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Tumor-responsive synthetic gene circuit design and its applications in

oncolytic virotherapy

HU Ling-Feng, YIN Jian-Li, MA Xiao-Ding, YE Hai-Feng*
(School of Life Sciences, East China Normal University, Shanghai 200241, China)

Abstract: Conventional chemotherapy, radiotherapy, and immune checkpoint inhibitors benefit only a subset of
cancer patients, while cell therapies such as CAR-T are often ineffective against solid tumors due to the lack of
tumor-specific antigens, immunosuppressive microenvironments, and physical tissue barriers. A significant number
of critical tumor markers are located intracellularly, limiting the precision of conventional immune recognition
strategies. Synthetic biology offers new opportunities to address these challenges by constructing tumor-responsive
gene circuits with a sense-process-actuate” architecture. These circuits, designed through modular engineering and
optimized via artificial intelligence, integrate multidimensional inputs, such as hypoxia, aberrant signaling
pathways, tumor-specific transcription factors, and microRNAs (miRNAs) through logic-gated computation to
achieve high-specificity tumor discrimination and cytotoxicity. Oncolytic viruses (OVs), owing to their inherent
tumor tropism and immune-stimulating properties, have emerged as a powerful platform for gene therapy in solid
tumors. By embedding synthetic gene circuits into OVs, intelligent oncolytic viruses can be engineered to initiate
replication and therapeutic gene expression specifically within the tumor microenvironment, with additional
spatiotemporal control enabled by optogenetic or small-molecule switches. This review outlines the design
principles of tumor-responsive gene circuits, summarizes the translational advances of intelligent oncolytic viruses,
and discusses their synergistic potential when combined with immune checkpoint blockade, CAR-T therapy, and
radiotherapy. Furthermore, it addresses major challenges such as limited cargo capacity, inefficient systemic
delivery, and host immune interference, while highlighting future directions involving Al-assisted circuit design and
next-generation delivery platforms.

Key words: tumor-responsive synthetic gene circuits; intelligent oncolytic viruses; logic circuits; dynamic

regulation; combination therapy
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BROBT R RE 3 136 2 000 F3 451, BETIHE B 1000
Jifal, b R H 5 AL ) Y i g 4y o) R il
(12.4%) FUEREE (11.5%) 45 B 7 (9.6%) Hi 41
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(chimeric antigen receptor T-cell, CAR-T) J7 £ 7E IfiL
VR R R R, 5 G BE e 2346 % 19 (cluster of
differentiation 19, CD19) fJ CAR-T J77% ¥ s L1
CD19 F1434L 5% 20 (cluster of differentiation 20, CD20)
[ XURF 7 M CAR-T J7 vk 9 X Fi697 B 41 i itk (2
Jod HR A R =1 1) % W 2% fift % (objective response rate,
ORR), Jf H#B7r & & KWW A M E K. A,
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FHERh Z e e HL I R R R AR S PU R MR
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PRI — bk, T N A AR DR 26 2% (1) L DR VR T
TEAE R SR IR ST SR T IR T SRS . A UEY)
ORI TR AR, @ L. AREL I A
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964 AR

374

I7 2 At 53 A 1

VoL IR e B A DR R e R o T R A T U e
71, NSRS R VA 9T I SR U AR
()R R 4R T 20 tH 204745 SR W 52 31 1) s 7 2k 4% S b
JEHIRIL G, 20 thad 50 FALEN RGE T TR B
Bhee R sl M e 2 ORI R, (E2 R T
GAVE R ARG 21ty RN TR HE
A AR RN R E A, W0 2004 SEEZH N 5 AR
I BRI (recombinant human adenovirus type 5 injection,
H101) 7EH EIRALH TR0 97 . 2015 4, EH
BB R (Food and Drug Administration,
FDA) fit v 75 58 R TR O 1 128 o i g o2 0 75
(talimogene laherparepvec, T-VEC) Fi T 2 & % )&,
T30 ok 2R AR Pl g 4 R TS SR R A R4 - R
I B £ 7% ) B K+ (granulocyte-macrophage colony-
stimulating factor, GM-CSF), & 5 4t VP e 4
e U BRI, P A AL EE AT DR XU, A B
VTR B AL M MEAN SR, T R —, TOVRIE N S AR

FRITIE R TR . Tk, B AN L4 s
kit SR a AL &, TPk B aenRmE",
AT IRE PR T s A A R R S P A SR A A
E R RPN PSR S U B U s i L= W NG
ARGULN R R, B RIS %
ey

AT PR CR IR L R SRR N T i R 2 B
BOUH R B (1), BRI N A R R 2 ARV
T B P N R L IR R A . FLIK, 4R
TR B 5 S A A SR . CAR-T JTVEABOT I
BRERIT SRS, ), B RE TR BE A I PR 2
AT S . BRI ® e IR A B2 IR RgTEiEE
RBCRAR LA R AE T TA7 S e T IS R Bk 5 AR AT
W N TR MBI 8, 456 T 40l
KEIAEART RGNS IARCR, IR NI
PRI AT RGUIRAE, DA B R R I B 1A i PR L
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@ |-

(TR REgox PIT ].[OutputREm."I RE,,, J(TR)
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1 AILEREFELERITOE

