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This paper reviews the design and application of mammalian synthetic gene circuits for
biopharmaceutical manufacturing. It discusses key design principles and outlines transcription
factors, DNA-binding proteins, and RNA as input and regulatory modules, while also presenting
computational modelling as a driver for circuit optimisation. The review highlights potential
applications towards the production of next-generation biotherapeutics by providing examples on
monoclonal antibody glycosylation control, CAR-T cell therapy safety, and gene therapy viral vector
yields.

Biopharmaceuticals are projected to exceed a global market capitali-
sation of U.S. $900 billion by 20301. Despite the COVID-19 pandemic,
monoclonal antibodies (mAbs) sales represented the majority of total
protein-based therapeutics sales in 2022. In addition, there has been a
notable increase in biosimilar approval rates over the past 5 years.
However, a large proportion of these biosimilars do not require
extensive post-translational modifications (e.g., glycosylation), thus
enabling their production in relatively cheaper non-mammalian
systems2.

The rapidly increasing demand of biologics is driving the need for
maintaining product quality while increasing yields. This has led to the
development of advanced process analytical technologies (PAT) to track
biopharmaceutical production by providing real-time measurements of
critical quality attributes (CQAs)3. However, closed-loop control systems
remain a challenge due to the absence of actuators which canmodulate—at
the biological level—CQAs as a function of PAT signals. The synthetic
biology toolkit can be used to establish cell lines with tuneable gene
expression, which, when coupled with PAT and computational modelling,
can enable closed-loop control systems to deliver optimal product yield and
quality.

Synthetic biology can be defined as the redesigning of existing, natural
biology systems through the construction of new biological parts, devices,
and systems for the purpose of improving industrial applications or biolo-
gical research4,5. This ‘Parts, Devices, and Systems’ approach is used for
systematic design, where three fundamental engineering principles are
followed: (i) modularity—devices or systems are constructed from indivi-
dual parts; (ii) characterisation—each part is defined in detail; and (iii)
standardisation—creationof standardparts to be combined to formadevice
and/or system.

Two approaches can be used to apply these engineering principles in
the development of biologically devices and systems: (i) top-down—the

innerworkings of an existing systemare understood andfine-tuned; and (ii)
bottom-up—a new system is created from smaller building blocks6. Gene
expression in mammalian cells could be fine-tuned by utilising such mod-
ules, thus converting them into engineered biological machines capable of
performing a range of functions. This reflects the transition in genetic
engineering from focusing on individual genes to designing and manip-
ulating entire genetic circuit systems.

As the field matures, synthetic biology has the potential to push
biological boundaries by enhancing biomanufacturing capabilities,
particularly in the creation of advanced cell lines7,8, and produce novel
therapeutics. Synthetic biology provides engineers with the means to
deploy circuits to easily and precisely tune the expression of multiple
genes to, for example, (i) control critical quality attributes of ther-
apeutics (such as mAbs), (ii) eliminate potential adverse off-target side
effects in CAR-T cell therapies with the inclusion of safety “kill
switches”9, and (iii) potentially solve bottleneck issues with plasmid
transfection efficiencies of Adeno-Associated Virus (AAV) vectors in
viral vector manufacturing.

Inducible gene expression systems are triggered by defined stimuli,
while constitutive gene expression systems are continuously active.
Inducible gene expression systems are favoured because they are typi-
cally reversible, thereby allowing more flexibility and conditional con-
trol. In addition, constitutive expression systems exhibit lower efficiency
(e.g., leaky expression and lack of specificity) with more side effects,
including cell death and delayed growth, compared to inducible gene
expression systems10. An ideal inducible gene expression system should:
(i) be orthogonal (i.e., two or more systems or components that are
similar in composition and/or function do not interact with or influence
one another) and specific; (ii) be inducible and reversible; (iii) have a
non-toxic and bioavailable inducer; and (iv) be tuneable with low levels
of noise9.
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Designing an inducible gene expression system is challenging, and
current available technology broadly categorises these systems into two
groups: (i) synthetic fusions between inducible ligand receptors and DNA-
bindingproteins; and (ii) systemsbasedonbacterial transcription factors9.A
wide array of inducible genetic circuit components, including custom
promoters, fusion proteins, and synthetic RNA devices, can be utilised to
control cellular gene expression. Analogous to the systematic design of
electronic circuits, these engineered regulatory tools have allowed for the
reprogramming of cells to execute Boolean logic operations or to simulate
circadian rhythm oscillations. This Review is structured to first introduce
the fundamental design principles of synthetic biology (e.g., feedback,
feedforward,modularity) and showhow theyunderpin characteristic circuit
behaviours such as switches, oscillators, and communication networks.
Synthetic gene circuits are then classified according to their input modules
(ligand-, light-, or signal-responsive) and regulatory modules (natural
transcription factors, engineered DNA-binding proteins, RNA regulators),
highlighting their suitability for inducible control. Computational model-
ling is considered a standalone toolset for prediction and design, while
feedback and feedforward control are revisited as circuit-level strategies for
achieving robust behaviour. Finally, applications in biopharmaceutical
development and manufacturing, from cell line engineering and glycosy-
lation control to advanced gene and cell therapies, will be discussed.

Principles and phenomena of synthetic gene circuits
Synthetic gene circuits can be described both in terms of the design prin-
ciples that underlie their operation and the behaviours (phenomena) that
emerge from these principles. To avoid conflating these two levels of
description, principles such as feedback, feedforward, and intercellular
communication, which define how genetic components interact, will be
introduced first. Then, circuit-level behaviours such as switching, oscilla-
tions, and signal processing, based on these principles, will be discussed. For
example, positive feedback can generate bistable switches, negative feedback
can stabilise outputs or produce oscillatory dynamics, and feedforward
motifs enable noise filtering or adaptation6. Similarly, while switches,
oscillators, and edge detectors act at the single-cell level, communication
networks extend control to the population scale. This principles-to-
phenomena framework links themechanistic basis of circuit design directly
to the emergent behaviours that matter for biopharmaceutical applications.

Principles of circuit design
Before considering specific circuit behaviours such as switches or oscillators,
it is useful to outline the core design principles that underpin them. Feed-
back, feedforward, and intercellular communication represent the funda-
mental motifs from which more complex regulatory behaviours emerge,
and understanding these principles provides a framework for rational cir-
cuit design in mammalian systems.

Feedback is a fundamental design principle in synthetic biology, where
the output of a system modifies, controls, or affects the subsequent beha-
viour of the same system and can be categorised into two types: positive
feedback or negative feedback. Autoregulated feedback loops are self-
regulating mechanisms where the system’s output directly affects its own
activity or expression. In transcription, positive feedback or positive auto-
regulation is where a product of gene expression activates expression of the
same gene11. Conversely, negative feedback is when a transcription factor
represses its own transcription. Interestingly, the negative autoregulation
motif has been extensively observed in natural transcriptional networks
(~40% of known E. coli transcription factors incorporate autoregulation),
which suggests that negative autoregulation confers evolutionary
advantages11,12. Positive feedback has been identified as a crucial regulatory
mechanism in bacterial quorum-sensing systems, allowing cells to make
binary decisions in response to environmental signals13. Similarly, positive
feedback loops have also been found in gene networks that regulate stemcell
differentiation and development in eukaryotes14–16.

In a study comparing positively and negatively autoregulated inducible
operons with unregulated systems, it was found that autoregulated systems

outperformednon-regulatedones,with negative-feedback being superior to
all17. Reduction in extrinsic transcriptional gene expressionnoise in negative
autoregulated systemshas also been experimentally demonstrated in several
studies. One study used a regulatory cascade with a TetR-EGFP (enhanced
green fluorescent protein) protein fusion under the control of a promoter
with two tetO sites18. There are two circuits in this regulatory cascade: (i) the
regulator circuit, which expresses TetR and represses its own expression;
and (ii) the reporter circuit, which expresses the reporter protein (EGFP)
when unrepressed by TetR. In the presence of an inducer, transcription of
both genes is enabled because TetR does not bind to tetO19. In this work, it
was found that noise was significantly reduced across a wide range of
inducer concentrations innegative regulation18.Comparable results for gene
circuits with a similar configuration18 were achieved in eukaryotic systems,
including yeast (Saccharomyces cerevisiae) and mammalian cells19–21. In
addition to examiningnoise reduction inmammalian cells,Nevozhay et al.20

examined the dose-response of negative feedback transcription circuits.
Results from the study indicate that the relationship between protein
expression and inducer concentration is governed by negative autoregula-
tion that achieves a linear response to inducer molecule concentration19–21.

