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SUMMARY

Synthetic biology offers control over cellular and tissue functions. As it moves beyond microbes into humans,
synthetic biology enables precise control over gene expression, cell fate, and tissue organization across
heart, lung, blood, and sleep systems. By integrating genome engineering, dynamic gene circuits, and
high-dimensional biosensors, these advances support scalable, quantitative models of multicellular biology,
expanding the need for systems-level models and integration. We highlight emerging systems such as
tunable transcriptional regulators, synthetic organizers, and feedback circuits that bridge molecular control
with functional outcomes. Furthermore, by combining omics data with artificial intelligence (Al)-guided circuit
design, synthetic biology enables high-resolution cellular and tissue-scale models of development, cellular
interactions, drug development, gene therapy, and therapeutic response. Key challenges remain—including
delivery, transgene stability, and robust spatiotemporal control in physiologically relevant models. This
perspective synthesizes field-spanning progress and defines shared priorities for engineering cells and tis-
sues that function reliably across dynamic, multi-organ environments.
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INTEGRATING SYNTHETIC BIOLOGY INTO COMPLEX
TISSUES, ORGANS, AND SYSTEMS

With the expansion of genome engineering and DNA synthesis
technologies, synthetic biology is poised to transform transgenic
models, improving our ability to measure, perturb, and design
processes across cells and tissues. Originally developed in sin-
gle-celled organisms like bacteria and yeast, synthetic biology
has expanded into mammalian cells and is increasingly used to
study complex, multicellular systems.'™ Synthetic biology pro-
vides well-defined tools and orthogonal systems by which to
reverse engineer native biological processes and systems.*®
Synthetic biology operates through a design-build-test-learn
framework that integrates the construction of transgenic sys-
tems with predictive modeling.5‘8 This iterative approach en-
ables the development of synthetic circuits while simultaneously
uncovering principles of native biological regulation.® "2 Building
toward design objectives reveals tradeoffs and limitations and
can illuminate how cell identity changes the cell’s interpretation
of transgenes and other genetic perturbations.® ' The combi-
nation of modeling and design has revealed insights into funda-
mental properties of molecular regulation of cells. These include
the sources and roles of gene expression noise, molecular coop-
erativity, and diverse modes of biomolecular feedback, offering
powerful new opportunities to engineer complex tissues and
multicellular physiology. '®2*

Translating synthetic biology into mammalian systems pre-
sents a distinct set of challenges compared with its microbial or-
igins. The complexity of mammalian biology —spanning molecu-
lar, cellular, and tissue scales—requires multiscale approaches
that integrate diverse tools and data modalities (Figure 1). Suc-
cess hinges on getting these processes “just right” —too little
or too much activity can disrupt homeostasis, differentiation, or
function. Tailoring expression to specific cells and processes re-
mains a prominent challenge that novel genetic control systems
can be deployed to solve.”*?’

Datasets in mammalian systems are inherently noisy due to
gene expression stochasticity, the impact of the cell cycle, and
heterogeneous cell types across tissues and organs. While
simplified cell lines support well-defined systems, findings
from cell lines often fail to recapitulate behavior in more physio-
logical models such as organoids or in vivo tissues.”®?° Thus,
there is a critical need for tools and frameworks that bridge
diverse experimental models and biological length scales, espe-
cially in the context of dynamic physiological microenviron-
ments. Emerging capabilities in mammalian genome-scale
design—spanning hundreds of kilobases or more—could enable
integration of multiple control strategies into unified systems en-
gineered for specific cell types or multicellular coordination.*°~%?
Such advances lay a foundation for next-generation program-
mable control over genes, cells, and tissues across diverse
biological systems and are already ushering in a new era of pre-
cision genetics.

Heart, lung, blood, and sleep disorders afflict millions of Amer-
icans, cause over a million US deaths each year, and cost Amer-
icans over $170 billion in health care costs each year. Thus,
biomedical translation of synthetic biology will have a significant
impact on human health and disease. In hematology, synthetic
biology tools have advanced the engineering of hematopoietic

2 Cell Systems 16, December 17, 2025

Cell Systems

stem and progenitor cells (HSPCs) for blood component produc-
tion, facilitated the development of safer and more effective im-
mune cell therapies, and enhanced recombinant protein
manufacturing for hemophilia and other disorders.*® In the car-
diovascular system, synthetic gene circuits, synthetic adhesion
molecules, and optogenetic tools are positioned to enable the
assembly and maturation of engineered heart tissues, while
CRISPR-based editing has yielded new models for congenital
and acquired heart disease.®>*>® In the lung, synthetic biology
is poised to improve our ability to engineer complex epithelial
and endothelial lineages, create decellularized scaffolds and
organoid models, and apply artificial intelligence (Al)-guided
design tools to tackle respiratory diseases. Meanwhile,
emerging synthetic biology applications in sleep research are
unlocking new approaches to track and modulate circadian
and homeostatic processes, with the potential to transform
chronotherapy and the treatment of sleep disorders.*° Together,
these achievements underscore the transformative impact of
synthetic biology in understanding and engineering complex
physiological systems. However, substantial challenges persist
across many fields that require an integrated approach to
develop tools tailored to specific systems and questions
(Figure 2). By highlighting these opportunities and incorporating
diverse research perspectives, teams of researchers from heart,
lung, blood, sleep, and synthetic biology will be well-positioned
for focused progress on the most challenging and impactful
research for improving our understanding of healthy systems
and our treatment of disease.

