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Fig. S1. Benchmarking results on gene-evel tasks. a, Classification of tissue-specific genes. b,
Classification of GO terms.



Heatmap of Attention Difference for BHLHE40
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Fig. S2. Visualization of attention difference (Perturbed - Control) from 50 target genes and 50 non-

.
.

target genes to BHLHE40 using a heatmap (a) and violin plots (b). The significance level was set as

*** p <0.001; **, 0.001 < p <0.01; %, 0.01 <p <0.05; ns, p>0.05.
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Fig. S3. UMAP visualization of batch integration results on the Pancreas dataset colored by batch
labels.
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Fig. S4. UMAP visualization of batch integration results on the Pancreas dataset colored by cell types.
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Fig. S5. UMAP visualization of batch integration results on the Immune (human) dataset colored by
batch labels.
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Fig. S6. UMAP visualization of batch integration results on the Immune (human) dataset colored by
cell types.
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Fig. S7. UMAP visualization of batch integration results on the HLCA (core) dataset colored by batch
labels.
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Fig. S8. UMAP visualization of batch integration results on the HLCA (core) dataset colored by cell
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Fig. S9. UMAP visualization of batch integration results on the Tabula Sapiens dataset colored by

batch labels.



Tabula Sapiens

HVG

Cell type

capillary endothelial cell
@ cardiac endothelial cell
@cardiac muscle cell
@ cd141-positive myeloid dendritic cell
@ cdlc-positive myeloid dendritic cell
@cda-positive helper t cell
@ cd4-positive, alpha-beta memory t cell
@cd4-positive, alpha-beta t cell
@cd8-positive, alpha-beta cytokine secreting effector t cell
@ cd8-positive, alpha-beta cytotoxic t cell
@cds-positive, alpha-beta memory t cell
@cds-positive, alpha-beta t cell
@ cell of skeletal muscle
@ciliated cell
@ciliated epithelial cell
@classical monocyte
@club cell

‘common myeloid progenitor
@ conjunctival epithelial cell

scVI

@ immature natural killer cell
@ innate lymphoid cell
@intermediate monocyte
@ intestinal crypt stem cell
(intestinal crypt stem cell of large intestine
@ intestinal crypt stem cell of small intestine
@ intestinal enteroendocrine cell
@intestinal tuft cell
@ intrahepatic cholangiocyte
@ ionocyte
keratinocyte
@ keratocyte

@«idney epithelial cell UMAP2

@ langerhans cell

@large intestine goblet cell

@ leukocyte

@ liver dendritic cell

@!uminal cell of prostate epithelium

@ luminal epithelial cell of mammary gland

LangCell

Fig. S10. UMAP visualization of batch integration results on the Tabula Sapiens dataset colored by
cell types.

10



AIDA v2

HVG scVI LangCell

Harmony Geneformer UCE

- -

Seurat scGPT scFoundation

Batch
IN_NIB_H019 SG_HEL_H419  @TH_MAH_H020  @IN_NIB_HO37  @®SG_HEL_H500  @TH_MAH_H038
@IN_NIB_H020 ~ @SG_HEL_H425  @TH_MAH_HO021 @IN_NIB_HO38  @SG_HEL H501 @ TH_MAH_H039 scCello

@IN_NIB_H021  @SG_HEL_H427  @TH_MAH_H022 @IN_NIB_H039  @SG_HEL_H504  @TH_MAH_H040
@IN_NIB_H022 ©SG_HEL_H431  @TH_MAH_HO23  @IN_NIB_H040 @ TH_MAH_HO001 TH_MAH_H041
@IN_NIB_H023 SG_HEL_H433 @ TH_MAH_H024  @IN_NIB_HO041 @ TH_MAH_H002 @ TH_MAH_H042
@IN_NIB_H024  @SG_HEL_H434  @TH_MAH_HO25 @IN_NIB_H042  @TH_MAH_H003  @TH_MAH_H043
@IN_NIB_H025  @SG_HEL_H435 @TH_MAH_H026 @IN_NIB_H043  @TH_MAH_H004  @TH_MAH_H044