Gene expression timing can be regulated with cascades of feedback
loops. A relatively simple cascade that consisted of the pristinamycin-
responsive repressor Pip-KRAB under control of the transactivating fusion
protein (tTA) was used to regulate reporter gene (SEAP) expression22. The
pristinamycin I inducer removed the transcriptional repressor from the
reporter gene promoter, while tetracycline addition suppressed Pip-KRAB
expression. However, SEAP expression remained repressed by the residual
Pip-KRAB, causing a time delay that could be adjusted by modulating Pip-
KRAB stability. Beyond the direct implementation of feedback loops for
inducible transcriptional control, feedback loops have also been used as
buildingblocks for other types of devices and systems, suchasoscillators23–25.

In addition to feedback control, incoherent feedforward loops (iFFLs)
have been extensively implemented in synthetic biology. Unlike feedback,
where inputs are adjusted based on discrepancies between the output and
the desired target, feedforward control sets the input in advance, basedonan
understanding of how stimuli influence the process26. Typically, feedfor-
ward controllers comprise a sensor that detects the stimulus and an actuator
that applies apredefinedaction in response.This architectureoftenconnects
an upstream input directly to both a target gene and an intermediate reg-
ulator that also modulates the same target. Such motifs enable adaptation,
allowing cells to mount a transient response before returning to baseline
even when the stimulus persists. They are also effective at filtering noise,
sharpening the distinction between genuine signals and stochastic
fluctuations27. In mammalian systems, feedforward designs have been
explored to enhance the robustness of inducible circuits and reduce cross-
talk, thereby supporting reliable operation under variable manufacturing
conditions28. More detailed examples of feedforward control, including
modelling frameworks and implementation strategies, will be discussed in
the Modelling Frameworks Section.

Synthetic circuits are not restricted to single-cell behaviours and can be
extended to populations through cell–cell communication modules. Bor-
rowing concepts from bacterial quorum sensing or mammalian paracrine
signalling, communicationnetworks allowdistributed circuits to coordinate
gene expression across a culture13. These systems can generate collective
behaviours such as synchronised oscillations, division of labour, or density-
dependent induction. In the context of biopharmaceutical production,
communication-based designs may help regulate population-level pheno-
types, balance metabolic load, or synchronise induction across large-scale
cultures22.

Circuit behaviour (phenomena)
The fundamental design principles described above manifest as distinct
dynamic behaviours when implemented in mammalian cells. These beha-
viours represent higher-order functions that emerge from the interplay of
simple regulatory motifs, and they form the foundation for building more
sophisticated synthetic gene circuits. By categorising behaviours according
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to their mechanisms (switches, Oscillators, Logic gates and edge detectors,
and cell-cell communication networks), the design of genetic parts to the
functional outputs required for biopharmaceutical applications can be seen.

Genetic switches or regulatory switches are a collectionof genes that act
to switch the states of genetic expression. The most basic type of genetic
switch is a toggle switch, which enables alteration between two stable states
(ON/OFF) using transient chemical inducers or thermal induction29. The
simple switch would constitute two repressors and two inducible con-
stitutivepromoters,where eachpromoter is suppressedby the repressor that
is produced by the opposing promoter. The bistability of toggle switches
arises from the mutually inhibitory arrangement of transcriptional activa-
tion of two repressor proteins andwas first demonstrated in Escherichia coli
(E. coli) cells30.

Toggle switches have been adapted for eukaryotic cells using various
expression control systems, including RNA/aptamer-based and tran-
scription factor-based control31,32. The first genetic toggle switch for
mammalian cells was developed using two transcriptional silencers: (i) the
erythromycin inhibited Krüppel associated box (E-KRAB) domain; and
(ii) the pristinamycin inhibited KRAB domain (Pip-KRAB), which
responds to macrolides and streptogramins, respectively. Pip-KRAB was
controlled by an E-KRAB-dependent promoter, while E-KRAB tran-
scription was regulated by Pip-KRAB through a Pip operator site placed
after the promoter for E-KRAB expression. This setup allowed only one
construct to be preferentially transcribedwhile suppressing the other. The
addition of erythromycin causes the transsilencer to unbind from its
operator site, thereby activating expression of Pip-KRAB and the reporter
gene, secreted alkaline phosphate (SEAP). Replacing erythromycin with
streptogramin reversed transcription states through the induction of
E-KRAB and inhibition of Pip-KRAB expression. Removal of any ligand
did not affect the toggle switch state32.

Toggle switches form a synthetic memory unit—a simplified, highly
controllable gene circuit for regulating cellular functions. The practicality of
toggle switches lies in their transient induction (in contrast to sustained
induction), which has potential applications in biopharmaceutical pro-
duction and regulating critical quality attributes (CQAs), such as modula-
tion of glycosylation profile of biotherapeutics, as well as spatiotemporal
control of cell and gene therapy products33,34. The use of genetic switches in
therapeutic cells for clinical applications has been comprehensively
reviewed by Teixeira and Fussenegger in a recent series of publications35–37.

Oscillators cyclically alternate between two distinct states in a self-
regulated and repetitivemanner.While oscillation is commonly observed in
electronics and physics, less examples—albeit important ones—abound in
living systems. Circadian clocks in mammals are the epitome of autono-
mous and self-sustaining oscillatory circuits present in nature. These clocks
regulate the periodic activation of target genes, enabling the 24 h rhythmic
expression of gene clusters that manage day-night cycles23,24,38. Genetic
oscillators have garneredattentiondue to their dynamic behaviour and their
influence on metabolic pathways. Synthetic biologists have mimicked the
mechanisms of endogenous oscillator circuits by placing genes under the
control of specific transcription factors, generating self-sustaining oscillat-
ing expression through the interaction of transcriptional activators and
repressors39.

In these studies, the tTA transcriptional activator was used to control a
destabilised GFP variant, which provided advanced temporal resolution of
gene expression. Since tTA regulates GFP transcription, tTA had to follow
an oscillating expression pattern. To achieve this, tTA transcription was
placed under autoregulation, forming a tTA-dependent feedforward loop
that facilitated the transition between the OFF to ON state. In addition, a
time-delayed negative feedback loop, regulated by prstinamycin
I-dependent transactivator (PIT) and controlled by tTA, repressed tTA
expression through tTA-targeting antisense RNA. This feedback allowed
delayed repression of tTA in a self-regulating manner, enabling autono-
mous cycling of tTA induction and repression. Adjusting the number of
gene templates introduced into the cells fine-tuned the frequency of this
genetic oscillator40,41.

In a separate setup, GFP expression was controlled by the macrolide-
dependent transactivator ET1, which contained an intronically encoded
short hairpin RNA targeting tTA for inhibition. This RNA interference-
dependent negative feedback loop produced a low-frequency oscillator with
a 26 h period, resembling the natural circadian clock23,42. Alternative time-
delayed negative feedback loops can also be created by delaying repressor
transcription. In a circuit containing the Tet repressor (TetR) and a tetO
promoter, a time delay in gene of interest (GOI) expression could be
achievedby increasing the lengthof intronsupstreamof the twogenes43. The
added length increased transcription duration and was leveraged to adjust
oscillation frequency39,41,42.

Previously constructed prokaryotic clocks44–46 employed only tran-
scription control elements, leaving ambiguity onwhethermammalian post-
transcriptional control components could enable autonomous and self-
sustained oscillations. Gene regulation based on antisense RNA clock-gene
transcription proved to be integral to circadianmachinery44,47. Tigges et al.38

achieved self-sustaining and tuneable oscillation in mammalian cells by
integrating autoregulated positive transcription feedback with a two-step
transcription cascade that generates non-coding antisense RNA, which
facilitates autonomous translation control. These oscillatory dynamics
provide deeper insights into themolecularmechanisms of biological clocks,
potentially paving the way for therapeutic approaches for clock-related
diseases such as Huntington’s and Alzheimer’s45,48.

In electronics, logic gates are physical devices implemented with a
Boolean function to execute a logical function producing a single output
based on one or more inputs. BioLogic gates (comprising coding DNA,
promoters, transcription factors, RNA polymerases, non-coding RNA,
DNA binding elements, and small signalling molecules) were engineered
based on the electronics concept to facilitate logical transcriptional control
in mammalian cells49. These genetic elements interact with regulatory
proteins or inducers to switch the gene ON or OFF to produce RNA or
protein (depending on the level of abstraction)50. The synthetic biologists
who were the first to design logic gates in mammalian cells used a combi-
nation of tetracycline, streptogramin, macrolide, and butyrolactone to
generate the BioLogic gates: OR, AND, NAND, NOR, N-IMPLY, IMPLY,
XOR, and XNOR49 as presented in Fig. 1. Logic gates have also been
effectively implemented in mammalian cells using diverse gene control
systems including RNA-based51,52 systems and aptazymes53.

