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Realization of cellomics to dive into the
whole-body or whole-organ cell cloud
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Tissues, organs and organ systems are
composed of interacting cells (the cellome).
We discuss the emergence of an omics
approach that we refer to as cellomics. It
enables cellome-wide analysis in whole-organ
or whole-body specimens, based on advanced
three-dimensional imaging and image analysis
technology. We think that cellomics will pave
the way for the incorporation of cellular,
intercellular and spatial information across
millions of cellsin our body.

Since Robert Hooke’s discovery of cells in cork, biological research
hasfocused ontheidea thatliving organisms are composed of cells as
their primary unit of tissues and organs. Cellular networks consist of
tissues, organs and organ systems, with homeostatic maintenance and
disease traits attributed to multicellular systems and their constituents.
To encompass spatial information onall cells in multicellular systems,
adistinct -ome representation, called the cellome, is desirable. This
Comment introduces the concept, methods and applications of cel-
lomics, an omics workflow for analyzing the cellome.

Concept and workflow of cellomics

We defined cellomics as a part of omics technology, as it targets the
cellome — the entirety of cells in an organ or body. Established omics
approaches, such as genomics, examine the entire genome at the level
of its discrete units (in the case of genomics, individual nucleotides).
Similarly, cellomics investigates the entire cellome at the level of indi-
vidual cells to link information on a specific trait to the cellular and
intercellularinformation (Figs.1aand2a), which has already been prac-
ticed in Caenorhabditis elegans'. The cellome unit can be represented
aseach cell coordinate (the centroid of the cellbody or nucleus) in the
microscopy image covering a whole organ or abody. The coordinates
may be associated with molecular information such as cell type, activ-
ity marker, protein expression (for example, of neuronal or immune
cell type-related molecules, neuronal c-Fos, proliferation, cell death,
inflammation or senescence-related molecules). In molecular-level
omics suchas proteomics or transcriptomics, the primary units (protein
or RNA molecules) are perceived as discrete (that is, segmented and
defined), but various modifications, such as phosphorylation, acetyla-
tionand methylation, make it clear that not all modified protein or RNA
molecules are fully known. In this regard, cellomics also follows the
principle of established omicsinthat cells are discrete entities, yet their
properties are not fully known (for example, the definition of cell type).

We also propose cellomics as an approach to analyzing spatial con-
textinformation, such as cell position, morphology, number, density,
distributions and cell-to-cellinteractions, across an organ or body. This
approach differs from conventional omics technologies that focus on
molecular contents within cells (Fig. 1b). Cellomics comprehensively
analyzes spatial context information with adequate speed and cov-
erage, focusing on minimal molecular content information. In this
context, we view cellomics as a counterpart to single-cell sequencing
technology, which is dedicated to the rapid and thorough analysis of
molecular contents. While recent developments in spatial transcrip-
tomics® have expanded molecular-targeting omics to include spatial
context information, current spatial omics (for example, Visium) are
based on processes for limited area of 2D sections (they collect molecu-
larinformation with limited spatialinformation) and, as atrade-off, can-
not cover the whole cellome across the three-dimensional (3D) organ.
We assume that cellomics is used for population-level studies, whichis
in contrast to some current spatial omics projects covering a volume
of asingle sample at large cost (for example, MERFISH or Visium for a
mouse brain hemisphere). Because of such complementary features,
we believe that the significance of cellomics will increase as aresult of
the trend toward integrating the omics axes.

A standard omics workflow involves high-throughput collection
and analysis of unit information, preparation and maintenance of
reference data, and visualization and sharing of data. We illustrate
corresponding cellomics procedures (Fig. 1c). Cells are labeled using
genetic and histological techniques based on cell type or activity
marker gene expression, or cell-to-cell interaction. Optical microscopy
isused for datacollection, with amicrometer-to-submicrometer reso-
lution suitable for detecting cell-size objects. The position of labeled
cells is calculated and aligned with reference data for multisample
comparison. The analyzed data can be shared by integrating theminto
asingle-cell-resolution cellome reference database.

