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Abstract: Pluripotent stem cells (PSCs), characterized by
self-renewal and capacity of differentiating into three germ
layers, are the programmable building blocks of life.
PSC-derived cells and multicellular systems, particularly
organoids, exhibit great potential for regenerativemedicine.
However, this field is still in its infancy, partly due to limited
strategies to robustly and precisely control stem cell
behaviors, which are tightly regulated by inner gene regu-
latory networks in response to stimuli from the extracellular
environment. Synthetic receptors and genetic circuits are
powerful tools to customize the cellular sense-and-response
process, suggesting their underlying roles in precise control
of cell fate decision and function reconstruction. Herein, we
review the progress and challenges needed to be overcome
in the fields of PSC-based cell therapy and multicellular
system generation, respectively. Furthermore, we summa-
rize several well-established synthetic biology tools and
their applications in PSC engineering. Finally, we highlight
the challenges and perspectives of harnessing synthetic
biology to PSC engineering for regenerative medicine.
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Introduction

Stem cells are cells capable of self-renewing and differentiating
into multiple lineages. During embryonic development, stem
cells candifferentiate intopresumptive lineage cells and further
organize into complex organs. According to the different
developmental potency, stem cells can generally be divided into
four categories [1], which are totipotent stem cells, pluripotent
stem cells (PSCs), multipotent stem cells, and unipotent stem
cells (Figure 1). Totipotent stem cells containing fertilized eggs
and blastomeres at early cleavage stage have been thought to
possess the highest differentiation potential to form both em-
bryonic and extra-embryonic tissues. After several round of
divisions, the totipotent stem cells form a blastocyst, containing
trophoblast and an inner cell mass (ICM) which will further
differentiate into the epiblast and the primitive endoderm,
respectively. The epiblast cells are PSCs that can differentiate
into any cell type of the embryoduringdevelopment. Compared
with totipotent stem cells, PSCs exhibit less differentiation
capacity since they candevelop into the three germ layers of the
embryos but not the cells of extra-embryonic tissues (Figure 1).
Two milestones of human stem cell technologies were the suc-
cessful establishment of embryonic stem cell (ESC) line from
human blastocysts in 1998 [2], and the generation of induced
pluripotent stem cells (iPSCs) from human adult fibroblast via
transduction of certain transcription factors (TFs) in 2007 [3, 4].
Both ESCs and iPSCs belong to PSCs for their unlimited capa-
bility of self-renewal and differentiation into the three germ
layers. After a series of lineage commitment events, PSCs give
rise to multipotent stem cells with the potential to differentiate
into certain lineages, such as hematopoietic stem cells (HSCs)
(Figure 1). In addition, unipotent stem cells display very limited
developmental potency and can only differentiate into one
specific type of cell (Figure 1).

Due to the outstanding properties mentioned above,
human PSCs (hPSCs) have exhibited prominent applications
in regenerative medicine, of which the ultimate goal is to
reverse dysfunctional tissues to healthy conditions with full
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functions by repairing, replacing, or even in situ regener-
ating the cells/organs of patients.

The application of stem cells and their derivatives in cell
therapy has been investigated for several decades but is still at
an early stage. Themost acceptable and curative cell therapy is
HSC transplantation (HSCT) for acute myeloid leukemia, pro-
posed by EdwardDonnall Thomas, whowon the Nobel Prize in
Physiology or Medicine in 1990 for his outstanding work on
bone marrow transplantation [5]. Apart from HSCs, several
other types of stem cells have been used for pre-clinical studies
and clinical treatment, such as PSC-derived cells. To date, ac-
cording to ClinicalTrials.gov (key words are “stem cells”), there
are 7,780 cases of stem cell-based clinical trials registered
worldwide, targeting to treat various types of diseases con-
taining musculoskeletal, neurology and pneumology of
COVID-19. Meanwhile, PSC-based cell therapies are mostly
under pre-clinical study. So far, there are approximately 130
cases of PSC-based clinical trials (ClinicalTrials.gov, key words
are “embryonic stem cells” and “induced pluripotent stem
cells”), including Parkinson’s Disease (PD), macular degenera-
tion, retinitis pigmentosa, corneal disorder, heart failure, and
spinal cord injury (SCI).

However, several limitations hamper the clinical trans-
lation of PSC-based cell therapy, including immune rejection;
tumorigenicity; robust and homogeneous differentiation of
specific cell types that can survive, proliferate, and function
maturely; inefficiency of scale-up and quality control for cell
manufacture, which need to be addressed urgently.

In addition to hPSC-based cell therapy, hPSCs have been
used to generate multicellular tissues in vitro, aiming to
serve as a tissue or organ-level source for organ repair and
regeneration in the future. The fast developing stem cell

technologies, such as organoid technology and synthetic
embryo technology, allow stem cells to generate sophisti-
cated multicellular systems via simulating embryological
processes in vitro. By using various cocktails of small-
molecule compounds to mimic in vivo developmental tra-
jectories, hPSC-derived organoids have spanned various
types of organs derived from ectoderm (brain [6] and
retina [7] organoids), endoderm (lung [8], gastric [9], co-
lon [10], intestine [11], liver [12] and pancreatic [13] organo-
ids), and mesoderm (heart [14], kidney [15] and blood [16]
organoids), respectively. Besides, a wave of articles has
recently reported the successful generation of synthetic
human blastoids, modeling pre-implantation blastocyst
development and even implantation [17–23]. However, more
efforts must bemade to improve these multicellular systems
to fulfill the transplantation criteria, including satisfactory
functions, suitable tissue sizes, better immune tolerance, low
cost, and high reproducibility.

To accelerate the development of PSC-based regenera-
tive medicine, the cooperation of multiple disciplines is
necessary to address its challenges, such as 3D-bioprinting
technology, system biology, and synthetic biology. Notably,
different from traditional top-down strategies to investigate
developmental events and regulate cellular functions, the
theoretical rationale of synthetic biology,which is bottom-up
construction of systems, provides a novel perspective to
realize sophisticated, programmable control of cellular
behaviors. Synthetic biology was initially explored in bac-
teria and yeast due to their relatively simple and clear
genetic regulatory networks. In 2000, the first bistable
switch in Escherichia coli was established, achieving
controllable switching between two stable gene expression

Figure 1: Stem cells with diverse developmental potential. Stem cells are classified by their potency to differentiate into specialized cell types. The most
potent stem cell is the totipotent stem cell, including the fertilized eggs. Totipotent stem cell can differentiate into inner cell mass, which is ESCs. Notably,
both ESCs and iPSCs belong to pluripotent stem cells. As development progresses, pluripotent stem cells experience lineage commitment and become
multipotent stem cells. The least potent one is the unipotent stem cell. ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.

Mao et al.: hPSC engineering by synthetic biology 91

http://ClinicalTrials.gov
http://ClinicalTrials.gov


states in engineered cells [24]. In the same year, scientists
designed an oscillator, a gene circuit composed of a triple
negative feedback loop, which achieved a periodic oscilla-
tion of repressor protein expression [25]. These two findings
have marked the beginning of an “era of synthetic biology”.
In 2002, another group used a set of transcriptional regula-
tors and their corresponding promoters to construct genetic
circuits that exhibited the properties of binary logic gates,
laying the groundwork for the implementation of complex
Boolean logic computations within cells [26]. By further
refining and combining these basic elements or by reform-
ing natural sense-response systems, more complex genetic
circuits that could execute certain functions, such as band-
pass filters [27] and counters [28] were developed. With the
fast development of gene editing techniques and increasing
understanding of cell biology, the engineered objects of
synthetic biology have shifted from predominantly bacteria
and yeast towards mammalian cells [29], indicating its
promising application in stem cell technologies to precisely
regulate the states and functions of PSCs and their
derivatives.

