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Supplementary Information

Dataset pre-processing

All the datasets analyzed in the manuscript can be easily accessed with the Squidpy API. The
following code will trigger the download of pre-processed datasets from the figshare repository.
For example, to download the seqFISH dataset:

adata = sq.datasets.seqfish()

Otherwise, to download both Anndata and large tissue image of the HE mouse brain dataset
from 10X genomics:

adata = sq.datasets.visium_hne_adata()
img = sqg.datasets.visium_hne_image()

The datasets were obtained from original publications/resources and a very minor
processing/filtering has been performed before being included in Squidpy. Specifically, for each
dataset, we performed the following processing:

- 10X Genomics Visium data: data was downloaded from

https://www.10xgenomics.com/resources/ datasets. Normalization and filtering was performed
with standard Scanpy analysis tools’. Clustering was performed with the leiden algorithm?and
cell-type was annotation by qualitatively assessing cluster similarity with the Allen Brain Atlas
portal https://portal.brain-map.org/.

- seqFISH data®: no additional processing was performed.

- Imaging Mass Cytometry*: no additional processing was performed.

- MERFISH®: no additional processing was performed.

- MIBI-TOF®: 3 tissue samples were selected from the interactive image viewer at https:/
mibi-share.ionpath.com/tracker/login/. Features across these 3 samples were
standardized with Scanpy and batch-corrected with Scanorama’. Segmentation masks
were downloaded from Zenodo and saved in the same AnnData object:
https://zenodo.org/record/3951613/export/ hx#.YL4q9jYzY 7w

- SlideseqV2® original raw data were downloaded from https://singlecell.broadinstitute.
org/single_cell. Standard Scanpy processing pipeline was performed (filtering,
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normalization and highly variable genes selection). Cell type annotation and
deconvolution results were kindly provided by the original authors.

Squidpy neighborhood analysis application to MERFISH and seqFISH.

In Figure 2b we applied Squidpy neighborhood enrichment analysis tool (1000 permutations, see
online methods) between cell clusters in spatial coordinates (spatial graph built with Delaunay
triangulation method). Qualitative differences between analyses could arise due to the number of
permutations employed (ours: 1000 permutations, original authors: 500 permutations) and
construction of spatial graphs (ours: Delaunay triangulation, original authors: custom method
leveraging segmentation masks). The neighborhood enrichment score retrieves interactions for
annotations both clustered ("lateral plate mesoderm" with "Allantois" and "Intermediate
mesoderm" but also dispersed ("Haemathoendothelial progenitors" and "Endothelium") across
the tissue area.

In Figure 2e we applied Squidpy neighborhood enrichment analysis tool (1k permutations, see
online methods) of the MERFISH dataset in 3D (spatial graph built with the kKNN method).
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Supplementary Figure 1. Benchmarking resources for Squidpy analysis modules.

Benchmarks (a), (b), (f) were run on a 2,4 GHz Intel Core i5 processor with 8 cores and 16 GB RAM.
Benchmarks (c) and (d) were run on a Centos 8 server cluster with 32 cores and 128 GB of memory.
Unless explicitly mentioned, functions were run without parallelization.

(a) Execution times for spatial graph building and neighborhood enrichment analysis, comparing
seven spatial datasets at increasing number of observations. Squidpy outperforms similar functions
provided by the Giotto toolkit®. In particular, reporting a minimum of 12-fold and a maximum of 15-fold
speedup for the graph construction step, and a minimum of 8-fold and a maximum of 187-fold
speedup for the neighborhood enrichment step. Reported are mean values for 10 runs, except for the
4i, SlideseqV2 and Seqfish neighbor enrichment test that was run only once in Giotto due to
computational time demands. Axes are in log10 scale.

(b) Execution time for permutation test of ligand-receptor interaction analysis for one dataset (2800
observations, 15 clusters, 599 ligand-receptor pairs) at increasing number of permutations, computed
using 1 thread (although Squidpy could parallelize easily, see (d)). Squidpy shows almost constant
execution time (<7 seconds for 1000 permutations) compared to exponential increase for Giotto. It
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should be noted that the ligand-receptor pairs were the ones provided by Giotto
("mouse_ligand_receptors.txt" file), and 600 pairs were found in the dataset. Squidpy interface with
Omnipath is able to retrieve 9014 interactions for the same dataset (data not shown), which
corresponds to a 15X increase in available annotations. Axis is in log10 scale.

