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Engineered Macrophage Exosome-Mediated Delivery of IL-2-mRNA

for Glioblastoma Treatment
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Abstract GBM (glioblastoma multiforme) is a common primary malignant tumor of the central nervous
system, whose treatment efficacy is severely limited by the dual barriers of the blood-brain barrier and the immu-
nosuppressive tumor microenvironment. IL-2 (interleukin-2), as a potent immunotherapeutic agent, demonstrates
significant anti-tumor effects; however, its clinical application is greatly restricted by severe side effects associated
with high systemic doses. To address these challenges, this study developed a novel gene delivery system, termed
cExo@LmNPs, which consists of /L-2 mRNA-loaded LNPs (lipid nanoparticles) encapsulated within exosomes de-

rived from M1 macrophages overexpressing CD161. The physicochemical properties of cExo@LmNPs were char-
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acterized using nanoparticle tracking analysis, agarose gel electrophoresis, Western blot, and cellular fluorescence
imaging. /n vitro studies using mouse primary T cells demonstrated that cExo@LmNPs significantly enhanced 1L-2
expression, promoted T cell proliferation, and enhanced the specific cytotoxicity against GL261 tumor cells. In an
orthotopic GBM mouse model, cExo@LmNPs exhibited superior tumor-targeting capability compared with plain
LNPs. Furthermore, cExo@LmNPs treatment markedly promoted the proliferation and activation of CD4" T and
CD8" T cells, increased M1 macrophage polarization, and resulted in significant tumor suppression with control-
lable systemic toxicity and good biosafety. In conclusion, cExo@LmNPs represent a promising strategy for the
safe and efficient delivery of /L-2-mRNA across the blood-brain barrier to tumor sites, effectively reshaping the im-

munosuppressive microenvironment and enhancing anti-tumor immunity, thereby offering a novel therapeutic ap-

proach for GBM treatment.
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B, o 3 SR B AN A (B 1A CD161 2 A I Ak
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LmNPs#: 2 A CD161 ExosomesH, M fill £ 5
SE[R 1% R4t cExo@LmNPs; WK 1. Z RGN
RE e R BB T YEAZ IR 2499 (IL-2-mRNA), IS H )
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IR A 1), AT A 2558 A G338 7 sRAE R A 1
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Fig.1 Schematic illustration of the construction of cExo@LmNPs
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111 iR NEN Y Bend 3. i fiR)5
JEAHN GL261. /N /N B4R & BV2IE 5 o E R
bt EHEYHMLEE ; DMEM. RPMI 16408 7% 500 B
Life Technologies A &) ; i 4+ L5 W B L RHI AP FE
HABR AT ; ALC-0315M B _EifghfHr T A4 B A
/A ; DSPC. DMG-PEG 200004 [ 35 [F Avanti 2
A ; EGPF-mRNA. IL2-mRNAW [ _F# 3 A E
H AR A Al Lyso-Tracker-Red. 4 ffi 3458 4k eFlu-
or™ 67040 I bR ic ¥ H 5% [ InvitrogenA 7] ; TNF-a
Tt B G, 28 W 3000 s 4 71) 6 R TR Ny it 6 e 28 W o 3o
SE R W H 3 [F Biolegend A &) ; LDHAG IR &
W 55 B Abcam A 7] 5 AN ARSI S0 H R AL
WMERE AR VIR IR A PR AR . /N C57BL/6J(6~8
JE, T ) B 5 R ISR I A E B AR AR . A
WAL & B BE 0 S B i 3 25 0 & ik dE (e 35
2021-414).
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moST16R. ThermoST8), Bf#F51¥ (Thermo Scientific
Multiskan GO)¥JI¥ H 3% [E ThermoFisher ScientificZy
Al LIRS BRAMRIRVKAE (4 °C. =20 °C)WH
U E W RER] . TEFL RS (Research® plus R 411
F #5[E Eppendorf/A & ; 44 KK B HLALAX (Zetasizer
Nano ZS)I H 5% [E Malvern /2 =] 5 i 75 I8 20 B AR A
(UP200St)1 [ 7 [F Hielscher A & ; 484N A Tz 1 4
I RE T (UV-3600 Plus)i B H A< Shimadzu/s 7 ;
1% ) F 1 M (Tecnai G2 Spirit) W [ 25 EFEIA 7);
T B A (CytoFLEX) I [ L D15, 2 P 7R R i 52
HIRAF ;4 H 303 E 20 258 (Observer 7)1 H
18 [ Carl ZeissA 7] ; LUK LI R 48 (Mini-PROTEAN
Tetra. Trans-blot Turbo)l4 H 3¢ [E Bio-Rad A &) ; 142~
K ICHEAL 73BT & 4t (Tanon Prime 2000 XDM)JW H
MR BEAE A R IR A B 2 DhREFLARE A (Spec-
traMax iD3)J H 3 [ Molecular Devices A 7]
1.2 LmNPsiyHI& 5 RAE

