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ABSTRACT: Emerging tools for spatial analysis, systems biology, 
and synthetic biology offer opportunities to observe, dissect, and 
perturb cancer mechanisms, to design strategies for the prevention 
of oncogenesis, and to identify therapies that lead to durable tumor 
control. Here, we summarize perspectives from the virtual Inno-
vation Lab on “Synthetic and Systems Approaches to Interrogate 
Spatiotemporal Processes in Cancer” (S3) hosted by the National 
Institutes of Health (NIH), which assembled interdisciplinary 
experts to discuss cancer spatial organization and dynamic cellular 
interactions and how they can be addressed by leveraging novel 
synthetic and systems biology approaches. These discussions fo-
cused especially on cancer initiation, which results from a failure of 
systems control. To catalyze innovation across the research 
community, we summarize key insights from these events into a vision for integrated synthetic, systems, and spatial approaches in 
cancer research. 
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1. INTRODUCTION 
Rapid advances in spatial omics, synthetic biology, and com-
putational modeling are now enabling the systems-level inter-
rogation of complex biological processes with unprecedented 
precision. Therefore, this is a timely moment to highlight how 
synthetic tools are emerging as powerful platforms for engi-
neering physiologically relevant models of the tumor micro-
environment, enabling systematic study of tumor initiation, 
tumor−immune interactions, and treatment response. Here, we 
summarize perspectives from the virtual Innovation Lab on 
“Synthetic and Systems Approaches to Interrogate Spatiotem-
poral Processes in Cancer” (S3) hosted by the National In-
stitutes of Health (NIH). The NIH initiative convened over 600 
participants for the workshop on May 13−20, 2025, and en-
gaged 55 interdisciplinary experts for the intensive five-day 
Innovation Lab on July 7−11, 2025, to explore how spatial 
organization and dynamic cellular interactions contribute to 
cancer development. These events focused on recent ideas that 

leverage synthetic and systems biology to advance the under-
standing of cancer initiation, tumor−immune interactions, and 
drug resistance. The workshop broadly explored how such 
approaches can impact cancer research, while the Innovation 
Lab deeply focused on cancer initiation. To catalyze innovation 
across the research community, we summarize key insights from 
these events into a vision for integrated synthetic, systems, and 
spatial approaches in cancer research. 

These events focused especially on cancer initiation. Cancer 
initiation is a failure of systems control within a tissue, making 
spatial analysis, systems biology, and synthetic biology crucial to 
observing, dissecting, and perturbing cancer control mechanisms. 
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Integration of these disciplines has profound untapped potential 
to enable researchers to (1) observe and describe the process of 
tumor initiation, (2) model and perturb parameters within the 
tumor microenvironment to understand the system control rules 
and network disruptions that drive tumor initiation and pro-
gression, and (3) build on this systems understanding to design 
strategies for prevention of cancer development and durable 
tumor control (Figure 1). This perspective organizes the topics 
from the workshop and Innovation Lab around these three areas. 

2. IMAGING AND SYSTEMS BIOLOGY APPROACHES 
TO OBSERVE KEY PROCESSES IN TUMOR INITIATION 

Participants agreed upon the transformative impact of new 
technologies enabling improved observation and modeling of 
tumor spatial processes, including new methods of spatial pro-
filing, new models for tissue biology, and new synthetic biology 
approaches to monitor molecular processes. Notable topics of 
discussion included stromal-epithelial cell interactions, their 
systemic impact on tissue properties, mechanical changes in the 
tumor microenvironment (TME), and immune and regenerative 
mechanisms that influence initiation. There was considerable 
interest among workshop participants for using clinically relevant 
experimental models together with spatial multi-omic charac-
terization to obtain ground truth for identifying cell cross-talk, 
tissue neighborhoods, and metabolite gradients associated with 
early tumor development (Figure 2A,B). 

2.1. Spatial Multi-omic Characterization and Deep Learning- 
Based Quantification 
The interplay of multiple cell types and molecular signals across 
tissues during the tissue remodeling associated with tumor 
initiation requires spatial multi-omic approaches that simulta-
neously measure gene expression, proteins, and tissue archi-
tecture. One important example in the context of disease ini-
tiation is tumor encapsulation, the formation of a collagen-rich 
extracellular matrix sheath around a premalignant lesion by 
activated fibroblasts and immune cells. Encapsulation is a 
conserved biological response to persistent threats, including 
helminth infection, persistent foreign material, and granuloma- 
forming infections.1,2 Although this fibro-inflammatory response 
can initially constrain tumor growth, ECM remodeling may also 
generate growth-permissive and immunosuppressive niches that 
facilitate malignant progression. Understanding how and when 
this transition occurs remains a major challenge in cancer 
biology. 

The technologies highlighted during the workshop now make 
it possible to distinguish tumor-constraining from tumor- 
promoting ECM states. In the encapsulation example, spatial 
profiling modalities, including spatial omics, collagen-sensitive 
imaging, and intravital second harmonic generation microscopy, 
generate complementary measurements of capsule architecture, 
ECM composition, and cellular states that can be integrated 
with computational analyses to identify early signatures of 

Figure 1. Integrated framework for spatial measurement, systems modeling, and synthetic control of cancer initiation. Cancer initiation is depicted as a 
failure of spatiotemporal systems control within epithelial tissues. The central panels illustrate progression from normal tissue homeostasis (left) to 
perturbation with destabilized control networks (middle) and focal basement membrane breach with early microinvasion (right). The upper panel 
(“Observe”) highlights complementary measurement approaches, including spatial multi-omics, synthetic reporter circuits that sense cell state 
transitions, and live imaging and mechanics mapping. These data inform the “Model” panel, where gene, protein, and metabolic networks and failure 
modes are inferred using systems biology and deep learning. The lower panel (“Design”) illustrates engineering strategies to disrupt, reprogram, or 
reinforce control, including synthetic gene circuits, tunable signaling actuators, ECM mechanics modulation, and multicellular engineering. Arrows 
indicate the closed-loop integration of observation, modeling, and design. 
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capsule failure (Figure 2B,C).3 A practical starting point involves 
using spatial data from human premalignant atlases4 to compare 
encapsulated versus non-encapsulated lesions, together with 
routine histopathology imaging using hematoxylin and eosin 
(H&E) and immunohistochemistry to quantify capsule geom-
etry and continuity. Integration of these increasingly rich spatial 
datasets with deep learning approaches5 may reveal spatial 
programs and epithelial−stromal behaviors that are associated 
with progression and are missed by manual scoring. Capsules 
also act through mechanics, not only chemistry, so in vitro 
systems with tunable extracellular matrix composition and 
stiffness, paired with direct mechanical measurements, will be 
needed to relate histological capsule features to the underlying 
mechanical state. These imaging and spatial datasets provide the 
foundation for computational models that will enable the 
identification of capsule-associated microenvironments and 
detect the earliest signatures of containment giving way to 
invasion. 