Communication systems are essential for coordinating events and
tasks across differing populations of cells. By utilising logic-processing cir-
cuitry and cell-to-cell communication networks, Tabor et al.54 was able to
develop a biological edge detector. Edge detection, commonly found in
artificial intelligence, is a signal processing algorithm and image recognition
program. The group engineered a light sensor that could enable bacteria to
differentiate between light anddark regions. In the dark, the cells produced a
chemical signal that diffused into illuminatedareas.Thedeployed logic gates
allow only the light-sensing cells to produce the diffusible signal and yield a
positive response.Although this technology is still only emerging, it could be
used in the development of cellular therapies that respond to spatiotemporal
stimuli. Additionally, while the use of multiple logic gates for designing
intricate transcriptional genetic control circuits offers great potential, the
practical implementation of such compound circuits is limited by the
scarcity of orthogonal and modular components55.

Cell-cell communication in multicellular organisms is crucial for the
precise regulation of coordinated higher-order macroscale biological
functions56. Pioneering work in constructing synthetic communication
ecosystemswas conducted inbacteria.Anotable examplewasdemonstrated
by Basu et al.57, where receiver bacteria transiently expressed a reporter gene
(GFP) in response to a sustained signal from neighbouring sender cells.
Receiver cells, containing a pulse-generator circuit with a feedforward
regulatory motif, respond to the inducer, acyl-homoserine lactone (AHL),
synthesised by the engineered sender cells, by temporarily activating (and
subsequently repressing) GFP expression. The pulse’s peak amplitude and
timing were influenced by the inducer’s concentration and accumulation
rate, resulting in a specific spatiotemporal response57. Syntheticmulticellular
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yeast systems based on cell-cell communication networks have also been
developed, where engineered ‘sender’ yeast cells synthesised a plant hor-
mone cytokinin, which diffused to nearby ‘receiver’ yeast cells, activating a
hybrid signalling pathway58.

To become therapeutically significant, cell-cell communication
systems must be as sophisticated and reliable as natural circuits.
Bacchus et al.59. designed communication networks that orchestrated
the behaviour of individual mammalian cells through intercellular
metabolic signals. The engineered circuit consists of a synthetic
sender, a processor, and a receiver all of which interact with one

another in ways resembling natural intercellular feedforward com-
munication cascades. These synthetic multicellular communication
systems may pave the way for future circuit-based therapies or tissue
engineering strategies. Multicellular species are formed by groups of
specialised cell populations that communicate for development,
environmental adaptation, and maintenance. The focus of regulation
mechanisms has now shifted toward understanding and mimicking
quorum-sensing-based gene expression and programmed pattern
formation in more complex intercellular systems beyond individual
cell populations22.

Fig. 1 | Graphical representation of OR/AND, NOR/NAND, N-IMPLY/XOR,
and IMPLY/XNOR BioLogic gates, adapted from Xie et al.163. a The two funda-
mental gates for any computational task in electronics and biology are the two-input
OR and AND gates164,165. OR gates permit genetic expression when either one of the
input signal (A or B) is present (e.g., multiple activator-specific promoters or dif-
ferent mutually orthogonal activators targeting the same gene of interest)49, while
AND gates permit genetic expression in the presence of all input signals; b NOT
inverters are designed to prevent gene activation by excluding specific input signals
from triggering expression. Therefore, NAND (ANANDB =NOT (AANDB)) and
NOR (ANOR B = NOT (AOR B)) logics can be executed by inverting the AND and
OR, respectively. This is achieved by incorporating a repressor-based subsystem into
an active gene expression setup49,165, utilising synthetic promoters with multiple

binding sites for various transrepressors166, and by using mRNAs with several target
sites51; c the N-IMPLY gate (A N-IMPLY B = A AND NOT B) can be constructed
using tandem trans-regulator binding sites, by combining the AND andNOT logics,
such that one trans-regulator acts as an activator, while the other functions as a
repressor that suppresses the activator’s role by binding targeting the same binding
site49. The exclusive-OR (XOR) gate (AXORB = (AANDNOTB)OR (BANDNOT
A)) is a result of combining two N-IMPLY gates to permit only one input signal to
activate a particular genetic event163; d similarly, two IMPLY gates (A IMPLY
B = (NOT A) OR B) can be combined to create an exclusive-NOR (XNOR) gate (A
XNORB = [(NOTA)ORB]AND [(NOTB)ORA]), which enables gene expression
only when both input signals are either simultaneously present or absent163.
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Circuit behaviour is the predominant driver for deployment towards
specific applications in the biopharmaceutical sector and beyond. The
means (architecture and underlyingmodules) to achieve desired behaviours
take on a secondary role, which may be contingent on in-house resources,
processing constraints (e.g., use of chemical inducers), and IP licensing (e.g.,
CRISPR/ZFN/TALEN). Table 1 presents a summary of different tran-
scriptional circuit behaviours, their characteristics, and potential applica-
tions in the biopharmaceutical sector.

Synthetic gene circuit architecture
Synthetic gene circuits in mammalian cells integrate inputs, regulatory
modules, and outputs to achieve precise and tunable control of gene
expression. These circuits can be designed using diverse input signals,
including smallmolecules, hormones, or light, and are coupled to regulatory
elements such as transcription factors, engineered DNA-binding proteins,
or RNA-based regulators. By modularly combining these components,
circuits can implement complex behaviours, such as switches, oscillators, or
logic-based responses, tailored to biopharmaceutical production. This sec-
tion categorises circuits according to their input sensing and regulatory
mechanisms, providing a framework to understanddesign choices and their
impact on controllable gene expression.

Input modules
Input modules define the signals that initiate synthetic gene circuits, con-
verting external or internal cues into measurable intracellular responses. In
mammalian systems, inputs can include small molecules, hormones, cyto-
kines, or physical stimuli such as light. These modules determine the sen-
sitivity, dynamic range, and temporal resolution of the circuit, and their
proper selection is critical for achievingprecise control over gene expression.

Receptor-based circuits detect a ligand (internal but more often
external) through a natural or engineered receptor. Ligand binding then

activates intracellular signalling which ultimately results in activation or
repression of gene expression. The first reported use of receptor sensory
domain and DNA-binding protein fusions for gene expression control in
mammalian cells was in the early 1990s when the exogenous yeast Gal4
transcription factor containing aDNAbinding domain (DBD)was fused to
an oestrogen receptor. The system was augmented with a herpes simplex
viral (HSV) protein 16 (VP16) activation domain to achieve 100-fold
induction and low basal activity60. Another study utilised ecdysone, from
drosophila, as an inducer to regulate an optimised ecdysone responsive
promoter61. Compared to tetracycline-based inducible systems, the
ecdysone-based inducible system achieved less leaky expression and higher
inducibility. However, ecdysone and its analogues have been reported to
cause anti-apoptotic effects and influence growth in mammalian cells62,63.

Orthogonal and tuneablemultigene expressionhas beendemonstrated
in S. cerevisiae with synthetic hormone-inducible regulators (Fig. 2)64. Two
separate transcriptional regulators, inducible by oestradiol and progester-
one, were deployed in yeast to achieve tuneable expression of reporter
proteins YFP and mKate2. Both circuits were found to act simultaneously
and independently when dual-circuit cells were induced with either or both
hormones. In addition, steady state protein expressionwas found to depend
on the respective hormone concentration as opposed to having switch-like
behaviour – the time taken for expression to reach steady state was
dependent on the hormone-ligand binding domain, while maximum
expression levels were associated with the DNA binding domain and pro-
moter pairing. Although controlled expression of multiple genes in a
tuneable, reversible, and orthogonal manner was achieved in this yeast
study, human hormones produce undesirable cellular responses in mam-
malian cells46,65,66.

Optogenetic circuits utilise various wavelengths of light (a traceless
inducer) to enable gene expression control. These circuits promise a higher
safety and spatiotemporal precision compared to circuits that utilise

Table 1 | Circuits, characteristics and biopharmaceutical applications

Circuit Behaviour Characteristics Potential biopharma applications

Switches Switches between states of gene expression
based on defined stimuli.

• Switches can be used to fine-tune expression of glycosyltransferases to control
the glycosylation profiles of therapeutic proteins.