LNPsZ: {8 U 8 21 5 8 2 BEAH — KA PR VR &
FUHAT R . RUKE AL ALC-03153F T /K &
% (2 mg/mL)H ; I ALC-0315:DSPC:CHO:DMG-
PEG 2000(3% &) i (1) & L N 46.3:9.4:42.7:1.6 1 Lk
151 )il £ CBEAH 5 7KAH ) 422 R H, B BH B8 1 IR o2 7 1
(IL)5 mRNA R & L4508 2.5:1. 5:14 10:1, 20:1
HEATHI % o #E = mRNAJIA Z pH N 3.0/ 7K 1
PP RN S T P ) 2% o FRRE IR 2% 5 1 £ B AR
PO E N B KA LG BC— R LmNPs. R H]
Zetasizer Nano ZS(H /R SOKL LG E K ERLAR . %
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T HFEEL (polydispersity index, PDI) Al ZetaHL A7 ; B
JUE 7 48 2 BEL i <2 36 VP P R RS PH S TR R o T 5
mRNA(EGFP-mRNA)TEA R F &N g 56877,
VSt A 16 36 S I A I LN Ps (4 i J5R 3126 2 %, I3
it Western bloth& Il LmNPsALF f5 TL-2 ) 85 13 F ik 1
o

1.3 cExo@LmNPs#l|#& 5214 BN E

1.3.1 CDI161 E £ amiesPibiheg i AR
F15 CD161 1112 #5175 JE Bt e i 4l B R IR g M1
B E WA Raw264.7, #47d A2 E RIA CD1614r T
cRaw264.7 BRI, JFT 150 mm¥BEFRIM A 474"
KK TR Fral % FEIE 80%~95%H , UNEER; 7% LIk
W, 200.22 pmPEMEILJE, £ T4 °C. 3 000 xg%& A F
2020 mine BU_ETE WS VEXAMBAA S S iR- 55144301
IR S, 4 )CIREFEIHG, 4 °C. 10 000 xg
AT B &0 30 min, EEDTIE, BN cRaw264.7
5 I 40 Pt A M A 15 (cExo), 247 T—80 °C % FH &

1.3.2  cExo@LmNPs#9 % &-F= 224 H4 8 ] 5T bEs
IRSMIAARTE T PBSYA R, 148 LmNPs: SN A i &
R 13 BRI DN & & 1) LmNPs, & T Gene Pulser
Xcell ¥ R4t (Bio-Rad)H, AL HL . ki 5 5
ki R B S 2, RHR A N FL R, 15 S A
PR R AR AT PE 2 AL, BT LmNPs 5 4B 5 (1)
AN SLIEE , LSZHL LNPs 38, AT i 2h
#% cExo@LmNPso KGN KHLIE 73 M A0 2 9K 2K
IR A B4R AR T AL L3 (n=3). RN
W %2 cExo@LmNPs(2.3 pg/mL, LA mRNA1TF) 5
GL261 FIBV24IRILIE B0, 12, 24 hiG 7% 6I-1E,
DLV Aty FL A48 e 45 B S R 1B R« #F cExo@LmNPs
/Y BUTPBS. FBSHIDMEM Y, 4 °CHi B4R, i@k
FEACI B HA A2 A (n=3), VPN HAE AR A 5E
NHIREEE; BEE ¥ GL261 40 MRl T o6 LM, 24
YHAEIC A FEIE 3 60%~70% TN NS H 99K 254, T
37 °CH¥ B 24 h, K] CCK-87:45 1l LmNPs. Exo@
LmNPsHlcExo@LmNPs /A3 B 25441 FO 20 i 22 4
P,