In this perspective, we explore how synthetic biology is
advancing our understanding and control of complex physiolog-
ical systems across four domains: blood, lung, heart, and sleep.
We highlight key achievements, emerging tools, and the most
pressing technical challenges in each area. Finally, we identify
shared needs and future opportunities for translating synthetic
biology innovations into biomedical applications.

PROGRESS AND CHALLENGES IN SYNTHETIC BIOLOGY
FOR HEMATOLOGY

Recent advancements in the field of hematologic sciences and
cell engineering integrating synthetic biology tools and models
are revolutionizing hematopoietic stem cell (HSC) engineering,
therapeutic biomanufacturing, immune modulation, and diag-
nostics. One of the most promising areas is the engineering of
stem cells to generate differentiated blood cells, including red
blood cells,*>*" platelets,*>** and immune cells,***" thus
potentially reducing dependency on donor blood transfusions.
However, conventional differentiation protocols often suffer
from low fidelity and highly heterogeneous fate outcomes even
when controlling for various conditions. To further enhance these
blood product production processes, synthetic gene circuits and
synthetic lineage tracers are being developed to control hemato-
poiesis, guiding HSC differentiation with unprecedented preci-
sion. Similarly, gene editing and receptor engineering enable effi-
cient erythropoiesis in the absence of erythropoietin*® and
restore hemoglobin production in non-functional red blood
cells.*® Moreover, hypoimmunogenic HSCs have emerged as a
means to reduce graft-versus-host disease, a major complica-
tion of bone marrow transplantation.*°
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Figure 1. Integrating synthetic and systems biology to engineer complex cell and tissue systems for heart, lung, blood, and sleep research
Synthetic biology provides programmable tools to construct, control, and measure cell and tissue function. Pairing these tools with systems biology principles
offers high-dimensional insights for unraveling native regulatory processes across molecular, cellular, and tissue scales. Integrating synthetic biology tools and
systems biology analytics will support advanced systems for understanding blood, lung, heart, and sleep systems. Tools such as genome and niche engineering,
forward programming, and sender-receiver circuits support the development of diverse model systems that can be deployed and compared across a spectrum
of models—from 2D assays to human-on-a-chip models. Gene circuits—spanning reporters, lineage tracers, and dosage controllers—allow dynamic, context-
aware control over biological processes. By developing and tailoring these tools for heart, lung, blood, and sleep systems, the field will expand the range of
physiologically relevant models with precision and tunability, advancing both basic discovery and therapeutic development.

Chimeric antigen receptor (CAR) T cells have become key
therapies for relapsed and refractory blood cancers that no
longer respond to traditional therapies.”’ More recently,
studies have shown that CAR T cell therapies are safe and
effective first-line therapies for blood cancers.®~°* Other engi-
neered immune cells, such as CAR natural killer (CAR NK) cells
and CAR macrophages, are also emerging as powerful thera-
pies for cancers.>*™>"

In addition to cell engineering, recombinant DNA technology
written as synthetic genetic programs is transforming the bio-
manufacturing of blood products. Advances in glycoengineering
are enhancing the production of recombinant clotting factors
such as factor VIIl and factor IX, improving treatment options
for hemophilia while making these therapies more acces-
sible.*®°° Similarly, platelet bioreactors that mimic the bone
marrow environment are being optimized to produce functional
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platelets in vitro, addressing the limited shelf life and donor de-
pendency of current platelet transfusions.%:°’

Despite these exciting advances, significant challenges
remain. The safety and scalability of engineered blood products
require further refinement. These limitations might be overcome
by approaches such as inactivation of specific endogenous
genes by base editing, which can reduce CAR T cell fratricide
and mitigate graft-versus-host disease in a more scalable off-
the-shelf therapy.®>®® Concerns about cellular off-target effects
within the body, particularly in CAR T and CAR NK therapies,
have motivated transgene designs with additional safeguards,
such as kill switches for controlled elimination of engineered
cells in cases of severe side effects like cytokine release syn-
drome.®*5° Another frontier in the treatment of blood cancers,
transplantation of HSPCs engineered to resist oncogenic trans-
formation themselves while evading therapies targeting the
existing cancer, faces hurdles in clinical translation.®® Novel epi-
topes engineered into HSPCs via base or prime editing can also
facilitate selection of desired phenotypes in specific differenti-
ated progeny.®”%°

Contributions of synthetic biology in hematology
Synthetic biology is starting to make significant contributions to
the field of hematologic disorders by enabling precise genetic
and cellular engineering, optimizing therapeutic production, con-
trolling HSPC fate trajectories, and improving diagnostic tools.
Engineered HSPCs have the potential to eliminate the need for
blood donations by differentiating into key blood compo-
nents,***> while hypoimmunogenic modifications reduce the
risk of rejection post-transplantation.””"® Advances in bio-
manufacturing are revolutionizing the production of therapeutic
proteins, such as factor VI, using synthetic biology tools for
optimized glycosylation and cost-efficient production.®® More-
over, synthetic gene networks are being developed for immune
modulation, reducing reliance on broad-spectrum immunosup-
pressive therapies in autoimmune hematological diseases.”*"®
Furthermore, recent developments in the synthetic DNA-bar-
coding-based lineage tracers at single-cell resolution have
enabled precise and quantitative mapping of cell-fate decision-
making in HSPC differentiation and other biological con-
texts.”®"° Such experimental approaches, coupled with compu-
tational and statistical frameworks,°% promise to chart a path
toward controlled and high-fidelity production of the cell type of
interest.