•Controlled expression of heavy and light chain genes for optimal bispecificmAb
assembly.

•Controlled expression of rAAV component expression for optimal assembly and
encapsidation.

Oscillators Cyclically alternates between distinct states of
gene expression.

• Synchronise expression in replacement gene therapies for clock-related
illnesses (e.g., Huntington’s and Alzheimer’s).

Logic gates and edge
detectors

Genes expressed according to logical operations
and/or spatiotemporal stimuli.

• Logic gates: engineer gene expression in T-cells with logical operators to better
target tumour cells in CAR-T therapies.

• Edge detectors: program cell/tissue therapies to respond to spatiotemporal
stimuli (engage/activate/differentiate when arriving at therapeutic site).

Cell-cell communication Gene expression is adjusted based on interactions
with other cells in the population.

•Engineer production hosts to communicate and respond to environmental stress
in the bioreactor.

• Programming cells for enhanced interactions in tissue engineering therapies.

Fig. 2 | Example of a hormone-based circuit. The
hormone-based system by Aranda-Díaz et al. 64

shows the mechanism of action of two transcrip-
tional regulators (GEM and ZPM – a fusion of a
DNA binding domain, human hormone receptor
lipid binding domain, and transcriptional activation
domain) in the presence of oestradiol and proges-
terone, respectively.
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chemical inducers, which can limit clinical applications due to potential side
effects, issues with bioavailability, and pharmacodynamic constraints67.
Proteins with light-sensitive domains are utilised as photosensory modules
in optogenetic circuits, which can be fused to DNA binding domains (e.g.,
dCas9, TALENs, and transcriptional activators/repressors), to allow a
response (e.g., dimerisation, oligomerisation, monomerisation, or con-
formational change) to light exposure68–70. Although recently reviewed71,72,
this section will highlight examples of optogenetic circuits that may have
applications in biopharmaceutical development and manufacture.

Photoreceptors with different chromophores are essential for con-
trolling circadian rhythm-based gene expression regulated by light sensitive
opsins73. Rhodopsins such as channelrhodopsin-1 (ChR1) and
channelrhodopsin-2 (ChR2) act as light-gated cation channels. Most nat-
ural photoreceptors use the light-oxygen-voltage (LOV) domain which is
sensitive to blue light. The LOV domain is found in various light-sensitive
proteins such as EL222, a 222-amino acid protein with a C-terminal
helix–turn–helix (HTH) DNA-binding domain. When exposed to blue
light, the LOV domain undergoes a conformational change, exposing the
HTH domain to bind specific DNA sequences (C20) and initiate
transcription74. Jayaraman et al75. modified the native luxI promoter by
replacing the lux box with the 18-bp EL222-binding region, achieving a
5-fold transcriptional activation upon exposure to blue light. Fernandez-
Rodriguez et al76. demonstrated a multiplexed optogenetic circuit that
modulates the flux through the acetate metabolic pathway using the
CRISPRi system. In this approach, a catalytically inactive dCas9 was pro-
duced in low amounts, while sgRNAs targeting the acetate production genes
(pta, ackA, andpoxB)were regulated by specificpromoters.Cells exposed to
red, green, and blue light produced less acetate than when cultured in
absence of light (Fig. 3).

Optogenetics has also been used in the maturation of enzymes such as
the Opto-T7RNAPs (blue light-responsive T7 RNA polymerases), which
consists of photoactivatable dimerisation domains and activation in
response to specific wavelength of light77. There are many other examples
where optogenetics have been successfully deployed in prokaryotic systems
to control gene expression and are not limited to the onesmentioned above.
However, as the field is relatively young, limited progress has been made
deploying the optogenetic toolbox in eukaryotic cells for inducible genetic
control in large-scale biopharmaceutical manufacturing. This could be
largely due to the challenges associated with using photoreceptors and light
as an inducer.

Overexposure of light (radiant energy) at certain wavelengths can be
harmful to living organisms and could lead to: (i) light toxicity; (ii) emer-
gence of reactive oxygen species (ROS); and (iii) DNA damage and genetic

instability. To circumvent these issues, photoreceptors that can be activated
with short light pulses could be deployed instead78. However, the dose/
duration of light exposure must be modulated depending on the choice of
photoreceptors. A study utilising light pulsing on engineered yeast cells to
activate various metabolic pathways revealed that the metabolite ratio is
changed in response to the light pattern79. This finding demonstrates that
precise tuning of the inducer can significantly impact the actuator and
further support the use of the optogenetic toolbox to achieve optimal pro-
ductivity in bioreactors. In addition, to avoid population heterogeneity due
to reduced light penetration in high density cell cultures, the paradigm has
been inverted by adapting the light-duty cycle (using light to repress
metabolism)80. In these systems, the dark cycle alleviates repression and
elicits metabolite production.

More recently, researchers have addressed the challenge of low
expression levels and weak light-induced activation in mammalian cells by
developing a novel blue-light-responsive transcriptional activator, DEL-
VPR. This construct was created by fusing the EL222 LOV domain with
three potent transcriptional activation domains: VP64, p65, and Rta. DEL-
VPR enables robust light-inducible gene expression, achieving up to a 570-
fold increase, which is comparable to strong constitutive promoters. It has
been successfully employed to express complex monoclonal and bispecific
antibodies, resulting in enhanced yield and product quality81. With its
capacity for precise temporal control of gene expression, this system holds
significant potential for both research and bioproduction applications.

Small molecules remain among the most widely used inducers in
mammalian synthetic biology because of their ease of administration,
tuneable dose–response, and established safety profiles in clinical contexts.
Such molecules typically function by activating or deactivating engineered
transcription factors, thereby linking chemical inputs to precise gene reg-
ulation. Classic examples include tetracycline/doxycycline, which enable
reversible and dose-dependent control of gene expression19,20,46. Other
molecules, such as abscisic acid, gibberellins, and synthetic ligands like
cumate or pristinamycin, have expanded the repertoire of orthogonal
induction systems available for mammalian use32,82–84. While this section
introduces small molecules as the input layer, their functional imple-
mentation occurs primarily through transcription factor–based circuits,
which are discussed in detail, below.

Regulatory modules
Regulatory modules interpret signals from input modules and modulate
gene expression according to a desired behaviour. These modules may use
transcription factors, engineered DNA-binding proteins (e.g., zinc fingers,
TALEs, CRISPR/dCas9), or RNA-based elements to control transcription,

Fig. 3 | Example of an optogenetic gene expression system. A multiplexed opto-
genetic system is presented. It consists of four subsystems: (i) a sensor array, (ii) a
circuit, (iii) a resource allocator, and (iv) actuators. Stimuli in the form of red, green,

and blue light as well as darkness is transduced into signals that feed into CRISPR
interference actuators that coordinate acetate production76.
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translation, or mRNA stability. By implementing feedback loops, feedfor-
ward motifs, or combinatorial logic, regulatory modules define circuit
properties suchas leakiness, fold-induction, response speed, and robustness.
Careful design of these modules allows fine-tuning of output expression,
enabling synthetic circuits to achieve precise, predictable, and scalable
regulation suitable for both research and biomanufacturing applications.

Bacterial transcription factors consist of a single polypeptide linking
DBDs and LBDs. Bacterial transcription factor-based systems are com-
monly repurposed for synthetic expression control in mammalian systems
because they are simple and effective gene switches85, of which the tetra-
cycline repressor (TetR) is the most widely used. Other bacterial tran-
scription factors such as the lac repressor (LacI), PhlF (a TetR homologue),
and cymene repressor (CymR) have been developed to complement the
TetR system.

The tetracycline-controlled operator systems, ‘Tet-Off’ and ‘Tet-On’,
are commonly used to regulatemammalian gene expressions. The ‘Tet-Off’
system involves the TetR protein fused to the VP16 activation domain. In
absence of tetracycline (the inducer) or its analogues, the tTA transactivator
binds to the operator sequence (tetO), leading to activation of downstream
gene transcription.When tetracycline is present, TetR releases the operator,
thus switching off gene expression. Construction of a reverse transactivator
(rtTA) was conducted by isolating a TetR variant exhibiting the opposite
response to tetracycline86. This rtTA is used in the “Tet-On” system, where
gene expression occurs when the inducer is present87. An advantage of using
non-eukaryotic transcription factors is that orthogonality can be achieved,
as the specificity of transcription factor/inducer interactions is higher and
crosstalk with the host mammalian cell transcriptional machinery is
reduced.

