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Abstract

minally differentiated characteristics and lysosomal clearance barriers. This review summarizes recent advances in

Genetic modification of RAW264.7 macrophages remains a significant challenge due to their ter-

genetic modification technologies, focusing on breakthrough approaches including membrane surface engineering,
UTMD (ultrasound-targeted microbubble destruction)-mediated physical delivery, AAV (adeno-associated virus)
optimization, epigenetic regulation of AAV vectors, and base/RNA editing tools. These technologies significantly
enhance the efficiency and precision of genetic modifications by optimizing delivery pathways and editing tools, of-
fering new paradigms for macrophage functional reprogramming and disease therapy research.

Keywords RAW?264.7 macrophages; gene delivery; CRISPR editing; membrane surface engineering;
ultrasound-targeted microbubble; RNA editing
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Hil27. RAW264. 74 e ik H s RIA s 18 R %2
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Wl AR A, 3 B2 R 20 B0 18 B AE #E N 40 i i R

¥ -xB(nuclear factor-kappa B, NF-«xB)iff i 1] FF 42 14
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SUESSrv/ G ST 3 (i o il SE el D X5 O
JFURE DNASE UL R0 I A BB e o 3K L8[ 47 o7
6 4 1 o Ak £ A B O B B R A sh A T R, gk
— 5 BN A DR B3 (10 AR R [ ) PR e R
AL FRBORE R, At se G ik UhxE Ly
RBARGHIERBAT NS . AR EERAW264.7
AN S B MR SR BEJE , AT I%IE RG0S il T
FL o FE AR BILA], DA i 0 4 i 5 D2 T 4R
IR 2%,

1 HEREBEFES NI R
1.1 ETFBERAANIEE RIS

G544 (liposome)VE N & M 25 W) ihik R 4, A
BAMAEVEL . TR e m &
B [A]RE TR AR, O R A 22 R RN 245 9 ekt 35 A
s Bk . 2T, L AE RAW264.7 BG4 i & o
(1) 182 FH 52 380 [ A i Wk 3 ok e B N R I 257 325 B 0 1)
PRLAI B, EExhix LR, B §T 2R & 2 Fhois ik
T BUE FRG . (1) RSN, R-HELZ
I (polyethylene glycol, PEG)#E 4T JIg Jii /4 3% THI & 11
(PEG1L), i1k PEGHE [ 7 [A] Az BH A% B (steric stabili-

zation) I il “7K4 572 ”(PEG hydration shell). %4544
AT 0k LT R R R R P B R G R,
FHIEK MR FARRAA N TEIA I, R E A S E
R, (H PEGAL SIS 7T BE 51 A 1 G 258 S M AN i
MBS BRI SR BR 1] 5 HACHIRL A B0l (2) B pa) Ae 4
1, 30 I 2 THI G T A S P TG A W] 38 5 R o A ) R
5E B A MR R R B . 40 R (folate) 1211
[ g Ji 44 (folate-modified liposomes, FA-Lips)n] 4
W] /5 281K R 52 4 (folate receptor, FR)IPVE AL I
AL, 728 IR IS R RAER A | R T
WA R 2 3R 1 29 AE o kA AL R 40 i Y
FIAR R o Rl , = FUBE 16 B0 I o 44 T s e 2
B 1) R TA H FE RS2 A ) M2 S G Y (3) IR
Wi R v, TR B B RIS pH L =y B R
SERFAE VT FO P SN I AR, T AR A A A R
T pHM 7R I J5 A BB 76 PN 4% / 08 Tl 7 ) R 1P
WA R AR R A, (et N BRI, A
OB A B A PR R, (4) (i E(E SR, Mt
U020 0 1) SR SR A 5 1 T R 4 R 4 i A R AT
N Billn, B (Don’t Eat Me)fs = AT # i)
E A0 A WA T, e/ A B 1, T 45 A At

—| PEGylation/PEG stealth modification |

Fundamental engineering [
stage [

pH-responsive design |

—| Cationic liposomes |

Targeting M1 macrophages:
TLR4 ligand modification, folate receptor targeting

Polarization-targeted

Targeting M2 macrophages:
stage galactose modification, CD206 targeting

Dual-targeting systems:
CD44+folate receptor co-targeting, “Eat Me/Don’t Eat Me” signal synergy

Biomimetic and intelligent
stage

“Eat Me” signal mimicking systems:
PS (phosphatidylserine) modification, apoptotic body membrane fusion
technology

“Don’t Eat Me” signal mimicking systems:
CD47-SIRPa pathway, SIRPa peptide-modified liposomes

Hybrid biomimetic systems:
apoptotic body-liposome hybrid nanovesicles (L-AB),
CDA47-SIRPa biomimetic liposomes (SP-LD)

Bl BE R EEEE ARG HRE =M R

Fig.1 The three-stage evolution of liposome-based gene delivery optimization strategies
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7387 (Eat Me)f5 5 (W12 FL0H) I AT 4 e S 0 4 5
T 00 52 Z B0 1) SRS (80, 3 I AR AL SR, T o A
VE B Rk AR Ve R AR 31 7 BRI, efp i
B b 7 0 [ 4 PR 328 2% o e
1.2 EREAREIR S B RV EE [E SR

W 2 LA 3 Rl B R AE A R R 85R
B9 MRy D Rel S A, andi 2 i M1
BRI MRAZ E M2 A o X BB AOIR 3 1 57
PEACRVF 200w K AR BER R, R
TBITHRAE TR A B i . A A AR AR S 2
5 R [ 2 0 32 3% A ) B B L A A s
et i o il dn, H 22 R A1 ) 28 2 T i g K kL
(mannosylated polydopamine nanoparticles, MPDA
NPs)i# i CD206 52 (4 #L [/ fifi #8 M2 EL Mg 40 i, I
A A1 7 H G R 46 58 22 0 e 4 oK RORE B =y Y 4
TR AR R 10— 52 AR ) SR IR B K AR [ R
& (proteolysis targeting chimera, PROTAC)i# 1% 4% {4
MELT(macrophage-derived extracellular vesicle-like
nanocarrier delivering PROTACs), 1#id F M2 E Wz 41
Ji 5 Al A A, S HAORE ML T 4 Y 1 3 5
PE, I BT RN BB BT R UM R, PR
R0 [X 73 S I ) 455 5 240 o STV 8 110 3 125 SRS 22 K
B, H AR EA R AR T 40 i &4 b
B DA S HACHRIR S AR AR A I 3h a8 224k

1E B 20 B B A IR 38 S o 1k R 4% o, XUAE
IF) 35 18 8 45 1) e T DA B2 A4 22 S R ) A i) 82 Dy
oty , it 2 EIRR R SR SR R . JTASED)
FE T CD4455 R 52 A4 1 XCHE 1) S, FF % 1 pHI
NI ZH K R (pH-responsive nanogel-based assem-
blies-nanoparticles, RBA-NPs). %40k i o vl il it
RME TR 2RI TR R LI BAA E L P, R
A 5 Wi [ TEORIL 1) RT3 — 2 40 g 2 2 IR 32 36 401
3, AN v p HASUER AR 28 A 0, S A ) I s e e [ S
5 5 J7 51 /CasOAZ L I (clustered regularly interspaced
short palindromic repeats/Cas9, CRISPR/Cas9)ZH 1},
S [ra) ML I S T )8 152 O e DA [ m 475 5 A
¥ la(hypoxia-inducible factor 1-alpha, HIF-10)E% %]
I MEFEIZ 1 1(glucose transporter 1, GLUT1)], M
THEEA W Em AR E T MR, XFhEs &%
AACHE [r) RIS e 87 ) e TH R, g3k A R 4 4R T
H DR v 455 08 B R4 I et 1. S
—, W 2 AR R [ B 20 1 AL R 45 Te A B R A

