., PD-L1 transfer, M2 macrophage polarization), exhibiting a double-edged effect of
"immune activation" and "immune suppression." Despite their immense potential in personalized radiotherapy
sensitization, clinical translation faces challenges including large-scale production, standardization, and safety. This
systematic review summarizes the molecular mechanisms and application progress of EVs in regulating tumor
response to radiotherapy and enhancing sensitivity, offering new insights for optimizing radiotherapy strategies.
KEYWORDS Extracellular vesicles, Radioresistance, DNA damage repair, Radiosensitization
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Fig.1 Structure and biogenesis of extracellular vesicles. EVs mainly include exosomes, microvesicles, and apoptotic bodies, which
differ in biogenesis pathways and characteristics
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Fig.2 Schematic illustration of the dual roles of extracellular vesicles in tumor radioresistance and radiosensitization. EVs
contribute to radioresistance by modulating DNA repair, cell cycle, apoptosis, and immune responses, while engineered EV's can
serve as delivery vehicles to enhance radiosensitivity, highlighting their "double-edged sword" role
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Fig.3 Molecular mechanisms of extracellular vesicle - mediated tumor radioresistance. EVs promote radioresistance by delivering
specific nucleic acids and proteins that enhance DNA repair, regulate the cell cycle, inhibit apoptosis, and facilitate immune evasion,
collectively reducing the efficacy of radiotherapy
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Table 1

Summary of key cargo transported by EVs and their mechanisms in radiotherapy resistance

Cargo KM RFST
Cargo Type Representa-

BE R/AE B R

Target/signaling pathway

T A 11

Cancer type exam-

inesi R

Functional outcome

tive molecule ple
miRNA  miR-1246  $E[ DRSGFET- 244 S) MG U@ EE  H0HI 40 IE T, B 3R A2 0 /N e
Targeting DR5 (Death Receptor 5), in-  Suppresses cell apoptosis, enhances ~ Non-small cell lung
hibiting apoptosis pathways radiation survival cancer (NSCLC)
miRNA  miR-21 oKzl M2 B ARAL ] G BRI, I 59 T80T RONE figruiliors
Drives M2 polarization Suppresses immune microenviron- Glioblastoma
ment, weakens radiotherapy eftects (GBM)
miRNA miR-208a $075] p21 A1 AKT/mTOR 3l i P 3t it A M B 5, e/ D AR O il
Targeting p21 and AKT/mTOR path- Promotes lung cancer cell prolifera-  Lung cancer
ways tion, reduces apoptosis
miRNA  miR-199a-5p #'i] EEPD1 % DNA 12 5 & %)% Esopha-
Targeting EEPD1 Activates DNA damage repair geal squamous cell
carcinoma (ESCC)
IncRNA  HI19 N p53 g VAR T /
Inhibition of p53 pathway Reduction of apoptosis
E A5 pATM W% DNA 45473 8% DDR il % Jni% DSB 155 28 BT R
Protein Activation of DNA damage response Acceleration of DSB repair Neuroblastoma
(DDR) pathway
4=l MGMT/ &5 ki f DNA 4540 FRRYTI % JB 5T RE2H S g8
Protein APNG Repair of alkylated DNA damage Induction of radiation resistance Glioblastoma
(GBM)
K2 ANFRFERIEEVs FEBOT RIS T HIZ R
Table 2 Differences in mechanisms of radiotherapy resistance among EVs from different tumor origins
i Rg 251 RN EVs cargo FEHLH R
Cancer type Representative EVs cargo  Main mechanism References
AE/NgnpfufififE  miR-1246, EV-PD-L1 FPHIPE T (R R DRS) e #6 i (PD-L1/PD-1 4D [9,48-50]
NSCLC Inhibits apoptosis (targeting DRS), immune evasion (PD-L1/PD-1 axis)
4 E i miR-93-5p, miR-590-3p  #3E TGF-B/EMT Ji it , 55 43 401 fifd J& 3 [51,52]
CRC Activates TGF-B/EMT pathway, reshapes cell cycle
JBE R miR-21, RADS1, Ku70/80 1455 DNA & &8 /7. 38 zh M2 Bk 1k [9,14,53]
GBM Enhances DNA repair capacity, drives M2 polarization
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Table 3 Comparison of strategies for radiotherapy sensitization using engineered EVs

TR EENS HORTB Mo JRI PR
Engineering  Technical approach Advantages Limitations
strategy
RIMEM AR R U 2 AR &1 SEm R AL e T ST RS A B RR R, AT RER I EVs R
Surface Chemical conjugation, lipid insertion, & gés
modification ligand modification Enhances tumor targeting; enables ~ Complex process, may affect EV sta-
binding with radiotherapy targets bility
ENgmi  EAAYIE I R R miRNA/E  cargo SRIFFRE , AT K HURE il 4 H R B R Al R
Geneticen- H Stable cargo source, scalable pro- Potential biosafety concerns
gineering Overexpression of specific miRNA/ duction
protein in donor cells
difptigk WL E R RRL L E A SEIARTT TR 2R A PHMEAMR, 52 J7 54 EVs