Rapid imaging with sufficient resolution is crucial for collecting
whole-cellome data. Light-sheet microscopy in combination with tis-
sue clearing technologies canimage an entire organ’s cellomeinafew
hours®. Serial sectioning tomography systems, which combine physical
serial sectioning with line-scan or spinning disc confocal microscopy,
can achieve high speed and resolution*’. Nevertheless, limitations in
axialresolution pose a challenge, particularly in regions with high cell
densities. Combining light-sheet microscopy with expansion micros-
copy could be apromising approach, achieving a practical axial resolu-
tion of -5 pm. The detection of cellular nucleiin the granule cell layer
of the cerebellum with sufficient accuracy has been demonstrated
using this approach®®. This technical specification supports precise
cell detection in most organs, as most have cell densities similar to or
less than that of the cerebellum. Efforts to form thinner light sheets for
illumination, along with the combination with expansion microscopy
protocols, push axial resolutions close to around 3 pum (refs. 7-9).
This axial resolution could potentially approach or even surpass the
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resolutions required for imaging exceptionally dense organs such as
lymph nodes, which have two to four times the cell density of the cer-
ebellar granule cell layer'®". We anticipate that these next-generation
3Dimaging technologies, which will have satisfactory imaging speed
andresolution, willmeet the requirement for omics-scale multisample
dataacquisition.

For subsequent data analysis, cellomics requires whole-organ
or whole-body image processing, wherein cell positions are com-
putationally digitized and aligned to corresponding cell coordi-
nates in a whole-cellome reference (reference representing all cell
coordinates within a specific organ or body) at both the global (the
organ shape) and local (each cell coordinate) level. We see this pro-
cess as analogous to genome-wide sequence data analysis with the
corresponding reference genome, at both the global (the whole
genome) and the local (the single base) levels'™. The cell coordinate
calculation (cell digitization) also requires substantial throughput
to handle the entire cellome. Methods employing filter processing
and point detection are fast and scalable®, but may be less adept at
intricate cell shapes. Learning-based algorithms are more versatile in
detecting diverse cell morphologies, although they can be prone to
overfitting and require extensive training”. Despite these challenges,
recent software tool developments have advanced cell digitization,
propelling cellomics forward.

Multisample comparison in cellomics can be achieved using
image-based anatomical references with volumetric boundaries™
or cellome references composed of cell coordinates®. The CUBIC
single-cell resolution atlas (CUBIC-Atlas) for the whole mouse brain
was an initial attempt to create the latter reference®. Digitized cell
coordinates in the sample data are mapped to the CUBIC-Atlas
globally (the step to register and align the entire organ image onto
the reference image) and locally (the step to match each cell coor-
dinate in the sample with a corresponding reference cell). This
single-cell-resolution atlas has enabled the identification of cellular
subgroups independent of human-defined anatomical regions®.
This type of atlas, together with associated software, can also offer
adatabase feature, allowing researchersto transfer and incorporate
individual collected cellular information on cell type, cell activity and
cell-to-cell interactions into the single-cell-resolution white map®,
a blank 3D point cloud that initially contains only coordinates of
all cells without any annotations and can accommodate additional
informationrelated to each cell. We consider this function analogous
to a whole-genome database such as the UCSC genome browser
(https://genome.ucsc.edu/). Such databases integrate and distribute
data among the research community to facilitate sharing, viewing,
reanalysis and mining of the data collected by the corresponding
omics scheme.

Applications of cellomics in large-scale comparative
studies

Weforesee cellomics across an organ or abody enabling cellome-wide
comparison and classification from various samples, eventu-
ally at a population scale (Fig. 2a). Here we consider examples for
population-level cellome analysis in drug response’* ¢, 3D pathology"
and cross-species comparative studies.

Integrating a drug-phenotype correlation panel (a collection
of phenotypes induced by each drug) and a cellome-drug correla-
tion panel (a collection of cell groups reacting to a specific drug
administration; that is, a drug response cellome) from multiple
drug administration experiments could yield information about
amutual cell population involved in the expression of a specific
phenotype (a drug phenotype-specific cellome) (Fig. 2b). When
conducting this type of study at a population scale, cellomics can
support data-driven drug discovery to predict the drug’s main and
side effects and add biological meaning to the induced phenotype.
The cellomics-based sensitive drug evaluation might be particularly
helpful to select a more promising drug development pipeline dur-
ing preclinical stages.