The ability to tightly regulate gene expression, partly informed
by synthetic lineage tracing experiments, using synthetic gene
circuits during hematopoiesis enables the adaptation of genetic
tools to better understand the otherwise heterogeneous cell-fate
process and to study how faulty gene regulation can lead to
blood disorders. Recently, efforts have been made to alter the
cell-fate process during hematopoiesis to enhance platelet func-
tion by genetically manipulating HSPCs or megakaryocytes
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(MKs), the progenitor cells for platelets.®*®° These engineering
approaches enable platelets to be repurposed as delivery vehi-
cles to target cancer, deliver non-native proteins upon activa-
tion, and genetically modify neighboring cells.

Most-needed technical advancements for hematology
To fully realize the potential of synthetic biology, key advance-
ments are needed. First, improved bioreactors that better mimic
the bone marrow niche are required to enhance the scalability
and function of in vitro-generated blood products, particularly
platelets and red blood cells.®®®” Engineered bone marrow
niches have enabled the culture and expansion of HSPCs®®°
and incorporated additional physiological cues to study more
complex phenomena.”’**” These studies are promising, but
scalability remains a challenge, and a more thorough investiga-
tion into the role of extracellular matrix (ECM) cues in a broader
spectrum of cells of hematopoietic origin is needed. Engineering
synthetic ECM can provide 2-way communication systems for
creating the needed dynamic environment (extrinsic signals)
for cells to spatially and temporally express transcription factors
(intrinsic signals) to move through cell-fate decisions for robust
outcomes.”® Engineered cytokine receptors that support the
survival, expansion, and efficacy of CAR T cells might also sup-
port engraftment, survival, and function of other blood cell
types.?* Additionally, fully synthetic signaling circuits that oper-
ate orthogonally to native signaling machined could be used to
detect extracellular signals and dynamically and precisely
convert them into defined intracellular outputs. Whether de-
signed to respond specifically to a single ligand with a specific
output or to implement multiple input-output functions that inte-
grate multiple environmental cues into a coordinated response
program, these circuits could be constructed using proteolytic
or phosphorylation-based mechanisms with fine-tuned transfer
functions.?>%"

Enhancing the scalability and timing of synthetic gene circuit
design with in vitro models that are disease relevant would
also be impactful for improving the gap between circuit design
and function in a high-throughput (HT) manner. Here, emerging
HT approaches that enable parallel construction and testing of
large synthetic circuit libraries could be used to systematically
map circuit design space to identify optimal configurations.®®
To fully leverage these methods, scalable and physiologically
relevant in vitro platforms will be essential for screening circuits
under conditions that mimic the complexity of native tissue envi-
ronments. If achieved, these platforms could generate rich data-
sets that could be used to train Al models capable of predicting
circuit behavior across diverse contexts, further accelerating cir-
cuit design and optimization.®® Contrastive variational autoen-
coders and diffusion models can learn latent representations of
cellular states to predict optimal perturbations for enhancing
conversion efficiency, while statistical approaches provide
mechanistic interpretability essential for understanding why

Figure 2. Challenges and needs across heart, lung, blood, and sleep systems

Synthetic biology offers new opportunities to address key medical challenges in blood, heart, lung, and sleep systems. For each organ system, representative
diseases and dysfunctions are shown alongside priority needs, including targeted delivery, bone-marrow mimetic niches, safe gene editing, and scalable
production (blood); tools for vascularization, non-integrating reporters, mechanosensing, and controlled expression (heart); spatiotemporal delivery, physio-
logical 3D models, real-time biosensors, and Al-integrated omics (lung); and integrative tissue models, wearable-based chronotherapy, temporal perturbations,

and circadian promoters (sleep).

Cell Systems 16, December 17, 2025 5




¢ CellP’ress

specific interventions succeed.'® Second, more controllable
gene-editing technologies could mitigate off-target effects in en-
gineered immune and hematopoietic cells.'®' This includes ad-
vances in CRISPR-Cas genome editing and improved suicide-
switch mechanisms.'% Finally, better delivery mechanisms for
engineered cells and in vivo gene editing will increase precision
and minimize unintended systemic effects,'%*°° allowing these
synthetic biology advancements to be used safely.

PROGRESS AND CHALLENGES IN LUNG SYNTHETIC
BIOLOGY

Synthetic biology is a litmus test of our scientific understanding,
requiring a comprehensive mapping of each building block and
its interactions. A primary challenge in lung synthetic biology
lies in the organ’s inherent complexity, which comprises over
300 million alveoli and 50 distinct cell types in the human
lung.’?”9% Additionally, the lung’s gas exchange interface
must maintain selective permeability to gases while preventing
fluid infiltration and defending against environmental pollutants
and microbes. Recent advances in precision gene editing, orga-
noid engineering, single-cell multiomics, and Al have signifi-
cantly enhanced our ability to model and manipulate this intricate
biological system.

