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Extended Data Fig. 3 | UNAGI identifies progressive heterogenous cell 
populations across COVID-19 stages. a, UMAP visualization of COVID-19 PBMC 
cells across various COVID-19 stages (Control, Stage 1: Asymptomatic or Mild, 
Stage 2: Moderate, Stage 3: Severe or Critical). Each point represents a cell, with 
the first column categorizing cells by type and the second column displaying 
Leiden cluster IDs. b, Gene dot plots of the canonical cell-type biomarkers 

associated with each of the identified cell types across four COVID-19 stages. The 
expression is normalized. c, Cell type composition chart of COVID-19 dataset. 
This chart provides a visual representation of changes in cell type composition 
throughout the progression of COVID-19, with different colors indicating specific 
cell types.
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Extended Data Fig. 4 | Benchmarking of running efficiency using the IPF 
dataset. a, Benchmarking of the peak memory (CPU) usage by different 
methods. The x-axis is the number of cells, and the y-axis is the peak memory 
usage of the method. b, Benchmarking of running time. The x-axis is the number 

of cells, the y-axis is the running time. The peak memory required to run scGNN 
exceeds the limits of our workstation (256GB RAM) when the number of cells 
surpasses 60,000. c, Benchmarking of inference time. The x-axis is the number of 
cells, the y-axis is the inference time.
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Extended Data Fig. 5 | Benchmarking of embedding quality against existing 
methods on the COVID-19 dataset. a, Adjusted Rand Index (ARI). b, Normalized 
Mutual Information (NMI). c, Cell type ASW. d, Isolated cell type F1 score.  
e, Isolated cell type ASW. f, Graph cLISI score. g, SCIB overall bio-conservation 
score. h, Silhouette score. i, Davis-Bouldin index (DBI); a lower DBI signifies 
better clustering. j, Label score. From left to right, the benchmarking methods 

are UNAGI, GraphSCC, scGEN, scGGAN, scGPT, Geneformer, scGNN, scVI, Seurat 
and SCANPY. The boxes represent the interquartile ranges (IQRs), and the solid 
lines indicate the medians. The whiskers extend to points within 1.5 IQRs of the 
lower and upper quartiles. The experiments in panels a-j run with different  
seeds (n = 10).

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-025-01423-7

Extended Data Fig. 6 | Ablation study to analyze the contribution of 
individual components to UNAGI’s performance. a, Adjusted Rand Index 
(ARI). b, Normalized Mutual Information (NMI). c, Cell type ASW. d, Isolated 
cell type F1 score. e, Isolated cell type ASW. f, Graph cLISI score. g, SCIB overall 
bio-conservation score. h, Silhouette score. i, Label score. j, Davis-Bouldin 
index (DBI); a lower DBI signifies better clustering. k, evaluates the similarity 
between original cells and generated cells. l, Benchmarking of the ability to 
identify disease markers. Boxplots illustrate the P-value resulting from the 
hypergeometric test of the overlap between proteomics markers and identified 

disease markers. m, Benchmarking of the ability to identify disease-associated 
pathways. The experiments in panels a-m run with different seeds (n = 10). The 
bar plots show the –log10(FDR) of the significance of each identified pathway. 
The boxes in a-l represent the interquartile ranges (IQRs), and the solid lines 
indicate the medians. The whiskers extend to points within 1.5 IQRs of the lower 
and upper quartiles. The error bars in m represent standard deviation (SD) and 
data are presented as mean values +/− SD. We applied one-sided hypergeometry 
test and FDR correction using the BH procedure in panels l and m.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-025-01423-7

Extended Data Fig. 7 | Ablation studies show the contribution of individual 
components to the embedding quality using the COVID-19 dataset.  
a, Adjusted Rand Index (ARI). b, Normalized Mutual Information (NMI). c, Cell 
type ASW. d, Isolated cell type F1 score. e, Isolated cell type ASW. f, Graph cLISI 
score. g, SCIB overall bio-conservation score. h, Silhouette score. i, Davis-Bouldin 
index (DBI); a lower DBI signifies better clustering. j, Label score; k, evaluates 
the similarity between original cells and generated cells. From left to right, the 

ablation models are UNAGI, UNAGI without GAN and GCN component, UNAGI 
without GCN layers, UNAGI without the GAN module, UNAGI with the ZINB 
distribution, and Train UNAGI directly to the convergency without applying the 
iterative training strategy. The experiments in panels a-k run with different seeds 
(n = 10). The boxes in panels a-l represent the interquartile ranges (IQRs), and the 
solid lines indicate the medians. The whiskers extend to points within 1.5 IQRs of 
the lower and upper quartiles.
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