Spatial transcriptomics and imaging can map cell states and 
tissue architecture, but they do not necessarily identify causal 
drivers. An important remaining technology gap is the ability to 

measure protein states and protein−protein interactions in situ. 
In contrast to technologies for spatial measurement of DNA and 
RNA, which can be comprehensive and applied at single-cell 
resolution, protein measurement technologies are limited to 
much smaller panels. Furthermore, technologies to measure 
protein−protein interactions are even more limited and often 
require genetic engineering, limiting their use with patient 
specimens. This gap in measuring molecular interactions also 
constrains systems models of the TME. Systems models seek to 
predict how biological inputs, such as a cell’s history of exposure 
to its extracellular environment, produce outputs such as 
changes in cell state or behavior. Mechanistic models derive 
these relationships from the molecular components of the 
system and their interactions, whereas data-driven models infer 
input−output relationships directly from experimental obser-
vations. Data-driven approaches are becoming more feasible 
with high-throughput genetic perturbation screens and omics 
readouts for cell state. However, models learned from observed 
input−output relationships may not reliably predict responses 
outside the conditions represented in the training data. Direct 
measurement of protein states and interactions could help 

Figure 2. Experimental model systems and technologies to observe and characterize tumor initiation and progression. (A) Primary patient tissue 
(biopsy or resection) is the source material for the human models shown. Tissue slices preserve tissue organization but have limitations in experimental 
duration. Patient-derived organoids provide a 3D architecture but lack microenvironment control. Organ-on-chip platforms provide microenvi-
ronmental control by introducing fluid flow and multicellular interfaces. Complementing these human systems, genetically engineered mouse models 
enable controlled oncogene expression to study tumor initiation and progression in an immunocompetent context with systemic interactions. (B,C) 
Profiling technologies to observe ex vivo and in vivo models to understand system behavior. Spatial multi-omics modalities can be applied to any model 
system that can be mounted on a slide, preserving spatial context to capture cell−cell contacts, cellular states, and cellular neighborhoods. However, 
spatial omics capture a single time point, so complementary functional measurements are necessary to capture dynamic behavior. Intravital imaging 
with cell type or cell state fluorescent reporters can monitor the evolution of cell−cell contacts, cell states, and neighborhoods over time. Live imaging 
approaches can also capture the dynamics of these features ex vivo in tissue slices, organoids, and organ-on-chip platforms. Beyond cell-level 
measurements, the spatiotemporal profile of mechanical properties in the extracellular matrix can be monitored non-invasively using ultrasound 
elastography in vivo. Ex vivo, mechanical testing (e.g., atomic force microscopy) can be used in live or fixed specimens to measure the mechanical 
properties at the tissue or cell level. 
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constrain these models with information about the molecular 
mechanisms underlying the observed cellular responses. New 
technologies, including synthetic biology approaches, that 
measure proteins and their interactions at a scale approaching 
that of DNA and RNA measurements could reveal the mech-
anistic basis of cancer phenotypes and complement data-driven 
models, ultimately identifying interactions that can be tested 
through synthetic perturbation or exploited for therapeutic 
intervention. 

2.2. Culture Models Emerging to Model Tumor Initiation In 
Vitro at Scale and Improving Their Integration with Synthetic 
Biology 
A variety of culture models to dissect the dynamics of tumor 
initiation have been established. Immortalized epithelial cell 
lines (cells engineered to proliferate indefinitely) and normal- 
tissue-derived organoids together constitute the most mature 
and scalable platforms for modeling tumor initiation in vitro. 
Immortalized “normal-like” lines such as MCF10A, RWPE-1, 
and HBEC3-KT may provide reproducible epithelial contexts in 
which defined oncogenic alterations can be introduced se-
quentially, allowing the transition from organized epithelia to 
initiated states to be reconstructed with precise genetic con-
trol.6−10 Their robustness and compatibility with pooled 
CRISPR genome editing and synthetic circuits make them at-
tractive for large-scale engineering. However, immortalization 
itself bypasses key barriers to transformation (for example, 
senescence and replicative limits), meaning these models al-
ready embody an early tumor-initiating step and may under-
estimate the contribution of tumor-suppressive programs op-
erating in truly normal tissue. Additionally, these models lack 
input from stromal components which are known to be critical 
in tumor initiation and progression.11,12 

Primary human organoids have emerged as an attractive al-
ternative to cell lines and address several of these shortcomings 
(Figure 2A). Organoids derived from normal colon, stomach, 
liver, prostate, and pancreas retain stem-cell hierarchies, lineage 
differentiation programs, and key aspects of a three-dimensional 
architecture while remaining genetically tractable. Stepwise 
introduction of canonical tumor drivers such as APC, KRAS, 
TP53, and SMAD4 has enabled reconstruction of mutation 
order, identification of cooperative effects, and visualization of 
the earliest cancer transitions in a human epithelial context.13−17 

Compared with immortalized lines, organoids better preserve 
cell−cell and cell−matrix signaling, capture inter-patient vari-
ability, and still support barcoding, lineage tracing, and multiplex 
readouts, positioning them as scalable yet physiologically rel-
evant platforms for synthetic biology studies of tumor initiation. 
However, many organoid studies also lack stromal inputs. 

More recently, microenvironment-aware culture systems have 
begun extending these models toward greater physiological 
realism that include more complex tumor microenvironment 
(TME) signals. Organ-on-chip and microfluidic platforms in-
tegrate controlled flow, shear stress, nutrient gradients, and 
multicellular interfaces, enabling interrogation of how me-
chanical and metabolic stresses shape premalignant behav-
ior.18,19 In parallel, ex vivo precision-cut tissue slices and 
air−liquid interface (ALI) cultures preserve native stromal, 
immune, and extracellular−matrix interactions, allowing mod-
eling of high-risk but non-tumor tissues under experimentally 
accessible conditions (Figure 2A).20−22 However, despite their 
promise, these systems have been slow to adopt in tumor ini-
tiation studies because they were previously technically 

demanding, difficult to standardize, and poorly integrated with 
synthetic biology toolsets. 

