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Opportunities and Challenges

High-resolution, multi-dimensional in situ characterization of molecules
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● Spatial context of:
○ Molecules in cell
○ Cells in tissue

● Cell-cell interaction

● Spatial signatures as 
disease biomarkers

CODEX image of a head-and-neck cancer sample



Opportunities and Challenges

High-resolution, multi-dimensional in situ characterization of molecules
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● Data volume

● Convoluted data analysis 
pipeline

● Complex spatial relations 
between cells

● Difficulties in data 
integration

● Spatially aware analytical 
tools CODEX image of a head-and-neck cancer sample



Data modalities
● Transcriptomics

○ Visium, Visium HD, Xenium (10x)
○ MERSCOPE (Vizgen)
○ Stereo-seq (BGI)
○ GeoMx, CoxMx (NanoString/Bruker)
○ Slide-seq, Slide-tag, HDST, Spatial-ATAC-seq, etc.

● Proteomics
○ PhenoCycler/CODEX (Akoya)
○ Hyperion/IMC (Standard Biotools)
○ MIBIscope (Ionpath)

Source: https://www.csnk2a1foundation.org/science-snapshot-the-central-dogma-dna-rna-protein
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Data modalities

Park, Jiwoon, et al. "Spatial omics technologies at multimodal and single cell/subcellular level." Genome biology 23.1 (2022): 256.
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● Targeted versus untargeted (transcriptome-wide)
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Bressan, Dario, Giorgia Battistoni, and Gregory J. Hannon. "The dawn of spatial omics." Science 381.6657 (2023): eabq4964.

Imaging-based (targeted) acquisition



Sequencing-based (full-transcriptome) acquisition
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Resolution and Plex

Carstens, Julienne L., et al. "Spatial 
multiplexing and omics." Nature Reviews 
Methods Primers 4.1 (2024): 54.
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55 μm

2 or 8 μm
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30 nm

100 nm



Data analysis

10Bressan, Dario, Giorgia Battistoni, and Gregory J. Hannon. "The dawn of spatial 
omics." Science 381.6657 (2023): eabq4964.

● Goals: identify spatial 
entities of interest from the 
data



Segmentation
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● DeepCell / Mesmer (Greenwald et al., 2021)

● StarDist (Schmidt et al., 2018)

● Cellpose (Pachitariu & Stringer, 2024)

● Xenium’s cell segmentation

etc.

Accurate whole-cell segmentation needs 
membrane markers; many applications use 
watershed / dilated nucleus segmentation 
instead => spill-over issues 



Cell Type 
Annotation
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● Gating on lineage markers

● Unsupervised clustering via 
Leiden (Traag et al., 2019) or 
Louvain (Blondel et al., 2008) 
community detection

● Reference mapping via 
machine learning tools: 
CellTypist (Conde et al., 2022), 
CellHint (Xu et al., 2023)

● Direction prediction via 
machine learning: MAPS 
(Shaban et al. 2024) 

● Ask GPT (Hou and Ji, 2024)



13Zhang, Weiruo, et al. "Identification of cell types in multiplexed in situ images by combining protein expression and spatial information using 
CELESTA." Nature methods 19.6 (2022): 759-769.

CELESTA: Iterative refinement of cell type annotations based on protein 
expression and spatial information



NIMBUS: classification of cellular expression in multiplexed imaging

14
Rumberger, Josef Lorenz, et al. "Automated classification of cellular expression in multiplexed imaging data with Nimbus." Nature Methods (2025): 1-10.
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Based on cell types
● Cellular Neighborhood (Schürch et al., 2020)
● CytoCommunity (Hu et al., 2023)
● scNiches (Qian et al., 2025)

Based on biomarker expression: single-cell, 
smoothed, covariance
● UTAG (Kim et al., 2022)
● SpiceMix (Chidester et al., 2023)
● CellCharter (Varrone et al., 2024)
● SCGP (Wu et al., 2024)
● stDyer (Xu et al., 2025)