Recent advances in human lung organoid models have signif-
icantly enhanced our ability to simulate lung development and
investigate disease mechanisms in vitro. Through stepwise dif-
ferentiation of human or mouse induced pluripotent stem cells
(iPSCs), researchers can now generate complex three-dimen-
sional structures that recapitulate key developmental mile-
stones, including foregut endoderm induction, branching
morphogenesis, and specification into alveolar and airway line-
ages, closely recapitulating fetal lung architecture.’®~""* These
models have been applied to study cystic fibrosis,''® idiopathic
pulmonary fibrosis,'®'"” and respiratory viral infections such as
SARS-CoV-2.""®72° Recent integration of immune, mesen-
chyme, and vascular components further enhances physiolog-
ical relevance, positioning lung organoids as versatile platforms
for investigating the cellular and molecular mechanisms underly-
ing human lung development and disease. Looking ahead, syn-
thetic biology approaches such as real-time monitoring of line-
age-specific transcription factor expression, inducible gene
regulation systems, and optogenetic tools to activate develop-
mental signaling pathways with spatial and temporal precision
are poised to further improve lung organoid models. These stra-
tegies will support more reproducible differentiation and enable
dynamic control of morphogenesis.

In addition to lung organoid engineering, engineering of lung
tissue has progressed using decellularized lungs and microphy-
siological systems.'?'~'2® The prospect of developing a fully syn-
thetic lung, potentially from large mammals, could address the
donor organ shortage and replace current extracorporeal mem-
brane oxygenation (ECMO) machines, which saw high demand
during the pandemic. Furthermore, endogenous lung stem
cells—including facultative progenitors—can be stimulated or
restored using synthetic reagents such as viral vectors and
nanoparticles, offering novel regenerative strategies.

Cell atlas initiatives, including the LungMAP project (https://
www.lungmap.net/) and the Chan Zuckerberg Initiative-sup-
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ported Human Lung Cell Atlas'?* (https://hlca.sf.czbiohub.org),

are systematically cataloging major lung cell types at transcrip-
tomic and epigenomic levels while rapidly integrating additional
omic modalities and spatial data.’®>'?° This has led to an un-
precedented surge in data and publications, making it increas-
ingly difficult for individual researchers to harness more than a
small fraction of the available knowledge. Such an information
bottleneck hinders the design of effective experiments in
synthetic biology. However, the latest advancements in Al—
particularly generative transformer models —are now surpassing
human capabilities in processing natural language and are being
applied to biological languages composed of genes and
proteins, as demonstrated by tools like GeneFormer and
AlphaFold 3."%"'?® |ooking ahead, Al-designed reagents can
expand the lung synthetic biology toolbox with base-pair preci-
sion. Integration of Al into the design of material sciences, ro-
botics, and regenerative medicine will unlock new frontiers in
both basic research and clinical applications. As an example,
recently proposed analytical and Al frameworks trained on
perturbation datasets can identify minimal genetic interventions
that dramatically improve differentiation fidelity, moving beyond
trial-and-error approaches to rational design of cellular fate
transitions.'%%'2°

Contributions of synthetic biology to lung research
Synthetic biology, through precise gene editing, cell (re)prog-
ramming, biomolecular design, and circuit engineering, has
significantly advanced both basic and translational lung
research. The efficiency and versatility of CRISPR-based modi-
fication of coding and non-coding sequences have accelerated
germline engineering and enabled somatic editing, paving
the way for in vivo Perturb-seq at the organ level.'0%130:13
Human-relevant mouse models are also advancing, notably
through genomic rewriting of over 100 kb of the mouse Ace2 lo-
cus with the human ACE2 sequence —enabling regulatory con-
trol that recapitulates lung-specific expression patterns and
tissue distribution.’®> Similarly, synthetic lineage tracing ap-
proaches, both imaging- and sequencing-based, promise to
provide directionality/temporal resolution to the rich single-cell
lung atlases while also enhancing signals in otherwise inherently
noisy datasets,'0%180:181.135-135 Agditionally, dCas-based epi-
editing CRISPR tools, which permit reshaping the endogenous
transcriptome and epigenome, open the door to identifying
and harnessing key genetic factors that drive sophisticated cell
differentiation programs into diverse lung cell subtypes.’®5 %8
Cloning progenitors from both healthy and diseased lungs, as
well as differentiating patient-specific lung cells, has provided
valuable insights into disease pathogenesis and enabled
personalized medicine approaches.'®%'%? Additionally, opti-
mizing both cell-derived and synthetic extracellular matrices
has laid the foundation for unraveling the complex cellular cross-
talk essential for lung tissue maintenance and function, further
supported by advancements in organoid models and 3D
bioprinting.‘l10,121,122,141,142

Most-needed technical advancements in lung research

Despite current progress, technical advancements are urgently
needed to accelerate progress in lung research and improve out-
comes for lung disease patients. One of the highest priorities is
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the development of improved 3D lung models that accurately
replicate native tissue architecture and mechanical properties,
with particular attention to the diverse cellular composition and
spatial organization within the ultrathin gas exchange interface.
These models would enable more physiologically relevant
studies of lung biology and disease. In parallel, better integration
of Al models is needed to systematically analyze existing omics
data. Such tools would allow for the precise design of genetic
modifications and small molecule regulators while also opti-
mizing molecular phenotyping workflows to generate deeper in-
sights. Another critical advancement is the ability to deliver
research and therapeutic reagents with cell-type-specific and
spatiotemporal precision, which would enhance therapeutic
efficacy and reduce off-target effects. Some nanoparticles
have been able to deliver nucleic acid payloads to the lung
effectively, and these payloads could encode novel circuits
and biosensors.'**7'*¢ Finally, advanced live imaging tech-
niques, augmented by biosensors and long-term cell tracing,
are essential to uncover mechanisms of injury repair and cell
engraftment in real time. Collectively, these innovations would
provide transformative tools to address key challenges in lung
biology and regenerative medicine.