1.1 $EEMERNIRRERIEMNTFsSmiRNAsH A
TEMERE %

W FCARIE 2 Fh M N AR AE 0 R IE 1) TFs 5
miRNAs", 3&F s iH 1 A T4 e it R 28 % T LA
TR IR T R e, B AT MR R e 1 R
BRI =] I J5 ) 1) 8 BRIV 97 SR A 040 14E NI R
RSB BE. N, H19 J3 31 Al £ 30 Al
Ji9eg B e S P, T AR R AR BR . BT
PERRPE WU K HI9 B F IR Ak = A R
BN RGP, SRR B PR IR
R (NCT03719300. NCT01878188), k4T & 24 &,
HRAMBAAIRIT BN Ak, (6 R R R
IEWIHT N B2 2 -1 J8 3 BRI e 40 i 3K 3 fite
I8 3K BE [K 7 52 4K 1-FAS %E T- %2 {& (tumor necrosis
factor receptor 1-FAS, TNFR1-FAS) ik, %321k 5
i 96 Tl P B v K A AE () B R R SE TR T - (tumor
necrosis factor-a, TNF-a) 44 & J& 7] 5 80 Z 44K 15 1k,
753 IR LS PN R A R A R T, R R I AR
B IR BRI H . BTz &R % S
T b, JREN TG ARG . R I
AR RIS (NCT03398655) AIATIAL &, HE5%K
R BT AT LB TR T 3OR Y,

SR, RIRJA BT A Z M g K145 600 k1
(transcription factor binding sites, TFBSs), 5 #F I
R AR EOE . AL Z TR, B ROE B B
wit, fEfm/MEL a3 T LR R E TFBS S
HEFH, v DRk, B, 9P
Bt N T &8 37 S(E2F)p 5 S(eMYC)p i)
WO TR P B IR I B 1) B 2 LT R AR I e e 1
JE BT SSX1p Al H2A1p, ™R ILKEHEIRIT I E 2.

JHRE R 5 P miIRNA 7t B 308 2 JHeg X B 1)
b B B N, AR R e A L R
Sk miRNA Wi BZE - 44 I 2240 i miR-21/miR-
17-30a |8 miR-141/miR-142(3p)/miR-146a T JH,
12 N LA B3 DR 2 56 TR 1) 2 24 R i 30008 4
T EE AR I8 T2 25 1 Bax (Bcl-2-associated X protein)
Fik, AFREBET P Ak, AT4RFE miRNA
M 3~ 5 (programmable miRNA-responsive platform,
PROMITAR) ] DL 52 L 52> #0IR RNA 1 5 miRNA
HEAT Tl R A %, PR RNA B
AR E M, MR FRIARCR B, IR

K

1.2 $REEEEREFREM AT S RERELR
WHFCRIL, R AN BT 3 K 7 5 R AE R AR - B
$2[KF 3B W3 1 (splicing factor 3B subunit 1, SF3B1)
B DR E 2408 BRORL 4 40 B 1k v B G A SR W SR B
(myelodysplastic syndromes with ring sideroblasts,
MDS-RS) FI 11 bk 1 240 B 1 1155 o F) 5% A2 4 A
7 P U2AF1 (U2 small nuclear RNA auxiliary factor
1) M 7E MDS-RS F# &5 R AR B, iR
AR R SRR S, R R ROBT R REO
72 AR bR R e MR R SR A T A T BLRRAE,
North %5 ™3 ¥ 1 BIU) AR WA IE N LA i F: Rl 2%
B (B 1A) - R TS A T (synthetic intron),
A FLAE AP IR TR A A I v v R BT %, AR B AR T i
TR 3 SCRUF AR AN A AL T R BTHOIRAS . Wt
FU I e I8 R L 8 878 Fh AT AR A, e AR
KIS TRAR A SR 5 By nU 1. A
A5 R R 2 70 ) -5 N B AT bR 4 - T
P BN & - FE R 40 rh s 8T ), BT AR 5]
HSV-TK £k, 75H H &3 (ganciclovir, GCV) AbH
&, MR SF3B1 RAKI LR . M A EER
e R JR e T L 2R, e R R T ) A R 4 e )
KRR M. 7E MDS-RS 545 F U5 5 R A Y o,
TR VE 2 BRI R Sy LR A, IESE T
LR 160 B4 PR AR R R e e S e A
1.3 HEWEREESBERNALSREELSE
TR SR H) S IR RS T, &
P T TR A e A, ARRAE B e i
HE . TP AR R Sy ok, X RS
IFi) ¥4 S 90 R A R FR (A Lo 1 Bt B ) BT
FRERFIE, BFFCE S B S A T AT
R S MR R L P B0 1 5 I ) R PR e % (BT 1)
B, e S 3R R A K TR 2 A IR R
ErbB (erythro-blastic leukemia viral oncogene homolog)
{5 5 10 B 1) 08 R BRI R 4R (rewiring of aberrant
signaling to effector release, RASER), #& & A ErbB
0 I R O I R R B RS
B TR G EA R Ra T RN R E (W
T T ) ) 5O E R I R 45 O A R I
(phosphotyrosine-binding domain, PTB) #f 17 @l & %
&, B A M PTB 2 )65 7 BL 28 0 25 3R 45
¥J8 1 3 (hepatitis C virus non-structural protein 3, HCV
NS3) &AM TN A H 2% PTB 5 HCV NS3
H AR AT R G2RIA . 7E ErbB i B IO 1 41 i
t, BERACZ AR HE SRS B, fefE NS3
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A BRSBTS, RBGN ER
BT e A5 20 e ) T B 3K 3f) CRISPR/Cas9 41 3 1)
GM-CSF ik, S R 5 1 2540 5 e oA B2
IO ST