A cumate-inducible system utilising CymR was developed to com-
plement the Tet-system83. CymR regulates gene expression in bacteria by
binding to CuO operators within the promoters of two operons, p-cym and
p-cmt. A hybrid promoter designed for mammalian cells features a CuO
operator placed downstream of a minimal CMV promoter. Like the TetR
system, a cumate transactivator (cTA) and reverse transactivator (rcTA)
were created todemonstratemodularityby fusing aVP16activationdomain
to CymR and an inverse variant of CymR. The combination of CymR and
rcTA resulted in a 700-fold activation in presence of cumate, and the system
wasused to produce high levels of therapeutic recombinant proteins, such as
hCD200Fc and Rituximab, in CHO cells84. The cumate-inducible promoter
resulted in a 4-fold higher yield of hCD200Fc compared to a constitutive
promoter, thus indicating the usefulness of these tuneable inducible circuits
in biopharmaceutical production84.

There is room for improvement in these tuneable expression systems:
gene expression resembles an On/Off switch, where even small changes in
inducer concentration yield large variations in protein expression87. Despite
this, the ease of bacterial transcription factor systems is still favourable over
complex receptor-based systems88. Systems such as lineariser circuits allow

for better gene expression control by engineering the circuits to imitate the
behaviour of a dimmer switch, where the addition of varying amounts of
inducer yield a proportional amount of expressed protein and elicit a uni-
form response. A pioneering study by Nevozhay et al20. achieved a linear
dose response using a negative feedback gene circuit in S. cerevisiae. The
inducer used was anhydrotetracyline (ATc), which enabled transcription of
the yEGFP reporter protein. Although the initial aim of the study was to
establish the relationship between negative feedback regulation in tran-
scriptional cascades and gene expression, the study used mathematical
modelling predictions to show that linear dose-dependent induction can be
achieved by incorporating negative autoregulation.

The S. cerevisiae self-repression lineariser systemwas then successfully
adapted and deployed in the human breast adenocarcinoma MCF-7 cell
line19. The existing framework was adapted for use in mammalian cells
instead of entirely changing the circuit design, thereby displaying abstrac-
tion and modularity. A clonal population of MCF-7 cells bearing the line-
ariser circuit were cultured after achieving a sufficiently elevated fold-
induction. A highly linear dose response (R2 = 0.99, L1-norm = 4.0 × 10-2)
was obtained with a doxycycline concentration of up to 6 ng/mL. Despite
comparable behaviour, the dose response was found to be linear up to 71%
saturation in MCF-7 cells, in contrast to the 90% achieved in S. cerevisiae20.

Linearisers based on PhlF were constructed and stably integrated into
HEK293 cells to demonstrate the transferability of the TetR-based lineariser
principles to other repressors46 (Fig. 4). The design of the PhlF linearisers
was similar to the TetR linearisers in that negative autoregulation was used
andboth regulator and reporter (mCherry) genes are controlledby the same
promoter.ThePhlF lineariser achieveda: (i)maximumfold-inductionof 12;
(ii) linear dose response over a wider range of inducer concentrations; and
(iii) low coefficient of variation (CV) of 0.38. PhlF lineariser performance
was compared with the TetR lineariser expressed in HEK293 cells. The
HEK293TetR lineariser produced a steeper dose response curve, whichwas
attributed to the higher diffusion rate of doxycycline across the cell mem-
brane compared to thePhlF inducer (2,4-diacetylphloroglucinnol–DAPG).
TheTetR lineariser performancemetricswere similar inHEK293 andCHO
cells but had a higher fold-induction and broader linear range than inMCF-
7 cells19,46,89, indicating the importance of characterising circuit performance
across various host cells to ensure that desired outputs are achieved.

Szenk et al46. was able to achieve independent and orthogonal gene
expression control using the TetR and PhlF linearisers. To determine
orthogonality, the team: (i) tested the potential for cross-inducibility by
culturing both linearisers in their opposite inducer; and (ii) determined
genetic expression of both linearisers when stably integrated into the same
cell and induced. It was found that reporter fluorescencewas approximately
equal to that of uninduced circuits in the first experiment, indicating the
potential for orthogonal operation. This was established with a second
experiment, as results showed that linearising ability was maintained. The
success of Szenk et al46. could spur others to develop and expand a collection

Fig. 4 | Example of a transcription factor-based
circuit. Szenk et al.46 demonstrated the orthogon-
ality of two negatively autoregulated lineariser gene
circuits (TetR-mLin and PhlFd-mLin), where each
repressor protein inhibits its own expression and the
reporter protein, but addition of chemical inducers
alleviates repression to yield GOI expression that
responds linearly to the amount of inducer present
in the system.
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of orthogonal lineariser gene circuits to achieve simultaneous and ortho-
gonal inducible expression of multiple genes. However, metabolic loadmay
limit the number of deployed circuits46.

The above examples show that bacterial transcription factors provide
orthogonal and inducible means of gene regulation in mammalian systems
and, thereby, may drive advances in biopharmaceutical development and
manufacturing. However, these systems raise immunogenicity concerns
associatedwith their use of prokaryotic and viral components46. In addition,
the use of small-molecule inducers, such as doxycycline and DAPG, may
further burdendownstreampurificationprocesses, and raise environmental
concerns.

Engineered DNA-binding proteins provide highly programmable
platforms for transcriptional regulation, enabling synthetic circuits with
custom specificity and modularity. Transcription activator-like effectors
(TALEs) and zinc fingers (ZF) were among the earliest tools developed to
target virtually any DNA sequence, paving the way for precise gene acti-
vation or repression. More recently, CRISPR/dCas9 systems have revolu-
tionised circuit design by combining simple RNA programmability with
scalable multiplexing. These DNA-binding platforms underpin many
advanced regulatory modules, supporting the construction of logic gates,
dynamic controllers, and multi-gene regulation strategies essential for
biopharmaceutical applications. Figure 5 provides examples of these
engineered-DNA-binding circuits and outlines their advantages and
disadvantages.

Transcription Activator-Like Effectors (TALEs) are bacterial DNA
binding proteins with significant potential for programmable gene regula-
tion and are valued for their modular DNA recognition capabilities that
allow precise binding at single-nucleotide resolution. TALEs consist of a

modularDNA-bindingdomain (DBD), an endogenousC-terminusnuclear
localisation signal sequence, and an activationdomain. TheDBD is typically
composed of several repeats, each approximately 34 amino acid residues
long90, and each pair of adjacent amino acids (known as repeat-variable
diresidues) recognises a single nucleotide91. Therefore, the TALE targeting
mechanism can be fused to proteins containing activation domains and
ligand binding/sensory domains so that transcription can be initiated upon
binding of an inducer molecule. Mercer et al92. achieved high tuneability
with a ponasterone A (PonA) inducible system (Fig. 5a). Results from cross
inducibility studies confirmed orthogonality when inducing each tran-
scription factorwith its cognate ligand. TALE transcription factors have also
been designed to respond to light93, endogenous stimuli94, and small
molecules95. However, a drawback of this technology is that extensive
protein engineering is required, and large-scale application of TALEs is
limited by the need to co-deliver multiple engineered factors to achieve
effective transcriptional activation96.

Zinc finger domains are DBDs consisting of a three amino acid
sequence that recognise specific nucleotides97. By engineering the amino
acid sequence, targeted binding to any three-nucleotide sequence can be
obtained98, and fusion of multiple zinc finger domains can target longer
DNA sequences. Like the TALE-receptor system, zinc fingers can be fused
with inducible regulatory domains, such as the one designed byDent et al.99,
where a synthetic zinc finger transcription system with mifepristone
induction was developed (Fig. 5b). In this study, multigene control was
achieved in HEK293 cells with zinc fingers fused with oestrogen and reti-
noid ecdysone receptors, and a dose-dependent response was obtained for a
concentration range of different receptor configurations (50-fold to 1000-
fold rangeof ligand concentrations). The systemdemonstrated independent

Fig. 5 | Comparison of receptor-based genetic circuits. aMercer et al.92 fused
TALE-transcription factor (TF) proteins to a chimeric single-chain retinoid X-α/
ecdysone (RXE) ligand-binding domain (LBD) which, in the presence of ponas-
terone A (PonA), undergoes an intramolecular rearrangement and upregulates gene
activation from target DNA containing a single TALE binding site; (b) The zinc

finger protein TF remains inactive due to sequestration by heat shock proteins that
only release through mifepristone binding, thus allowing zinc finger protein TF
binding with the promoter99; (c) A crisprTF promoter system utilising a dCas9-VPR
protein was developed to exogenously modulate mKate expression through control
of gRNA transcription levels111.
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gene expression control without cross inducibility100. The drawbacks of zinc
finger-based systems are similar to TALEs: they are challenging to design,
and consistent DNAbinding specificity is difficult to predict and achieve101.
However, zincfingers aremuch smaller thanTALEs, which allows for easier
vector incorporation into the host cells102.