PROGRESS AND PROMISE IN CARDIOVASCULAR
SYNTHETIC BIOLOGY

Ischemic heart disease is the leading cause of mortality world-
wide, necessitating novel approaches for diagnosis and treat-
ment.'*” Heart failure is caused by adverse, often irreversible,
changes in cardiac structure and function and is difficult to treat
because it can idiopathically arise by many diverse mecha-
nisms.'*® Heart failure management is currently limited to
interventions designed to manage electrophysiological or me-
chanical abnormalities, which fail to fully recover structural ab-
normalities or regenerate lost cardiac myocytes.'*® Moreover,
although gene therapy and other interventions such as myosin
modulators remain an exciting frontier for treating cardiac dis-
eases, successful clinical trials remain elusive.'*®'®" Cardiac
pathophysiology is driven by a complex set of dynamic interac-
tions by multiple cell types (e.g., myocytes, fibroblasts, and im-
mune cells), environmental cues (e.g., secreted proteins and ma-
trix interactions), and whole organism phenomena (e.g., oxygen
availability, metabolism, and vascular pressure). Thus, the
reversal of cardiac pathophysiology and the regeneration of
damaged myocardium are currently stymied by a lack of inter-
ventions for treating the heart with cell-type-specific and spatio-
temporally controlled therapies —challenges well-suited for syn-
thetic biology.

Contributions of synthetic biology to cardiovascular
research

The heart is comprised of at least 11 major highly specialized cell
types and many more subtypes, all with intricate interactions and
signaling networks, which would ideally be recapitulated in orga-
noid models for designing synthetic biology interventions.'>'>%
The ability to program cell fate by rewiring gene regulatory net-
works has enabled the generation of diverse cardiac cell types
and organoids from human induced pluripotent stem cells
(hiPSCs)."** "> However, our ability to achieve high-fidelity
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cell populations and native interactions that mimic their physio-
logical counterparts in vivo remains a major challenge despite
optimizations to protocols and circuitry.'*~'®? Synthetic biology
has the potential to overcome these bottlenecks by enabling pre-
cise spatiotemporal control over cell differentiation and tissue
organization.

Similarly, although cardiac organoids represent a new frontier
for advancing research, current protocols are ineffective at
yielding organoids with high cell and structural complexity and
maturity. Distinct progenitor cell populations coordinate cardiac
development by responding to different extracellular cues.’ %4
By contrast, most cardiac organoid systems possess few cell
types with limited representation of second heart field cells
that give rise to the right ventricle and atria. Better understanding
of cardiac developmental processes is needed to enable more
physiologically relevant cardiac organoids, including building
vascularized models. Ongoing efforts to spatially map the land-
scape and cellular interactions in fetal and adult human
hearts'%>'® are for the first time providing data that can be com-
bined with machine learning and Al approaches to inform design
principles and biomaterials for advancing cardiac organoid
models.

Recent advances in synthetic biology have enabled precise
and programmable control over how cells assemble, interact,
and organize within engineered tissues. Examples include syn-
thetic cell adhesion molecules (synCAMs), which program cell-
cell interactions and spatial connectivity in multicellular assem-
blies,'®” and synthetic organizer cells that spatially program
tissue development via secreted morphogens.'®®'®° These syn-
thetic organizer cells can be engineered with synCAMs and other
genetic circuits to customize the formation of beating, cham-
bered heart-like structures with primitive vascularization. Gene
circuits can already be designed to enhance oxygenation and
survival in 3D cardiac tissues by enhancing VEGF-mediated
vascularization."”® Furthermore, applying sequencing and opti-
cal-barcoding approaches to the differentiation of pluripotent
stem cells into cardiomyocytes revealed extensive heterogeneity
as well as decoupling of cell-intrinsic and -extrinsic determinants
of cardiomyocyte fate.”®>'®""'"" Optogenetic tools can already
enable light-activated contractile synchronization and cardiac
maturation.'”? For some tools, integration may not be required
to induce phenotypic changes and stimulation.'”® Identifying
the minimal genetic interventions and tradeoffs between electri-
cal and genetic systems is needed to focus tool development
and identify opportunities for integrating genetics and bio-
electronics into design.'”* We envision that gene circuits can
be designed to reprogram development programs of cardiac
cells for post-myocardial infarction cardiac regeneration. One
challenge to this vision is building and delivering genetic pro-
grams that can induce regeneration. Overexpression of tran-
scription factors and elimination of inhibitory genes can promote
regeneration of native tissue.'”®~'"° Balancing the expression of
transgenes for expression can strongly influence cell-fate transi-
tions, requiring defined stoichiometries to generate specific cell
types.’”?7'8 However, executing exact functions in primary
cells, including cardiac tissue, requires stable, predictable
expression at desired levels. Both the ability to identify and con-
trol these levels requires tools for perturbations and control of
transgenes. A recent tool called DIAL supports controlled
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expression at different setpoints in primary cells and can control
the rate of cell-fate transitions.'®® Putatively, such a controller
could generate defined transgenic perturbations. Here, genera-
tive Al models capable of predicting transcriptome-wide re-
sponses to novel perturbation combinations could enable virtual
screening of reprogramming strategies before experimental vali-
dation, while physics-informed constraints ensure biological
plausibility and interpretability of regulatory logic underlying pre-
dicted outcomes.'%%'2°:18¢ Buyilding circuits that can reinforce
patterns of expression may improve cell-fate programming for
regeneration of diverse tissues, including cardiac. Thus, new
synthetic biology tools will offer greater insight, which can be
further harnessed by advanced quantitative frameworks and ge-
netic control systems, completing the design-test-build-learn
framework via a combined systems and synthetic biology
approach.

