afX £

Synthctic BiOl()g}' J()Ul‘ll‘d] 2025,6(6):1311-1331 2025 4 %5 6 % % 6 B3 | www.synbioj.com

S N B DOI: 10.12211/2096-8280.2025-074
R TR IR

BRI B 1 R iR 7 Ry R

FFE": AFIE:, BHEE":, 2HES, BRE® KA’
CRERFEGHFEFR, BB XL 716099; * FEARBREZEZEAF¥EMEFREFRESLTENFH
HE, W W& 710032)

WE: REaTIAFEREME. BRERBPNESRERFSTWLEES T RKMRRE, BRIGKNABNEIGES
IR RUERE. RERNBETEERSEFREZ S . SAENZEA—TIRNTREAER, BER
BUGRITAERERRREIE, AREATIEECSRM T EFBRSR . ANRSGR T EaNENFERER
TRRRERON . MAEAINAREKSE, SRR ATHNIERITRHIBICKIEIIRASE . EESHARK
T, TR (WSyn-Notch, RASSL) JEE@iE[ IR (W0 “5” 1) @seem@it, mORIEsn,; EES
SLIET, ATERE[BE (WA1CHOMP, SPOC) BHIBESHEMN AT tEE, SSIERERGEHSERE; &
ESBENT, RERFFTRZLEE (NGRIEDHE TAREEEY) MRERiEESHK, BAZE.
tEoh, SREMIARERIN AT CAR-T. CAR-NKEMIRSTE, BUZANE. NRERESFR, E2RS
TTRARRESME. Kk, BEEERE. sIORSFRANH—LRE, SREMFRNINRE QTSNS
EFRICH, AERNMERISTIREESH. EXERIERE.

Xigin: pEialy; amENS; EERR,; BERERT;, TREAEE, s1EE

hESES: Q816  XElirEEiE: A

Synthetic biology empowers breakthroughs in addressing

immunotherapy limitations
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Abstract: Immunotherapy has transformed modern medicine by powerfully mobilizing the body's immune system to
combat malignancies, infectious diseases, and autoimmune disorders. Despite remarkable clinical successes, current
immunotherapeutic approaches face substantial limitations, including inadequate target specificity, dysregulated

immune activation, and severe systemic toxicities. These challenges stem from the inherent complexity of biological
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systems and the pleiotropic nature of immune responses. Synthetic biology emerges as a transformative paradigm to
address these limitations through rational engineering of immune cells and circuits. This discipline applies engineering
principles to biological systems, enabling the design of sophisticated genetic circuits that confer precise spatiotemporal
control over immune functions. This review comprehensively examines current synthetic biology strategies in
immunotherapy, highlighting their mechanistic basis, clinical applications, and future directions for advancing
precision medicine. Key innovations include: (1) engineered receptor systems (e.g., Syn-Notch, RASSL) that
implement Boolean logic operations for enhanced target discrimination; (2) synthetic signaling cascades (e.g., CHOMP,
SPOC) that convert pathological signals into therapeutic outputs; and (3) feedback-regulated circuits that dynamically
modulate immune effector functions. These technologies have been successfully implemented in chimeric antigen
receptor (CAR)-based therapies, where they improve tumor specificity while mitigating cytokine release syndrome and
other adverse effects. Notably, synthetic biology facilitates the development of “smart” immunotherapies capable of
environmental sensing, decision-making, and self-regulation. For instance, conditionally activated CAR-T cells
demonstrate improved safety profiles through drug-inducible control systems, while synthetic cytokine circuits enable
precise immune modulation. Furthermore, the integration of computational modeling with high-throughput screening
accelerates the optimization of these engineered systems. Looking forward, synthetic biology promises to bridge
critical gaps in conventional immunotherapy by enabling: (1) personalized therapeutic regimens through patient-
specific circuit design; (2) multi-input diagnostic capabilities for complex disease microenvironments; and (3) robust
safety mechanisms to prevent off-target effects. As the field advances, the convergence of genome editing, biomaterials

science, and artificial intelligence will unlock even greater therapeutic potential for engineered immune cells.
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Fig.1 Schematic diagram of engineering receptor principle