Drug loading Electroporation, ultrasound, freeze-

thaw, co-incubation delivery

MERLS  SAORBRL KBRS &

Material hy- Hybridization with nanoparticles/hy-
bridization  drogels

NLEVs  FIFIELH s 07 A4y vk 2%
Artificial Membrane assembly or biomimetic
EVs fabrication

Enables chemo-/radio-sensitizer co-

B3 EVs R 8 T, SEA AR N - 5 1Y
Improves EV stability, prolongs
half-life in vivo

A, UL P TR
High controllability, scalable pro-

duction potential

Limited loading efficiency; some
methods damage EVs

TEEA In R A L =
Complex process, challenging clini-
cal translation

5 RIREVs Z Al i vPAL
Differences from natural EVs re-

quire further evaluation

33 EVsNESRERIMMEE
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RN G B S SR B, i R] 7 9 A 1k e %
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c¢GAMP 7} 1] 4 EVs #1252 DCs, JBUK STING /55,
X — 18 B AE BT - S W [ U DG e o,
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RIW Ak, 4 STAT3/PI3K-AKT %5 3@ i 43 W 1L-10.
TGF-B, M i G P2 40 ) 5 02 158 A B AR 10 h
B R X SR S 2 A T AR BT A (B R
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TETBUT I 50 TAM AR AL  Hi 55 6o 32 A P B e 8 2k
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n] 3t — P b CXCL-#&{b fih A AH 5% cargo, B0 Il 4
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(D AR (NKOGHE . #4> TEVs fER [ £
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miR-23a) , Al FHNK 41 i NKG2D "~ J 2 ki )
AESZPH, HI 55 A B #0 1E7 RAE H AT sk =
BRI — 2 5807 555 1 NK US4
FE U, (HiZALHI 278 TEVs 0] RE7E — & FE R IR 1
JRT A P NK A5 Bt e 8 280

(5) YR 4001 21 ffs (MDSCs) . TEVs A 3 i #%
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)23 MDSC )91 5 % 2 4| Th g , JE4 ) DC
B Bt 5 B, AT ) 55 P08 G e TRTT
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AP HEGE MDSC 54 515101,

332 #EEHEE

(1)CD8* %M T 415 CD4* T/Trego T 75
S TEVs 1 PD-L1 ¥ i, @ik B 845 4 CDS T 4l
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W NI CD69 k), IR T 75 5 1) F 722 I

PERONT o I R A SR R B 5 S 303 Wi DR 20 o e 5
=B SR AL TBUT JE 0 EVs  PD-L1 /K~
Ttim, 5E R EIEA RAHX, 32/~ 1E# EVs H PD-
L1 AR A S B RR AU (1938 75 AR AR B FEXS
M, DC-EVs I A PR -MHC B &9, 35858 X 2
i35 CD8*T 4l f i , 7k I B0 28 (2 10E vy . bk
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A, 33— 20 B 551807 F5 BIPUME G R

(2)B 41 i 5 18 15 % B 41 i (Bregs) . TEVs 1]
75 T Bregs 77 W IL-10, [E] #2 #1 #] CD8*T 5 DC &
PRSI TR N 2 24 TEVs BB & & cargo, IX
— IR REE— D R B A A T AT G Rz
A 70 i 988 RN 5 AHL G T “0TT B E Y B Al B b A
W UESEA A R TS RR IR T
333 IEH5R%RT

TEVs 1E 0T J& 3 I X0 7] 61 34 8« — J7 Tl i
ik dSDNA-cGAS-STING A4t iR i 2 it S e s 4k,
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NK E3E A3l S, NI 3K 30 RR . 8 75 T Pl s
AL (1D T4 EVs 181% STING #0371\ siPD-L1
B AW T miRNA , JEOK B8 G 58 B 1% 5F 0ok 55
G ™5 (2) WE I 95 3K EVs cargo (41 PD-L1+
miR-21/miR-1246) N 0T Bk & S 29715 I B 5T
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Immune // l Immune
resistance / : enhancement
@ @ |

miRNA Neutrop

Cytotoxic

//
@ \_// § T cell

NK cell

E4 JioT- EVs o X T BN 7 2 B o T80T AT R IR 4 i EV's 1 203 % cargo 417K, EV's — T T 2 i 1 428 4 9% 20 i Ty
RE ALk S e ), 53— 77 T TS B It B 5 2808 T A Jse B2, 18 S e J g 4 e, A B “ X0 674
Fig.4 Schematic illustration of the double-edged immunomodulatory effects of radiotherapy-induced EVs. Radiotherapy alters the
secretion and cargo composition of tumor-derived EVs, which can either suppress antitumor immunity by modulating immune cell
functions or enhance immune responses through antigen presentation and T cell activation