Programmable and targeted gene regulation has also been achieved by
repurposing the CRISPR/Cas systems using ‘dead’ (catalytically inactive)
Cas nucleases (RNA-guided CRISPR/dCas). The dCas9/single guide RNA
(sgRNA) system can be designed to target a specified DNA sequence
through nucleotide complementarity and yields minimal off-target
effects103,104. In addition, the dCas9 proteins can be coupled to either: (i)
transcription factors to activate/up-regulate gene expression; or (ii)
repressors to silence genes, as depicted in Fig. 6.

Inducible CRISPRi/a (interference/activation) is a ligand-inducible
controller for gene expression thatwas achievedby regulating the expression
dCas proteins for gene targeting105. Gao et al106. achieved a dual polypeptide
inducible CRISPRi/a, such that receptor dimerisation only occurs when
small-molecule inducer is present by separately fusing dCas and the acti-
vation domain to single chains of either a homodimeric or heterodimeric
nuclear receptor. Recovery after removal of inducer was slow and gene
expression noise was not reported. It was suggested that the use of multiple
activation domains could improve efficiency and reduce gene expression
noise107,108.

Akin to the TALE and zinc finger-based systems, the CRISPR/
dCas9 system aids in achieving orthogonal multigene control. Independent
activation of two endogenous genes in HEK293 cells with minimal back-
ground noise was demonstrated using a chemically induced dimerising
CRISPR/Cas9 system109. However, dose response was not measured, as the
systemwas presented as a switch rather than a tool for fine-tuning. Kleinjan
et al110. developed an indirectly inducible system that activated gene
expression through the drug mediated degradation of dCas9. The use of
different destabilising domains yielded varying performance but was able to
produce a dose-dependent response and enabled multiplexed gene
expression control.

A highly tuneable and comprehensive CRISPR transcription factor
(crisprTF) promoter system was recently developed for the program-
mable regulation of gene expression in CHO cells111 (Fig. 5c). Two types

of small molecule-inducible switches were incorporated into the RNA
polymerase III promoter to exogenously modulate target gene expres-
sion through control of sgRNA transcription. The circuits demonstrated
programmable episomal and chromosomal control of reporter gene
expression with up to 25-fold higher activity than with the EF1α
promoter111.

Despite the ease of multiplexed gene regulation, limitations of the
inducible CRISPR/Cas system include: (i) potential changes in genome
organisation from the binding of multiple sgRNAs and dCas9s to
chromatin105; (ii) scalability issues due to generation of unstable constructs
that are prone to recombination in bacteria during clonal propagation; (iii)
undesired increase in plasmid sizes, and reduction in transduction and
chromosomal integration efficiency due to use of multiple controls for
sgRNA expression regulation112; and (iv) nonspecific genomic effects from
off-target Cas9-binding events113.

RNA-based synthetic gene circuits consist of two domains: (i) an
aptamer domain that detects small molecules; and (ii) an actuator domain
that elicits conformational change in response to ligand binding114,115. The
simplest device is a riboswitch – a small-molecule responsive RNA switch
that regulates gene expression at the transcriptional/translational level upon
inducer binding. Translation-regulating riboswitches in bacterial cells
modulate access to the ribosome binding site as the two domains (aptamer
and actuator) are structurally independent116–118. Therefore, the funda-
mental principles of the riboswitch could be applied to control the function
of otherRNAmodules, suchas short interferingRNAs (siRNAs) or catalytic
RNA (ribozymes) in a ligand-responsive manner to drive gene silencing or
even mRNA splicing.

siRNAs are short (21-23 nucleotide) RNA species that facilitates
sequence-specific gene knockdown in themammalian RNA interference
(RNAi) pathway, while ribozymes can be harnessed to regulate other
RNAmolecules due to their effective self-cleavage activity. For example,
reprogramming of siRNAs using ligand responsive ribozymes (apta-
mers) can be performed to construct ligand-responsive siRNA-based
gene switches119,120. Ribozyme self-cleavage is triggered by the addition of
the small-molecule ligands, such as theophylline or guanine, which
causes the release of the siRNAprecursors that subsequentlymature into
functional siRNAmolecules to suppress targeted gene expression. In this

Fig. 6 | Applications of dCas9 proteins for gene
activation and repression, adapted from abm
Inc.167. a The dCas9 protein is combined with the
catalytic core of the human E1A-associated protein
p300, which acetylates histones in the genome to
allow transcriptional upregulation by increasing the
binding of transcription factors and RNA Poly-
merase II168168; b the dCas9 is linked to the tripartite
activator VP64-p65-RTA, where VP64 is a synthetic
tetramer derived fromHerpes Simplex Viral Protein
16, p65 is a strong transcription factor, and RTA is
anEpstein-Barr virus R transactivator169; c the dCas9
is fused with the catalytic domain of TET1 (Ten-
eleven translocation methylcytosine dioxygenase 1)
which is an enzyme that facilitates DNA demethy-
lation, thereby allowing increased binding of tran-
scription factors to the DNA170; (d) the dCas9 is
fused to LSD1 (Lysine-specific histone demethylase)
creating a gene repression system that complements
the dCas9-p300 activator system171; (e) KRAB
(Krüppel associated box) can be attached to dCas9 to
induce transcriptional repression107; and f the
dCas9 is linked to the catalytic domain of DNMT3A
(DNA methyltransferase 3 alpha) that recruits a
partner for dimerisation along with DNMT3L
(DNA methyltransferase 3 like) proteins to methy-
late DNA172.
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way, aptamers were assembled into ribozymes to regulate the self-
cleavage activity of ribozymes by ligands121. Rewiring of RNA inputs
represents a promising strategy for designing novel gene circuits.
Notably, the upregulation of certain endogenousmicroRNAs (miRNAs)
has been linked to cancer development, making these miRNAs valuable
biomarkers and therapeutic targets122. More recently, Klingler et al.
established a library containing both natural and artificialmicroRNAs to
fine-tune the glycosylation profile of mAbs123.

miRNAs are especially interesting, as they are distinctly expressed in
both healthy and pathological cells but cause RNAi by disrupting target
mRNAs. In a novel approach that involved the creation of a circuit capable
of both detecting cellular miRNA levels and responding to them, Rinaudo
et al51. employed sequence-specific shRNA-based regulation of gene
expression by incorporating miRNA-responsive elements (MREs) for
oncogenicmiRNAs into the 3’-untranslated region of target genes to inhibit
their expression (Fig. 7). These MREs, targeting miRNAs such as miRNA-

17, -21, and -30a, were placed into the noncoding regions of rtTA and LacI-
Bcl2 mRNAs. As a result, elevated levels of these miRNAs led to the sup-
pression of rtTA and LacI-Bcl2 expression and increased intracellular hBax
levels to induce apoptosis119,124,125.

Modelling frameworks
Mathematical modelling serves as a vital and powerful tool in synthetic
biology, offeringmechanistic insights into biological systems. Thesemodels
allow researchers to understand, predict, and control genetic circuits. Once
parameterised with experimental data, mathematical models can be used to
perform in silico experiments to determine systemdynamics and reduce the
cost of de novo gene circuit engineering126. Synthetic gene circuits are
generally modelled as chemical reaction systems occurring within a cell,
where circuit components are produced and degraded at different rates.
Deterministic and stochastic modelling strategies have proven useful in
describing synthetic gene circuits127.

Fig. 7 | Examples of RNA-based circuits. Both circuits depict disjunctive normal form (a) and conjunctive normal form (b) expressions based on the sensory links formed
between the mediator siRNAs and the various endogenous inputs present51.
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Model-based design and optimisation of genetic
circuits
Deterministic models of gene circuits are based on classical biochemical
kinetics and assume that underlying quantities vary in a deterministic and
continuous way128. These models can be represented with a set of ordinary
differential equations (ODEs) which use continuous variables to describe
the concentrations of RNAs, proteins, and other molecules, allowing for
accurate dynamic modelling of gene regulation. There are three primary
types of ODE-based modelling methods: (i) the law of mass action129; (ii)
Hill function130; and (iii) Michaelis Menten Kinetics131. Deterministic
modelling provides detailed information about system dynamics but
requires experimental data for parameterisation. Such data is not always
available and may be challenging to acquire132.