To achieve robust and physiologically relevant 3D cardiovas-
cular systems, it is critical to bridge the observations across sys-
tems: cell lines, differentiation protocols, and in vivo animal
models. For instance, recent work in mice combining HT syn-
thetic optical lineage tracing, deep learning, and stochastic
modeling revealed unexpected insights into the development
and growth of the aorta, the body’s largest blood vessel carrying
oxygen-rich blood from the heart to the rest of the body: the
endothelial lining of the aorta has remarkably fast cell cycle times
(as short as ~5 h), and extensive extrusion of endothelial cells is a
major contributor to regulating aortic growth in space and
time."®® Similarly, synthetic DNA-barcoding approaches to
convert pluripotent stem cells to cardiomyocytes revealed
extensive heterogeneity as well as decoupling of cell-intrinsic
and -extrinsic determinants of cardiomyocyte fate.'®" Informa-
tion from these studies can be combined with scalable single-
cell perturbation screens such as Perturb-seq and CROP-
seq'®'% to help generate pure and robust subpopulations of
cardiac cell types needed to generate heart organoids. As
such, systematically probing the control principles underlying
heart and vascular development will enable us to deconstruct
and ultimately reconstruct heart development and homeostasis
in vitro through a set of “unit operations.”

Another impactful application of synthetic biology in cardio-
vascular research is CRISPR-Cas genome editing to generate
precise heart disease models. Moreover, synthetic gene editing
tools are being rapidly translated to the clinic. For example,
base editing improved heart structure and function in mouse
models by correcting mutations in RBM20, a gene linked to
aggressive forms of dilated cardiomyopathy (DCM)."°° Addition-
ally, CRISPR-mediated knockout of the transthyretin (TTR) gene
led to reduced levels in TTR amyloidosis cardiomyopathy (ATTR-
CM) in preclinical studies.'®" Gene editing was also used to cor-
rect a pathological mutation associated with an aggressive form
of DCM in human embryos,'%? opening the door for the use of
synthetic biology in disease prevention. Somatic cell gene editing
of PCSKO9 in the liver by a single infusion of lipid nanoparticles
containing nuclease, base, or epigenetic editors could open the
door for the use of synthetic biology in cardiovascular disease
prevention.'?*%* While CRISPR-based gene editing and syn-
thetic circuits hold great promise for treating heart disease, their
clinical translation depends on overcoming challenges related to
safety, delivery, efficiency, immune response, and long-term
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effects. These tools could also be used to overcome the barrier
of maturing cardiac myocytes to better recapitulate adult cardio-
myocytes and model chronic diseases in vitro, which has re-
mained a major challenge. Another fundamental challenge in
developing synthetic ex vivo cardiac organoid systems that
robustly mimic physiological settings is to bridge observations
across biological scales: cell lines, differentiation protocols,
and in vivo animal models, each of which holds unique poten-
tial."®® The unexpected observations of remarkably fast cell cycle
timesinthe aortic endothelium and the important role of endothe-
lial extrusion for aortic growth, described above, can be har-
nessed when designing cardiovascular organ-on-a-chip syn-
thetic systems with dynamic input-output to arteries and veins.

Synthetic biology holds great potential for treating cardiovas-
cular diseases. In addition to the examples above, an exciting
avenue is to use genome editing to develop hypoimmunogenic
or “cloaked” modifications’® to cardiomyocyte grafts to reduce
the risk of rejection post-transplantation after myocardial infarc-
tion. Alternatively, synthetic suppressor T cells can be derived to
provide local immune protection to the grafts.'®® Pathological
cardiac fibrosis, a hallmark of many cardiovascular diseases,
can be addressed by engineering T cells to target activated fibro-
blasts and restore cardiac function.'®” For hypertension, mRNA
vaccines can be used to trigger nitric oxide production to regu-
late blood pressure, while for atherosclerosis, mechanosensitive
synthetic receptors can sense turbulent flows (where atheroscle-
rosis preferentially develops) to inhibit the cholesterol pathway in
those specific regions. These synthetic biology strategies offer
powerful new ways to treat a range of cardiovascular diseases
by targeting specific cells and pathways, paving the way for
effective therapies.

