Intelligent Oncology 1 (2025) 265-266

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/intonc/

Intelligent Oncology

INTELLIGENT
ONCOLOGY

Editorial
Virtual cells in intelligent oncology

Jiarong Deng, Bo Xu”

Check for
updates

Chongging Key Laboratory of Intelligent Oncology for Breast Cancer, Intelligent Oncology Innovation Center Designated by the Ministry of Education, Chongqing University

Cancer Hospital and Chonggqing University School of Medicine, Chongqing 400030, China

The idea of accurately modeling life within a computer is no
longer science fiction; it is becoming a reality through the rise of the
virtual cell. Over the past few years, fueled by advances in single-cell
and spatial omics, artificial intelligence (AI), and high-performance
computing, virtual cells have rapidly evolved from abstract concepts
into practical tools with the power to reshape biomedical research.
Building on earlier, more constrained attempts at integration, today’s
virtual cells can merge diverse data streams with sophisticated
computational models, enabling comprehensive simulations of cel-
lular structure, function, and behavior."* In doing so, they provide
an unprecedented platform for reconstructing and manipulating life
and open transformative opportunities for intelligent oncology. The
core technical framework, data foundations, and key potential ap-
plication areas of virtual cells in intelligent oncology are illustrated
in Figure 1.

The value of virtual cells lies in their ability to integrate multi-
scale modeling, Al, and multi-modal data, thereby reconstructing
cellular dynamics and environmental interactions.>® Multi-scale
models can span molecular, cellular, and tissue levels to capture the
complexity of tumor evolution; AI enables advances in protein
structure prediction, signaling pathway modeling, and drug response
simulation; and the integration of spatial omics with imaging data
allows virtual cells to operate within the tumor microenvironment.”
Recent advances further expand this paradigm through human-in-
terpretable modeling frameworks, such as a cell behavior hypothesis
grammar,® which translates plain-language biological rules into ex-
ecutable agent-based models. This both democratizes the construc-
tion of virtual cell laboratories and enables in silico experiments
linking omics-informed hypotheses to mechanistic simulations of
tumor-immune dynamics and developmental processes. Compared
with conventional experiments, virtual cells offer unparalleled effi-
ciency, reproducibility, and scalability, making them particularly
suited to addressing the complexity and dynamic challenges inherent
in cancer research.
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In the field of intelligent oncology, the potential applications of
virtual cells are rapidly emerging:

1. Reconstructing spatiotemporal dynamics in pathology. Conventional
pathology relies on static tissue sections, which are unable to capture
the continuous process of tumor initiation, tumor progression, and
therapeutic responses. Virtual cells can integrate omics and imaging
data from multiple time points to reconstruct the dynamic trajectories
of tumor cell populations.”'® For instance, by simulating metabolic
reprogramming under hypoxic conditions, scientists can model tumor
progression in silico, offering new insights for early intervention.

2. Unraveling the complexity of the tumor microenvironment. Tumor
cells do not exist in isolation; they interact with immune cells, fi-
broblasts, and vascular systems. Virtual cells provide a systems-level
approach to studying these interactions.® They can predict the im-
pact of signaling pathway perturbations on immune infiltration and
simulate the systemic effects of radiotherapy or immunotherapy,
thus supporting the design of individualized therapeutic strategies.

3. Accelerating research on drug response and resistance. Traditional la-
boratory drug testing is time-consuming and costly, whereas Al-driven
virtual models generate high-probability hypotheses that are then
tested in high-throughput automated labs. This closed-loop cycle of in
silico prediction followed by experimental validation is dramatically
accelerating the pace of cancer drug discovery.'' By integrating spatial
transcriptomics with virtual cell modeling, scientists can forecast drug
sensitivities among tumor subpopulations at the individual cell level,
thereby optimizing precision medicine strategies.

4. Simulating the dynamic processes of individual cells. By integrating
multi-modal and multi-timepoint datasets, they can reconstruct
cellular trajectories under exogenous drugs, endogenous genetic
mutations, or microenvironmental perturbations and predict con-
tinuous state transitions as well as latent intermediate states. This
enables scientists to explore how tumor cells enter dormancy under
stress, acquire drug resistance through signaling network rewiring,
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Figure 1. Conceptual framework and potential application scenarios of virtual cells in intelligent oncology.

This Figure was created in BioRender.com.

or migrate and evolve across ecological niches.' Importantly, virtual
cells can link molecular mechanisms to phenotypic outcomes, which
can help scientists identify the causes of cancer cell behavior and
lead to the development of new approaches to therapeutic target
discovery and cancer treatments.

Virtual cells are poised to play a critical role in intelligent oncology.
The integration of real-time imaging and spatiotemporal pathomics will
enhance the fidelity of tumor dynamics modeling. Efforts to establish
universal virtual cell models may become a milestone comparable to the
Human Genome Atlas Project. Interdisciplinary collaboration and open-
source initiatives will accelerate global progress in this field. Virtual cells
are driving oncology toward a truly data-driven and computational era.
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