B L BAR S G 10 R 5 SR, OB LR 2N R Tl e
FERZ R BRS AR A2 R I 77 U9, SR mE B AR
PSR H bR R S CUBOIRAS , 5 B DR g
WG EA MR AR, IXE A TN 1) SE it
T 2 E PR . B %8, RO FE T Wl £ RAW264.7
X N I ) B R R, e AR I8 L )
T A L8 A U 2 A R 25 DR 9 4 T B 22 )
e a ik, JFod i N 2 BRI Lok, A IRR
W 35 A% “ THIAL P 55 5 DR Gt LA IS 2 L ORS00 [
BT, 30 T A AR WA A A8 ot 4 L A7 T e R
7= A TR A T A 5 5 e A AN B MR U T R X
SePk s 1) oS8, AT OT R RE m B 1 IR AT R e
o ik AN MIAZ IR SE Bk R G, WM 46 IE S a5t 4%
48 5 25 8] 4 4 T 10 0 ) 085 S RS, AT 4TI )
FERAPE S 2 VT4l 1T, SRR B A TT IR W] fig
e ki Ik RGN TREACRIH . I W R AL
it FRDA 5 0T DA B 2 v g A e 1 5 2 PR I
RIEREE

75— FoRE T3 B SR S A S 5 ik R A 3 25 5
iz TANGEE Ve g2 (0 5 o 4 [R] IR Y 42 1) M 241
I “Eat Me™ (& 5 (SF-FUAE ) A4 413 () “Don’t Eat
Me™{5 5 (CDATHDUIK ) o 388 Ik 7EAARFE A b R FH v o
filt i PEGIE i JZ A5 5 70T, 4 A 35 e ik
BT, PEGIEW R R, 15570 T13 LR Bk,
AT 325 3 P b 326 326 22 M2 TR S R A e, [ B ) ML
RUAR MBS BR e 2B &R N T4 RNA(small
interfering RNA, siRNA)& 5 fff RNA(messenger
RNA, mRNA)i$i% DL 2 A0 AH 5 I8 4% [(Wifs 5 5%
SN SO R T 6/3 AL Bl A 1 BE A O 32 A4
Y(STAT6/PPARY)IE % |, f7r 1 tifal it id sh 2 45 4%
A 5 AN [R] Ik 200 i STV o ) AH LA FH R S 3RS #E
Mo B 7R ARBIREE R RS, B0 E AL TR
PR ) SRS AR B2 B AT . ZHOUSE VR Y i
1&g 5 A& (folate-modified liposomes, FA-Lips)#L [A]
PR R RATARL 57 I B X3 i A AT A R
UM, HeAh, ERE BRI AR AS B 5 B, Ak
e [ BB ] R G RIS T AE o AR TollFE 52 44 4(toll-
like receptor 4, TLRA)ECAA 1 Fig 5 42k ] e 7 4 e 1
RAEMIAY B, 17 RS U ) 48 K RO D e 1o
&5 M2 AL 20 i 32 18I 1y 0 1) D206 SE S I RS 1
HIE U RS AR T TR RO, k3
FREAR T AR S ik 5] i A M 2
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2 EEFRCIHE
2.1 YIEF-MRHIEI RS

VI EE S PR HR Rl A2 A B R B0 S 4k
Hi K (ultrasound-targeted microbubble destruction,
UTMD), i i 75 75 A0 008 7 A= (1) B 2 L TE RS v
S MRIEZEVE , R 1A Gk 7 VA e B4
R RPN HAZOAREAAE T, UTMD A& —Fhi) 2
UKz () B 1% 7 =0, I P FLALN. ”(sonoporation)
TEAMIE EIE eIy . mTIKE B AL, (075 2 PR 2
faf BE % BLEZ BE N GH MO BT o X — ML B 8 G 250 ikt
RAW264. 741 il B 75 1 % 52446 5 1) = 0N BAE
L i e PR il A 5 A 42— 1 OE 2 PR A% i db
I G AN K FARAE R 2 i v B FH 1 S B A ) 2
BRRE . LIZE U )2 FLkE 2 -3(galectin-3, Gal-3)%H
%% 3¢ RNA(short hairpin RNA, shRNA)FH & Tl 5
4t , FIH UTMDHE A 1 7540 R0 77 A 1R W £
T8, SCEIL T R 366 308 Ak R A R O ARV ) S 3 4
T, FEiE I R U 77 A AR T AR R R R S0
o st LRI FTUESE, 2 BeEE A S E RS AR 5 2
R UTMDEOR N 5t fERBE A A7 2 i 32
TSI R RO A I G T R IR b R e e B
MR B G it — P HES)) T B TR 428 1 IR B ] )
TR TT MK JE . #5800/ RNA-27a" (microRNA-
27a", miR-27a") Il AR fol i 51 i o 7 ik R AH
AR TROHLAR] , 75 Ji R A DG 5 I 240 e e L LR AR e
BRIRR IS, L1%E T UTMDF & JF K 131 Y
M [, 2 9 P 1R — 42 980 e 99 oK <7 (folate-modified
perfluoropentane nanobubbles, FA-PFNB) 8 /& —4
AR 1% R GuE I VY K T B E bl 5] 4 FH =k
PRI - P PR 52 A L e S HC R S P TR W 4 i 5
AR IE YD 5 A 90 b B 75 i) 7 A e £ I 8 i 2R A
FEA (1 Weem™?, 2 min) Bl TR0 il It 2
Tl i 9% — HH % (1,2-dioleoyl-3-trimethylammonium-
propane, DOTAP) Jlit 5 4 £ A4 i it % FE A F A2 e %
PR AR 1t v Bl AR ok 35 DU S04 = 2k (Fes O) 4 K kL
T o 1 B ] 3 S MR A T 5 1 R R 9T RlRe 1
FLAE M2 iy AH ¢ B 21 i Hh mT S B 95% A 1
R B e e, FLm o I 2 ] 458 (RO RO L ) it 2 P
KA S wt, NEZEERIEE Gt 7%
BT,
22 fREHRAIREL