Indigital pathology, the utility of 3D pathology in Al-based diagno-
sishasbeeninvestigated”’. We also anticipate a future population-scale
approach incorporating cellomics in pathology. This data-driven
pathology can potentially contribute to revealing the association
between a particular disease phenotype (for example, symptom and
stage) and a particular cell group by integrating a patient-phenotype
panel and a cellome-patient panel (Fig. 2c). This approach should
be particularly beneficial for identifying cells and their functional
alterations that lead to refractory diseases, such as neuropsychiatric
and systemic autoimmune disorders. The cellomics pathology may
thus provide evidence for developing new therapeutics that target
disease-related cell populations.

Comparative genomics is a field of study that compares the
genomic sequences of various species, supporting the discovery
of evolutionarily relevant genes in the primate brain, for instance”..
Similarly, comparative cellomics could be used to investigate cells
and cell circuits that diverged during evolution in various species. In
contrast to molecular networks, the structure and function of multi-
cellular networks can directly implement mechanisms of organ-and
organism-level phenotypes, such as sensing and cognition processes
in the brain. As in the preceding examples, combining the species-
phenotype and cellome-species panels facilitates population-scale
cellomics. This approach can lead to the discovery of evolutionary
associations between interspecies differences in a specific biologi-
cal function and a unique multicellular circuit represented in the
cellome (Fig. 2d).

Fig.1| The concept and possible workflow of cellomics. a, Conceptual

analogies of genomics and cellomics. Both omics approaches examine omics-
scaleinformation at the unit level (single base or single cell). They can identify

the relationship between the characteristics of omics units (such as a single-base
mutation or single-cell functional change) and a particular trait (such as a disease
phenotype) when the omics-scale data are obtained from a large-scale population.
b, Left: agraphical representation of the biological information contained within
tissues and organs. Biological systems include both spatial contexts and molecular
contents. Cellomics targets the former information while established omics focus
primarily on the latter category of information. Right: a diagram depicting two
axes of biological information and their respective omics approaches. ¢, A possible

cellomics workflow. Cell labeling using genetic and histological methods enables
the visualization of specific cells. Next-generation 3D imaging (NGI) enables data
collection from entire specimens with single-cell resolution. High-throughput
serial sectioning and advanced light-sheet fluorescence microscopy with clearing
and expansion microscopy techniques meet this requirement. Cell digitization
isthe process of converting image datainto a 3D point cloud representing

the coordinates of each cell, viaimage segmentation using filters or machine
learning. Point-to-point cell mapping entails the registration and alignment of the
entire organ image onto areference, followed by the transfer of the sample cell
characteristics (for example, genetically or histologically labeled cell type, cell
activity and cell-to-cellinteractions) to the corresponding reference cell.
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Fig. 2| Application of cellomics. a, Various forms of information associated
with cellomics data and their usage in alarge-scale cellomics study. Cellomics
enables the addition or deciphering of cellular and intercellular information to
and from the cell coordinates across the specimen’s space. Cell type and activity
cantypically be visualized by a marker gene or protein expression. Cell activity
markers include moleculesinvolved in activation, proliferation, inflammation,
stress or cellular senescence. Spatial cell-to-cell interactions range from direct
contact (for example, synaptic connections or cell-cell adhesion) and ligand-
receptor binding to signaling via secreted proteins. Cellomics can be expanded
to population-scale samples to compare and classify the cellome-associated
information. b, A cellomics application in drug discovery and development.
Agroup of systemic phenotypes for each drug administration formadrug-
phenotype correlation panel. A drug-cell response correlation panelis created
by combining various drug classes with whole-organ cell populations that react
to various drugs (the drug-related cellome), each labeled with a cell activity
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marker. Combining these correlation panels from various drug administration
studies can reveal a set of cell profiles associated with a particular phenotype.