Workshop participants identified key priorities that should be 
advanced to overcome barriers for broader use of microenvi-
ronment culture systems for modeling tumor initiation. So far, 
studies have demonstrated that the co-culture of primary epi-
thelial cells with fibroblasts of the same tissue type can faithfully 
reproduce a fully differentiated and functional tissue. An im-
portant next step is to develop curated, shareable biobanks of 
disease-free tissue organoids and cell derivatives from genetically 
diverse donors to increase representation and reproducibility 
across laboratories. Second, synthetic biology reagents, pooled 
CRISPR libraries, modular oncogene cassettes, inducible and 
reversible switches, and lineage-tracing barcodes should be 
systematically optimized for each culture platform, enabling 
controlled “synthetic initiation” at scale. Third, standardized 
pipelines that couple live-cell imaging and single-cell multi- 
omics are needed to allow precise mapping of early cell state 
transitions across models. Finally, hybrid systems that embed 
organoids or cell derivatives into microfluidic, air−liquid in-
terface (ALI) culture, or slice contexts should be prioritized to 
bring scalable engineering together with microenvironmental 
realism. Together, implementing these strategies will accelerate 
the use of the most biologically relevant and scalable culture 
models for studying tumor initiation and will align emerging 
cancer biology platforms with the full capabilities of synthetic 
biology. 

2.3. Synthetic Reporter Systems to Track Cell Response to 
Biochemical and Mechanical Cues 
Synthetic reporter systems engineered within cells provide 
additional opportunities to “observe” tumor initiation including 
critical capabilities for quantifying how biochemical signals are 
processed dynamically and with high specificity (Figure 3). At 
the core of many such systems are modular genetic circuits that 
transduce extracellular ligand-binding events or intracellular 
signaling into measurable outputs such as fluorescence or 
transcriptional activity. For instance, modular synthetic receptor 
platforms, exemplified by engineered Synthetic Notch (Syn-
Notch) receptors, couple customizable extracellular recognition 
domains to defined transcriptional programs, enabling investi-
gators to convert microenvironment inputs into user-specified 
reporter outputs with precise logic and tunability23 (Figure 3A). 
Synthetic mechanoreceptors and engineered force-sensitive 
constructs extend the SynNotch paradigm into mechanobiol-
ogy.24 In tension-tuned SynNotch systems, the threshold of 
applied mechanical force dictates receptor activation and 
consequent transcriptional responses,25 providing a program-
mable reporter of intercellular force transmission for engineered 
tissues and engineered differentiation circuits. Complementary 
engineering approaches involve DNA nanotechnology-derived 
mechanosensors that couple de novo molecular force trans-
duction mechanisms to detectable fluorescent signals, broad-
ening the repertoire of customizable reporter modalities beyond 
classical protein-centric designs26,27 (Figure 3B). 

In each row, panels depict (left to right) the biological 
context, the engineered synthetic reporter system (the red box 
highlights the sensing module), and the resulting signal output. 
The rightmost column summarizes representative cancer- 
relevant processes that can be interrogated using each platform. 

(A) Synthetic Notch (SynNotch)-based systems enable 
cell−cell contact-dependent sensing, where receptor 
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engagement induces release of a transcription factor (TF) 
to drive the expression of engineered reporters, allowing 
detection of epithelial crowding, premalignancy, and early 
invasion.25 

(B) DNA-based molecular force sensors (tension probes) 
report mechanical forces at the cell surface or within the 
extracellular matrix through force-induced conforma-
tional changes or rupture of engineered DNA constructs, 
enabling measurement of stromal stiffening, fibroblast 
activation, and premalignant fibrosis.27 (C) YAP/TAZ- 
based reporters capture mechanotransduction signaling 
downstream of cytoskeletal tension and extracellular 
matrix interactions, reporting transcriptional programs 
associated with proliferation, invasive behavior, and me-
chanical adaptation.28 

(D) Mechanosensitive ion channel reporters, such as Piezo1- 
GCaMP systems, convert mechanical stimuli into intra-
cellular calcium flux, providing a readout of mechanical 
stress and cell deformation.29 

Mechanobiology inherently integrates physical cues with 
biochemical signaling, and synthetic reporter systems have been 
increasingly designed to capture this interplay across spatial and 
temporal scales. Cells interpret changes in matrix stiffness, 
viscoelasticity, shear stress, or cell geometry through the me-
chanosensitive transcriptional regulators YAP and TAZ (YAP/ 
TAZ), which shuttle to the nucleus in response to mechanical 
context and enact gene programs that govern proliferation, 
differentiation, and fate decisions.30−34 Such endogenous me-
chanosensitive pathways have inspired engineered reporters that 
link force-dependent activation of mechanotransducers to 
synthetic genetic circuits, providing live readouts of tissue 
mechanical environment and cellular mechanoresponse30−34 

(Figure 3C). Given the significant mechanical changes that 
occur during tumor initiation, such reporters provide the op-
portunity to capture the dynamics of such mechanical changes. 

Parallel advances in fluorogenic tension sensors, including 
optical membrane tension reporters based on mechanosensitive 
channel conformational changes, offer direct visualization of 
mechanical cue engagement at the molecular level, which, when 
coupled with genetic circuits, can enable multiplexed analyses of 
force and biochemical triggers in single cells. Furthermore, when 
combined with biochemical reporters or calcium indicators such 
as GCaMP to monitor mechanically activated ion channels like 
Piezo1,35,36 synthetic systems can enable multidimensional 
mapping of how cells sense and respond to their physical en-
vironment30−34 (Figure 3D). While many reporter systems 
focus on proximal signaling events, emerging approaches cap-
ture downstream cell state transitions, including chromatin 
remodeling. For example, adipocyte-derived signals can drive a 
metabolic shift toward lipogenesis in breast cancer cells that is 
coupled to chromatin remodeling and repression of synthetic 
transgenes at specific loci.37 These results demonstrate that 
microenvironmental inputs can be translated into changes in 
gene regulatory state, providing a critical link between micro-
environmental sensing and phenotypic responses. 

Collectively, advances in spatial multi-omic characterization, 
physiologically relevant culture models, and synthetic reporter 
systems provide increasingly rich observations of tumor initi-
ation across molecular, cellular, and tissue scales. These com-
plementary approaches enable detailed measurement of cell 
states, microenvironmental interactions, and dynamic responses 
to biochemical and mechanical cues. However, observation 
alone is insufficient to reveal the systems-level rules governing 
tumor initiation. Integrating these observations with compu-
tational models and precisely controlled perturbations is 
therefore essential for identifying causal mechanisms and pre-
dicting system behavior. 

Figure 3. Synthetic reporter systems to probe mechanical and microenvironmental signals during tumor initiation and progression. 
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3. SYSTEMS AND SYNTHETIC APPROACHES TO MODEL 
AND PERTURB TUMOR INITIATION AND PROGRESSION 

Workshop participants identified the integration of systems 
biology and synthetic biology as a critical next step toward 
understanding the mechanisms that govern tumor initiation and 
progression. Discussions emphasized approaches that combine 
quantitative analysis of natural mosaicism, engineered physical 
models, and computational frameworks to infer predictive rules 
governing cell−cell interactions, extracellular matrix mechanics, 
and signaling dynamics. These insights, in turn, enable the 
rational design of synthetic gene circuits and cellular reporters 
that not only interrogate tumor biology but also provide pro-
grammable control over the timing, kinetics, and context 
specificity of perturbations. 