I AH <955 7% (adeno-associated virus, AAV)/E A

FPNVRT AR N A H 352 AAVZ BT BLECN
E WA M B DRk 1A ) TR, FEASaT KRt
3270 RAW264. 720 i 22 = A 8 B ) iU A2 47)
FRVE. H S, AAVEENS S T AT RAW264.71E
W IHE 7 R4 R LA . IR, AAVIREEA 7T R
/RN N ARG R 77, AR N T e 3 Bl
PRI, i G is i IR AR AR . e, HARSE R
& A #% L5 5 (nuclear localization signal, NLS),
A E B T B N A N R, BRI T
RAW264.74H % 5 18 5 G0 30 3 UK ¥ S8 R BB .
JUE B A IR LS RIRLFS | 5 I Ik (R s f) I 4 30
2 B i AN AL o I8 IS A R AR A 1 7
(chemical epigenetic modifiers, CEMs)-5 & il £ 18 &
[ (zinc finger, ZF)FEFI K193 [FIVEH, AT SEIGT AAVE,
kG BE R R IA A e T . UMANAZE P61 2
7N, BB B M -FK50645 4 25 [ (zine finger-FK506
binding protein, ZF-FKBP)fli 5 £ [ LI & 2 AAV
RS, IR )T BN RV ZF S S
H, T [ HE B N IR R SRR R 1 T
fE4> T CEMSTHT, HFKS50645 ik 5 ZF-FKBP4 &,
iBET76245 Je U i i ¥R 25 ¥ 3 45 5 IR X 25 4 i
4(bromodomain-containing protein 4, BRD4), & %X
B E Gk, BN RRZ)TIETE .
I 7E HEK293 T4 fitd it F CEM87, W82 35 il
By 43 (0.7 /5 1 (green fluorescent protein, GFP)f{] %
BACE 2R R B, KA R R
KI5, HLAZ G SR RN AE 24 /NN PSR Ik 5 B
F g PO, AN | AZEORAEANR] AAV LTS B (U AAV2
1 AAVE) K £ Fhaiifiil & (HCT116. U20S)H ¥ & B
B, R i E AR,

N FEACAAVEAR I S JivE, LIS PR R 1
o 5 5 AR R B AR O B S A T T BT AL
il o 7 PR PR 28 A iE T IR 9% B 2(severe acute
respiratory syndrome coronavirus 2, SARS-CoV-2)
FF %) 52 HE 10(open reading frame 10, ORF10)%
I8 4 A 4R A [ I 32 /8 NIX(BCL2 interacting
protein 3 like, BNIP3L)JHH 4 S U #H 0% B 1 i
3B(microtubule-associated protein 1 light chain 3B,
LC3B), fil & i fks = vk B e, S SRR F
15 5 22 [ (mitochondrial antiviral signaling protein,
MAVS) [ R, AT BELTIBS TPt 3@ g 21 X — K
BN TR AAVICTHR AL 1 B 2R 7R« il 3R 3k
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Gk -

IERLORF10M % Bz TC 1, ATELIAE R MAVS
SRR AL, S 32000 B AUA 1) S R He g%
Wl SRT, SR i o 2 AR T AAV
Bk, FAZOPRIRAE T 40T i PR L 23k 7K P AN AL
REMGWORS AEFE ], DABE S IB 7E 1) S 2 XU o SEBIX
TR A2, 75 S o0 B DN 360 22 = 1T PR 4% AL )
RN B, a0 40 i S LRy S R Y )3 30 7 A
TR PR E RILVE ], I RILZ AR s
THRMWBADRS e, HBERRESHEREH
P IO B A A S ) 353 A [ i DA S 5 R A4
BhA TR P2, PR, 22T DL R, ARRIIHTE T
JREE B AR AAV G2 TR RIS, 3 oK PRS2 b R 36 A
G2 2 TOA B SRR AT e 51K ) S D e 2R L ER
T B o
2.3 HEBEEFEFL

W 4 i 1 SR SR PR 03] 5 A W AL 1) Dy 245 4 32 ik
ARGV RAE 7R 07 AL SR o a8 AR A B
“Eat Me”al,“Don’t Eat Me” {3 5, Al A% vHE R 1% 5 G 4
JELKH AR 1) A AT 9, ST o 285 1) B e 0B ik

138 T2 20 i % 11 2% 5% 170 10l I T 22 %02 (phosphati-
dylserine, PS){E N ML )2 3RME 5, nliEd 5 B
21 0 2 1 T G 8 R B 9 RN RER R B 45 M ek o) 1
4(T cell immunoglobulin and mucin domain contain-
ing 4, Tim-4)32 K45 &l & W AFPE R P20, BT iX
— ML, LANZE DR R T T /AME A A B 4 K 3%
4 (liposomal-apoptotic body, L-AB). %#{AiH i fil
A M2 2 A R B MR 5 N TR A, IR
BT PR T /MA R T 63.4% 1) PSHIT46.0%[1) CD11b, &
G OR T BN P P A ) R BT, AR A S R
L-ABTE 3/]N R A 570N F B 40 i A 73 300370 il EE
W G AR SR = 2 1,568, HAazid BRI PS-MerTK
558 P, FEMRTRAERY f, L-AB S 3l 26K
2 (Dex@L-AB)if i #1f] NF-xBif # , H4 1L F 44
fi /% -6(interleukin-6, 1L-6)F1 5 4% 41 j #a 1k &
1 -1(monocyte chemoattractant protein-1, MCP-1)7K
¥4 7l FRAK 22 6 22 W (lipopolysaccharide, LPS)ZH 1)
35%M142%, FHAL/N SR AEAFE 2 0% TH 2 75%E7

5FH “Eat Me™ {5 5 €2 B WEAH S, o5 —Hh
15 £ SRS SE AL, “Don’t Eat Me™ {5 5 K41 i1 5 34 it
E GG s BR . CD474r TR MFR ) Z R
)RR A B, GE S AR B A R T Y

AR ——15 5 {15 58 1 a(signal regulatory protein

alpha, SIRPa)%5 4, 1418 “Don’t Eat Me™{5 5, M1
851 5 W ] 2529, GHEIBIHAYATV45 38 i 42 41)
CDATHIDIRERAL, TR T SIRPaiRAE i iz Joa 74 ] 25
% (SIRPa-peptide modified liposomal doxorubicin,
SP-LD). Z5ah71# i, 5AE4H PEGHLIIE b
YRR 5 2 (pegylated liposomal doxorubicin, PLD)AH L,
SP-LDZHLH B 2 ALY {H45245)5 6 hy 24 h.
48 M2 TR 1 28%. 63%AN175%, RIS
HFRAR T AYERIE . . B ESE EEE RS E
B, KPR R SRS B o b A A )
BRORGZ AR 2 R G D o IR LEl 1 B AU, A YA
PP A A5 T R B A4 i 1 ) A SRS e v
LA IR DR 3R BARAE AR N 5 AR AN BT 1) P2 T B
TORIEAR, ARRAIT T AT — 2 R AR AR AN [F) P T
A eh B BRI S i R AT 7 o

3 ERREIARSEERZGHINENK
3.1 TEBELHAR

H: IR 8 T L 3k AT 2 B A0 i T e
mARTRAL 19K Eh 7, SR HAERAW264. 740 /it i)
oL FH R, P A T % R G S e T 2L RS
ERC . AFEgmiE T EE TR FERALSIATS %
TR E 7 H s E B 2 b F k. B, 1k
SN B S92 [ CRISPR/Cas9 £ 4t , ot 1% 5 i
15 555 7 Bk B s 22 0 5 RS0 I 146 - TA) iR AT ALl , AT
i g iR AR 5 CasO R T TE 40 M 25 14 1A% O Bk AR
DRI, R B o et it 16 SR M 5 G T 2L AR B (1
[F) A DA T G S VA P82 5 0, R M it o i £

4 HT RAW264. 7480 il 1) 35 DR 4 5 20 56 A7 AE 2
A R AR, A 7] 32 TR B A7 R 11 G B R U B0
BOR B 3R P A (1 AN A e 1t 2 EIA N T =05 T
R B oG, FLPHIM A TERRPE 0 S Il — g s g
(guanine-cytosine, GC) & & Gt B FHUIRAS &k —
2 45 Kb SR VE T BERELAS CRISPRE S 45 &4 PY; H
R, A4 CRISPR 2 Gt Cas9 3R [ I FF S E R IA Tl g
5B R A R EE M, R R e AR R IA KRR
SECY; fJa, 35356 T P IR s R 1t T A R )
B ORI, AN 2 DASE IR 8 4R