Herein, this review will mainly emphasize the impor-
tant impacts and underlying applications of synthetic
biology in PSC bioengineering for facilitating and fulfilling
the needs of regenerative medicine. We will review the
applications of PSCs in regenerative medicine and discuss
the limitations that need to be addressed. Then we will
introduce the important synthetic biology tools in mamma-
lian cells and illustrate how they facilitate the development
of PSC-based regenerative medicine. Finally, we will discuss
the challenges and perspectives of engineering PSCs for
regenerative medicine by using synthetic biology.

Applications of PSCs in regenerative
medicine

Due to the outstanding characteristics of hPSCsmentioned in
the Introduction, they have been regarded as the better
“chassis” for the applications of regenerative medicine by
establishing pools of various types of cells for cell therapy or
generating multicellular systems for organ transplantation
in the future.

Progress of PSC-derived cell therapies

hPSCs and their derivatives have been applied in cell ther-
apy for several intractable diseases, and a considerable
number of products based on hPSCs have entered pre-

clinical and clinical research. One of the first clinical trials of
hPSC-based cell therapy was conducted in 2010, which used
human ESC (hESC)-derived oligodendrocyte progenitor cells
to treat SCI (NCT01217008). Subsequently, in 2012, two pro-
spective clinical studies using the hESC-derived retinal
pigment epithelium (RPE) cells to treat Stargardt’s macular
dystrophy and dry age-related macular degeneration were
launched (NCT01345006 and NCT01344993). The two trials
have demonstrated the medium-term to long-term safety
and graft survival of the transplanted cells, as well as their
possible biological activity [30]. Besides, in 2014, researchers
started the first clinical trial using iPSC-derived cells to
treat eye diseases [31]. They injected iPSC-derived RPE cells
into a patient suffering from age-related macular degener-
ation. Unfortunately, the trial was halted in 2015 for the
concern of the potential tumorigenesis of two small genetic
mutations in the cells. In addition, hPSCs have also been used
for treating heart diseases. The safety of hPSC-derived
cardiac-committed progenitor cells was evaluated after
being seeded in fibrin gel scaffolds and injected into 10
patients with severe heart failure (phase I trial; ESCORT,
NCT02057900) [32]. The trial demonstrated the feasibility
of generating clinical-grade hESC-derived cardiomyocyte
progenitors. One patient died from unrelated comorbidities.
At the 1-year endpoint, all the other patients had uneventful
recoveries, including a significant enhancement of the sys-
tolic motion of the treated segments. With a maximum
follow-up of 6 years, no patient presented an adverse event
related to the cells and/or the patch. Another patient died
from heart failure 22 months after treatment [32]. Recently,
another clinical trial was carried out to assess the safety of
human iPSC (hiPSC)-derived cardiomyocytes embedded in a
cell sheet for transplantation (jRCT2052190081). Among
PSC-based cell therapies for neural diseases, one of the most
popular is hPSC-derived dopaminergic neurons replacement
for PD. In 2017, scientists led the first ESC-based phase I/IIa
clinical study of PD in China (NCT03119636) [33]. This study
assessed the safety and efficacy of intracerebral trans-
plantation of hESC-derived neural precursor cells in patients
with PD.

Until October 15, 2023, approximately 130 clinical studies
based on hPSC derivatives have been registered, according
to ClinicalTrials.gov (key words: embryonic stem cells and
induced pluripotent stem cells). The clinical researches of
hiPSC-derived cells cover PD,macular degeneration, retinitis
pigmentosa, corneal disorder, heart failure, SCI, platelet
transfusion, graft-versus-host diseases, cartilage defects, and
cancers; while the clinical researches of hESC-derived cells
involve PD, macular degeneration, retinitis pigmentosa,
amyotrophic lateral sclerosis, SCI, Type I diabetes,
citrullinemia type I, Intrauterine adhesions.
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Despite the fact that PSCs have been used on a certain
scale in clinical trials, there are still many challenges that
need to be addressed for better application of PSCs to cell
therapy, including: (i) immune rejection; (ii) tumorigenicity;
(iii) robust and homogeneous differentiation of specific cell
types that can survive, proliferate, and function maturely;
(iv) inefficiency of scale-up and quality control for cell
manufacture and so forth. Details about these problems and
efforts to address them are as follows.

Immune rejection

One of the major safety concerns that need to be addressed
prior to widespread clinical use of PSCs and their derivatives
is immunogenicity [34]. Immune rejection is a major obstacle
for allogeneic cell transplantation, mainly due to human
leukocyte antigen (HLA) mismatch between the transplanted
cells and the recipient. Besides HLA mismatch, other reasons
include immune antigens presentation by PSCs due to
prolonged in vitro culture, atypical antigens formation due
to genomic mutations, incomplete reprogramming of so-
matic cells during iPSC reprogramming, and immune
immaturity of PSC-derived cells [34]. Autologous, patient-
specific iPSC-derived cells may overcome these challenges.
However, autologous iPSCs are too costly given the necessary
quality control and too slow to meet acute needs. An alterna-
tive strategy is to use HLA-matched, quality-controlled iPSC
banks that are being developed in Japan [34]. Such banks could
provide standardized sources of cells for clinical applications,
overcoming the need for individualized autologous cell lines
and addressing cost and scalability concerns. An additional
approach is HLA cloaking, which involves inactivating HLA
genes and/or overexpressing immunosuppressive factors in
allogeneic stem cells [35, 36]. This approach can reduce the
immunogenicity of allogeneic stem cells, making them more
suitable as “off-the-shelf” cell therapy products for large-scale
clinical applications. Only a very small number of hPSC lines
or even one single line could be required to serve as a uni-
versal and standardized source of cells covering the entire
world population. Such universal hPSCs would be allogeneic,
more homogeneous, cheaper, and safer, making them better
candidates for engineering and serving as off-the-shelf cell
therapy products for large-scale clinical applications.

Tumorigenicity

Self-renewal ability is one of the important properties of
hPSCs, but also a double-edged sword since its potential
tumorigenesis if the cells continue to proliferate indefinitely

after transplantation [34]. Besides, progenitor cells used for
cell therapy also have been reported to exhibit the tumori-
genic potential after transplantation. In addition, tumori-
genesis can be caused by several other reasons, including
cells with unexpected high proliferation capacity, genomic
abnormalities due to long-term culture and gene-editing
manipulations. Recently, a systematic study pointed out that
over 20 % of both hPSCs and their in vitro derivatives
harbored cancer-related mutation (s). Particularly, 64 % of
these samples contained mutations in the TP53 gene, which
is a common tumor suppressor gene and its dysregulation is
highly correlated to tumorigenesis and cancer progres-
sion [37]. These results highlight the critical importance of
vigilantly monitoring for cancer-related mutations in hPSCs,
especially when they are being considered for clinical use.
Since the potential tumorigenicity of hPSCs and their
derivatives still cannot be completely ablated in vitro by
genetic engineering, dynamically monitoring and elimi-
nating the cells with tumorigenic transition is a practical
approach to ensure the safety of the cell therapy product. For
example, stem cells can be engineeredwith inducible suicide
or elimination switches, such as fail-safe systems based on
suicide genes Caspase9 and HSVtk [38, 39] and miRNA
switches [40].