IN_NIB_H026  @SG_HEL_H439 TH_MAH_H027  @IN_NIB_H044  @TH_MAH_HO005 @TH_MAH_H045
@IN_NIB_H027  @SG_HEL_H443  @TH_MAH_H028  @IN_NIB_H045  @TH_MAH_HO06 @TH_MAH_H046
@IN_NIB_H028 SG_HEL_H448 @TH_MAH_H029 1 IN_NIB_H046 @ TH_MAH_HO07  @TH_MAH_HO047

IN_NIB_H029 ~ @SG_HEL_H450  @TH_MAH_HO030 @ IN_NIB_HO47 @ TH_MAH_H008 TH_MAH_H048
@ IN_NIB_HO030 @®SG_HEL_H455  @TH_MAH_HO31  @IN_NIB_HO048 @® TH_MAH_H009  @TH_MAH_H049
@IN_NIB_HO31  @SG_HEL_H464  @TH_MAH_H032 @SG_HEL_H121 @TH_MAH_HO10 @TH_MAH_H050
@ IN_NIB_HO032 @SG_HEL_H469  @TH_MAH_HO033 SG_HEL_H262 @ TH_MAH_HO11 TH_MAH_HO51
@IN_NIB_HO33 ~ @SG_HEL_H483  @TH_MAH_HO034 @SG_HEL_H269 @TH_MAH_HO12  @TH_MAH_H052
@IN_NIB_HO034 SG_HEL_H486 TH_MAH_HO35 @SG_HEL_H325 & TH_MAH_HO13 @TH_MAH_H053
@ IN_NIB_HO35 @©SG_HEL_H489  @TH_MAH_HO36 @ SG_HEL_H363 @TH_MAH_HO014 @& TH_MAH_H054
@IN_NIB_HO36 ~ @SG_HEL_H491  @TH_MAH_HO037 @SG_HEL_H385 @TH_MAH_HO15 @TH_MAH_H055

UMAP1

Fig. S11. UMAP visualization of batch integration results on the AIDA v2 dataset colored by batch
labels.
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dataset provided by different models, colored by the shortest path to the target plasma cell based on the
cell ontology graph (DAG distance). The red circles refer to the plasma cells. The r score reported in
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each subplot is the plasma cell-specific Pearson correlation coefficient between its neighborhood
affinities defined in two graphs, where the first graph is derived from the provided embeddings, and
the other is the reference graph derived from performing random walk with restart on the text similarity-
weighted cell ontology graph (i.e., the scGraph-OntoRWR score).
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Fig. S23. Cell type annotation accuracy with different ratios of novel cell types on the HLCA
dataset (a), Tabula Sapiens dataset (b) and AIDA v2 dataset (c). Accuracy is reported at fixed False

Positive Rates (FPR) of 0.05, 0.1, and 0.2.
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Fig. S24. Analysis of task correlations. a, Heatmap of Spearman correlations between model rankings
across batch integration metrics and downstream tasks. b, Heatmap of Spearman correlations between
model rankings across cell type annotation scenarios.
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Fig. S25. Hyperparameter search for embedding-based OnClass models. Model performance under
different weight decay and learning rate on the HLCA dataset (a), Tabula Sapiens dataset (b), and AIDA

v2 dataset (c).
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Fig. S26. Illustration of the calculation of lowest common ancestor distance (LCAD). When the
ground truth label is plasmablast, the lowest common ancestor of plasma cell and ground truth is
antibody secreting cell, thus the LCAD is 1 (in earthy yellow). Similarly, the lowest common ancestor
of liver dendritic cell and ground truth is professional antigen presenting cell, thus the LCAD is 2 (in

purple).
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Fig. S27. An example of the calculation of roughness index (ROGI). (a) Data clustering with threshold
t ranging from O to 1. Each cluster is represented by a prototype, whose property is defined as the average
property of all data points within the cluster. (b) The weighted standard deviation o; of the property
distribution across all cluster prototypes captures the property dispersion at different threshold t. (c)
ROGI is measured as the area under the curve (AUC) of 2(0, — g;) versus t.
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