BEXTIX BEIEE, U AT T D4R Y 2 Bl A M
7% . pCRISPR-EASY F 4t it B i hi it 8 &
7 H1H) 3 RNA(single guide RNA, sgRNA)L Cas9%:
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BAL, R R 2R FLEOR S B R ik B 1% R G0 F)
FH N SE {8 KT~ 1a(human elongation factor-1o, AEF o)
JE 37 3K 3l Cas9 I e E Rk , FHECT 1% 48 B 40 i
# /79 B-L3h & H (cytomegalovirus/chicken B-actin,
CAG) AN TR E R E 1 RIEK, [F I id i 4G 7
8 PR 1P 9 DI BI(Bacillus subtilis restriction en-
zyme BI, BsmBI)E§ V)17 5 L sgRNA T BE AR , i
e HE R IT 100% 503X — SR 78 40 AR L T ik
A5 TR EAA, BRI A0 ok 244
HEG BRI ELIEIETTE, IR T i e
FARMIGRI FR, AT v R TR I R G R R AN R )
), A RGE K T YnE OB, RS R Cas9(high-
fidelity Cas9, HypaCas9)%5# & Cas97% {4 it A%
FokI45 #9358, (D10A/H840A), 7E RAW264.74H fifl o 5
P77 L 2R BRI B 1 D B R SR I P A B b,
Ja BT LA (A B A R R CD68 JE B 1)
A3 T o TR AE AR T A SRS A T R [ 1 Y 3K
LGS 1) 45 & AR E T R RS T, I 1k
RO FREER LRI AR T CasOAM L ERMEXS SR dE R
HIFZMCY,

B, MR CasORFS: L B 5] K I 40 i
BRI IR, — N OB AL 7 ) E T 1 B 3 8
SN Cas9 )44 7 BRI ik, DAAE 9 48 2505 5 4 i
LAV, BSEEET RAERVERE
B TE) B 1 i A OGP Cas93RIA , TR B 3 1) G
IR [R] M2 2 R A, W3 PRI 2 iy R 1) 23
PEF B3O, T s B4 B2 BN SRS, W AR
MURHIE N B REA . EEBIE TR 3 K Cas9-
gRNAWHE#% 5 [ (ribonucleoprotein, RNPYE 54,
FUAE A AR P I TRV, 5 il 6 I R4 Bk, TG
BEDRIRE 5 AR, 5 3 I\ g 2 a2l AR 400 i B
L T7 207, [RIRE, 3% 4 i Cas9 I mRNA /g
S Cas9 [k i Rk HLTCHEA XS , 8 bo | Rk
IEFRPECT . 3 26 5w i i 5 KRR B2 i sk /D> CasO7E
2 P ) B I T ARV B, JIRAW264. 74018 e At
BRI Y R E TR ER A 17 B8 22 4 L SE AR e $.

BREFRIE IS, $2 15 Cas9 RNPIIAL 18 30%
2 1R T o B8 R R B R IR o BE R IR — Bk,
SHUIZE PV i M 55 4044 7€ f75 5 (simian virus 40
nuclear localization signal, SV40 NLS) ] & Bl & 15
THNO/C4RRY), W25 1958 | RNPE AR IAZ A A fig
77, f8 Cas9 i H (1A% N AR 22 B 0 NLSF A 14 i 2

3%, AT A G0 955 M 2 S 24 L 1 22 P 4 i 248 28 o 2 301
5 F145%~50% 1 35k [K 41 2 4 0% . i Fede s 1k
IEACAL IR 55— AN JE T - ANCE DGR W ADR BAriE
Y, SE B TR G g T AL, $2 T HAE
M RIS 0, B R RS E RIS 20 B A% R AEAEH .
EAFEE R 2, SHUIEE PR 5L I R B ELAUAN ]
NLS/FHIIRCR, (45 R B SV40 NLS# DL
B AE R R BRI, IX5RIR T 7E RAW264. 741
L e S B, 75 B I S0 A o A IR 22 #5 DL SV40
NLS# 1T PASEEL & i R A2 Ak . X % 2 T 1)
TG G, SLIRIGE a1 5 D8 g 4 RS 9 B P R0
FFGZAR T CasOAH i 75 M0 2 48 50 1R 520
3.2 mWERIEER

5 DNAXUEE W2 (¥) CRISPR-Cas9AN ] , ik
B Y 3 AR T 3 DT R A A8 ) K A B A 4 AL
i), g B 2 i R DRI 2H ) B [ i A A3t 1 AR L
SR, X PR 3 (1 2w T B AR IR RGIEH T H
()P % 5 T T R o L s O I G % (cytosine
base editor, CBE)AI [l M5 P4 Bl I 2 45 2% (adenine base
editor, ABE) R[] 43 7| SEH C— THI A— G 5E m g,
FOAZ A8 T M S B 55 DN A G A 65 16 311 il &5 142
THE . BRI A ER , X RS 7 g%k —
EE bR Cas9 B R R Rl & F 1, 0] 36008 A 1) 2B 2 i
I R E AR 3 5 i A ok it 1) R R AR M T
AR ELSR , [R] I I4 75 25 i AR B W 40 i b
() f g% JEivE . WEISE IR FL R B, 3 T3 s s FF
N[ F (transcription activator-like effector, TALE)
A 1 DA ART A= J 1 G B8 2 4 46 2% (DA A-derived
cytosine base editors, DACBE)jf i #E [ £ Fi 14
DNA (mitochondrial DNA, mtDNA)J 47 5%/ 24 1) it
MG, 7ENEIRNE H SE I = 60% K C — TR R .
ZH AR T FE M CRISPR-Cas 2 4 [ RNA S| ML,
1M /2383 TALEEE 05 A1 RF 5 14 45 6 1 DR 08 R KS
T, Sy I 4 L ) 8 R A K] 4 g B2 A1 13 3
M 421, [ I 4 i IR % DN A XUBE W1 24 (double-strand
break, DSB) & #UR, 1% 4t CRISPR-Cas9 4t 5 5
IR AR BRI T BSORE SR 3, i ik G A A e e e A
DSBIE &, &3 PR A AT 2 XK . DACBE
FE NG b RIS 70 2 R R R SR BUR E T
JEH UK B R, PR AR BRI T e A
HEEF A et A, ERRA0 M REAH ¢
DAL (a1 R PR~ G sl D] A 10 428 35k IR ) () B0
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PERAZH N BRAZ TR 5, Bl g 4 PR 1AL B
1BRBERRAR, B D RN fI S AL B AR TR B,
SR, Bk g 4 s ) L P AT 7 gk — 2B AR USRI
EVRANMDERCIE . BF TR, B B ¥ 2 v
A <55 W5 RN (bystander effect), #EAZ 5 T 11
Jams e v] BERE AR R E R = ™. 7E WEISE W 7T
&M N DACBEW 3 1) C—~ TH: e L 5-TC-3' /74
G, 3K AR T R 1) A A e PRI 2 o ) o S
PEo AL, SR DACBELE I fify o R A I 21 0 3 1 7%
FEDR2H i B, (ELFE 365308 2 5 Wk 400 i e a6 228 18 A
R SR A i A S R A RNAJER B 38 B (A
BRI A I A 5/4E R 15 T 22 K] I, melanoma
differentiation-associated protein 5/retinoic acid-induc-
ible gene I, MDAS/RIG-I), 7 %15 4w S5 mRNA B 5
E Ry P RE A B AR B S e 25 @ BRI, TR
HAG G <Rt eIt B )45 5 15k 4 PR T A 1 3
KRG, X T 0 g A R (1 22 4 s RS 2B 00
%,
3.3 RNA#RIERF
PER—Fo X s e R T B, BT IR E
Z M 1F F RN A (adenosine deaminase acting on RNA,
ADAR) R G [ RNAG# B A, SEBL 1 ks Al
W) EE AR A 2 . IZHER 5B IE RAE S SN
N, Follm R FE TR 7 e OB 3338 B Y R
W o I B M S RNA(guide RNA, gRNA)
5 REAR mRNA B AN T U BE S 4, 41 55 YR
ADARBEHEALIRET (A) WU (DA BRI S, %44
ARIEA GINFEEIZH K ANE AR AT IR TS, S22
DRI 2 18 TR I 223 o e 1k R 42 101 AR L R it g,
ADAR 18 i3 g 4531% 1L 41 ffd (hematopoietic stem and
progenitor cells, HSPCs) it AF 2 fif B 41 il [ 11 (an-
tizyme inhibitor 1, AZINT)fJmRNA, i 2 5DEAD-
box i il 1(DEAD-box helicase 1, Ddx1)[#H H.AF
FH AT 3 i K S0 of 28 el g 70 70, A S 4R
ADARI1/™ 3 1) S B 78 i B¢ (hepatitis B virus, HBV)
RNAZw 45 1] 16 3% MDAS/RIG-TX} 7 2 0UE RNA [ 17
), A TR PRI 0 , 78 T RNAGRAE (LI
JE A4 1 28 LA A 00 R A 8 X R AR
FEEAL A R AN RE R A MR B G S SR A, Ik
AL I gRNAR AL Bt 235 48 [ AN [F] 25 R A,
TBAE P 0 1) A AR IR RN T e R A 2 ST R T
Bkt