(c) Execution time for typical feature extraction workflow on different datasets. The feature extraction
workflow consisted of segmenting the image using watershed with a fixed threshold, and extracting
summary and segmentation features with default parameters. The segmentation was done using
image tiles of size 2000. Using more cores (tasks) linearly decreases computation time for the
feature extraction workflow, enabling processing of very large images (>400M pixels).

(d) Execution time for Squidpy’s implementation of the CellphoneDB permutation-based test, at an
increasing number of genes for the development of human forebrain dataset™.

(e) Squidpy implementation of the CellphoneDB permutation-based tests uses the full Omnipath
database for ligand receptor annotations. For two datasets (paul15' mouse and pbmc3k'? human),
Omnipath in Squidpy can recover a higher number of interactions.

(f) Execution time for permutation Sepal score (original implementation vs Squidpy) for two datasets
(synthetic and melanoma) from the original Sepal article (for the first dataset, computation was
performed on 1 core for both methods, for the second dataset, computation was performed on 8
cores for both methods)™.

(g) Correlations of Sepal score between original implementation and Squidpy: 0.96 and 0.86 for the
synthetic and melanoma datasets respectively.


https://paperpile.com/c/3h2eG9/1vm2G
https://paperpile.com/c/3h2eG9/vrX6T
https://paperpile.com/c/3h2eG9/iQooQ
https://paperpile.com/c/3h2eG9/BJOeP

a cellype b Ripley's F

e 2 1.00
255
& . 5
- n X 0.75
3 3
o Roxs A e CKlowHRlowtumorcel 0.50
SN . ? 2 - % ® CK+ HR+ tumor cell
4. X S ST 5 T cells 0.25
Ses s e .. apoptotic tumor cell
s I_\' 3 % i basal CK tumor cell 0.00
Y . ol % SPere endothelial - T r - -
3 o g7 e 5. macrophages 0 50 100 150
A
a3 I P ¢ p53+ EGFR+ tumor cell distance
Y .- > proliferative tumor cell
A 3 53
3 ,,.. 0 Y % ot . srna\l :Iorr:ga:fd sl:om:l cell C plexp|basalCKtumorceli)
o o x _—
‘. 'y o - y r'; * 3 « vimentin hi stromal cel p(exp)
RN T A 5 Ny
3 9
\! Lo - 4
0
et 1 3
WY ] v ®
=
[
> 24
50.41
totic t ]
d apoptotic tumor cel I,
basal CK tumor cell 4118 Y -
CK+ HR+ tumor cell 31.94 0 2d0 4[50
CK low HR low tumor cell 2270 .
. distance
proliferative tumor cell
13 1347
S p53+ EGFR+ tumor cell § Average clustering Closeness centrality Degree centrality
8 Tells 423 N . P o
el
. p ®
endothelial -5.00
vimentin hi stromal cell -14.24
@ @ )
small elongated stromal cell 13 & <
23.48 = = =
macrophages 8 8 8
f 32.71
6967Gd160Di CD44 T1790Dy162D1 CD45
e ° .
26 . L .
0.45 0.50 025 050 075 0.260.500.75
20 value value value
15
10
05
00
 * Ambiguous Microglia
E‘ « Astrocyte OD Immature 1
% * Endothelial 1 OD Immature 2
& o Endothelial 2 0D Mature 1
« Endothelial 3 OD Mature 2
« Ependymal 0D Mature 3
« Excitatory OD Mature 4
Inhibitory Pericytes

Patig) ,

Supplementary Figure 2. Example analysis of Imaging Mass Cytometry data from breast cancer
biopsies.

(a) Spatial visualization of cell types in the Imaging Mass Cytometry dataset, as defined by the
original authors®.

(b) Ripley's F statistics computed at increasing distances threshold across the tissue. The
gray-shaded line represents the Spatial Poisson point process baseline. All the clusters are below the
baseline, thus showing a dispersed pattern across the area. "Apoptotic tumor cell" is the only cluster
that shows a pattern similar to the random baseline.

(c) Co-occurrence analysis of cell types at increasing distance thresholds across the tissue.
Visualized is the probability conditioned on the presence of the "basal CK tumor cell". Interestingly,
we can observe a slight co-enrichment with the "small elongated stromal cell" cluster.

(d) Neighborhood enrichment analysis between cell type clusters in the spatial graph. We can
observe how the immune cell subsets and stromal cells seem to form a closer neighborhood as
opposed to the tumor cells.
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(e) Network centralities for cell types (nodes of the spatial graph). The "apoptotic tumor cell" cluster
shows high closeness and degree centrality, and it is indeed the most abundant and spread class
label in the graph.

(f) Visualization of two markers for immune cell populations, visualized in spatial coordinates.