Most-needed technical advancements

Advanced gene circuit engineering and other synthetic biology
tools that efficiently generate and organize diverse cell types,
promote vascularization, and control tissue maturation are
needed technical advancements for accelerating cardiovascular
research. For example, synthetic gene circuits that can dynam-
ically respond to physiological cues and steer cell fate or function
in a controlled manner will require Al models that can integrate
multiple data sources with the literature. Furthermore, advance-
ments in biofabrication and microenvironment engineering for
dynamic modulation of the mechanical environment are neces-
sary to improve physiological maturation and function of stem
cell-derived heart tissues.'°® Development of highly efficient, tis-
sue-specific, and safe delivery methods for synthetic biology
components (e.g., gene circuits, RNA, proteins, or engineered
cells) is also a major need for both basic research and clinical
translation. Finally, genetic tools that provide precise measure-
ments of molecular and cellular processes, such as those
associated with cardiovascular mechanobiology and tissue
development, can enhance our fundamental understanding of
cardiovascular physiology and pathology, guiding our future ef-
forts in the development of novel treatments and biofabrication
of cardiovascular tissues. Ultimately, the development of tool-
boxes as well as standardized protocols across scales will
require collaborative efforts among the scientific and clinical
communities to realize the potential of synthetic biology in car-
diovascular research.
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PROGRESS AND CHALLENGES IN SYNTHETIC BIOLOGY
FOR SLEEP

Sleep and circadian rhythms are changes in organismic state
that affect all cells, tissues, and organs, as well as behaviors
patterned by circadian clocks as well as energetic state.®%'%
All cells, not just cells in the brain, have their own clocks,?°%2%2
coordinated and regulated by specific regions in the brain. This
has made them challenging to understand. Currently, more is
known about the clock mechanism than the homeostatic pro-
cess related to sleep. The circadian clock emerges from tran-
scriptional/translational feedback loops that are sensitive to
cell energetics.?**°* There are more regulatory loops specific
to different types of cells.?°>?°° We also know the bidirectional
homeostatic change between sleep and wake.”’?%° Exciting
challenges remain and include understanding how circadian
rhythms and homeostatic sleep affect and are affected by stress,
irregular sleep/wake cycles (circadian disruption), inflammation,
cancer, and chronic aging processes. They underlie the vast
range of health decline, from loss of robustness to debilitating
diseases. Understanding the roles of circadian rhythms and
sleep in these processes is a grand challenge.

Contributions of synthetic biology to the field of sleep
Synthetic biology has only recently been applied to probing
sleep and circadian rhythms. For instance, developing geneti-
cally encoded biosensors for putative sleep factors, coupled
with synthetic actuators to precisely modulate their levels or ac-
tivity in targeted brain regions,?'® would enable causal interroga-
tion of the sleep homeostat and its interaction with the circadian
clockwork.

Exciting new forays into these complex phenomena include
researching how chips bearing multiple cell types can enable
complex tissues with 24-h oscillations in function to emerge
from primary and stem cells, constructing molecular interven-
tions that target key regulatory elements, and synthesizing syn-
thetic gene circuits that block points of vulnerability to circadian-
clock disruption.?’" On the other hand, chronotherapy, in which
a treatment is activated by or targeted to a specific phase win-
dow of the clock cycle in the affected tissue, is a strong potential
area for synthetic biology-based interventions.”'? By engineer-
ing specific clock gene disruptions (e.g., using CRISPR-based
tools) in human iPSC-derived models of heart, lung, blood, and
neural cells, we can systematically investigate how circadian
dysfunction at a cellular level contributes to diverse disease
phenotypes.

Most-needed technical advancements for sleep
Key future advancements include engineered tissue chips that
exhibit 24-h rhythms, synthetic gene circuits that stabilize circa-
dian regulation, and chronotherapy strategies that time treat-
ments to specific phases of the circadian cycle. The chronother-
apies could be further personalized with real-time physiological
data streamed from wearable sensors®'® to titrate therapeutic
gene expression or drug release in response to individual circa-
dian phase markers (e.g., core body temperature and activity-
rest patterns) or to sleep-wake states.

A critical enabling step will be the creation and rigorous char-
acterization of a dedicated toolkit of synthetic promoters and
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regulatory elements optimized for dynamic gene expression
control within sleep-relevant neural circuits. This includes
developing elements with defined dose-responses and temporal
kinetics to neuromodulators, metabolic signals, or even light (for
optogenetic control), allowing for the precise construction and
testing of hypotheses about how specific gene activities orches-
trate sleep states and their transitions.'®> Support for such foun-
dational tool development is critical for advancing the field
beyond current application-focused approaches.

While some of these technologies exist, they must be adapted
to the complexities of sleep biology to fully realize their potential
in understanding and treating circadian and sleep-related disor-
ders. New technological breakthroughs may be needed to
enable even more powerful studies, such as tracking a wide
range of sleep-wake processes over time across the organ/brain
at single-cell resolution (e.g., utilizing scalable molecular
recorders) or parallel manipulation of multiple circadian-
associated gene expressions or protein functions in vivo in an
HT manner.?'#216