A critical aspect of model-based design and optimisation of indu-
cible gene circuits is experimental validation, as indicated at the top of
Fig. 8. The extent of experimentation required for model validation will
depend on circuit complexity. For example, complete model validation
for a single lineariser circuit (see Transcription Factor-Based Section)
would require time courses for circuit component mRNA and protein
levels (repressor and GOI) as well as time courses for inducer molecule
concentration. More complex systems with multiple regulatory proteins
and extended crosstalk between components would require even further
experimentation. However, experimental burden can be reduced
through sensitivity analysis (to identify parameters that most heavily
impact system states) and subsequent model-based design of optimally
informative experiments133,134.

Given the stochastic nature of biological systems, especially in a low-
number molecular context, simulations should account for inherent
variability. Stochastic modelling considers the random interactions of bio-
chemical species and uses them to capture random variations and inherent
noise of the system128. These models use probabilistic rate laws such as
Chemical Master Equations (CMEs) to describe reaction rates between
species. Chemical Master Equations are usually simulated using stochastic
simulation algorithms, such as the Gillepsie algorithm, which is widely used
in synthetic biology135. Stochastic modelling is considered a more realistic
approach to model gene regulatory systems, but stochastic simulations are
usually computationally expensive and require information on regulatory
mechanisms at the molecular level, which is not always available.

The first synthetic circuit that was designed using mathematical
modelling is the toggle switch in E. coli30. The authors developed a deter-
ministic model that captured the rate of change in repressor concentration
to describe toggle switch behaviour and determine the conditions of bist-
ability. In 2000, mathematical modelling was used to design and construct
the repressilator synthetic gene circuit136. Here a deterministic model of six
coupled first-order ODEs was used to describe the expression of three
repressors (TetR, cI, LacI) and simulate the system’s temporal behaviour.
The authors also employed the Gillepsie algorithm to perform stochastic
simulations and investigate the effect of intrinsic noise. Themodel predicted
that the system could exhibit oscillations across a wide parameter value
range, which was in agreement with experimental data.

Stricker et al24. used a mathematical model to develop and robust
genetic oscillator in E. coli. In this study, deterministic and stochastic
simulations of the model indicated improved oscillations with higher doses
of inducer, while the oscillation period was faster with lower inducer con-
centrations. The authorswere able to define the parameter range overwhich
the system would produce stable oscillations and demonstrated that time
delay played a crucial role in system robustness. In particular, the parameter
space where oscillatory behaviour was detected could be expanded by
increasing the time delay. Both experimental and mathematical results
revealed that the combination of positive and negative feedback loops
promoted the robustness and tuneability of the genetic oscillator.

Mathematical modelling was also used to design and optimise the first
mammalian oscillator circuit, which was based on sense-antisense positive/
negative feedback regulation38. Here, Tigges et al. developed a deterministic
mathematical model for the expression of tetracycline-controlled transac-
tivator (tTA), pristinamycin I-dependent transactivator (PIT), and the GFP
fluorescent reporter. In accordance with experiments, they predicted that
the combination of positive and negative feedback loops results in sus-
tainable and autonomous oscillations with periods of 170min inCHOcells.
In addition, the mammalian oscillator could be adjusted by modifying the
doses of transfected DNA to alter frequency and amplitude. Notably, the
oscillating cells exhibited significant variability in both timing and ampli-
tude, indicating that gene expression noise impacts this dynamic process.

Nevozhay et al20. used a set of deterministic differential equations,
based on mass-action kinetics, to develop the negative feedback lineariser
circuit shown in Fig. 4. The group used their mathematical model to

Fig. 8 | Modelling frameworks to design and
optimise genetic circuits. Models can be either
deterministic or stochastic, which defines the nature
of the equations that underly them. Deterministic
models use systems of differential algebraic equa-
tions, while stochastic models use probabilistic
equations. Model development may require exten-
sive experimental work for model validation.
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determine the dose-response linearisation of negative feedback transcrip-
tion circuits and demonstrated that, by adding a TetR-negative auto-
regulation to the system, feedback can transform the dose-response curve
from sigmoidal to linear. By modifying several parameters in the model
(transcription rate, translation rate, degradation rate, and repressor-DNA
binding rate), the authors achieved linear and precise tuning of gene
expression in yeast cells. The model was later adapted to construct a
mammalian version of this circuit19.

Feedforward controllers generally have a lower risk for instability
compared with feedback controllers but tend to be less robust to input
variations. Therefore, it is beneficial to have computational models that
describe how stimuli affect the output. Another difference is that feedfor-
ward controllers are designed to ensure that the system’s output is stable for
a specific input, but they do not account for additional stimuli that might
affect the circuit. Feedforward controllers have been found to adapt to
variations in templateDNAabundance, thushighlighting the importanceof
resource loadingwhenconsidering circuit transferability acrossdifferent cell
lines137.

Mathematical modelling strategies have been deployed to ‘insulate’
feedforward circuits from extraneous stimuli (e.g., variations in transcrip-
tional and translational resource loading) and ensure their portability by
making their behaviour context-independent, i.e., with robust transfer-
ability fromoneorganism/host to another. For example, Jones et al138. used a
deterministic modelling approach to develop an endoRNAse-based feed-
forward controller to adapt gene expression levels to resource loading. The
resulting controller was resilient to variations in DNA copy number and
achieved comparable performancewhen deployed inHEK293,HEK293FT,
HeLa, CHO-K1, Vero 2.2, and U2OS mammalian cells.

Lillacci et al27. developed miRNA-based control systems which aimed
to improve GOI expression robustness. The systems included (i) an inco-
herent feedforward circuit that allowed for tuneable output and stability
against fluctuations in plasmid uptake, (ii) a negative feedback circuit that
ensuredGOI expression stability despite variations in transactivator dosage,
and (iii) a hybrid circuit that combines the benefits of both. The authors
developed an ODE-based mathematical model to analyse the different
circuit topologies and computeplasmiduptake rates.Through experimental
validation, the circuit achieved a 2.6-fold increase in protein expression in
CHO-K1 cells and precise gene expression regulation in human induced
pluripotent stem cells.

Frei et al139. designed and developed microRNA-based incoherent
feedforward loops with enhanced gene expression stability under varying
resource conditions in mammalian cells. To achieve this, this group mod-
ified an existing mathematical model27 to account for the effect of tran-
scriptional and translational limitations of gene expression. Segall-Shapiro
et al140. leveraged control-theoretic models to implement feedforward
control inE. coli and reduce target gene variations by rejecting differences in
plasmid copy numbers.

Applications and future outlook
Next generation cell line development
Developing novel cell lines that are tailored to production and regulatory
requirements is no easy feat. Biopharmaceutical companies are constantly
plagued with challenges to create and optimise their cell lines to achieve
high yields of safe and efficaciousproducts.Although the advancements in
transfection, gene amplification, selection, clone isolation and testing,
codon optimisation, and cell line engineering have significantly pro-
gressed over the past couple of decades, many of these strategies use
screening techniques to identify cell lines that are suitable for manu-
facturing deployment instead of building cells that can be precisely con-
trolled to meet manufacturing KPIs. Precise multigene control to
manipulate the magnitude and timing of expression could enable the
development of next-generation cell lines7,141. In addition, employing
established vectors with multigene control will not only ensure stable
expression of the desired gene, but will also streamline clone selection
through inducer addition to identify high-performing clones.

Manufacturing complex mAbs
Complex, “difficult-to-express”, protein therapeutics typically have low
yields, have unpredictable manufacturability, and require engineering
strategies to both product and cell line142. Multiple studies using co-
expression of molecular chaperones, genetic effectors, and transactivators
have demonstrated that product titres of these proteins could be improved.
Cartwright et al142. determined that a combination of genetic effectors was
more effective than using single genetic effectors, and optimal relative
stoichiometry of these complex therapeutics is context specific. Transiently
co-transfected vectors to achieve an optimal ratio of heavy to light chain
expression for mAbs have demonstrated improved yields, although the
optimal ratio tends to be product specific143,144. However, stably transfected
cells are preferred, which spurredHo et al145. to experimentwith the internal
ribosome entry site (IRES) to control translation and the heavy/light chain
expression ratio. Unfortunately, this method resulted in a heterogenous
product population due to high variability and poor control. Despite some
unfavourable results, inducible genetic circuits are a step in the right
direction to tackle issues in manufacturing complex mAbs.