Robust and homogeneous differentiation of specific cell
types that can survival, proliferate and function
maturely

The differentiation of PSCs into desired cell types is a pri-
mary step in the development of cell-based therapies.
However, there are significant challenges associated with
the low efficiency and reproducibility of this process,
resulting in generating cells with low purity, immature
function and limited reproducibility. Additionally, for cell
replacement therapy, transplanted cells must possess the
sufficient survival and proliferation capacity, followed by
homing and localizing to the therapeutic site and executing
the therapeutic functions. Importantly, donor cells are
hard to communicate and integrate with recipient tissues
to initiate pre-designed functions. Taken the clinical trials
of PSC-derived RPE cells to treat age-related macular
degeneration (AMD) as an example, the transplanted RPE
cells failed to precisely home and localize to the therapeutic
site. Another example is the PSCs-derived dopaminergic
progenitor cells-based PD therapy, themajor challenges are
durability and survival of cells, synaptic integration and
functional restoration after transplantation [41].
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Inefficiency of scale-up and quality control for cell
manufacture

Similar to the manufacture of other biologics, that of hPSCs
and their derivatives should be strictly subjected to the
instructions of good manufacturing practice (GMP), which
provides the standards for safety, efficacy and feasibility of
therapeutic cells for large scale production [41]. Heteroge-
neity of hPSCs is reflected in the clonal variability of the cell
lines, difference between cells within each clonal line during
prolonged in vitro culture, as well as the continuous fluctu-
ation of gene and protein expression levels at a frequency
ranging from hours to days [34]. The hPSCs might undergo
genetic mutations during long-term culture [34]. In addition,
the differentiation of hPSCs in vitro can generate heterogenic
subpopulation [34]. Therefore, development of effective and
less labor-intensive approaches to regulate the purity and
genetic background of hPSCs is important for product safety.
Recently, the cost-effective scale-up in bioreactors has been
used to overcome cumbersome labor-intensive
production [42].

Low efficiency and reproducibility of differentiation

The differentiation of PSCs into desired cell types is a critical
step in the development of PSC-based therapies. The pre-
dominant way to differentiate PSCs into various cell types is
stepwise addition of specific growth factors, small mole-
cules, and signaling inhibitors to mimic the corresponding
developmental extracellular environment. However, there
are significant challenges associated with the low efficiency
and reproducibility of this process. Low efficiency can lead
to the formation of cells that are functionally immature and
not therapeutically relevant or that may even have tumori-
genic potential, while lack of reproducibility can result in
cell products that are variable in their potency and func-
tionality. For example, many studies have reported that
hESC-derived cardiomyocytes express marker TFs, show a
cardiomyocyte-like phenotype, while display immature
electrical phenotype [41]. Assurance of efficacy relies on a
robust and reliable set of PSC differentiation protocols.
Efforts to address these issues include the development of
new culture conditions and genetic manipulation strategies
that aim to improve cell differentiation and to ensure that
the resulting cells are mature. Many groups have reported
that modification of the timing, concentration and types of
the growth factors, small molecules, signaling inhibitors can
promote the efficiency and reproducibility of differentiation;
while some other groups have reported that over-expression
of master TFs can enhance cell differentiation [43–47]. In

addition, efforts have been made to develop new culture
platforms that allow for greater control over cell differen-
tiation, including 3D bioreactors and microfluidics devices
that mimic physiological environment [42]. Finally, a more
effective solution is obtaining in-depth insight into the
genetic regulatory networks governing stem cell differenti-
ation in vivo and engineering them during in vitro differ-
entiation. Analysis approaches combining gene expression
data, proteomic pathway data, and cell signaling models
have been created to explore key state transitions during
differentiation [48].

Progress of PSC-derived multicellular
systems

Generation of multicellular system to recapitulate physio-
logical functions of tissue or organ in vitro is one of the most
important and promising applications of PSCs for regener-
ative medicine. The basic rationale of multicellular system
establishment is the capacity of self-assembling of cells
which was discovered from reaggregation of a whole
organism by sponge cells in 1907 [49]. Following this finding,
more efforts have been paid to construct the complex tissue
or organ by using dissociation-reaggregation approach
in vitro. The breakthrough work of multicellular system
generation was the successful establishment of 3D-mini-in-
testinal tissue with crypt-villus structures in vitro from sin-
gle Lgr5+ stem cells in 2009 [50]. After that, several protocols
have been developed to establish human organoids which
are the micro-organ or tissue with physiological structure
and functions in vitro, from either adult stem cells or PSCs,
including generation of hPSC-derived intestinal organoids in
2011 [11], hPSC-derived optic cup organoids in 2012 [7], fol-
lowed by other tissue types including cerebral [6], kid-
ney [15], pancreas [13], and cardiac organoids [14] (Figure 2).
To further increase the complexity of organoids in both cell-
types and functions, researchers tried to mix different types
of cells or organoids to form assembloids, such as the cortico-
striatal assembloids with reflection of the interactive pro-
jections [51]. By assembling striatal organoids and cerebral
cortical organoids, midbrain-microglia assembloids were
generated with increased neuronal maturation and meta-
bolic functions. Besides, other cutting-edge technologies
have also been combined to form organoids with improved
characteristics. Particularly, combination organoid technol-
ogy with 3D-bioprinting has been widely used to establish
vascularized organoids, such as gas-exchangeable lung orga-
noids; or generate kidney organoids with high-homogeneity
in high-throughput reported [52]. However, hPSC-derived
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organoids still have several key shortcomings hampering
their application in regenerative medicine, including the
challenges mentioned in the previous section: immune
rejection; tumorigenicity; robust and homogeneous differ-
entiation of specific cell types that can survive, proliferate
and function maturely; inefficiency of scale-up and quality
control for cell manufacture. Apart from these challenges,
there are several additional key limitations in hPSC-based
multicellular system generation, including disordered
organ-specific morphological architecture, immature func-
tion, limited size and lifespan (Figure 2).

Disordered organ-specific morphological architecture

Although organoids can display organized structure pattern
compared with 2D monolayer cells, recapitulation of organ-
specific spatiotemporal architecture still cannot be realized.
Lack of necessary lineage cells like stroma cells and vascular
endothelial cells is one reason for disordered structure.
Another important reason is the absence of in vitro
morphogen environment which plays a key role in devel-
opmental tissue organization in vivo. Providing morphogen
gradient in vitro is promising to improve the structure of

organoids, by either cell engineering, 3D-bioprinting, or
other novel techniques.

Immature function

The predominant advantage of organoids is the improved
tissue-like function filling the gap between 2D monolayer cell
with limited function and the animalmodels. However, to date,
majority of hPSC-derived organoids exhibit fetal cell-type
composition and function analyzed bymulti-omics, such as the
liver organoids with fetal-like hepatocyte activity including
cytochrome P459, vitamin A storage, lipid accumulation and
inflammation response [53]; the cerebral cortical organoids
resembling 19–24 post-conception-week prenatal brain [54].
Limited studies have reported to establish the PSC-derived
organoids with neonatal function. In 2021, the establishment of
hypothalamic arcuate organoids was reported with high simi-
larity to neonatal human hypothalamus in cell type diversity
and molecular signature, but whether possess the neonatal-
level function was not demonstrated [55]. Optimization of dif-
ferentiation protocols, integration of other lineages, re-
construction of microenvironment might be the underlying
strategy to overcome these challenges.