1635 F2 40 1 AIHT A Hh R RN AZw 5 N 3 52 1)
B0 BKEN 7. DNAZAS IR gRNAJE 1T 97 75 38 4
BRI B GNOK ORI 3%, R FH twister % B 1) B 3K Y
VIR PETE e e MR &5 0, 7E /0N BUFF I ASE 2 v S 3
Kok 8JA M RF 29w 4R, JCHE A T /7 KT
WAL BRI 10 T AL AR IR S L SE A% IR (anti-
sense oligonucleotide, ASO)K: FH il B it I B 42 . 2°-O-
I Ab K B A% R (locked nucleic acid, LNA)ZF &1
PERZIR R TV, 456 N- e ALBE % (N-acetylgalac-
tosamine, GalNac) Pt {45 [ JH-4H o 5 2% Th) 25 e 1 PR
W ER [ 224K (asialoglycoprotein receptor, ASGPR), 7t
TEN RSS2 8L T 50% 11 i ik 2 i 850 1401,
R GalNac T ZEHE ] 40 MY, H I <Pk SR H R
BRI 71 166328 SR S D BEL ) E R A B A1 1 B A
W H R HRRAEHLAR S gRNABRASOME L, v LASKE
PR 7€ 5 20 P VA PR [ 3206 o AR, AN %
7 AN R NG A% E AL AR R PR ) ASOT iz
FH BB, 5 B 9 K A8 A i A 400 i 0. Jt &%
P M s A R, B AT E R OE RS SIS 2
gRNABLTE, BN FT LA TT 7)1,

RPE g R e, BT ADARESE FH AL
() gRNAFE 1 ¥ 1F FE B AW 537 . CLUSTERYE 7
RNA(CLUSTER guide RNA)ifi i £ gRNAH 5| A ]
T ELR DX, 4 M A 2 e R PRI 22 KF B
“IUT Y B b (bump-hole) W4 4 £ 4t i@ i T2 4k
ADARRAR G & AR RIRTAEE 1) gRNA LG 75, SLHLIE
AR P, thAh, LINSEPIR) R B i 7i 2ot
K 5 AN RIS AR S K IR 7R T RNAS 4R
PER S ERUEE, $E0R TS XY O ES R 3T
SCE VB ) I G A T R T R S e O A VR
FALZH I B AR MR B2 P SR A R R MERNA LS &
H BT 2R ] gRNASR AL T 0 %, il i 4
P T RNA-E AR W25 W] 0 5 g 4 52 46 1D 4 i
R, BEE R A 2 5 A R R
RNA G A 52 i R 2 8 DR 21 4 8 5 SIS 30086 DR D e A,
R — T A

4 RHEERE

RAW264.7 5 48 i PR L BhRR 1 A ) 7 e 12k
W A I BRAE T TR B A B e DL S A% e
B HRFASE, KM DARATE B R 326 308 FNA& 1 7 T T 11 Bk
fi%. UTAESR, R TR . YE AR A
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R AR DL A A ik T & SR AT IR AR,
B ZE AT T DR 346 528 A5 R A L PN A T 5 e
A, CRISPRE [A 21 4 4 T2 (1A AT g A4t 1
ADAR ARG IRNAGHFRIIN T, IERAW264.7
Y MR SEUREHE . R, AT ) SRR ) R R HR A
TR T,

SE R 1 1) RAW264.7 B 41 fi 3@ i 8 4 %
E SN A i3k 2H 245 52 RN 3 o G % T T Th REAE 2
Pl 8 v R BILVE T ROR . AE12 1 F Wi (chronic
kidney disease, CKD)f 7 | JE[RZ 11 1)) RAW264.7
E g4 il i R 1 Minclefs 5 2, 9820 (40 i
% -1B(interleukin-1B, IL-1B)~ & IAFE A -o(tumor
necrosis factor-alpha, TNF-o) 25 {i¢ 48 KT 434 , [R] A
G i R D Re BV R, HER B2 OB
1~3(histone deacetylase 1-3, HDAC1-3)#14l| 7] MS-
27538 T 1 55 1 41 fid /> & -10(interleukin-10, 1L-10)
RIE, I NF-«BIG P, Z2 AR M 5575 5 0 i 26
iE B PR R, B P N R A B Bk
(targeting anti-citrullinated protein antibody, tACPA)f%
e Py L 2 e 0 o e R 4 B 47 B B (neutro-
phil extracellular traps, NETs)F)JE i 1 12F 3 A7 05
D T R4 POV T AE B R 2R i BRORE B A o
H# [) NODF: 52 44 S J #4 B 1 45 K49 38R A 3 (nod-like
receptor family pyrin domain containing 3, NLRP3)#¢
i /AT 25 MBI 0] BRI tau B R EE R AR, s
INEITHRE DT, 254145 M 2(glutaredoxin 2, Grx2)f&
A Py I 4 L DO 368 34100 1] — 404k (mitric oxide, NO)
FETBORI 5 4L S~ 18, 9ok 8 18 Py RS 28 o 1) < T
e SRS BY TSN [T 5 ) — SO AE T B R
Re = g A2 R O AR AT, (H B 1 i 42 8 AR
A PRI R A T 5