Btz Ab, 2T 2 B W (receptor tyrosine
kinase, RTK)/ 7> GTP [ {5 = H 9< 28 1 (Rat sarcoma
viral oncogene homolog, RAS) 15 *5 18 % 1) 7 Bis
W5 B B AME 5 T BB (extracellular signal-
regulated kinase, ERK) #5255 JE G, X /2 2
T BhoR 0 SL EVRRAE BT AEXE RAS 15 5 38 % 1 5L
JEOE, WEE TR 1T RAS 45680 T84k
Tl 2 &5 J8 B J4 8% (nitrate sensor kinase, NarX) £ A
T AR R 2% . 1% iH A H CRAF & H ) RAS
SE 538 ) 2 R R & 4 18 (RAS-binding domain and
cysteine-rich domain, RBD-CRD) 4 5 14 {1 1] &4 =
fi% I2 (guanosine triphosphate, GTP) &5 & 7 1 & 4
RAS, 3l filt /& NarX/NarL X{4H 43 % G B 12 10 2
BRI, FeZB0E MR T BN i s Rk, SLBbn
RAS 15 5 188 2% 3 5 W 40 I8 00 e b B2 R 59697
T B,

Fritbz 4, A B 5L QE T K 1 ERK
WO B R B RT, HAZ ORI R RRT B,
LU 4 B 4 6 92 5 75 B 1 RS (herpes simplex virus
thymidine kinase, HSV-TK) B}/ R i 16 g il 208 (yeast
cytosine deaminase, yCD) f%2 € V£ 5 ERK B0 i
PEfREE. /£ RTK/RAS i tE iR 40, ERK /b
FIEIT S AR A T BH R LA, ST AR R
MAE ERK V&P IR 4B, 1697 8 B IRaE 75 fif
BT I R R S R S B 1 IR BRI AR
g TLERIE, R  ERK X 2R A2 e 1 1 0 1%
Ja R4 R B E . MERA S 25 GCV BE 5-
MR, RAREEIT R E AR A N R E
PEVIST, ATITRR S VR A . R BUAR N b S
WESE,  BLSRES/E O BE IR 5 A ME D RTER T, I
XU B RTK/RAS DX 7 e 2t g B
1.4 SAEEENRTT A L& RIZELZ K

N LA R DR 28 2 i e 5 I8 AR 4 B v 1ok i
FIRT MR R A R e, HAR O AE TR MR A
o J5 A (5] 0 e DA ARG B SR KRS, < H AT R XS
¥ 517 (AND gate) Rtk H 28 /0 Py e 4 5
JAshF (B 1C), WismkiBEidi 4 54 (human telomerase
reverse transcriptase, hTERT) 5 4 {7 & (survivin) J&
BT, el R T Gald 1) DNA 45515
AR, Y L A JE R R A A Re 4

FNDIRe L SR, dEMiKs) HSV-TK &Ik, 1E
o gy i A e S BIE BR M R 5 B 5 i — Pk, Liu
&k B9 3L F CRISPR-Cas9 % 4; 4 i CRISPReader
&, I E R R R ST R /NMR
¥ & 1 (uroplakin II, UPI) J& 3h 7 5 JR ML /MR % &
I (Uroplakin 1T, hUPII) JA 2+, ZHA&5K5) Cas9
i, [AIE B R AR DS miR-21 4%, TERL “UPILAND
hUPIII AND NOT miR-21" @455, 755 H 40
MR RR R R

B2 4h, Angelici 25 ™ 51t 1 BF 40 JE (hepa-
tocellular carcinoma, HCC) #8284 ( & 1D), K
Ji% #H 5% 955 % (adeno-associated virus, AAV) #4453 %
JE 0 T 40 g AZ Kl 7 1a/B (hepatocyte nuclear factor 1
alpha/beta, HNF1A/B). [ifJ8 #5 E4) SOX9/SOX10
195 miRNA let-7c I T4 RFEFIZERE, 4% HNF1A/
B AND SOX9/SOX10 AND (NOT let-7¢) ¥ #[7, £
/NELHCC B RS A 53 1 15 5 HSV-TK Rk H Bk &
GCV RIT , 5 35 40 g 28 K H AR5 45 1E 3 Th R

2 ANITAEBERZROESERAERS

T IR 7 R LR R ) Py v [ e R A28 T
71, CRCNIRIT SR () — P B B IR R 9T SRR .
SR, B A 205 2 T I Ot XU AN R — 55 Ry
PR, PRI ek, 90 SR N T4 Rk R 4 %
SRR EASE G, TF R LA R R e 1 i 7 5
JERAIRE I R BRI R