Figure 2: Progress and challenges of hPSC-derived organoids. The major progress of hPSC-derived organoids is shown, and the levels of complexity
increases from bottom to up. The application of these innovative supporting technologies, combined with emergent technologies, are expected to
address the challenges in this field.
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Limited size and lifespan

The limited lifespan and size of organoids are two related
but different challenges in the field of organoid research.
The limited lifespan and size are mainly caused by the
limited nutrient supply and waste removal that occur as the
organoid grows over time [56]. As organoids increase in size,
the efficiency of nutrient supply and waste removal through
diffusion decreases, which can give rise to limited growth,
cell death and organoid necrosis. To address these chal-
lenges, researchers have developed various strategies such
as using larger bioreactors [42] or using a perfusion system
to improve nutrient access and waste removal [57];
improving vascularization to further spread nutrients
through capillaries.

To realize organ or tissue replacement by PSC-derived
organoids, development of innovative technologies, as well
as combination with other disciplines are necessary to
overcome some of the unsatisfactory outcomes of current
organoids and further address the barriers.

Apart from the organoids, another type of multicellular
system, called “synthetic embryos” including human blas-
toids has been established. Successful establishment of hu-
man blastoids were reported in 2021 by several groups,
respectively [17–20, 22]. Human blastoids were created via
aggregation of ESCs, self-organization of naïve ESCs [17, 18],
or even reprogramming of fibroblasts [20], respectively.
Besides, another group generated human naïve PSC-derived
blastoids which mimics the sequential lineage specification
(trophectoderm, epiblast and primitive endoderm) of blas-
tocyst development, and directionally attaches to endome-
trial cells with the polar trophectoderm to model
implantation [58]. These synthetic embryos provide impor-
tant multicellular models for developmental modeling, dis-
ease modeling, drug screening and organ regeneration
in vitro.

To summarize, amajor barrier to the clinical translation
of PSC bioengineering efforts has been our achievement of a
holistic understanding of the gene regulatory networks
(GRNs) and biological processes governing cell behaviors
inability to predictably and reproducibly control individual
stem cell behaviors and their self-organization into multi-
cellular systems. Stem cell engineering by synthetic biology
can push the solutions.

Engineering PSCs with synthetic
biology

Synthetic biology can be used to reinform or de novo design
cellular behaviors from three standard modules: signal

sensor (input), signal processing (process) and cellular
responding (output) (Figure 3A). Generally, cells can sense
diverse endogenous or artificial signals (input) by synthetic
receptor or other sensing molecules, then they will undergo
information processing through either endogenous regula-
tory networks or reinformed artificial genetic circuit
(process), and finally produce presumptive designated cell
behaviors (output). In synthetic biology toolkits, devices or
circuits which can robustly and precisely sense and respond
to diverse inputs (e.g., an extracellular signal) and result in
customer-defined output (e.g., a transcription program) are
important for cellular behaviors [29].

The progress of programmable and modular receptor
platforms allows researchers to rewire cellular input–
output relationships. Synthetic receptors capable of novel
input/output relationships can enable many applications,
ranging from cell therapies to multicellular system
formation [29].

Natural receptors are a class of proteins, which enable
mammalian cells to recognize, process and respond to
environmental information. Based on the understanding of
natural receptors and the development of synthetic biology,
scientists created synthetic receptors which can sense
customized cues (input) and read out user-defined responses
(output). Combing synthetic receptors with information
processing tools, researchers can exert control over cellular
behaviors, which has been well-summarized elsewhere [29].
To better design and expand the synthetic receptors, these
receptors have been artificially divided into two modules:
extracellular sensor and intracellular actuator. Briefly, the
extracellular sensor is mainly to recognize the environ-
mental signals, which can be either natural or artificial
signals. In response to the input signal, the intracellular
actuator will be stimulated and underwent either natural
signal transduction or customized genetic regulation,
executing certain functions such as apoptosis, proliferation,
secretion and so forth. Sensor and actuator domain (natural
or synthetic) can be modularly integrated (Figure 3B).

The most widely used receptors with synthetic sensor
are chimeric antigen receptors (CARs), which rewire the
T cell signaling pathways (TCRs) through replacing the
native ligand-binding domains with antibody-based
domains and retaining costimulatory receptor intracellular
signaling domains artificially guiding T cells to robustly
recognize and kill tumor cells with designated cell-surface
antigens [59]. Receptors with synthetic sensor but natural
actuation, including CAR [59] and generalized extracellular
molecule sensor (GEMS) [41], allow to sense customized
input and activate an endogenous genetic regulatory
network to regulate cellular functions; receptors with nat-
ural sensor and synthetic actuation can execute customized
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behaviors or functions in response to sensor endogenous
signal, such as the Tango [60] and ChaCha [61]; synthetic
receptors with both synthetic sensors and synthetic actua-
tors enable to better define both input and output, such as
modular extracellular signaling architecture (MESA) [62],
synthetic Notch receptor (synNotch) [63] and synthetic intra-
membrane proteolysis receptors (SNIPRs) [64] (Figure 3B).
Transcriptional signal-processing is the downstream step
linking actuators to gene transcription (output). By modi-
fying or designing transcriptional regulatory systems,
researchers can process signals transmitted downstream
from natural or synthetic receptors (Figure 3B).

Programming PSCs with synthetic biology

Precise control of cell fate decision

One of the prominent advantages of hPSCs for cell therapy is
the differentiation potency into various cell types, especially
the cells which are hard to obtain from human tissues
or possess limited proliferative capacity in vitro. In view of
this, hPSCs have been regarded as a vital source to construct
the pools of various types of cells by robust differentiation
for cell therapy. However, based on current differentiation

strategy using cocktail of small molecules and growth factor
inhibitors, majority of hPSC-derived cells cannot be applied
in clinical trials due to the immature function, low efficiency
and high heterogeneity.

Direct differentiation of hPSCs into certain cell types or
further organoids using forward programming approaches,
including forced expression of TFs, provides a potential
alternative. For example, thyroid follicular cells and trans-
plantable organoids were differentiated from mouse and
human PSCs through transient overexpression of NK2
homeobox 1 (NKX2-1) and paired box gene 8 (PAX8) [43, 44].
Besides, functional thyroid progenitors were robustly
differentiated from mouse PSC-derived anterior foregut
endoderm via transient and developmental stage-specific
overexpression of NKX2-1 [47]. In addition, production of
hPSC-derived megakaryocytes by overexpression of GATA1
(GATA binding protein 1), FLI1 (Fli-1 proto-oncogene, ETS
transcription factor) and TAL1 (TAL bHLH transcription
factor 1, erythroid differentiation factor) were reported as
well [46]. Another group reported robust differentiating
hPSCs into neurons, functional skeletal myocytes and
oligodendrocytes [45].