JEAE RAW264.7 B 3 DRAZ i R K S
FEGRAR AL R0 B AR RS T gt A
2 AR B I I R e A AT T i 22 B DG BBk
mio (1) M N IR R R S R0 I Ry e A, B AR
LR CORIRHE T, (R B M 4 4R T R BB 7 3%
PR R e 326 08 B A N R e R B E I B
Wik 20 PR A (b AH OC B2 L . A 2R E R B R
HRR) IR BRI P RFE L2 )a, ARk
G PPIR N K R G AR R e TR B, S BCRE SR A R &
SEPR Y. AL, AT AT R v I R R AL SO B R
S A B BT TRIRABE LA . (2) 22 At KUK

FBLRE RN, Fe R g TR, el 2 2 T2 R g1
CRISPR ARG, A7-7EVE7E I i ¥E 2 0 XU, 7T i 5
AN TN F 5 R 4 5 R A P A O, B A
g B, H AR R L 3 N A R DL KK A
FAK I 22 A VAT 2 I R F 1) 32 RS 4, Bl
R RNA G 55 B T DNAXUEE BT 24 KUK, (H A7
55 W RN B S 1 g ) R, LA S e 1
ATERIER . (3) BRI IRACIRAS B 3h A& 1%
R B, EWRAH MR AR N ROA S0 T ARAIRES
FEEN A, DA BORAE LASEI 0 IX A 3h A
(RIS RGO dbAh, ARIHELR . ASF
R W B4 M SR A v R i, TR
REMS X 73 R4 1) 5 2 U A 1) SRS 400 SR, DA S 3R
R ) 90 O 0 453 0 A R S R

A RN EIR B, AR PRI SN R RV E
LR . B9, Bk RAME s 2 hagth 2
K, TBEAEE 0BT PRI LA R AN 2
WS T B, MRS E R N B 2R IO 85 Hh R R
I SRR EAE S (WK pH =B EE . BRA. B
IR ) 2 DI REGN AR B AR O, XL 2 458 3 H & 1y
WATRE ) LR IR AR E IR e R R [ 4 DA
AR NN AL WL RE T, DASEIIUR HEIS 1A ML
BRI, RN, J5 R] o 4 L PR VR % 5 R 5 AT
PSR o XA FEHE— 2D TF A AN L e B 2 S A
) Cas A, Ak FRNABE TR, SRR 2RI T4
A &R AR A T B Cas B AR 3 5707, 50f T
LA RNAZGw S, 75 SR NI T 45l 2 PR AN
R FEAL, JT A S v e vk B g A A0 ) 50 1, OF
R A5 Tl L8 1 gm b R G, DASCHL B A
I S HE ], AR Rk e R U 727, O T
Bk — 0 2 e FE R i ) RO ARy St ) SR 2 i
BORTRN ST LR 20 e e T 1k 2R B . 45 ]
JERNA 7 B 28 A% 2 S R, TR
FrARIZHEZ, A FEBORPIRES T B T ) 7)1
FRAE, B OBt ARy e M BRI AR . B 378k
o TS B SR A, S BEORS 20 1 40 S A A
B U7 AN, SRR B G IEIRTT SRS R = THT
M EE AR KRR S WA ITE (et
AR T PRI OSSR
[F) 5O , b it T e RS g b e A 5 o 1) g
#HE ELWE4H i (tumor-associated macrophages, TAMs)
HmAE AIE REHI MIRAY | DU 53 iR S 5 e 97
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WK . ZHAOZE "I A 1) XU 2 51 S A fi i 1) J oz
CRISPR/Cas9FE K| 444K 2R 4t (x-ray-guided and trig-
gered remote control of a CRISPR/Cas9 genome editing
system, X-CCO)F FH X5 1 g i AN Ry T 42k, S
IR TAMsHRE TR R g4, iz B Bgfeft 7 — A A
(TR

25 |, RAW264.7 B W 2 it JE RS B R 1F DART

BT AT W P R F Sy 3L gk s 200 P T 6 R0 R
RUGNH T VEER AL T K3 % . B RSB AR B
2 2B AT, A RS ATk R, 7850 K
R RAW264.7 20 i 75 0 76 97 R 1 B KT

VAR

[10]

BE Bk (References)

PERUN A, GEBICKA M, BIEDRON R, et al. The CD36 and
SR-A/CD204 scavenger receptors fine-tune Staphylococcus
aureus-stimulated cytokine production in mouse macrophages [J].
Cell Immunol, 2022, 372: 104483.

XU J, ZHENG B, ZHANG 8, et al. Copper sulfide nanoparticle-
redirected macrophages for adoptive transfer therapy of mela-
noma [J]. Adv Funct Mater, 2021, 31(11): 2008022.

KING C R, TESSIER T M, DODGE M J, et al. Inhibition of hu-
man Adenovirus replication by the importin o/B1 nuclear import
inhibitor ivermectin [J]. J Virol, 2020, 94(18): €00934-20.
WANG C, CHANG C, TZENG T, et al. Gene-editing by CRIS-
PR-Cas9 in combination with anthracycline therapy via tumor
microenvironment-switchable, EGFR-targeted, and nucleus-
directed nanoparticles for head and neck cancer suppression [J].
Nanoscale Horiz, 2021, 6(9): 729-43.

GHEIBIHAYAT S M, JAAFARI M R, HATAMIPOUR M, et al.
Improvement of the pharmacokinetic characteristics of liposomal
doxorubicin using CD47 biomimickry [J]. J Pharm Pharmacol,
2021, 73(2): 169-77.

MOHAMED M, ABU LILA A S, SHIMIZU T, et al. PEGylated
liposomes: immunological responses [J]. Sci Technol Adv Mater,
2019, 20(1): 710-24.

ZHOU X, HUANG D, WANG R, et al. Targeted therapy of rheu-
matoid arthritis via macrophage repolarization [J]. Drug Deliv,
2021, 28(1): 2447-59.

TANG Y, TANG Z, LI P, et al. Precise delivery of nanomedicines
to M2 macrophages by combining “Eat Me/Don’t Eat Me” sig-
nals and its anticancer application [J]. ACS Nano, 2021, 15(11):
18100-12.

JIAN, GAO Y, LI M, et al. Metabolic reprogramming of pro-
inflammatory macrophages by target delivered roburic acid ef-
fectively ameliorates rheumatoid arthritis symptoms [J]. Signal
Transduct Target Ther, 2023, 8(1): 280.

SHEN L, FU S, CHEN Y, et al. Mannosylated polydopamine
nanoparticles alleviate radiation- induced pulmonary fibrosis by
targeting M2 macrophages and inhibiting the TGF-betal/Smad3
signaling pathway [J]. Colloids Surf B Biointerfaces, 2023, 227:
113353.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

HUANG J, HUANG C, YU L, et al. Bioinspired PROTAC-
induced macrophage fate determination alleviates atherosclerosis
[J]. Acta Pharmacol Sin, 2023, 44(10): 1962-76.

CHEN L, DICKERHOFF J, SAKALI S, et al. DNA G-quadruplex
in human telomeres and oncogene promoters: structures, func-
tions, and small molecule targeting [J]. Acc Chem Res, 2022,
55(18): 2628-46.

YAO J, ATASHEVA S, WAGNER N, et al. Targeted, safe, and ef-
ficient gene delivery to human hematopoietic stem and progeni-
tor cells in vivo using the engineered AVID adenovirus vector
platform [J]. Mol Ther, 2024, 32(1): 103-23.