P FARREAR, R 40 S 1E R A BT R s R T
miRNAs. BJUJRAE, (55 BiEth. MRSy
T34 I [ W40, 05 b T g 7 i 9 A S P i 57 )
BRI 2R, RS REEER . R e MR
[ RF 7 . N VA R IR P B CNHK300, 1% /2 A 3 KL
PifE 4 55 I )5 8- (human telomerase reverse transcriptase
promoter, Pyprr) 2 BRI 2551 X 35k 1A (early region
1A protein, E1A) 32128 195988 R0 %, 78 sty A7 7
TRl 2 T2 F 8 200 S e A i R T HiAth
= A 75 F AT 1o (hypoxia-inducible factor 1-alpha,
HIF-10)" FLERZ 1 G & BEEZ Ik 81 (G protein-
coupled receptor 81, GPR81) & L& H T ik A T3k
DR 2k 2% O B P s e B8, ok N T
SRR BRI o

B 7 ERAME S B IR R 2R %, BA 25 S
AN H] CAHE TV 98 3 55 18 97 R S 1t 40 AND 7%
T RS R 0 9 b g b J5 400 7 T ik ok 2 2
NOT [7] 35 ¥1 I ok #0005 5 0kt 1 5 2H 2R Bk
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Hor, W B F 2019 A TR )
JFF 98 200 B 1 Y 000 s 5 . T TS T S A T T
FHE R F % 5 50 75 miRNA (miR-199a/b-3p. miR-
142 1 miR-21) P AR L6 6, FFH e 3 2 1 iR
T3 B T T 4 R B A DA A A e IR TRk (K
2). SEEGWLIN, %09 R AL AR R iR 2 SRR S v
eIk, B PR T AL G R O B O R XU,
BHEE o or A A 7R YE T AT E — 8 |
AK.

B 1 o NSRRI R S, R R 2R
HNRAE 5 Tl N LA R R 4%, nlseEl b
VRN GEGE /N VR R w1 Y AT .
WA RTS8 G47 A -KR, 11205 8 3% K 241 P 4
N6 8UE A KillerRed (KR) LN, 765 #5%
HER KR BOGHUR JE = AR, At da e /
1) Y NTTRE R a7 A oL e ] 00 AN i U RA N
F3 ARG DL B &R B (R 3 R R ) R
T K7 ) IRE, MARKIMEMERIES RAH
F FK506 45 & 8 A - 805 R 456 451 38 (FK506-
binding protein-FKBP-rapamycin binding domain,

FKBP-FRB) — %1k 5 G YR ah 41 il s [H 7 ik Y,
BTNy TES BRI RGN, WHRIERI R
Z (Dox) A0S 5 74 48 HI R (Cumate) 4% 5 D] 53¢
FKIERGE, SN R R W 2 1 1
#ilZ 1 D13L SARS-CoV-2 Hll5pE & (1 (FREEEE 1,
R R AR R ) PRI RS E (400
BMEEA ). BEME T (ANE -120 AR 2
MEANE -18) 5 (K 3), LR ZERIARHEFIHIT
O R R e o W

3 AEREHIEKREL

TR T I PR R AL T 4 = IR AR BT,
B — AR LA R AR BRI B o, Bl 2015 4F
FRHLA T-VEC il % IE GM-CSF 30iS Hi 8 e,
7 B 8 1L B PRCES (NCT00769704) H A 5%
UFI R TT RCR Y 2 AR Bl S R TR I 5%
Fevk, a0 [ e A E i AV R v B H101 MBR
T E1B-55K £ (E1B-55K 25 [ 78 1 4= 74 i s 15
Ve R 256 JF 49 25 1 p53), I BE 4 J%
LA R T BRI EE A . H101 MHIBRZ AL ),

miR-a @
miR-b4U

IR EARAY
AT SHEELZE

pCancer

)
ER4R °'&'.

ASAEH L‘

BRtsERSS R IERR RMBTEHERE

——

SEAREFEN (&

o
w
A

HetaERs

REEHRAESHEMR

¥
2 o.,
-

N LA 2 A2 B 22 RN B3 B HE N MR I, 38 1 R R 45 57 P TF ZmiRNA,  BUFE1A DL S S 4m L A 1 Rk
fish 42 5 B JHF Jee 240 D o R S AR R IK S P IR 1o B b T A ) BSUMOR AR SR B A R R R IR AT e
M, DASRTHE R R HATT R . SRl RIE MR AENUAR T Bl S B E, X R g A7 — 2D R 5 o R RE TR s #5341

WA R AR ], JeRIRES

E2 BaeABREEA R R A E AR
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A
. ® Rapalog inducer (HFIASE)
( FKBP (X _FRB
Split T7 RNAP
pli

= TK left [ P,, X FRB|C-term T7 RNAPF P,, »FKBP POl M TK right
B

o Dox (EHEXR)

: l
= TK left [{ P, Y TetR 7| P,, @ TetO { POI f| TK right

e
= TK left [ P,, Y TetR [ P,, Y TetO FGFPLucll TK right

C

Cumate (MRAREFPE)

|—|
={ TK left [{ P, ¥ CymR || P,y X CuO HGFPLucl{ TK right »