However, such overexpression methods cannot pre-
cisely and robustly regulate cell fates because they fail in
spatiotemporal controlling of gene expression and precisely

Figure 3: Principles and toolkit of synthetic receptors for programming cellular behaviors. (A) Cells can sense diverse endogenous or artificial signals
(input) by sensors, then theywill undergo information processing through either endogenous regulatory networks or reinformed artificial genetic circuits
(process), and finally produce presumptive designated cell behaviors (output). (B) Mammalian synthetic receptors are categorized into three subtypes:
synthetic sensor and natural actuation, natural sensor and synthetic actuation, and synthetic sensor and synthetic actuation. Examples of these subtypes
are shown. CAR, chimeric antigen receptors; GEMS, generalized extracellular molecule sensor; MESA, modular extracellular signaling architecture;
SynNotch, synthetic Notch; SNIPR, synthetic intramembrane proteolysis receptors.
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controlling dosage of gene products. Precise encoding cell
fate decision by synthetic lineage-controlling circuits holds
great potential to obtain targeted cells with high efficiency
and purity, facilitating their clinical application and scale-up
production (Figure 4).

A proof-of-concept work pointed out that synthetic
genetic circuit would be a promising strategy to obtain
hPSC-derived cells by directly controlling expression of
master genes during development [65]. The design of
lineage-control circuit was based on the previous studies of
mouse pancreatic development, which demonstrated that
the temporal expression pattern of neurogenin 3 (NGN3),
pancreatic and duodenal homeobox 1 (PDX1) and V-maf
musculoaponeurotic fibrosarcoma oncogene homolog A
(MAFA) play a crucial role in the differentiation and matu-
ration of pancreatic β cells. Thus, researchers designed a
synthetic lineage-control network capable of mimicking
the expression patterns of NGN3 (OFF-ON-OFF), PDX1
(ON-OFF-ON), and MAFA (OFF-ON) during in vivo pancreatic
development by utilizing a vanillic acid dose-dependent
signaling cascade and a gene switch. In hiPSC-derived
pancreatic progenitor cells, this network enables correctly

temporal differential expression of these three TFs and ul-
timately differentiates cells into glucose-sensitive insulin-
secreting β-like cells. Notably, compared with cocktail-
induced differentiation, these pancreatic β-like cells
exhibited more similar dynamics of glucose-stimulated
insulin release to that of human pancreatic islets, indi-
cating the great potential of using synthetic gene circuits to
establish the pool of functional cells for cell therapy
(Figure 4).

Efficient purification of cell populations during PSC
differentiation

The resulting heterogeneous population is a major problem
of PSC differentiation. Thus, detection and purification of
specific cell types for therapy is critical. Synthetic cell clas-
sifiers, usually based on microRNA (miRNA) switches, were
created to detect and purify cells of interest. In 2015, Miki
reported the establishment of synthetic miRNA switches to
isolate desired cell type during hPSC differentiation [66].
Various miRNA switches were created, including miR-1,208a
and 499a-5p for cardiomyocytes, miR-126 for endothelial

Figure 4: Control of PSC differentiation using complex synthetic lineage-control circuits. Schematic of synthetic genetic regulatory network pro-
gramming differential expression dynamics of master transcription factors during hPSC differentiation. The three circuits provide programmable,
mutually exclusive expression switches for gene A (ON-OFF-OFF), gene B (OFF-ON); gene C (OFF-ON-OFF), gene D (OFF-ON-OFF); and gene E (OFF-ON)
expression in a temporalmanner. These synthetic genetic circuits synergistically direct the differentiation of hPSCs towards specific cell types step by step.
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cells, miR-122-5p for hepatocytes, and miR-375 for insulin-
producing cells [66]. In detail, the miR-1 switch contains a
synthetic mRNA encoding a fluorescent protein (FP) tagged
with target site of miR-1, and desired cells expressing
endogenous miR-1 will not express FP. And the miR-1-Bim
switch, containing the apoptosis inducer Bim, will induce
selective apoptosis in cells withoutmiR-1 expression, namely
non-target cells.

Enforcing enhanced or artificial therapeutic functions

Beyond achieving physiological functions, therapeutic
function can be further enhanced, such as targeting and
killing tumor cells. Predictable and defined levels of thera-
peutic functions must be achieved either by rewiring exist-
ing networks or engineering new ones. Synthetic biology is
poised to enhance cell-based therapies by offering precise
control over the context, intensity, and timing of therapeutic
intervention. The therapeutic outputs of cells should sense
inputs such as small molecules and disease biomarkers.
After the signal processing, the dosage, timing, and locali-
zation of therapeutic gene expression or other therapeutic
activities (outputs) should be tightly controlled.

A big milestone in this field was the FDA approval of
Tisagenlecleucel, a CAR T cell product, in 2017 to treat
refractory pre-B cell acute lymphoblastic leukemia and
diffuse large B cell lymphoma. Specific immune cells
including T cells and natural killer (NK) cells are key players
of antitumor immunity, and the synthetic receptor CAR [54]
can furthermore enhance their anti-tumor function. Such
therapy consists of immune T cells taken from the patient,
which are then engineered to express CAR that target cancer
cells. After purification and expansion in vitro, the CAR
T cells are injected into the patient. Although the therapeutic
benefits of CAR-T cell therapy should not be overlooked, the
limited cell sources, hard-to-be-engineered, time-consuming
and money-consuming, heterogeneity of using primary
immune cells hinder their applications in cancer therapy.

Combination of PSC differentiation technologies and
synthetic CARmay address these challenges. Recently, one of
the important examples is CAR iPSC-derived-NK cells [67].
Genetically modified iPSC-derived NK cells hold great
potential to offer a safer, standardized and off-the-shelf
antitumor therapy. Significantly, early-stage clinical trials of
iPSC-derived-NK cells demonstrate safety and efficacy [67].

PSC-derived NK cells were initially differentiated from
hESCs, and protocols have been modified to differentiate
them from hiPSCs. Such engineered PSC-derived NK cells
enable limitless and uniform NK cells derived from certain
starting PSC line, and avoid collecting cells from individual
donors or cord blood units. Besides, the starting PSC

population can be more easily genetically modified than
primary NK cells, especially when multiple genetic modifi-
cations (CAR and other modifications to enhance functions)
are needed [68, 69], and the resulting NK cells derived from
those engineered PSCs can express these genetic modifica-
tions more uniformly [70]. For example, in vivo persistence
of cells is important for long-term therapeutic effects, and
activation or inactivation of various genes (IL-15 over-
expression or CISH knockout [71]) can enhance the expan-
sion of certain cell types. However, such gene editing may
disturb the differentiation process from PSCs to the final cell
types (CISH in NK cells is a good example [71]), so in future
inducible gene editing is required. PSCs engineered by
genetic circuits containing CARs and licensed food additives-
induced IL-15 overexpression and/or CISH knockout, may
differentiate into NK cells with better persistence in vivo.

In addition, engineered cells with prostate-specific
antigen (PSA)-specific GEMS were used to detect patholog-
ical PSA levels in the serum of patients with prostate cancer
for diagnosis [72].

Dynamically monitoring and eliminating tumorigenic
cells

One of the key concerns of hPSC application in cell therapy is
the underlying tumorigenicity caused by undifferentiated
PSCs and progenitor cells. Therefore, dynamically moni-
toring and effectively eliminating tumorigenic cells are
critical to guarantee the safety of treatment. Engineering
cells with inducible suicide or elimination switches can be a
useful approach to simultaneously monitor and remove the
risk of tumorigenesis.

Scientists reported that miRNA switches could sensi-
tively identify and eliminate undifferentiated cells in
iPSC-derived midbrain dopaminergic (mDA)-like neuronal
cells [40]. As microRNA-302a-5p (miR-302a) is specifically
expressed at high levels in PSCs, the group engineered a
miR-302a switch in iPSCs, which functions to activate
reporter protein translation when iPSCs differentiate into
mDA cells with down-regulation of miR-302a. In SCID mice,
miR-302a switch-sorted mDA cells mixed with iPSCs do not
undergo teratoma formation. And when the puromycin-
resistant gene is under the translational regulation of the
miR-302a switch, puromycin-controlled selective elimina-
tion of iPSCs can be achieved in vitro.