1.4 cExo@LmNPs{A % i B Fx £ 40 BE T8 36 I7 31
RME

1.4.1 4R%h cExo@LmNPsiZ 3T dn fix FF [ M 48 ) 52
NPT Al N K AR A 11 B LG 5 B R 7, ARBIF FEA A T
BT NG A B2 40 B Bend 3 1) 4 4F BBBAE L)
Ro BT EA KT Bend 351 GL26 145 Al e Fh

F-Transwell &R & R 73005 7% . A9,
K53 EGFP-mRNA(2.3 pg/mL)[] LmNPs.
Exo@LmNPsHlIcExo@LmNPs I I 5, J#id JL 5
T M R = GL26 1 4 il S5 H A R IE T afm&
T8t AT

1.4.2 4R} cExo@LmNPs# At & o) 68484 NIF
fii cExo@LmNPs SRR 8 A, /N JEART
Y. GL2614N RS AN TN R . B, ¥ik
ﬂﬁﬁ&{zﬁﬂﬂ’mumﬁﬂ:% 2444, 137 °C. 5%
COBFFRA P I BE 77 . FRAH I A A 50%~60%
i, 73945 7 LmNPs. Exo@LmNPsHl cExo@Lm-
NPs(2.3 pg/mL, A mRNA )AL HE 48 h, W L
TEW, 38 ELISA BRI & A I IL-22K [ RIA KT (%
HEINELL). HIK, K illcExo@LmNPs5 4 TZH
Jie 38 5 R R 2R KT, RIKS TA0 R 5 05 40 P b e AR T
eFluor™ 670137 °Ci£ & 10 min, PBSHEE3 IR, 7345
T LmNPs. Exo@LmNPsHl cExo@LmNPs(2.3 pg/mL,
DImRNATH)ALEE, W55 72 him, WA T M, 85 i
M ASCI 2 T P B 2GR . Ak, BN RS
RTINS GL2614% 1 2.5:1. 5:1. 10:1. 20:1/9Ek
BIFE R 296 FLIR H, T-37 °C. 5% COLMIRE R4 3%
¥ g%, 7 l4 T LmNPs. Exo@LmNPs L X cExo@
LmNPs(2.3 pg/mL, LAmRNA )43 48 h, A
i S (lactate dehydrogenase, LDH)i{ 5 & 15t 4 5
15, I EEAR I B A FL450 nmAb DA, Ml E

AT A 2 P T 240 Bk I8 448 P P 3% A9 ¥ 2 (% 4L 1
H3NEL). &5, #—P I cExo@LmNPsfE i
TYHR IS g e, 18 Transwell/N = @7 T 5
GL26141 i L85 771K R, ¥ TAN A GL261 43 3 Ff
F/ANER EZEMTE, 4TS LmNPs. Exo@LmNPs
Al cExo@LmNPs(2.3 pg/mL, Pl mRNAit)f DMEM
AbFET72 h, AR FREE HIET, S ELISA MAX™
Deluxe Set Mouse TNF-af1ELISA MAX™ Deluxe Set
Mouse TFN-yiz 77 & 1t B 45 77 4 T B AR OO 2 % 1L
450 nmAb DA, M 52 TNF-o I TFN-y 7K P (5% 21 %
H3INEA).