@

= TK left [{ P» Y CymR]| P, JCuO | POI |} TKright /s

POI: ERSSHIXEEED13L, RRMARET. MRFMER

(A)EMERFEFRS: FKBPSFRBHE /075 TTEMAL L 5 A T (T7 RNA polymerase) i — M A HIRELE, I HIPWJHE)
FOEEREEE IS 3 1) IRBIRIE . FHINFE RN T, FKBPSFRBE H B 50 T IR 5K Al = 1ot
IXB)Pr, )8 ) F3RIE TUFIEA . (B) Dox## il R%t: DoxAF/EMIIEHL T, PHIB & F (TetR) 5 #: 4\ ¥ (TetO) HIBHAT RE I B i b, Je
TR A o0 TR R RIE . (C) Cumate’s T R4 : CumatefFAERIEFIL T, g A(CymR) S5\ 7 (CuO)HIBHIS AE

WEfRER, SRS AT IR Pl R k. POL: Sl E I G FIDI3L. i 7. MR mE A,

1E p53 Dhfe IEH 4B, p53 £ i T2l BR G
PR O AH I, BRI B B0 5 TIAE p53 B
bR g b, B psS3 A SHIBI ML, 78
AR I I AR MR AN . 120 7538 T UK &1k
I UARE— D 4 v Sk B B 1 AR A Y

55 AR BEVA R B IR T N L i R AL R
BWRmEaa, SEIUM R Ry A R I G R R
BOR . R FIBA B TF R 1R R B SynOVIL1 7R
T3 AR IR 56 (CXSL2101198) Ff AN ] LLEE [7) fi 88
AT A, 38 AT DU I 0 4 B B e s ok
8 B T o R A B R 1) I . BRI A,
A RIL 0-1,3- 2 FURE LR iy LU 9 8% 15 ROR 1Y
BT I 9% 99 B (newcastle disease virus, NDV-GT), &

N

T 5 T AMA A T IR 2t HE R RN R iR I
B, TG PR 58 (ChiCTR2000031980) 20 1 %4 £%
P g i 88 b 3 135 7 42 i@ (partial response, PR).
15 9% J% Fa i€ (stable disease, SD), 77 & [ 4Pk
1% (dose-limiting toxicity, DLT)*",

BOTEFLER B, HAEZ R E VGl61 @it 4
7 IL-12. IL-15/IL-15RA E-&%) 2 PD-L1 FHETJK, wT
BEAT 22 77 T ) S B B0E . IR R FTAE 78 R, VGl6]
TE g A 20 wh R Ve 7 ROR R . 78 T IR PR ER
(NCTO04806464) ', HBHM 2RI, Kikd 3 %
DA EARNR SR, Wb R WM E MRS (ORR) & 35%"°,
AL, TRIE TR 7% IX-594 (Pexa-Vec) f& —F ik [Al
I I )V TR O T R, B oA R A A



]

BRI, A5 e SR N T3 DR 2 v B HLAE TR 7 IR S 969

FgE N GM-CSF £ [, Sl 35 i 2 1) 5 4 g
WoE S E D Ee, (A H AT I R IRES (NCT02562755)
BRAE %,

4 BRBERBENKEIETT

DA SR AR, R R SR RTT TR
IEEA 1R YT BE 0 P T BRI T 2. IR EE S
JEE AT AU RV FH R S S A TR B, 8
T-VEC B4 i 18 01 B 550 7 W 30 28 2 3508 T 0
PRIAES (NCT00769704) H 5 25 42 w1 52 i # 1) fr
A BEFUR A, 0 EE R PR A R T R
W THIORME, 5 PD-1 BuikthRVEIT R E T
T 20 28 R 1,

A PR 2 TR (SR8 T ARy T4
AL i 8 2 T 5k = 0 S5 1T 52 2 PR ), e 3ok i B 4SS
7 CD19 7t J5 5 PR GS i Jg 4 i, 0w DAASE 8 48
MR T 235 CD19. R AR FT A AL A A 12 95 980 s
BIKE CD19 CAR-T /87 I BE4E iR, R R4F
(VAT RO BLJC I R R s . BRibz Ah,
BT 03 75 5 75 5 IR 40 AR el NPT 3R B A KR 7 52 4
(epidermal growth factor receptor, EGFR) Fi {4 #E 1] )
RURF S T 4 B %7 % %% (cBiTE) %A, H i EGFR
FEEBTAR NPT CD3 HUEE B Al Ik 2 M IR ER B
HZ TR R B E 3T, iUER SR
| I ek o X MRS BN S 1 T 40 A 1 2 A 11
VA9 IR 55 1] 7 EGFR 22126 10 e 8 40 A 7 A 28k
TR T 4. R, 2RI SRR R A
A5 RIRZIE) T ARG 5 M 55 00 & 4 A 5
FOAN BRI,  SRIGUE R A VR S s 7 W] 2 2 42
e IRV T 4 RLE A P9 R R AR A7 AR I T 1

5 WitERE

N TR T 1R m R A S
I gMREPE, ARSI CIERA - R - AT B HE
SRR B, IR 2 N ISR ] R (R £ i
A SE BN bR RE 7 miRNA L IR B (5 i
HA WA, Wiyt S 2 et Rk, 2
DRI £k i ) 3t — D RS e BE DR T 3RIE . R IR R
AWM, HECBAN BEN R, R, i
I — ZR F PRI, B LR A 7 A P AR Rk
T A0 B A B X 2R B Th RE (0 TP LA S e R Ge 0 5
BRIT BB ONL e B4, Tl /N R 5 2 A o
PHPRER R SR, R TR R
B )