With addition of morphology:
● SpaGCN (Hu et al., 2021)
● stLearn (Pham et al., 2023)
● GIST (Ge et al., 2025)

Neighborhood Annotation
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Neighborhood Annotation

● To elucidate the 
structure and 
function of the 
organs

● To understand the 
heterogeneity of 
tumor 
microenvironment 
and tumor-immune 
interplay

Wu, Zhenqin, et al. "Discovery and generalization of tissue structures from spatial omics data." Cell Reports Methods 4.8 (2024).
Liu, Longqi, et al. "Spatiotemporal omics for biology and medicine." Cell 187.17 (2024): 4488-4519.



SpiceMix: joint modeling of cell identities, gene modules (metagenes), and 
spatial clusters
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Chidester, Benjamin, et al. "SPICEMIX enables 
integrative single-cell spatial modeling of cell 
identity." Nature genetics 55.1 (2023): 78-88.



18

Which neighborhood is relevant to a specific 
patient class? (tumor grades, prognosis, 
responders to therapy, etc.)

• Counts & proportions of cell types and/or 
different neighborhood classes

• Supervised modeling followed by feature 
interpretations

• Cell graph (Wang et al., 2022)
• SPACE-GM (Wu et al., 2022)
• SORBET (Shimonov et al., 2024)
• GNN (Ali et al., 2025)

⇔   Patient LabelsNeighborhood 
Annotation



SPACE-GM: Supervised Learning for Clinical Outcome Prediction
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Neighborhoods 
    ⇒ Embeddings
    ⇒ Clusters
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Clinical outcomes Disease-relevant clusters/microenvironments

Wu, Zhenqin, et al. "Graph deep learning for the characterization of tumour microenvironments from spatial protein profiles in tissue specimens." Nature Biomedical 
Engineering 6.12 (2022): 1435-1448.

SPACE-GM: Supervised Learning for Clinical Outcome Prediction



Spatial multi-omics
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Kiessling, Paul, and Christoph Kuppe. "Spatial multi-omics: novel tools to study the complexity of cardiovascular diseases." Genome medicine 16.1 (2024): 14.

Key challenges:
● Modality translation: H&E to 

spatial omics, H&E to cell 
type, etc.

● Data integration
● Joint analysis to reveal 

multi-omics insights
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He, Bryan, et al. "Integrating spatial gene expression and breast tumour morphology via deep learning." Nature biomedical engineering 4.8 (2020): 827-834.

Predict gene expression with histopathology images



iScale: Scaling up spatial transcriptomics with H&E

23Schroeder, Amelia, et al. "Scaling up spatial transcriptomics for large-sized tissues: uncovering cellular-level tissue architecture beyond conventional platforms with iSCALE." 
Nature methods (2025): 1-12.



ROSIE: in silico multiplexed immunofluorescence staining
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Wu, Eric, et al. "ROSIE: AI generation of multiplex immunofluorescence staining from histopathology images." Nature Communications 16.1 (2025): 7633.
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Chen, Shuxiao, et al. "Integration of spatial and single-cell data across modalities with weakly linked features." Nature Biotechnology 42.7 (2024): 1096-1106.

MaxFuse: cross-modal integration of spatial and single-cell omics data



CORAL: integrating spatial modalities with varying resolutions

26He, Siyu, et al. "Learning single-cell spatial context through integrated spatial 
multiomics with CORAL." bioRxiv (2025): 2025-02.



ST (Visium)

MIF (CODEX)

27Wu, Zhenqin, et al. "Spatial multi-omics and deep learning reveal fingerprints of immunotherapy 
response and resistance in hepatocellular carcinoma." bioRxiv (2025): 2025-06.