(g) Visualization of the full MERFISH dataset as described in Figure 2.
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Supplementary Figure 3. Additional image analysis examples

(a) Quantitative comparison of results from the Mibi-tof dataset® (Fig. 3f). Shown are scatterplots
relating computed mean intensities (Fig. 3f center right and right) to true intensity values in the
original publication. For all markers, there is a high correlation between computed and true values
(Pearson correlation >= 0.69). The remaining differences are most likely due to more preprocessing
and per-slide normalisation applied in the original manuscript®.

(b) Violinplot of nuclear density in image feature clusters calculated using summary features on an
H&E mouse brain section (Fig. 4h). Cluster 15 contains less nuclei than the surrounding cluster 0.
(c) Qualitative comparison of gene-space clustering (left) with clustering of ResNet features (center)
and clustering of summary features (right, see Fig. 4h) using a mouse brain Visium dataset with an
H&E microscopy image. ResNet features were calculated by training a pre-trained ResNet model to
predict the gene-expression cluster assignment (shown on the left) and taking the feature vector of
the last fully connected layer as data representation.

(d) Confusion matrix showing the proportion of assigned labels in gene clusters and resnet
embedding clusters from (c). Rows correspond to clusters in gene expression space (c) left),
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columns correspond to resnet embedding clusters (c) center). The heatmap shows the proportion of
overlapping observations in each cluster annotation. For instance, for "Thalamus_2" cluster, 88% of
observations are annotated as cluster 2 in the resnet embedding visualization. We can see that for
some cluster labels the prediction was strong, whereas for others the resnet model was unable to
discriminate the labels. For instance, some regions of the cortex and hypothalamus seemed to not
have been accurately classified. This showcases how the image container object can be used to
relate morphology information from the source image to any annotation in the Anndata object.

(e) Confusion matrix showing the proportion of assigned labels in gene clusters and image summary
feature clusters from (c). Rows correspond to clusters in gene expression space (c) left), columns
correspond to image summary feature clusters (c) center). The heatmap shows the proportion of
overlapping observations in each cluster annotation. Several of the gene clusters are recognizable
using simple image features. E.g.,“Hypothalamus_1" is overlapping to 72% with cluster 8,
“Hippocampus” is overlapping to 54% with cluster 10, and “Pyramidial_layer” and
“Pyramidial_layer_dentate_gyrus” are covered to 43%/44% by cluster 14. In other regions, especially
the cortex (clusters “Cortex_1", “Cortex_3”, “Cortex_4"), the image clusters do not overlap well (no
cluster overlap > 33%), showing that in these regions simple image features and gene expression
values show different patterns.
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Supplementary Figure 4. Interfacing Squidpy to Tangram for segmentation-aware cell-type
deconvolution.

Squidpy’s Image Container can be used to acquire nuclei's segmentation masks and derive cell
densities. Priors on nuclei densities can be leveraged by deconvolution methods such as Tangram™.
Such information is not only helpful for the cell-type mapping task, but also for further downstream
visualization, where each segmentation object can be labelled by the inferred cell state (see d).
(a) Subset of Visium spatial transcriptomics dataset showing a mouse brain coronal section.

(b) Matched scRNA-seq data from the mouse cortex from Tasic et al™.

(c) Tangram results as averaged by cell type. Tangram successfully assigns cortical-layer specific
cell-types to spatially distinct layers of the cortex

(d) Tangram maps of single cells. The cell type of the segmentation objects were assigned by
Tangram, employing the seamless integration provided by Squidpy between the segmentation
objects coordinates and the coordinates original spot observations in Anndata. In the figure, each
point corresponds to a segmentation object colored by the cell type assigned by Tangram.

This example is part of the Squidpy documentation (see
https://squidpy.readthedocs.io/en/latest/external tutorials/tutorial tangram.html).
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Supplementary Figure 5. Interfacing Squidpy to DL-based segmentation methods and CellProfiler.

(a) Segmentation results for DAPI staining with StarDist (top) and for H&E staining with Cellpose
(bottom). Squidpy's Image Container is flexible to be interfaced with modern DL-based models. Both
of these examples are part of the Squidpy documentation (see link in code and data availability
sections).

(b) Example of CellProfiler pipeline interfaced with Squidpy: here, the CellProfiler pipeline performs
segmentation and computes segmentation-masks features such as granularity, which is then used
downstream by Squidpy to obtain cluster annotation (bottom-left clusters, compared to gene-clusters
in bottom-right of the figure). This example is part of the Squidpy documentation (see

https://squidpy.readthedocs.io/en/stable/external_tutorials/tutorial_cellpose_segmentation.htmll,
https://squidpy.readthedocs.io/en/stable/external_tutorials/tutorial_stardist.html, and
https://squidpy.readthedocs.io/en/stable/external_tutorials/tutorial_cellprofiler.html).
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Supplementary Figure 6. Thresholding the tissue image to filter spots that do not fully overlap with
detected tissue does not impact differential nuclei density between cortical layers.