IR B3 I PRI AL I AZ O PR BRAE T 8RR 2 IR
il A By 318 R ER S A P g% . I, IR 8.5
kb A EHIAE RN TEH IR LB, ST #E
TR )8 i 2 2% W JCv 6 8, oS T FR 4lie 2 s 25
AR E S, KRS i T AR () AT RE,
XFTRIT RO 2 AR AR R L. AW
KW, R T 20 s (8] 7857 140 (mesenchymal
stem cells, MSC) RGVEIBXIARIHEE, LIRS R
Gtk 3o 1% R A Ak 1

FF AR R 2, R B BA ) AR VAR
BRIBIE AU K T FE TV - VOR35S A 2
HRRIE B AR B 0 28 55 ) 37 e mg « SRR IR
WA LR, B i 28 FE A =N 78 T 7K B s A 2
BARRMARE M, @i A S 7R R B o 2
AT DA 25 SR TSR o Bt N OB 4B B AL, 5
T 75 IR B AP ORE S o TR R S SR DU R
i 8 4 B A s 0 B A B Ik, A P T PR A
BURMEG, AR I R E A NI A RO iRk 5 g%
TEER O FAERR T, 9k Is .
REMIRIZ A N E 2 FEOR, PR gk
BRI PR 22 . S A R AR P A v S I R L
Pk

N (artificial intelligence, AI) H ATt 72
M T&BAE S, DU BR B2 5 S A A m DLd i
ST B R B SR N LA e e e e B
T PR O A AT AT IR TR I O A I
LR IO, T2 S it ] % S AR 1 R s
AK, BRI ERS AL G, AT HERPR
187 S g ik N A Rl 22k R 288 % 5 I B DRy 22 4wl 458 1Y)
HIRIEIT o« BRILZAh, NVRAL IR B 5 KA Zh )
SIS 6 IR L A2 B R ER R B I R A BT
T, WA E S RRORAE, X R i I
PRES, FRAREAL RS . B & BEARGIHT S5 I R UESE
A B, VAR B A SR AR SR N SEAR IR — 2R TR 9T
FEB, SRS AT B .

(& £ X #

[1]  Siegel RL, Miller KD, Wagle NS, et al. Cancer statistics,
2023. CA Cancer J Clin, 2023, 73: 17-48

[2] Bray F, Laversanne M, Sung H, et al. Global cancer
statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin, 2024, 74: 229-63

[3] Park JH, Riviére I, Gonen M, et al. Long-term follow-up
of CD19 CAR therapy in acute lymphoblastic leukemia. N
Engl J Med, 2018, 378: 449-59



970

GRS

374

(11]

[12]

[21]

Bliim P, Kayser S. Chimeric antigen receptor (CAR) T-cell
therapy in hematologic malignancies: clinical implications
and limitations. Cancers (Basel), 2024, 16: 1599

Wang L, Fang C, Kang Q, et al. Bispecific CAR-T cells
targeting CD19/20 in patients with relapsed or refractory
B cell non-Hodgkin lymphoma: a phase I/II trial. Blood
Cancer J, 2024, 14: 130

Majzner RG, Mackall CL. Tumor antigen escape from
CAR T-cell therapy. Cancer Discov, 2018, 8: 1219-26
Sterner RC, Sterner RM. CAR-T cell therapy: current
limitations and potential strategies. Blood Cancer J, 2021,
11: 69

Wang DR, Wu XL, Sun YL. Therapeutic targets and
biomarkers of tumor immunotherapy: response versus
non-response. Signal Transduct Target Ther, 2022, 7: 331
Bushweller JH. Targeting transcription factors in cancer -
from undruggable to reality. Nat Rev Cancer, 2019, 19:
611-24

Ferragut Cardoso AP, Banerjee M, Nail AN, et al. miRNA
dysregulation is an emerging modulator of genomic
instability. Semin Cancer Biol, 2021, 76: 120-31

Yang L, Shi P, Zhao G, et al. Targeting cancer stem cell
pathways for cancer therapy. Signal Transduct Target Ther,
2020, 5: 8

Cubillos-Ruiz A, Guo T, Sokolovska A, et al. Engineering
living therapeutics with synthetic biology. Nat Rev Drug
Discov, 2021, 20: 941-60

Zhu B, Yin H, Zhang D, et al. Synthetic biology
approaches for improving the specificity and efficacy of
cancer immunotherapy. Cell Mol Immunol, 2024, 21: 436-
47

Kelly E, Russell SJ. History of oncolytic viruses: genesis
to genetic engineering. Mol Ther, 2007, 15: 651-9
Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: a
new class of immunotherapy drugs. Nat Rev Drug Discov,
2015, 14: 642-62

Morgan RA, Yang JC, Kitano M, et al. Case report of a
serious adverse event following the administration of T
cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol Ther, 2010, 18: 843-51

Soliman H, Hogue D, Han H, et al. Oncolytic T-VEC
virotherapy plus neoadjuvant chemotherapy in
nonmetastatic triple-negative breast cancer: a phase 2 trial.
Nat Med, 2023, 29: 450-7