(a) The RASSL system utilizes GPCR mutations to recognize specific signals (blue) only, such as small molecule drugs; (b) The “Tango” system
utilizes the proximity of B-arrestin and phosphorylated GPCR spatial positions to initiate protease cleavage and release of TF; (c¢) the “Syn-Notch”
system utilizes two cleavage processes activated by Notch receptors (extracellular ADAM17 cleavage and proximal y-secretase cleavage) to achieve
TF release; (d) The GEMS system utilizes the signaling characteristics of EPOR receptors to transmit editable signals (extracellular and intracellular
signal remodeling); (e) The “MESA” system utilizes receptor dimerization spatial proximity to initiate protease cleavage and release of TF.
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Fig. 2 Schematic diagram of engineering components principle
(a) After dimerization of the “HTH” transcription factor dependent signal (red), it becomes a complete transcription factor with transcription
activator (TA), initiating downstream gene expression; (b) The “CHOMP” system uses the Ras signaling pathway to activate the binding of Ras and
Raf, achieving the assembly and cleavage of caspase 3 by protease TEV, causing cell apoptosis; (¢) The “SPOC” logic utilizes endogenous signals to
activate intracellular proteases (red) to cleave enzyme cleavage sites between useless coiled coils (orange yellow) and effector coiled coils (blue),
carrying effector coiled coils (blue) to bind with each other, causing effector activation (yellow) and initiating downstream gene transcription; (d) The
“DART VADAR?” system uses engineered RNA strands (red) to target the target RNA (blue, green), and mismatches trigger ADARS to repair stop

codons, allowing transcription to continue.
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Uity 55 7F 22 A hE HR & 4 1R 1) Ras 25 (A RlA Y, N F A W TS, Mg Bl TREAE
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Sir2 silence sit

Long lifespan

(b)

B3 LR R s
() WERERG T A, BRI Y& A BRUE S EARMG, SCIA, BEACRASIEAR: (b) B RE e i A AR ) 1 32 PR i i 78 S
B 7 SUTBRAL T W TG SR AR US4 B R P A TR E, S R E K . () LOCKR R FIH KEY 55 5+
454 Cage, {#159 Cage FFESZIINT Cage JE K =¥ pI4E 6], BT ATE Cage FIfE 5 (M) K52
Fig. 3 Schematic diagram of engineering loop principle

(a) In a bistable system, the two nucleic acid products A and B self-activate and mutually inhibit each other, achieving the transition between the two
states of A and B; (b) Two mutually inhibitory genes in yeast achieve overall negative feedback regulation by downstream modification of their
promoters and silencing sites, allowing their respective gene products to be expressed separately and achieving sustained cell cycle elongation; (c)
The “LOCKR” system utilizes KEY competitive binding with Cage to control the degradation of Cage gene products, achieving tolerance to the
signal (purple) that regulates Cage.
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Table 2 Comparison of different CAR immune cells
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Doxyeycline-
inducible promoter

(€)
B4 A N e P T R
(Zf8) P35 Syn-Notch fi2 33t CAR HIFRIE, 455 MR PR —
BACSRRE : (b) RASSL ARG SLIRFE LY (W) BUSHARIEREES: (o) CAR T/NK/macrophage 7 & I (d) RASER R %/Ri K
(e) OspF ! YopH 1 Jz i 4] TCR IS
(a) The Syn-Notch system is used in combination with CAR. Tumor antigen one (red) activates Syn-Notch to promote CAR expression, and when

(a) Syn-Notch £4i 5 CARBKEIEH, MR HilE— K, ST 240 Bk R

combined with tumor antigen two (gray), T cells are activated by tumor dual antigens; (b) RASSL system realizes cell migration signals activated by
specific drugs (blue); (¢) CAR T/NK/machophage schematic diagram; (d) RASER system schematic diagram; (¢) OspF and YopH negative feedback

inhibit TCR activation.
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