ZOU Y, SUN X, YANG Q, et al. Blood-brain barrier-penetrating
single CRISPR-Cas9 nanocapsules for effective and safe glio-
blastoma gene therapy [J]. Sci Adv, 2022, 8(16): eabm8011.
GOKSEN S, VARAN G, BILENSOY E, et al. Folate receptor
beta (FRbeta) expression on myeloid cells and the impact of re-
ticuloendothelial system on folate-functionalized nanoparticles’
biodistribution in cancer [J]. Mol Pharm, 2024, 21(9): 4688-99.
GAO W Y, MA G L. Nanomedicine strategies for remodulat-
ing tumor-associated macrophages [J]. Int J Biomed Eng, 2023,
46(5): 384-9.

LIW, JIN Q, ZHANG L, et al. Ultrasonic microbubble cavitation
deliver Gal-3 shRNA to inhibit myocardial fibrosis after myocar-
dial infarction [J]. Pharmaceutics, 2023, 15(3): 721.

CHARI N S, CHEN C, RAMASAMY T, et al. Abstract PO-057:
Systemic delivery of miR-27a using ultrasound-targeted micro-
bubble cavitation causes tumor regression [J]. Clin Cancer Res,
2023, 29(18_Supplement): 57.

LI M, LI'Y, ZHENG J, et al. Ultrasound-responsive nanocarriers
with siRNA and Fe(3)O(4) regulate macrophage polarization and
phagocytosis for augmented non-small cell lung cancer immuno-
therapy [J]. J Nanobiotechnology, 2024, 22(1): 605.

UMANA J D, WASSERMAN S R, SONG L, et al. Chemical epi-
genetic regulation of adeno-associated virus delivered transgenes
[J]. Hum Gene Ther, 2023, 34(17/18): 947-57.

LI X, HOU P, MA W, et al. SARS-CoV-2 ORF10 suppresses the
antiviral innate immune response by degrading MAVS through
mitophagy [J]. Cell Mol Immunol, 2022, 19(1): 67-78.

YOU Y, GRASSO E, ALVERO A, et al. Twist]-IRF9 interaction
is necessary for IFN-stimulated gene anti-Zika viral infection [J].
J Immunol, 2023, 210(12): 1899-912.

CORCES M R, GRANJA J M, SHAMS S, et al. The chromatin
accessibility landscape of primary human cancers [J]. Science,
2018, 362(6413): eaav1898.

WANG C, CHANG C, WU 8. Differential DNA methylation in
allergen-specific immunotherapy of asthma [J]. Cell Mol Immu-
nol, 2020, 17(9): 1017-8.

AHMADI P, DOYLE D, MOJARAD N, et al. Effects of micro-
and nanoplastic exposure on macrophages: a review of molecular
and cellular mechanisms [J]. Toxicol Mech Methods, 2025, doi:
10.1080/15376516.2025.2500546.

YANG Y, NAGAI S, KANG S, et al. Tolerogenic properties of
CD206" macrophages appeared in the sublingual mucosa after
repeated antigen-painting [J]. Int Immunol, 2020, 32(8): 509-18.
LAN H, ZHOU Z, HU Q, et al. Apoptotic body based biomimetic
hybrid nanovesicles to attenuate cytokine storms for sepsis treat-
ment [J]. J Nanobiotechnology, 2024, 22(1): 775.



RN 7525 RAW264.7 E 2 i 25 RS AR A 1 8 580 Feadk g

2703

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

ZHANG H, HUO Y, ZHENG W, et al. Silencing of SIRPa en-
hances the antitumor efficacy of CAR-M in solid tumors [J]. Cell
Mol Immunol, 2024, 21(11): 1335-49.

JI X, QIAN X, LUO G, et al. Engineered macrophage nanopar-
ticles enhance microwave ablation efficacy in osteosarcoma via
targeting the CD47-SIRPa axis: a novel biomimetic immuno-
therapeutic approach [J]. Bioact Mater, 2025, 47: 248-65.
HOSSAIN M J, O’CONNOR T J. An efficient and cost-effective
method for disrupting genes in RAW264.7 macrophages using
CRISPR-Cas9 [J]. PLoS One, 2024, 19(3): €299513.

YUAN Q, ZENG H, DANIEL T C, et al. Orthogonal and multi-
plexable genetic perturbations with an engineered prime editor
and a diverse RNA array [J]. Nat Commun, 2024, 15(1): 10812.
YEE K K L, MOROOKA N, SATO T. An in vitro modelling of
resolving macrophage with Raw 264.7 macrophage cell line [J].
bioRxiv, 2024, doi: 10.1101/2024.09.12.612654.

PATHAK J L, FANG Y, CHEN Y, et al. Downregulation of mac-
rophage-specific Act-1 intensifies periodontitis and alveolar bone
loss possibly via TNF/NF-kappaB signaling [J]. Front Cell Dev
Biol, 2021, 9: 628139.

JIN Q, LIU X, ZHUANG Z, et al. Doxycycline-dependent Cas9-
expressing pig resources for conditional in vivo gene nullification
and activation [J]. Genome Biol, 2023, 24(1): 8.

KUBIAK A M, CLAESSEN L, ZHANGY, et al. Refined control
of CRISPR-Cas9 gene editing in Clostridium sporogenes: the
creation of recombinant strains for therapeutic applications [J].
Front Immunol, 2023, 14: 1241632.

LI'Y, WANG H, ZHANG L, et al. Efficient genome editing in
Bacillus licheniformis mediated by a conditional CRISPR/Cas9
system [J]. Microorganisms, 2020, 8(5): 754.

HAN J P, KIM M, CHOI B S, et al. /n vivo delivery of CRISPR-
Cas9 using lipid nanoparticles enables antithrombin gene editing
for sustainable hemophilia A and B therapy [J]. Sci Adv, 2022,
8(3): eabj6901.

SAHEL D K, SALMAN M, AZHAR M, et al. Cationic lipopoly-
meric nanoplexes containing the CRISPR/Cas9 ribonucleoprotein
for genome surgery [J]. J Mater Chem B, 2022, 10(37): 7634-49.
SHUI S, WANG S, LIU J. Systematic investigation of the ef-
fects of multiple SV40 nuclear localization signal fusion on the
genome editing activity of purified SpCas9 [J]. Bioengineering,
2022, 9(2): 83.

SHELAKE R M, PRAMANIK D, KIM J. Improved dual base
editor systems (IACBEs) for simultaneous conversion of adenine
and cytosine in the bacterium Escherichia coli [J]. mBio, 2023,
14(1): 229622.

NEUGEBAUER M E, HSU A, ARBAB M, et al. Evolution of
an adenine base editor into a small, efficient cytosine base editor
with low off-target activity [J]. Nat Biotechnol, 2023, 41(5): 673-
85.

WEL'Y, XU C, FENG H, et al. Human cleaving embryos enable
efficient mitochondrial base-editing with DdCBE [J]. Cell Dis-
cov, 2022, 8(1): 7.

CHAN W, GOTTSCHALK R A, YAOYY, et al. Efficient immune
cell genome engineering with enhanced CRISPR editing tools [J].
ImmunoHorizons, 2021, 5(2): 117-32.