3.1. Leveraging Natural Mosaicism to Reconstitute, Test, 
and Measure Cancer Systems 
Heterogeneity is a central feature of cancer progression, and the 
rapid expansion of single-cell and spatial profiling technologies 
has generated rich, high-dimensional datasets capable of cap-
turing this diversity during cancer initiation. However, much of 
the insight extracted from these data remains constrained by 
reductionist, hypothesis-driven frameworks that are poorly 
suited to interpreting complex, multivariate systems. An alter-
native opportunity lies in discovering patterns of natural het-
erogeneity that can enable perturbation-free mechanistic insight, 
an important advantage given that system responses to per-
turbations often provide limited information about the roles 
components play in the unperturbed state. 

Workshop participants therefore identified a critical need for 
new analytical and synthetic tools that leverage endogenous 
heterogeneity to understand, reconstitute, and test cancer 
systems. For example, deep learning approaches that integrate 
multifactorial single-cell features via spatial transcriptomics, 
proteomics, and metabolomics technologies with spatial context 
and cell morphology could uncover emergent tissue-level pat-
terns predictive of cancer risk or progression. These data- 
derived principles could then inform synthetic strategies to 
modulate key factors in combinations and ranges that mimic 
naturally occurring heterogeneity rather than relying on binary 
perturbations. In the context of cancer initiation, such ap-
proaches offer a path to identify predisposition genes and en-
vironmental contexts as actionable points of intervention and to 
design multiplexed perturbations that more faithfully test 
system-level hypotheses. 

Modeling this level of complexity remains challenging, even in 
advanced in vitro organoid-based systems, which cannot fully 
recapitulate the systems-level, multi-organ interactions of whole 
organisms. As a result, workshop participants emphasized that 
integrating synthetic and systems biology approaches with 
in vivo vertebrate models and human patient data will be es-
sential for disentangling the components that drive disease 
initiation and progression. In this context, one interesting model 
highlighted by participants was zebrafish, which offers distinct 
advantages for studying cancer initiation.38 Zebrafish combine 
precise genetic manipulation, controlled external perturbations, 
and high-resolution subcellular imaging, enabling direct inter-
rogation of how endogenous heterogeneity and environmental 
context shape tumor initiation. Complementing these emerging 
approaches, genetically engineered mouse models (GEMMs) 
remain foundational for dissecting tumor microenvironment 
(TME) interactions, with increasing precision in spatial, 

temporal, and cell-type-specific perturbation.39,40 Intersectional 
GEMMs that combine site-specific DNA recombinase systems 
(e.g., Cre, Flp, Dre, and VCre) enable coordinated manipulation 
of multiple genes across distinct cellular compartments, while 
mosaic approaches support clonal tracking and somatic engi-
neering within native tissues.41−43 These systems enable precise 
dissection of how immune, endothelial, and stromal populations 
regulate tumor progression and therapeutic response. In parallel, 
advances in targeted delivery are extending genetic control 
beyond germline engineering. Complementary viral44−47 and 
non-viral lipid nanoparticle and extracellular vesicle delivery 
platforms,48−52 together with logic-based genetic circuits,53,54 

increasingly enable multiplexed, cell-type-specific perturbation 
of the tumor microenvironment. Together, these technologies 
expand the opportunities for coordinated manipulation of 
cancer and stromal compartments across organismal and or-
ganoid models. 

3.2. Engineering and Perturbing the Physical and Multicellular 
Tumor Microenvironment across Different Experimental Models 
Controlled perturbation coupled with quantitative measure-
ment of the resulting response is essential for dissecting the 
mechanisms of tumor initiation. Mechanical regulation of the 
tumor microenvironment illustrates both the potential and 
current limitations of this approach. There is growing evidence 
that mechanical cues within the TME can drive malignant 
transformation in otherwise healthy or pre-malignant tissues.55 

In this example, many existing platforms including tumor-on- 
a-chip systems with multichamber flow control,56 or biomimetic 
substrates allow for modulation of matrix properties either 
chemically or optically.57 Such systems enable spatially con-
trolled perturbations coupled with real-time observation but 
remain largely restricted to in vitro settings as they are difficult to 
translate across platforms or into in vivo models. Conversely, 
genetic strategies to alter cell and extracellular matrix (ECM) 
interactions in vivo typically lack the necessary spatiotemporal 
precision. Participants highlighted the need for new strategies 
that allow spatially programmable ECM modulation in vivo, 
ideally deployable in both whole organisms and primary tissue 
preparations and compatible with high-resolution, real-time 
imaging. Such tools would be most powerful when integrated 
with multiplexed biosensors reporting oncogene activity and 
mechanotension, enabling real-time monitoring of how local 
perturbations propagate through tumor and stromal networks. 

More broadly, growing adoption of New Approach Meth-
odologies (NAMs) has accelerated the development of en-
gineered multicellular platforms for studying more complex 
tumor biology driven by non-tumor components while reducing 
reliance on animal models. Changes in stromal signaling and 
extracellular matrix remodeling disrupt tissue homeostasis and 
promote premalignant progression.58−60 Microfabrication, mi-
crofluidics, and bioprinting have enabled the development of 
multicell-type 3D tumor culture models that aim to recapitulate 
critical aspects of the tumor microenvironment and permit 
controlled perturbation of extracellular matrix properties, sig-
naling gradients, cell−cell interactions, and mechanical cues. 
Hydrogels, bioinks, perfusion systems, and multicellular co- 
cultures incorporating stromal, endothelial, and immune cells 
provide experimentally tractable platforms for dissecting how 
microenvironmental signals regulate tumor initiation. Stan-
dardized media, scalable manufacturing, and rigorous validation 
remain essential to ensure that these engineered platforms 
faithfully recapitulate in vivo biology. Automated bioprinting, 
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liquid handling,61,62 microfluidics,63 and high-content mea-
surements now support scalable experimentation and quanti-
tative image analysis, generating rich spatial and temporal da-
tasets for systems-level modeling. These platforms enable 
systematic perturbation of multicellular systems and quantita-
tive measurement of tumor and stromal responses, allowing 
identification of the dominant control mechanisms governing 
tumor initiation,58,64,65 invasion, recurrence,66 and therapeutic 
response. Although continued validation remains necessary, 
these engineered tissue platforms provide a powerful framework 
for understanding tissues as dynamic multicellular systems. 
Better integration of these perturbation datasets with mathe-
matical models will be essential to fully leverage the power of 
these complex cellular platforms.67 

3.3. Systems Biology Computational Models to Exploit and 
Interpret Perturbation Data from Physical Multicellular Culture 
Models 
While engineered multicellular culture systems enable con-
trolled perturbation of the tumor microenvironment, compu-
tational systems biology provides the framework for trans-
forming these measurements into predictive models of tumor 
initiation and progression. Co-culture New Approach Meth-
odology (NAM) systems enable spatiotemporal measurement 
of multicellular responses in vitro, generating quantitative da-
tasets that are essential for parameterizing systems biology 
models of the tumor microenvironment (TME) (Figure 4A). As 
increasingly sophisticated tissue culture systems and new spatial 
characterization emerge, computational systems biology is en-
abling the inference of these complex interactions between 
multiple cell types that drive tissue remodeling and premalig-
nant progression. 