Biological Discoveries enabled by Spatial Multi-omics
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Biological Discoveries enabled by Spatial Multi-omics

● Discovery of Exposed LA 
(responders) and Interfaced LA 
(non-responders)
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(4th column, ST: Lymphocyte activation): T Cell Activation 
Involved In Immune Response (GO:0002286)
(5th column, ST: Fibrotic ECM): COL1A1, COL3A1, COL4A1, 
COL6A1, DCN, ELN, FBLN5, LUM, SPARC, THBS1, etc.



Foundation models for spatial omics
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Liu, Xiangrui, et al. "Biomedical foundation model: A survey." arXiv preprint arXiv:2503.02104 (2025).



Nicheformer: cell-based foundation model for single-cell and spatial omics

Cells are represented by rank-ordered genes, pre-trained via masked gene reconstruction.

Downstream tasks:
● Cell type / composition / niche label predictions
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Tejada-Lapuerta, Alejandro, et al. "Nicheformer: a foundation model for single-cell and spatial omics." Nature methods (2025): 1-14.



scGPT-spatial: Continual pretraining of a single-cell foundation model

Cells are represented by gene tokens + binned expression, pre-trained via reconstructing 
self-expression & neighbor-expression
Downstream tasks:
● Missing gene imputation
● Cell type / composition / niche label predictions
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Wang, Chloe, et al. "scGPT-spatial: Continual pretraining of single-cell foundation model for spatial transcriptomics." bioRxiv (2025): 2025-02.



VirTues: Masked autoencoder for MIF
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Wenckstern, Johann, et al. "AI-powered virtual tissues from spatial proteomics for clinical diagnostics and biomedical discovery." arXiv preprint arXiv:2501.06039 (2025).

Downstream tasks:
● Cell type / composition / niche 

label predictions
● Clinical diagnostics
● Zero-shot retrieval of patients



KRONOS: Foundation model (DINOv2) for spatial proteomics

34Shaban, Muhammad, et al. "A Foundation Model for Spatial 
Proteomics." arXiv preprint arXiv:2506.03373 (2025).

Downstream tasks:
● Cell type  / niche label predictions, unsupervised 

spatial clustering
● Quality control
● Clinical diagnostics / prognostics
● Zero-shot retrieval of cells / patch images



LLM-powered data analytics

35
Yang, Tiantian, et al. "The rise and potential opportunities of large language model agents in bioinformatics and biomedicine." Briefings in Bioinformatics 26.6 (2025): bbaf601.



Cell typing with Large Language Models

36
Hou, Wenpin, and Zhicheng Ji. "Assessing GPT-4 for cell type annotation in single-cell RNA-seq analysis." Nature methods 21.8 (2024): 1462-1465.
Levine, Daniel, et al. "Cell2Sentence: teaching large language models the language of biology." BioRxiv (2024): 2023-09.
Schaefer, Moritz, et al. "Multimodal learning of transcriptomes and text enables interactive single-cell RNA-seq data exploration with natural-language chats." bioRxiv (2024): 2024-10.
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Agents enabled 
automated:
● Biomarker panel 

design

● Cell type / niche 
annotation

● Proposing new 
hypotheses for 
cell-cell interactions

SpatialAgent: autonomous AI agent for spatial biology

Wang, Hanchen, et al. "SpatialAgent: An 
autonomous AI agent for spatial biology." bioRxiv 
(2025): 2025-04.
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OmicsNavigator: in-depth annotation and exploration of spatial omics data
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OmicsNavigator: in-depth annotation and exploration of spatial omics data

Yiyao, Li, et al. "OmicsNavigator: an LLM-driven multi-agent system for autonomous zero-shot biological analysis in spatial omics." bioRxiv (2025): 2025-07.



Looking ahead

● Multi-modal integrative analysis: beyond cell / niche annotations

● 3D extension via deep learning, 3D analytics of spatial biology

● Longitudinal modeling of spatial biology

● In-depth use of foundation models for biological discovery

● Automated insight discovery via agentic systems
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