PARK J, KIM K, JANG H, et al. Transition substitution of de-
sired bases in human pluripotent stem cells with base editors: a

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

step-by-step guide [J]. Int J Stem Cells, 2023, 16(2): 234-43.
MURPHY H, FLANNERY B, LY H. Beyond cancer: a new in-
nate immune regulatory mechanism against virus infections [J]. J
Med Virol, 2023, 95(4): ¢28760.

BOOTH B J, NOURREDDINE S, KATREKAR D, et al. RNA
editing: expanding the potential of RNA therapeutics [J]. Mol
Ther, 2023, 31(6): 1533-49.

PU S, CHENG T, CHENG H. Advances in RNA editing in he-
matopoiesis and associated malignancies [J]. Blood, 2025, doi:
10.1182/blood.2024027379.

WANG L, SUN 'Y, SONG X, et al. Hepatitis B virus evades im-
mune recognition via RNA adenosine deaminase ADARI-me-
diated viral RNA editing in hepatocytes [J]. Cell Mol Immunol,
2021, 18(8): 1871-82.

GAO B, WANG X, WANG M, et al. “Intercellular mass trans-
port” mimic enables ASO entry completely into the cell nucleus
for enhanced ischemia therapy [J]. ACS Appl Mater Interfaces,
2023, 15(10): 12777-86.

REAUTSCHNIG P, WAHN N, WETTENGEL J, et al. CLUS-
TER guide RNAs enable precise and efficient RNA editing with
endogenous ADAR enzymes in vivo [J]. Nat Biotechnol, 2022,
40(5): 759-68.

JAUREGUI-MATOS V, JACOBS O, OUYE R, et al. Site-spe-
cific regulation of RNA editing with ribose-modified nucleoside
analogs in ADAR guide strands [J]. Nucleic Acids Res, 2024,
52(12): 6733-47.

LIN S, CHEN S C. RNA editing in glioma as a sexually dimor-
phic prognostic factor that affects mRNA abundance in fatty acid
metabolism and inflammation pathways [J]. Cells, 2022, 11(7):
1133.

BRANNAN K W, CHAIM I A, MARINA R J, et al. Robust
single-cell discovery of RNA targets of RNA-binding proteins
and ribosomes [J]. Nat Methods, 2021, 18(5): 507-19.

TAN R Z, DING H, L1J C, et al. Astragalus mongholicus Bunge
and Panax Notoginseng Formula (A&P) combined with Bifido-
bacterium contribute a renoprotective effect in chronic kidney
disease through inhibiting macrophage inflammatory response in
kidney and intestine [J]. Front Physiol, 2020, 11: 583668.

LEUS N G J, VAN DEN BOSCH T, VAN DER WOUDEN P E,
et al. HDACI1-3 inhibitor MS-275 enhances IL10 expression in
RAW264.7 macrophages and reduces cigarette smoke-induced
airway inflammation in mice [J]. Sci Rep, 2017, 7: 45047.
CHIRIVIR G S, VAN ROSMALEN J W G, VAN DER LINDEN
M, et al. Therapeutic ACPA inhibits NET formation: a potential
therapy for neutrophil-mediated inflammatory diseases [J]. Cell
Mol Immunol, 2021, 18(6): 1528-44.

ZHANG Y, DONG Z, SONG W. NLRP3 inflammasome as a
novel therapeutic target for Alzheimer’s disease [J]. Signal Trans-
duct Target Ther, 2020, 5(1): 37.

HANSCHMANN E, BERNDT C, HECKER C, et al. Glutare-
doxin 2 reduces asthma-like acute airway inflammation in mice
[J]. Front Immunol, 2020, 11: 561724.

SHEN T, YANG S, QU X, et al. A bionic “Trojan horse”-like
gene delivery system hybridized with tumor and macrophage cell
membrane for cancer therapy [J]. J Control Release, 2023, 358:
204-18.

MARTINEZ JUNIOR A M, LIMA AM F, MARTINS G O, et al.



2704

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Impact of degree of ionization and PEGylation on the stability of
nanoparticles of chitosan derivatives at physiological conditions
[J]. Mar Drugs, 2022, 20(8): 505.

TABRIZI S J, ESTEVEZ-FRAGA C, VAN ROON-MOM W M C,
et al. Potential disease-modifying therapies for Huntington’s dis-
ease: lessons learned and future opportunities [J]. Lancet Neurol,
2022, 21(7): 645-58.

GLASER V, FLUGEL C, KATH J, et al. Combining different
CRISPR nucleases for simultaneous knock-in and base editing
prevents translocations in multiplex-edited CAR T cells [J]. Ge-
nome Biol, 2023, 24(1): 89.

LEE J, LIM K, KIM A, et al. Prime editing with genuine Cas9
nickases minimizes unwanted indels [J]. Nat Commun, 2023,
14(1): 1786.

EVANS C H. The vicissitudes of gene therapy [J]. Bone Joint
Res, 2019, 8(10): 469-71.

AMISTADI S, MAULE G, CICIANI M, et al. Functional res-
toration of a CFTR splicing mutation through RNA delivery of
CRISPR adenine base editor [J]. Mol Ther, 2023, 31(6): 1647-60.
HOU P, FANG J, LIU Z, et al. Macrophage polarization and
metabolism in atherosclerosis [J]. Cell Death Dis, 2023, 14(10):
691.

HE X, TAN S, SHAO Z, et al. Latitudinal and longitudinal regu-
lation of tissue macrophages in inflammatory diseases [J]. Genes
Dis, 2022, 9(5): 1194-207.

ALLEMAILEM K S, ALMATROODI S A, ALMATROUDI A, et
al. Recent advances in genome-editing technology with CRISPR/
Cas9 variants and stimuli-responsive targeting approaches within

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

tumor cells: a future perspective of cancer management [J]. Int J
Mol Sci, 2023, 24(8): 7421.

HE S, DU Y, TAO H, et al. Advances in aptamer-mediated target-
ed delivery system for cancer treatment [J]. Int J Biol Macromol,
2023, 238: 124173.

HILLARY V E, CEASAR S A. A review on the mechanism and
applications of CRISPR/Cas9/Cas12/Cas13/Casl4 proteins uti-
lized for genome engineering [J]. Mol Biotechnol, 2023, 65(3):
311-25.

FENG S, WANG Z, LI A, et al. Strategies for high-efficiency
mutation using the CRISPR/Cas system [J]. Front Cell Dev Biol,
2021, 9: 803252.

ROSELLO M, SERAFINI M, CONCORDET J, et al. Precise
mutagenesis in zebrafish using cytosine base editors [J]. Nat Pro-
toc, 2023, 18(9): 2794-813.

NADAKUDUTI S S, ENCISO-RODRIGUEZ F. Advances in
genome editing with CRISPR systems and transformation tech-
nologies for plant DNA manipulation [J]. Front Plant Sci, 2020,
11: 637159.

WANG Z, WU Z, WANG H, et al. An immune cell atlas reveals
the dynamics of human macrophage specification during prenatal
development [J]. Cell, 2023, 186(20): 4454-71.

BARREBY E, CHEN P, AOUADI M. Macrophage functional
diversity in NAFLD-more than inflammation [J]. Nat Rev Endo-
crinol, 2022, 18(8): 461-72.

ZHAO C, CHENG Y, HUANG P, et al. X-ray-guided in situ ge-
netic engineering of macrophages for sustained cancer immuno-
therapy [J]. Adv Mater, 2023, 35(14): €2208059.



	32200.14.cjcb.2025.10.0025