Computational tools have been developed to identify 
receptor−ligand-driven events underlying heterotypic cell−cell 
communication in complex tissue. For example, these ap-
proaches have helped identify context-specific feedback loops 
within pre-malignant pancreatic tissues associated with immune 
populations.68 In a complementary study, coupling ligan-
d−receptor analysis with correlation of gene expression pro-
grams with morphological invasion patterns within pancreatic 
ductal adenocarcinoma (PDAC) organoids identified contri-
butions of specific cytokines on interactions between tumor and 
non-tumor cells in the TME.69 Efforts to integrate extracellular 
matrix (ECM) proteomics with single-cell RNA-sequencing 
(scRNA-seq) data has helped to identify cellular sources of 
altered ECM proteins and stage-specific alterations in the ep-
ithelium and stroma. Combined with CODEX spatial proteo-
mics, these approaches have helped reveal immunosuppressive 
features associated with esophageal progression to malignancy 
that are conserved across multiple carcinomas.58 

Multiscale approaches for integrating cellular identity and 
state within larger tissue/tumor-scale systems yield data ame-
nable to multiscale modeling, often performed with agent-based 
modeling (ABM) or cellular automata simulations. Quantitative 
comparison between tumor or NAM images and agent-based 
model outputs remains a challenge, especially for parameteri-
zation of spatial relationships. One approach that emerged 
during the workshop discussion uses neural networks to project 
experimental images or model outputs into low-dimensional 
space, facilitating parameterization for patient-specific tissues or 
synthetic biology circuit design through customization of model 
properties.70 For instance, a recent multiscale model of glio-
blastoma incorporated diffusion of cytokines and 

immunotherapeutic drugs first relied upon a multiscale ABM of 
the TME, individual cellular behavior, and molecular scale in-
teractions to reproduce data from in vitro and in vivo systems.71 

The ABM was simplified in stages to ultimately inform a neural 
network surrogate model to optimize treatment regimens under 
streamlined computational conditions. In another tour-de-force 
effort, PDAC organoids grown in varied hypoxic environments, 
with defined ratios of cancer-associated fibroblasts to cancer 
cells, were simulated over weeks of growth to monitor invasion 
properties.72 Spatial transcriptomics directly inform initializa-
tion of cellular agents to directly match tissue structures. The 
ability to simulate the TME composition dynamically led to a 
new biological hypothesis of macrophage clearance of tumor 
cells as a requirement for lymphocyte trafficking and killing 
in PDAC. 

The recent acceleration of ABM development, enabled by 
increased high-performance computing, improvements in 3rd 

party software that increase user accessibility, innovations in 
parameterization and interpretation, and growing repositories of 
spatial data, offer computational strategies for integrating and 
informing manipulation of multicellular communication to 
control tumor initiation/growth (Figure 4B). Furthermore, this 
integrated experimental−computational analysis can help 
identify critical system parameters that serve as input or output 
nodes for synthetic biology circuits with the goal of therapeutic 
intervention. 

3.4. Synthetic Perturbation of Signaling and Gene Regulatory 
Programs 
While physical and multicellular models enable precise control 
over the tumor microenvironment, complementary approaches 
focus on perturbing intracellular signaling and gene regulatory 
programs that ultimately determine how cells interpret and 
respond to these external cues within multicellular contexts. 
These perturbations can be broadly categorized into those that 
modulate signaling pathways, transcriptional networks, and 
chromatin-associated regulatory states. For example, opto-
genetic and chemically inducible systems enable precise tem-
poral control of signaling activity in living cells and engineered 
tissues,73,74 while CRISPR-based transcriptional regulators 
provide programmable control over gene expression and enable 
systematic perturbation of gene function in living cells, facili-
tating integration with high-content and single-cell readouts in 
multicellular systems.75 Epigenomic approaches that target 
transcriptional activity (e.g., epigenome editing) and post- 
transcriptional processes (e.g., RNAi) in cancer have enabled 
direct modulation of gene expression states.76 Synthetic chro-
matin regulators, such as reader-actuator proteins that bind 
chromatin marks (i.e. histone post-translational modifications), 
provide a complementary strategy for targeting genomic loci 
based on endogenous chromatin features, enabling perturbation 
of poised regulatory elements across multiple genes and in-
vestigation of how epigenetic context shapes gene responsive-
ness and cellular phenotype.77,78 

Together, these approaches enable controlled perturbation of 
intracellular decision-making processes, providing a critical 
complement to extracellular and multicellular models by al-
lowing direct interrogation of how signaling inputs are translated 
into gene regulatory outcomes. However, targeting individual 
signaling or regulatory processes does not alone provide control 
over when, where, or for how long a perturbation acts within a 
heterogeneous biological system. Achieving this level of control 
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requires synthetic circuits designed to integrate the biological 
context with predictable perturbation dynamics. 

3.5. Defining Circuit Design Rules to Enable Precise Modulation 
of Kinetics, Timing, and Context-Specific Perturbations Informed 
by Computational Modeling 
Extending beyond perturbation of individual molecular targets, 
workshop participants with expertise in synthetic biology em-
phasized the need for circuit-level design rules that enable pre-
dictable control over the kinetics, timing, and biological context of 
perturbations in cancer-relevant systems. Foundational principles 
of modularity and orthogonality are essential for assembling 

sensing and actuation modules that function predictably without 
engaging in unintended cross-talk with host pathways.79 In 
heterogeneous cancer environments, synthetic circuits can in-
corporate extracellular cues to restrict activity to disease-specific 
niches; for example, hypoxia-responsive control architectures 
enable selective activation within solid tumors while minimizing 
off-target effects.80 

Synthetic Notch (SynNotch) and synthetic intramembrane 
proteolysis receptor (SNIPR) enable engineered cells to recog-
nize surface-expressed and soluble ligands and then convert these 
inputs into transcriptional programs.23,81 Further regulation can 
be achieved using synthetic zinc finger transcription regulators 