Shalhout SZ, Miller DM, Emerick KS, et al. Therapy with
oncolytic viruses: progress and challenges. Nat Rev Clin
Oncol, 2023, 20: 160-77

Kant R, Manne RK, Anas M, et al. Deregulated
transcription factors in cancer cell metabolisms and
reprogramming. Semin Cancer Biol, 2022, 86: 1158-74
Mizrahi A, Czerniak A, Levy T, et al. Development of
targeted therapy for ovarian cancer mediated by a plasmid
expressing diphtheria toxin under the control of H19
regulatory sequences. J Transl Med, 2009, 7: 69

Hanna N, Ohana P, Konikoff FM, et al. Phase 1/2a, dose-
escalation, safety, pharmacokinetic and preliminary
efficacy study of intratumoral administration of BC-819 in

(23]

patients with unresectable pancreatic cancer. Cancer Gene
Ther, 2012, 19: 374-81

Sidi AA, Ohana P, Benjamin S, et al. Phase I/Il marker
lesion study of intravesical BC-819 DNA plasmid in H19
over expressing superficial bladder cancer refractory to
bacillus Calmette-Guerin. J Urol, 2008, 180: 2379-83
Arend RC, Beer HM, Cohen YC, et al. Ofranergene
obadenovec (VB-111) in platinum-resistant ovarian
cancer; favorable response rates in a phase I/II study are
associated with an immunotherapeutic effect. Gynecol
Oncol, 2020, 157: 578-84

Arend RC, Monk BJ, Shapira-Frommer R, et al.
Ofranergene obadenovec (Ofra-Vec, VB-111) with weekly
paclitaxel for platinum-resistant ovarian cancer: randomized
controlled phase III trial (OVAL Study/GOG 3018). J Clin
Oncol, 2024, 42: 170-9

Nissim L, Wu MR, Pery E, et al. Synthetic RNA-based
immunomodulatory gene circuits for cancer immunotherapy.
Cell, 2017, 171: 1138-50.e15

Zhang C, Sun C, Zhao Y, et al. Overview of microRNAs
as diagnostic and prognostic biomarkers for high-
incidence cancers in 2021. Int J Mol Sci, 2022, 23: 11389
Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards
a new era for the management of cancer and other
diseases. Nat Rev Drug Discov, 2017, 16: 203-22

Xie Z, Wroblewska L, Prochazka L, et al. Multi-input
RNAi-based logic circuit for identification of specific
cancer cells. Science, 2011, 333: 1307-11

Ning H, Liu G, Li L, et al. Rational design of microRNA-
responsive switch for programmable translational control
in mammalian cells. Nat Commun, 2023, 14: 7193
Yoshida K, Sanada M, Shiraishi Y, et al. Frequent pathway
mutations of splicing machinery in myelodysplasia.
Nature, 2011, 478: 64-9

Quesada V, Conde L, Villamor N, et al. Exome sequencing
identifies recurrent mutations of the splicing factor SF3B1
gene in chronic lymphocytic leukemia. Nat Genet, 2011,
44: 47-52

Graubert TA, Shen D, Ding L, et al. Recurrent mutations
in the U2AF1 splicing factor in myelodysplastic
syndromes. Nat Genet, 2011, 44: 53-7

North K, Benbarche S, Liu B, et al. Synthetic introns
enable splicing factor mutation-dependent targeting of
cancer cells. Nat Biotechnol, 2022, 40: 1103-13

Torti D, Trusolino L. Oncogene addiction as a foundational
rationale for targeted anti-cancer therapy: promises and
perils. EMBO Mol Med, 2011, 3: 623-36

Zhou Y, Tao L, Qiu J, et al. Tumor biomarkers for
diagnosis, prognosis and targeted therapy. Signal
Transduct Target Ther, 2024, 9: 132

Chung HK, Zou X, Bajar BT, et al. A compact synthetic
pathway rewires cancer signaling to therapeutic effector
release. Science, 2019, 364: eaat6982

Sulahian R, Kwon JJ, Walsh KH, et al. Synthetic lethal
interaction of SHOC2 depletion with MEK inhibition in
RAS-driven cancers. Cell Rep, 2019, 29: 118-34.e8

Senn G, Nissen L, Benenson Y. Synthetic gene circuits



BB IR, A

i e 82N T35 PR 2 i Vv S AR VR R R T R

971

[40]

[41]

[42]

[43]

that selectively target RAS-driven cancers. eLife, 2025,
14: RP104320

Day EK, Campbell A, Pandolf A, et al. ERK-dependent
suicide gene therapy for selective targeting of RTK/RAS-
driven cancers. Mol Ther, 2021, 29: 1585-601

Nissim L, Bar-Ziv RH. A tunable dual-promoter integrator
for targeting of cancer cells. Mol Syst Biol, 2010, 6: 444
LiuY, Zeng Y, Liu L, et al. Synthesizing AND gate genetic
circuits based on CRISPR-Cas9 for identification of
bladder cancer cells. Nat Commun, 2014, 5: 5393

Liu Y, Huang W, Cai Z. Synthesizing AND gate minigene
circuits based on CRISPReader for identification of
bladder cancer cells. Nat Commun, 2020, 11: 5486
Angelici B, Shen L, Schreiber J, et al. An AAV gene
therapy computes over multiple cellular inputs to enable
precise targeting of multifocal hepatocellular carcinoma in
mice. Sci Transl Med, 2021, 13: eabh4456