The iPSC-derived neural stem/progenitor cells
(iPSC-derived NS/PCs) are potential for the treatment of SCI,
but they lead to tumorigenesis demonstrated by trans-
plantation experiments in NOD/SCID mice. To address this
issue, researchers reported the fail-safe systems that were
designed based on suicide genes Caspase9 andHSVtk [38, 39].
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By dosing NOD/SCID mice with a small molecule CID
(AP20817) to induce Caspase9 expression, all engrafted cells
in the injured spinal cord could rapidly orient to
apoptosis [38]. Since ganciclovir (GCV) can be converted to
cell cycle-dependent cytotoxic GCV-triphosphate by HSVtk,
unlike the Caspase9/CID system, the HSVtk/GCV system can
selectively ablate actively multiplying tumorigenic cells,
including iPSCs and iPSC-derived NS/PCs [71]. Trans-
plantation experiments in SCImicemodel suggested that the
HSVtk/GCV system prevented tumorigenic transformation of
engrafted cells and that mature neural cells can preserve for
maintaining the improvement of motor function.

In addition, our group also established a safetyHLA-A11R

hESC line immune-compatible with more than 20 % of
Chinese population by installation of an AP1903-induced
suicide switch [73]. AP1903 is the dimerizer agent rimiducid,
and it will induce the caspase-9 based suicide system of the
modified hESC and lead to cell death [73].

Together, engineering hPSCs with safety-guard circuits
and therapeutic circuits might provide huge potential to
broaden the application of hPSCs in cell therapy.

Applying synthetic biology approaches to
construct PSC-derived multicellular systems

Engineering short-range cell-cell communication for
self-organization

Synthetic biology can be applied to artificially construct
direct or paracrine-mediated intercellular communication
(Figure 5). Currently, the synNotch system is themost widely
used synthetic receptor to manipulate the intercellular
communication mediated by cell contact. This system con-
tains a sender cell, whose cell surface expresses a specific
antigen as a ligand; and a receiver cell, which expresses the
corresponding synNotch receptor on the cell surface [63, 74].
The synNotch receptor is mainly composed of ECD, TMD and
intracellular transcription factor domain. In view of the
mechanism on signal transmission of the natural Notch
pathway, when the sender cell contacts the receiver cell, the
synNotch receptor of the receiver cell will recognize the
corresponding antigen, and mediate the cleavage of
the intracellular transcription factor domain, initiating the
expression of target genes. The synNotch receptor system
has various applications, such as achieving specific spatial
arrangements and tracing differentiation of organoids.
Firstly, by superimposing different synNotch receptor lines,
a hierarchical structure of concentric circles [63] or
concentric spheres [74] can be achieved in 2D or 3D. Sec-
ondly, this system was effectively used for lineage tracing or

for reflecting the direct contact of cells during mouse em-
bryonic development as well [75]. Third, engineering
downstream responses of the synNotch receptor pathway
can stimulate cell-fate decisions. This strategy was applied to
mouse ESCs by engineering the synNotch receptor [76].
When Receiver cells are activated, the expression of the
neuronal differentiation factor Neurogennin1 is initiated,
thereby inducing the differentiation of receiver cells into
neurons. Similarly, synNotch can be used to control other
differentiation pathways, inducing the production of natural
or synthetic morphogen [77], or inducing the expression of
adhesion molecule [74] that leads to cell rearrangements.

Recapitulating morphogen signaling to steer
endogenous responses for multicellular system
formation

In many developing organs, the spatiotemporal patterns of
cellular position and fate decision are directed by graded
concentrations of diffusible signal proteins, called morpho-
gens. Cells dynamically regulate corresponding intrinsic
GRNs in response to different concentrations of morpho-
gens, obtain respective cell fates, and eventually form com-
plex structure-organized multicellular system. In view of
this, engineering stem cells to re-construct morphogen-
mediated signaling or GRNsmight facilitate the formation of
multicellular system (Figure 6). Optogenetic chimeric
receptors have been developed to manually control
morphogen-mediated signaling or GRNs for mimicking the
regulation of morphogen gradients. The basic principle to
design optogenetic chimeric receptors is to fuse a photo-
inducible domain to cytoplasmic domain of morphogen
receptors, stimulating diverse morphogen signaling within
mammalian cells, including bone morphogenetic protein
(BMP), extracellular signal-regulated kinase (ERK), fibro-
blast growth factor (FGF), transforming growth factor beta
(TGFβ) and Wnt [78–80]. Optogenetic chimeric receptor,
which is constructed by fusing photolyase domain of
blue-light photoreceptor Cryptochrome 2 (Cry2) to the cyto-
plasmic domain of canonical Wnt/β-catenin-response
domain lipoprotein receptor-related protein 6 (LRP6), was
used to mimicWnt signaling within subpopulation of hESCs,
facilitating hESC differentiation towards mesoderm with
tissue-scale self-organized spatial patterns [78], indicating
the great potential of generating multicellular system via
directly engineering stem cells with synthetic receptors
capable of mimicking morphogen signaling (Figure 6).

Apart from stimulating morphogen gradient-mediated
signaling regulation, direct recapitulation of morphogen
gradients could facilitate the construction of a multicellular
system via precise control of spatial and temporal regulation.
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Figure 5: Manipulation of self-organization in hPSC-derived organoids via short-range cell-cell communication. Different synthetic cell-cell communi-
cation circuits (ligand-receptor pairs) are transferred into several hPSC lines, respectively. These engineered hPSC lines then undergo stepwise differ-
entiation into certain progenitor cell types, respectively, which subsequently self-organize into designer organoids with specific spatial arrangement. The
self-organization is directed by the ligand-receptor interaction, activation of receptors, and the activation of target genes including adhesion genes.

Figure 6: Recapitulation of artificial
morphogen signaling via synthetic diffusible
communication circuits. Type-A sender cell
secret artificial morphogen A (green balls),
type-B sender cells secret artificial morphogen
B (red balls). Receiver hPSCs express both anti-
A receptor and anti-B receptor, and the acti-
vation of receptors will trigger the expression
of their target genes, respectively. Cells in the
top sense strong A and weak B, cells in the
middle sense moderate A and B, and those in
the bottom sense strong B and weak A; and
they differentiate into distinct cell types.
Finally, multicellular patterning is pro-
grammed.
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An orthogonal synthetic morphogen system has been
developed by reforming synNotch system [77]. This
morphogen system can sense soluble GFP secreted by
secretor cells, and synergistically form GFP gradient by both
anchor cells and anti-GFP receiver cells. Although this sys-
temwas designed for orthogonal diffusible signal (GFP), GFP
can be exchanged with any morphogen as long as a
morphogen-specific anchor is available. With the increased
number of synthetic receptors recognizing soluble factors,
this proof-of-concept study paves the way for broader ap-
plications to generate multicellular systems.