Figure 4. Integrated experimental−computational approach to identify system parameters for perturbation. (A) Experimental data obtained at three 
scales (molecular, cellular, and tissue) through an iterative systems biology cycle are used for parameter estimation and model refinement. At the 
intracellular level, multi-omic measurements (e.g., transcript and protein expression levels) inform signaling network forms. At the cellular scale, cell 
type composition, intercellular distances, and receptor−ligand interactions parameterize the cell−cell interaction model. Extracellular matrix 
composition, stiffness, oxygen, and metabolite concentrations are utilized for building the tissue-level model. (B) Analysis of the calibrated multiscale 
computational model provides a ranked list of system parameters based on their importance for predicting tumor growth and tumor microenvi-
ronment composition. Model simulations of the untreated (blue) and treated (orange) tumor ecosystem are performed for rational identification of 
therapeutic perturbations to achieve a desired system state. 
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(synZiFTRs), which are human-derived gene switches that can be 
controlled by orthogonal small molecules82 (Figure 5A). Such 
context-dependent, closed-loop systems provide a powerful 
framework for autonomously adjusting outputs to restore ho-
meostasis rather than enforcing fixed setpoints.83 Integrative 
frameworks that combine intracellular signaling models with 
spatial agent-based simulations enable direct linkage between 
single-cell kinetics and tissue-scale behavior, supporting the ra-
tional design of synthetic circuits as robust, dynamic regulators of 
tumor progression.84,85 

Dynamic control is achieved through network topologies such 
as negative autoregulation and related motifs that suppress noise 
and accelerate response times.86 Incoherent feed-forward gene 
circuits have been shown to function as pulse detectors that 
permanently label cells experiencing transient signaling, en-
abling clear discrimination between acute inputs and sustained 
stimulation.87 These could be used to imbue simpler signal 
transduction with advanced signal processing behaviors such as 
pulse detection, adaptation, and noise filtering (Figure 5B). 
However, circuit performance is constrained by intracellular 
resource limitations; growth-mediated dilution can reduce 
circuit component concentrations and destabilize the behavior. 
Computational and theoretical studies demonstrate that 
growth-aware and host-coupled design strategies are required to 
preserve circuit function across physiological states, formalizing 
kinetics as an emergent property of host−circuit coupling.88 

Collectively, the approaches described in this section, from 
leveraging natural mosaicism and engineering the physical and 
multicellular tumor microenvironment to computational sys-
tems modeling, synthetic perturbation, and circuit perturbation 
designs, establish an integrated framework for identifying, 
modeling, and experimentally testing the system-level mecha-
nisms that govern tumor initiation. By combining predictive 
models with programmable perturbations, these technologies 
move beyond descriptive analyses toward a mechanistic un-
derstanding of cancer as a controllable systems process. The 
next challenge is to translate this system-level understanding 

into strategies for cancer prevention, risk stratification, and 
therapeutic intervention before malignancy emerges. 

4. THERAPEUTIC UTILITY OF EMERGING SYSTEMS- 
BASED APPROACHES TO CLASSIFY OR TARGET 
TUMOR PROGRESSION 

If control failure can now be observed and modeled, how can 
that knowledge be leveraged to intervene before malignancy 
emerges? Workshop participants explored the potential clinical 
impact of integrated synthetic, systems, and spatial approaches, 
discussing how advances in observing, modeling, and perturbing 
tumor initiation could ultimately enable earlier intervention. 
The concepts presented below are informed by these discus-
sions and illustrated with representative examples from the 
broader literature to provide additional context and highlight 
emerging opportunities. The following sections describe how 
systems biology and synthetic biology approaches may be ap-
plied to regenerative control, risk stratification, and intervention 
within premalignant tissue microenvironments. 

4.1. Controlling Regeneration Mechanisms in Cancer 
Initiation 
Tissue regeneration is a fundamental systems-level program that 
restores epithelial integrity after injury. It is also the biological 
program through which inflammatory, stromal, and mechanical 
cues are integrated into epithelial growth decisions. Yet, many 
cancers arise when this tightly regulated regenerative machinery, 
which is activated by wounding, is amplified or decoupled from 
its normal spatial and temporal constraints. Understanding how 
regeneration is initiated, sustained, and terminated within tis-
sues is therefore central to decoding the earliest steps of tumor 
initiation.89 Synthetic and systems biology approaches now offer 
unprecedented opportunities to map these regenerative and 
wound-healing control states, identify when premalignant cells 
hijack them, and engineer methods to re-establish tissue-level 
homeostasis. In healthy epithelia, regenerative signals are 
transient, spatially restricted, and tightly coupled to injury cues. 

Figure 5. Integrating network topology into synthetic gene circuits to enable precise control over cancer-relevant cellular behaviors. (A) Foundational 
actuator circuits implement simple input−output relationships, in which environmental cues such as hypoxia,80 soluble ligands (e.g., TGFβ1, VEGF, 
and synthetic ligands),81 or administered drugs82 are processed through simple logical operations (e.g., buffer IF/THEN gates) to drive outputs such 
as CAR expression in T cells. (B) Potentially, the incorporation of higher-order network motifs, including incoherent feed-forward loops and feedback 
regulation, could enable advanced signal processing behaviors. In principle, these architectures would allow engineered cells to distinguish transient 
from sustained inputs and enable context-dependent, dynamically tuned responses during tumor initiation and progression. 
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These coordinated epithelial, stromal, immune, and extracellular 
matrix programs permit transient tissue repair and restoration of 
homeostasis.90 Cancer initiation often reflects a breakdown in 
these termination checkpoints: regenerative programs become 
chronically activated, stromal restraint is lost, and immune sur-
veillance fails to extinguish aberrantly expanding clones. The re-
sulting “regeneration-locked” state resembles a pathological 
wound-healing loop, in which tissue repair signals are continuously 
interpreted as growth-permissive cues.91 

Insights can be gained by comparing tissues that inherently 
suppress regeneration. The adult central nervous system, for 
example, exhibits minimal regenerative capacity due to intrinsic 
inhibitory signals, tightly maintained quiescence, and a micro-
environment that actively prevents uncontrolled proliferation.92 

These naturally occurring anti-regenerative programs, as well as 
results from genetic perturbation experiments, provide a con-
ceptual framework for identifying molecular “stop signals” that 
could be harnessed through synthetic biology to restore tissue 
homeostasis or terminate aberrant regenerative responses in 
tumor-prone tissues.93,94 

Colorectal cancer (CRC) provides an illustrative case in 
which regenerative hijacking appears to drive tumor initiation. 
The colonic crypt is a regenerative engine, and oncogenic clones 
that exploit stem-cell renewal signals can outcompete normal 
neighbors. REG4, a regeneration-associated protein, is markedly 
upregulated in a subset of late-stage colorectal tumors and is 
implicated in supporting stemness, survival, and epithelial res-
titution.95 Spatial transcriptomics can now determine whether 
REG4-high tumors occupy tissue niches that recapitulate nor-
mal injury−repair programs or represent distinct pathological 
ecosystems.96 Regeneration-associated states are also influenced 
by systemic physiological signals, including metabolic and 
neuroendocrine pathways, providing additional opportunities 
for synthetic biology to dissect how long-range signals shape 
regenerative permissiveness during tumor initiation.97 Such 
approaches may reveal whether anti-regenerative central ner-
vous system-like signaling programs can be repurposed to 
suppress early malignant progression in highly regenerative 
tissues. Together, integrating spatial mapping, regenerative-state 
sensors, and synthetic control circuits will enable a systems-level 
understanding of how tissues toggle between quiescence, repair, 
and uncontrolled growth.98 