Walker C, Mojares E, Del Rio Hernandez A. Role of
extracellular matrix in development and cancer progression.
Int J Mol Sci, 2018, 19: 3028

Choi JY, Jang Y'S, Min SY, et al. Overexpression of MMP-
9 and HIF-la in breast cancer cells under hypoxic
conditions. J Breast Cancer, 2011, 14: 88-95

Liu Y, Vandekeere A, Xu M, et al. Metabolite-derived
protein modifications modulating oncogenic signaling.
Front Oncol, 2022, 12: 988626

Li YM, Song ST, Jiang ZF, et al. Telomerase-specific
oncolytic virotherapy for human hepatocellular carcinoma.
World J Gastroenterol, 2008, 14: 1274-9

Semenza GL, Rue EA, Iyer NV, et al. Assignment of the
hypoxia-inducible factor lalpha gene to a region of
conserved synteny on mouse chromosome 12 and human
chromosome 14q. Genomics, 1996, 34: 437-9

Cha ST, Chen PS, Johansson G, et al. MicroRNA-519¢
suppresses hypoxia-inducible factor-lalpha expression
and tumor angiogenesis. Cancer Res, 2010, 70: 2675-85
Gravdal K, Halvorsen OJ, Haukaas SA, et al. Proliferation
of immature tumor vessels is a novel marker of clinical
progression in prostate cancer. Cancer Res, 2009, 69:
4708-15

Liu C, Wu J, Zhu J, et al. Lactate inhibits lipolysis in fat
cells through activation of an orphan G-protein-coupled
receptor, GPR81. J Biol Chem, 2009, 284: 2811-22

Li X, Yang Y, Zhang B, et al. Lactate metabolism in
human health and disease. Signal Transduct Target Ther,
2022, 7: 305

Huang H, Liu Y, Liao W, et al. Oncolytic adenovirus
programmed by synthetic gene circuit for cancer
immunotherapy. Nat Commun, 2019, 10: 4801

Lawler SE, Speranza MC, Cho CF, et al. Oncolytic viruses
in cancer treatment: a review. JAMA Oncol, 2017, 3: 841-9
Wei D, Xu J, Liu XY, et al. Fighting cancer with viruses:

[57]

(58]

[59]

[63]

[64]

[67]

oncolytic virus therapy in China. Hum Gene Ther, 2018,
29:151-9

Liu G, Hu Q, Peng S, et al. The spatial and single-cell
analysis reveals remodeled immune microenvironment
induced by synthetic oncolytic adenovirus treatment.
Cancer Lett, 2024, 581: 216485

Zhong L, Gan L, Wang B, et al. Hyperacute rejection-
engineered oncolytic virus for interventional clinical trial
in refractory cancer patients. Cell, 2025, 188: 1119-36.e23
Shen Y, Bai X, Zhang Q, et al. Oncolytic virus VG161 in
refractory hepatocellular carcinoma. Nature, 2025, 641:
503-11

Toulmonde M, Guegan JP, Spalato-Ceruso M, et al.
Reshaping the tumor microenvironment of cold soft-tissue
sarcomas with oncolytic viral therapy: a phase 2 trial of
intratumoral JX-594 combined with avelumab and low-
dose cyclophosphamide. Mol Cancer, 2024, 23: 38
Toulmonde M, Cousin S, Kind M, et al. Randomized
phase 2 trial of intravenous oncolytic virus JX-594
combined with low-dose cyclophosphamide in patients
with advanced soft-tissue sarcoma. J Hematol Oncol,
2022, 15: 149

Chesney J, Puzanov I, Collichio F, et al. Randomized,
open-label phase II study evaluating the efficacy and
safety of talimogene laherparepvec in combination with
ipilimumab versus ipilimumab alone in patients with
advanced, unresectable melanoma. J Clin Oncol, 2018, 36:
1658-67

Park AK, Fong Y, Kim SI, et al. Effective combination
immunotherapy using oncolytic viruses to deliver CAR
targets to solid tumors. Sci Transl Med, 2020, 12:
eaaz1863

Fajardo CA, Guedan S, Rojas LA, et al. Oncolytic
adenoviral delivery of an EGFR-targeting t-cell engager
improves antitumor efficacy. Cancer Res, 2017, 77: 2052-
63

Chastkofsky MI, Pituch KC, Katagi H, et al. Mesenchymal
stem cells successfully deliver oncolytic virotherapy to
diffuse intrinsic pontine glioma. Clin Cancer Res, 2021,
27:1766-77

Wen P, Huang H, Zhang R, et al. Coacervate vesicles
assembled by liquid-liquid phase separation improve
delivery of biopharmaceuticals. Nat Chem, 2025, 17: 279-
88

Wu Q, Huang H, Sun M, et al. Inhibition of tumor
metastasis by liquid-nitrogen-shocked tumor cells with
oncolytic viruses infection. Adv Mater, 2023, 35:
€2212210

Wu MR, Nissim L, Stupp D, et al. A high-throughput
screening and computation platform for identifying
synthetic promoters with enhanced cell-state specificity
(SPECS). Nat Commun, 2019, 10: 2880