1.5 cExo@LmNPs{A AR THR ZE&MIFN
1.5.1 cExo@LmNPstk A 4 4 4~ F Fo 470 I 98 250R
ME ARHEFS R G 0 TR A 32 7 2
FHOCH) FE BRI AR N SESG . L 6~8JE C5STBL/6JME
PE/N R (5 IR SE B S B B A PR A W ) it 50t
B, K G AR 5 AR SN BRI B 4 g
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AR AR5 R AT (1) /0N U I BRAH M R AR AR S K 2 0
BN RS 5%, WEE cExo@LmNPs%s
(A B el 1, DL &K S A T a0l 45 T S
U DIR % HEREF bR 1C 1 LmNPs. Exo@LmNPs,
cExo@LmNPs(2.5 mg/kg)bBE; [ )5, i@t /NhWig
R RSS2 G0 SEI I cExo@LmNPSSE7E /N FR AR P [
AW AT S AE IR AL S O (n=3), B € N K
5 A B R IN 1) R o R 24 i, b BN R
SrE/NRGONES L S B B A AT R A
A AT BT, B cExo@LmNPsS7E 3 2L
AE SR 2R A 1) 43 AR RFAE

Ak, 325l cExo@LmNPsZ5E 4K I ¥R 7
RS o DLl /N BB T B 41 R 8 458 28 O B Ailh,
i e A R IR B S SR, /N SRR AT BE ML 4 4
H3R, 73 H4%FPBS. LmNPs. Exo@LmNPs.
cExo@LmNPs(2.5 mg/kg), &FAIFG 3R 11X, i
S RN DS G A B i B RA N IE /)X
SR /)~ G106 8 J R AR AR AR A 5 VR IT S, S R JRR I
JEMEEALFE /N B, 2 B8/ BRI 2H 23, sd o v =X 4
FRAAS M 43 BT %5 AL EEZ4ICD4" T+ CD8' THAMI1A
Wk 4 i LA
1.5.2  cExo@LmNPs/R A 649 £ 49 2 2 M 4 N
Al cExo@LmNPs&ER N AE P2 21, B Je /N R
BENL 320 (n=3)5, 7334 T PBS. LmNPs. Exo@
LmNPs. cExo@LmNPs(2.5 mg/kg)ibBH, 43 55/
I (HIR HE 75 ik MR XL ), 3000 I 5 0 JHE 5 T e ok
BEFEPR: TN R IR = 3L #% F2 1 (alanine aminotransferase,
ALT). KA ZIRZ I % # 1 (aspartate aminotrans-
ferase, AST). JKZ %l (blood urea nitrogen, BUN). /L
fit (creatinine, CREA); B J5 , 7 9 e R EF Ji J56 20 b
FE/ANRT S E B (O L L L E), A
6] ¥ 97 L B [E R I 2R, 424% % 5 FR 1% = 3 ]
JE 20 minfg5 AT HEMMOK . ARG, TaY) A
WL &) (JEEZ) 4~5 pm), 5 1E F ) 18R
HEMAE AT IR g tt, S WiKIEW .. bk
RS ES A, 76 WA T PAAS [FIROR A5 HOW 8¢ 5F
P S H AR F A, i bR fiE. Mg,
Al R EE A 25 R X cExo@LmNPs 22 4 14
AT LR E VI
1.6 ZitE9H

45 48 FH GraphPad Prism 8.0% 47 43 #7 o
A BRI NI e, R R IE

Fone ALt B 3R 7 2 0 B AT, P<0.05
W e N B it 2 m S R AE .