¢, A cellomics applicationin 3D pathology. Each patient’s phenotypes (for
example, symptoms and stage) are gathered to create a patient-phenotype
correlation panel. The cell populations of each patient marked by disease-related
molecules, such asinflammation or cell death markers, are combined to create a
patient-disease cell correlation panel. Anintegrated panel can offer phenotype-
associated cell profiles for a particular disease symptom and progression

stage. d, A cellomics applicationin a cross-species comparative study. A group
of phenotypes from each species assembles to form a species-phenotype
correlation panel. Gathering cellomes from various species (species-associated
cellomes) produces a cross-species cellome correlation panel. Phenotype-
associated cell profiles that express interspecies consistency or variation
regarding a particular physiological function and its relevance to the cellome can
be created by putting these correlation panels together.

Current limitations of cellomics

Cellomics has allowed comprehensive comparisons of whole organs
across multiple specimens. Yet cell populations such asimmune cells
and cancer cells may not have a standardized place in a cellome refer-
ence. However, alterations in the distribution of these cells within a
particular organs, where a cellome atlas can be defined, are compara-
blein the same global space. This comparability is made possible by
cellome-wide data analysis, which involves sequential registrations
and alignments at two distinct scales: locally, at the coordinate level
of each cell; and globally, at the anatomical structure level of the

organ. The primary objective of global alignment is to minimize the
computational workload. Nevertheless, the application of global
alignment enables quantitative comparisons of cells that do not pos-
sess fixed positions, including cancer and immune cells, across dif-
ferent specimens. Despite the difficulties associated with achieving
aprecise local alignment of these cells in the coordinate system of an
organ (thatis, cellome atlas), itis possible to align these cell popula-
tionsonaglobal scale and compare them across samples. Thisis due
to discernible variations in cell populations within a given organ,
enabling quantitative assessments of sample cellomes from normal
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and diseased organs. Invertebrates, however, the variation in cell posi-
tionand type betweenindividuals and species is an obvious obstacle
when considering amore precise cell-to-cell comparison. Therefore,
practical cell-to-cell alignment methods that take variability into
account should be pursued®”’. Examples include the use of global
optimization approaches, in which the spatial coordinate informa-
tion and molecular expression profile of each cell are integrated as
Bayesian probability distributions. The objective is to minimize the
cost function, which evaluates the discrepancies or differences in
cell alignment, as exemplified by studies on C. elegans®. Variability
can arise from biological diversity but also from a lack of technical
reproducibility. A standardized platform is needed for source data,
code, userinstructions, parameter values and methods for datacom-
patibility and software reproducibility evaluation®.

How cellomics could be applied to soft organs (for example, intes-
tine) or multicellular samples (for example, organoids) without a fixed
atlas is another potential issue. A possible solution is to extend the
scheme to the atlas-free approach by extracting multidimensional
data on cellular spatial distribution features. This strategy facilitates
cellome-based multisample clustering by using hidden patternsin 3D
cell distribution, similarly to dimension reduction methodsin single-cell
transcriptomics. While this approach can even be adapted to a limited
tissuearea, careful consideration of the observation volume (thatis, the
coverage size of the cellome) to accurately reflect each sample’s unique
spatial characteristics and variance would be required. In particular, for
heterogeneous samples such as tumor masses or organoids, analyzing
the entiresampleis crucial for standardized comparison. However, the
large 3D point clouds from cellome-scale coordinates may be more com-
plicated to interpret than a simple 1D analysis of DNA, RNA or protein
sequences. Point cloud informatics can decipher these intricate pat-
ternsand extract feature information effectively?. The field is currently
focused on point clouds on object surfaces in engineering, while the
future holds the promise of expanded interdisciplinary collaborations.
Cellomics may drive the development of new computational tools as
research into mammalian cellomes advances.

Conclusion and perspective

We envision cellomics to resolve spatial context information from
organ- or body-scale single-cell resolution data. We believe that this
new omics has the potential to serve researchers examining the 100
million cells in the mouse brain?, 200 billion cells in the human brain
and 30 trillion cells in the human body as an integrated platform of
spatial context information. The platform aspires to eventually support
the integration of molecular content information from all cells in an
organ and a body, potentially using large-scale resources such as the
Human Cell Atlas*. Population-scale cellomics studies could assist in
spatially exploring important cells in physiological and pathological
conditions, potentially enabling broader investigations. The number
ofanalyzed moleculesis a current limitation; this limitation would be
partially overcome by the application of multiplexing technologies®*.
We expect cellomics to substantially impact numerous biomedical
disciplines, similarly to other established omics.
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