4.2. Risk Stratification of Premalignant Lesions and Established 
Tumors 
Current clinical risk stratification relies heavily on static his-
tological grading and TNM staging, which often fail to capture 
the dynamic spatiotemporal heterogeneity of the tumor mi-
croenvironment (TME) that drives progression and metastasis. 
To improve prognostication, we should transition to systems- 
based stratification that integrates multiplexed spatial omics with 
computational modeling (increasingly AI-driven) to quantify 
the architecture of tissue and tumor−immune interactions and 
other intercellular interactions. By defining spatial signatures, 
such as the precise neighborhood metrics of immunosuppressive 
myeloid cells or the metabolic gradients of the metastatic niche, 
we can identify patients at high risk of progression or recurrence 
who might otherwise be classified as low-risk based on tradi-
tional diagnostic approaches. 

Engineered cellular therapeutics are largely being developed 
for targeted intervention, but the same design principles could 
be redirected toward the early detection of premalignant or 
metaplastic states. Immune cells such as T cells naturally traffic 

through diverse tissues, persist over time, and integrate signals 
from their local environment, making them well suited to 
function as mobile sentinels. Rather than initiating immediate 
cytotoxic responses, engineered T cells could be programmed 
to navigate to high-risk niches and sense combinations of 
environmental cues, such as inflammatory cytokines, metabolic 
alterations, hypoxia, or extracellular matrix remodeling, to 
identify aberrant tissue states before overt malignancy arises. 
This next generation of cellular sentinels is enabled by a 
growing suite of engineered receptor and signaling sys-
tems.99−101 For example, synthetic GPCRs and adhesion 
molecules can direct tissue localization, while CARs, synthetic 
secretion systems, and cytokine receptors, originally developed 
for therapeutic activation, expansion, and persistence, could be 
repurposed to generate measurable diagnostic outputs. Ex-
panding this toolkit to include synthetic mechanoreceptors 
and metabolic sensors would further allow detection of 
physical and biochemical features characteristic of early tumor- 
promoting environments. 

We propose the development of living intelligent diagnostics 
and synthetic biomarkers designed to probe established tumors 
for latent aggressive traits. As reviewed by Mirkhani et al.,102 

engineered cells (bacteria, immune cells, stem cells, platelets, 
and others) may be equipped with onboard sensing and active 
motility to navigate physiological barriers and report on TME 
status in real-time. A prime example of this living diagnostic 
capability is the CATCH (Cellular Assay for Targeted CRISPR- 
discriminated Horizontal gene transfer) system. Cooper et al.103 

demonstrated that engineered Acinetobacter baylyi can actively 
uptake cell-free tumor DNA and discriminate specific oncogenic 
mutations (e.g., KRAS) via horizontal gene transfer, turning the 
bacterium into a highly specific sensor for latent disease. Other 
ideas include engineered immune cells with synthetic gene 
circuits that can be programmed to detect and report transient 
states of therapy resistance or the awakening of dormant dis-
seminated tumor cells in real time. Integrating these synthetic 
sensors with systems-level monitoring will allow clinicians to 
track the functional behavior of a tumor in real time, offering a 
way to catch and treat aggressive disease recurrence long before 
it becomes visible on a standard scan. 

4.3. Preventive Approaches Based on Targeting the Premalignant 
Microenvironment 
A prevailing view of cancer prevention is to “catch” somatic 
mutations early; however, interrupting the supportive eco-
system in premalignant tissues may be equally if not more 
important, because the premalignant microenvironment can 
function as a “field state”. The premalignant micro- 
environment often shows inflammation, ECM remodeling, 
altered metabolism, and immune suppression before the rise of 
overt tumors. One particular area that has been largely 
overlooked is the altered metabolic environment driven by 
changes in diet composition (e.g., Western diet and ultra- 
processed foods (UPFs)), which has markedly increased in the 
food supply, particularly for teenagers. Recent reports suggest 
that over 70% of calorie intake among teenagers comes from 
ultra-processed foods (UPFs).104 The consumption of these 
UPFs, promoted by recent food industry trends, increases the 
intake of inflammation-causing dietary components and has 
been strongly linked to increasing obesity, early-onset cancers 
(colon cancer, pancreatic cancer, liver cancer, etc.), and poorer 
outcomes in early-onset patients.105 Hence, recent advances in 
spatial metabolomics together with multi-omics and imaging 
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may enable close definition of the premalignant “field state” 
metabolically, transcriptionally, and proteomically, providing a 
spatial context for premalignant microenvironments and 
neighborhoods. Early premalignant microenvironment sen-
sors, such as metabolic sensors detecting altered metabolic 
gradients, sensors detecting chronic inflammation, or sensors 
of ECM stiffness, may serve as innovative strategies. En-
gineered reporter cells offer a complementary approach by 
enabling quantitative assessment of how premalignant mi-
croenvironmental signals, such as adipocyte-derived factors or 
circulating serum components, induce changes in chromatin- 
associated repression of synthetic transgenes.37 In parallel, 
systematic measurement of liquid biopsy markers including 
cytokines, metabolites, and other categories of early bio-
markers (such as ECM peptides) could reveal spatial systems 
signatures linked to premalignant states. 

Targeting the premalignant microenvironment is a funda-
mental question. Instead of focusing only on driver mutations, 
targeting premalignant conditions before cancer arises could be 
more effective for prevention and ultimately reduce cancer 
incidence and tumor burden. These approaches include tar-
geting chronic inflammation, restoring protective microenvi-
ronments, rebalancing metabolic environments, and restoring 
immune surveillance. To reach this goal, several strategies 
emerge. Current actionable approaches include body weight 
control, reduced consumption of UPFs, and vaccination to 
prevent viral infections (HBV and HPV). New potential 
strategies include the design and engineering of premalignant 
sensors. Several genetically encoded metabolic biosensors (e.g., 
lactate/glucose sensors) and in vivo inflammation reporters 
(e.g., NF-κB activity reporters) have been tested in preclinical 
settings.106,107 Administration of these innovative sensors, de-
veloped through synthetic biology and guided by spatial systems 
signatures, may provide novel early detection strategies. Another 
actionable direction is the design and engineering of next- 
generation cell therapies, including emerging dendritic cell 
vaccines and cancer vaccines, engineered/CAR-B cell ap-
proaches, and metabolically rewired CAR-T and CAR-NK 
platforms.108,109 These strategies may provide opportunities to 
restore immune surveillance and potentially influence ECM 
remodeling. Systems biology models and multicellular platforms 
provide a path to distinguishing key microenvironmental fea-
tures and developing prevention strategies. Clinically, this 
supports a prevention pipeline to identify individuals with risk 
stratification based on high-risk premalignant tissue states and to 
evaluate microenvironment-modulating interventions using 
immune, stromal, and metabolic biomarkers as early efficacy 
endpoints. 