(a) Visualization of Otsu's thresholding of Visium slide (detected tissue and fiducial spots). The
resulting image is a binarized version based on the threshold selected by Otsu's method. Yellow
pixels are 1 whereas blue pixels are 0.

(b) Spots filtered based on 0.05 quantile on Otsu's thresholding density. Orange spots are spots that
are filtered by the threshold, since they do not retain a mean intensity value that is above the
selected quantile (0.05). Blue spots are instead kept for downstream analysis, as they retain high
overlap with the detected tissue. This shows that most of the removed spots are the ones at the
boundary of the tissue, only partially overlapping with the detected tissue.

(c) Same analysis from Figure 4j, now performed at increasing quantile values for the Otsu's
thresholding from (b). From left to right, nuclei density estimation is performed only including spots
that are above the selected quantile value: 0.01, 0.05, 0.1, 0.2. Interestingly, despite the increased
number of spots filtered out at increasing quantile values, the high-confidence spots of cluster
“Cortex_5" still show a significant decrease in nuclei density as compared to the other cortical layers.
In the figure annotation, absolute number of spots for each cluster is reported, notice that the
absolute number decreases at increased quantile's thresholding value. The result without Otsu's
thresholding is reported in the updated Figure 4.j.

Test performed is Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction, p-value
annotation legend is the following:

ns: 5.00e-02 < p <= 1.00e+00

*:1.00e-02 < p <= 5.00e-02

**:1.00e-03 < p <= 1.00e-02

***:1.00e-04 < p <= 1.00e-03

¥ p <= 1.00e-04

For 0.01 exact p values are the following:

Cortex_5 v.s. Cortex_4: P_val=5.931e-35 U_stat=1.340e+03

Cortex_5 v.s. Cortex_1: P_val=7.776e-52 U_stat=7.700e+02

Cortex_5 v.s. Cortex_3: P_val=1.248e-48 U_stat=7.840e+02
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For 0.05 exact p values are the following:

Cortex_5v.s. Cortex_4: P_val=2.902e-30 U_stat=1.010e+03
Cortex 5 v.s. Cortex_1: P_val=1.471e-43 U_stat=6.410e+02
Cortex_5 v.s. Cortex_3: P_val=8.409e-41 U_stat=7.325e+02
For 0.1 exact p values are the following:

Cortex_5 v.s. Cortex_4: P_val=1.737e-27 U_stat=9.210e+02
Cortex_5v.s. Cortex_1: P_val=4.908e-40 U_stat=5.890e+02
Cortex_5v.s. Cortex_3: P_val=1.706e-37 U_stat=7.245e+02
For 0.2 exact p values are the following:

Cortex_5v.s. Cortex_4: P_val=1.737e-27 U_stat=9.210e+02
Cortex_5 v.s. Cortex_1: P_val=4.908e-40 U_stat=5.890e+02
Cortex_5v.s. Cortex_3: P_val=1.706e-37 U_stat=7.245e+02

Supplementary Table 1. Comparison of Squidpy features to existing tools for spatial molecular data
analysis

Rows correspond to a set of analysis features that are specific for working with spatial molecular
data. It is subdivided in Infrastructure, Spatial Analysis, Image Analysis, Integration, Visualization and
Others. The columns contain software tools that are tailored for spatial data analysis: Squidpy,
stLearn'®, Giotto®, Seurat'’, SpatialExperiment'®, STutility'®, TissUUmaps®. Entries have been
labelled according to whether the software tool is able to provide a specific functionality, whether it's
partially available or whether it's missing. The row “Framework” specifies which programming
languages are necessary to use all of the functionalities of the package. Finally, for
SpatialExperiment, since it is an object to store spatial transcriptomics data, the analysis features do
not apply.

Supplementary Table 2. Comparison of available methods between Giotto and Squidpy.

Comprehensive comparison between methods provided by the Giotto package and Squidpy, grouped
by analysis tasks. Implementation details between functions may differ but are deemed to perform
the same analysis. The two frameworks are largely similar with respect to general tasks such as
visualization. Giotto has a richer set of functions for the spatial graph but does not provide any
methods to process and analyze the large tissue image, a modality often present in spatial omics
data.
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