Controlling mAb glycosylation
Post translational modifications such as glycosylation are integral in the
structure, function, and stability of mAbs. Therefore, the ability to control
glycosylation is extremely desirable for biopharmaceutical manufacturers.
Current glycoengineering efforts to control and predict glycosylation pat-
terns lack precision and range. A promising solution to these issues is
orthogonal inducible genetic circuits. Two orthogonal inducible genetic
circuits were successfully used to tune fucosylation and galactosylation
(from a range of 0–95% and 0–87% respectively) of an IgG1 antibody
produced in CHO cells82. This was achieved by knocking out the endo-
genous glycotransferases genes (FUT8 and β-1,4-galactosyltransferase gene,
β4GALT1) and creating landing pads to stably integrate the synthetic
inducible genetic circuits for FUT8 and β4GALT1.

Compared to conventional cell line engineering strategies, inducible
genetic circuits are more favourable as they do not require extensive efforts
and resources to achieve the same result – development of a whole new cell
line versus a single knockout and transfer of the inducible circuit into the
cell. However, from a regulatory perspective, the use of these smallmolecule
inducers may burden downstream purification. This could possibly be
circumvented by incorporating a photoreceptor instead of a ligand-based
one, as light (a traceless cue) is able to provide a robust, efficient, and safe
way to remotely control the genetic circuits. Optogenetics present unique
and novel solutions for controlling mAb glycosylation in large-scale bio-
manufacturing, but the technology is still emerging, and implementation
may be challenging (e.g., designing and building bioreactors to homo-
genously distribute light throughout the vessel is a non-trivial task).

Fromabioprocessing perspective, the above-described use of inducible
circuits can be used for feedforward control, where the production bior-
eactor follows a predefined inducer or light dosing schedule to achieve a
target glycosylationprofile.However, this approachwould require extensive
circuit characterisation in bioreactor systems and, importantly, may be
incapable of handling bioprocess disturbances. A more robust alternative
could be feedback control, where the bioreactor is sampled periodically (e.g.,
every 24–48 h) to compare product glycosylation with the setpoint. The
differences between the glycosylation state and the setpoint would then be
used to define a control signal (e.g., inducer molecule or light dosing) to
actuate the inducible circuits and control – at the gene expression level –
product glycosylation. High-throughput multi-attribute methods146,147

could support such sampling, while the control signal would be defined by
circuit characterisation (response to inducer dose), and mathematical
models of cell culture and glycosylation148,149 could refine the control
response and improve disturbance handling.

Cell and gene therapy
There is great potential formultigene circuits to overcome the limitations of
therapeutic genome editing, where regulation of temporal, contextual, and
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degree of gene expression are required44. These circuits could potentially
address concerns surroundingT-cell therapies,where there couldbe adverse
cell proliferation after transfusion and off-target effects9. Multigene circuits
engineered into T-cells and other cell therapies could enable precise reg-
ulation of therapeutic function and provide an alternative to ‘kill switches’
for ill-behaved engineered cells150,151.Although expression regulation ingene
therapy is a major challenge, the Rheoswitch Therapeutic System®, regu-
latedby oral administration ofVeledimex,was successfully used to achieve a
localised expression of IL-12 to treat glioblastoma tumours in mice152. Due
to thenarrow therapeuticwindow, itwasnecessary to allow the regulationof
gene expression. Building on this work, Monteys et al.153 developed a dial-
like regulator for gene therapies based on RNA splicing and controlled oral
administration of an inducer. Results showed a non-linear dose response in
protein expression.

Apart from applications in CAR-T cell gene therapies, inducible
genetic circuits could potentially overcome a major challenge in gene
therapyAAVviral vector production. Standard recombinant-AAV (rAAV)
production often involves calcium phosphate or polyethylenimine (PEI)
transfection of: (i) two plasmids—GOI and replication/capsid (RepCap)
with Helper154; or (ii) three plasmids—GOI, RepCap, and Helper155, in
adherent HEK293 cells. Although these transient transfection methods are
widely used, lot-to-lot variations and scalability continue to be significant
challenges in rAAV production156.

A novel and scalable stable cell line rAAVproduction strategy has been
developed. The method requires only one transfection with an rAAV
genomeplasmid that includes a drug selectionmarker (e.g., puromycin) and
infection with an rHSV-RepCap virus. Advantages of this system include
reducing production cost and duration, as only one HSV vector will be
required instead of the standard two, leading to higher quality final AAV
product with greater HSV clearance157. In addition, the empty versus full
capsid ratio in the final product (a critical quality attribute of rAAVs) using
this method was 50%, a marked improvement compared to transient
transfection-based (16%) and 2×HSV infection-based (28%) AAV pro-
duction methods157,158.

While stable cell line-based AAV production is promising, there is
room to improve productivity. To do so, the effect of gene copy number on
virus productivity was explored by transfecting cell lines with the same
rAAV vector plasmid twice. Results showed no discernible difference157.
Perhaps the plasmid containing the rAAV vector genome could be engi-
neered into an inducible genetic circuit to increase virus productivity. By
incorporating a regulatory element, the optimal inducer levels to achieve the
highest virus productivity and best vector quality can be done systematically
and could be aided by computational modelling159. In addition, inducible
genetic circuits that independently regulate the expression of all compo-
nents (GOI, Rep, Cap, and Helper) would allow operators to control the
ratios of eachexpressed component to improve rAAVquality and could also
reduce the duration and cost of AAV production.

A cascading, inducible gene expression system could be leveraged to
optimise the production of full recombinant adeno-associated virus (rAAV)
capsids by maintaining optimal gene of interest (GOI), Rep, Cap, and
Helper component stoichiometry. In this configuration, expression of the
component exhibiting the lowest expression rate would be activated by an
external inducer (e.g., doxycycline). This, in turn, would trigger expression
of subsequent components to preserve dynamic stoichiometric control. A
programmable transcriptional architecture capable of achieving precise
multigene expression stoichiometry has been shown to enhance the pro-
duction of influenza A virus-like particles in mammalian cells160. Ortho-
gonal inducible circuits could play an important role in identifying the
stoichiometry that achieves optimal rAAV capsid assembly and packaging:
during development, they could be used to induce different component
expression levels to identifywhich combination achieves the highest yield of
full rAAV capsids.

Within a bioprocessing framework, a stable producer cell line incor-
porating such a cascading inducible circuit could be expanded to high cell
densities (e.g., 2 × 10⁷ cells/mL) prior to induction. rAAVproductionwould

then be initiated by inducer feeding directly to the bioreactor. This strategy
would enhance the volumetric productivity of full rAAV capsids by
maintaining high and consistent cell-specific productivity even under high-
density culture conditions. By ensuring appropriate stoichiometry of the
GOI, Rep, Cap, andHelper components, the systemwould support efficient
rAAV assembly and packaging.

Concluding remarks
The synthetic biology design principles of standardisation, modularity, and
predictability are rapidly expanding the toolbox of components and devices
to create new functionalities and adapt existing configurations to new
expression systems161. An examplewould be the development of a collection
of orthogonal components for mammalian cells, which have lagged behind
lower eukaryotes and prokaryotes. As presented in this review, there have
been substantial successes in the efforts to achieve this, e.g., the transfer of
gene circuits from yeast to mammalian systems with comparable
performances19.

However, a unified and systematic approach to component char-
acterisation is still lacking, as there were few comparable quantitative
metrics reported when evaluating gene circuit performance. Consistent
reporting of standard measurements (e.g., dose response and operating
context) and establishing standard protocols and precise measurement
methodswould further drive expansion of the parts toolbox. An example
would be the adoption of a fluorescence standard to account for varia-
tions attributed to equipment type, protocols, and environmental con-
ditions when measuring gene expression using fluorescent reporter
proteins162.

Despite challenges associated with context dependencies, host-to-host
variability, and suitability of chemical inducers, orthogonal inducible
genetic circuits have vast potential in streamlining the development and
manufacture of biopharmaceuticals. The application of orthogonal indu-
cible gene circuits in the biopharmaceutical sector could revolutionise the
manufacturing process, with: (i) promising solutions for the precise control
of glycosylation inmAb-producingCHOcells; (ii) eliminationof potentially
adverse off-target side effects in CAR-T cell gene therapies; and (iii) novel
methods of rAAV vector production that ensure high vector quality and
virus productivity. In addition, use of computational modelling as a tool to
effectively monitor, predict, and design the behaviour of the genetic circuits
will undoubtedly provide manufacturers with the necessary and timely
information to ensure product quality and efficacy.
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