2 HR
2.1 LmNPsEI& RSk

AT FTIE I LNPs# A& K SCHL IL-2-mRNA 1)
Rosik. 1o, Ik gk SCI AN AR B LR
LNPs[fI/K & HifE. PDIK ZetaHifi %5, 45 R EIR,
b 5 s EE 3N, LNPs IR IZ#T /N (K1 2A), H
HEIET RIS (K 2B). N T
LNPsf RNAZK Wikt R 40, AW 70— PR
TR HLESBHES IR B4 75 mRNA R AR T & L
(N/PIAIME )X LNPsPIERRFE (520, A% R FEL Ik 45
SR, YR EH N 10:15, EGFP-mRNA C# LNPs
FEa bR R B mRNASH (K20). i # k
7 B A IA SIS M 8 A A5 & L R LmNPsidh
EmRNAMYERE, 453K, MR N10: 18 2%
FG M RIE K835 = T HAb 4 (B 2D). ik, 4
R LA 10018, A B LNPs A e s i mRNAE
PR G TERE, ARG LA ) ARk R R
cExo@LmNPs#Z 084k, H T 5 2Lk N 4 Th et
It

NIRRT LN Ps i@ i 41 g i 7 i 14 BE 15 114
RET, ARWFFCHE— 0 TT R T W B AR 3L e A 5 56 ()
2E). &5 FAESE, LmNPsZH H 0 i i) 375 il 4 24 ik
AE77, it RO mRNA TR )M B R I& 5 b iR
FERER MM . BEJG, i8id Western blotil] 52 T
IL-25 FARIEKF, VA T LNPs¥ IL-2-mRNAJ# %
£ GL26141 M 48 SR A BEMEE 1. LILsRE
B, 7E 100150 & H R #5510 LNPs AT S 1R AR IA
AP T 200140 (K 2F), #E— 5 30F W% EL 5 76 4 33F
mRNARIE B R 26 BRgs R, &
WA 2 T B R A mRN AR 8 71 I R i 4
KAURL (LNPs), FEUESE T 24 A7 o2 BH & 7 i )i 43+
5 mRNA & LA 10: 18, il 4 1 LNPs R I H 5
P VS Bl A 1R R R 5 B TR BRIk Re ), N e Bt
PR INRE MR IE RG B E T SR,
2.2 cExo@LmNPs#|& S M RNE

AW R T FIEH CD1614) T 1) Raw264.7
YA, I O VSR L A I (cExo) B
T 4 A WA (Exo), F I8 FE 2E FLVZHE T
FIL-2-mRNA) LNPs% %l 5 Exo. cExofil 5, fil
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6 h) N, LmNPs7EGL26 1 41 g H R g R 30 3% 5% e AR (70) B B AL 43 T (47); GL261 41 A% FHDAPIZE e bric (85 (), EGFP{5 5 on N4kt F: il
Job 2 i BRI 8 TEAN [ & bE 4% 1 R IL-2 B ik 1 00 *+P<0.01, 5 PBSAH LK.
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LmNPs in GL261 cells at different incubation times (1, 3, 6 h); cell nuclei were stained with DAPI (blue), and EGFP signals are shown in green; F: IL-2
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Fig.2 Synthesis and screening of LmNPs

#% 7 Exo@LmNPs. cExo@LmNPsE &4, W%
FE B T A FEAMIMA S, K URL ) k4% 43
9 (145.1+1.4) nm. (157.6£5.3) nm, B KT AR £
FEHT A RIAZ (140.3£6.3) nm(E3A). ZetatE A7l &
7R LmNPs 3R [ B4 4 (12.6+1.4) mV, 1] Exo@
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Fig.3 Preparation and characterization of cExo@LmNPs
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A: IL-2 concentrations after treatment with different nanomedicines, as determined by ELISA; B: effects of different treatments on T cell proliferation,
measured by flow cytometry; C: cytotoxic T lymphocyte activity against GL261 cells at different effector/target (E:T) ratios under various treatment
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Fig.4 cExo@LmNPs-induced T cell activation and tumor cell killing ability in vitro
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Fig.5 In vivo biodistribution of cExo@LmNPs
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Fig.6 In vivo antitumor efficacy evaluation of cExo@LmNPs
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