5. CONCLUSIONS AND OUTLOOK: FROM REACTIVE 
ONCOLOGY TO PREVENTION BY DESIGN 

The integration of spatial omics, synthetic biology, and com-
putational systems modeling represents a transformative frontier 
in cancer research. These disciplines enable precise, spatiotem-
poral dissection of tumor initiation and progression, including 
cellular cross-talk, mechanical cues from the extracellular matrix 
(ECM), fibro-inflammatory responses, regenerative program 
hijacking, and immune interactions within the premalignant 
microenvironment. Together, these technologies provide a 
framework to observe, model, and experimentally interrogate the 
systems-level mechanisms that govern tumor initiation. 

The NIH-sponsored S3 Innovation Lab (2025) highlighted 
how these approaches facilitate systematic observation of tumor 
initiation processes, targeted perturbations via engineered 
multicellular models, including organoids, organ-on-chip, and 
microfluidic platforms, and synthetic reporters such as me-
chanosensitive SynNotch circuits and tension-tuned sensors, to 
map biochemical and mechanical signals in real time. Systems 
biology models, including agent-based and multiscale simula-
tions, integrate perturbation data from these platforms to infer 
control rules, network disruptions, and emergent behaviors 
driving the transition from tissue homeostasis to malignancy. 
These advances move beyond descriptive analyses by linking 
spatial measurements with predictive computational models and 
programmable perturbations that can test causal mechanisms 
that ultimately will provide a basis for designing intentional 
disease prevention strategies. 

Cancer mortality remains predominantly driven by late-stage 
diagnosis and resistance to therapy, yet the earliest phases, 
characterized by disrupted homeostasis, chronic inflammation, 
ECM remodeling, metabolic reprogramming, and immune 
evasion, present critical vulnerabilities for earlier detection and 
intervention. Intervening in the premalignant “field state” 
through microenvironmental modulation offers the potential to 
interrupt oncogenic progression before tumors initiate. Spatial 
multi-omics and deep learning analyses now enable detailed 
mapping of premalignant niches, including fibro-inflammatory 
encapsulation, nutrient gradients, and immunosuppressive 
neighborhoods, thereby supporting risk stratification via spatial 
signatures and premalignant atlases. 

Synthetic biology advances, including modular circuits, living 
sensors, and engineered therapeutics, provide tools for real-time 
tracking and active modulation of dysregulated tissue states. As 
these technologies mature, they may enable interventions that 
detect, monitor, and selectively stabilize premalignant micro-
environments before malignant progression occurs. In parallel, 
systems biology models can prioritize the combinations of 
perturbations most likely to restore tissue homeostasis while 
minimizing unintended effects. 

The integration of spatial measurement, computational 
modeling, and synthetic perturbation establishes an engi-
neering framework for understanding cancer initiation as a 
failure of tissue-level systems control. Building on this 
framework, forward-looking prevention strategies emphasize 
restoring tissue homeostasis by rebalancing metabolic envi-
ronments linked to heightened risk of early-onset cancers, 
enhancing immune surveillance through engineered vaccines 
or cell therapies, and reprogramming stromal-ECM interac-
tions to prevent regenerative hijacking. Emerging approaches 
discussed at the workshop provide a roadmap toward pro-
gressively earlier detection, mechanistically informed inter-
vention, and ultimately the rational restoration of tissue ho-
meostasis before malignancy emerges. Realizing this vision 
demands sustained interdisciplinary collaboration, investment 
in scalable synthetic tools, standardized biobanks of relevant 
models, and translation of these insights into clinical pre-
vention trials. If successful, this convergence of synthetic, 
systems, and spatial biology may ultimately shift cancer re-
search from primarily reacting to established disease toward 
preventing malignancy by design. 
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Althoff, A.; Kleine, P.; Winter, H.; Guenther, A.; Ghofrani, H.-A.; 
Pullamsetti, S. S.; Grimminger, F.; Seeger, W.; Savai, R. Living Human 
Lung Slices for Ex Vivo Modelling of Lung Cancer. JCI Insight 2025, 
10 (17), e190703. 

(21) Prescott, R. A.; Pankow, A. P.; de Vries, M.; Crosse, K. M.; Patel, 
R. S.; Alu, M.; Loomis, C.; Torres, V.; Koralov, S.; Ivanova, E.; 
Dittmann, M.; Rosenberg, B. R. A Comparative Study of in Vitro Air- 
Liquid Interface Culture Models of the Human Airway Epithelium 
Evaluating Cellular Heterogeneity and Gene Expression at Single Cell 
Resolution. Respir. Res. 2023, 24 (1), 213. 

(22) Herms, A.; Fernandez-Antoran, D.; Alcolea, M. P.; 
Kalogeropoulou, A.; Banerjee, U.; Piedrafita, G.; Abby, E.; Valverde- 
Lopez, J. A.; Ferreira, I. S.; Caseda, I.; Bejar, M. T.; Dentro, S. C.; Vidal- 
Notari, S.; Ong, S. H.; Colom, B.; Murai, K.; King, C.; Mahbubani, K.; 
Saeb-Parsy, K.; Lowe, A. R.; Gerstung, M.; Jones, P. H. Self-Sustaining 
Long-Term 3D Epithelioid Cultures Reveal Drivers of Clonal Ex-
pansion in Esophageal Epithelium. Nat. Genet. 2024, 56 (10), 
2158−2173. 

(23) Morsut, L.; Roybal, K. T.; Xiong, X.; Gordley, R. M.; Coyle, S. 
M.; Thomson, M.; Lim, W. A. Engineering Customized Cell Sensing 
and Response Behaviors Using Synthetic Notch Receptors. Cell 2016, 
164 (4), 780−791. 
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(30) Fan, W.; Adebowale, K.; Vá ncza, L.; Li, Y.; Rabbi, M. F.; 
Kunimoto, K.; Chen, D.; Mozes, G.; Chiu, D. K.-C.; Li, Y.; Tao, J.; Wei, 
Y.; Adeniji, N.; Brunsing, R. L.; Dhanasekaran, R.; Singhi, A.; Geller, D.; 
Lo, S. H.; Hodgson, L.; Engleman, E. G.; Charville, G. W.; Charu, V.; 
Monga, S. P.; Kim, T.; Wells, R. G.; Chaudhuri, O.; Tö rö k, N. J. Matrix 
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