Engineering cell-adhesion for multicellular architectures

Asmentioned above, in vitromulticellular system formation
mainly depends on self-assembling capacity, so high het-
erogeneity in both shape and cell-types might be due to
the random cell self-aggregation instead of tight regulated
cell-aggregation as in vivo. Therefore, artificialmanipulation
of cell-cell adhesion to define tissue-like structure might be
another underlying approach to obtain multicellular system
with high-fidelity architectures. To date, both natural and
orthogonal cell-cell adhesion toolkits have been developed,
including synNotch-cadherin, helixCAM and
synCAM [74, 81–83]. Particularly, synNotch-cadherin system
has been adapted and verified in mouse ESCs and chimeric
mouse embryos [76], suggesting the applications of these
cell-cell adhesion toolkits in various human PSC-derived
cells for artificial assembling. Besides, these toolkits also
exhibit great potential in regulating formation of embryoids,
since engineering expression-levels of cell adhesion mole-
cule has been reported to increase the assembling efficiency
up to 3-fold of self-organized embryoid, which was formed
by aggregation of ESCs, trophoblast stem cells and extra-
embryonic endoderm [84]. Together, harnessing these tool-
kits to manipulate structures of multicellular system could
promote the self-aggregation efficiency and further obtain
the designated organ-structures.

Precise control of multiple-lineage differentiation

Development process is tightly regulated by intracellular
GRNs in response to extracellular signals or intracellular
transduction. As mentioned above, current strategies to
form organoids with multiple lineages are mainly by mixing
of different lineages together or optimizing small-molecule
cocktail to induce simultaneous differentiation of multiple
lineages. However, the broader applications of these
approaches are hindered, since cocktail protocol to induce
arbitrarily combination of multiple-lineage differentiation,
as well as culture medium to support arbitrarily multi-cell

mixture are limited and difficult to develop. Recent years,
the emerging of abundant omics data, particularly the
single-cell transcriptomic profiles from diverse tissues and
organs, presents an opportunity to compare gene expression
patterns between hPSC-derived organoids and their in vivo
counterparts, guiding the design of synthetic genetic circuits
for controllingmultiple-lineage differentiation and resulting
in organoids with enhanced structures and function
(Figure 7). One of the proof-of-concept studies demonstrated
that human liver organoids with multi-lineages including
hepatocyte, biliary, stellate cells and endothelial cells, were
generated by using genetic circuits to up-regulate PROX1,
ATF5 and CRISPR-based activation of endogenous CYP3A4,
respectively [48].

Challenges and perspectives

The emergence of human PSCs fueled expectations for
regenerative medicine including PSC-derived cell replace-
ment therapy and establishment of PSC-derived multicel-
lular systems. However, hPSC-based cell therapy is still far
away from wide application in the clinic due to several
major obstacles, including limited efficiency of current dif-
ferentiation protocol of hPSC towards both specific types of
cells or organoids; the immunogenicity of hESCs for alloge-
neic treatment of either cell therapy or further organ
transplantation; and the underlying tumorigenicity of hPSCs
as well as hPSC-derived progenitor cells. As reviewed above,
engineering PSCs with synthetic biology tools provides cre-
ative strategies to address these problems (Figure 8).
Furthermore, limitations and perspectives of this field will
be discussed below.

Investigation and extraction of GRNs of cell
state transitions bolsters the design of
lineage-controlling and state-switch circuits

To precisely control cell fate determination or cell state, a
clear view of GRNs of different cell types is necessary, since
these GRNs will provide critical cues for stem cell engi-
neering. However, majority cell type-specific GRNs for cell
fate determination and function reconstruction are largely
unclear. With the fast development of system biology and
artificial intelligence (AI) technology, single or multigene
perturbation model have been developed to extract and
predict the impacts of genes on transcriptional outcomes.
Therefore, integration of this data-driven science into stem
cell engineeringwill providemore comprehensive andnovel
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Figure 7: Development of designer hPSC-derived organoids directed by synthetic genetic circuits. Comparison of expression profile between organoids
and their native counterparts reveals several candidate TFs. Based on the TF candidates and their expression pattern, synthetic genetic circuits are
designed, built, and transferred into hPSCs, whichwill direct the generation designer organoidswith improved structures and functions. TFs, transcription
factors.

Figure 8: Engineering hPSCs by synthetic biology for regenerative medicine. hPSCs have exhibited prominent applications in regenerative medicine,
including hPSC-based cell therapy and hPSC-derived multicellular systems for organ transplantation in future. Engineered hPSCs with synthetic genetic
circuits can drive novel sense-process-respond in hPSCs and their derivatives, and facilitate the establishment of hPSC-derived therapeutic cells and
multicellular systems.
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information about gene functions or GRNs, providing the
basic cues and strategies for stem cell engineering. Omics
data can be used to analyze and understand the cell state
transition process. This can be achieved through systematic
experiments and/or by utilizing AI models. We may be able
to figure out the key GRNs and key TFs that regulate this
process. For instance, based on a library of ORFs including
different splicing forms of all human TFs, a TF atlas of
expression profiles was conducted by overexpressing indi-
vidual TFs in ESCs in 2023 [85]. They provided a systematic
platform for TF screening, contributing to our comprehen-
sive understanding of GRNs. Besides, benefiting from the
application of machine learning in biology, such as
cSTAR [86], we can use computational models to integrate
different omics data to predict mechanistic networks during
cell state transitions. These new insights will facilitate our
purposeful design of genetic circuits to precisely manipulate
and control the fate of stem cells.

Deciphering the biological regulatory
mechanisms of self-organizing events during
development facilitates engineering
multicellular systems using synthetic
biology

Beyond revealing the basic principles that govern individual
PSC behaviors, we still need to understand in-depth how the
collective behaviors of cells give rise to multicellular
behaviors and self-organizing events such as pattern for-
mation and symmetry breaking. In detail, we require to
investigate how to spatially arrange diverse cell types and
how to establish boundary conditions during in vitro culture,
including extracellular matrix (ECM) composition and organ
geometry.

Creating approaches controlling
microenvironment including ECM for better
multicellular systems

So far, several synthetic genetic circuits controlling input,
processing, and output mechanisms have been engineered.
However, there are still some developmental participants
for which there is a lack of synthetic biology approaches to
control them. For instance, the ECM is an important one for
signaling transduction among cells. After produced and
modified by sender cells, ECM presents signals to receiver
cells through its molecular components and mechanical

properties. Nevertheless, due to their large size and com-
plex assembly, we can hardly regulate the production,
modification, and signal transduction of ECM, which is
important for the development of organoids. Recently,
machine-learning algorithm, ProteinMPNN was used to
design many novel fibrous proteins [87]. The mechanical
properties of the artificial fibers can be modulated by
changing the pore size of the fibers, in which smaller pore
sizes result in stiffer fibers. Such tunability of the fibers will
be useful for protein-based hydrogels (a kind of ECM),
where the bulk moduli can be rationally changed by using
fibers of different porosity with applications in tissue
engineering.