OUTLOOK

Synthetic biology has the potential to transform human health by
engineering heart, lung, blood, and sleep systems. However,
unlocking this potential will require innovation in three key areas:
precision genetic engineering, tissue-specific gene circuit
design, and spatiotemporal control. Advancements in these
areas are necessary for bridging functional scales from molecu-
lar to whole organism. While here we focus on the technical as-
pects, we note that the ethics implications of some of the topics
have been discussed extensively in other works®'"="°
Emerging genome engineering technologies are already ex-
panding the potential of transgenic systems to monitor, perturb,
and direct cellular processes. However, translating these tech-
nologies for biomedical applications requires deep engagement
with regulators regarding the safety of genome engineering.
Well-controlled gene editing reagents with limited off-target ef-
fects, including base and prime editing, have already been
used to safely dose patients, both with ex vivo engineered cells
and in vivo. These technologies sit poised to target the heart,
lung, blood, and brain.'*?2°-222 Gomplementary advances in
gene and genome writing technologies will be critical for inte-
grating multiple tools into cohesive, context-responsive syn-
thetic programs that interface with endogenous regulatory
logic.?*®> Combining these innovations with built-in kill switches
and immune cloaking will significantly improve the translation
of iPSC-derived cells to animal models and human patients.”®
Human tissues are biologically heterogeneous, and different
cell types exert unique functions to orchestrate behaviors across
tissue and whole-organism scales. Engineering gene circuits
that will function as designed in the key, sometimes rare, and
often difficult-to-isolate cell types is a shared challenge across
organ systems. High-fidelity production of specific cell types,
such as alveolar cells, MKs, cardiomyocytes, and suprachias-
matic nucleus neurons, requires finely tuned synthetic circuits
working in concert with extracellular cues. In deriving cells, syn-
thetic gene circuits can enhance control over cell fate and reduce
(or increase) heterogeneity in these complex differentiation pro-
cesses.’? 81224225 Moreover, traditional 2D culture systems fall
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short in capturing the mechanical, spatial, and biochemical cues
that shape tissue-specific physiology. Scalable, physiologically
relevant 3D systems—such as organoids embedded in synthetic
extracellular matrices—are essential for modeling in vivo envi-
ronments like bone marrow, lung parenchyma, myocardium,
and brainstem regions.??°"??° A recognized limitation of orga-
noid models is the absence of inter-organ interactions that are
critical for whole-body physiology. To address this challenge,
emerging strategies include the development of multi-organoid
“assembloids” that capture inter-organ communication, orga-
noid-on-a-chip platforms with perfusable microfluidics to mimic
circulation and immune interactions, and in vivo transplantation
models to study organoid integration within a systemic context.
Within this framework, engineering genetic systems that perform
across both 2D and 3D systems is a pressing challenge for syn-
thetic biology.>*'®® Recent progress on understanding and
resolving the issues of transgene silencing in hiPSCs and differ-
entiated cells indicates transgenic systems may be ready for ad-
dressing the challenge of monitoring and controlling processes
in complex, physiologically relevant contexts.??-0:230-233

Engineering cells that will function as designed in dynamic and
spatially heterogeneous contexts requires control over when and
where genes are expressed and signals are transmitted.
Spatially organized tissues such as the alveoli, vasculature,
myocardium, and neuronal networks depend on tightly coordi-
nated patterns of differentiation and communication. Achieving
this requires tools for spatiotemporal regulation, including opto-
genetics, synCAMs, and synthetic organizers that can direct
gene expression and signaling with high precision. Tunable ge-
netic control systems provide essential capabilities for adjusting
expression dosage and timing. For example, novel inducible
transcription factors such as synZiFTRs offer inducible, multi-
plexed, and reversible control of transcription.”* For fine-scale
control, the promoter editing system DIAL enables quantitative
tuning of expression levels and reversible induction of stable,
editable setpoints, allowing controlled titration in primary cells
and hiPSCs.'® Equally important is the ability to monitor engi-
neered cells in real time, enabling adaptive control in complex
environments. Stable expression of integrated biosensors and
synthetic feedback circuits is critical for harnessing the increas-
ingly expanding array of biosensors that are capable of capturing
cell state, gene activity, and functional outputs in a non-invasive,
dynamic manner.

The integration of systems biology and synthetic biology offers
a powerful approach to interpret and harness high-dimensional
data for engineering targeted and responsive cellular systems.
By combining large-scale transcriptomic, proteomic, and spatial
datasets —both static and genetically or pharmacologically per-
turbed —with analytical and Al models, two distinct computa-
tional paradigms are emerging: mechanistic statistical models
like MIMOSCA and CIPHER, which leverage linear response the-
ory and regression to provide interpretable predictions, versus
deep learning foundation models such as scGPT, GEARS, and
Geneformer that excel at capturing complex nonlinear relation-
ships but often function as “black boxes” with limited biological
interpretability. 2185188234235 Thege  complementary ap-
proaches, summarized in an excellent recent review, will allow
researchers to uncover both putative targets and the underlying
regulatory principles that guide circuit design, HT circuit testing
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in relevant physiological contexts, and therapeutic strate-
gies.99100:236.237 additionally, new approaches are identifying
regulatory features of transgenes in cell lines that can improve
circuit design.?*®2*! Applying these tools to primary cells and
different tissues may illuminate new design features for tailoring
circuit expression within or across cell types.

Additionally, while gene circuit reporters such as fluorescent
proteins provide low-dimensional readouts with great temporal
resolution and morphological information, these reporter sys-
tems can be combined with imaging and sequencing for
improved multimodal understanding of cell state. These insights
can also inform the development of tissue- and cell-type-specific
delivery systems—such as viral vectors, nanopatrticles, or target-
ing peptides—ensuring that engineered cells and gene circuits
act precisely within complex physiological environments.
Together, these priorities define a roadmap for applying syn-
thetic biology to enable robust, safe, and clinically relevant
cell engineering across diverse heart, lung, blood, and sleep
contexts.
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