342 WERELBEE w4 FYDIR 25 3 R EVS[NCT01294072 11 % 3iF

H A, &3k 05 2 0 EVs 325 713t T EARISIE R AT AT . IX SRR 5T N EVs MSEER 5
B (&4 . i, §m KRAS G12D j@zm SIRNA-  EMIGKRBE 7 HEAl.
EVs[NCT03608631 ]7£ i i Ji i o o tH vl 5 1

R4 EVs RTREAATEYITEREERL IR RS s RBT 7L

Table 4 Preclinical and clinical research examples of EVs and engineered derivatives in tumor drug delivery

KA B cargo  HEIA/TAHE BT/ W PMID/NCT 4i 5

Type Target/Function Model/Subjects Research  PMID/NCT ID
Stage

251 [OF 53 HEK293 4 >R J5 1455 14 4h: SKBR-3/BT20 4H i ; IHARHT 30925190

Chemotherapeutics ~ Doxorubicin R E#{E AP :NA Preclinical

HEK?293-derived, en- In vitro: SKBR-3/BT20 cells;

hanced tumor selectivity in vivo: NA

1225 EY Bk iz s : MDCKMDRI 41 i ; I R I 26586551
Chemotherapeutics  Paclitaxel 2 5 PR : Lewis Jififes i F 1554 Preclinical

Macrophage-derived, In vitro: MDCKMDRI1 cells;

overcoming multidrug  in vivo: Lewis lung cancer metas-

resistance tasis model
W25 e BV IR R4k : A2780CP AR 5 IMARAT 35592860
Chemotherapeutics  Cisplatin [ES] AP BN S S A R A A Y Preclinical

Milk-derived EVs, re-  In vitro: A2780CP cells;

versing ovarian cancer  in vivo: ovarian cancer xenograft

resistance model
siRNA KRAS G12D i) SeA% 5 Rl i Bk I P B A% 1k Ml e R I NCT03608631
siRNA Targeting mutant gene  Clinical: metastatic pancreatic Clinical
silencing cancer patients
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KA HZj/cargo  FLIHI/ThRE liane WM PMID/NCT % 5
Type Target/Function Model/Subjects Research  PMID/NCT ID
Stage
miRNA miR126 i PTEN/PIBK & A4 : AS49 4ilffd ; ARG 31833519
Inhibition of PTEN/ PP < It e P A% R Y Preclinical
PI3K pathway In vitro: A549 cells; in vivo: lung
cancer xenograft model
RIRAED LR Y EVs FiR#% 1% W AR IE W 2 45 e FE 728 NCT01294072
Natural compounds ~ Curcumin Plant-derived EVs, oral ~ Clinical: healthy and colorectal ~ Clinical
delivery cancer patients
THLEV EVs-flE A $idixk 5 % /GM- PR B P R e TR ImARHT 32999828
Engineered EVs Fex CSF In vivo: metastatic peritoneal car- Preclinical
EV-liposome  Co-delivery of doxoru- cinoma model
hybrid parti-  bicin and GM-CSF
cles

£ : PMID 1] 7£ PubMed £ 1] , NCT 45 1] £ Clinical Trials.gov ZX I AH C I AR IR IS B -
Note: PMIDs can be searched on PubMed, and NCT numbers can be used to find related clinical trial information on ClinicalTrials.

gov.

343 ARG R G
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P T2 IE PR SN LH] (23 RRTE AL 75— 77T EVs tH A
e RAF 25 BI8 38 71, RER AR N 0 2 4
10) ORgicLs: &= 4 S IR NP S L (RS I ]
32 8] T 7 A 70 B AL S e R AL S S R
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COBUHEIRABT T - 381 35 2 41 22 e i A )
R EVs /1 3 RR YR BE 7 7 R 45 5 (O BOR
BRI LS R R EAL T EVs 7 1 21 5 Th
RESGIET & , HESh HBAL L = SRR 5 (3R

I7 SRISOUAL IR 5 T80T iR IT S BE IR T 55 2
BT E KR EVs 1E 1 RSG5 (SR LA 7
s (DOFGHELR 2R G « 45 SRS EOR, A EVs
PR EV TN BT S48 TR IR TT SR, SEBL
225 ML I 5 R HE T T
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TR BT R R 5. BB AR R S R
5 G TRESE U N #5825 ', EVs A7 BN BT
— AR BOT MR IT I E T 6 NIRRT AL
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