Engineering “designer” PSCs or their
derivatives with closed-loop circuit to
monitor and cure diseases dynamically

Synthetic biology tools offer a unique opportunity to engi-
neer “designer” stem cells with closed-loop circuits for
monitoring and dynamically treating diseases. “Designer”
stem cells are precisely engineered to sense and respond to
their environment, secreting specific molecules to regulate
cell fate, function, and behavior. By combining stem cells
with closed-loop circuits, it may be possible to achieve an
enhanced level of control over therapeutic interventions,
personalizing treatment based on real-time disease states.
One potential application of this technology is in monitoring
and treating cancer. “Designer” PSC-derived immune cells
can be engineered to express receptors that bind to specific
cancer biomarkers, triggering a signaling cascade that leads
to the secretion of therapeutic agents. These agents can
include cytokines, chemokines, or small molecule drugs that
specifically target cancer cells while minimizing side effects
on surrounding tissues. Another potential application is in
monitoring and treating diabetes. Researchers have estab-
lished β-cell-mimetic “designer” cells via engineering
HEK-293 cells with closed-loop circuit coupling glycolysis-
mediated calcium entry to an excitation-transcription sys-
tem which activates insulin or GLP-1 expression [88]. This
circuit is capable of sensing glucose levels dynamically and
resulting in secreting insulin or other regulatory molecules.
Besides, this circuit can be optimized to secrete growth fac-
tors or cytokines as well in order to promote pancreatic cell
regeneration or regulate immune responses to improve
glycemic control. In the future, “designer” PSC-derived β
cells engineered by such optimized closed-loop circuit may
be used to monitor and treat diabetes.
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Generating better PSC-derived cellular or
multicellular models for drug discovery by
combining synthetic biology with AI

Synthetic gene circuits, which enable reporting and tracking
disease-associated molecular events, hold great potential to
improve the precision and speed in phenotype-based drug
discovery (PDD) based on assays in cells and complex
cellular systems, including hPSC-derived- cells, organoids,
and microphysiological systems (MPS) such as organ-on-a-
chip [89]. However, one important challenge is limited pre-
dictable de novo design of circuits. The using of AI may
enable automated design of robust gene circuits that can
monitor desired pathways and phenotypes. In the future, for
example, by engineering hPSC-derived neurons using
genetic circuits, these neurons may be capable of identifying
and tracking systems-wide, neurodegenerative-disease-
associated phenotypes, including aggregate formation based
on a complex reporter circuit [89] and hyperexcitability by
another frequency-decoding circuit [89], which will largely
facilitate drug discovery.

Promoting the specificity, orthogonality,
versatility of synthetic biology tools

Synthetic biology, with its promise to revolutionize stem cell
engineering, is actively seeking to promote the specificity,
orthogonality, and versatility of its tools. Different from the
genetic network of bacteria and yeast, GRNs in mammalian
cells, including hPSCs are pretty complex. The specificity of
synthetic biology tools lies in their ability to target and
modulate specific biological processes without affecting
others. This ability is achieved through the use of specific
ligands, TFs, or miRNAs, which merely bind to their targets.
Orthogonalitymeans that different gene circuits can interact
with each other accurately without causing cross-talk or side
effects. To achieve high orthogonality, precise and detailed
regulation and optimization of each component in the cir-
cuits are required. First, orthogonal genetic operators need
to be used to ensure their spatial and temporal indepen-
dence. Second, orthogonal regulatory elements should be
selected to construct interactive networks between different
gene circuits, enabling each part to respond independently
to different inputs. Third, using appropriate expression
vectors and cell systems is crucial as well, because they can
affect the expression level of gene circuits and the viability of
cells. Besides, the versatility of synthetic circuits to engineer
different cell types during the differentiation of PSCs is
difficult because most genetic components, especially those

that rely on transcriptional regulation, perform very
differently in different cell types due to incomplete isolation
from the endogenous GRNs.

In addition, cellular burden imposed by genetic circuits
engineering in mammalian cells has also been reported.
Artificial reconstruction of cellular functions results in
unintended dynamic coupling of exogenous genetic circuits
with endogenous gene expression due to limited cellular
resources. This cellular burden could be attenuate by
co-expressing with microRNAs and RNA binding proteins,
indicating a more rational design of genetic circuits and
optimized engineering strategy might be a promising way to
maximum actuation of cell functions, balancing the cellular
burden and functional outputs [90].

Creating novel synthetic biology toolkits and
modules for PSC engineering

These toolkits are mostly suitable for bacteria and yeast,
facilitating the behaviors control or metabolic network
engineering. Unfortunately, most of these toolkits do not
work in mammalian cells, indicating that establishment of
molecule element toolkits for stem cell engineering is
necessary. Construction of both natural molecule-based
toolkits and de novo design of artificial DNA sequences or
protein domains are the approaches that could be used.
Recently, a study has harnessed the power of synthetic
biology to significantly extend yeast cellular lifespan. The
authors successfully rewired a natural toggle switch in yeast
cells to create a genetic clock (based on lysine deacetylase
Sir2 and heme-activated protein (HAP)) that oscillates
between nucleolar and mitochondrial aging processes,
which can effectively delay cellular aging. This researchmay
set the stage for future applications in regenerative medi-
cine and the treatment of age-related diseases [91]. In the
future, such an application would require additional
research and development in human cells. As for synthetic
multicellular systems, novel available tools may be used to
realize diverse developmental processes. For example, the
development of synthetic TFs, multi-input logic gates, and
other synthetic genetic elements is beneficial to design a
simple, universal and expandable lineage-control network,
and even realize the goal of multiple fates for one cell.
Recently, MultiFate, a synthetic gene circuit, was reported to
programme many stable states in one mammalian cell [92].
This system uses programmable zinc finger TFs which can
self-activate as homodimers and mutually inhibit one
another when forming heterodimers. Such homodimeriza-
tion or heterodimerization is controlled by small molecules.
As a result, by expressing three types of these TFs, one cell
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line can generate seven different cell states. In the future,
MultiFate can be combined with other synthetic circuits
mentioned above and enable stem cells to make a series of
fate choices during the formation of multicellular systems.
Besides, thisfieldwill notmerely be restricted to the creation
of new synthetic biology tools. Combinations of different
tools to control different developmental processes, such as
cell sorting and pattern formation, will be used to develop
more complex organoids and synthetic embryos in vitro.
Furthermore, with more available tools, researchers will be
able to study the interplay of developmental processes in
multicellular systems. For example, the use of optogenetic
tools to manipulate tissue shape represents the opportunity
to alter organoid shape and study the feedback of shape
change on other aspects of development.

Directly engineering stem cell to regenerate
human tissues in situ

The final goal of regenerative medicine is to restore the
functions of the disabled body in vivo. Current strategies
mainly focus on engineering cells in vitro, followed by rein-
jection into human body, such as CAR-T therapy. Although
these approaches have exhibited dramatic improvement of
patient survival, engineering cells in vitro requires high-
quality operation and environment to ensure the safety of
therapy, increasing the risks of immunogenicity and the costs
of treatment. In vivo delivery of genetic circuits into stem cells
will significantly reduce these hurdles. To fulfill this goal,
delivery vectors with high delivering efficiency, specific
tropism and low immunogenicity are important. To date, the
major in vivo gene delivery system uses viral vectors such as
AAVs and their modified variants and non-viral vectors such
as LNPs, EVs and VLPs [93–95]. Though several pre-clinical
and clinical trials have already achieved great success using
these tools for in vivo treatments [96, 97], to further realize the
delivery of genetic circuits for in situ regeneration of injured
or dysregulated tissues,more attention needs to be paid to the
development of gene delivery technologies.

Improving the research regulations of
engineered hPSCs

In some countries or regions, like China, the USA andEurope,
relevant guidelines have been issued to put forward special
considerations and requirements for genetically modified
cellular therapy products. Genetically engineered PSC-based
cell therapies will carry new security risks, especially those
based on over-engineered PSCs loaded complicated

synthetic genetic circuits. In the future, governments from
different countries and regions may need to adjust research
policies and regulatory approaches, and strive to adoptmore
internationally recognized principles and rules [98].
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